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The performance of several different two-dimensional NMR methods for the measurement of-gandtton

dipolar couplings in liquid crystalline phases is analyzed. Proton-detected local field spectroscopy allows
the measurements of short rangel& couplings, which correspond to directly bond pairs, by direct inspection

of the spectra. Off magic angle (OMAS) spinning techniques can be applied to anisotropic phases that can
be oriented mechanically at an angle to the magnetic field, such as nematic phases. The consequent scaling
of the chemical shift anisotropy and dipolar couplings can be used to resolve otherwise overlapping resonances.
Moreover, an estimate of the accuracy of the technique can be achieved by performing a series of OMAS
experiments with different sample orientations.

I. Introduction (a)

Liquid crystalline compounds constitute an important class
of materials because of the variety of applications that are
constantly being discovered for this intermediate state of 10 ppm
matter’2 However, the mechanisms that govern their physical
and chemical properties are still not completely understood.
Nevertheless, some features of the detailed molecular structure
of liquid crystals have been shown to determine the stability or T T RIS S L
the existence of mesophases.Nuclear magnetic resonance 40 353025200 05 10 5 kHz
has been one of the tools of choice for the study of these
systems, since it provides a probe of the material structure at
the molecular level. In particular, magnetic dipolar couplings,
which can in principle be measured by NMR, constitute a direct ®) 2
link to structure and dynamids. 3

A major limitation of the applicability of NMR spectroscopy
to the study of liquid crystals is the complexity of spectra
dominated by dipolar couplings. This complexity arises from
the persistence of the dipolar interaction over relatively long
distances, which is both an advantage and a handicap. For
example, it is a valuable property for the study of molecules o
that exist in multiple conformations. On the other hand, the
spectral complexity increases exponentially with the size of the LJ L
system of coupled nuclei. For example, in the case of protons, : . : , : : :
the spectrum is often too complex to be analyzed even in the 200 180 160 140 40 20 ppm

case O_f small m_olecule_s. This is t_rue even tho_u_gh _there IS Figure 1. One-dimensional NMR spectra of the nematic liquid crystal
averaging of the interactions by motion and simplification due scg (1) acquired at a proton frequency of 500 MHz: (a) proton
to any molecular symmetry. spectrum obtained with a simple one-putsequire sequence; (b)

In contrast to proton NMR, high-resolution spectra of dilute proton-decoupled carbon spectrum obtained with a cross-polarization
species such as carbon-13 can be obtained for larger mo'eC”'e%eﬁﬁéﬁ?ghxthwﬁgreﬁ"}ﬁ'?héoﬁg?& ;:‘G';éte}ﬁ?n %irlsot:]/vjlt)?zaglalri]n:;
n the. presence of proton.decc_)upllng. .However,.such spectracan be seen’ owing to the overlap of the large number of NMR
contain correspondingly little information about internuclear ansitions allowed for this system of 19 coupled protons (see text).
distances. The contrast between carbon-13 and proton spectrjote that the two sharp peaks in the proton spectrum correspond to
is demonstrated in Figure 1. negligibly small amounts of impurity.

Two-dimensional NMR spectroscopy has long been used to ) )
exploit the resolution of carbon spectra to separate and simplify in the case of polycrystalline solidsmembrane samplé8 or
dipolar spectrd~® Particularly high resolution has been solutes in nematic phasés.

achieved using a proton-detected local field (PDLF) experiment 1N this paper we present the application to a real liquid
crystalline system of the PDLF scheme alone and in combination

* Ecole Normale Stiiure de Lyon. with variable angle sample spinning. The experiments are
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and the results in terms of reliability and resolution that can be  Caution is required when scaling up the experiment from
achieved with and without spinning of the sample are discussed.small solutes to more complex molecules, such as liquid-crystal-

forming compounds. Firstly, larger molecules are likely to have
Il. Proton-Detected Local Field Spectroscopy a broader overall frequency distribution, which requires high-

