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Effect of Strong Irradiation on Raman Magnetic Resonance in an AX Spin
System
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In Raman magnetic resonance av initially prepared multipie quantom coherence (MQC) in a spin sys-
tem introduces all the possible single quantum (SQ) and multiple quantum (MQ) NMR signals when an ir-
radiation is applied during the detection period. 1f the irradiation js weak, the induced signals include those
MQs up to the very order of this given MQC, while in the strong irradiation case, those MQs bevond Lhe very
order of the given MQC will also appear. An analytical approach based on the product formalism is devel-
oped to predict the intensities and frequencies of these induced signals. The analysis provides a complete
treatment to cover both cases of weak and sirong irradiation. It is also demonstrated with an AX spin sys-
tem. Experimental results are in qualitative agreement with the analysis.

INTRODUCTION

It1s well known that multiple quantum (MQ) spectros-
copy in pulsed NMR is usually based on an indirect display
by a two-dimensional {213) format.! However, in earlier
NMR work,™ it was shown that MQ can be displayed by
one-dimensional (1D) spectroscopy. In that work, a con-
tinuous wave (cw} of strong rf irradiation was emploved s0
that the effect of high order perturbation on the spin system
can be manifested. All smgle and multiple quantum (ransi-
tions may then be simultaneously and directly probed. Un-
fortunately, owing to its inherent ditficulties CW M(Q NMR
has not been widely empjoyed as 2D MQ has, Tt was sug-
gested by Yannoni et al.” (o merge both 2D and CW MQ to-
gether, 1.e., first to prepare MQ) coherences (MQCs) by
pulscd maniputation of the spin system to be studied and
then to detect the responses of the spin system by a weak rt
wradiation. In this scheme, MQ can be displayed in 11D for-
mat as it is done in CW MQ. Moreover the detection sensi-
tivity remains relatively high as is in 2D MQ. This so-called
Raman magnetic resonance (RMR) has been studied in
quadrupolar system’ and weakly coupled AX. (n =1, 2, 3)**
$pin systems, and some practical applications have also
been show_n.g"0 [t is noted that the RMR experimental
scheme is somewhat similar to MQ double resonance.,"
However the applications of RMR emphasize the display of
MQ NMR in one dimension. Thercefore, in RMR experi-
ments there is no need to introduce a hard pulse to ransfer
MQCs into directly observable single quantam coherences

{SQCs} and response of the MQCs 1o a CW irradiation is ob-
served during the detection period. Understanding the ef-
tects of irradiation to the RMR experiments is of course
very imporlant,

In previous stadies of RMR®', the irradiation is
strictly weak. In the weak regime, an tnteresting eftect is
that an initially given MQC will induce all the accessible
transitions, which include all the allowed single and forbid-
den MQs up to the order of this given MQC. In this paper
we will extend the RMR study to the strong irradiation case
s0 that we can have a complete vnderstanding on RMR phe-
nomena in a wide range of irradiation strength. For the case
of weak irradiation, perturbation theory can be employed to
analyze RMR in a spin system.*” On the other hand, for the
case of strong irradiation, perturbation analysis is no longer
adeguate. In this article we will introduce an analytical ap-
proach based on the product operator formalism™ to the
study of RMR. The calculation extends the irradiation o an
arbitrary strength up to the case when spin decounlping hap-
pens, resulting in a more complete treatment. A weakly
coupled AX spin system is demonstrated here both theoreti-
cally and experimentally. The effects of strong irradiation
on the RMR responses of the system is revealed and inter-
preted in this article.

THEORETICAL FORMALISM

RMR experiment of weak rf trradiation in an AX spin
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system has been studied previously.® In this study we con-
duct a similar experiment but extend the irradiation to a
wide range of strength i order to explorc new RMR phe-
nomena. For a weakly-coupled spin system AX, we denote
nucleus A as spin-I, and X as spin-S. During the preparation
period a specific coherent state in the system is prepared. In
the detection period, an rf irradiation whose frequency is
near the Larmor frequency of spin-S is applied. Theretore,
the total Hamiltonian of the system in the double rotating
frame during the detection period can be written as

H= H:) + I{]., (l)
where
Ho=88,+ 84, + J5.1,, {2}
H=2 ws @
1= 27[ Iidxy z

where & and &; are the resonance offsets of 8 and J spin, re-
spectively, J 1s the spin coupling constant, and o, is the Lar-
mor frequency along ihe rf irradiation fieid.

