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A TLp experiment on Z3Na in a sodium poly(methylacrylate) ion-exchange resin is reported. It is shown that due to spin S= 
3/2 T,, relaxation outside the extreme narrowing limit, triplequantum coherences are excited. The detected line-shape of the 
single as well as the triple-quantum signal contribution consists of a sum of two Lorentzians. These line-shapes and the relative 
intensity ratio of the single and triplequantum signals are in agreement with the theoretical expressions based on previously 
reported density-operator calculations. The spectral density at two times the precession frequency with respect to the spin-lock 
field is extracted from the broad component of the detected signals. 

1. Introduction 

The magnetic quadrupolar relaxation of spin S= 
3/2 nuclei (e.g. ‘Li, 23Na, *‘Rb, 35C1, and 8LBr) pro- 
vides information about the molecular structure and 
dynamics around small ions in a wide variety of con- 

densed matter [ 11. This relaxation mechanism is de- 
termined by the magnitude and temporal duration 
of electric-field gradients (EFG) generated by the 
surrounding medium [ 21. Transverse and longitu- 
dinal relaxation experiments give access to the spec- 
tral density of these EFG fluctuations at zero, one, 
and two times the Larmor frequency with respect to 
the static magnetic field Ho [ 31. At the usual labo- 
ratory field strengths, this Larmor frequency is of the 
order of MHz. However, in the presence of slowly 
fluctuating processes, the spectral density may show 
a dispersion at relatively low frequencies of the order 
of kHz. Consequently, the transverse relaxation ( T,) 
experiment is sensitive to the zero-frequency com- 
ponent of this dispersion only. 

One possibility to probe the spectral density in the 
kHz range may be to decrease the applied static mag- 
netic field during the relaxation period. These field- 
cycling techniques are very fruitful in the field of 
proton relaxation studies [ 41. However, to the au- 

thors’ knowledge, for spin S=3/2 quadrupolar re- 
laxation this method has found no widespread ap- 
plication. An alternative method may be the T,, spin- 
lock relaxation experiment. The T,, relaxation is 
sensitive to the spectral density at a frequency of the 
order of the precession frequency with respect to the 
spin-lock field H,. The latter precession frequency is 
usually in the kHz range and can be varied by adapt- 
ing the transmitter power. 

In a previous communication, for spin S=3/2 a 
theoretical analysis of the time evolution of the den- 
sity operator under spin-locking has been presented 
[ 5 1. Expressions were derived which describe the re- 
sulting line shapes and relaxation rates of the de- 
tected signals. Furthermore, it was shown that out- 
side the extreme narrowing limit triple-quantum 
coherences are excited. An experiment was designed 
to monitor these coherences. For this purpose, after 
the spin-lock period an additional n/2 pulse is ap- 
plied. This coherence transfer pulse converts the ex- 
cited triple-quantum coherences into single-quan- 
tum coherences. During the detection period, the 
latter coherences evolve into observable signal due 
to transverse relaxation. 

In the present contribution, the first experimental 
result on spin S= 3/2 T,p relaxation with coherence 
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transfer (T,, CT) will be presented. The results have 
been obtained on a sodium poly (methylacrylate) ion- 
exchange resin. This resin has been selected because 
it is employed in more extensive research to cross- 
linked polyelectrolyte systems which will be pub- 
lished in due course [ 61. This system is character- 
ized by a high sodium capacity and hence a high sig- 
nal to noise ratio. Moreover, the 23Na magnetic 
relaxation is far outside the extreme narrowing limit 
but still in the Redfield regime. The detected line 
shapes will be analyzed using the theoretical expres- 
sions presented in previous work [ 5 1. The derived 
relaxation rates are compared to the values resulting 
from longitudinal and transverse relaxation experi- 
ments, Especially the spectral density at two times 
the precession frequency with respect to the spin-lock 
field is compared to the spectral density at zero 
frequency. 