As mentioned in the Introduction, a general problem with POWer decoupling, particularly for proton homonuclear decou-
the use of solid state NMR spectroscopy for structural studies Pling- It has been suggested that temperature gradients resulting

is that the same interactions that provide geometrical information ToM high-power rf pulses leads to spectral broadening in liquid

render the spectrum very complex. However, oriented phasesCryStaI Sda.mplt?]%f?hFrc])r (tjhis Ireason,.la ,SLF experir?edntb W:‘S
present significantly simpler spectra than polycrystalline or ProPosed in which the dipolar Hamiltonian was scaled by fast

amorphous solids. In a proton spectrum of a liquid crystalline "otation of the sample at an angle close to the magic arigfe.

compound, the intermolecular interactions are averaged to zero B. Off Magiq Angle Spinning E_xpe.riments Fung and co-

by molecular motion. The intramolecular interactions are also workers have pioneered the combination of carbon-detected local
partially averaged by molecular motion, with the fine details f€ld experiments and sample spinning for liquid crystalline
of the averaging depending on the particular molecular motion SaMPples"1® The magnitude of the average dipolar coupling
and the nature of the phase. In a nematic phase, which is" a liquid crystal is a function of the angle formed by the main
uniaxially oriented in a magnetic field, the intramolecular aX|shofsymme]'Ery (d!re(itor) with lthehgxternal mggneﬂcfi“z’r&.
interactions are averaged to a single value for all the moleculesm_t e case of a single crystal, this orientation can be set at
in the sample. As a consequence, the NMR spectrum of aW|_II. Liquid crystalllne_ samples, on the other hand, tend to be
nematic is reminiscent of that of a single crystal and consists oriented by a magnetic torque either parallel or perpendicular

of sharp resonances instead of the broad powder patterns typical® the direction of the field depending on the sign of the

of a static solid. This simplification notwithstanding, the NMR ~ @nisotropy of the magnetic susceptibility. However, the mag-
spectrum rapidly becomes intractable. For a systei gbins

netic torque can be overcome in some cases by fast mechanical

| = 1/2 there are spinning of the sampl&¥.2° In this case, the main axis of
symmetry of the phase (director) is aligned with the spinning
2N axis, with consequent scaling of all couplings according to the
n= (N + 1) (1) relation:

possible single quantum transitions (for a 10-spin system
= 167 960).

A. Proton-Detected Local Field Experiment The problem
of spectral complexity can be avoided by using two-dimensional whered is the observed splitting anllis the angle subtended
techniques that correlate the natural abundance carbon-13etween the axis of sample rotation and the magnetic field.
spectrum with the dipolar spectrum. A high-resolution carbon-  The advantage of scaling the couplings by sample spinning
13 spectrum can be easily obtained in one dimension by is that milder conditions for both heteronuclear and homonuclear
applying heteronuclear decoupling to remove the effect of all decoupling can be used, although it is not obvious that this gain
the C-H (and consequently HH) couplings. There are two  compensates for the loss of resolution due to the smaller
basic methods by which one can measure the dipolar couplingssplittings. However, it has been suggesfetthat the high rf
in the other dimension of the experiment. In the original power required for a satisfactory removal of protgroton
separated local field (SLF) experimefttthe carbon-13 spec-  couplings by means of MREV2822or similar sequences may
trum is measured in the presence of multiple-pulse homonuclearresult in an overall increase of the temperature in the sample,
dipolar decoupling of the protons. In this case the removal of which would affect the orientational order of the liquid-
the H-H interactions yields a first-order carbon-13 spectrum crystalline compounds. The minimum power required for
where the dipolar spectrum of each carbon contains 2™ hetero- and homonuclear decoupling is determined by the size
lines, wheremis the number of coupled protons. (If the carbon of the coupling to be averaged out, which can be controlled by
was connected to 10 protons,= 1024.) In other words, the  off magic angle spinning of the sample.
carbon-13 spectrum of an individual carbon consists of a C. Variable Angle Spinning Experiments In this article
“multiplet”, the structure of which is a result of repeated splitting we investigate the applications of proton-detected local field
by the H-C couplings, analogous to tilemultiplets observed  spectroscopy to liquid crystals on samples both in static and
for molecules in isotropic solutions. variable angle spinning conditions. We propose that reliable

