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Influence of Dipole-Dipole Cross-Relaxation on Spectral Lineshapes
of Methyl Protons in Inversion-Recovery Experiments
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The effects of dipole—dipole cross-relaxations on the spectral lineshape of the methyl
protons have been examined from inversion-recovery measurements, The approach of
the state multipole formalism is invoked in the interpretation of relaxation processes and
the analyses of lineshapes. Excellent agreements between the observed spectra and the
simulation demonstrate that the measurement of spectral lineshapes by inversion recov-
ery provides a convenient method for the study of dipole~dipole cross-relaxation of
methyl protons.  © 1990 Academic Press, Inc.

The spectral lineshapes obtained in the inversion-recovery experiment are usually
identical to those obtained after a 90° pulse applied to an initial equilibrium spin
system. In a recent study, it was demonstrated theoretically that for guadrupaolar nu-
clei in the slow motional region the effects of the higher-rank multipoles (rank > 3)
may be generated after the spin inversion in the 180°-7-6 pulse experiment (/).
Although the calculated NMR lineshape is dependent on 7 and 4, the effect is experi-
mentally insignificant.

In the study of methyl dynamics by proton 7} measurements, it has been observed
that the deviation of the magnetization evolution from exponential behavior is 100
small to permit one to ascertain the dipole —dipole cross-relaxations (2). The advent
of multiple-quantum coherence experiments opens the possibility of selecting the
appropriate spin interaction which generates only a certain order of multiple-quan-
tum coherence (3). Thus, several authors have demonstrated that dipole-dipole
cross-relaxation may lead to the conversion of single-quantum coherence into multi-
ple-quantum coherence (4, 5) and the Zeeman order into three-spin order (6, 7). It
has then afforded new ways to investigate the dipole—dipole cross-interactions among
the methyl protons in liquids. In the work of Béhlen et al., a so-called “pseudo-two-
dimensional” spectrum has been invoked to demonstrate the effect of dipole-dipole
cross-relaxation (6). Wang and Hwang reported the results of a study which utilizes
a one-dimensional analogue of the triple-quantum 2D experiment via longitudinal
relaxation to determine the relaxation behavior of three-spin order for the methyl
protons in the deoxycholate micelle system (7).
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It is the purpose of this paper to show that in the usual inversion-recovery experi-
ments the effects of dipole-dipole cross-relaxation may be revealed from the studies
of the spectral lineshape patterns, It yields significantly different lineshapes from that
obtained after a 90° pulse experiment on an initially prepared equilibrium spin sys-
tem. To simplify the calculation of relaxation processes, the state multipole approach
(1, 8-10) is utilized in the formulation and interpretation of relaxation theory.

THEORY

The spin-lattice interaction Hamiltonian of this system is defined for the intramo-
lecular dipolar interactions among the three protons of the methyl group by

H(1) =2 e 2 (—1)"T7(I, /)Y (), (1]
i<j m
where ¢;; = (V6x/5) vry;h /ri, T5(i, j) is a spin tensor operator of rank 2, Y™(¢;)
is a spherical harmonic function of rank 2 ( 11), +; is the gyromagnetic ratio of species
i of the methyl protons, and r; is the distance between protons i and j in the
methyl group.

The interferences between the internal rotation of the methyl group and the overall
reorientation of the whole molecules are included to facilitate the calculation of the
auto- and cross-correlation spectral densities. The dynamics of the molecule is de-
scribed by an isotropic slow reorientation of the whole molecule and the fast internal
motions for the methyl group of interest. With consideration of the auto- and cross-
correlation of dipolar relaxations (2) among the three protons, the auto- and cross-
spectral density functions used in the calculation of the relaxation matrix elements
are given by

TI(@) = jeu(—~1)" fo (Y P(6,(1))Y 7 (ult + 7)) cos wrdr

- Bm—n

37“h2[1 6D 3 (6D +4D)) } 2]

10r° |4 6Dy 1 4 [@DaDy + 7]

where J,(w) = Ji{(w) with cos(Qyy) = 1 for ry = ry and J.(w) = J{i(w) with
cos( Q) = —1 for r; # r,;to account for the auto- and cross-relaxations, respectively.
Here, the distance between protons in the methyl group is denoted by r (r = 1.838
A). Itis assumed that the overall reorientational motion of the molecule has a correla-
tion time 7o = 1 /6 D, the internal rotation of the methyl group has a correlation time
1, = 1/4D;, and the z axis of the molecular frame is presumably parallel to the C;
axis of the methyl group (2, 12).
The density matrices for the system of the methyl protons are defined as

