JOURNAL OF MAGNETIC RESONANCE133,129-133 (1998)
ARTICLE NO. MN981448

Mapping Molecular Orientation in Solids
by Rotating-Frame NQR Techniques
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A multi-dimensional NQR technique to image both the spatial
distribution of quadrupolar nuclei and the local orientation of the
electric field gradient tensor at the quadrupole sites in solids is
reported. The encoding procedure is based on the irradiation of the
sample by a pulse sequence composed of spatially homogeneous and
inhomogeneous radiofrequency fields. A method that encodes the
spatial and orientation information in the amplitudes of the free-
induction decay signals and a proper three-dimensional reconstruc-
tion procedure that yields the space-orientation-dependent NQR
spectra are described. A two-dimensional variant allows rapid mea-
surement of the spatially dependent orientation distribution of mol-
ecules, disregarding the spectroscopic information.  © 1998 Academic Press

Key Words: nuclear quadrupole resonance; rotating-frame NQR
techniques; NQR imaging.

that the radiofrequency transmitter coil introduces an externe
preferential axis, then the effective RF amplitude experience
by a quadrupolar nucleus depends on the relative orientation «
the RF field direction with respect to the principal axes of the
guadrupole tensor. The two-dimensional nutation NQR tech
nigue uses two time periods: the first inter¥gis the duration

of a homogeneous RF excitation pulse and the second peerioc
is the time of free evolution of a quadrupolar nucleus at zer¢
field. After Fourier transformation against both time variables
t andt,, separated quadrupolar and nutation spectra along tt
two frequency axesy andw,, are obtained. The slices through
the 2D spectrum parallel to the, axis give the functiorP(6)
that characterizes the orientation distribution of the electric

field gradient (EFG) tensor’s axes for the individual sites. The
direction of the principal axes of the EFG tensor with respec
to axes in the individual molecules can then be obtaine
approximately from considerations on the molecular structure

To determine physical properties related to inhomogeneitiéghen the molecular orientation is not uniform across the
in solids it is important to know the spatial density distributiosample, the nutation spectrum reflects the aveR{@§ of the
of the material, the local degree of crystallinity, and the dignaterial. Then, information aboltcal molecular orientation
tribution of crystallite orientations for polycrystalline sampleddistribution may only be recovered from spatially resolved

Images of the spatial distribution of quadrupole nuclei imethods.
solids can be produced with the rotating-frame NQR imaging In this paper, we report a multi-dimensional NQR technique
(pNQRI) technique 1, 2). The spatially resolved NQR spec-to spatially resolve orientation and spectroscopic information
troscopy method 3, 4) allows one to correlate information The technique is based on the irradiation of the object by
from the spectroscopic and spatial dimensions, thus providiagguence of two RF pulses: a spatially variable RF pulse, c
the distribution of local spectral properties of the quadrupolengtht,, encodes the spatial information and a second homc
nuclei. In these techniques, spatial resolution is obtained @gneous RF field, of duratiap, enables determination of the
exciting the sample with a single inhomogeneous radiofrerientation distribution. The NQR signal is acquired during a
quency (RF) pulse, so that the effective nutation frequentyird intervalt of free evolution after the pulses. The irradiation
depends on the position with respect to thefield's gradient. sequence is repeated for a full set of equally spdgethdt,

The existence of a molecular orientation distribution in thealues, providing a 3D signé(t, t,, t,) that contains the full
sample cannot be detected without studying the Zeeman-pgpectroscopic information correlated with spatial and orienta
turbated guadrupole spectrum in single crysté)s The Zee- tion distribution. A variant of the encoding procedure is pre-
man measurements then determine the relative orientationsseifited, which enables one to decrease data acquisition tir
the molecules with respect to the axes defined by the exterdidregarding the spectroscopic information.
perturbative magnetic field.