A simpler spectrum is obtained if the proton signal is recorded data can be obtained from a series of PDLF experiments
in the dipolar dimension, once again in the presence of multiple- recorded at different spinning angles. Instead of being measured
pulse homonuclear dipolar decoupling. In the absence of from each individual spectrum, the dipolar couplings can then
interactions with other protons each proton in a molecule be measured from a linear regression to eq 2.
containing one carbon-13 nucleus experiences only the local
field due to that carbon, and thus, the spectrum of each protonlil. Experimental Section

. L 0
is split into a doublet. At natural abundance only 1% of the All the spectra in this article were obtained for a sample of

other carbon atoms will be carbon-13 so that the proton dipolar ) . : :
spectrum correlated to a particular carbon-13 nucleus consistsscB (4-n-pentyl-4-cyanobiphenyl) 1) with the pulse sequence

of a superposition of doublets arising from the coupling to each shown in Figure 2.
different proton. Thus, the dipolar spectrum contains 2m

lines (form=10,n= 20). This feature significantly simplifies
the measurement of the coupling, since the splittings observed
in the spectrum yield directly the motionally averaged hetero- Ne—2
nuclear H-C total couplings. This is the proton-detected local
field experiment, which was only very recently applied to liquid
crystalline systems, for example, a solute (benzene) in a nematic The 'H magnetization is excited by the first 9pulse and
solvent!! then immediately tilted by a 4%ulse into a frame perpendicular

a0l %(3 cod 6 — 1) )
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Figure 2. Pulse sequence appropriate for proton-detected local field 1901 e
spectroscopy. Proton magnetization is allowed to evolve under the \W]\AMAMJ
carbon-proton heteronuclear couplings during the first evolution time
(t1). The MREV-8 multiple-pulse sequence removes the effects of the 200+ 3@ 8 \MMM

homonuclear dipolar Hamiltonian, while the simultaneoupulses
applied to both proton and carbon remove the proton chemical shift
while preserving the carberproton coupling interaction. Magnetization

is then transferred to carbon via cross-polarization, and a carbon Figure 3. Contour plot of the proton-detected local field spectrum of
spectrum is acquired under broad-band proton decoupling. 5CB (1) recorded with the pulse sequence in Figure 2 under “static”
conditions. The traces taken paralleldg for each carbon site show
clearly distinct doublets that are directly related to individuatkC
couplings. The spectrum was acquired with 64 pointg;iand an
MREV-8 cycle time of 6€us using 4.5us 9C pulses. Sixty-four scans
were acquired per increment with a 6 s recycle delay to avoid sample
Sheating.

1000 500 0 -500 —1000

TH-13C local dipolar field (Hz)

to the effective field of the multiple-pulse sequence MREV-8.
The multiple pulse train is applied during the evolution titpe
to suppress the effect of proton homonuclear couplings. The
chemical shifts of the protons are refocused. The simultaneou
application of 180 pulses to proton and carbon at the center of
t1 refoqusgs the chemicall sh.ifts apd ensures that proton\, results and Discussion
magnetization evolves in this dimension only under theHC
dipolar and scalar interaction. The magnetization is then tilted The PDLF spectrum of 5CB recorded under “static” condi-
back into the rotating frame by another°4filse. This can be  tions is shown in Figure 3. The dipolar cross sections are shown
followed by an optionak filter, during which spin diffusion for each individual carbon resonance, and it can be remarked
among the protons could yield an equalization of the amplitudes, that in every case the largest coupling (corresponding usually
and then by the cross polarization sequence, which transfersto directly bonded pairs) can be measured by direct inspection
the proton coherence to carbon. The carbon signal is thenof the spectrum. The OMAS spectra (Figure 4) are, not
detected during, in the presence of CW decoupling of the surprisingly, very similar to the static spectra, apart from the
protons. This sequence leads to a two-dimensional correlationscaling factor of the splittings. Note that the carbon chemical
spectrum in which carbon chemical shiftsdn are correlated shifts are also dependent on the spinning angle, since there is
to carbor-proton couplings inws. an anisotropic contribution to the resonance positfand that

The “static” PDLF spectrum shown in Figure 3 was obtained this can provide a method to disentangle resonances that overlap
on a 500 MHz Varian Unity spectrometer using a double tuned at any one angle. The resolution obtained for the two spectra
5 mm MAS probe, built by APS rotor consultants, without recorded under these particular experimental conditions is very

spinning the sample. For the MREV sequenee;dield of 55

kHz was used, which was reduced %80 kHz during the
acquisition period for heteronuclear decoupling. The reduced
field during acquisition was chosen to minimize sample heating
effects while still being compatible with good decoupling (note
that thew carbon is therefore slightly broadeneddn). The

similar, confirming the hypothesis that the loss of resolution
due to scaling is compensated for by an improved performance
of the multiple-pulse sequence.

