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Multiple Quantum Transitions Induced by lrradiating Single Quantum
Coherence in a Heteronuclear Spin System
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Lian-Pin Hwang* { 3 B7F ) and Chachui Ye® ( ZE@TE )
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National Taiwan University, Taipei, Taiwan, R.0.C.

In a heteronuclear spin system, with initially prepared single quantum {SQ) coherence of X-spin, the ir-
radiation of the proton spins will induce al the possible transitions including those SQs and multiple quanta
(MQs) available in the system to be studied. The MQs appear in a rather weak irradiation while a strong ir-
radiation results in a complete decoupling situation, Theoretical analysis is made to explain this phenome-
non and is agreed qualitatively with experiments in the CH, group. This phenomenon of MQ induction may
happen in 4 decoupling experiment when the effective irradiation strength is rather weak and it may also pro-
vide a convenienl approach to create and then to manipulate MQ coherences in heteronuclear spin systems.

INTRODUCTION

It is well known that multiple guantum (MQ) NMR
has extended the applicability of NMR spectroscopy.'”
However, appearance of undesirable or unexpected MQQ sig-
nals in experimental spectra is sometimes confusing. Here
in this paper we will report the observation of MQ signals
which are induced by irradiating single gquantum cohercoces
previouslty manipulated in the experiment in heteronuclear
spin system. The irradiation strength, hercafter we denote
as 0y, is much weaker than the one when complete decou-
pling occurs. This phenomenon, to our knowledge, has fong
been ignored.

Correction of decoupled NMR spectrum is usually a
routine measurement for heteronuclear spin systems, The
decoupling efficiency depends upon both the r.f. field
sirength of decoupling irradiation and its frequency offset 1o
the Larmor frequency of decoupled spins. Generally, the ef-
fective strength of decoupling irradiation decreases with in-
creasing offset wiren the irradiation @, is given. The decou-
pling course with an increasingly effective field has been
clearly demonstrated in the early NMR swudies.”” However,
there has been no teport on how a coherent spin state pre-
viously prepared responds to an irradiation at the decou-
pling channel,

EXPERIMENTAL SECTION

The experimental schemes are shown in Fig. 1. The

experimental course has been divided into two periods:
preparation and detection. During the preparation period a
desirable coherent state of the heteronuclear spin system is
manipulated by inserting a proper pulse scquence with
phase cycling. During the detection period, a continuous ir-
radiation is employed at the decoupling channel while ob-
serving the NMR signals of the X-nuclei. The experimental
schemes are basically the same as in Raman magnetic reso-
nance experiments for the heteronuclear spin systems.**
These schemes are also readily adapted (o those double
resonance experiments’ in which the irradiation frequency
is turned on at or close to one of the resonant frequencies of
the decoupied spins, When the irradiation is weak in com-
parison with the case when complete spin decoupling ap-
pears, a prepared single quanium coherence of X-spin will
induce M() transitions by the heteronuclear frequency irra-
diation. Understanding this phenomenon can therefore en-
hance our knowledge of decoupling experiments as well as
Raman magnetic resonance experiments of heteronuclear
spin systems.

We have chosen the methylene group in Dichio-
romethane (E. Merck) as a heteronuclear spin system of
AX,. The NMR specira were measured on a Bruker ARX-
500 spectrometer whose proton and carbon frequencies are
ca. 500 and 125 Mz, respectively. All the measurements
were conducied at room iemperature.

The experiment in scheme (a) is simtlar to a routine
C NMR measurement with a wide range of proton decou-
pling irradiation. The INEPT pulse sequence’® has been in-
serted in the preparation period in scheme (b}, then the e
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NMR signals were measured during the detection period
with varipus irradiation strength at the proton resonant fre-
quency.

We denote the nuclear spin of '*C as §, while the pro-
ton spin as [. At the end of the preparation period, the ma-
nipulated coherent states can be expressed by spin operators
as S, in scheme (a) and 27,3, in scheme (b), respectively.
Both §;: and 278, are single quantum coherences which in-
duce the (raditional *C NMR spectra without irradiation
during the detection period, i.e., the proton coupled spectra
in Fig. 2a for scheme (a) and in Fig. 3a for scheme (b). As
we can see in these spectra, the normal binomial intensity
ratio 1:2:1 for Fig. 2a and the INEPT intensity ratio -1:0:1
for Fig. 3a has been respectively obtained both with a J-cou-
pling constant of 187 Hz for the methylene group.

