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Abstract: n this paper we discussed how multiple quantum coherences evolve in the
presence of anisotropic distribution of dipolar couplings. The magnitude of dipolar
couplings were varied by changing the tilt angle of crystal axis. The stronger was dipolar
coupling, the higher was frequency of multiple quantum coherence. That is, the order of
multiple quantum coherence varies in proportion to the magnitude of dipolar couplings.
The theoretical prediction for the multiple quantum coherence at magic angle 54.7° in
solid NMR spectroscopy was verified in this study. The excitation pattern of n-quantum
coherence, which can induce the effective size to characterize spin system, is expected in
a larger and more complicated spin system for understanding of the relation of dipolar
coupling and multiple quantum coherence.

INTRODUCTION

In the present study, a numerical simulation was used to examine how multiple
quantum coherence occurs according to anisotropic distribution of dipolar coupling constant
in single crystal material of two-spin and three-spin system composed of nuclei with spin
quantum number / = 1/2. The fundamental problems in multiple quantum coherence are
how anisotropic distribution of dipolar coupling constant influences the excited form of
multiple quantum coherence and how to examine the characteristics of isolated nuclei.

These problems can be solved through ‘computer simulation experiment’ using
numerical solution of the Liouville-von Neumann equation that was used to understand the
detailed movement of composition material, and here, the size of nuclear system can be
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calculated from maximum value of coherence or maximum distribution of multiple
intensity.

With the usual process of recording multiple spectra on several excited time in
appropriate non-secular dipolar Hamiltonian’, the internuclear interaction that is solved with
normal techniques of dipolar Hamiltonian is making different states produced by n-Zeeman
protons in spin I=1/2 nuclear system to superposition the numbers, 0 < |n| <1, in other
words, to allow coherence to occur. In order to create this coherence, infinite time is always
needed, and as the dipolar coupling constant is smaller, more time is needed.

The computer experiment used in the present study was performed to explain how
multiple quantum NMR dynamics change when the dipolar coupling constants according to
random direction change in single crystal.

METHOD AND EXPERIMENTAL

Multiple Quantum Coherence

Nuclear magnetization process was observed in NMR Spectroscopy and NMR
Imaging’, and this magnetization was single quantum coherence that corresponds to the
change of total magnetic quantum number between the two states by +1, i.e., the coherence

of AM, =1, whereas multiple quantum coherence® is characterized by AM, # %1,

‘forbidden transition’, so that direct excitation or measurement is impossible. Fig. 1 is a
diagram that shows the energy level of a two nuclear system of spin I = 1/2.

Density Operator Description of Multiple Quantum NMR Dynamics
An isolated spin I =1/2 particle in an external magnetic field has the two eigenstates

|12-> and l— 12-> , which represent the two allowed orientations of its angular momentum.®’

Since the behavior of a single spin or group of spins cannot in general
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Fig. 1. Energy level diagram of a two spin system (k, /). In addition to the four allowed
single quantum transitions, there are two forbidden transitions, a zero quantum transition
(diagonal dashed line) and a double quantum transition (vertical dashed line)
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describe a macroscopic system, we introduce an ensemble of independent two-level
subsystems. The term ‘coherence’ is defined as the presence of some degree of phase
coherence between the basis states of the isolated subsystems throughout the ensemble.® An
ensemble of spins can be described by the density operator, o, which is represented by

p:Zpi|‘I’,><‘Pi|:W 8y

where p; is the probability of each state ¥, occurring in the superposition.® The equilibrium

density operator can be represented by the |M ' ><M . ] basis is given by

peq — [Cl/z:CI/Z CI/Z..C’Y—I/Z ] (2)
C1/2 C—1/2 C—1/2 C—I/Z

With the probabilities from the Boltzmann factor
PM =+1/2)=exp(-Mhw, I,/ kT)/ Z (3)
the equilibrium density operator after averaging over the phase differences is given by
P, =exp(~hw,l,/kT)/ Z 4)

From the high temperature approximation, the partition function Z is equal to 2I+1. For
the equilibrium density operator of a spin I = 1/2 system, Eq. (2) can be rewritten as

~hw,/2kT)/ Z 0
[p.J= [P 2D ©)

0 exp(+hw, 1 2kT)/ Z

The random phase among spins of different subsystems in the ensemble averages the
off-diagonal elements to zero, but an application of an appropriate RF pulse to the ensemble
results in non-zero off-diagonal e¢lements in the matrix. The existence of the non-zero off-
diagonal elements from a single pulse is described as single-quantum coherence. The

order of a coherence between states |r> and |s> 1s defined as

n=AM =M, - M| (6)
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where M, and M, are the total M, values of all the spins in the states |k> and | | ) respectively.