Note that, as predicted above, the PDLF spectrum does indeed
provide a simple image of the coupling network. In fact the
PDLF multiplet will often be even simpler than predicted by

variable angle spinning spectra (an example is shown in Figure the statistical arguments above. This is illustrated by consider-
4) were obtained on a home-built spectrometer operating at aing the spectrum of the carbon in 5CB (shown schematically

proton resonance frequency of 301.2 MHz with a Tecmag
acquisition system and a home-built variable angle spinning
probe head® The w; fields were constant throughout the

in Figure 5b). A large splitting is expected for the three methyl
protons and a second smaller splitting for the two equivalent
protons. Under the best conditions of resolution and optimized

experiment and depended on the spinning angle. They rangedoolarization transfer, a long-range coupling to therotons
from 30 to 35 kHz. Note that these fields are less than those might also be detected, yielding a total of six lines. In the

used in the MREV sequences in the static experiment.

The scale shown for the; dimension in both cases (proten
carbon coupling) is already corrected for the MREV-8 scaling
factor, which is taken to be the theoretical value of 0.47. The
OMAS spectra are symmetric about zero frequenayinsince
only the cosine-modulated component of the carbproton
coupling was acquired ih. The static spectra were recorded
with sign discrimination irnw; using the States methd®l.

carbon-detected experiment one would expect the carbons to
be split into a quartet with a large splitting by the methyl protons,
which would further separate into a smaller triplet by splitting
due to thed protons, which may be eventually split into a
another triplet by thes protons, yielding a total of 36 lines.

In practice the long-range couplings (of which there may be
many) may not provide observable splittings and may lead to a
broadening of the lines in the carbon-detected experiment and



Dipolar Local Field NMR Spectroscopy J. Phys. Chem., Vol. 100, No. 48, 19968699

5 G @ P \ b o (a)
I,JUUULJ\
<0 & &= M/UW x10
25
fM
TFBED A
"
= e
e &
E 1204 LO- _ N W 4
= T T T T T T T T
g 4.2 32 2.2 -12 -0.2 0.8 18 28 38
g N\N\A 22
£ 1254 *
I / (b)
S T R VN P
1304 D A o —_—
® ®
135 X% x10
\ N
140 4 @
J\/\/\\ 4
1504 f
Qe = r
1000 500 0 500 -1000
'H-13C local dipolar field (Hz) 15 B 05 0 0s 1 s

Figure 4. Contour plot of the OMASPDLF spectrum of 5CB
recorded by spinning the sample at a rate of about 1.6 kHz at an angle
of 48.2 with respect to the magnetic field. Note that the position and
order of the carbon resonances differ from those in Figure 3 owing to
the scaling of the chemical shift anisotropy. For example, in this
experiment the signal from carbon 2 ando2erlap.

frequency (kHz)

Figure 5. Simulation of the relative performance of SLF and PDLF
spectroscopy. Part a shows the expected for the case of benzene
dissolved in a nematic liquid crystal. Note that the SLF spectrum (top
trace) has a higher multiplicity and is reduced in amplitude by about a
factor 10 with respect to the PDLF spectrum. Part b shows the expected
spectra for thev carbon in 5CB {). Note how, once again, the PDLF
subsequent loss of resolution. These small couplings are veryexperiment (lower trace) is associated with a 10-fold gain in sensitivity.
sensitive to details of the structure, since they mirror interactions The smaller couplings broaden the SLF lines but merely contribute to

over many bonds. The PDLF scheme can potentially reveal the zero frequency peak in the PDLF experiment.
the small couplings, since the short-range splittings are not homonuclear proton couplings are more tolerant than others to

broadened by long-range couplings. However, it is often not irradiation offset and variations in the coupling size, and then

possible to distinguish and assign long-range couplings becaus . . - .
. ; - hey provide a uniform scaling factéf. Nevertheless, even in
the corresponding doublets will lead to a superposition of peaks - S
the most favorable case there is likely a variation of at least