Harbisonet al. (6, 7) first applied the two-dimensional (2D)
nutation NQR Fourier spectroscopy method and demonstrated
that it can be used to obtain an orientation-dependent singleThe evolution of the quadrupole system is conveniently
crystal spectrum. The nutation method is based on the principlescribed in the quadrupole interaction representa@®nlif
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ships reported earliei8(9) for the transformation of various

ERRR : ACQ operators under the influence of RF and free-evolution Harr
P I iltonians. Because this formalism was extensively used t
B T o ¢ describe the spin response to several pulse sequeRcE8-{

4 . 1 . 12) no details of the calculations are given.
The local induced signal, calculated as the expectation valt
of the operaton (0, ¢)(s4'coswt + B’'sin wt), results in

i eaane H H H H H H H H G(t,t;, ) = A6, p)cogdwi (Nt Isin(wity)siN (v + Aw)t].
| N |
Ll For the sake of simplicity, we restrict the following discus-
_ ! 0 e sion to the case of an axially symmetric EFG tensor, in whict

. . . _ the function\(6, ¢) reduces to\(6) = V/'3/2 sin 6. To consider
F'Q-_ll; @ F’“'Sihsci?eme f|°r SF;@I‘“"‘”V TESO'VI'_”% Or_'i”ta“ond?”d jﬂpec”me effects of a finite width of the NQR resonance line, ar
scopic information. The first pulse of lendtfis applied with a gradient dfl, 104101 over a certain distributiog(Aw) in Aw should be
for spatial encoding. The second pulse with duraticepplies a homogeneous . . . . . [
RF field to encode the orientation distribution of the EFGs. The signal ‘QCIUded' The tot.al |_nduced signal in the receiver coil is the
acquired during the time. (b) Pulse sequence for rapid two-dimensionasUm of the contributions from all volume elements and loca

nutation spectroscopy that disregards the spectroscopic information. In thidentations of the EFG tensor’s axis, and is given by
variant the step-by-step incrementation of the second pulse is replaced by the

train of pulses for rapid rotating-frame sampling. S(t, t, 1) ~ W F(ty, t,)
y Ly L2) ™ 1y L2),

this picture, the total transformed Hamiltonian for noninteracivhere
ing spinl = 3/2 is given by

’

%T:%$+%(ﬂICOSa+%/Sina), W(t):J d(Aw)g(Aw)Slr[(w-l—Aw)t]

whereAw = o, —  defines the offset between the quadrupolgescribes the conventional FID, and
resonance frequenay, and the irradiation frequenay. The
effective nutation frequency is; = A(6, ¢)yH,, wherer(6, ¢)
= (2V3+ )1 V(2ncosh)? + sirt(9 + 17 + 61 cosd). The
polar and azimuthal angle8,and ¢, define the relative orien-
tation of the axis of the EFG tensor ahig-field direction, and
7 is the asymmetry parameter. The operéafois proportional X cog wi(r)t;]sin(wst,). [1]

to the quadrupole Hamiltonian and describes free evolution

periods of the quadrupole system! ando%’ describe t?e p(r, 6) denotes the spatial density of quadrupolar nuclei cen
effects of the RF field with phase = 0° anda = 90°, greq at the coordinatewith the EFG tensor oriented an angle
respectively. Explicit expressions of these operators are givgh it respect to the RF fields.

elsewhereg, 9. ‘In the general case, all of the parameters related to th

Figure la shows the pulse sequence for positionaI. and 9Hhomogeneous; field depend on the spin coordinatesand
entationally resolved NQR spectroscopy. Parallel RF fighds, ine nutation frequency;, should be written as
andH,, are applied for periodg andt, and the free induction

decay (FID) signal is acquired in the timef free evolution. =

The pL.JIsed—|1 field. is 'applied .Wil'h a gradient and serves for wl(r) = L?’ yH,()sin(6(r)], 2]

encoding the spatial information, while the homogeneous RF 2

field H, allows us to determine the orientation distribution. The

interval T between pulses is much longer than the mean lifethich takes into account the spatial variation in both the

time of coherent spin states (i.e., the transverse relaxatimagnitude and the orientation of the RF field. The spatially-

time), but shorter than the spin—lattice relaxation constant, dependent orientation of the, field can be expressed &a§)

that the transverse coherences created by the first pulse -ar@ + A6(r), where# is the orientation of the principal axis

destroyed and have no influence on the acquired signal. system of the EFG tensor with respect to the symmetry axis ¢
The quadrupole system response to the described pulse coil ¢-axis). ThereforeA6(r) measures the departure of the

sequence was easily worked out making use of the relatidfi;-field’s direction relative to the direction defined by the

w2
F(t,, t,) ~J’ dr j dé sirfp(r, 0)
\% 0
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coil's axis (orz-component of the RF field) and is determined EXPERIMENTS AND RESULTS
by the component ofl; perpendicular to the-axis.

