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MULTIPLE QUANTUM SPECTRUM OF ORIENTED HEXANE-d,
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The proton multiple quantum NMR (MQ NMR) spectrum of methyl-deuterated hexane-d; is obtained in a nematic
solvent. Rough simulation of the six- and seven-quantum spectra is achieved with a simple model of conformer probabilities
and ordering. The advantages and prospects of MQ NMR for the conformational analysis of ordered, non-rigid molecules are

discussed.

1. Introduction

1.1. NMR of non-rigid molecules in anisotropic
Pphases

The conformation and ordering of polymethyl-
ene chains is an important problem in the theory
of liquids, liquid crystals and polymers. In the
liquid crystalline phases these questions are some-
times amenable to study by NMR. The anisotropy
of the molecular ordering leads to measureable
values for the motionally averaged second-rank
tensors characterizing the electric quadrupole and
dipole-dipole couplings [1]. The rapid molecular
diffusion averages away intermolecular spin cou-
plings thus allowing a treatment in terms of single
molecule spectra.

The bulk of the work in this area has employed
deuterium NMR of isotopically labelled molecules
[2-7]. The advantage of this approach is that the
quadrupole satellites are often resolved and as-
signable to unique chain positions giving a local
measure of order. The disadvantage is that the
relatively small magnetogyric ratio and short re-
laxation times of deuterium allow little or no
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resolution of the finer structure due to the direct
dipole interaction between spins.

These dipole interactions are essential to ob-
taining the fullest possible picture of molecular
structure in liquid crystals. To appreciate this,
consider the form of the quadrupole and dipole
couplings which determine the high-field spectra:

v2 = [eQV/41(21 — 1) 1] (3(3c0sd, - 1)),
(1)
D= —(hyy,/4n*)(3(3cos?6,— 1) /r2y.  (2)

The quadrupole coupling has been written for the
axially symmetric case, which is appropriate for
sp® C-D bonds. The bracketed function describes
time averaging of the angle between the bond and
the field direction and contains the information of
interest. The dipole coupling of (2) is an even
richer source of averaged molecular geometry. The
constants are known and the dependence on the
configuration enters not only through the angle of
the internuclear vector but also through its length
L
’ The most crucial difference between (1) and (2)
is that the quadrupole couplings are single particle
properties while the dipole couplings are pair
properties. The former increase linearly with the
number of spins while the latter increase quadrati-

cally. This quadratic increase in information con-
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tent is needed to keep pace with the increase in
the number of unknowns as the chain lengthens.
The complexity comes from the fact that the ob-
servables are weighted averages of rapidly inter-
converting conformers. Thus for the dipolar cou-
plings

D,=3 P,D;, (3)

where P, is the probability of the nth conformers
and D/ is the average coupling between spins |
and j in that particular conformation. Such an
expansion in a finite number of conformers is an
application of the rotational isomeric state model
of Flory [8] and has been widely used in interpre-
ting deuterium NMR of polymethylene systems
[2-7.9,10]. The conditional dipolar couplings, ap-
pearing on the rhs of (3), are related for the
different internuclear pairs. This can be seen by
expressing them in a common molecule fixed frame
[1,9,11}:

Di’}= _(h'Yi'Yj/4'”2)
. op(0y)
0 3 0 C

z

r=-2

Do(@)(-1)7". (4

ri jn

The second-rank Wigner rotation matrix elements
D§? depend only on internal geometry of the
conformer. The C?), describe the external degrees
of freedom consisting of the orientation of the
molecular frame with respect to the coincident
director and magnetic field directions.

Further progress can be made with the expan-
sion (4) if the implicit motional averaging is as-
sumed to be separable for the internal and exter-
nal coordinates, as has been discussed from several
viewpoints [1,9,12]. This separation is warranted if
the vibrational motion is negligible around the
local minima in the potential corresponding to the
various conformers, or if this motion is indepen-
dent of molecular orientation. Then the C2,(27})
are the complex form of Saupe’s order tensor [13]
$” with the superscript indicating the possibility
of a different order tensor being necessary for
each conformer. If the internal geometry of each
conformer is taken as adequately known, then the
remaining unknowns are of the form PS"; i.e.

probabilities multiplied by order tensors [14].

