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This study reports on a theoretical calculation of Hahn's spin-echo experiment in case of a model 
A2Bt spin system with a strongly coupling character and gives the experimental results of one-dimen-
sion n H high-resolution NMR spectra of taurine and aspartate. The calculated amplitudes of the spin-
echoes for two different proton groups of taurine are given. Using results of our calculations for tau-
rine, the computer simulations of /-modulation are implemented. It is shown that the agreement be-
tween the experimental and simulated spectra is good. 
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Introduction 

'H high-resolution NMR spectroscopy is a powerful 
technique which has been widely using in the investiga-
tions of amino acides [1], By this kind of investigations 
it is possible to identify and assign the resonances of the 
'H spectrum of substances. Furthermore, in recent years 
it has been recognized that the effect of spin-spin 
coupling modulates the echoes of a homonuclear spin 
system where the coupling is first order [2], For a heter-
onuclear spin system, /-modulation is observed in ex-
periments in which the 180° pulse is deliberately applied 
to desired spins [3]. In high-resolution spectroscopy, / -
modulation is usually observed for the first-order spec-
trum, that is, the chemical shift differences between the 
coupled nuclei is much larger than the spin-spin coupling 
constant (S>J). The aim of this work is to show that the 
effect of spin-spin coupling on echoes might appear in 
the second-order spectrum (that is, the chemical shift val-
ue is not large compared with the spin coupling constant 
/ , e.g. Ö—J or <5< / ) [4], For this purpose, two amino ac-
ides, taurine and aspartate, have been chosen as samples 
which are often found in a high-order or complex spec-
trum. In our paper we used only taurine as a sample for 
the A 2 B 2 system in the theoretical calculation, but we 
gave the experimental 'H spectra of aspartate. 

Experimental 

The samples were obtained from Sigma Chem. Comp, 
and were prepared by dissolving the powder in a solution 
of phosphate buffered in D 2 0 . The concentration of the 
solution of taurine and aspartate was 0.1 M and 0.006 M, 
respectively, at pH 7.6. 

*H spectra of taurine and aspartate were obtained with 
an 11.7 T„ AMX-500 Bruker Spectrometer operating at 
a proton resonance frequency of 500.133 MHz. Each 
spectrum was acquired by summing 32 scans. The total 
accumulation time was about 30 minutes for each sam-
ple. The chemical shifts of the resonances in the spectra 
of taurine and aspartate residues were measured relative 
to added TSP (0.000 ppm). 

Theory 

In a second-order spectrum, the total Hamiltonian of 
two nuclei can be written as 

where = ^ o ^ a z + ' b z ) is the Zeeman Hamiltonian, 
^ r f = - < y r f (Ix cos (Ot+ly sin cut) theradiofrequency field 
interaction Hamiltonian, 'Mcs = a)0 SAB (/az+^bz) the 
chemical shift Hamiltonian and 

^ S S = J [ / A Z + / B Z + 1 / 2 ( / A + + / B + + / A - / B - ) ] ( 2 ) 

0932-0784 / 99 / 0500-0305 $ 06.00 © Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com 

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



H. Oturak et al. • ./-Modulation in 1 D NMR 'H Spectrum of Taurine and Aspartate 306 

the spin-spin coupling Hamiltonian. The Larmor fre-
quency and the strength of the radiofrequency magnetic 
field are <y0 = - y B 0 and co l f =-yß r f , respectively. 

As established by Hahn, the free induction decay af-
ter a 90 ° rf pulse is the Fourier transform of a steady state 
signal, and the 90° r 180° pulse sequences can provide 
the measurement of J [5]. 

In the rotating frame, the Hamiltonian in (1) can be 
written as 

c£r= (cqi-co) L+% i - ft)rf l x , (3) 

where the superscript r denotes the rotating frame and 
is 

«1 = 1/2 (SAIAZ-ÖB /BZ) 

+ [ / A Z + / B Z + 1 / 2 ( / a + / B + + / A - W ] W 

In (3), the strength of the radiofrequency field is assumed 
to be much larger than the inhomogenity of the magnetic 
field, ö and J. and the lengths of pulses can be neglected. 

