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We describe multidimensional NMR techniques to measure and as€ig#H dipolar couplings in nematic

liquid crystals with high resolution. In particular, dipolar couplings between aromatic and aliphatic sites are
extracted, providing valuable information on the structural correlations between these two components of
thermotropic liquid crystal molecules. The NMR techniques are demonstrated on 4-gebipha@nylcar-
bonitrile (5CB), a well-characterized room-temperature nematic liquid crystal. Proton-detected local-field
NMR spectroscopy is employed to obtain highly resolveeHCdipolar couplings that are separated according

to the chemical shifts of the carbon sites. E&&D cross section in the 2D spectra exhibits several doublet
splittings, with the largest one resulting from the directly bondegHCcoupling. The smaller splittings
originate from the long-range-€H dipolar couplings and can be assigned qualitatively by a chemical shift
heteronuclear correlation (HETCOR) experiment. The HETCOR experiment incorporates a mixing period
for proton spin diffusion to occur, so that maximal polarization transfer can be achieved between the unbonded
13C and'H nuclei. To assign the long-range-El couplings quantitatively, we combined these two techniques
into a novel reduced-3D experiment, in which thé& chemical shift-displaced -€H dipolar couplings are
correlated with thé3C chemical shifts. The time domain of this experiment involves separate but synchronous
incrementation of the evolution periods for the-B dipolar couplings and th&H chemical shifts, with a
variable ratio of the respective dwell times to optimize the resolution and facilitate resonance assignment in
the spectrum.

Introduction when homonuclear dipolar interaction among the protons is
) ) o removed. The complexity of the SLF spectrum makes it

The physical properties of thermotropic liquid crystals are gificult to extract the individual G&H dipolar couplings
strongly dependent on their molecular shapes, a general feat”“?quantitatively, a particularly serious problem for long-range
of which is the presence of a rigid (often aromatic) core and a ¢oyplings that could provide important constraints on the
flexible (aliphatic) part. Correlations between structural flex-  gyrycture and orientational order of liquid crystalline molecules.
ibility and orientational order in these molecules have been |, this paper, we present an alternative technique, based on
investigated by various NMR techniques exploiting anisotropic proton-detected local-field (PDLF) NMR; 16 for determining
nuclear spin interactiorts.On the basis of these studies, insight both short-range and long-range-8 dipolar couplings. The
into the structure-orientation relation has been obtained and usedbpy E technique yields high-resolution—& couplings by
to test molecular models for the nematic liquid crystafsin  roping (i.e., detecting) the dipolar local fields of theoton
NMR experiments, the dipolar interaction between the magnetic gpins in the indirect dimension of the 2D experiment. Since
moments of two nuclei such a¥C and *H provides a  gach proton is usually coupled to only oF€ spin due to the
particularly sensitive probe of the variation in the segmental |4, (1.1%) natural abundance &#C, the PDLF spectrum
order and the conformational distributions in these mobile oynibits one dipolar coupling pattern for each-B spin pair,
molecules. and a maximum of only ¥ lines is observed for &°C spin

An important NMR technique for determinidéC—H dipolar coupled toN protons. The simplicity and the relatively high
couplings in nematic liquid crystals is two-dimensional (2D) resolution of the PDLF spectrum allow the small long-range
separated-local-field (SLF) spectroscépin combination with C—H couplings to be measured.
variable-angle spinning of the liquid crystaf? In the separa- The dipolar coupling detection scheme @is rather than
tion of the C-H dipolar couplings according to tHé&C chemical  13C's) of the PDLF technique and the simplicity of the resulting
shifts, the traditional SLF technique probes the anisotropitiC  spectra also allow the identification of the coupling partners
dipolar local fields at thearbonsites. Because of the much ijn C—H spin pairs. In the traditional carbon-detected SLF
higher number density of théH nuclei, each*C nucleus is  experiment,!H chemical shift frequencies are not measured.
dipOlar'COUp|9d to several protons, which are either directly The assignment of a dipo|ar sp“ttmg to a—€ Spin pair is
bonded or not bonded to it (i.e., short-range or long-range, ysually based oA3C chemical shifts and distance arguments.
respectively). Due to successive splittings, the SLF spectrum However, for dipolar couplings between two unbonéfiiand
of a carbon coupled tdl protons exhibits up to'2lines, even 14 nyclei in mobile molecules, this procedure fails because the
magnitudes of the couplings are not knownpriori. The
® Abstract published irAdvance ACS Abstract#ugust 1, 1996. assignment can be made if additional information on He
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chemical shift can be obtained.
correlating the €&H dipolar coupling and the chemical shifts
of both 13C and H sites can be expected to fulfill the
requirement. HowevetH chemical shifts cannot be obtained
from a13C SLF 3D experiment because dipolar evolution of
the 'H spins is required to relate tH&l chemical shifts with
the observed €H couplings. In contrast, the PDLF technique
provides the necessaryH chemical shift information for
identifying coupling partners in long-range—El dipolar
couplings.