For polymethylene chains the conformers are
enumerated by recognizing that there are three
local minima in potential energy as each C-C
bond is rotated. The lowest energy form is the
trans (t) and the two equivalent higher energy
minima are the gauche (g*) forms located about
+120° away. Extension of the chain by one meth-
ylene unit triples the number of configurations.
The number of single particle interactions, such as
deuterium quadrupole couplings, increases only
linearly with chain length and is never sufficient.
The dipolar interactions on the other hand will
often be sufficient in number to allow inversion of
(3) and (4) to solve for the unknowns and, in any
case, they provide a much fuller picture. The
example of n-hexane is discussed in section 2.

1.2. Multiple quantum NMR

The measurement of the D;; needed to model
the unknowns P,8” is impeded by a fundamental
difficulty. One would like to measure the proton
NMR spectrum, since the large gyromagnetic ratio
leads to sizeable couplings even for spins several
segments apart. However, for systems of more
than a few protons, spectral congestions rapidly
leads to a loss of resolved structure. Even when
some lines remain resolved, their great density
introduces considerable uncertainty in the assign-
ment of transitions to the energy level diagram,
which is an explicit or implicit step in any spectral
simulation scheme.

These problems may be described as a mis-
match between the measured quantity, the single
quantum spectrum, and its information content.
The number of single quantum transitions for N
dipolar coupled protons is 2N )! /(N + D)I(N — 1)!
in the absence of permutation symmetry. On the
other hand there are at most N(N — 1)/2 unique
couplings D,;. Thus the complexity of a single
quantum spectrum is an unfortunate impediment
to solving the simpler underlying problem.

A solution to this dilemma has been found in
the use of proton Fourier transform multiple
quantum NMR (MQ NMR) in liquid crystalline
solvents [15-18]. This technique allows the record-
ing of the far simpler spectra corresponding to the
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simultaneous absorption of n photons from the
Larmor-frequency radiation field. For example,
the number of transitions in which n=N —2 of
the N protons flip is only N(2N —1). This is of
the same order as the number of dipolar couplings
to be measured. Proton MQ NMR in liquid
crystals has been applied already to two much
simpler non-rigid systems. The azimuthal angles
of the two methyl groups of 2,3-dimethylmaleic
anhydride in a nematic solvent were shown to be
uncorrelated on the NMR timescale [17]). The di-
hedral angle of 4-cyano-4’-n-pentyl-biphenyl was
estimated to be = 32° in the nematic phase [18].
Neither of these cases involved unknown confor-
mational probabilities. Refs. [19,20] review MQ
NMR, including applications in liquid crystals.

2. n-hexane-d; in a nematic solvent
2.1. Experimental

The sample consists of 55 mg of n-hexane-
1,1,1,6,6,6-d (n-hexane-d) dissolved in 300 mg of
p-octylphenyl-s-chloro-4( p-heptylbenzoyloxy)ben-
zoate (Eastman 15230). The spectra are recorded
in the nematic phase at 33 + 0.1°C. The proton
Larmor frequency is 185 MHz. The coil is double
resonant to allow deuterium decoupling through-
out. Proton 90° pulse times are 3 ps.

The pulse sequence for the single quantum
spectrum is 90—, /2-180-¢, /2-sample. The Hahn
echo amplitude [21] as a function of #, is Fourier
transformed to give the homogeneous spectrum.
For the multiple quantum experiment, the pulse
sequence 90-7-90-¢,/2-180-¢, /2-90-7-sample
shown in fig. 1 is used with time proportional
phase increments (TPPI) of the preparation pulses
as described earlier [16). This gives a homogeneous
multiple quantum spectrum of all orders n.

