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Two-dimensional nuclear magnetic resonance correlation spectroscopy
at zero field

Ming-Yuan Liao® and Gerard S. Harbison
Department of Chemistry, 508 Hamilton Hall, University of Nebraska at Lincoln, Lincoln,
Nebraska 68588-0304

(Received 20 April 1999; accepted 21 May 1999

Three methods for two-dimensional correlation nuclear magnetic resonance spectroscopy at zero
field are discussed. All three involve coherence transfer via longitudinal polarization, double
quantum coherence, or both in parallel. The double quantum pulse sequences exploit the spinor
property of spin states. These sequences have been applied to commetddtransitions, as well

as for the indirect detection of forbidden or nearly forbidden>1 transitions. ©1999 American
Institute of Physicg.S0021-960809)00331-1

INTRODUCTION symmetric electric field gradient,=2v,, and the eigen-
states are identical to the high-field eigenstates. If the electric
Despite their success in high-field nuclear magnetigie|d gradient is not axially symmetric, the ratio between the
resonance(NMR), extension of multidimensional Fourier two single-quantum frequencies decreases until it reaches a
transform methods to zero-field NMR has been limited.ygjue of 1 for an asymmetry parameten=(VE,,
There are several legitimate reasons for this; principallthExx)/VEZZ: 1, and concomitantly there is some mixing
high-field spectra are often complex, with literally thousandsof the high-field eigenstates, tie= =5/2 states being par-
of resonance signals; in such systems, two-dimensiong|ally mixed with m=+1/2 and them= +3/2 state withm
methods are necessary both to increase the resolution and=1/2. For simplicity’s sake, we shall henceforth refer to

provide spectral assignments. In contrast, zero-field spectige degenerate states corresponding to quantum numbers
are often very simple, both because of the paucity of chemi=- simply asm.
cally distinct species in the material, and because there is The original NQ-COSY experiment used a strategy com-
usually only a single significant term in the spin Hamil- mon to many high-field NMR experiments: the first transi-
tonian, resulting in a lack of spectral multiplicity. tion was excited, allowed to evolve, one component of the
Nonetheless, there are occasions when multidimensionglansverse magnetization returned to #fuérection, and then
techniques can be usefully applied at zero field. The firsthe secondconnectelitransition excited and observed. This
such application's® were directed at extracting the asymme- srategy has the virtue of simplicity, and in many systems at
try parameter, ordinarily unavailable for spin 3/2 nuclei athigh field it is the only alternative. It has however, one major
zero field. For spins 5/2 and highey,can be obtained from grawback: it wastes half of the initial nuclear polarization.
the ratios of two or more spectral frequencies observable for There exists a second method of transferring coherence
each species. However, in samples with several distinct quasetween connected transitions: via the double-quantum co-
drupolar species, such as partially deuterated amine arngkrence. In this paper, we explore alternative strategies for
amino acid hydrohalideSconnected transitions must be cor- ¢orrelation spectroscopy employing this route of polarization
rectly assigned to extract this information. This was the purtansfer, weigh the advantages of the two transfer pathways,

pose of our original nuclear quadrupolar correlationang consider hybrid methods employing both.
experimenf Since then, we have also applied the experi-

ment to inhomogeneously broadened systems, since in suMATERIALS AND METHODS
systems the quadrupolar frequencies are strongly correlated. Antimony(lll) chloride and bismuihll ) chloride are ob-
The resulting removal of this broadening has allowed us tqained from Johnson Matthey Electronics and Fluka. The
estimate the hexadecapolar interaction ¥t In cadmium quadrupole resonance frequencies'®Bb (1=5/2), 1?3Sb
iodide with high accurac§. (1=7/2), and?*Bi (1=9/2) in antimonylil) chloride and
Figure 1 correlates the energy levels and transitions for @&ismuthI1l) chloride are obtained from the literatuf.
spin 5/2 nucleus at zero field with the high-field energy lev- All experiments were carried out using a home-built
els. At zero field, the high-field eigenstates, labeled by theyulsed double-resonance solid-state NMR spectrometer at
quantum numbem associated with the component of the  zero field. Since it was not necessary in any of these experi-
angular momentum, become twofold degenerate, with thénents simultaneously to irradiate one transition while ob-
= m states having the same energy. There are two connectgérving a second, no attempt was made to frequency isolate
single-quantum transitions at frequencigsand v, and one  the two probe resonances; rather, the radio-frequency output
double-quantum transition atyq=v,+v,. For an axially from the two spectrometer channels was combined before
final amplification, using a single linear high-power ampli-
acurrent Address: Department of Applied Chemistry, National Chi Nan fi€f, and the output sent to the probe circuit shown in Fig. 2.
University, Puli, Taiwan, Republic of China. This circuit provides two probe resonances which can be
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FIG. 1. Energy levels and coherences of a spin-5/2 nucBw high field,
with no quadrupole coupling presefit) at zero field.