The amplitude of the signal is given by 

S(t) = Tr[p(t) / J , (5) 

where p(t) is the density matrix operator of the spin 
system. In the rotating frame, considering the evolution 
of the density matrix operator, the intensity of the spin-
echo at 2 r t ime can be written as 

S(2 t)~Tr [e~iXl rlx e r ei<Xi r], (6) 

where r is the time between the pulses and has the 
eigenvalues obtained by reversing all spins in those of 

[6], 

Results and Discussion 

1. Taurine 

For our calculations we referred to the results of an ex-
periment which has already been done. The spectrum re-
corded in the aliphatic region of taurine is shown in 
Figure 1 (see p. 308). The results of chemical shift as-
signments. multiplicities and the spin-spin coupling con-
stants are given in Table 1. 

Considering Fig. 1 and Table 1, we have a second-
order spectrum for taurine ( H 2 N - C H 2 - C H 2 - S 0 3 H ) . 
For simplicity, we can denote the SCH2 and NCH2 of 
taurine as A and B. respectively Thus we can regard this 
sample as an A2B2 system [7]. For the SCH2 group of 
taurine we have the well-known and commonly used 
quantities K=0. L=0.45, M=0 and N= 13.15 Hz, and 
for the NCH2 group of taurine. K=0. L = 0, M=0 and 

Table 1. Proton chemical shift assignments, multiplicities, and 
coupling constants for taurine and aspartate. 

Compound Chemical Mult ipl i- 7 (Hz) 
names and shift city 
assignments (ppm) 

Taurine SCH^ 3.42 i 6.35; 6.8 
NCH2 3.266 t 6.65 

Asp aCH 3.90 dd 8.75; 3.7 
ßCH 2.68 dd 17.45; 3.75 
ß'CH 2.82 dd 17.47; 8.8 

N= 13.3 Hz. Then the distinction between the quantities 
of the SCH2 and NCH2 groups of taurine arises from the 
L values. Table 2 shows the wavefunctions for taurine. 
In Table 2, the wavefunctions include the angles which 
can be defined as tg (p = J/ö(n/2xp>-7ü/2),tg2 9=LIK 
and tg 2 if/±=L/M. For the B group, since L = 0, the 
mixed states (3 s(), 4s 0 , 1 a0 and 2 a0) can be excluded. 
Furthermore, considering the values of the quantities K, 
L. M for this group, the angles 6 and y/± can take the 
values 0° and 45 On the other hand, for the A group, 

Table 2. The wavefunctions for taurine as an A2B2 system. 

Func- Funct ion State W a v e f u n c t i o n s 
tion 
nota-
tion 

s 2 a a a a s? 
Is, (\/2)UI(aß+ßa) aa I sJ 
2 s , (1 / 2 ) 1 / 2 cca(aß+ßa) 2 s { 
ls(, ßßaa I si, 
2s,, aaßß 2sl| 
3s0 (\/2)(aß-ßa)(aß-ßa) s_2 
4s() (l/2)(aß+ßa)(aß+ßa) 1 aj 
1 s_, (\/2)112 (a ß+ß a) (a ß+ß a) 2aJ 
2s, (\/2)u2ßß(aß+ßa) la', 
S-2 ßßßß 2a:, 
la, (1/2 )m{aß-ßa)aa 3s,', 
2a, (\/2)maa(aß-ßa) 4 s,', 
la,, \/2(aß+ßa)(aß-ßa) la,', 
2a,, \/2(aß-ßa)(aß+ßa) 2a,', 
1 a_i (\/2)ia(aß-ßa) ßß 
2a_, (\!2)ul ßß(aß-ßa) 

since L * 0, the above angles take a value of 180° and 
the mixed states 3 Sq, 4 Sq, 1 ag and 2 ao should be con-
sidered. For both cases, the angle 0 becomes a variable. 
By considering the wavefunctions in Table 2 and using 
(6), the calculated spin-echo amplitudes are given inTa-
ble 3. In Table 3, the obtained results from the state 3 s'0 