In Figs. 2 and 3, we show also the spectra for the
weak(b), medium(c), and strong(d) irradiation cases, where
the irradiation strengths @, are 45, 450, and 4500 Hz, re-
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Fig. 1. Experimental schemes. The experiment can be
divided into two periods: preparation and detec-
tion. In scheme {a), a single quantum SQ coher-
ence of the spin system, i.e., Sy, is created during
the preparation period. This SQ coherence is ir-
radiated by an r.f. field at the proton frequency
while acquiring carbon signals during the detec-
tion peried. The irradiation field strength s
variable in the experiments. In scheme (b), an
INEPT pulse sequence is inserted into the prepa-
ration period. Therefore a SQ coherence, i.c.,
21,8, can be created at the end of this perind. The
experimental procedures in schemes (4) and {b)
are the same during the detection period.
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spectively. There was no observation offset for the °C spec-
tra while the irradiation oftset was 100 Hz for the proton
Larmor frequency in all the experiments,

Fig. 2b shows the C spectrum when the irradiation
was rather weak. A total of seven multiple quantum transi-
tions now appear besides the two single quantum transi-
tions. We can assign these nine transitions according to
their position relationship with the multiple quantum orders,
By numbering these transitions from 1 as the one on the far

Fig. 2. Experimental '*C NMR spectra of Dichlo-
romethane in scheme (a). The irradiation offsct
is 100 Hz. The initial coherent state at the begin-
ning of detection period is $;. The central peaks
of the following traces are normalized to the same
intensity. a. 0 = 0, this is a proton coupled 1*C
spectrum. Coupling constant of this CH; group
thus can be obtained as 187 Hz. b. ; = 45 Hz.
The '*C spectrum shows all the possible transi-
tions in the system. We have numbered the reso-
nances from the left side to the right sequentially,
and the MQQs can also be expressed in raising and
lowering operators: | — Triple Quantum (3Q),
StHR; 2, 8 — outside single quantum (SQ); The
noticeable shift of these two resonances in com-
parison with the positions in a is due to the irra-
diation. 3, 4 — double quantum (DQ}; S and
Stl5; 5 — central single quantum; 6, 7 — zero-
quantum {ZQ), $'F and §*B. ¢. w, = 450 Hz.
The two cutside SQs come much closer in me-
dium irradiation. The residual splittings indicate
an incomplete decoupling case. d. @; =4500 Hz.
The three SQs have merged together indicating a
complete decoupling case. The actual intensity is
twice as shown here.
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Fig. 3. Experimental *C NMR spectra of Dichlo-

romethane in scheme (b). Here the coherent state
at the beginning of detection period is 215, The
ircadiation offsct is 100 Hz throughout the ex-
periment. a. @y = 0. The ’C spectrum shows a
typical INEPT pattern of the CHs group. The two
reversed outside single transitions and the sup-
pressed ceniral SQ transition results in an inten-
sity ratio: -1:0:1, However, the central 8Q transi-
tion is not suppressed completely, and a weak dif-
ferential signal can still be seen in the center of
the spectrum. b. @ = 45 He, The 1°C spectrum
shows all the possible transitions including $Qs
and M(Js in the CHj group. Tn comparison with
the spectrum in Fig. 2b, all the signals in the posi-
tive frequency side are inverted due to the influ-
ence of proton magnetization /, existing in the in-
itiaf coherent state. Besides, the ceatral SQ sig-
wal, which hus been greatly suppressed, remains a
differential residual signal in the middlc of the
specirum. ¢, ¢y =450 Hz. The incomplete proton
decoupled PC spectrum. The spectrum is some-
how distorted because the two outside SQ signals
interfere and there is incomplete suppression of
the central SQ signul. d. w =4500 Hz. The com-
plete proton decoupled C spectrum. The resid-
ual signal is due w Incomplete suppression of the
central 8Q in the CHa system by INEPT se-
quence.
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left to 9 onthe far right in Fig. 2b, we assign them as | -—ri-
ple quantom (3Q), 2 and 8 — the outside single quantum
(8Q}, 5 — the center 8Q, 3 and 4 — double quanturm (DQ),
6 and 7-— zero quantum (Z0Q), and finally 9 — forbidden
single quantum (F1Q). Fig. 2¢ shows that when w, of ine-
dium strength, i.e., 450 Hz, decoupling is not complete, i.e.,
a residual ca. 35 Hz splitiing remains between the outside
and the central SQs. However, those MQs shown in Fig. 2b
have disappeared in the spectrum. Fig. 2d shows that in
strong irradiation the carbons are completely decoupled
with the protons. Therefore the three SQs are merged into a
single peak.

Fig. 3b shows the C spectrum when the irradiation is
rather weak, 1.e. when @, = 45 Hz for scheme(b). Since the
initial coherent siate creaied by the INEPT pulse sequence is
2LS,, the signals in the positive frequency side show nega-
tive intensities while the central SQ has the shape of a differ-
ential corve with a small intensity. The central $Q shouid
have zero intensity in the INEPY spectrum. However, a re-
sidual remains due to the linewidth effect. For an intermedi-
ate irradiation strength, Fig. 3¢, the two outside SQs come
closer to create a differential peak between them. The two
peaks are not completely canceled in intensity, Fig. 3d,
when irradiation is strong.

