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Recently, it has been demonstrated that long pulses of a weak radio-frequency field can generate
long-lived coherent NMR signals in bulk liquid crystals, which are systems of dipolar-coupled spins
with unresolved conventional spectra. Here we describe this phenomenon in more detail and present
results of new experimental investigations and computer simulations. It is shown that such response
signals can also be excited when the initial spin state of a system corresponds to dipolar ordering. In
addition, results of the application of weak pulses on liquid crystalline systems with heteronuclear
dipolar couplings are presented, and the role of overlapping peaks is explored.
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1. Introduction

Recently we have demonstrated that the application
of long and weak pulses of a radio-frequency field to
some dipolar-coupled nuclear spin systems with broad
and unresolved conventional *H NMR spectra can pro-
duce rather narrow peaks [1-5]. The phase of the sig-
nal excited by a “soft” pulse is opposite to the phase
of a signal excited by a “hard” 90° pulse. The pro-
cess of excitation is non-linear, and experiments with
two consecutive weak pulses, the second one having a
90° phase shift, show a very unusual behavior [2]. The
uncommon features of these coherent response signals
are not well understood yet. On the other hand, possi-
ble interesting applications of this type of signals, such
as the storage and processing of binary information at
the molecular level [1-4], suggest that a more detailed
study of the phenomenon is needed.

Our initial experiments were performed with ne-
matic liquid crystals [1-4], where there are strong
intra-molecular dipole-dipole interactions due to orien-
tational order of the molecules, but the intermolecular
spin-spin interactions are averaged out by fast trans-
lational motions. Subsequently, it was found that cer-
tain organic solids with rapid molecular motions be-
have similarly [5], and the absence of intermolecular
interactions is not a requirement for the observation of
the coherent response signals. Nevertheless, even if in-

termolecular dipolar coupling is not taken into account,
the dynamical complexity of spin clusters increases
very rapidly with the number of coupled spins. In the
case of high-field NMR, for N spins 1/2 coupled by
dipole-dipole interactions, there are up to C[™* ~ 22N
allowed single quantum transitions between 2N quan-
tum levels. For any practical value of N, the spin dy-
namics is too complicated for a complete theoretical
analysis. In such cases, a thermodynamic approach
based on the concept of spin temperature [6] is some-
times used. The most successful example is Provo-
torov’s saturation theory [7], which describes the inter-
action of a spin system with a weak excitation field and
explains various phenomena in solid-state NMR. The
spin-temperature approach is based on the assumption
that, if a system with the Hamiltonian Hg deviates from
equilibrium in its initial state, it would evolve to the
equilibrium state, which is described by

Pe =2 exp(—Ho /KT) = Z"exp(—BHo). (1)

where peq is the equilibrium density matrix, Z =
Tr{exp(—Ho/KT)}, k is the Boltzmann constant, T is
the equilibrium spin temperature, and 8 = 1/KT. The
characteristic time of this evolution is the characteristic
time of spin-spin interactions T,. In the case of several
additive integrals of motion, the equilibrium can be de-
scribed by several different spin temperatures. If, after
an initial excitation, the system approaches the equi-
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librium (1) with the characteristic time T», it automat-
ically means that any response signal also decays with
the same characteristic time because a system at equi-
librium cannot produce any detectable signal. There-
fore, the corresponding spectrum (Fourier transform)
would have a width of about 1/xTs.

However, there are experimental indications that the
situation is not so unambiguous. In a classic time-
reversal NMR experiment [8], a response signal was
refocused after a duration which was several times
longer than T». It has also been demonstrated that the
spin diffusion in a system of dipolar-coupled nuclear
spins can be reversed [9]. More recently, with com-
puter simulations, an unusual type of spin polarization
localization has been discovered in one-dimensional
chains of dipolar-coupled spins [10,11], and its pres-
ence has been confirmed experimentally [12]. This
kind of behavior has been studied analytically and with
computer simulations for simple spin systems [13, 14].
For dilute systems of electron spins, it has been demon-
strated that the homogeneous width of spin packets
can be significantly smaller than the statistical dipo-
lar linewidth [15]. Our recent experiments show that
1H NMR peaks three orders of magnitude narrower
than the dipolar width can be observed with weak ex-
citation [1-5].

