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Abstract

Low-power phase-modulated Lee—Goldburg homonuclear decoupling was used to record PDLF spectra of fluorine-substituted
benzene derivatives dissolved in nematic thermotropic liquid crystalline solvents. The low-power decoupling minimizes sample
heating during RF irradiation while still achieving highly resolved PDLF spectra. The method is illustrated by recording spectra for
1,3-dichloro-4-fluoro-5-nitrobenzene, 1,3-dichloro-4-fluorobenzene, and 1,2-difluorobenzene dissolved in different nematic solvents.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy of
molecules dissolved in liquid-crystalline phases provides
a powerful method for determining detailed structural
and conformational information since the spectral pa-
rameters depend upon the internuclear distance and, for
flexible molecules, on the conformational distribution
[1-3]. There are many examples of such studies on rel-
atively simple molecules [4,5]. However, the observed
spectra are often complex and difficult to assign. This
complexity arises from the existence of unaveraged in-
tramolecular dipolar couplings, D;;, the magnitudes of
which typically exceed chemical shift differences, leading
to second-order spectra. Also, the spectral complexity
increases rapidly with the size of the molecular spin
system or with decreasing molecular symmetry.

Various techniques have been designed to simplify
the second-order spectra to facilitate analysis. One such
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technique is proton-detected local field (PDLF) spec-
troscopy [6-9]. This technique, previously applied to
study '*C-'H dipolar couplings in nematic liquid crys-
tals, simplifies the second-order spectra by removing the
homonuclear couplings between protons. It yields high-
resolution 3C—'H couplings by detecting the dipolar
local field produced by the '*C spins at the site of each
proton in the indirect dimension of the 2D experiment.
In the presence of multiple-pulse homonuclear dipolar
decoupling, each proton “sees” the local field of a single
13C spin due to the low natural abundance (1.1%) of the
13C nuclei. The ideal spectrum contains a maximum of
N doublets for a '3C nucleus coupled to N protons. The
frequency splitting of each doublet is proportional to the
strength of the heteronuclear '*C—'H coupling. The ac-
curacy to which the heteronuclear couplings can be
obtained depends upon the efficiency of the homonu-
clear decoupling.

Many well-known homonuclear decoupling se-
quences designed for solid samples such as MREV-8
[10], BR-24 [11], BLEW-48 [12], Lee-Goldburg CW [13],
and frequency-switched Lee-Goldburg (FSLG) [14,15]
have been successfully implemented on a high-resolution
spectrometer/probe configuration using low RF irradi-
ation powers. These methods have been applied to
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obtain 3C separated local field spectra in liquid crystals
under static and off-magic-angle spinning conditions
[16]. The use of low RF power is of prime importance
since high decoupling powers can introduce thermal
gradients in thermotropic liquid crystalline samples [17].
Thermal gradients induce a distribution of order pa-
rameters which causes broadening of the spectral lines.

Recently Vinogradov et al. [18] proposed a new
class of LG experiments based on continuous phase
modulation of the pulses with constant RF field ampli-
tude. Their method, phase-modulated Lee—Goldburg
(PMLG), is equivalent to FSLG but performed only
with phase modulations, capitalizing on the direct cor-
relation between frequency and phase modulation.
PMLG can be potentially less challenging to implement
experimentally than FSLG since most commercial in-
struments can perform phase switches faster and with
better accuracy than frequency switches. Up to now, this
new method was applied only to the 2D NMR study of
solid samples such as malonic acid, glycine, and mono-
ethyl fumarate [18]. The experiments were performed on
a solid state spectrometer using a 4-mm CRAMPS
probe with a high-power decoupling field of 82 kHz.

In this paper, to our knowledge, the first PDLF
spectra for a number of mono- and difluorinated
molecules (1,2-dichloro-4-fluoro-5-nitrobenzene, 1,3-di-
chloro-4-fluorobenzene, 1,2-difluorobenzene) dissolved
in nematic solvents studied with low-power PMLG de-
coupling using a liquid state probe/spectrometer con-
figuration are presented. In the case of monofluorinated
systems, the simple PDLF spectrum can be directly
analyzed to yield the '"F-'H dipolar couplings. For the
difluoro compound, the effect of the ""F-'°F dipolar
coupling complicates the analysis.