To take into account the nonuniform spatial dependency of The experiments were performed on a pulsed broadbar
the point response function for NQR in Eq. [1], the truéully computer-controlled NQR spectrometé).(To produce
distribution of the RF fields needs to be considered. Thmth homogeneous and inhomogeneous RF fields a coaxi
difficulties related to the coils which arise for NQR imaging oflouble-coil arrangement was implemented. The probe include
powders are discussed in a paper by Suits and Pll@egnd an anti-Helmholtz coil of 18 mm diameter delivering the en-
it was suggested that the curvature of the surfaces of constemdling gradient and a long solenoidal coil of 15 mm diamete
response might be considered in the image reconstructitiat generates the homogeneous RF field and is also used
technique. signal detection. Both resonant circuits are tuned gl

In this work, we assume that the encodidgfield varies operation at 34.270 MHz. Geometric decoupling of the coils
linearly on the coordinateg and points uniformly in this was optimized by minimizing the residual leakage at one coi
direction. (This means we are assumifAg/6 < 1 in Eq. when the other is fed with a signal at the operation frequency
[2].) This is a reasonable assumption if the sample is po#i- fast power switch driven by the pulse programmer was
tioned in a region close to the axis of the coil, so that théeveloped to alternate the Kalmus LP1000 power amplifie
curvature of the surfaces of constant field can simply bmetween the transmitter coils.
neglected 14). Therefore, the spatial dependency of the For the reconstruction of the 2D spectrum we have imple
nutation frequency simplifies 1@4(2) = g,z sin 6, where the mented a two-dimensional version of the maximum-entropy
constantg, is determined by the strength of tihf’s gradi- method (2D-MEM). The implementation of the method for
ent and the reference point of the spatial coordinate NQR is described in Refs14, 15. Data processing and spec-
chosen at the center of the reversed Helmholtz coil (seemeter control is carried out by homemade software runnin

under Experiments and Results). on a Pentium-based personal computer.

The second nutation frequency is writtend@s= w, Sin 6, Single crystals of paradichlorobenzene, obtained by Bridge
where the constani, ,is given by\/3y H,/2 and corresponds man’s method, were used for the present experiments. In tt
to the nutation frequency defined b, for 6 = w/2. phasea of this compound there are two orientations for the

