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Magnetic Field Dependent Xenon-131 Quadrupolar Splitting in Gas and Liquid Phase NMR
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At very high magnetic fieldSB, = 14 T), the NMR spectrum of xenon-131 in the gas phase
(~300 K, 400 kPg shows a well resolved quadrupolar splitting. The experimental results suggest a
dual nature of the observed splitting. One portion arises from exchange with xenon atoms adsorbed
on the surface of the surrounding container wall. Another portion, previously unreported, is strongly
field dependent and does not appear to originate from such surface interactions. This term indicates
an electrical polarization of the xenon electron shell induced by the applied static magnetic field.
[S0031-9007(98)06807-0]

PACS numbers: 33.25.+k

A nucleus with spin§ > % possesses a nonspheri- where the 180 pulse cannot refocus evolution under the
cal charge distribution resulting in an electric nuclearquadrupolar Hamiltonian. Using the irreducible tensor
guadrupolar moment. It can interact with the electric fieldformalism [11-14], coherence of first rank and of first
gradient (EFG) that is generated by the surrounding elemrder is created after the initial 90excitation pulse
tron shell. The coupling of the quadrupolar moment withand the density matrixo(r) contains only the tensor
the anisotropic part of the EFG may lead to a splitting ofelementsT,~; for + = 0. Quadrupolar interaction will
the NMR transition [1-3]. transform the initial coherence into secofif,+;) and

For a gas-phase NMR spectrum of the xenon-132%hird (T5+;) rank elements and one obtains from first order
isotope (S = %) no quadrupolar coupling is expected perturbation treatment [15,16]
since the spherical symmetry of the electron shell will not 1 3/2 3/2
create any anisotropic EFG. Although this high symmetry o(t) = I [3coswor) + 21T1e1 + 12

may be disturbed by gas-phase collisions between xenon
atoms, random rapid motion in the gas phase should lead I : 3/2 3/2
’ ) . —si {Tr i1 — Th -
to a zero average of all quadrupolar interactions created 5 Si@ed i = Too
by such processes.
Nevertheless, it has been shown previously [4—9] that — /3 [coswpr) — 1]{T33/+21 + T33/_21}, 2)
a quadrupolar splitting of the xenon-131 NMR transition 5 ’ '

can be observed in the gas phase. The splitting originatesherew, = 27vy. TheT,+; andT3+; tensor elements
from adsorption of the xenon atoms on the surface otan be isolated by double quantum filter (DQF) and triple
the surrounding container wall. This process reduceguantum filter (TQF) experiments [9,15-17]. Tifig+,
the symmetry of the electron shell, and the resultingevolution was chosen to be monitored due to its faster
quadrupolar couplings do not average to zero due tinitial buildup and its sign inversion which provides a
the fixed orientation of the surface with respect to themore accurate determination of the coupling constant in
magnetic field. The phase information of the quadrupolacases where relaxation damps out the evolution rapidly.
evolution on the surface is transferred by exchange intén addition, theT,+, term is less likely to be generated
the gas phase, where it is detected. by incoherent processes which may disturb the accuracy
In this Letter an additional contribution to the of the measurement [9,15-17]. TH&+, term can be
quadrupolar splitting is demonstrated which does noisolated by a modified double quantum filter experiment
originate from exchange with the surface but dependss introduced by Navon and co-workers [18,19]:
strongly on the magnetic field strength. This effect[op° — + — 180° — 7 — 54.7°]4 —
[10] is shown in Figs. 1(a)—1(c) where the splitting of . L
xenon-131 (gas contained in a plain NMR tube) increases . A — 54.7° — acquisition (3)
with the field strength from2», = 0.6 Hz at (flux The transmitter phasep for the DQF experiment is
density) B = 7.05 T to a well separated triplet with Stepped througH0°,90°,180°,270°} while the receiver
2vp = 3.9 Hz at 16.92 T. The quadrupolar origin of this Phase is alternated by 18or each increment o§. An
splitting is demonstrated in Fig. 2(a) using the spin-echdntervalA of 25 ms is needed for the transmitter phase to

sequence: be shifted. A conventional DQF measurement using two
90° pulses instead of the 54.pulses would allow both
90° — 7, — 180° — 7, — acquisition (1) (T»+,) and(T5+;) rank elements to pass the filter.
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FIG. 2. The pulse sequences [Egs. (1) and (3)] applied on
xenon-131 at 16.92 T results in the spin echo and DQF signals

0o 0 s 0o 0 s depicted in (a) for various echo timé@s,. The envelope of the
plain tube capillary filled tube N DQF experiment (crosses) and the fitting of the data (line) to
Surface/Volume 7 three parameters are shown in (b) (16.92 T) and (c) (7.05 T).