In this work, a theoretical argument on the general
features of the response of a dipolar-coupled system
to a weak external radio-frequency (rf) field is intro-
duced first. Then, new experimental results and com-
puter simulations are presented. This paper contains
three aspects. (a) A theoretical argument is given to
contend that it is possible to tailor the spectrum of a
large coupled spin system to a desired shape. (b) Ex-
perimental results and computer simulations of the re-
sponse to a weak external rf field are presented for
a homonuclear dipolar-coupled system in a dipolar-
ordered initial state. (c) The responses of heteronu-
clear dipolar-coupled systems to weak rf pulses are dis-
cussed.

2. Theoretical Consider ations

In this part we give an argument that, in the absence
of spin-lattice relaxation, it is theoretically possible to
excite arbitrarily long response signals in a cluster of
coupled spins and to tailor the corresponding response
spectrum to a specific shape. The idea is to select, in
a density matrix, only those elements which contribute
to desired regions of the spectrum.

Let us consider the high-temperature initial state

pin = (1/Tr1){1—B / dof(©)(Sv+S-0)/2}, (2)

where f(w) is an arbitrary function of w, S, is the
Fourier component (in the interaction representation)
of S«(t), and Sy is the x-component of the total spin:

S = / doS,, 3)

S«(t) = exp(iHot) Scexp(—iHpt) = /dew exp(iot),
(4)

and the following commutation relation is valid:
[Ho, S| = 00Sy. (5)

At f(w) = 1 the initial state (2) corresponds to a uni-
form polarization along the x-axis: pin = (1/Tr1){1—
BS}. If the observable is S, for the initial condi-
tion (2) one gets the following expression for the re-
sponse signal:

(&(1)) = Tr{S(t)pin}
—2N(B/2) / doda'f(w) exp(io't)
Tr{(So+S-0)Sw}  (6)
_2Ng / dof(®) cos(0t)TH(SwS o)
—B / dof(w)g()cos(at),

where g(w) = 2°NTr(S,S ) is the conventional
linear-response spectrum. In deriving (6), the follow-
ing property of the traces has been used:

Tr(SwSy) =8(0+ @) Tr(SpS-o)- (7

It can be seen that, by choosing the function f(w) in
the initial state (2), one can get a specified response
spectrum within the shape g(). As an example, when
f(w) is the §-function, the response signal (6) oscil-
lates without decay, and the corresponding spectrum
has also a shape of the §-function. Therefore, initial
conditions of the form (2) can be used for producing
long-lived response signals. However, the above dis-
cussion does not suggest any practical means of prepar-
ing such spin states.
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The ability to create a large amount of distinguish-
able shapes of the response signal means that the “out-
put” signal can carry a large bulk of information. As
an example, it has been demonstrated experimentally
[2] that the NMR signal of a cluster of 19 nuclear spins
contained more than one kilobit of information.

Now let us discuss an excitation by a weak mono-
chromatic external field. The Hamiltonian during the
excitation period is (h = 1):

H = 2Q cos(wext)Sc+ Ho, (®)

where 2€2 is the amplitude (in frequency units) of the
external field, applied in the x-direction, and ey is
the frequency of excitation. Before the excitation is ap-
plied, the system is supposed to be in the equilibrium
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state. For simplicity, we will use the high-temperature
approximation, at which (1) becomes

peq =27 N(1— BHo). 9)
In the interaction representation
p'(t) = exp(—iHot)p (t) exp(iHot)
the equation for the density matrix is
dp’ (t) /dt = —i[202c08(@ext)Si(t), P (1)]
= —iQ[exp(imext) + exp(—iwext) (10)
- /dewexp(ia)t),p’(t)].