To assign long-range -€H dipolar couplings, we combined
a13C—1H heteronuclear chemical shift correlation (HETCOR)
experiment/’-18 which provides qualitative evidence for the
presence of heteronuclear dipolar couplings, with the PDLF
experiment. Furthermore, we simplified this combination to

Hong et al.

Indeed, a 3D experiment magic angle so that the nematic director aligns with the rotation

axis* Secondly,Px(cos ) should be chosen to optimize the
spectral resolution. IP,(cos ) is too small, the long-range
C—H dipolar couplings will barely be resolved. However, if it

is too large, the low-power multiple-pulse decoupling may be
insufficient to suppress the residual homonuclear couplings and
the spectral resolution will deteriorate. We used a spinning
angle of 50.7, corresponding to a scaling factor Bf(cos 6)

= +0.102, for the experiments reported here.

The rf field strengths were set at a low level, usually between
33 and 38 kHz, to avoid overheating the sample. Typiehl
and3C 90 pulse lengths were between 6.5 and is5 The
CP contact time was 2.5 ms in all experiments. The overall rf
duty cycle ranged from 0.5% to 4%. The cycle time of the
MREV-8 decoupling sequente>was usually between 110 and

produce a reduced-3D experiment, which is introduced and 130us. In the PDLF experiment, a maximum of 360 MREV-8

explained in this paper.
Caution must be exercised in the use of intense radio
frequency (rf) fields for decoupling in the liquid crystalline

cycles was acquired in the evolution period. This corresponds
to an effective evolution time of 20.3 ms or a dipolar coupling
resolution of 16 Hz, assuming the theoretical MREV-8 scaling

phases, as the orientational order of these molecules can be veryactor of 0.472425 The MREV-8 multiple-pulse sequence scales
sensitive to the temperature gradients induced by high-powerall effective interactions in the applied time period, including
rf pulses. To avoid rf heating, we carried out the experiments the C-H dipolar and scalar couplings and thchemical shifts.
under fast mechanical spinning of the sample, in analogy to The chemical shift correlation experiment had a maximum
the variable-angle spinning methodology used previoti¥iyhe evolution time of 256 MREV-8 cycles, giving # chemical
magnitude of the dipolar coupling in the nematic phase dependsshift resolution of about 24 Hz.

on the anglef between the main symmetry axis (i.e., the  NMR Pulse SequencesFigure 1a shows the pulse sequence
director) of the phase and the magnetic field according to for the G-H PDLF experiment. During the evolution period
Py(cosp) = Y/2(3 cog f — 1)1 Ina nonspinning liquid crystal, ¢, the IH magnetization evolves under the-@ dipolar and
the director is oriented by the magnetic torque to be either gcajar g) interactions. An MREV-8 multiple-pulse sequetc
parallel or perpendicular to the magnetic field, depending on syppresses the-HH homonuclear interaction, and two simul-
the sign of the anisotropy of the magnetic susceptibilify In taneoustH and13C 180 pulses in the middle of the period

a rotating sample, however, the magnetic torque can berefocus thelH chemical shifts while retaining the -€H
overcome by the viscous torque, causing the director to align coyplings. At the end of the evolution periodXt spin-lock
instead with the spinning axis. A nematic phase with a positive pyise of 1 ms selects the cosine-modulated dipolar coherence,
Ay can be oriented along the spinning axis when the spinning which is then transferred to the carbon spins by Hartataahn
angled is smaller than the magic angle 541 Consequently,  cross-polarization (CF$:2’ During the t, period, the13C

the dipolar coupling is reduced by a scaling factar ®2(cos  magnetization evolves under the chemical shift interaction and

and heteronuclear dipolar decoupling. In all experiments théH carrier frequency was kept the same

In the following, we describe in detail the pulse sequences ;.4 set within thelH spectral region, as the decoupling

of the PDLF experiment, the chemical shift correlation experi- efficiency of the MREV-8 multiple-pulse sequence varies with
ment, and the reduced-3D experiment. We then demonstratethe frequency offset. Improper setting of tHel carrier

the structural informgtion yielded by thes_e techniques ON ro0M- frequency could generate artificial splittings in the dipolar
temperature nematic phase 4-pentybibhenylcarbonitrile, ¢ 5ling dimension of the 2D spectrum. This possibility was
Wh'gh has been prewoqsly characterized t(’)%lNMR analysis of gjiminated by optimizing the MREV-8 performance with control
theH quadrupolar coupling$, proton-protorf®2tand carbor experiments, whose pulse sequence is similar to that in Figure
proton dipolar coupling8and*“C chemical shift anisotrop. 1a but without théH 18C° pulse in the evolution period. As a

result, thet; period becomes devoid of any effects of local NMR
interactions, and the control spectrum should exhibit slow and