at _the center of the local field spectrum. In pr|nc_|ple t.h's 1% of the scaling factor. Therefore, the accuracy and the
nuisance can be attenuated by using short contact times in the

o : eprecision in a SLF experiment are of about the same magnitude.
cross-polarization step. To measure and assign long-rang

counlinas. PDLE-tvpe experiments with hiaher dimensional- In a PDLF experiment, the variation of the scaling factor is
) 25|O26 9s, yp b . g . the largest source of systematic error. The precision of the
:i);nélsare necessary to further disentangle the overlapping measurement is intrinsically high, since the couplings can be

) ) ) obtained from a simple difference of two peak maxima, which
Figure 5 shows a simulation of the outcome of a PDLF and egyits in an uncertainty of potentially less than 0.1%. This
a SLF spectrum on two systems, benzene dissolved in a nematiqncertainty for the splittings cannot reflect the accuracy of the

liquid crystal and thew-carbon of 5CB. Note that this  measured couplings, which we expect to be at least 1 order of
comparison also highlights that the sensitivity of the PDLF

spectrum will usually be much greater than that of the SLF
spectrum, owing to the lower multiplicity of the spectrum. For

the specific example shown in Figure 5, a 10-fold improvement
in sensitivity is calculated.

A. Precision and Accuracy As discussed above, in the

magnitude larger. The accuracy of the experiment can be
evaluated instead by exploiting the dependence of the dipolar
couplings on the rotor orientation in an OMAS experiment. The
effect of variation of the spinning angle on the dipolar couplings
is represented in eq 2. However, owing to the particular
geometry of the radio frequency coil in the probe head used

original SLF experiment, dipolar couplings are measured by for this experiment, the radio frequency field amplitude is also

interpreting the multiplet generated by &g, Hn}-coupled spin
system. This type of multiplet consists of combination lines
arising from sums and differences of the different coupling
constants. Theprecision of the measurement for the SLF
method is limited by the ability to distinguish and assign the
many signals that may overlap in the multiplet, given the

modulated as a function of the spinning angle. Consequently,
the rf field used for decoupling will diminish accordingly with
the scaling factor so that the ratio between dipolar couplings
and the rf field does not exceed the range of angles we have
used (42-52°). However, measurements performed at different
angles will then produce a difference in the scaling factor for a

maximum resolution attained with the multiple pulse sequence given frequency (i.e., carbetproton pair) of the same order

and the experimental signal-to-noise ratio. Hoeuracyof the

as one could expect for the range of frequencies observed.

measurement is limited by the validity of the assumption that Therefore, the dipolar couplings obtained from a linear regres-
the frequency scaling factor generated by the multiple-pulse sion of a set of OMAS measurements to eq 2 (shown in Figure
decoupling sequence is uniform throughout the spectrum. Some6) are expected to be sensitive to this source of systematic error.
of the multiple-pulse sequences available for removal of the Correspondingly, the calculated error margin better represents



18700 J. Phys. Chem., Vol. 100, No. 48, 1996

(@)

2000
1500
1000

500

(b)

600
500
400
300
200

100

(©)
500

400
300
200
100

0

Figure 6. Dipolar splittings from OMAS-PDLF spectra recorded at
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B. Data Analysis As discussed in the Introduction, the

K+

- +
axx +

oo X+
o0 X

magnetic dipolar couplings measured by NMR in liquid crystals
are motionally averaged quantities. This property together with
their sensitive dependence on internuclear distances provides
the opportunity for studying not only the structural features but
also the overall dynamics of the anisotropic phase. Indeed,
dipolar couplings have been used as constraints for testing
detailed models of dynamid&28-31 To test the meaningfulness
of the couplings produced by the PDLF methods (Table 1), we
now compare the description of the average orientation of the
molecule of 5CB in the nematic phase as constrained by PDLF
data with results from previous investigatici§g’-18.2831

The average dipolar coupling for a rigid molecule in a liquid

+Xo0Oo
QRO

22 crystal is commonly described in terms of the Saupe ordering
3 matrix, Sys:

XeQOe

Ar yzh 1
D=-"—-—[3co¢6—1)= Z SyDy ()
op=XY,Z

47° 2r?