2.2. Results

The number of transitions expected in each
multiple quantum order of a polymethylene chain
may be calculated by group theoretical methods.
Let us assume that the chain rapidly interconverts
between conformers and- that the symmetry of the

]
¥
t
U U U u 1
Fig. 1. The four-pulse multiple quantum experiment includes a
180° pulse in the middle of the evolution period to refocus
dephasing due to magnetic field inhomogeneity. To effect a
n-dependent separation of multiple quantum transitions, the

phases of the first two pulses are incremented by A¢ =a/N
with Az,. N is the number of spin 1/2 nuclei.

motion is two-fold in the sense that for a given
bond, a t to g* rotation occurs with equal prob-
ability to a t to g~. Furthermore, if the ends of the
chain are indistinguishable, the NMR permutation
group is isomorphic to C,. Now the character
table may be expressed, in reducible form using a
direct product basis for the eight protons of a
four-methylene chain. A decomposition of each
reducible representation into irreducible compo-
nents yields the energy level diagram, which is
shown in table 1. From the energy level diagram
the number of transitions in each multiple quan-
tum order may be easily obtained, and are shown
in table 2. Note that 2860 lines will occur in the
single quantum region whereas merely two pairs
of lines will occur in the seven-quantum region
and fourteen pairs will occur in the six-quantum
region. In addition an eight-fold degenerate central

Table 1
n-hexane-d¢. Energy level density
m A, A, B, B,
4 1
3 2 2 2 2
2 10 6 6 6
1 14 14 14 14
0 22 16 16 16
-1 14 14 14 4
-2 10 6 6 6
-3 2 2 2 2
-4 1
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Fig. 2. The isotropic high-resolution proton spectrum of
methyl-deuterated n-hexane. The line at 0 ppm is TMS.

line will occur at the center of the six-quantum
region, but is uninteresting since its frequency is
independent of dipolar couplings.

Fig. 2 shows the high-resolution proton NMR
spectrum of n-hexane-d, in isotropic solution ob-
tained with deuterium decoupling. The single line
at 2 ppm indicates a negligible difference between

Table 2

Number of n-quantum transition (Am =n)
Am

8 1 line at 8 Aw
7 2 pairs

6 14 pairs

) 70 pairs

4 224 pairs

3 546 pairs

2 944 pairs

1 1430 pairs

0 1049 pairs

the isotropic chemical shifts of protons on in-
equivalent methylene groups, and so no informa-
tion on chain configuration may be obtained from
the isotropic spectrum. The line at 0 ppm is from
TMS. ‘

In fig. 3 is shown the spin echo single quantum
spectrum of the eight methylene protons of par-
tially oriented n-hexane-d,. No attempt is made to
analyze this spectrum.

Fig. 4 is the result of the four-pulse multiple
quantum sequence applied to the same sample of
n-hexane-d,. To obtain this spectrum, fifteen dis-

Oriented ~7-Hexane-dg
Single Quantum Spectrum

1 kHz

Fig. 3. The single quantum spin echo proton spectrum of oriented methyl-deuterated n-hexane. Group theoretical calculations predict
2860 transitions.
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n-Hexone-ds

Ensemble Average
(50 kHz bandwidth)

n=0 | 2 3 4 5 6 7 8

Fig. 4. The proton multiple quantum spectra of oriented methyl-deuterated n-hexane obtained with the pulse sequence shown in fig.
1. Fifteen separate experiments were summed together to obtain the “ensemble averaged” multiple guantum spectrum.

points were recorded in ¢, at intervals of 10 ps.
For each point, twenty-eight transients were accu-
mulated to improve signal to noise. Each MQ FID

tinct multiple quantum free induction decays (MQ
FID) were obtained from preparation times vary-
ing from 2 to 14 ms. In each experiment, 4096

—
1 kHz

LU AR L

Fig. 5. Comparison of the experimental and calculated six-and seven-quantum spectra using the conformational probabilities noted in
table 3 together with an S, value of 0.12.
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was zero-filled to 8192, Fourier transformed, and
the fifteen absolute magnitude spectra were then
added together to yield the spectrum in fig. 4.

An expansion of the six- and seven-quantum
regions is shown in fig. 5. The expectation of rapid
motional averaging is confirmed by the ap-
pearance of only two pairs in the seven-quantum
region. The central feature in this order is an
artifact of a small pulse amplitude modulation
which is concurrent with the TPPI cycle. The
six-quantum region contains at least eleven re-
solved pairs and a highly degenerate central line,
as expected. Simulations suggest that two pairs are
unresolved from the central transition.