The liquid crystal 4-pentyl“4biphenylcarbonitrile (5SCB) was ~ Smoothly decaying FIDs if.
obtained from Aldrich Chemicals (Milwaukee, WI). The sample  Since the proton carrier frequency is placed in the middle of
was placed in a 7 mm Doty (Columbia, SC) silicon nitride rotor, the spectrum, both cosine- and sine-modulated frequencies
and the caps were glued to the rotor to prevent sample leakagewould normally be required to discriminate the sign of the
All NMR spectra were measured on a home-built 300 MHz anisotropic couplings. However, due to the intrinsic symmetry
spectrometer with a Tecmag pulse programmer and acquisitionof the dipolar spectra, the sine component of the dipolar
system. A home-built variable-angle spinning probehead was coherence contains nearly vanishing signals and is time-
used. consuming to acquire. Therefore, only the cosine-modulated
The liquid crystal sample was spun at approximately 1.6 kHz dipolar coherence is detected, and the PDLF spectra are made
about an axis inclined at an angld¢o the magnetic field. This ~ Symmetric in thew; dimension.
spinning angle was controlled to withit0.1° by a stepping The 13C—1H heteronuclear correlation experiment was con-
motor attached to the bottom of the probe and a computerizedducted with the pulse sequence in Figure 1b. It involigs
motor controlle?® Prior to each 2D experiment, the spinning chemical shift (CS) evolution, magnetization transfer fré
angle was carefully referenced to the magic angle. The choiceto 13C through cross polarization, and detection of #R€
of the spinning anglé or the scaling factoP,(cos6) relies on chemical shifts. In the evolution period, the MREV-8
two considerations. First, due to the positive anisotropic sequence is again used to remove theHHhomonuclear
susceptibility Ay > 0) of 5CB, & must be smaller than the couplings, whereas th&’C 180 pulse refocuses the «H

Experimental Section
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C-H couplinges TABLE 1: Phase Cycles Used in the Reduced-3D
pling -
(@ - SL Experiment?
W CP DD puse 1 2 35 2z 2z 4 6 z z CPH CPC RC
phase 0 1. 0 p O 3 1 0 2 1 0,1 —p
13C " I Bces 2 0 p 2 02 1 01 o
" CP 1 p 1 1 3 2 01 -2
| | l\\/\\/\\/\/ 1 o 3 13 2 01 4
. t | ty | 2 —p 2 0 2,3 p
2 —p 2 0 2,3 —p
. 1HCS . 3 —p 3 1 2,3 A
(b) 1 45 43 3 —p 3 1 2,3 -4
H
ZILCP Db ap=2020;—p=02024A=3131;—1=1313; CPH=
1H CP spin-lock; CPC}3C CP spin-lock; RC, receiverz—z, are
13C 13C CS mixing pulses for the twa-filters. Thez; phases shown here record
I"I I C the cosine component of tHel chemical shift. The sine component
JA\ /\V/\V is detected by shifting the phases by’ 90rhe pulse nomenclature is
! by | ! VARV | indicated in Figure 1c.
© , C-Hecouplings ~ THCS This spurious quadrature image can be removed by \pptfise

Ho ||l ‘ “ 21;2 zszz"CP - applied immediately before thefilter, since the pulse ef-
||,||‘|||‘ LN lj Ill‘“,“,u fectively rotates the precession plane perpendicular to the
V V V V 4VVVVe MREV-8 field axis to thexy plane of the rotating frame.

13C 3 5 1BCCS However,_since the precisz_a duration of the pﬁ_lse !s diffi_cult_
I I PN A A to dete.rmlne and the practlcgl MREV-S gffecnve f|elq direction
| ] ] AYAYA o may differ from the' theor'etlcal p.red|ct|.on, a frqctlon' of the
1 ! 2 guadrature image might still remain. This potential artifact can
Figure 1. Pulse sequences of (a) tlRc—1H PDLF experiment, (b) be eliminated if théH excitation pulse and the 9ulse starting
the 3C—'H HETCOR experiment, and (c) the reduced-3D experiment. the zfilter are fully phase-cycled together with the receiver
(a) In the evolution period, H magnetization evolves under the-& reference phase. To ensure that the initial magnetization created

dipolar and scalar interactions. The MREV-8 multiple-pulse sequence o .
removes the HH homonuclear couplings andld 180° pulse refocuses by the fully phase-cycled excitation pulse is always transverse

the *H chemical shifts. A'H spin-lock pulse selects the cosine- (O the MREV-8 effective field, another 4%ulse along—y
modulated dipolar coherence, which is then transferréddy cross- becomes necessary at the beginning oftthgeriod.