tuned largely independently of each other, and which can be
matched individually to 5@ using the matching inductdr,
and by adjusting the inductive coupling between L,, and
L. The sample coil in this probe configuration is usually

b
v | !
vy | I T

M. Y. Liao and G. S. Harbison

FIG. 3. Pulse sequences for nutation spectroscopy at zero (@ldongi-

The samples were packed into a glass tube of whost!dinal nutation experimentb) Spinor nutation experiment.

dimensions are 2040 mm, and the probe tuned to the reso-
nance frequencies of two connected spin transitions of the
sample. The temperature was maintained at 24.5 °C by
air cooling.

librium. If, subsequently, a spin echo pulse sequence is ap-
plied to observe th€3/2-1/2 transition, the effect of the first

RESULTS AND DISCUSSION

pulse length on the intensity of the second transition can be
observed.
This is demonstrated in Fig(d), in which we show the

Longitudinal coherence transfer

Coherence transfer via longitudinal magnetization carf”
best be approached conceptually from the simpler nutation’
experiment diagrammed in Fig(8. In this experimenty,
andv, correspond to the frequencies of two connected NMR

intensity of the(3/2-1/2 transition of the'?3Sb nucleus in
rr’-mtimon)(lll) chloride at an observation frequency o0}
37.400 MHz, as a function of the length of a pulse on the

transitions. Pulses of variable lengthis applied to the tran- A0- (a)
sition atv4, causing the polarization, initially aligned along -
thez direction, to process into the transverse direction, which Z*'E 351
we can calk. As a result, the residual polarization of a single g ; 30+
crystallite is proportional td, coswt;, with w, the nutation 2 E Ll
frequency, being a function of the nuclear gyromagnetic ra- = _.E
tio, the radio-frequency field strength, the quadrupolar asym- 8 207
metry parameter, and the crystallite orientation. If the two 15 r — ' y '
transitions corresponding te, and v, are connected, then a 0 10 20 30 40 50 60
pulse on the connected transitiongt will give an observ- Time (us)
able signal dependent on the residagbolarization of the
first transition. The first pulse on th®&/2-3/2 transition of 30 4 (b)
) ! _
the 123Sb nucleus changes the population difference between 2
these two states. This increases the population difference be- 2 g 201
tween the 3/2 and the 1/2 state above that of thermal equi- Z p 104
=8
5 -10 4
L, c N
—me—, G 20
W —/m\-—;HL 0 10 20 30 40 50 60
Al Time (jis)
L C . N o
: FIG. 4. (a) Intensity of the 3/2-1/2 transition of th&°Sb signal in antimo-
ny(lll') chloride, as a function of the time of nutation of the 5/2-3/2 transi-
tion, obtained using the pulse sequence in Fi@).2(b) Intensity of the
777 3/2-1/2 transition of thé?Sb signal in antimon§il) chloride, as a function

FIG. 2. Double resonance probe circuit used in this w@k.and C, are
vacuum variable capacitorgennings, 15 kV breakdown voltage, 1.5-30

pF), while L,;—L are inductors.

of the time of nutation of the 5/2-3/2 transition, obtained using the pulse
sequence in Fig.(B). Both spectra are obtained with transmitter frequencies
v,=67.8 MHz andv,=37.4 MHz, close to the respective resonance fre-
guencies of th¢5/2-3/2 and (3/2-1/2 transitions.
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FIG. 5. Pulse sequences for two-dimensional NMR correlation spectroscopy
at zero field.(a) NQ-COSY.(b) NQ-SCOSY.(c) NQ-MSCOSY.

