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ABSTRACT

A multiple-quantum NMR study on the correlation of two methyl groups in the same molecular
framework is presented. Because of increasing spectral simplicity in the multiple-quantum transitions of
higher order, observation of 4-quantum spectrum serves as a simple test for any possible correlated mo-
tion between two methyl groups. Study of the effect of correlation on multiple-quantum spectrum of

some molecules with two adjacent methyl groups is reported.

I. InTRODUCTION

Rotating groups in the same molecular framework may be sterically hindered by each other
and such a coupled motion can be studied by NMR. As an example, two adjacent methyl groups
may exhibit some degree of correlated motion as two wheels in gear™ ®. In general, the
spectra of oriented molecules obtained by traditional single-quantum NMR are complicated and
may be sometimes difficult to analyze. However, the techniques of multiple-quantum (MQ)
NMR spectroscopy can greatly simplify spectral analysis, and have been used to study confor-
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mation and correlated relaxation

We shall demonstrate the application of MQ NMR techniques to the study on the correla-
tion of two adjacent methyl groups. Although the 2-body correlation also shows in regular
single-quantum spectrum, the spectral complexity makes spectral assignment difficult. We shall
show that 4-quantum spectrum is sensitive to the 2-body correlation™ and thus can be used to
distinguish the cases of uncorrelated motion from those of correlated motion.

-

II. Tureory

Let us consider a system of two methyl groups as shown in Fig. 1. For the uncorrelated
case, these two groups move independently of each other and their relative orientations are
random. As a consequence of rapid reorientation, the time-average magnetic dipole-dipole cou-
plings between protons belonging to different groups are equal. Nevertheless, this is not true
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if these two methyl groups move in a correlated way as two wheels in gear. As shown in Fig.
1¢{b), the methyl group on the left rotates clockwise, however, while that on the right rotates
counter-clockwise. Although each group rotates very fast about its 3-fold axis, the relative orien-
tation is in good order. In this paper, we shall examine two extreme cases, i.e. the complete

correlation and the complete non-correlation.

According to the top configuration of Fig. 1(b), there are four distinct intermethyl dipolar

coupling constants:

a = D, = D.,
b= D, = D)= D,,
¢ = Dys = Dy,
d = D, = Dy,

The time-averaged dipolar coupling constants are averaged over the three possible configurations

as in Fig. 1(b) and they are given by

w = (Dy) = (Dy) = (Ds) = (D) = (Dy)
= (D) = (a+ b+ d)/3,
v = (Dy) =(Dy) = (Dss) = (b + 2¢)/3,
u = (Dyp) = (Du> = <D23> = (D)
= (Dy) = (Dx).

For the correlated motion, there are two different intermethy! dipolar coupling constants (w
and »), and one intramethyl dipolar coupling constant (#). If the motion between two methyl
groups is not correlated, one needs to average the dipolar couplings over additional six different
configurations. It can be shown that all of the intermethyl dipolar couplings are equal to

x=(v+2w)[3=2a+ 36+ 2c+ 2d)/3,

and there are only two distinct coupling constants (x and ). The difference in the number
of intermethyl dipolar coupling constants has a siriking effect on the symmetry of the Hamilto-
nian and the NMR spectrum. The symmetry group for two methyl groups in correlated mo-
tion is isomorphic to the symmetry group of cyclopropane molecule”™. In the molecule of cy-
clopropane shown in Fig. 2, the dipolar couplings D,,, D, and D, are all equal, and they
are different from the vales of D, (Dy, D, Dy, Dy or D), Since there is an
one-to-one correspondence between the dipolar couplings for cyclopropane molecule and the
system of two correlated methyl groups, one may use the symmetry group Da of cyclopropane

for the latter system.

By use of the characteristic table for the Dy;-group™, one can decompose the eigenstates
of the m-quantum manifold into several irreducible representations. The result is given as fol-

lows:
m=3: Ai,
m=2. A1+ Ay + 2E'+ 2E"”,
m=1: 34, + Ay + 47 + 3(2E') + 3(2E"),
m=10: 34;+ A + A;+ 34 + 3(2E") + 3(2E"),

where the states 2E” and 2B’ are doubly degenerate. The energy level diagram is shown in Fig.
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Fig, 1, (a) The geometry of two adjacent methyl groups. In the case
of uncorrelated motion the two methyl groups move independently, On
the average, the couplings between protons belonging to different methyl
groups are cqual, (b) With gearing motion, the averaged coupling between
protons 1 and 4 is not equal to the coupling between 1 and 5. Thus, there

are two intermethyl couplings and one intramethyl coupling.
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Fig. 2. (a) Methyl groups in the correlated motion. (b) The symmetry group
for two correlated methyl groups is isomorphic to the symmetry group of
cyclopropane. The average coupling constants <D,y and {D)sy are different.