polarization. 13C magnetization is detected durirtg with proton The combined PDLF antH chemical shift experiment was
decoupling.*3C presaturation pulses are applied to ensure that only carried out with the pulse sequence of Figure 1c. In the first
polarization resulting froniH is detected. (b}H magnetization first time period, the!H magnetization evolves under the—@
evolves under the chemical shift interaction during the evolution period. interaction E'ls in the normal PDLF experiment. A°9flilse

Following a zfilter that selects the cosine- and sine-modulated : -
frequencies separately, tA magnetization is transferred $C by then stores the cosine-modulated dipolar coherence along the

CP and thé*C chemical shifts are detected duribgThe 45 pulses z-axis for 1 ms or less. Subsequently, #remagnetization is
before and after the MREV-8 multiple-pulse train and the phase cycles flipped back to the transverse plane by the secorfdfse

of the ™H pulses int; serve to eliminate quadrature artifacts due to and evolves under the chemical shift interaction in exactly the
MREV-8. (c) Initially, IH magnetization evolves under&i couplings same way as in the HETCOR experiment (Figure 1b). The short
in the same way as in the PDLF experiment. Then@Bitpulse stores o hetween the two time periods enables themagnetiza-
cosine-modulated dipolar coherence along #ais for a short time . L . . .

(1 ms or less), after which tHéi magnetization is flipped back to the tion at the beginning of the chemical sh|ft_evolut|on to be fully

xy plane of the rotating frame and evolves under'tiehemical shift phase-cycled, for the same reason as discussed above. After
interaction, in analogy to the HETCOR experiment. Subsequently, a the *H chemical shift evolution, a secorxfilter is applied to
secondzfilter is applied and is followed by CP, after which thi€ facilitate proton spin diffusion. Finally, th#H magnetization
chemical shifts are detected. The Stéteacquisition method is is transferred td*3C by CP, and thé3C chemical shifts are

employed for théH chemical shifts. The PDLF arih chemical shift  ,hqarved during the detection period. The detailed phase cycles
evolution periods are incremented simultaneously to produce a reduced-f thi duced-3D pul listed in Table 1
3D spectrum. The dwell time ratiwvis controlled by the relative number or this reduced- pulse sequence are listed in lable 1.

of MREV-8 cycles per increment. The pulse sequence in Figure 1c consists of three distinct
interaction periods, so that it would normally give rise to a 3D
couplings. At the end of thg period, the cosine- and sine- spectrum after Fourier transformation. However, the imple-
modulated frequencies are recorded separately according to thenentation of a 3D experiment is both instrumentally demanding
States methdd to obtain pure-phaséd chemical shift spectra.  and time-consuming. Therefore, we simplified this apparent
A zfilter before CP not only selects the desired frequency 3D pulse sequence into a 2D version. The reduction in
component but also can be extended to allow spin diffusion to dimensionality is reminiscent of that of the “accordion” experi-
occur among the protons. The latter allows the long-rangelC ~ ment3%31 The simplification is achieved by simultaneous
dipolar couplings to be detected with higher sensitivity. incrementation of the first two time periods, which are
The two'H 45°,, pulsed® before and after the multiple-pulse  dominated by the'H chemical shift and the €H dipolar
train (Figure 1b) in the evolution period and the phase cycles interactions. By this means, the two evolution periods are
of the!H pulses result from the adoption of the States detection correlated and produce a single frequency dimension after
schemé? and the MREV-8 effective field direction (1,0,1). The Fourier transformation. Furthermore, the increments for the
tilted effective field of MREV-8 causes the trajectory of the dipolar and chemical shift evolutions need not be the same:
magnetization vector to deviate from tkggplane of the rotating because théH chemical shift signal decays faster than the
frame. Thus, the acquired cosine and sine components of thedipolar signal, the number of MREV-8 cycles in each chemical
chemical shift frequencies do not have the same magnitudes.shift increment was chosen to be smaller than the number in
As a result of this imbalance, a signal occuring at frequency each dipolar coupling increment. This results in a combined
+w produces a quadrature image at the negative frequency PDLF and*H chemical shift dimension in which the dwell times,
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This can be attributed to the additional motional averaging by
the three-site jumps of the&methyl group. Note that, in
contrast to the PDLF spectrum, the zero-frequency region of a
carbon-detected SLF spectrum can be crowded with overlapping
peaks due to the long-range dipolar couplings and the difference
frequencies of nearly degenerate directly bonded dipolar cou-
plings, thus resulting in lower resolution.