In the above experiments we have demonsirated that a
SQ coherence can induce all the possible transitions includ-
ing SQs and MQ)s available in the spin system. The possible
MQs expressed in terms of raising and lowering operiators in
the CH, group are: 3Q, S*ME; FIQ, S0, DQ, &1 and
§*E; ZQ, ST and 855, Al the M(Q signais can be observed
in a certain range of irradiation strength.

Itis well known in early CW NMR'"" work that MQ
transitions appear when the excitation irradiation s rela-
tively strong so that high order perturbation effects can he
manifested in the spin system. However, in those MQ work,
the spin systems studied were usually homonuclear sys-
tems. Our experiments were with a heteronuclear system,
i.e., observing at the °C nuclear frequency while irradiating
at the proton frequency. No signal will be observed it an in-
itial coherent state was not manipulated during the prepara-
tion period. The mechanism to be concemed here in our ¢x-
periments is new. In the next section we will present a theo-
retical analysis of this phenomenon.

Theoretical Analysis

During the detection period, an r.f. irradiation, whose
{requency is near the Larmor frequency of spin-1, is applied
along the X-axis in the laboratory frame. Therclore, the to-
tal Hamiltonian of the AX; system in the double rotating
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frame during the detection period is written as

H=H;+H, 4))
where

Hy=38,5,+ 8L+ JS1, (2)

Hi= /.. (3)

In Eq. (2), 3. is the observation offset of S-spin and
was sel to be zero in our experiments. Therefore the first
term in Eq. 2 can be dropped. 8 is the irradiation offset, J is
the spin coupling constant, ¢, is the 1.l irradiation strength.
Since there are two proton spins, the spin operator I should
be the sum of the two spin operators 1, and [;. Therefore, we
have

=hith, i=xy2z 4)
The signals of a given coherent state of the spin system can
then be writien as

<8, >=TrSREOPORD ™, %)
where p(0} is the density matrix of a given coherent state,
e.g., S and 228, in schemes {a) and (b) of our experiments,
respectively. R(1) is the propagator,

R(f) = exp(—iH0). (@

It has been shown'” that for AX, systems, their propa-
gator can be wriiten as

R(D) =exp (—iouh) exp (~oaS:h)- exp (0L,
exp (—iFS,L1) exp (ioSd,) exp (foul,) 7

where
J' = Jeost, costy + 20,080 $inn; — 28singgsing,,  (R)
&' = 3cosoCO8; + (SN COS0, — %Jsin(xlsinuz. ()]
J* and & are the effective J-coupling constant and the ctfec-
tive offset when the irradiation is applied, respectively. The
angles o, and o in Egs. & and 9 can be determined by the pa-

ramelers o, 8, and J in the tollowing equations:

o = arctan (P—(tancr,) (10
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o, = atctan (P2 - 0+ D - [(P*~ F + 1)’

+4P' PP O)), (11}

where
P=w/B, (12)
Q=J1723. (13)

We will not give too many details on the NMR signals cal-
culations in this paper and only write down the results,

For the experiment in scheme (a), p(0) = 5. The sighial
intensities in the numerical sequence starting from the lett
side in Fig, 2b are expressed as follows.

L(30) = I,(F10) = sin‘oy, (14)
L{ outside SQ — 1) = Iy( outside S0 — 2) = cos’or,,  (15)
LDQ~1)=1(DU-2)= (20~ 1} = H(ZQ - 2)

= Zsirfo,cosal, (16)
Is( central SQ) = 2(sin" 0z + cos' o). (an

Fig. 4 shows the signal intensities as functions of irra-
diation sirength o, with J = 187 Hz, & = 100 Hz for our ¢x-
periments based on Eqs. 14-17. It is interesting to note tha
the MQ) intensities increase with increasing irradiation
strength in the weak region and soon reach their maxima

LR B R | — T L
20

15} -

bt
tn
T
1

Intensity
=
—
~
ﬂa

19

| I—— S [ SN U T N 1] N 1 " 1

0 200 400 600 800 1000 1200 1400
Wy (Hz)

Fig. 4. Relative intensity of various possible transitions
as a function of the irradiation field sirength.
These transitions are induced by a coherent state
S, under irradiation at the proton frequency in the
CH: group. The calculations are based on Egs.
14-17 in the text. J = 187 Hz, § = 100 Hz. 1-3Q,
2, 8— the outside $Qs; 3, 4 — DQs; 5 —the cen-
tral 8Q; 6, 7-—ZQ: 9 —F1Q. As the irradiation
field increases the outside §Qs merge with the
central SQ and the intensity of the central peak
increases by a factor of 2 as described In Fig. 2.
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while the SQ) intensities drop 10 their minima. When the ir-
radiation strength is increascd further, the MQ intensities
will monotonously decrease while the SQ intensities in-
crease. The MQs actually drop to zero intensity when the ir-
radiation strength in frequency unit is about (wice the J
value while the SQs reach intensities that are the same as the
ones without irradiation.