(5/2-3/2 transition. The nominal nutation frequency is 65
kHz, however, because the precession frequency of indi-
vidual crystallites in a powder NQR sample depends on the 375
orientation of the electric field gradient tensor relative to the
coil axis?® this is merely the predominant value in the pow-
der. The maximum enhancement measured for(#2-1/2  rig, 6. Two-dimensional zero-field NMR correlation spectrum of #8b
transition is 2.64, corresponding to a nomimapulse on the nucleus in antimoniil) chloride recorded bya) the NQ-COSY pulse se-
5/2-3/2 transition, which is close to the maximum possibleduence,(b) the NQ-SCOSY pulse sequende) the NQ-MSCOSY pulse
value for a single crystal ofy; + v,)/v,=2.81. sequence.
The nutation experiment, which merely demonstrates

polari_zation transfer, can . tur_ned inioa coherence_transfgﬁgsb in antimony trichloride was obtained, and is shown in
experiment by replacing the vgnable putgdy two nommgl Fig. 6(@). As can be seen, the spectrum obtained has pure
/2 pulses separated by a variable ddlgyas shown in Fig. hase in both dimensions
5(a). Since this pulse sequence has already been publ?shed), : : ) : Lo

While this sequence has the virtue of simplicity, the Her-

it will be dlscussed'only in the most cursory detail. The f.'rStmiticity of the density matrix means that purely real longitu-
/2 pulse creates S.'.ngle quantum c'oherence correqundlng aﬁ)nal elements, through which coherence is transferred, can
the (?/ 2'3/2h transition :or t:le _spn: sys_te(rjn. 'I(;he smgle- only contain half of the(complex coherence information,
quantum coherence evolves during th@eriod and acquires and half of the initial magnetization is lost, an inevitability in

a phasep= wl_t%' Applying a seconds/2 pulse on the same any sequence which relies on coherence transfer via longitu-
(5/2-3/2 transition rotates the component out-of-phase W|thdinal polarization

the second pulse back along th@r —z direction, leaving
the in-phase component unaffected. Thmagnetization of
the (3/2-1/2 transition is therefore now modulated by ebs
or sing. The perturbed polarization can then be sampled
using aw/2— 7— 7 spin echo pulse sequence on the con- The pulse sequence shown in FighBseems at first
nected transition. Both real and imaginary parts of the transglance to be a trivial variation on that irié; the order of the
verse magnetization are collected in two separate experfirst two pulses is reversed. The rearrangement, however, has
ments to generate quadrature information in the firsprofound consequences. Following creation of single-
dimension. Other artifacts, such as those arising from thguantum coherence of the, transition by the nominair/2
production of double-quantum coherence from the singlepulse on that transition, the pulse of variable lengtmow
guantum magnetization remaining after the secam@  converts that coherence into double-quantum coherence be-
pulse, can also be removed be phase cycling. The spin echhween the top and bottom states of the system. Moreover,
on the(3/2-1/2 transition is used to avoid dead-time prob- because the pulse affects only one of the two states involved
lems and does not complicate the spin dynamics. After proin the initial coherence, the evolution of that state follows the
cessing by the method of Statesal,’® a two-dimensional behavior of a spinot! The observed signal in the experi-
spectrum correlating th/2-3/2 and(3/2-1/2 transitions of ment, shown in Fig. &), obtained under identical conditions

67.7
67.8
v, (MHz) 37.3679 v, (MHz)