To reconstruct the 2D functiop(z, ), a set of FIDs foM;  principal axes of the EFG tensor at tFR€I nucleus site in the
X M, values oft; andt, is collected. The acquisition time for unit cell. Therefore, one expects up to two different peaks ir
the complete experiment is théh, X M, X Tg, whereTgis the nutation spectrum.
the waiting time between each irradiation sequence. Two disks of 12 mm diameter and 2 mm thickness were cu
Whenever the spectroscopic information is not relevant, finom different cylindrical single crystals. The orientation dis-
instance, in quadrupole systems with a single narrow resonatrijgution for each single crystal was first obtained in separate
line, a fast encoding procedure can be applied. Figure 1b shawsation experiments using the rapid rotating-frame metho
this variant of the encoding scheme, in which the second puld&®). A sequence composed of 64 pulses gis8and a detec-
is replaced by the rapid rotating-frame pulse sequence (SEXOn interval of 35us was applied using the solenoidal coil.
(2). Then, the complete 2D functidn(t,, t,), is generated by Figure 2 shows the Fourier-reconstructed nutation spectra f
M, increments of the value @f, and the total acquisition time both samples. From the position of the peaks it is easil
is reduced to approximatelyl; times the delay between ex-determined that the single crystals have different orientatiol
periments. distributions with respect to the external reference syster
The data matri¥ (t,, t,), from which the functiomp(z, 6) is defined by the RF field. The two nutation lines in Figs. 2a anc
obtained, is converted to a two-dimensional spectrum usin@hb correspond to the two physically inequivalent sites per uni
cosine Fourier transform with respecttioand a sine Fourier cell. According to the theoretical predictions both the intensi-
transform alond,. Then, the 2D-Fourier spectrum exhibits aties and the positions of the peaks depend on the orientétion
o, = g1z sin 6 andw, = w, Sin 6 a signal whose amplitude To demonstrate the feasibility of spatially resolving an ori-
F(w4, w,) corresponds to the spin densjifz, 6) at positionz entation distribution, the second version of the described er
and orientatiorp. coding technique was applied. The NQR object had two cy
The analysis of the 2D spectrum requires a conversion frdindrical layers of paradichlorobenzene separated by a 2-mn
the frequency domaim, to space domair Such a conversion thick teflon spacer which provide a simple one-dimensiona
is necessary to eliminate the orientation dependérfoym the structure. A set of 32 nutation signals was recorded witrt the
spatial dimension and to determine the actual position of tpelse widths starting at 1@s and consecutive increments of 10
guadrupole nucleus along the RF field gradient. Therefore, ths. The train for the rapid acquisition technique was compose
2D data matrix F(ow,, w,) is transformed into a matrix of pulses ofAt, = 10 ws and a detection interval of 3&s. The
F(z = Kw,, w;), where the conversion factor I§ = w, 4 interval T between the pulses was 3 ms. The total acquisitiol
(w,0,)- This transformation is easily carried out by computaime for the complete 2D experiment was about 10 min, with
tional means. 10 transients per irradiation sequence.
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From the data matri¥ (t,, t,) the spectrum of Fig. 3a was
reconstructed by the 2D maximum-entropy method. As pr
dicted theoretically thes,-dimension contains the orientation
distribution in the sample, while the,-axis reflects not only
the spatial distribution but also the distribution. Figure 3b
shows the corrected spectrum following the procedure c
scribed under Methods. To do this correction, each valug, of
for a given position ofw,, is multiplied by the factokw, Jw,.
The parameten, o was experimentally determined by a nuta
tion experiment carried out on a powder material (the higl
frequency edge of the powder nutation lineshape determir
the value ofw, ().

CONCLUSION

Using a two-dimensional nutation spectroscopy metho
which combines rotating-frame imaging with nutation NQF
spectroscopy, the quadrupolar nuclei density and its EFC
local orientation were simultaneously mapped. A thres
dimensional encoding technique was described that allo
one to record the full NQR spectroscopic information col
related with spatial and orientation distribution. The tect
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FIG. 3. (a) Two-dimensional spectrum reconstructed by the 2D maxi-
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FIG. 2. One-dimensional Fourier-reconstructed nutation spectra of two
different single crystals of paradichlorobenzene obtained by the fast 1D nu'tg

2

mum-entropy procedure for an object composed of two cylindrical single
crystals (2 mm thick). To provide a simple 1D structure a 2-mm-thick Teflon
spacer was inserted between the pieces of single crystals. The 2D data mat
was recorded using the pulse sequence depicted in Fig. 1b. (b) Spatially a
orientationally resolved distribution of quadrupole nuclei for the two-disk
object. The spatial dimension was corrected to eliminate the orientation de
pendence of the effective nutation frequency, following the procedure de
scribed in the text.

nique enables one to image the local degree of crystallinit
in solids samples. It should be possible, for instance, to ma
the changes in the orientation of molecules that take plac
when phase transition occurs, and it should be feasible t
image the domains of the phases.

It is worth pointing out that the proposed technique is
suitable for image rendering of single crystals by the rotat
g-frame NQR method. Because the nutation frequenc

tion encoding technique. The position of the peaks in the spectra (a) and @§Pends on both amplitude and orientation of the encodin
show that different orientation distributions are present.

RF field, it is necessary to determine the actual orientatiol
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