The adjustable parameters we2e, (sinusoidal evolution),
FIG. 1. NMR gas phase spectra of natural abundance xenoRg|axation 7, (exponential decay), and the initial intensity
131 (21.2%) contained in a cylindrical tube (symmetry axisof the 7,, term. The reference intensity (set to 1.0) is taken
aligned with the magnetic field) at 400 kPa and 305 K for vari-gom the’signal height of a single 9Qulse experiment under
ous field strengths [(a),(d) 7.05 'I;Slcorrespondlng to 300 MHzgtherwise identical experimental conditions. Since the DQF
proton frequency or 24.7 MHz '~ Xe frequency; (b),(€) |ine shape at 16.92 T is somewhat more complicated due its
1175 T, 500 MHz, 41.2 MHz; (c),(f) 16.92 T, 720 MHz, yegolved splitting [see (a)], the DQF signal intensity has been

59.4 MHz]. The gas for the experiments in (a)—(C) wasqefined by the averaged height of its two peaks.
contained in a plain 6 mm inner diameter (i.d.) tube of 22 cm

length, whereas an increase of the surface to volume ratio o ] o
by a factor of about 4.5 was achieved by filing the tube7.05 T in Fig. 2(c) suggests a 0.6 Hz coupling that is dif-

with glass capillaries [(d)—(f)]. The spectral lines in (d)—(f) ficult to obtain from the 1D spectrum [Fig. 1(a)].
g;%”gﬁ:seneegs d‘;‘;s;%rg‘saggg\t/'g fggi%p;'twi'ﬁyle(g | ttr:)e fu%ﬁfés The increase in quadrupolar splitting from the lower to
broadening of the line shape. the Iarge_r surfagivolume s_,ample is only little affecteq
by the field strength. This can be seen by comparing

The experimental results using this pulse sequencEigs. 1(a)—1(c) with the spectra at corresponding fields
[Eqg. (3)] are shown in Fig. 2(a). For an evolution time depicted in Figs. 1(d)—1(f) where a sample with ca. 4.5
27, = 0 the only coherence present15+;, which can- times larger surface to volume ratio had been used. At
not pass the double quantum filter and therefore results i.05 T the difference i&2vy = 1.4 Hz, at 11.75 T it is
zero signal intensity. ARr, = 1/(2v¢) (closest point 1.5 Hz and yields taAA2v, = 1.5 Hz at 16.92 T. This
in the measurement &7, = 125 ms) the T,+; term indicates that the splitting due to surface interactions is
is largest causing maximum signal intensity, whereas aargely field independent; whence, an additional second
27, = 1/vo (measurement &r, = 250 ms) the amount phenomenon that causes the field dependence and is in-
of T+, coherence is again zero whilg+; and T3+, dependent from surface interactions should be considered.
are present. Note that &-; measurement in a TQF Both phenomena seem to be additive and result in the
experiment (not depicted) yielded maximum intensity atoverall splitting of the observed triplet.
this point. For larger evolution times ti#&-+; coherence In order to prove the assumption, the contribution from
builds up again, however with opposite sign. The envesurface interactions could be eliminated if the xenon was
lope of the measurements is displayed in Fig. 2(b) (i.e.contained in a very large vessel with a surface to volume
the signal intensity as a function of the evolution timeratio close to zero. Because of spatial limitations of NMR
27.). Fitting of the envelope determines a quadrupolarmagnets, the decrease of the surface to volume ratio has
coupling of 3.9 Hz which is in total agreement with the been utilized by condensing xenon to the liquid phase.
splitting in Fig. 1(c). The DQF envelope of xenon at Although relaxation of condensed xenon-131 occurs at