The dimension of the density matrix increases as the size of the coupled spin system
increases. The presence of phase coherences in large spin systems produced by a proper
pulse sequence results in non-zero off-diagonal elements that represent the multiple
quantum coherences between states.

Pulse Sequence for Multiple Quantum NMR

Since multiple-quantum transitions are usually not directly observable with an NMR
coil, they must be detected indirectly by two-dimensional spectroscopic methods. The
typical scheme of a two-dimensional multiple-quantum NMR experiment is shown in Fig. 2.
The pulse sequence creates a non-equilibrium condition of multiple quantum coherence
during the preparation period T , allows the coherence to respond during the evolution
period t, and then transfers the coherence to z magnetization during the mixing time T
The coherence is then detected after the detection pulse during the detection period t, which
creates observable M, magnetization corresponding to a single-quantum coherence. The
preparation period propagator arises from a combination of pulses and proper delays

U(r) = exp(—iHt) )

Under this propagator, the density operator, p(‘c), becomes as follows by the end of
the preparation period:

p(1)=U(p(0)U " (1) ®)

The system is allowed to develop, freely or otherwise, for an evolution period of
length t,. During this time, the different modes of coherence oscillate at the eigen
frequencies determined by the effective Hamiltonian H, as defining in Fig. 2. No signal is
recorded during this interval. After time development is halted at some time #, the
coherences are transferred to detectable single-quantum modes during the mixing and
detection periods and the density operator becomes as follows,

p(,1,,7') =V (v') exp(~iH,1,)p(t) exp(iH t, V ~ (T') ©)

where V(') = exp(—iH ') is the mixing period propagator. Transverse components of the
total spin angular momentum M, and M, are obtained immediately after the mixing period.
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Preparation Evolution Mixing Detection
Propagator U Exp-Hitp)| V Exp(- H,t)
Time Variable T t, T t,

Fig. 2. General form of the pulse sequence of MQ NMR experiments

Experiments

In the present study, as seen in Fig. 3, limited to '°F-'’F two-spin system of spin 1/2
and single crystal that has *F-"F-"F three-spin system, we performed a computer simulation
to follow how the form of multiple quantum coherence changes according to the size of
dipolar coupling constant.

The average dipolar Hamiltonian is determined by nuclear magnetogyric ratio y |,
internuclear distance r, and oriented angle 6 on external magnetic field B; In case of two-
spin system, the internuclear distance was fixed at 3.44 A ; in case of three spin system, by
limiting to the shape to right-angled triangle with 45° with the diagonal line length at 1.414
A, the direction angle according to the shape was selected randomly. The results of multiple
quantum coherence were obtained by using ANTIOPE program that was made for
simulation of nuclear spin dynamics. The notion ‘n-spin system’ is used for a group of n
nuclei of spin quantum number / =1/2 that is characterized by no more than n resonance

frequencies, v and n(n — 1)/2 coupling constants, J,, .) In the present study, two-spin
system of “F-°F and three-spin system of *F-'°F-"F were used.

Br F

Br

Fig. 3. Multiple quantum spin system
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Dipolar coupling is an interaction between two nuclei within a molecule. In solid state
where a molecule is in steady state(refer to Fig. 3), the total magnetic field of fluorine(°F)
nucleus, E , can be expressed as the sum of external magnetic field E‘; and local
magnetic field of nucleus B, as seen in Eq. (10) . The size of the interaction of two nuclei
depends on nuclear magnetic moment 4, internuclear distance r, and relative direction 6
on external magnetic field as in Eq. (11).