The noise is not independent on each side of
the center of each order since the positive and
negative frequency spectra resulting from TPPI
have been shifted to a common center and added.
The spectral resolution of 25 Hz is partially limited
by data storage resulting in truncation of the
interferogram in ¢, at the point where it had
decayed to = 1/e.

2.3. Spectral simulation

There are ten independent proton—proton di-
polar couplings in n-hexane-d,, which is too few
to attempt an exact inversion of egs. (3) and (4).
Eventually the present data set should be supple-
mented by '*C-'H couplings. Methods for such
heteronuclear multiple quantum experiments have
been discussed elsewhere {22]. Some preliminary
spectral simulation is presented here to demon-
strate the sensitivity of the spectra to different
model assumptions and give some indication of
the magnitudes involved.

The first simplifying assumption made is that
the energy differences between the different al-
lowed conformers are in proportion to the number
of gauche bonds in each. The energy difference
between the ali-trans conformer and those with a
single gauche is chosen such that the former is
twice as probable as the latter. All conformers
with adjacent gauche bonds are excluded, as these
are considerably less linear than the others. With
these assumptions the probabilities listed in table
3 result.

The next simplification is to assume that the

Table 3

Conformational probabilities for n-quantum simulation®
Configuration Probability

ttt 0.2

tg¥t 0.1

ttgt 0.1

gt 0.1

gttgt 0.05

grg’ 0.05

2 All other configurations probability = 0.

ordering is uniaxial, so that only S” = C@(£27) is
finite, and that this has the same value for all
configurations. The molecular z axis is normal to
the H-C-H planes of the central methylenes ex-
cept for the tg*t configurations for which it lies
along the central carbon—carbon bond. The bond
distances are ro- = 1.54 Aand ;=111 A. The
bond angles are tetrahedral and the gauche minima
are 120° away from the trans minimum.

The stick spectrum in fig. 5 shows the best fit
to this model obtained by varying S,,. A value of
S,, = 0.12 is found. No reasonable fit can be found
for more restricted (e.g. pure ttt) conformational
models. The rms error is 48 Hz which is equivalent
to two digitized points. The dipolar coupling con-
stants calculated from this model were used as the
starting parameters in an iterative fitting program
[23]. In this iteration, twenty-six n =5 transitions
were also included. Negligible improvement in the
rms error resulted. In addition, the one-order-
parameter model described above was also tested
while allowing only the all-trans configuration or
allowing all configurations except those contain-
ing the adjacent combination g*g?¥. Both of the
resulting fits were considerably less satisfactory
than that of fig. 5 and led to diverging iterations
when used as starting parameters.

3. Discussion and conclusion

The MQ NMR spectra of oriented hexane-d,
demonstrate the increased resolution as the num-
ber of quanta increases. The six- and seven-quan-
tum spectra show the rapid conformational dy-
namics and a rough simulation is made using ttt,
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tgt, ttg and gtg conformations of the chain. This
forms a reasonable starting point for improve-
ments on the current model with additional dipole
couplings, for example using '*C, and more vigor-
ous fitting routines. Use of a high-resolution mag-
net or the TSCTES method [24,25] will remove
any ambiguity about the role of chemical shifts,
which are assumed here to be removed by the «
pulse at ¢, /2. This is only true to lowest order and
should be checked, since a more exact analysis [26]
shows that they can reappear as small line shifts
and also introduce extra lines. With higher resolu-
tion data, inclusion of J couplings will also be
necessary. Most importantly, additional dipolar
and quadrupolar couplings should be measured on
the same system.

We conclude that the use of high-order multi-
- ple quantum spectroscopy is a valuable tool for
the study of non-rigid oriented molecules and
n-hexane has been given as an example. The large
number and geometric variety of the probes pro-
vided by proton dipolar couplings along with the
possibility of resolving discrete transitions even in
complex systems are distinct advantages over the
deuterium or single quantum proton methods.
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