2. Pulse sequence
2.1. PDLF pulse sequence

The pulse sequence shown in Fig. 1 was used to record
the two-dimensional PDLF spectra. The 'H magnetiza-
tion was excited by a m/2 pulse and then immediately
tilted by a magic angle pulse, 6,,, into a frame perpen-
dicular to the effective field of the PMLG sequence,
which appears along the magic angle. The multiple pulse
train was applied during the evolution time #; to suppress
the effects of the proton homonuclear couplings. During
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Fig. 1. Pulse sequence used for the 2D PDLF experiment.

that time the 'H magnetization evolved only under the
effect of the chemical shifts and "F-'H dipolar and
scalar interactions. At the end of the evolution period,
the magnetization was tilted back into the rotating frame
by another magic angle pulse and acquired in the direct
dimension, #,. The experiments were repeated for differ-
ent values of #; so that a data set was acquired as a
function of # and f,. Two-dimensional Fourier trans-
formation yielded spectra that display, in the indirect
(F,) dimension, ""F-'H dipolar doublets and, in the
direct (F,) dimension, the normal 'H spectrum.

2.2. PMLG decoupling scheme

The PMLG multiple-pulse sequence consists of a se-
ries of RF pulses with the phase sequentially varying
from one pulse to another. In the following, we review
the theoretical details of the PMLG sequence [18].

The total Hamiltonian, Hy, describing a PMLG
experiment can be divided into the time-dependent RF
field term, Hgrg(f), and the spin Zeeman and coupling
Hamiltonian, H,

H, = Hrp(t) + H. (1)

The general form of Hrp(¢) in the rotating frame for an
LG unit of duration g, where (n — 1)t <t < nti g
and n = 1,2,... can be written as

Hre(t) = wre |l cos(wpmrgt + 0Lc)
+ [y sin(a)pMLGt + GLG)Jv (2)

where wgrp is the RF field strength, wpyi the phase
modulation frequency, and 0. g an arbitrary phase
angle.

The spin Hamiltonian, H, for a system of N spins I
and one spin S in the liquid crystalline solvent can be
written

H = Hf + H? + HY + Hj} + His, (3)

where Hf and HZ are the Zeeman interaction terms for
spins of type I and S, respectively,

HIZ == Z sz'IiZ’ (4)

HE = . (5)

I? and S% are the components of the nuclear spin an-
gular momentum operators along the direction of
the applied magnetic field and ' is the chemical shift
of spin L.

The third term in Eq. (3) represents the dipolar in-

teractions among the I spins
1
D _ 1 (~yZ72 T e
Hy; *ZDU {21111 75([1 Ij Jr[i]j )]a (6)
i<j
while the fourth term describes the much smaller indirect
interactions among these spins
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Hy =Y Jyl;-1;. ()
i<j

The Hig term accounts for both the direct and indirect

heteronuclear coupling terms

His = — Z Tisl/S%, (8)

where TIS = (ZDIS +JIS)~

The zero-order average dipole-dipole Hamiltonian,
H},, is predicted to vanish during a LG irradiation unit
with the following parameters:

1
\wPMLG| = \/;(URF; (9)

2 2m
tG = Tom (10)
From Eq. (10), for a given RF field strength and
number of pulses m, the duration of the individual
pulses in a PMLG unit is #,g/m. The angle through
which the RF precesses in one unit of LG in the rotating
frame is given by

oG = |wPMLG|tLG = 207.8°. (11)

The precession of the RF field for wpyg > 0 is denoted
as X and that for wpmrg < 0 as X. A full unit of PMLG,
for symmetrization arguments, takes the form XX or XX.
Hence under one XX unit of the PMLG sequence, the
RF field precesses from 0° to 207.8° during X and then
to 180°, after a 180° flip, during X. The increment in the
phase angle of each pulse amounts to Ao = 207.8°/m
starting with Ax/2 for X and (n — (Ax/2)) for X.