For the experiment in scheme (b), p(0) = 2L.5.. The
signals can be expressed as follows.

L) = I, F1Q ) = —sinoysin’e, (18)
L{(SQ~ 1) =— {50 - 2) =~ cosa,cos’a, (19)
LDJ- == IZ0-2)

=— $in0y SiN0LCoS 0, + costgsinfoLeos, (20)
1(DQ-2)=~1(ZQ - 1Y)

= SINQY SiN0LCos o, - cosoy sin*o,coso, (21)
I5( central SOy =0 (22)

Fig. 5 shows the signal intensities as functions of the
irradiation strength for the same system as in our experi-
ment based on Bgs. 18-22. Here in the weak region, the MQ
intensities initially increase with irradiation strength in a
different manner compared to scheme(a). Besides, the 3Q
and DQs intensities have a negative sign, as opposed to the
ones for the FIQ and ZQs, In the meanitime the absolute in-
tensities of the two SQs drop quickly. £y, &, [r, and I reach
their absolute maxima at about ©, = J/4, while Iy and [ at
aboutw; =J. 1) and I, monotonously decrease after reaching

1ol T T T T L T . [} 1 T B
2
05 E
7 ]
=
g 5.0}
3
£
‘0:5 = -
L
_1AG - . -
i " i " 1 I 1 4 1 P o] i i
0 200 400 800 8GO 1000 1200 1400
Wy, (H2)

Fig. 5. The relative intensity of various possible transi-
tions a8 a function of the irradiation field
sirength. These transitions arc induced by a co-
herent state 21,5 under irradiation at the proton
frequency in the CHz group. The calculations are
based on Egs. 18-22 in the text. /=187 Hz, 8 =
100 Hz. The numberings are the sume as in Fig.
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their absolute maxima with increasing irradiation towards a
decoupling sitwation. As shows in Fig. 3, when the irradia-
tion strength in frequency unit reaches twice of the J value,
all the absolute intensities vanish.

As one can see from Figs. 2 and 3, the two outside SQs
in the CH: group regularly merge with the central SQ when
the irradiation strength @, is increased. This decoupling
process can be explicitly described by the effective coupling
constant J* in Eq. 8. Fig. 6 shows J” of the CH, spin system
as a function of w,. J decreases monotonously and not line-
arly with increasing irradiation.

Figs. 4-5 have explicitly demonstrated the main phe-
nomena shown in our experiments, at least qualitatively.
However, the theoretical analysis is incomplete, e.g., the
line broadening effect due to irradiation has been ignored.
A quantitative comparison of the signal intensities in the ex-
periments with the analysis is beyond the scope of this
work. Nevertheless, the J analysis does give a reasonable
measurement in functional dependence on the irradiation
field strength.

CONCLUSION

In a heteronuoclear spin systemn, a previously prepared
SQ coherence of X-spin will introduce all the possible NMR
signals, including SQs and MQs available in the system
when irradiating the proton spins. These MQs appear in a
rclatively narrow range of irradiation strength, i.e., when @,
< 2J. We have studied several samples, each containing
only one of the CH, CH,, and CHs groups, and conclude that
this phenomenon is generally true. This study can also be
devoted to the mechanism of Raman magnetic resonance.*®
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Fig. 6. The effective constant of spin coupling in CH; as
a function of the proton decoupling irradiation.
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Care should be taken when the effective irradiation is not
sufflcient strong in a decoupling experiment, since the MQs
can make the spectrum more complicaied.

This experiment also demonstrates an easy approach
to observe MQ signals in heteronuclear spin systems. A
specific MQ signal can be selectively obtained when incor-
porating a MQ filter during the detection period, e.g., by in-
serting a pulsed gradient to the magnetic field. Besides, the
reversed detection scheme,” i.e., observing proton signals
while irradiating carbon spins, can also be adapted to con-
duct the experiments. No attempt is made here to mention
all the possible experiments that exhibit this kind of phe-
nomenon. However, it is believed that the phenomenon de-
scribed in this article will enhance the undersianding of
Raman magnetic resonance experiments and the application
of this phenomenon may be further explored. Studies fol-
lowing this line is under way.
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