B =B, +B,, (10)

loc

—_—

B, = +(u, /r*)3cos? 0 - 1)(r/r) an

Here, the Hamiltonian of the even number multiple quantum coherence can be
expressed as follows:

1
Hy=-p, By :—EZDM(11+II:++II—Ik—) (12)

1<k

The dipolar coupling constant D of °F-"°F system can be expressed as in Eq. (13).
D, = (y2h)/(1-3cos’ 6,)/3r, 13)

Thus, in order to determine the form change according to anisotropic distribution of dipolar
coupling in the °F-*F system, dipolar coupling constant was calculated on random 6 , and
multiple quantum coherence was calculated on the "F-"F-°F 3-spin system that is the
combination of 2-spin system.

In the present study, pulse sequence shown in Fig. 4 was used, and here, the pulse width

{n), @172) aw), @), x @), an),
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Fig. 4. Pulse sequence for the multiple quantum NMR
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(PW) was set at 0.5 psec , and pulse delay(PD) between a pulse and another pulse, A , was 1
usec . To make average dipolar Hamiltonian, the condition, PD(A )=2-P D(A )+PW, needs
to be satisfied, so another PD(A ') was set at 2.5 usec , and measured only those with the size
of coherence transition are even number,

For the calculation of spin dynamics, pulse sequence was first inputted in ANTIOPE
program, and after setting the internuclear distance of “F-°F system at 3.44 A | anisotropic
Hamiltonian was made on each direction angle. Three-spin system of ’F-"F-'°F was limited
to the form of a right-angled triangle with the diagonal line length of 1414 A and with
45° and transitions included in zero coherence and double coherence were classified
according to Table 1, 2, 3, and 4.

In table 1 and 3, among 4 and 8 spin states that are possible in each of 2-spin and 3-
spin system, zero coherence transition was marked with € and ~ indicates the direction
of transition. For example, aff — fa(a =1/2, f# = —1/2) means the spin transition from
aff to Pfa state. On the other hand, Table 2 and 4 show double coherence transition.
Thus, after this classification and obtaining the value of transition for each, by squaring of
these value and summing, the size of zero coherence and double coherence according to
time was calculated.

Table 1. Zero quantum transition in two-spin system

-~ o af Ba BB
oo L 4

aof &

o L 4 L 4

pp 4

Table 2. Double quantum transition in two-spin system

~ oo op Pa pp
oo L 2
op
Bo

pp *
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Table 3. Zero quantum transition in three-spin system
~> oLoLoL oo ofoa Boo afp Bap BPo Bpp

[e 20 10 ) 0

oof 4 L 2 @

ofa & @ ®

Bowo L 2 2 &

afp . 2 @ L 4
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Bpa L 2 L 2 2

pBp ®

Table 4. Double quantum transition in three-spin system

~ oLOLOL aoP afo Boo afp pof PP BpB
aoue L 2 L &

aof @

afa L 4
Box ®
app L 2

Bap A4

Bpa ¢

BPP L 2 @ &

RESULTS AND DISCUSSION

The size of dipolar coupling on direction angle

In case of *F-F spin system, after setting random oriented angles 0° , 30° ,54.7° |
65° ,90° , 115° , 125.3° | 150° , 180° on external magnetic field, using Eq. (13), the
value of dipolar coupling constance was obtained, and the results are shown in Table 5 and
Fig. 5 and 6. Fig. 5 is a graph made based on the data in Table 5; the graph shows a similar
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Fig. 5. The dipolar coupling constant in the oriented angle
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Fig. 6. The absolute value of dipolar coupling constant in the oriented angle

tendency as a Gaussian distribution with the size of dipolar constance symmetric at 90° on
oriented angle and Fig. 6 is a graph constructed using the absolute value of dipolar coupling.