«2 
1 s, cos</>-2s, sin<p 
1 s , sin</> + 2 s , c o s 0 
1 s_ , c o s 0 + 2 s _ , s i n 0 
- ( 1 s_,) s in^ + (2s_,) cos<p 
S_2 
(1 a , ) c o s i / / + + ( 2 a j ) sin i//+ 

(1 a , ) s in i / / + + ( 2 a , ) c o s i//+ 

(1 a_, ) c o s 0 _ - ( 2 a _ , ) sin y/_ 
(1 a_, ) sin i / / _ + ( 2 a _ , ) c o s I//_ 
- 3 s „ c o s 0 s + 4 s „ s i n 0 s 

- 3 s 0 sin 0 S + 4 s„ c o s 0 S 

1 a„ c o s 0 . - 2 a , , s i n 0 a 

I a„ sin 0 , + 2 a,, c o s 0 , 
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to 2 ÜQ are only given for the SCH 2 group of taurine. 
From Table 3, the amplitude of the spin-echo can be 
generalized as 

S(2?)=S0f((p) [ c o s A ' r c o s B'] r + sin A'x sin B'J r] , (7) 

where A' and B' are constants and A' includes the 
chemical shifts 8 of the spins. Equation (7) can be 
expressed as a product of alternating factors in the 
exponential terms for the nth echo which occurs at 
T '=2 n T. 

We have implemented numerical simulations of tau-
rine using the above results of our calculation (Figure 2). 
In the simulated spectrum, the angle </> takes values from 
0 to - 4 5 ° , while <5A and <5B are taken as a parameter for 
the A and B groups, respectively, and the value of r is 1 (is. 
Although Figures 1 and 2 are shown on a different scale, 
it is clear that the agreement between the simulated and 
experimental spectra supports the existence of / -modula-
tion in the second-order spectrum. However we should 
mentioned that the " r o o f ' effect must be considered in 
the simulated spectrum. 

2. Aspartate 

The ID 'H hi gh-resolution NMR spectrum recorded 
in the alphatic region of aspartate is shown in Figure 3. 

Table 3. The calculated the spin-echo amplitudes given in (6). 

State Amplitude of spin-echo 

s2 64 exp [-/ ' (15 <5a-22 <5b+998 7 ) t ] 

i s ; 228 exp [ i ( -80 <5A+16 <5B-5058 J) z] 
2s, (76 sin20 + 74 sin20 + 74 cos20) 

• e x p [ / ( 1 0 0 S A - 1 5 0 S B - 2 2 0 J ) T] 

is : , 304 exp [/ (46 <5A-50 <5B-5656 J) r ] ( l - s i n 2 0 ) 

2s:, (298 sin20-300 sin20+3O4 cos2<p) 
•exp[- /(20 5A -<5B+2760/) r ] 

S-2 64 exp [ - / (61 <5a+59 5 b -395 J) r ] 
la; 4 exp [-/ 168/T] 
2a( 4 exp [-/ 1 6 8 / r ] 

l a l i (sin2i//_-2sin2i//_ + 4cos2i//_) exp[- / 168 J T] 
(6 sin2 Y/_+ 2 sin 2 i//_+4cos2 Y/_) exp [ - / 168 7 t ] 

3 so (83 cos2 0S+3O9 sin20s+443 sin20s) 
•exp [/' (102 5 A -138 <5B-11223 7)] 

4 So (174 sin2 0s+336 sin20s+675 cos20S) 
• exp [ - / (164 <5A—282 5B + 9873 7)] 

la,. 16 exp [-/' 336 J r ] 

2 a?, 16 exp [ - / 336 J r ] 
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<T) 
do 

£ 
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The results of the chemical shift assignments, multiplic-
ities and the spin-spin coupling constants are given in Ta-
ble 1. The resonances of the a C H and /3CH2 protons of 
aspartate are given separately in Figs. 3 a and b. The a C H 
proton and non-equivalent /3-methylene protons of aspar-
tate are split into a double doublet at 3.90. 2.82, and 2.68 
ppm, respectively. 

It can be easily seen that the second-order effects play 
an important role in the 'H spectrum of aspartate. We did 
no theoretical calculation of the spin-echo amplitudes in 

the case of aspartate because it is very tedious and time 
consuming. 
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