Coherence transfer via the double-quantum
coherence
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to those used in Fig.(4) (except for the rearrangement of the double-quantum coherence to single-quantum coherence of
pulse sequengehas a measured nutation frequency of 31.7the v, transition, which is then detected. The linewidth of the
kHz, which is approximately half of the nutation frequency double-quantum coherence is about twice that of the single-
measured via the experiment in FigaB Complete conver- quantum transitions. The same pulse sequence was applied in
sion of the single-quantum signal into theearly invisible ~ NMR to detect forbidden transitions by Hatana&aal,'®
double-quantum coherence is achieved with a nominal and investigated theoretically in NQR by Reddy and
pulse, inversion of the transition with ar2pulse, and(ap- Narasimhah’ and Ramamoorth}® Of course, the double-
proximate regeneration of the original single-quantum co-quantum coherence could as easily be detected viavthe
herence only after a# pulse. Such effects have been ob- single-quantum coherence, by putting the secermlilse on
served previously in various forms of magnetic v, rather thanv,.
resonancé®®?

The double-quantum coherence produced bystipeilse, ~ Dual mode coherence transfer

unlike longitudinal magnetization, has a phase associated Tpe NQ-MSCOSY pulse sequenidg. 5(c)] was devel-
with it, which can in fact be written as the simple sum of theoped to attain a spectrum with the improved signal-to-noise
phase of the single-quantum coherence and that ofrthe (aio of SCOSY, but without the phase twist problem. It is a
pulse. Therefore, in a two-dimensional NMR experiment, itconceptual hybrid of the two earlier experiments, in which
can retain all of the phase information present in the evolveg\,if the coherence is transferred via the longitudinal and half
single-quantum coherence at the end of theeriod. by the double-quantum route. As in the original NQ-COSY
A two-dimensional coherence transfer experiment *?as?gxperiment, &/2(v,) —t,— m/2(v,) sequence allows evolu-
on such double-quantum coherence transfer is shown in Figio of the first single-quantum coherence, and places one of
5(b), and we have dubbed this experiment SCO8Y"  the two transverse components along zidirection. Instead
spinor COSY. A @/2(v;) —t;— m(v,) pulse sequence cre- of aliowing the residual transverse to decay or be phase
ates single-quantum coherence for #%2-3/2 transition,  cycled away, however, it is transferred into single-quantum
allows it to evolve, and then transfers it to double-quantumegherence of the, transition by the pair ofr pulses used in
(5/2-1/2) coherence, as described above. A secorplilse,  the SCOSY experimentThis pulse pair also inverts the lon-
this time on the(5/2-3/2 transition, converts the double- gjtudinally transferred component, but this can be dealt with
quantum coherence to single-quantum coherence d3i2e i data processingA /2 pulse on thev, transition, if it is
1/2) transition. This pair ofr “spinor pulses” therefore has jn phase with the coherence transferred via the double-
the net effect of transferring the coherence between two corquantum route, will leave it unaffected, but it will accom-
nected single-quantum transitions. After the refocusing plish the transfer of the longitudinal polarization component
pulse on the(3/2-1/3 transition, the transferred coherence, into Sing|e_quantum Coheren@Q, 0rth0g0na| to the Sing|e_
which contains phase information acquired during the evoluguantum coherence transferred by the double-quantum route.
tion t; period, is observed during the detectignperiod. Phases of the pulses can be cycled to ensure that equal
Unlike the simple NQ-COSY experiment, SCOSY re- amounts of both Cartesian components of the initial single-
tains all the initial polarization of thé€5/2-3/2 transition as  quantum coherence are transferred by each route; moreover,
detected signal in the, dimension, and since phase is trans-the phase of the longitudinal transfer pulses can be selected
ferred between the two coherences, elaborate schemes &6 as to produce quadrature in the first dimension and elimi-
obtaining quadrature information in the, dimension are nate phase twist. The result is a complete transfer of single-
unnecessary. However, it has one overriding disadvantagguantum coherence between the two transitions, just as in
As can be seen in the SCOSY spectrum of Sii€Fig. 6b),  SCOSY, one half taking the route followed in NQ-COSY,
obtained with the identical sample and conditions as used ithe other the route followed in NQ-SCOSY. A finalrefo-
the previous experiment, the two-dimensional spectrum exeusing pulse on thé/2-1/2 transition is used to avoid dead-
hibits “phase-twist,”'* a consequence of the transformation time problems.
of the dispersive part of the first Fourier transform into ab-  Using a 32 step phase cycling routine, the two-
sorbtive signal by the second transform. This phase twistlimensional correlation spectrum &°Sb in antimonyill)
broadens the two-dimensional signal and creates artifactghloride is shown in Fig. @). For purposes of comparison,
The key to removing phase twist is to produce a “time-the spectrum was acquired under the same acquisition con-
reversed” signaf exp(—iw; t;)explw,t,) in the first dimen-  ditions as NQ-COSY and NQ-SCOSY spectra shown for the
sion in parallel with the normal signal expgt;)exp(wst,). same material above. The spectrum has pure phase in both
Unfortunately, there seems no straightforward way to do thiglimensions, however, the improvement of the signal to noise
in the simple SCOSY experiment. Therefore, SCOSY apis not substantial. It is likely that the full factor of 2 improve-
pears to be largely of heuristic value. ment over NQ-COSY is not achieved largely because of the
We can modify the spinor experiment to allow observa-number of pulses used in the sequence: in NQR this is a
tion of the evolution of the double-quantum transition. A particular problem, since there is no single flip angle for all
wl2(v,) m(v,) pulse sequence creates double-quantum cospins in the sample. Nonetheless, there is some improve-
herence, which can be allowed to evolve in theperiod. ment, and NQ-MSCOSY sequence is an instructive example
This transition is weakly allowed for systems without axial of the flexibility available in designing pulse sequences in a
symmetry, but generally can be observed directly only withthree-level system. Moreover, the flip-angle problem may
great difficulty. Therefore, another(v,) pulse converts the also be ameliorated by using composite pulSes.
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neous broadeningand for the assignment of complex NQR
spectrd® While phase twist is an obvious drawback of the
spinor COSY sequence, this will not be an issue if phase
quadrature in the first dimension is not desired, and the re-
sulting simplicity and considerable improvement in signal to
noise are significant advantages of the method. While the
MS-COSY sequence in practice does not offer the full two-
fold signal-to-noise improvement of S-COSY, it is an en-
hancement of the original NQCOSY sequence, and it is
likely amenable to further improvement by the use of com-
posite pulses.