wherer is the internuclear distanceg,is the gyromagnetic ratio,
and 6 is the angle subtended by the internuclear vector with
the magnetic field. Th®qs = [K/(2r3)](3 cosO cosbs — dyp)

are the components of the dipolar coupling tensor, expressed
in a molecular fixed axis system. The terfg, usually referred

0.1 02

03 04

P,(cos8)

to as order parameters, describe the molecular orientation with
respect to the director in terms of the direction cosines of the
internuclear vector:

¢0Oe
W W

S, = [B cosb,, cosb; — d,412 4)

For a molecule with internal degrees of freedom eq 3 is not
strictly valid not only because the motion could change the
internuclear distances but also because each allowed conformer
could experience different orientational forces and therefore be
associated with a different set of order parameters. Couplings
that are sensitive to the internal dynamics, for example, between
nuclei in which the distance varies significantly in different

different sample spinning angles: (a) aliphatic resonances, largeStconformers, can only be reproduced by a model that takes into

splitting; (b) aromatic resonances, largest splitting; (c) aromatic

resonances, long-range couplings.

TABLE 1: Carbon —Proton Dipolar Couplings from PDLF

account a description of the interdependence of molecular shape
and anisotropic properties. For example, the dynamics and
orientation of the aliphatic chain of 5CB have been thoroughly

Spectra analyzed using NMR constraint$. Such an analysis is outside
OMAS?2 static the scope of this article. On the other hand, the two phenyl
nuclei D/Hz D/Hz rings can be treated as “rigid” subunits and the couplings relative
Aliphatic Carbons to each ring can be analyzed independently using the formalism
o 3473+ 150 4656 of eq 3. The number of order parameters necessary to describe
B 21544 152 3223 each ring subunit can be evaluated on the basis of symmetry
4 2327+ 160 3472 argument$?2 and if quasi-hexagonal symmetry is assumed for
0 1603+ 68 2366 the rings, then only two order parameters are necessary to
w 11534 63 1676 ; ; - : g
) completely describe the molecular orientation. This assumption
5 > Arg;‘}aicgga'bo”% 1449, 1394 has been shown to be strictly valid for the ring carrying the
’ ’ aliphatic chain, while a small deviation from the symmetrical
895+ 26 1229, 1229 .
3 1052+ 35 1388 geometry was calculated for the second ring, where the two
908+ 25 1229 protons next to the CN group are slightly tilted back to form a
3 756+ 32 1126 C—C—H angle of about 121 Table 2 shows the phenyl ring
991+ 45 1290 order parameters calculated by fitting the experimental dipolar
4/1 583+ 3 748

couplings to eq 3 using the assumed ring geometry and standard

@Values obtained from a fit to five data sets obtained at different values for the bond lengths_y = 1.09 Arcc=1.40 A).

angles. See text.The first entry refers to directly bonded protons;

the second entry to long range interactions.

the accuracy of the PDLF measurement.

The main order parametef,, is the most sensitive to
temperature, since it describes the global order of the phase.
(Note that this The difference in the calculated values $f for the “static”

argument is also applicable to SLF measurements as a methodnd for VAS PDLF experiments (about 0.52 and 0.41, respec-
for determining the accuracy.) The couplings measured by this tively) can be ascribed to the difference in room temperature
method are given in Table 1 and have an uncertainty of about between the two laboratories where the experiments were

4—5%.

performed® In each data set, the value of the order parameter
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TABLE 2: Order Parameters®

static PDLF OMAS-PDLF SLR
ring rms/Hz S: AS rms/Hz Sz AS rms/Hz Sz AS
1 27 0.51 0.03 27 0.40 0.02 29 0.50 0.05
2 36 0.52 0.03 33 0.42 0.03 27 0.50 0.05

aFrom ref 18.° We indicate the ring carrying the aliphatic chain as ring 1 and the one carrying the CN group as ring 2. The errors on the order
parameters can be estimated to be of the same order as those on the measured couplings, that is, about 5%.

1- O > a occasionally overlapping and, perhaps more importantly, to
O b assess the accuracy of measured dipolar couplings from a series
08 | O c of independent experiments performed at different spinning
@ @ angles.
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