P = [p11> Pas> P17, P38> P25 Pes> P33 P55 ) [3a]

for longitudinal relaxation and

b= [p14, Pa7, P785 P26> P35] [3b]

for transverse relaxation. The matrix elements are labeled according to the spin en-



INFLUENCE OF RELAXATION ON LINESHAPE 53

336 —— 8
| B3+ Boptgta)  —— 7 gﬂ(aﬁ—ﬂa) 6 j—é(Qaﬁz}M/}aﬁ—ﬁ/M) SR
4@(,{3&04»&/304—0(1@) — 4 Ea(aﬁ—ﬂa) 2 jg(qaﬁ+a[}ﬂ_2gaa) e
vy — 1
3
=3 1=3 (E D=5 (Ew

FIG. 1. Energy level diagram and basis functions for the A5 spin system. The symmetry of the basis
functions is indicated in parentheses.

ergy levels as shown in Fig. 1. The problem may be further simplified by expressing
the relaxation equation in a basis where the individual elements of the density matrix
transform as components of the full rotation group. The new elements o, of the
density matrix are called statistical tensors or state multipoles (8, 9). The new ele-
ments can be obtained from the usual density matrix element by

o5 = 25 pur—1) (2K + 1)”2(’ Lok ) [4]
« o O —a —m

where (/, ) is a 3-j symbol (13). In this new basis the longitudinal and transverse
magnetizations are determined by ¢ and ¢ (or ¢! ), respectively, where the super-
scripts indicate the rank of state multipoles. In the periods of longitudinal evolution
and in the final detection period, in which the state multipoles evolve, a second-order
perturbation treatment such as the Redfield theory ( /4) is utilized to account for the
relaxation processes of the methyl protons. The evolution of the state multipoles o,
follows the equation of motion

2 ok, = —imwo’, + 3 R o (5]
o
where wy is the proton Larmor precession frequency and R is the relaxation matrix
in the representation of the state multipole basis. It may be directly derived by the
transformation from the Redfield relaxation matrix for appropriate relaxations in
accordance with the interaction Hamiltonian defined in Eq. [1]. The description of
the relaxation processes is given in terms of the evolution of the state multipoles
following the inversion-recovery pulse sequences. Therefore, in order that the longi-
tudinal components of the state multipoles achieve thermal equilibrium values at
infinite time, we make an ad hoc assumption by substituting the difference between
o& and its equilibrium distribution value for ¢§ in the equations of motion presented
in this work. Furthermore it is found that the evolution of the longitudinal /transverse
state multipole components conserves parity; e.g., if at initial time the spin system
contains nonzero longitudinal /transverse components of odd rank then no even
rank longitudinal/transverse components will couple with odd rank during evolu-
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tion. The equation of motion of the state multipoles of interest in longitudinal relax-
ation may then be simplified by

a [0 o

a [ op(A —n'{ %0

a | od(E) | TR od(E | (61
ob(Ev) o (Ev)

where R’ is the relaxation matrix for the longitudinal components of the stage multi-
pole. Its elements are given by

W= 1/5[=J1.(0) + J.(0) — 10J,(wp) — 2J:(wg) — 34J,(2wp) — 14J.(2w0)]
12 = 1/5[3J.(0) — 3J.(0) — 5J,(wg) — 19J(wo) + 2J,(2wp) + 22J.(2wyp)]
13 = 1/VI0[J4(0) = Je(0) — 6J,(2wo) + 6.Jc(2w0)]

Ry =RY;