3. Experimental
3.1. Sample preparation

The different solutes, 1,2-dichloro-4-fluoro-5-nitro-
benzene, 1,3-dichloro-4-fluoro-benzene, and 1,2-diflu-
orobenzene (Aldrich Chemical Company), and the liquid
crystalline solvents, ZLI 1132 and ZLI 1695 (EM Indus-
tries), were used without further purification. ZLI 1132
has a positive anisotropy of the magnetic susceptibility,
and the liquid crystal directors align uniformly parallel to
the magnetic field. ZLI 1695 has a negative anisotropy,
and the liquid crystal directors align uniformly in the
plane perpendicular to the applied magnetic field. The
oriented samples, contained in 5-mm tubes (Wilmad),
were prepared by placing ~10% by weight of the solute
either in ZLI 1132 or in ZLI 1695 liquid crystals.

3.2. NMR spectra

One- and two-dimensional PDLF 'H spectra were
recorded at 300.13 MHz with a Bruker DRX-300 spec-

trometer equipped with 5-mm HDCEF liquid state probe.
The two-dimensional PDLF spectra were recorded
nonspinning with temperature controlled at 25°C, and
the field-frequency lock was not used. A recycle delay of
10s was used to avoid sample heating. The number of
increments in #; was 512. The signals were accumulated
into 2K of computer memory, and 2 FIDs were sum-
med up for each ¢ increment. The ¢#; dimension was
zero-filled to 1 K of data points, giving a final 2D matrix
of 2 by 1K before Fourier transformation. A line
broadening of 1 Hz was applied in the direct dimension
and 10Hz in the indirect dimension, and spectra were
obtained in the magnitude mode.

Experimentally, increasing the number of pulses in
the PMLG unit results in better decoupling performance
but leads to very short individual pulses in the PMLG
unit. Modern commercial high-resolution spectrometers
allow phases to be preset during the previous pulse but
require a time of 3 ps, implying that the length of the
individual pulses in PMLG unit cannot be shorter than
3 ps. With this constraint in mind, we have chosen for all
the experiments the number of individual pulses, m, to
be either 6, making Ao = 34.63°, or 10, making
Ao = 20.78°. For m = 6, RF field strengths of 17 and
20 kHz were used, making the individual pulse lengths 8
and 6.8 ps, respectively, and requiring the use of 12
pulses for either an XX or XX LG unit. For m = 10, an
RF field strength of 23 kHz was used, making the indi-
vidual pulse lengths 3.5 us and requiring the use of 20
pulses for either an XX or XX LG unit. The XX units,
with stroboscopic sampling, were used, where each unit
had duration of 96, 81.6, and 70 pus for the 17-, 20-, and
23-kHz fields, respectively. A scaling factor of (\/g)f1
for chemical shifts and heteronuclear couplings is
characteristic of this decoupling scheme. In all PDLF
spectra a zero peak is observed, which is consistent with
the observations of Vinogradov et al. [18].

4. Results and discussion

In order to demonstrate the utility of the PDLF se-
quence in determining the "*F-'H couplings, to test the
performance of the PMLG decoupling scheme, and to
look at characteristics of fluorine as a spreading pa-
rameter, experiments were performed on a difluoro
compound and on a number of monofluorinated mole-
cules with increasing proton spin system complexity.

4.1. 1,2-Dichloro-4-fluoro-5-nitrobenzene

The initial testing of the pulse sequence was
performed on a simple molecule, 1,2-dichloro-4-fluoro-
S-nitrobenzene. This molecule has three magnetically
active nuclei: two protons and one fluorine. The chem-
ical shift difference between protons obtained from
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isotropic solution is small, 0.726ppm. The 'H 1D
spectrum of the solute in ZLI 1132 liquid crystals shown
in Fig. 2A is first order and the dipolar couplings be-
tween all magnetically active nuclei can be read off di-
rectly. The 1D spectrum demonstrates that the two
protons become more easily distinguishable due to the
difference in fluorine dipolar coupling. The peaks
around zero belong to the proton farther away from
fluorine, whereas the peaks around +1500 Hz belong to
the proton closer to fluorine. The PDLF spectrum be-
comes even simpler since homonuclear couplings are
removed, as shown in Fig. 2B. The imperfections of
observed intensities could arise due to errors in the pulse
sequence such as phase, the existence of higher order
terms, and differences in offset. The two pairs of peaks in
the PDLF spectrum arise from the two different "F-'H
couplings in this molecule. The heteronuclear couplings
can simply be read off the spectrum, taking into con-
sideration the PMLG scaling factor of 0.58. Note that
for all PDLF spectra the frequency scale is not corrected
for the scaling factor of the decoupling sequence. These
couplings are reported in Table 1 together with cou-
plings that were obtained from the 'H 1D spectrum.
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Fig. 2. (A) 300.13-MHz 1D 'H spectrum and (B) projection in the
indirect dimension of 2D PDLF experiment obtained under 17-kHz
decoupling with PMLG-6 of a sample of 1,2-dichloro-4-fluoro-5-ni-
trobenzene dissolved in nematic solvent ZLI 1132.