An exact analysis must account for the fact that the short-
range C-H couplings in the PDLF spectrum have contributions
from the scalar J) coupling as well as the dipolar coupling.
However, since the scalar coupling is isotropic and does not
change with the spinning fact®%(cos6), the two contributions
can be separated by the measurement of several PDLF spectra
at different spinning angle’$:32 Only the anisotropic dipolar
coupling scales witlP,(cos6), so that a linear fit of the observed
splittings as a function oP»(cos ) yields the C-H dipolar
coupling as the slope of the line and thle_y as the intercept.
Results on the precise measurement of the short-rangd C
Figure 2. Chemical structure of 5CB and its 1BC CP spectrum,  dipolar couplings in 5CB will be described in a later pafer.
obtaine_d u_nder sample spinning about an axis incli_ned af 50.the For the time being, we concentrate on the long-rangeHC
g]te;%?seg%g%?' Except for C2 and Cates, all carbon sites are resolved dipolar couplings, which are determined here unambiguously

for the first time. Their strengths correspond to the small
splittings observed in the spectra. Adjustments for sidally
(n > 1) couplingd* are not made here because the multiple-
bondJ couplings are relatively small, and the signs of thekC
dipolar couplings relative to th&coupling, which are required
for taking into account thé@ coupling in the observed splitting,
cannot be determined from these spectra.

Results and Discussion Shown in Figure 3b are the dipolar couplings of the aromatic
sites. The directly bonded-€H couplings are generally smaller

C—H Dipolar Couplings by PDLF Spectroscopy. The than the corresponding aliphatic ones, probably because the
chemical structure of 5CB (Figure 2) consists of mpentyl angles between the phenylene-B bonds and the nematic

chain attached to two aromatic rings, which are connected diréctor are closer to the magic angle. The most significant
further to a nitrile group. Th&C chemical shifts of most sites features in this part of the spectrum are the double splittings of

are well-resolved at the spinning angle of 50efid have been  the protonated C2/C2C3, and C3sites, where the smaller
previously assignet as shown in Figure 2. splitting, about 230 Hz, is approximately one-half of the larger

The 5CB PDLF spectrum, correlating-Ei dipolar couplings splitting. Since each protonated phenylene carbon has only one
with the 13C chemical shift i’s presented in Figure 3. EA%D directly bonded proton, the smaller splittings must result from
cross section exhibits one or more doublets that are symmetriclqgg'r?nge C;r']_' coulpllngs. On the tl)_a5|s of ge%me:rlctc?n-l
around the zero frequency in the center of the spectrum. SinceS'derations, these long-rangé coupings may be tentatively
the frequency scale of the-€H coupling dimension is corrected assigned to the proton of the neighboring carbon_s_lte on the
for the MREV-8 scaling factor but not for the spinning scaling :(s:%mel_phenylege ”Ttg'.b Ftogl etxa:Eplee,élhze j_malll spllttmlg in the
factor, these doublet splittings correspond, to a first approxima- h siice t(r:]an e”a nl'ttL'I ed ct)h ?:2/’@2' PO a:t c?up |r;g
tion, to the motionally averaged-&H dipolar couplings scaled whereas the small splitting In the Ice results from the

- _ C2—H3 and C2—H3 couplings. The coincidence of the C2
by the spinning factorP,(cos 50.7) = +0.102. The largest . . e T
splitting in eachi3C cross section results from the directly and C2 chemical shifts makes it difficult to distinguish the-€l

bonded G-H coupling. In the aliphatic region of the spectrum dipolar couplings of these two sites. The similarity in the short-

(Figure 3a), we observe an increase in the short-rangeél C range C_'__' cc_)uplln_gs of different aromatic §|tes suggests
couplings from the chain en@d-methyl group to thex-meth- conformatiors in .Wh'Ch the CZ—HZ and CZ._HZ bonds, fo_r
ylene group closest to the phenyl rings, except for a size reversalexample’ f_orm similar angles with the main symmetry axis of
between thg andy segments. This trend reflects the increasing the nematic phase. -

stiffness of the chain toward the more rigid aromatic core. In _ The presence of the long-range (specifically, two-boneHC
addition to the large splitting in eacHC cross section, we  dipolar couplings among the protonated aromatic sites was
observe smaller splittings in thed@69 + 17 Hz), Gx (69 + indicated previously on the basis of simulations of SLF spé€tra.
17 Hz), and @ (35 + 17 Hz) slices and a broadening of the The long-range couplings obtained from the current PDLF data
zero-frequency peak in theACcross section. These small (Table 2) agree with their results. This consistency confirms
splittings or indications of small splittings result from the dipolar the precision of the PDLF method. However, it is important
couplings between unbondedC and *H spins and can be to realize that the current PDLF experiment has the advantage
assigned tentatively by geometric arguments. For example, thethat the long-range dipolar couplings can be read off directly
small C—H sphttmg in the @ cross section may result from from individual spectral splittings rather than by USing indirect
either the @—Haw coupling or the @—Hy coupling. Although  Simulations.