R5 =1/5[-9J.(0) + 9J.(0) — 30J,(wo) — 18J.(wp) — 6J,(2w) — 6J.(2wp)]
Rbs = 1/V10[=3J,(0) + 3J(0) + 5J,(wo) — 5Jc(wp) — 2Ja(2wo) + 2J.(2w0)]
R =R
R'y3 = [—J.(0) + J:(0) = 2Ja(wo) + 2Jc(2w0) — 2J2(2wo) + 2J(2w0) ]
R3% =0

and
Ry = Rj;, [7]

where A, E, and E,, expressed in the parentheses of state multipoles are the irreducible
representations of Cs, symmetry, corresponding to the quartet and two doubly degen-
erate spin states depicted in Fig. 1. It should be noted that all the relaxation matrices
shown in this work are real and symmetric. The state multipole with rank three o3
may be rewritten into operator formalism as [SI/IXI. — Ii(1*. 1)) — I%1'-1/)
— IL(17 . 1%)] where IZI¥I. is defined as the three-spin order operator for spins J, k,
and / (7, 15). It can be shown that in the absence of cross-interaction there is no
relaxation for the state multipole with rank three.The detailed relaxation behavior
was studies previously for the methyl protons in the deoxycholate micelle system (7).

It is noted that under a resonant RF pulse the transformation of the state multipole
components may be described by the relation (10)

(6" )= Dl —7/2,0,0—7/2)(c )k, [8]

where 0 is the RF flip angle and ¢ is the RF phase angle referred to the x axis in the
rotating frame, and the superscripts +/— indicate the state multipole components
after /before the pulse. Thus, after the /2 monitor pulse (¢ = /2 and 8 = v /2)and
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in the acquisition period, the state multipoles related to the single-quantum coher-
ences at resonance angular frequency w, may be evaluated from

o1(A4) [a}(4)

d o)\ o . o eld)

i | ol(gy | ~®ie)| ey ] (9]
ol (Ey) ol(Ey))

where R is the relaxation matrix for tranverse components of the state multipoles. Its
elements are defined by

Ry = 1/5[—13J,(0) = 5J.(0) — 22J4(wo) — 8Jc(wp) — 10Ja(2w0) — 2Jc(2wp)]
Riz = V6/5[~J4(0) = 5J(0) + Ju(wo) — Je(wo) + 6J.(2wy)]
Rz =V2/V5[~J,(0) + J.(0) = 3Ju(wo) + 3J.(wo)]
Ris=—Ry;
Ryy = 1/5[~12J,(0) — 23J.(wo) — TJe(wo) — 10Ja(2e0) — 8J(2w0)]
Ryy = V3/V5[7,(0) = J(0) ~ 2Ja(wp) + 2Jc( )]
Ry = —Ry;
Ryy = [—J(0) + J(0) — 2J,(wp) + 2J(wo) — 2Ja(2w0p) + 2J(2w0)]
Ry =0
and
Ris= Ry, [10]

Equation [9] may be solved by a numerical diagonalization method with a given
initial condition, which may be obtained with the help of Egs. [6] and [8] by follow-
ing the inversion delay 7 for longitudinal evolution and then the 90° pulse for observa-
tion of the magnetization. The spectral lineshape is related to the real part of the
Fourier-Laplace transform of the (V56! (4) + (¢} (E,) + o (Ey))/ \5) term evolved
in the acquisition period.

EXPERIMENTAL

The NMR measurements have been performed for the methyl protons of tris-ace-
tylacetonato cobalt(Ill) (Co(acac);) complex in a CDCl;-CCl, solution with a
Bruker MSL-300 spectrometer operating at 7.05 T. Co(acac), was obtained from
TCI, Tokyo Kasei, Japan, and used without further purification. The appropriate
amount of Co(acac); was dissolved in CDCl; (99.8%, E. Merck )-CCl,(GR. grade,
E. Merck) to make a 0.05 M solution. The concentration of CDCl; was 0.2 M. The
sample solution was degassed with three freeze-pump-thaw cycles and then sealed
in a 5 mm tube. The field homogeneity was carefully adjusted and the temperature
was controlled at 251 £ 0.5 K.
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F1G. 2. Proton spectra obtained from 180°—7-—90° experiments as a function of evolution time + for
methyl protons of 0.05 M Co(acac); in a CDCl;-CCl, solution. The 7 values and the magnifying factors

for the spectral figures are given respectively by (A) 30 us, 1.0; (B) 320 ms, 5.1; (C) 360 ms, 9.4; (D) 380
ms, 13.8; (E) 440 ms, 9.8; (F) 500 ms, 6.2; (G) 600 ms 3.7; (H) 900 ms, 1.9; (1) 2.0s, 1.1.