Relationship between dipolar coupling and multiple quantum coherence

When the magnitude of dipolar constant was measured by changing the tilt angle, the
results showed that although the absolute value of dipolar coupling constant becomes larger,
the amplitude did not attenuate and kept constant, but the frequency of multiple quantum
coherence increased. Particularly at 54.7° | the frequency of dipolar coupling and multiple
quantum coherence showed a straight line with ‘0’ frequency. Thus, we determined that
multiple quantum coherence did not occur at 54.7° so that the usefulness of magic angle
that is used to eliminate dipolar coupling component in solid NMR. As shown in Table 5,
the form of multiple quantum coherence changed proportional to the size of dipolar
coupling, and the result of this change was verified to agree with the theory formula on
multiple quantum coherence.
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Table 5. The dipolar coupling constant and the frequency of MQ coherence in different
oriented angle

6 () Dipolar Coupling Frequency(Hz)
0° 2-x 7794.23
30° -125-x 4938.27

54.7° -0.001758 - x 0
65° 0.46 - x 1763.66
90° 1-x 3898.63
115° 0.46 - x 1763.66

125.3° -0.001758 - x 0
150° -1.25 - x 4938.27
180° 2-x 7794.23
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Fig. 7. The frequency of zero and double coherence in different dipolar coupling constant

Multiple quantum coherence in *F-"F-"F Three-Spin System

In case of three-spin system, we found out that multiple quantum coherence occurred
by the combination of three components of dipolar coupling that make up three nuclei.
Different from 2-spin system, irregular amplitude is shown, and the frequency on the same
oriented angle also got bigger in 3-spin system. In the present study, the internuclear
distance was fixed in both 2-spin and 3-spin systems and only the oriented angle on external
magnetic filed was changed, but since internuclear distance also affects on dipolar coupling
so that form changes of multiple quantum coherence can be expected according to
internuclear distance. Also, in case where nuclear spin system increased bigger than 3-spin
system, not only severe frequency change but also decrease in attenuation occurs so that loss
of the periodicity of harmonic oscillation can be found.
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Fig. 8. Time development of zero and double quantum coherence in 3-spin system : (a) at
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138 Yong-Jin Shin et al. / J. Kor. Magn. Reson., Vol. 3, No. 2, 1999

CONCLUSIONS

In the present study, in single crystal that forms °F-"F two-spin system and E-IF-VF
three-spin system, the changes in the excited form of multiple quantum coherence according
to anisotropic distribution was calculated using ANTIOPE program.

In °F-"F two-spin system, the internuclear distance was set at 3.44 A uniformly, and
differing the oriented angle on external magnetic field randomly to ensure changes in
dipolar coupling constant, and the form of dipolar quantum coherence according to the
change changed proportionally with dipolar coupling constant. From this result, the
agreement of the theoretical formula on multiple quantum coherence was verified, and as
the absolute value of dipolar coupling constant got bigger, the frequency of multiple
quantum coherence increased, but the amplitude had a fixed value from the lowest of 0 to
the highest of '0.5'. Also at 54.7° , the dipolar coupling constant was shown to be 0; thus,
we found out knew that multiple quantum coherence did not occur, and can verify directly
that this process is the magic angle that used to eliminate the dipolar coupling component in
solid NMR. Also, the period on random relative angle was 128.3 psec ~567 psec , and
when using pulse sequence shown in Fig. 2, at least 128.3 psec  pulse time was required to
form one pulse in two spin system, and longer pulse time was needed as dipolar constant
was smaller.

In case of the “F-"*F-°F three-spin system of an equilateral right-angled triangle with
diagonal length of 1.414 A, unlike the two-spin system, a little irregularity of amplitude was
shown and the frequency on the same direction also got larger than that of two-spin system,
by which the multiple quantum coherence was found to occur with the combination of the
components of three dipolar coupling. Although the calculations were complex in the
present study due to too many numbers of matrix component, based on the study results,
multiple quantum coherence of n-spin system, where 7 >4 was larger than two or three
spin system, could be inferred. In other words, as n gets bigger, the inter-spin interference
proportion to pulse time gets bigger; thus, different from two-spin or three-spin system, the
amplitude is more irregular and attenuate so that periodicity can be expected to be lost. Also,
the results of the present study examined the characteristics of material from the biggest
possible measurable size of multiple quantum coherence transition in n-spin system, thus,
can be used as the basic method of determining actual size.
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