1212



VOLUME 81, NUMBER 6 PHYSICAL REVIEW LETTERS 10 AGusT 1998

7.05 T

a much faster rate than in the gas phase, it slows down ) 01
with increasing temperature. Just below the critical point .
at 289 K and 5.8 MPa, the spin-lattice relaxation time -0.0004 -
T, is approximately 110 ms which is about one-tenth of
the corresponding gas-phase relaxation. A large-volume,
high pressure NMR tube for this kind of experiment

was set up following the procedure of Roe [20]. A few

modifications have been made to facilitate the transfer of

plain tube
2VQ= 0.16
+01H=z

signal height
)
=y
S
(=3
>}
1

-0.0012 4 capillaries

bulk material (i.e., glass capillaries) into the single crystal iy ST
sapphire tube of 9 mm inner diameter. The obtained -0.0016 — :
spectra exhibit a half height linewidth of around 8—10 Hz 0 100200 300 2refms]
due to relaxation and magnetic susceptibility effects. As a 0y 11.75 T i
result, the splittings are obscured even at highest available b) $ ou—1s

fields. However, DQF experiments reveal the quadrupolar oo0adl  LOl1EHI»

coupling as shown in Fig. 3. The exchange with the
surface will have a minor effect due to a larger fraction of
“bulk” (i.e., liquid) xenon compared to surface adsorbed
xenon. This is best demonstrated in Fig. 3(a) where

signal height
)
o
S
<o
1

the outcome of the DQF experiment shows only minor -0.012 4
differences between the plain and the capillary filled tube 4
[compare to Figs. 1(a) and 1(d)]. At 16.92 T [Fig. 3(c)], -0.016 : : S _
an inversion of the DQF signal for evolution deleéds > 0 100 200 300 400 2% [ms]
300 ms can be recorded, while at all other field strengths 16.92 T
the sensitivity was not sufficient to obtain corresponding C) 1 B
signals, thus leading to much less precise values for the -0.004 - S
coupling constants. 0,008 V:mms
The coupling constants from the liquid xenon DQF

. . . = -0.012 4
measurements are summarized in Fig. 4. They are re- b 75 15 5 0-5 -15 -25Hz
duced by aboutA2r, = 0.4 Hz compared to the gas- 5 -0.016 1 x50
phase splitting [plain tubes, Figs. 1(a)—1(c)] indicating 2 002 WJE:?’SOHIS
that this difference is caused by surface interactions. 0,024

The coupling of2vy, = 0 for zero field strength was 35 15 505 -15 -25Hz

taken from Mehring and co-workers [7] who demon- 0O e "t fms]

strated by optical pumping experiments that the quadrupo- .

lar couplings of the xenon-131 at low magnetic fieldsF!G. 3. DQF measurements [using pulse sequence Eq. (3)] at

6 . . f three different field strengths on liquid xenon contained in a
(<107" T) are entirely due to surface interactions [21]. 9 mm i.d. single crystal sapphire tube at 285 K. Comparison

Having excluded surface exchange as a plausible causgy, measurements at 7.05 T in a plain tube (open circles) to a
the observed anisotropy can be provided only by the magzapillary filled tube (closed circles) did not indicate a dramatic
netic field itself. Quadrupolar splittings in deuterons ofalteration in quadrupolar splitting as in Figs. 1(a) and 1(d).
gaseous benzene have been previously reported as a m%}ljy the 16.92 T data exhibits an inversion of the signal which
netic alignment effect [22]. This effect is proportional to ds to a reliable determination of the coupling constant.

B} and requires an anisotropy of the magnetic susceptibil-

ity not present in xenon atoms. Short lived xenon van dewell known chemical shift in NMR spectroscopy [23].
Waals complexes may possess such an anisotropy but tiRecently, it has been predicted that this induction may
observed splitting should strongly depend on the conceralso lead to an electrical polarization of the electron shell,
tration of the xenon. However, spectra of diluted xenonthus altering the EFG at the nucleus [24]. The depen-
show only minor alterations which are presumably surfacelence upon the magnetic field is assumed to be quadratic
effects: Neither dropping the xenon pressure from 400 t¢24—26], since the xenon atom should obey time-reversal
20 kPa, nor subsequent dilution by 400 kPa of,C&)  symmetry which seems to exclude linear or other odd or-
ters the2vy = 3.9 Hz splitting at 16.9 T by more than der external field effects. Nevertheless, taking into ac-
0.1 Hz. count the magnetic moment of the nucleus, a linear effect

Even in the absence of an alignment effect, the magmay exist as shown in calculations presently being per-
netic field may contribute to an electrical anisotropy withformed by Salsbury and Harris [27] which also substan-
nonzero average. The applied static magnetic field intiate the order of magnitude of the observed splitting. A
duces an electrical current in the electron shell whicHirst glance at the nature of the field dependence can be
in turn causes a local magnetic field thus generating theaken in Fig. 4, but more reliable data are expected from
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