CONCLUSIONS

We have successfully applied the double resonance nu-
tation methods to demonstrate the spin dynamics of a half-
integer high-spin quadrupolar nucleus. We have also suc-
cessfully applied these two-dimensional methods to correlate

FIG. 7. (a) Intensity of the 3/2-1/2 transition of th&Bi signal in bis-  connected single-quantum transitionSnj=1) in spin 5/2
muth(lll) chloride, as a function of the time of nutation of the nominally (2], *21Sp), 7/2 ¢23Sb) and 9/2 1°Bi) systems. These cor-

forbidden 7/2-3/2 transition, obtained using the pulse sequence in (@g. 2 relation methods not 0n|y measure the connected spin tran-

(b) The two-dimensional zero-field NMR correlation spectrum of 4#8i - . . .

nucleus is bismuthil) chioride, correlating the7/2-3/2 and(3/2-1/2 spin ~ SIUIONS  simultaneously but also eliminate inhomogeneous

transitions. In both cases the observation frequencies weré2.52 MHz  line broadening. Finally, we have shown that the double-

and v,=31.90 MHz. guantum transitionsA\m=2) can also be observed via the
connected single-quantum transitiondnf=1) using the

) ) ) - two-dimensional correlation methods.
Indirect detection of forbidden transitions

These experiments can be applied to the detection AACKNOWLEDGMENTS

nominally forbidden transitions in zero-field NMRm=2 - :
" . ) ' o The authors thank Adilgiry Kusov and Raju Subrama-
transitions, forbidden at high field and at zero field in an . . . . . !
environment of effective axial symmetry, become weakly g-nian for informative discussions. This research was sup-
. o Ported by NSF under Grant No. MCB-9604521.