2. Theory 

The time-evolution of the S= 312 spin system un- 
der spin-locking has been detailed in previous work 
and will not be repeated here. In this analysis, the 
density operator is expressed in terms of irreducible 
tensor operators. The time evolution under relaxa- 

tion has been evaluated using perturbation theory [ 31 
in a suitable interaction representation where the 
spin-lock field disappears. The effect of rf pulses has 
been calculated using the transformation properties 
of the irreducible tensor operators under rotation. 
The pulse sequence representing the TIP CT exper- 
iment is schematically depicted in fig. 1. Note the 

Fig. 1. T,, pulse sequence with an additional z/2 pulse after the 
spin-lock period. The phase 60 has to be incremented propor- 

tional to the evolution time (TPPI). No power level switching 

between the n/2 pulses and the spin-lock pulse has been applied. 
The relative phase of the spin-lock field with respect to the first 

excitation pulse has been alternated between &x/2. 
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additional coherence transfer pulse after the spin-lock 

period. 
For ease of reference, the resulting signal contri- 

butions are summarized. In the time domain, the de- 
tected single- and triple-quantum signals are given by 

s(t,,tz,P=il)=[‘S14’(tl)flt’(tz) 

(1) 

=-B~f~~‘(t,)fI:)(f*) exp(T3ia), (2) 

respectively, in which p is the phase defined in fig. 
1. The relaxation functions read 

Sl’l’)(t)=f[4exp(RjP’t)texp(R4P’t)] , (3) 

f&‘(l)=j[ -exp(R~~‘t)+exp(RjP’t)] 

f!:)(t)=+]3 exp(R[‘)t)+2 expjR!“r); , 

(4) 

(5) 

fl:)(t)=~~[exp(RI’)t)-exp(R~“t)] , 

with rates 

(6) 

RI@ = - (eQ/fi)” 

x[aJzo(20,)+Jo,(~o)fdJo2(2~,)1, (7) 

R~~)=-(eQ/~)2[Jo,(w~)~+~~~(2~o)l , (8) 

RIL~=-~eQl~~2[J0~0~+JI~~O~l, (9) 

R1’)~-(eQ/Z1)‘[Jl(ootJ2(2w~)]. (10) 

The spectral densities are defined in eqs. (AS) and 
(A.7) in ref. [ 51. It should be noted that Jo, (~6) 
and JoZ(2w0) equal Jr (~6) and J2(200), respec- 
tively, and hence R ipI= R 1’ ) . 

The signal has to be detected as a function of the 
spin-lock time t,. The separation of coherence orders 
is established by time-proportional incrementation 
of the phase of the excitation pulse and spin-lock 
field: C~tiA~lAtr (TPPI [7,8] ). The signals cor- 
responding to +p coherences have equal ampli- 
tudes. Accordingly, after Fourier transformation with 
respect to the detection time tz (Fz dimension), a 
real cosine transformation with respect to the evo- 
lution time t, (F, dimension) results in a pure 2D 
adsorption spectrum after suitable phase correction. 
The section in the Fr dimension at the resonance po- 
sition in Fz shows two signal contributions originat- 
ing from the single- and triple-quantum coherences, 
respectively. This frequency separation of the dif- 
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ferent coherence orders in the F, dimension has ar- 
titially been introduced by TBPI of the phase p (see 
eqs. (1) and (2)). 

The line shape of the single- as well as the triple- 
quantum signal contribution consists of a sum of two 
Lorentzians. The width of the broad component is 
determined by the relaxation rate R $p), whereas the 
width of the narrow component gives access to the 
rate R 6”). According to eqs. (2) and (4), the triple- 
quantum signal broad and narrow components have 
equal amplitudes (i.e. areas) but opposite signs. For 
the single-quantum signal this amplitude ratio is 

somewhat more involved and depends on the trans- 
verse relaxation rates RI’) and RI’). The relative 
amplitude fractions may be calculated by expanding 
eq. (I ) togetherwith eqs. (3)-( 6). These amplitude 
fractions are given by (9+7a)/(12+8a) and 
(3+a)/(l2+8o~) with a=R{‘)/R$‘) for the sin- 

gle-quantum signal broad and narrow components, 
respectively. It should be noted that these fractions 
apply to the section in the F, dimension exactly at 
the resonance position in Fz. For comparison, the 
corresponding amplitude fractions in a T,, experi- 
ment but without coherence transfer read (3 t a) / 
(3 t 2a) and a/ (3 t 2a), respectively. Accordingly, 
an additional advantage of the T,, CT experiment is 
the more favorable fraction of the broad component 
in the single-quantum signal. 

3. Experimental 

The poly(methylacrylate) ion-exchange resin 
cross-linked with 4.5% divinylbenzene (Zerolit 226) 
originated from BDH Chemicals Ltd, Poole. The 
resin was brought in the salt form by titrating with 
NaOH (Merck). The sodium capacity equals 
5~ 10v3 mol cations per gram resin. The resin was 
immersed in water. The diameter of the swollen po- 
lymeric spheres is in the range 0.14~ 10m3 to 
0.28x 10e3 m. The sodium content in the surround- 
ing water medium is negligible. 