no small splitting is observed in theuCcross section, a zero- The high resoluton of the PDLF technique is demonstrated
frequency peak is found that originates from unresolved long- further in the C-H spectra of the quaternary carbons C4 and
range C-H dipolar couplings. This zero-frequency peak is C4. Both sites exhibit a long-range-@1 coupling of 140+
relatively sharp and has lower intensity compared to the broader20 Hz, which is observed here for the first time. The splitting
and more intense zero-frequency peaks in other carbon slicesin the C4 cross section can be assigned to either the intra-

13C chemical shift (ppm)

or the spectral widths, of the two subdimensions differ by an
integer ration. The variability of the relative dwell times makes

it possible to enhance preferentially the resolution associated
with one of the two interactions.
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Figure 3. PDLF spectrum of 5CB. (a) Aliphatic region. The largesti& dipolar coupling in each®C cross section increases fronmGo Ca,
indicating increasing stiffness of the chain toward the phenylene rings. Long-ranged@olar couplings are resolved abCCy, and Qx sites.
(b) Aromatic region. The C2/C2C3, and C3sites each exhibit two distinct-€H splittings, with the larger splitting being approximately twice
the magnitude of the smaller one. The quaternary C4 and¢&@#ons exhibit long-range-€H dipolar couplings of about 140 Hz. The sample was
spun about an axis inclined at 50.f0 the magnetic field at a rate of about 1.6 kHz. The spectrum was acquired in 15 h.

TABLE 2: Resolved and Assigned Long-Range €H phenylene ring and the aliphatic chain so that both protons are
Dipolar Couplings (kHz) in 4-Pentyl-4'-biphenylcarbonitrile two bonds away. In contrast, the coupling in the €lite must

3C H coupling 3C H coupling be due to the H3-C4 coupling because the HProtons are

C6  Ho 0.36+£0.10 C3  Hx  05440.15 closest to the quaternary C4

Cy HB 017+010 C3 H2 1.12:0.10 Qualitative C—H Dipolar Couplings by HETCOR Spec-

gﬁ Eg/ Hy g'ggi 8'%2 gg HH3? 11'1152 8'18 troscopy. The observed long-range-& dipolar couplings and

ca Ho 0.76+015 C3  H2 111+ 0.10 their assignments can be confirmed by a HETCOR experiment

C4 H3  0.72+0.10 that correlates th&C and'H chemical shifts. Because théC

a20Only the absolute values are given since the sign cannot be magngtization is transferred froi‘ﬁ-llby. cross polarization, a
determined from the experiments described. peak in the correlation spectrum indicates the presence of a
specific C-H dipolar coupling. Shown in Figure 4 is the
aromatic C4-H3 coupling or the aromatiealiphatic C4-Ha HETCOR spectrum of 5CB, obtained with 3 ms of mixing time
coupling, since the C4 carbon is located at the junction of the for H spin diffusion and 2.5 ms of CP contact time. In the
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Figure 5. Reduced-3D spectrum of 5CB, obtained withHaPDLF:
Figure 4. 3C—'H chemical shift correlation spectrum of 5CB. (a) CS dwell time ratio ) of 4. (a) Aliphatic region. The small €H
Aliphatic region. Cross peaks due to long-range-&j3, Cy—Ha, and splittings at the @ and @ sites are assigned to the€Hpj and G3—
CpB—Ha dipolar couplings can be clearly observedr @d @ also HJ couplings on the basis of tHél chemical shift. An incompletely
couple to the aromatic H3 and H2 protons, as shown by the resolved @—H3 coupling can also be seen in thexGlice. (b)
low-intensity peaks above 7.5 ppm. (b) Aromatic region. Cross peaks Aromatic region. In addition to intra-aromatic long-range couplings
due to long-range iC-Ha and G—Hp (i = 2—4) dipolar couplings such as the C3H2 coupling, dipolar couplings between aromatic
can be observed at the respective frequencies. The dashed lines guidearbons and aliphatic protons are observed. The K8 splitting is

the eyes for the H3/2 anddichemical shifts. ThéH mixing time and about 120 Hz. The quaternary C4 carbon shows significant couplings
CP contact time were 3 and 2.5 ms, respectively. The spinning angle to both the H3/H2 proton and the aliphatiethbroton (1804 30 Hz).