lowed if the asymmetry parameter is nonzero. The effect o
the small transition magnetic dipole on the efficiency of de- _
tection can obviously be eliminated if the coherence is transé\F;ZELl\JIAD%((-)ﬁ%\IFS!STIJINMS\T(EK(M'ngT:gARC:PIIZI\?R THE
ferred to aAm=1. t.ransmon, while the inefficiency (_)f exci- 5/2 IN AN ENVIRONMENT OF AXIAL SYMMETRY
tation can be mitigated by a longer pulse. In Fig. 7 we
demonstrate the effect, using the spin 8?%Bi nucleus in In the absence of a fixed magnetic field, the density ma-
bismutKl1l') chloride. In this experiment, we directly excited trix of a half-integer spin nucleus has a twofold redundancy
the (7/2-3/2 double-quantum coherence withm#2 pulse of which makes the sign of the quantum numben
nominal precession frequency 21 kHz, allowed it to evolve unimportan£® Thus, the dynamics of a spin 5/2 with axial
and then transferred it t(3/2-1/2 coherence by the NQ- symmetry can be evaluated as x 3 matrix. The thermal
COSY scheme for detection. Because of the large Boltzmanaquilibrium reduced density matrix can be written as
polarization of the 7/2-3/2 transition, a positive enhancement

of the (3/2-1/2 coherence by a factor of 1.85 was observed. 5 0 0
This enhancement is considerably lower than the theoretical p(0)={0 -1 0 (A1)
value, probably as a result of inefficient irradiation of the 0O 0 -4

forbidden transition. On the other hand, exciting 1&2- . ) )

1/2) transition and observing the connected, inf@@-1/2 N whlch the rows.and columns of the matrix correspond to
transition, the enhancement is negative as shown in Fiy. 4 the_ elgenvectors, in the ordar= +5/2; £3/2; £1/2. Fpr an
The two-dimensional correlation spectrum of bisnilith axially symmetric system, the resonance _frequenmes of the
chloride corresponding to the nutation experiment in Fig.(‘r’/z'?’/3 and_(3/2-1/2 Spin transitions are given by“?Q_ an_d

7(a) is shown in Fig. T); clearly, the nearly forbidden ®Q: "€SPectively. To evaluate the pulse response in this sys-

Am=2 transition is efficiently detected by this means. tem, radio-frequency irradiation at nutation frequenaigs
andw, are set at frequencies close teg andwq, respec-

tively. The radio-frequency pulses are denoted &),
where 6, ,= w, 4t indicates the flip angle of the first or sec-
The new pulse sequences described in this paper are ohd resonance frequency channel afis the phase of the
obvious utility for correlation spectroscopy at zero field, for pulsed radio frequency. The responses for a two-pulse se-
example, for precise simultaneous measurement of transitioguence at the same transition or at two connected transitions
frequencies with the elimination of correlated inhomoge-can be calculated using single transition operatbrs.

Utility
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The pulse propagators for tli8/2-3/2 transition and the
(3/2-1/2 transition can respectively be written as

S11=2+3 cosf; Cosh,— 3sin b, sin,(e'P+e 'F);

3i : ) ) )
S,1=S1,=— Esin 0,[(e'*—e ")+ (e'"*+e ¥ cosh,]

) 0 : 0
_ —je"isin~ 0
cos; ie”?sin; ,
—3i cosf, sin 6,e'*2;
Vil h)=| _jgiogin? cose 0 (A2) S i i
2 2 S,,=2—3 c0osb, Cosh,+ 3sinf, sinh,(e'P+e A,
L 0 0 1_ Whel’e a=¢1+2thl, 18:¢l_¢2+2thl a.nd Y= ¢1
-1 0 0 i} —2¢,+2wqt; . From the matrix elements shown above, af-
ter a pair ofm/2 pulses the population of the 3/2 state will be
0 0 i 0 proportional to co@. As a result, the population difference
= cosy —le sy between the+3/2 and+1/2 states depends on the phake
Ua(6,9) (A3) _ o ; :
0 0 which contains information about the evolution of tf&2-
0 —ie'?sin= CcoS= 3/2) transition during the, period.
L 2 2 The further propagation of this experiment, and of other

and evolution via the quadrupolar Hamiltonian is expresse@xperiments discussed in this paper, are left as an exercise

by the propagator

for the reader.

e*iSo)QtIS 0 0
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