Table 1

Heteronuclear couplings obtained from the 'H 1D spectrum and
PDLF spectrum of 1,2-dichloro-4-fluoro-5-nitrobenzene dissolved in
ZLI 1132

i,j Couplings from 1D Couplings from PDLF
spectrum in Hz spectrum in Hz

3,4 1546.0 1514.7

4,6 52.1 52.1

4.2. 1,3-Dichloro-4-fluorobenzene

1,3-Dichloro-4-fluorobenzene has four magnetically
active nuclei: three protons and one fluorine. As in the
previous sample fluorine acts as a label. 1D and PDLF
'H spectra were recorded for the solute placed in ZLI
1132 and in ZLI 1695. Six lines are expected in the

A Dys
ED4(>_:
Cl
Dyy
<>
H; H,
H: Cl
Fu
1500 1000 500 0 300 1000
Frequency (Hz)
B Dys
Dys
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T T T T T T T
600 400 200 0 -200 -400 -600

Frequency (Hz)

Fig. 3. Projection in the indirect dimension of 2D PDLF spectrum of a
sample of 1,3-dichloro-4-fluorobenzene dissolved (A) in the nematic
solvent ZLI 1132 obtained under a 23-kHz decoupling field with
PMLG-10 and (B) in the nematic solvent ZLI 1695 under a 17-kHz
decoupling field with PMLG-6.
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Fig. 4. (A) 300.13-MHz 'H spectrum simulated using the NMR-SIM
program and (B) experimental spectrum of a sample of 1,3-dichloro-4-
fluorobenzene dissolved in the nematic solvent ZLI 1132, recorded at
25°C.

Table 2

A

Ml M

T T T T T T
1500 1000 500 0 -500 -1000 -1500

Frequency (Hz)

Fig. 5. (A) 300.13-MHz 'H spectrum simulated using the NMR-SIM
program and (B) experimental spectrum of a sample of 1,3-dichloro-4-
fluorobenzene dissolved in the nematic solvent ZLI 1695, recorded at
25°C.

Spectral parameters of 1,3-dichloro-4-fluorobenzene dissolved in ZLI 1132 and in ZLI 1695 obtained by analysis of the 'H 1D spectra and from

PDLF spectra

Solvent 'H chemical shifts in Hz Scalar and dipolar couplings in Hz From PDLF in Hz
i v i, ) Dy Dy
ZLI 1132 2 0.0 2,4 6.3 141.0 136
5 120.0 2,5 0.0 83.5
6 27.0 2,6 2.6 157.5
4,5 8.6 1260.0 1288
4,6 4.1 279.0 258
5,6 8.7 1440.0
ZLI 1695 2 0.0 2,4 6.3 76.5 81
5 -169.0 2,5 0.0 45.0
6 -128.1 2,6 2.6 135.5
4,5 8.6 657.5 657
4,6 4.1 164.5 159
5,6 8.7 702.5

#Taken from the analysis of 1,2-difluorobenzene in isotropic solution and kept fixed.
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PDLF spectra, one doublet for each of the protons with
the splitting proportional to its coupling with the fluo-
rine nucleus. The PDLF spectra of the ZLI 1132 sample
and ZLI 1695 sample (Fig. 3) show five lines with two
lines appearing to overlap. The 2D contour plot (not
shown) helps in determining which lines arise from the
same proton. The heteronuclear couplings thus obtained
were used as starting values for the simulation of 1D 'H
spectra (Figs. 4 and 5), and the final spectral parameters
are reported in Table 2. The analysis was performed
using the NMR-SIM program build into the Bruker
XWIN-NMR. The comparison of the two sets of pa-
rameters shows good agreement between the PDLF and
the 1D D;; values. The small differences arise from the
lower resolution of the 2D experiments.