RESULTS AND DISCUSSION

The proton spectra of the methyl group obtained from the inversion recovery ex-
periments for various 7 delays in a Co(acac);~CDCl;-CCl, solution are shown in
Fig. 2. The corresponding calculated spectra are displayed in Fig. 3. Magnifications
of spectral intensity scales are employed in Figs. 2-4 in order to have clear compari-
sons. The free diffusion model is invoked for internal rotation of the methyl group,
e.g., D; = (kT/I)'/? where I is the moment of inertia of the methyl group (16). It
corresponds to 7; = 0.032 ps at 251 K. In the simulation, 7o = 230 ps was used and
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FiG. 3. Simulated proton spectra corresponding to those cited in Fig. 2 with dipole-dipole cross-relax-

ations included. The 7 values and the magnifying factors for the spectra figures are the same as given in
Fig. 2.

0.1 Hz line broadening was added to take into account the unspecified transverse
relaxations. Furthermore, the result is quite insensitive to the variation of 7; as long
as D;» Dholds. In Fig. 4 the simulated spectra are obtained without the consideration
of dipole-dipole cross-interaction and it is found that the lineshapes are independent
of the evolution time + but identical to the spectrum obtained from a 90° pulse ex-
periment.

In the longitudinal relaxation, the I, component may be written in terms of the
state multiple formalism as (V504(A4) + (6(E,) + 04(Ey))/V2). Its rate equation
for relaxation is given by
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FiG. 4. Simulated proton spectra corresponding to those cited in Fig. 2 without the consideration of
dipole~dipole cross-relaxations. The 7 values and the magnifying factors for the spectral figures are the
same as given in Fig. 2.
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[

A(V508(4) + (o§(E,) + ab(Ep))/V2)/dt = (2 Ja(w0) + 8 200))(V5 53(A)
+ (ob(Ea) + 04(E))/V2) ~ 5(2Jc(wo) + 8Jc(2w0))a(A4) + (8c(wo)
+ 2J.(200))(ob(Ea) + ab(Ey))/V2) + 24/V5 (= J(wo) + Je(2w0))od(4). [11]

This indicates that in the absence of the cross-interaction the longitudinal magnetiza-
tion decays exponentially with 1/ T, given by (2J;(wp) + 8J,( 2wg)). Also, it is readily
shown that in extreme narrowing or in the absence of cross-relaxation the state multi-
poles of different rank do not couple with each other. To the contrary, the coupling
between state multipoles of rank one and rank three results in the development ofa



INFLUENCE OF RELAXATION ON LINESHAPE 59

nonuniform distribution in the longitudinal components of the state multipoles; e.g.,
during evolution the relative distributions among longitudinal components of the
state multipoles do not follow the equilibrium-like distributions in which the state
multipoles retain the relations, ¢3(4) = 0 and the ratios o(A4):08(E,):08(Ey)
= V5:1/V2:1/V2. At 251 K the Co(acac); system satisfies the motional conditions,
woT, ~ 1 and wyr; < 1, and therefore the contribution of dipole-dipole cross-interac-
tion may be of importance in the relaxation process. Furthermore, in the presence of
cross-interaction the dipolar coupling between quartet levels and doublet levels plays
the key role in the creation of nonuniform relaxations of longitudinal elements. Also,
it plays the same role in the creation of three-spin order (7).

As for the effects of dipole~dipole cross-interactions on the lineshape profiles, the
most vivid difference in lineshape patterns appears around r ~ 440 ms. The cause
of distinctive lineshapes is strongly correlated with the existence of the ¢3(4) term
(cf. Eq. [11]). It is found that ¢3(A4) vanishes at r = 0 and o, and reaches its maxi-
mum at 7 = 470 ms. As r > T, (or 7 <€ T), the longitudinal components of the state
multipoles approach the (or negative temperature) equilibrium spin population.
Thus, as expected, the spectra obtained with v = 30 us and 7 = 2 s yield regular
lineshapes. For the case without the cross-relaxations, an earlier recovery of the inver-
ston signal is found.

On conclusion, the variation of the peak pattern in the relaxation processes of in-
version-recovery experiments demonstrates the importance of cross-correlation
among the methyl protons. The spectral lineshape in longitudinal relaxation may
then be utilized as a convenient method for the study of dipole-dipole cross-relax-
ation of methyl protons in liquids.
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