3. The states with negative m have the same decomposition as their mirror state with positive m.
It can be shown from the above classification of irreducible representations of eigenstates that
there are one 6-Q transition , Aj(m = —3) — Ai(m = 3), and two 5-Q transitions,
Ai(m = —3) = Ai(m = 2), Ay(m = —2) — Ay(m = 3). Any pair of mirror states has
the same dipolar energy shift. As a consequence, the transitions between these mirror states
have no net dipolar shift and their transition lines are located at the center of corresponding
m-Q domain. The 4-Q transitions of A;(—2) — A41(2), 45 (—2) — 4¥(2), 2E'(—2) —
2E’(2) and 2E”(—2) — 2E”(2) are mirror-state transitions. They are all located at the
center of 4-Q domain. Yet, there are three] pairs of transitions Aj(—1) — A43(3),
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A1(—3) = 41(1) which have non-zero dipolar shift. Consequently, there are, in total,
seven distinct 4-Q transition lines with one in the middle of 4-Q domain and three on

each side.

Correlated motion
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Fig. 3. Energy-level diagrams for two methyl groups in the correla

ted motion or uncorrelated motion. The number of multiple-quantum

transitions can be found from the diagrams. There arc one 6-Q, two

5-0) transitions for both cases, but five 4-Q transitions for the uncorre-
lated motion, and seven for the correlated motion.

The dipole-dipole interaction Hamiltonian of two methyl groups in correlated motion is
given by
H=H,+H,+H,
‘__'“Z Uij+ v ZV,—,'—l- wZW,-,-,
i< i<j i<
where H, is the Hamiltonian for the intramethyl dipolar interaction, H, and H, are the

intermethyl dipolar Hamiltonians. The bilinear operators U;;, V;j and W;; are given in the

same form as
Uiis ViisWii = Lizlis — (Lig i+ 1; 1) /4,

The subscripts ¢ and j refer to different sets o methyl protons as
Uii: (5,1) = (1,2),(1,3),(2,3),(4,5),(4,6),(5,6),
Vi:(i,1) = (1,4),(2,6),(3,5),
Wiii(i,i) = (2,4),(3,4),(1,5),(2,5),(1,6),(3,6).
It can be shown that eigenenergies of 4’1 (3) and A% (2) are given by
H|A1(3)) = 3Q2u + v + 2w) [4] 41(3))

and
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H{41(2)) = 0.

The eigenenergies for the triplet of A4 (1) can be found by matrix diagonization of

v _w —_ v__w
4 2 NE) 2 2
w 14 3 w u
H=|—= — =+ Ty == — .
,\/2 2 4 2 N
_r_» — ey — 2 4
2 2 2 4 2

By use of the results from the above analysis, theoretical spectra of 4-, 5- and 6-Q trasitions can
be generated for given values of #, v and w.

In the uncorrelated case, the symmetry is higher and the symmetry group is different from
D3 By using the symmetry group for each methyl group, Ds, one may obtain the resultant re-
presentation by making direct product of two Ds-groups as

(4, +2E) X (4, + 2E) = A, X A, + 24, X E + 2E
X A, +4E X E.

Since two methyl groups are identical, one should include the permutation symmetry and intro-
duce the symmetric and antisymmetric forms for wavefunctions. The energy level diagram is
shown in Fig. 3. It can be shown that there are five distinct 4-Q transitions instead of seven

as in the correlated case. The cigenstates relevant to our analysis for 4-, 5- and 6-Q transitions

are the symmetric wavefunctions of the A X Ai-type, i.e. A,
The dipole-dipole interaction Hamiltonian of two uncorrelated methyl groups is given by
H=H,+H,.

This is a special situation of the previous case by making the coupling constanis » and w equal.

It can be shown in a similar way that
H|Ag(3)) = 3(2u + 3v) /4| 4:(3)) -
and
H|44(2)) = 0.