Solving this equation by iterations, starting with the initial state (9), one can get

t
p'(t) — peg = —i2 NBQ /dt’ [/dwsw {exp((0 + we)t’) +exp((® — wet)} ,Ho}

0
t
t/
—2—Nﬁ92/dt’/0 At .. Holl+....
/5

(11)

With the commutation relation (5), this can be rewritten as

t
p'(t) — peg=i2NBQ /dt’/wdew {exp((@+ we)t) + exp((@ — ws)t)}
0

t t
42 NpQ2 / dt’ / dt” { / oS, {exp((0 + we)t’) +exp((® — ve)t)) 1
0 0

(12)

/ wdwS, {exp((@ + ws)t”) +exp((0 — oet”) | + ...

By neglecting the fast oscillating terms with |o +
ex| > Q, one can see that at Q < ||Ho|| only narrow
bands of frequencies near +wey are important, and the
factors w inside the integrals over w can be replaced
by the constants +wex. Therefore, the intensity of the
excited signal will be proportional to the excitation fre-
quency wex and to the inverse spin temperature 3.

In the above discussion, the effect of relaxation is
neglected. At present, the role of spin-lattice relaxation
in the observation of long-lived response signals is not
clear. Our computer simulations show that in compar-
atively small clusters of dipolar-coupled spins the sig-

nals can be generated in the absence of spin-lattice re-
laxation. However, an important condition for the pres-
ence of long-lived signals in systems with unrestricted
networks of dipolar couplings is the existence of rapid
motions of at least some of the molecular segments,
as in the cases of a number of tetraalkylammonium
salts and some compounds containing tertiary butyl
groups [5]. The rapid motions render the relaxation
behavior quite different from solids with only small-
amplitude vibrations, so that the effect of a prolonged
weak rf irradiation would not be completely negated
by fast spin-spin relaxation.
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Fig. 1. (a) Conventional 1H NMR spectrum of the nematic
liquid crystal 4’-n-pentyl-4-biphenylcarbonitrile (5CB) ob-
tained by the application of a 5 us “hard” 90° pulse. (b) An
array of spectra obtained by applying a “soft” pulse with the
Zeeman initial state; the amplitude (yB1/2x) of the rf field
is 7.7 Hz, and the pulse width was 0.1 s. The rf frequencies
of the irradiation were shifted by 1 kHz stepwise. (c) Profile
of excitation by the same set of “soft” pulses with the dipolar
initial state, created by a two-pulse sequence (90°—t — 45°;
T =20 us).

3. Experimental Resultsfor Different Initial States
of aHomonuclear Dipolar-coupled System

The experiments were carried out on a Varian
Unity/Inova 400 MHz NMR spectrometer at 20 °C,
using a liquid crystalline sample of 4’-n-pentyl-4-
biphenylcarbonitrile (5CB). The intermolecular spin-
spin interactions in this liquid crystal are averaged by
rapid translational motions, but the 19 proton spins of
each molecule are coupled to one another by dipole-
dipole interactions. The conventional proton NMR
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spectrum, obtained by Fourier-transforming the free-
induction decay following the application of a “hard”
90° pulse, is shown in Figure 1a. This unresolved spec-
trum has a width of about 30 kHz, a result of exten-
sive intramolecular dipole-dipole couplings between
the proton spins.

The excitation profile for a long and weak “soft”
pulse is presented as an array of spectra, each of which
recorded in a separate experiment (Fig. 1b). The ex-
citation frequency in successive experiments was in-
creased by 1 kHz, and the array of spectra is plotted in
such a way that the position of each peak corresponds
to the frequency of the applied “soft” pulse. The width
of individual peaks is about 15 Hz. By comparing the
two plots in Figs. 1a and 1b, it can be seen that the ex-
citation profile of a soft pulse approximately mimics
the conventional NMR spectrum.