was 50.7. The spectrum was acquired in 18 h. The left and right dashed lines in the spectra correspond to the H3/H2
] ) ) ] ] ) ) and Hx chemical shifts, respectively. The spinning angle was $0.7
aliphatic13C chemical shift region (Figure 4a), thd chemical The measuring time was 15.5 h.

shifts for the KB, Hy, and H) protons are essentially indistin-
guishable, whereas the«Hand Hx protons exhibit different  significant C4-Ho and C4-Hp dipolar couplings, which cannot
chemical shifts. In addition to the resonances from the directly be observed in other parts of the spectrum. In comparison, the

bonded C-H pairs, cross peaks due to the unbondetHpairs quaternary C1, Cland C4 carbons, which are farther away
are also seen. For example, signals due to the o, Cy— from the aliphatic chain, exhibit resonances only at the chemical
Ho, Cy—Hp, and Gur—Hp couplings are observed at the shifts of the phenylene ring protons.

respectivé3C and'H chemical shifts. In addition to these intra- Quantitative Assignment of Long-Range C-H Dipolar
aliphatic C—H dipolar couplings, aliphatic and aromatic-€l Couplings. The analysis so far has shown that the PDLF

couplings can also be observed. For example, the cross peaksechnique resolves long-range-€ dipolar couplings, whereas
above 7.5 ppm in the €and @ slices result from the iC-H3 the HETCOR experiment identifies the coupling partners. It
and G—H2 couplings (= a, 8). The possibility that the H2 would be natural to combine these two techniques into a single
and H3 protons are coupled significantly to these aliphatic experiment that correlates the-€l dipolar couplings, théH
carbons can be ruled out, not only because of the large chemical shifts, and thé3C chemical shifts. Such a 3D
internuclear distances between the aliphatic carbons andithe H experiment would require processing and storage of large data
(i = 1—4) protons but also because the chemical shifts of the sets because both the PDLF and tH€ chemical shift
protons on the two phenylene rings can be resolved. Judgingdimensions require long acquisition times to resolve the small
from the small but discernible chemical shift difference between dipolar couplings as well as the sharp resonance lines typical
the H3 and H3 protons, the € and @3 carbons couple with of motionally averaged systems. The difficulties of this full-
the H2 and H3 protons, whose chemical shifts are more upfield 3D experiment can be circumvented by the reduced-3D experi-
than those of the H2and H3 protons. ment described in the Experimental Section.

The aromatic region of the HETCOR spectrum (Figure 4b)  Figure 5 displays the reduced-3D spectrum of 5CB, acquired
confirms the existence of the aliphatic and aromatie HC with a'H PDLF:CS dwell time ratiorf) of 4. The frequencies
dipolar couplings. In the C2/C2nd C3 slices, cross peaks of the horizontal axis refer to the-H dipolar couplings, so
are observed at theddand H3 chemical shifts, and the peak that the chemical shift frequencies are 4 times larger. The zero
intensities are stronger in the C3 slice than in the C240i@e. frequency of the axis corresponds to i carrier frequency
This intensity difference is consistent with the closer distance and is not referenced to a chemical shift standard. Severdl C
of the C3 carbon to the aliphatic chain. Furthermore, the splittings, displaced according to tH&l chemical shift, are
guaternary carbon C4 exhibits strong peaks at the H2/H3, H observed in each’C cross section. The center of the largest
and H3 chemical shifts. This indicates the presence of splitting corresponds to the chemical shift of the directly bonded
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proton, whereas the centers of the smaller splittings reveal the
chemical shifts and therefore the identities of the unbonded
protons that are coupled to the same carbon.

In the aliphatic region of the spectrum (Figure 5a), long-range
Co—Hp and Gr—H3 dipolar couplings can be identified.
Because the # chemical shift is well-separated from others,
the center of directly bondedoC-Ha coupling does not overlap
with those of the long-rangedz-H splittings. The @—Hf
coupling is manifested as a splitting of 24 17 Hz centered
about+342 Hz, which is also found to be the center of the
C—Hp doublet in the @ cross section. This measured value
of Ca—Hp coupling is consistent with the result from the PDLF
experiment and confirms the assignment by the HETCOR
experiment. Because then€Hy distance is larger, thed:-

Hy coupling is likely to be smaller and the corresponding
doublet may be buried under the more intense-€ij3 peaks.

In the Gu slice, we can also identify a peak with unresolved
splitting at—124 Hz, which can be assigned to either the-C

H3 or Co.—H2 coupling. A distinction between these two
possibilities cannot be made on the basis of this experiment
due to the similarity of the H2 and H3 chemical shifts at this
spinning angle.