4.3. 1,2-Difluorobenzene

1,2-Difluorobenzene has six magnetically active nu-
clei: two fluorines and four protons. Some of the nuclei
are equivalent, so there are three unique nuclei. The 'H
and PDLF spectra of the solute in ZLI 1132 are shown
in Fig. 6. The observed PDLF spectrum of this molecule

4000 3000 2000 1000 0 -1000 2000
Frequency (Hz)

1500 1000 LR 000 oo
Fig. 6. (A) 300.13-MHz 'H spectrum and (B) projection in the indirect
dimension of 2D PDLF experiment obtained 400 Hz off resonance
under 20-kHz decoupling with PMLG-6 of a sample of 1,2-difluoro-
benzene dissolved in the nematic solvent ZLI 1132, recorded at 25°C.

is more complicated than the spectra of monofluori-
nated systems due to the strong (547 Hz) YF-1°F di-
pole—dipole coupling. Under these circumstances, the
heteronuclear couplings cannot be directly read off from
the PDLF spectrum.

We have investigated the influence of the strength of
the "’F-'"F dipolar coupling on the PDLF spectrum by

A

Drr= 0 Hz

B

DFF =100 Hz

==

C

Dpr=300 Hz

!

Dpr=547Hz

=
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Dpr=1200 Hz

=

N

1500 1000 500 0 500 1000 1500
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Fig. 7. Simulated spectra that show the influence of the 'Y F—°F dipolar
coupling on the PDLF spectra under PMLG of a sample 1,2-difluor-
benzene dissolved in the nematic solvent ZLI 1132. (A) Dgr = 0 Hz,
(B) Drr = 100Hz, (C) Dyr = 300 Hz, (D) Drr = 547 Hz, (E) Dpp =
1200 Hz.
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Fig. 8. Contour plot of the 2D PDLF experiment performed on a
sample of 2-fluorotoluene dissolved in the nematic solvent ZLI 1695.
The top projection shows the completely coupled 'H spectrum and the
right projection shows the PDLF spectrum obtained under 17-kHz
decoupling with PMLG-6.

performing simulations using MATLAB (MathWorks)
of the PDLF spectrum using the "F-'H parameters
from [19] and changing the "F-"°F coupling. The re-
sults presented in Fig. 7 show that for Dgr =0 the
PDLF spectrum consists of four doublets, one for each
of the protons coupled with two fluorines, as expected
for isolated fluorines. As the Dgg value increases, the
spectrum shows more complicated features, and the
heteronuclear couplings cannot be simply read off from
the spectrum.

4.4. 2-Fluorotoluene

The usefulness of the technique for structural analysis
can be seen in more complicated systems. The spectra
displayed in Fig. 8 show that even for a large system
such as 2-fluorotoluene, dissolved in ZLI 1695 liquid
crystals, where seven protons are present and where the
1D 'H spectrum is very complicated, the PDLF spec-
trum is simplified and can be interpreted. This spectrum
is the subject of further analysis.

5. Conclusions

In conclusion, the PDLF sequence using PMLG de-
coupling applied with a high-resolution/low-power
probe setup is successful in producing a first order
spectrum for the monofluorinated samples. In the ab-
sence of proton homonuclear dipolar couplings, the
heteronuclear coupling can be used as an additional

label in order to distinguish between protons and can be
used as a basis for selective excitation [20]. Besides being
a source of addressibility in molecules, the heteronuclear
dipolar coupling can potentially provide gates in quan-
tum computing in liquid crystalline samples faster than
those in liquid samples. This is due to the fact that the
heteronuclear dipolar couplings are typically much
greater in magnitude than the J couplings and are not
limited by bond connectivities [21-23]. In the case of
multifluorinated samples, we have shown that in the
limit of strong "F-'°F dipolar coupling the PDLF
spectra are still complicated. The limit in which the
fluorines are completely isolated from each other can be
obtained by performing homonuclear decoupling on
both proton and fluorine nuclei, and work is currently
underway.
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