For the spectra in Figs. 1a and 1b, the initial spin
state of the system corresponds to equilibrium mag-
netization in an external magnetic field. In the initial
density matrix (9), the major term of the Hamiltonian
Hp is the Zeeman interaction — S, and the excitation
frequencies wex ~ wp = constant.

To gain another perspective of the interaction be-
tween a weak radio-frequency field and a dipolar cou-
pled spin system, a different initial state was stud-
ied. With the two-pulse Jeener-Broekaert sequence
(90°—1 — 45°; T = 20 us in our experiments) [16],
the initial state with dipolar ordering can be prepared.
This state, represented by Ho = Hg; in (9), corresponds
to a thermal equilibrium in the rotating frame where
the strong polarizing magnetic field is absent. Since
the excitation frequency is close t0 wex = 0, accord-
ing to (12), the intensities of the peaks excited by soft
pulses should have an explicit dependence on the exci-
tation frequency. In the experimental results obtained
for the dipolar-ordered initial spin state (Fig. 1c), if the
overall spectral profile of the system (Fig. 1a) is con-
sidered to be a constraint, the peak intensities are in-
deed approximately proportional to the excitation fre-
quency mex, including its sign.

4. Numerical Simulations

To simulate the dynamics of the system of 19 cou-
pled proton spins of the 5CB molecule, a very sub-
stantial effort of numerical computations must be per-
formed, and the use of massive parallel processors
would be required [17]. As an alternative, we used a
desk-top computer (with a Pentium 1.5 GHz proces-
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Fig. 2. (@) Simulated conventional spectrum (excitation
with a “hard” pulse) of a cluster of 10 spins with random
dipolar coupling constants. (b) A series of simulated spectra
obtained by applying a 1 s “soft” pulse to the Zeeman initial
state; the amplitude (yBy/2r) of the rf field is 4.0 Hz. The
rf frequencies of the irradiation were shifted by 200 Hz
stepwise, and all the spectra are superimposed on each other.
(c) Simulated profile of excitation with the same “soft” pulse
applied to the dipolar initial state of the spin cluster.

sor) to carry out simulations for a cluster of only ten
dipolar-coupled spins as a model system. In the sim-
ulation, the chemical shifts of all spins were set to
zero, leaving only the dipolar interaction terms in the
Hamiltonian. In order to render the number of peaks in
the spectrum a maximum, each of the 45 constants of
the dipole-dipole interaction was chosen at random to
avoid any symmetry; the values were set in the range
of —792 to 792 Hz; the root mean square scaling fac-
tor turned out to be 0.564. The simulated conventional
spectrum of this system is shown in Figure 2a. A line-
broadening factor of 12 Hz is used to display all simu-
lated spectra.
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To simulate the response of the spin system to a
weak pulse, the amplitude of the rf field was set at
vB1 /21 = 4 Hz, and the pulse width was set at 1 s. A
set of simulations was performed by incrementing the
excitation frequency in steps of 200 Hz in a spectral
range from —3000 to +3000 Hz. Each simulation took
3.15 hours. Every simulated spectrum shows a narrow
peak at the excitation frequency, with some broadening
near the baseline. The broadening is due to the pres-
ence of neighboring peaks close to the irradiation fre-
quency; the patterns are not the same for different exci-
tation frequencies because the peaks are not evenly dis-
tributed throughout the whole spectral range. The com-
plete sets of spectra are displayed in Figs. 2b and 2c.
Fig. 2b illustrates the excitation profile for the Zeeman
initial condition, and Fig. 2c shows the excitation pro-
file for the dipolar-ordered initial spin state. Both sets
of simulated spectra reproduce the basic features of the
experimental results shown in Figure 1.