The eigenenergies for the doublet of A4;(1) can be calculated by diagonization of 2 2X2 ma-

trix and are found to be

172
li=——3-u——1—vi—1—(iu’+7v’—3uv) :
A

As a consequence, the dipolar-frequency shifts in the 6-, 5- and 4-Q spectra are given by

m=6:0,
m=75; +3(2u+ 3v)/4,

1/2
m=4: i(-g—a—h—s—vi—l—(—gnuz+7v’-—3w) )
4 2~ 2\4

From exprimental 4-, 5- and 6-Q spectra and the above relation, one can determine the coupling
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constants # and v.

III. ExperiMENTs AND CONCLUSIONS

The extent of the correlated motion that two adjacent rotation methyl groups have is deter-
mined by the potential barrier of the interaction and by the temperature of observation. According
to the duration of correlation 1., the degree of correlation can be classified into three main cat-
egories: (i) completely uncorrelated motion (7. '>»10 kHz); (ii) completely correlated motion
(7. *»0.1kHz); (iii) the intermediate case. The time scale defined here refers to the magni-
tude of the dipolar splittings. '

As discussed earlier, the number of 4-Q transitions (five expected for uncorrelated and sev-
en for correlated motion) provides a ready test of the limits for the motion of two methyl
groups. As an example, a sample of 2,3-dimethylmaleic anhydride (30% in mole), dissolved
in a liquid crystal solvent of p-octylphenyl-2-chloro-4-(p-heptybenzoxyloxy)benzeoate, was stud-
ied by using MQ NMR techniques in a magnetic field of 42.5kG at 50°C. The MQ spectra
were obtained by the TPPI method". An ensemble average was done by taking averages of each
spectrum in vartous preparation periods ranging 1-—7 ms. The experimental MQ spectra of 4-, 5-
and 6-Q regions are shown in Fig. 4. Assuming that the intramethyl dipolar coupling constant
# 1s equal to 2.00 kHz and that the intermethyl coupling constant ¥ is equal to —0.59 kHz, the
spectra are best fitted with the model of completely uncorrelated motion. The calculated stick
spectrum using the above parameters is shown in Fig. 4, and is in agreement with the experimen-
tal spectrum.

Another type of molecule with two methyl groups in close positions was also studied. The
experimental spectra of MQ transitions of 1,8-dimethyl naphthalene are shown in Figs. 5 and
6. The protons at the ring positions were substituted by deuterons. During the evolution period
of the MQ-pulse sequence, an RF radiation was applied to decoupling the interaction between
deuterons and methyl protons. One may notice that the MQ-spectra of higher order are simpler

CH, CH,

n- Quantum spectra
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Fig. 4. (a) Spectra of 4-, 5- and 6-Q transitions in dimethyl maleic anhydride. Five

of the 4-Q transitions were observed. (b) Calculated stick spectrum when assuming

that in the uncorrelated motion the intramethyl coupling constant is equal to 2.00
kHz and intermethyl coupling constant equal to —0.59 kHxz.
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than the usual 1-Q spectrum. The calculated stick spectrum assuming uncorrelated motion is also
in agreement with the experimental spectrum.

Frequency (Aw/2x=13.67 kHz)
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Fig. 5. Multiple-quantum spectra of 1,8-dimethyl naphthalene with ring
protons deuterated. MQ-spectra of higher order are simpler than the regular
single-quantum spectrum,
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Fig, 6. The top figure shows the experimental spectra of 3-, 4-, 5- and 6-Q transitions
of 1,8-dimethyl naphthalene. The lower stick spectra are obtained by assuming
the methyl groups to be in uncorrelated motion,

In conclusion, we have demonstrated that the MQ-spectra of higher order are simpler than
the regular single-quantum spectrum. As a consequence, spectral analysis and study of correla-
tion of motional groups are greatly simplified. Within the time scale defined by the inverse of
dipolar splittings, the two methyl groups of both types of molecules rotate quite independently.
To be able to observe effects of correlation on NMR spectra, the correlation time of motion is
required to be longer than a few milliseconds. Molecules with rotating groups of larger poten-



164 SCIENTIA SINICA (Series A) Vol. XXX

tial barrier may show a higher degree of correlation motion and correlated motion may be ob-

served at low temperatures.

We are grateful to Yusze Yen and Chaohui Ye for many discussions.
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