The NMR experiment was performed on a Bruker 
MSL 400 spectrometer equipped with a 9.4 T su- 
perconducting magnet. The resin was contained in a 
teflon tube to avoid spurious 23Na signals originating 
from the sample container. A Bruker high-power 
probe (Z 34 v HP) equipped with a solenoid coil 

was used to achieve a homogeneous HI field. To 
minimize dielectric heating a Faraday shield was 
mounted around the sample inside the coil. This 
shield consisted of a set of parallel wires parallel to 
the H, field and at one side connected to ground. A 
high-power amplifier was tuned to achieve a HI field 
intensity of 1.5~ 10e3 T (i.e. w,= 104.72~ lo3 rad/ 
s). The temperature was maintained at 298 ? 1 K us- 
ing a gas thermostat (Bruker B-VT 1000). 

The pulse sequence schematically depicted in fig. 
1 was applied. To separate the different coherence 
orders the phase increment Aa, was set to 45”. The 

relative phase of the spin-lock pulse and the first 
x/2 pulse was alternated between t 90” and - 90”. 
Finally, the whole pulse sequence as well as the re- 
ceiver was subjected to an additional phase-cycling 
over four orthogonal phases. No power level switch- 
ing between the n/2 pulses and the spin-lock pulse 

has been applied. The spin-lock pulse is applied ex- 
actly on resonance. A series of 512 FIDs was col- 
lected, using an evolution time increment AI, of 
50x lop6 s. Accordingly, the maximum spin-lock 
time equals 25.6 x 10m3 s. The 5 12 FlDs were Four- 
ier transformed with respect to the detection time. 
The number of data points in the t, dimension was 
set to 2048 by zero filling. A real cosine Fourier 
transformation with respect to the evolution time 
and, consequently, the time-proportional phase in- 
crement results in a pure 2D absorption spectrum 
(after phase correction). The section in the F, di- 
mension exactly at the resonance position in Fz is 
presented in fig. 2. 

4. Results and discussion 

The separation of coherence orders has been es- 
tablished by TPPI of the phase B using a phase in- 
crement of 45 ‘. This introduces a corresponding fre- 
quency separation AY=Av/2rtAt,, i.e. 2.5 kHz. 
Accordingly, the spectrum displayed in fig. 2 dis- 
criminates between zero-, single-, double-, and tri- 
ple-quantum coherences at relative frequencies: 0, 
2.5, 5.0, and 7.5 kHz, respectively. The spectrum 
shows two different signal contributions. The feature 
at 2.5 kHz represents the single-quantum signal. The 
contribution at three times this frequency (i.e. 7.5 
kHz) represents the triple-quantum signal. It is clear 
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Fig. 2. 23Na multiplequantum spectrum of a sodium poly(methylacrylate) ion-exchange resin. The spectrum displays a section along 

the F, dimension at the resonance position in F2. The feature at 2.5 kHz represents the single-quantum signal, whereas the contribution 
at 7.5 kHz represents the triple-quantum signal. For details see the experimental section. The solid line represents a non-linear least- 
squares fit of a sum of two Lorentzians to both signal contributions. 

that due to T,p relaxation triple-quantum coherences 
are excited. Furthermore, double-quantum coher- 
ences could not be detected, which is consistent with 
the theoretical analysis [ 5 1. 

Now the line shape of the single- as well as the tri- 
ple-quantum signal contribution may be fitted to a 
sum of two Lorentzians. The relaxation rates and the 
corresponding fractions of the broad and narrow 
components have been estimated by a non-linear 
least-squares procedure [9]. The results are col- 
lected in table 1. As displayed in fig. 2, for both sin- 
gle- and triple-quantum coherences a sum of two 
Lorentzians describes the data well. 

The fitted amplitude fractions corresponding to the 
broad and narrow components can be compared to 
the expected values on the basis of the density-op- 
erator calculations. As discussed in section 2, for tri- 
ple-quantum coherences, the broad and narrow com- 
ponents have equal amplitudes but opposite signs. 
The fitted amplitude fractions are in reasonable 
agreement. For the single-quantum signal, these am- 
plitude fractions are given by (9 + 7a) / ( 12 t 8a) 
and (3+a)/( 12+8a) with a=Rf”/Rq’). The 
transverse relaxation rates have been estimated us- 
ing a spin-echo experiment. These relaxation rates 
havethevalues:Rf’)=-1650s-‘andRj’)=-197 