Although the high-temperature approximation is ad-
equate for our experiments and has been used in (9)
and subsequent expressions, additional simulations
were carried out by varying the spin temperature of
the initial state to gain some qualitative insight to the
temperature dependence. The results show that at high
spin temperatures, for which B||H|| < 1, the signals
grow proportionally to the inverse temperature 3, in
agreement with (12). At B||H|| ~ 1 the signal inten-
sities stop growing. At further decrease of the spin
temperature (or increase of interactions), there appear
small spectral regions in which the applied rf does not
produce corresponding peaks. These regions become
larger when the spin temperature decreases. This re-
flects a gradual freezing of the degrees of freedom of
the spin system, as its dynamics becomes simpler and
the number of peaks in the spectrum becomes smaller
at lower temperatures.

5. Experimental Resultsfor Heteronuclear
Dipolar-coupled Systems

In order to further explore the origin of the unusual
response of coupled spin systems to weak rf excitation,
we have studied several liquid crystalline samples with
heteronuclear dipolar couplings.

The “normal” proton-coupled 13C spectrum of a
bulk liquid crystal (with a single 13C labeling [18]) has
a linewidth of about 3 kHz due to unresolved dipolar
coupling with the protons, which are extensively cou-
pled themselves (Fig. 3a). Applying a weak 3C pulse,
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Fig. 3. Proton-coupled 13C NMR spectra of 4’-cyano-4-
biphenyl hexanoate-1-13C at 100.6 MHz and 55 °C. (a) Spec-
trum obtained by using a strong m/2 pulse (yB1/2n =
25 kHz). (b) Spectrum obtained by applying a weak 15-
frequency pulse (total yB;/2m = 157 Hz) for a duration of
60 ms. Each spectrum had 100 scans and was processed with
an exponential multiplication factor of 10 Hz.
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either single-frequency or multi-frequency, produces
inverted narrow peaks (Fig. 3b) just like in homonu-
clear dipolar-coupled systems. The excitation profile
also mimics the lineshape of the normal spectrum.

The 2H spectrum of a monodeuterated liquid
crystal [19-21] shows a doublet due to deuterium
quadrupole splitting. Without proton decoupling, each
half of the doublet has a linewidth of about 1.6 kHz;
when weak ?H pulses are applied, inverted peaks hav-
ing linewidths two orders of magnitude less are pro-
duced.

These experiments show that a single “rare” nucleus
coupled to a proton cluster responds to prolonged weak
rf irradiation similar to the response of abundant pro-
ton nuclei. Heteronuclear dipole-dipole interactions in-
volve only z-components of nuclear spins. It is interest-
ing to note that this simple uniaxial interaction is suf-
ficient to organize a collective response of a system:
rare nucleus + cluster of protons, when only the rare
nucleus is coupled to the external rf field.
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For small solute molecules dissolved in liquid crys-
talline solvents, NMR spectra are usually well re-
solved. The 1°F spectrum of 1-fluorotoluene dissolved
in a commercial liquid crystal mixture E7 (EM Chemi-
cals, Hawthorne, New York) is shown in Figure 4. The
IH spectrum is also well resolved and covers a range
of 20 kHz, but the effect of applying weak pulses was
not studied because the responses of the solvent and
solute cannot be easily separated. For selective excita-
tion of the 19F peaks, the results are shown in Figure 5.
When the rf field strength is larger than the linewidth,
all peaks exhibit normal damped sinusoidal oscilla-
tions as a function of increasing pulse width (Fig. 5,
column I). However, when the rf field strength is com-
parable to the linewidth, the negative parts of the si-
nusoidal oscillations dampen slower than the positive
parts (Fig. 5, column Il,a and b). When there are over-
lapping peaks so that the overall linewidth is larger
than the rf field strength, prolonged irradiation pro-
duces only negative peaks (Fig. 5, column Il,c). For
bulk liquid crystals, the spectra are unresolved due
to the presence of numerous overlapping peaks [22],
and the results in Figs. 1b and 3b can be considered
as extreme cases of Fig. 5, llc. It is quite likely that
the presence of densely overlapping signals through-
out the whole spectral range of a bulk liquid crystal
is responsible for the production of a narrow peak at
the frequency of a weak rf irradiation. The irradiation
not only acts on the peak(s) at exact resonance, but its
effect (including amplitudes and phases) on the peaks
slightly off-resonance [23] must also be considered:;
the overall signal is, of course, a sum of the contri-
butions from all the peaks being affected. The array of
spectra shown in Fig. 5, llc, is an illustration of this
effect. Detailed studies of systems having resolvable
spectra but with more overlapping peaks are being car-
ried out.