The RMR signal, i.e., the RMR response of a given co-
herent state of the spin system in the detection period can be
written as

M, = Tr[LR(pORE ™, (€3
wherc
R(1y=exp(—iHDn. (5

When p(0) is given and the irradiation is weak in compari-
son with the coupling constant and the resonant offset, i.e.,

ml<<|8i%1|, ©6)

one can calculate the NMR signal in the time domain in
terms of various orders of perturbations. In doing so, the
propagator R(t) is divided into two terms, i.e., the major
terin Hy and the perturbing lerm as defined in Bgs. (2) and
(3) respectively. However, when the weak irradiation con-
dition in Eq. (6) 1s not fulfilled, the calculation would be-
come cumbersome, as the perturbation approach is no
longer adeqguate 1o the analysis.

It has been shown previously by us® that the evolution
propagators of a coupled spin system, e.g., A.Xn, ABC, elc.,
can be decomposed completely into an ordered product of
their elemeniary propagators in terms of product operators'

Yeetal

when an irradiation is applied to the spin system. Practi-
cally, for the AX,, systems, the propagators can be wrilten as

R(®) = exp(—8 L) exp(—iou Sy)-exp(—ivel.S,)- exp(—i8S,7)
-exp(—iF LS1) explicelSy) explionsy), 0]

where J' and & have the meaning of the effective J and &
when the irradiation w;is applied, respectively. We have

J= Jcosulcos%(xg + 2w, cose sirré—ocz - ZSSEH&[%az, {8)

. 1 1.. .1
&= Scosmcoslocg + 1SN0 COST0; — —JSIinCysins . (9)

2 2 2 2
The angles o and @z are defined by the following equations:
tanoy = P — Ql.'dn%ﬂ-z, (10)

and

n o ={(P — 0+ 1)~ [(F'= @'+ 1)

+4P Q1 Y2PQ), (11)
where
P=w/8, (12)
and
Q= %J/&. (12)

Now two examples for the calculation of the response
signals in an AX system are demonsirated. It should be
noted that the values of w,; and § may be chosen experimen-
tally. However, the choice of & =+ 1/2 J is certainly prohib-
ited here for an AX system. This may be explained by the
fact that in the case of double resonance'* the irradiation fre-
quency is sct at either position of the doublet. Therefore the
relevant states are no longer pure states and it is meaningless
to distinguish MQ and SQ. A purely given coherent state
can he obtained in the AX system with an adequate pulse se-
quence combined with a designed phase cycle.” For exam-
ple, we can prepare a pure double-quantum coherence
(DQC) or zero-quantum coherence (ZQC) in the preparation
period in the system. Therefore, expressing the densily ma-
trix in spin-operators, we have

p(0) o 1S, 1,5, (14)
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tor DQC, while for ZQC we have

p(0) oo LS, + 1,8, (15)

With the help of Eq. (4), the response signals may be
- evaluated by

My(DQ) = THEROILS, - L8R (1)

= (COSDil,SilI%OCz + sin%azcos%az)sxp[—»i(ﬁf + 8 )1

. 1 1 1 ,
+ (smmcosiuz - 31n§u2cos§u2)exp[—z(8; + %J’ )}

. 1 1 1 ,
- (Sm()tlcoszocz + s1n§azcos§a1)axp[—1(5;— f]?:f)t]

- - (cosa,sitr%ocgf sin%uqcos%%)exp{#(& - &),
3 (16)

MAZQ) = TrLROILS. + LR}

= (cosalsin%otz - sin%agcos%uz}exp{—i{& + 8]

+ (SimgCQS‘;‘C(Q + Sin%(h(lﬂﬁ%flg)&xp[—i (& + %J’)ﬂ

. 1 . 1 .
- - (smmcoszaz - smzfazcosiug)exp{ﬂ(& - —%J’ )]
- (cosalsin;jl—og + sin%aqcos%aq)exp{—i(& - &l
(n

_ It is interesting o notice from Egs, (16) and {17) that a
—- pure MQC, e.g., DQC in Eq. (16), and ZQC in Eq. (17), will
introduce DQ (the first term in the equations), SQ (the sec-
ond and the third tetms), and ZQ (the }ast term) signais. For
- simplicity, we call these RMR response signals DQT, SQTs,
- and ZQT respectively in the following discussions, an ex-
pressing simpiicity in the text. From these two equations,
a when the practical spin system and the experimental condi-
tions arc given, i.e., when the parameters J, 8, §, and q, are
known, the RMR responses of a given MQC can be pre-
dicted, including the signal intensity and the ohserved tre-
quency of each induced signal or transition. The calcula-
tions are straightforward without any approximation.