Table 1 
Relaxation rates and amplitude fractions ofthe broad and narrow components resulting from the fit ofthe experimental line shapes to a 
sum of two Lorentzians. The derived product of the squared coupling constant and the spectral density at two times the precession 
frequency with respect to the spin-lock field has also been included ‘) 

Signal -RjJ” (SC’) Fraction -Rip’ (s-l) Fraction (eQlfi)2J10W~) (s-l) 

s(p=fl) 1230 0.86 181 0.14 1460 

s(p= ?3) 1310 -0.98 185 1.02 1560 

s(P=+l)t~S(p=+3) 1220 0.81 182 0.19 1450 

‘) The estimated experimental accuracy in R$J’), Rip), and (eQ/fi)2Jzo(2w,) is 10% 
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s-’ (the negative sign is due to the definition of the 
rates, eqs. (7)-( 10). Accordingly, for the single- 
quantum signal the theoretical amplitude fractions 

of the broad and narrow components equal 0.856 and 
0.144, respectively. Again, the fitted fractions are in 
agreement with the theoretical values. 

To check the relative intensities of the single- and 
triple-quantum signals, the triple-quantum signal may 
be divided by a factor five and added to the single- 
quantum signal. According to eqs. ( 1) and (2), the 
resulting signal reads (in the time domain) 

=-IrW(t,,fi;‘ct,, . (11) 

Now, according to eq. (3), the amplitude fractions 

of the broad and narrow components are given by 
0.80 and 0.20, respectively. Fit parameters resulting 
from this combination of the single- and triple-quan- 
tum signal contributions are also collected in table 1. 
The fitted amplitude fractions are in agreement with 
the theoretical values. Consequently, the relative in- 
tensities of the single- and triple-quantum signal 
contributions are correctly represented by eqs. ( 1) 
and (2). 

After this discussion of the relative fractions of the 
broad and narrow components, the extracted relax- 
ation rates will be evaluated. The relaxation rates ob- 
tained from the single- and triple-quantum signals 
are equal within the estimated error margin of 10%. 
As discussed in section 2, the relaxation rate ex; 
tracted from the narrow component should equal the 
transverse relaxation rate RI’). The latter rate has 
the value - 197 s-‘, whereas the average value of 

RAP’ equals - 183 s-‘. There is reasonable 
agreement. 

According to eq. ( 7 ) , from the experimental value 
of Rk) the product of the squared coupling constant 
and the spectral density at two times the precession 
frequency with respect to the spin-lock field (eQ/ 
fi)2J20(2w,) may be evaluated. For this purpose, the 
contributions (eQ/fi)‘J, (oo) and (eQ/h)‘J2(2w0) 
should be known. From extensive field-dependent 
longitudinal and transverse relaxation experiments 
the latter contributions have been estimated to take 
the values 116 and 8 1 s-l, respectively [ 61. The re- 
sulting experimental value of the product (eQ/ 
fi )*JzO( 2w, ) is also collected in table 1. 

The spectral density at the frequency 2w’, (i.e. 
20,=209.4x lo3 rad/s) can be compared to the 
spectral density at zero frequency. The product of 

the squared coupling constant and Jo(O) has been 
estimated from a spin-echo relaxation experiment: 
(eQ/fi)2Jo(0) = 1530 s-‘. Within the estimated 10% 
error margin, this figure equals the value of (eQ/ 
h)2J20(201) as collected in table 1. Accordingly, it 
can be concluded that the spectral density does not 
show a significant dispersion in the range 0-200x lo3 
rad/s. 

5. ConcluGons 

The density-operator calculations correctly de- 
scribe the relaxation behavior and time evolution of 
the spin S=3/2 system under spin-locking. It has 
been shown that due to Tl,, relaxation outside the ex- 
treme narrowing limit, triple-quantum coherences are 
excited. The line shapes and relative intensities are 
in agreement with the theoretical analysis. The re- 
laxation rate corresponding to the narrow compo- 
nent compares favorably with the value obtained 
from transverse spin-echo experiments. The broad 
component provides the spectral density at two times 
the precession frequency with respect to the spin-lock 
field. In the poly( methylacrylate ) ion-exchange resin 
the spectral density does not show a dispersion in the 
frequency range covered. To obtain information at 
higher frequencies the H, field strength should be in- 
creased. Unfortunately, such a transmitter power 
level is beyond the limits of our spectrometer tech- 
nology. However, from the absence of a dispersion 
in the present frequency range it can be concluded 
that the characteristic frequencies of the electric-field 
gradient fluctuations exceed at least the value 30 kHz. 
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