Due to the limited resolution of the dipolar dimension in the
spectrum, quantitative determination of the-€H3 (or Co—

H2) coupling is not possible. In fact, the mixed dipolar shift
dimension of the reduced-3D spectrum shows less resolved
resonance peaks than the pure dipolar dimension in the PDLF
spectrum. The time evolution corresponding to the combined
frequency dimension is a product of two decaying signals:

F(t) = [f(ocd) exptt/ o) f(wpty) explnt/Typ*)]

whereT,cg* and Top* are the decay constants of the chemical
shift and dipolar coupling signals, respectively. The Fourier
transform of this function with respect tpis the convolution

of the two contributions. For the case of an isolatedHCpair,

the spectrum is a doublet centered attHechemical shift and
has a FWHM of (IT>cs* + n/Top*)/w Hz. Since the 180pulse

in the PDLF evolution refocuses field inhomogeneities in
addition to chemical shiftsTop* > Tocg”. Thus, the best
resolution in the mixed frequency dimension of the reduced-
3D spectrum is achieved when the chemical shift line shape
acts as a matched filter for the dipolar signal, i.e., whgg*

= Typ*/n. This effect is demonstrated, for example, by the
higher resolution of the €cross section wittm = 4 (Figure 5)
than withn = 2 (Figure 6).

Note that the lack of resolved long-range couplings in the
PDLF spectrum does not necessarily indicate the resolution limit
of the reduced-3D spectrum. In the PDLF spectrum, atHC
couplings of al*C site are centered at the zero frequency, so
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Figure 6. Reduced-3D spectrum of 5CB, taken witdti PDLF:CS
dwell time ratio () of 2. (a) Aliphatic region. Several long-range
couplings, such as&€-Hp and G—Hw couplings, are resolved. (b)

Aromatic region. The C3Ha and C4-Ha couplings can be identified

clearly. The long-range €H splittings are more displaced from the
centers of the directly bonded-&1 splittings than in Figure 5 as a
result of the reducedH chemical shift spectral width. The left and
right dashed lines in the spectra correspond to the H3/H2 amd H
chemical shifts, respectively. The spinning angle was $0The
spectrum was measured in 19 h.

determined as 12& 30 Hz. In comparison, the Cross
section exhibits no cross peaks in the aliph#tichemical shift
region, which is consistent with the larger distance of thé C3
carbon to the aliphatic chain. The C4 slice exhibits unresolved
signals at the H2/H3 chemical shift as well as an asymmetric
doublet at the ld chemical shift. The magnitude of the €4
Ha coupling is 180t 30 Hz, which is consistent with the PDLF
result within the error margin. Overall, the spectra shown here
indicate that the C4 carbon couples more strongly to the aliphatic
Ho proton than to the aromatic protons.

To confirm the assignment of the long-range-& dipolar
couplings, we performed a second reduced-3D experiment with
aH PDLF:CS dwell time ratiorf) of 2, keeping the chemical

that the zero-frequency peak can be the superposition of severakhift dwell time the same as before. This causes a contraction

long-range G-H couplings. In the reduced-3D experiment,

of the spectral width of théH chemical shift relative to that of

however, these small long-range dipolar couplings are displacedthe dipolar coupling and results in an increased separation of

according to théH chemical shifts so that enhanced resolution
is possible. The @ cross section in Figures 3a and 5a
demonstrates such a resolution difference.

Figure 5b shows the aromafi®C region of the same reduced-
3D spectrum. We observe intra-aromatic-& couplings,
which are barely shifted from the directly bonded-B8
couplings due to the nearly identical chemical shifts of the
aromatic protons at this spinning angle. Dipolar couplings

the C-H doublets in each3C cross section. Figure 6 exhibits
the reduced-3D spectrum with= 2. In the Qx slice (Figure
6a), the high-intensity signal at 725 Hz coincides with the
chemical shifts of i or Hy and is clearly shifted from the
center of the large doublet with a splitting of 1.08 kHz.
Furthermore, the dipolar coupling ofoGo the aromatic H3 or
H2 protons is manifested as an unsplit peak-@64 Hz. In
the aromatié3C region (Figure 6b), the C3 cross section exhibits

between the aliphatic protons and the aromatic carbons can bea C3-Ha dipolar coupling of 106Gt 25 Hz, which is consistent

identified more clearly. For example, the €Ba coupling can
be assigned: the left peak of the splitting is displayed as a
shoulder of the main signals at 173 Hz, the right peak is located
at 297 Hz, and the center of the two matches tleddemical
shift. On the basis of this assignment, the-&8x coupling is

with the value obtained from Figure 5. However, due to the
reduced dwell time of the dipolar evolution, the resolution of
the C—H couplings is lower than that of the previous spectrum,
and many long-range €H dipolar couplings cannot be
measured precisely.
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