Z EXPERIMENTAL AND DISCUSSIONS

In the present work the RMR responses of DQC and
Z0QC in tormic acid (E. Merck)} are measured with a Bruker
MSL 400 at ambient temperature. The *C-"H in this sample
is a typical AX system, where J =220 Hz. 81is set at 200 Hz

J. Chin. Chem. Soc., Vol 42, No. 6, [995 883

in the cxperiment. Fig. 1 shows the RMR response spectra
of DQC. (during the preparation period a pure DQU was
created.) Fig. 1{(a) shows the traditional °C spectrom for
reference and Fig. 1(b) shows that the DQ RMR spectrum
includes a DQT (the far left signal) and two SQTs when w,
is weak. In this situation, there is no obviouns frequency
shift for the two SQTs, though the intensity of ong SQT (the
right side one) was changed and its phase reversed, As
shown in Fig, 1{(c}), when w,, is comparable to J, an addi-
tional ZQT (in the far right side) appears and ifs intensity is
much less than that of the DQT. Besides, the frequency
separation of the two SQT lines become smaller since their
frequency shifts have opposite signs. Fig. 1(d) shows the
case when the strength of irradiation is further increased.
The intensities of both the DQT and the ZQT are decreased
and their absolute frequency shifts become large, and the
frequency spacing of the SQTs become even smaller and

T ¥
400 Hz -400
Fig. 1. {a) Traditional 1D spectrum of carbon in formic

acid. The *C-"H group is a typical AX spin sys-
tem. J=220Hz, (b)-(d). Response RMR spectra
of a pure DQC in the same system. & =200 Hz.
(b) en/2n = 35 Hz. The irradiation is weak, there-
fore the DQC only induces DQT {the reverse
peak on the left side) and two SQTs, and the fre-
quency shift of the two SQTs can be neglected in
this situation. {¢) /2% = 185 Haz, the stronger ir-
radiation induces sdditional ZQT {the reversed
weak signal on the right side). The effective cou-
pling constant J” has become smaller than that of
weak frradiation, therefore the two SQTs ure no-
tably closer than that in {(b). (d) @if21 = 450 Hz
J becomes cven smaller, and both DQC and ZQT
intensities have decreased and they move further
away from the center of the spectrum.



884 L Chin. Chem. Soc., Vol. 42, No. 6, 1995

their absolute intensities becoming equal as the decoupling
case 1§ reached.

The response signal intensities of DQC in this AX sys-
termn have been calculated and are shown in Fig. 2. The cal-
culations were carried out using Eq. (16} where o, was
taken as a variable, with J = 220 Hz and & = 200 Hz was set
by the experiment. As we can see from Fig. 2, the theoreti-
cal predictions are in fairly good gualitative agreement with
the experiment.

The RMR response spectra of ZQC in the AX system
arc shown in Fig. 3. Again, Fig. 3(b) shows the spectrum
when the irradiation is weak. The response signals include
ZQT, i.c, the inverse peak on the right side and the two in-
evilable SQTs. Figs. 3(c-¢) show the spectra when the irra-
diation strength oy is further increased. The relevant theo-
retical calculations of the ZQC response are displayed in
Fig. 4.

‘These experiments show that when the irradiation is
relatively weak, a given MQC in the system induces the
MQT of the very order and two SQTs, as had been indicated
in our previous studies.“® However, when the irradiation
field increases, another possible MQT, i.e., ZQT in the DQC
responses and DQT in the ZQC responses also appears in an
AX system. The etfective coupling constant ./ in Equation
(8) is monotonously decreasing with increasing irradiation
power. Thercfore the frequencies of the two SQTs in the re-

Intensity

0 500 ' 1000 1500
0 f2n {Hz)