Another feature of selective excitation is that the pe-
riodicity of oscillation is different for different peaks
(Fig. 5, column 1), which results from the fact that
single-quantum transitions corresponding to different
peaks have different amplitudes of the transition ma-
trix elements.

6. Conclusion

The results presented in Fig. 1¢c demonstrate that it is
possible to excite long-lived coherent response signals
with soft pulses when the initial spin state of a system
is dipolar-ordered, illustrating the difference between
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Fig. 4. 19F NMR spectrum of 8% 1-fluorotoluene in E7 at 376.3 MHz and 21 °C, obtained by using a strong /2 pulse
(yB1/2m =70 kHz). The center of the spectrum (0 Hz) corresponds to a chemical shift of —113 ppm with respect to external

CFCl3. The inset shows a small portion of the spectrum.
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Fig. 5. Arrays of 19F NMR spectra of 8% 4-fluorotoluene in
E7 at 376.3 MHz and 21 °C, obtained by using weak pulses
(column I: By /2 = 20 Hz; column 1I: yBy /2w = 5.0 Hz).
Each array contains 80 spectra with successively increas-
ing pulse widths (column I: 0.0025, 0.0050, ..... 0.20 s;
column I1: 0.01, 0.02, ...0.80 s). Different rows of spectra
were obtained by setting the radio-frequency at the centers
of different peaks shown in the inset of Fig. 4: (a) 472 Hz;
(b) 448 Hz; (c) 431 Hz. The spectral width of each plot in
every array is 16 Hz.

this type of excitation and the selective excitation of an
inhomogeneously broadened spectrum. In inhomoge-
neously broadened systems, the existing longitudinal
magnetization is converted into the observable trans-
verse signal, while for the dipolar-coupled spins the
initial ordering with internal interactions is sufficient.
This phenomenon may have a more general nature and
can perhaps be observed in other types of physical sys-
tems. If other physical systems are to be considered for
possible generation of this type of coherent dynamics,
the best candidates would have the strength of internal

interactions ||H|| ~ KT (for example clusters of elec-
tronic spins in a paramagnetic region). In this case, the
intensity of the coherent response signals will be near
the maximum while the excitation profile is still rich.

The simulated results presented in Fig. 2 are in good
qualitative agreement with the experimental observa-
tions obtained for 5CB, including both the thermal
equilibrium initial state and the dipolar-ordered initial
state. However, the ten-spin cluster used for our numer-
ical simulations is too small to reproduce all the fea-
tures of collective coherent response signals. For ex-
ample, the unusual behavior observed in experiments
with two consecutive weak pulses, the second one,
having a 90° phase shift [2], was not reproduced in
our simulations. It should be noted that the simulations
presented in this work do not account for the effect of
relaxation; instead, a common line-broadening factor is
used in the step of Fourier transform to yield frequency
domain spectra. The results presented in Fig. 5, col-
umn |1, show that the inherent linewidths of the peaks,
especially when they overlap, are an important factor
in determining the response of the spin system to weak
rf irradiation. Further studies are being carried out to
understand the unusual results of the response of ho-
mogenously broadened spin systems to weak pulses.

The work of BMF was supported by the National
Science Foundation under grants numbers DMR-
9809555 and DMR-0090218.
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