Fig. 2. Response signal intensities of a pure DQC in an
AX system as a function of irradiation strength
w. J =220 Mz, =200 Hz. The calculations
were based on Eq. (16). | —ZQT, 2 —DQT, 4
~— the SQT which is related to the positive peak
in Fig, 1(b}-{d). 3 — the SQT which is related to
the reversed peak in Fig. {b)-(d). The intcnsitics
of both DQT and ZQT increase first to their re-
spective maximum and then goes down towards
Zero us Wy increases, while the absoluie intensities
of the two SQTs equalize. The spin system will
eventually reuch a completely decoupled status.
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sponse spectra come closer and their absolute intepsities
cqualize while the M(QTSs first go through a maximum and
then drop towards zero intensity, Calculations show that the
behavior of these responses are fully predictable by our
theoretical model. Tt is not our intention in this short com-
munication to make a quantitative comparison between the
calculations and the experiments. Hence, we can see from
the experimental spectra in Figs, 1 and 3 that the linewidths
of the RMR signals increase with increasing irradiation
power. However, in our theoretical study this effect of irra-
diation broadening has not been considered.

Tig. 5 shows the effective consiant J” as a function of
irradiation strength ;. The calculanons were based on Eq.
{8). The curve shows that J is monotonously decreasing
with increasing o, towards complete decoupling. Since the
effective offsel 8 can be obrained by Eq. (9), therefore the
frequencies of all the signals can be predicted provided the
offset §; is known, A full paper related (0 a complete study

e

e

J

T

400 Hz ~400

Fig. 3. (a) The traditional *C spectrnm of formic acid,
(b)-(c), The RMR response spectra of a pure ZQC
in the AX spin system. & =200 Hz. (b) @/2rn =
35 Hz. The irradiation is weak, hence the RMR
signals include only ZQTs (the reversed peak on
the tight side) and the two SQTs. J has no appar-
enl change than that in (a). {¢) 0,/2n =183 Hz.
(d) @ 2m = 450 Hz. (e) on/2m =970 Hz. When
the irradiation becomes rather strong, DQT (the
reversed and very small peak on the left side) ap-
pears and drops out when ) further increases,
while /' becomes smaller and the reversed SQT
intcnsity equalizes and moves closer to another
SQT, indicating that the spin system is reaching
its completely decoupled status.
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on AX.{n =1, 2, 3) spin systems will be presented clse-
where.

In a more complex system, we anticipate that the RMR
response signals of a given MQC will introduce all the pos-
sible transitions including the SQTs and possible forbidden
MQTs not only up to the very order of the given MQ in the
weik irradiation, but also those MQTSs with even higher or-

0.0

Intensity

o 508 1000 1500
Wy {2n (Hz)

Fig. 4. The response signal intensities of a pure ZQC in
an AX spin System as a function of irradiation
strength en. J =220 Hz, § = 200 Hz. The caleu-
lations were based on Eq. (17). | —ZQT. 2 —
BOTY, 3 — the SQT which is related to the posi-

" tive peak in Fig. 3(b). 4 — the SQT. which is re-
lated to the downward peak in Fig. 3(b}. The
trends with increasing oy are similar to those in
Fig. (2). The difference here from that of Fig. (2)
is that the ZQT intensity is much Jarger than that
of DQT since the initial state is a ZQC in this ex-
periment.

250

200 \ R

50 - —

N ]

] 204 400 500 400 1006
(01 1'21! (HZ)

Fig. 5. Bffective coupting constant J’ as a function of ir-
radiation strength @;. J =220 Hz, § =200 Hz, J
is menotonously decreasing with an increasing
a, therefore moving towards complete decou-
pling. The calculation was based on Eq. {8).
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der and eventoally reaching the highest order as long as they
are available in the system with increasing irradiation
strength. For the AX system, DQC and SQC have different
symmetries as indicated in Egs. (14) and (13), therefore they
have different bebavior in the RMR responses.  Consc-
quently, the much weaker ZQQ signal appears in the DQC re-
sponse only when the trradiation is strong although ZQT is
actually & double quantum process which involves simulta-
neously a lip-flop of 8 and I-spins, und vice versa for the
D() signal in the ZQC response spectra.

In conclusion, we have shown with an AX system that
a theoretical analysis based on the product operator formal-
ism can readily be employed to handle both weak and strong
irradiation. Therefore RMR experiments can be properly
interpreted and conscgquently the M(Q) process in RMR ex-
periments can be clearly understood, e.g., the effects of a
stronger irradiation on the RMR responses in the spin sys-
tem can then be revealed. Further studies following this line
is under way.
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