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Abstract

Polarization enhancement nurtured during attached nucleus testing (PENDANT) NMR spectroscopy
gives signals of quaternary carbon atoms in addition to signals indicative of CH, CHz and CHs groups.

In this study, using product operator theory, analytical description of PENDANT NMR spectroscopy

for CH,, (ISn, I = %7 S = %7 n =0, 1, 2, 3) spin systems are presented. Simulation and experimental
results of PENDANT NMR spectroscopy are also presented. Theoretical results are found to be in exact

agreement with the simulation results and in good agreement with the experimental ones.
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1. Introduction

There exists a large number of one and two-dimensional NMR techniques for 3C spectral editing such
as attached proton test (APT), sub spectral editing with a multiple quantum trap (SEMUT), distortionless
enhancement by polarization transfer (DEPT), polarization enhancement nurtured during attached nucleus
testing (PENDANT). PENDANT NMR spectroscopy has to its advantage that it is also capable of detecting
quaternary carbon atoms in addition to the signals of CH, CHy and CHj3 groups [1, 2].

The product operator formalism, as a simple quantum mechanical method, is widely used for the ana-
lytical description of multiple pulse NMR experiments on weakly coupled spin systems in liquids [see e.g.,
3—8]. PENDANT NMR spectroscopy of CH,, groups have been observed for d3 = 3. [1, 9]. In this study,
by using product operator theory, an analytical description of PENDANT NMR spectroscopy for CH,, (IS,
I= %, S = %, n =0, 1, 2, 3) spin systems are presented. Simulation and experimental results of PENDANT
NMR spectroscopy are also presented for these spin systems. Theoretical results were found to be in exact
agreement with the simulation results and in good agreement with the experimental results.

2. Theory

Time dependency of the density matrix is given by [6, 7]
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o(t) = exp(—iHt)o(0) exp(iHt), (1)

where His the total Hamiltonian which consists of radio frequency (RF) pulse, chemical shift and spin—spin
coupling Hamiltonians and ¢(0) is the density matrix at ¢t = 0. After employing the Hausdorff formula [6,
7], we get

exp (—iHt) Aexp (iHt) = A — (it)[H, A + GO [H, [H, A]]
— OO H [H A + oy

(2)

From which the RF pulse, chemical shift and spin—spin coupling evolution of product operators can
easily be obtained. Details on the evolution of product operators under these Hamiltonians can be found
elsewhere [3, 5—8]. At any time during the experiment, the ensemble averaged expectation value of the spin
angular momentum, e.g. for I, is

(Iy) =Tr (Iyo (1)), (3)

where o (t) is the density matrix operator calculated from equation (1) at time ¢. As < I, > is proportional
to the magnitude of the y-axis magnetization, it represents the signal detected on y—axis. So, in order to
estimate the free induction decay (FID) signal of a multiple—pulse NMR experiment, one should obtain
density matrix operator at the end of the experiment.

3. Results and Discussion

3.1. Product operator theory

In this section, we present an analytical description of PENDANT NMR spectroscopy for IS,, spin systems

(CH,, groups) using product operator theory. The pulse sequence employed for PENDANT is illustrated

in Figure 1. Optimum value of ds is (iJ ) [9]. Density matrix operator at each stage of the experiment is

numerically labeled. We treat '3C as spin I and 'H as spin S. So CH,, groups can be represented as IS,
(I =1%,5=1) spin systems.

(172), m (Td2)_y T,
d d d d
S(1H) ’_’47 2—» 4—2—>|_’<— 8 o - : o BB
(12), 3 (112), m
t
I(*3C) H H <« >
01 2 3 45 6 7 8 9

Figure 1. The pulse sequence for *C PENDANT NMR spectroscopy [1,9]. BB: Broad band.

For an IS spin system, o, is the density matrix operator at thermal equilibrium and o, = S,. The pulse
sequence in Figure 1 (where dy = %J ) obviously leads to the following density matrices for each labeled
point:

g1 = —Sy, (4)
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o9 = =Sy cos (mJda) + 21,5, sin (mJds) (5)
o3 =Sy cos (mJda) — 2I,S, sin (7 Jd2) (6)
oy = —2L.5S, (7)

o5 = 2I,S. (8)

o¢ =2I,5,Cy;+1,5,. 9)

Here and in the following equations C,,; = cos (nwJds), Spy = sin (nwJds) and C; = cos (Qt). So we
obtain

g = _2I$SZCQJ - IySQJ. (10)

Under the chemical shift evolution during time ¢, the density matrix becomes

09 = —IySQJC[. (11)

For an IS spin system, only the observable I, terms are kept in og. For detection along the y—axis,
magnetization along the y—axis is proportional to (I,) and we have

My(t)a(ly) =Tr (Iyo9)

12
= —SQJC[TT(Iny). ( )

For an IS(I = 12, S = 1/2) spin system, since T'r(I,I,) = 1, we obtain
(I,) (IS) = —sin (wJds) cos (2t) . (13)

By using the same pulse sequence for the IS5 spin system, we obtain
0o =51, + S, (14)
o5 = 21,51, +21,55, (15)
and

o9 = —I, sin (4w Jds) cos Qt. (16)
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Since Tr(I,I,) = 2, we have

(I,) (IS2) = —2sin(4nJds) cos (Q2rt) . (17)

Applying the same procedure for IS3 spin system we obtained

0o = Slz + S2z + S?)Z? (18)
o5 = 21,51, +21,55, + 21,53, (19)

and
(I,) (IS3) = —{3sin (6w Jd3) + 3sin (2w Jds)} cos (2rt), (20)

where T'r(1,1,) = 4 is used.

For IS, spin systems values of (I,) = Tr(I,09) and their normalized forms by multiplication with
4/Tr(E) are given in Table 1, apart from cos (Q;t). Here FE is the unity product operator for corresponding
spin system. Values of (I,) = Tr (I,09) represent the FID signals of PENDANT NMR spectroscopy for IS,
spin system.

Table 1. (I,) = Tr (Iyo9) values and their normalized forms for IS, spin systems apart from cos (£2;t) product.

Spin System  (I,) = Tr (I,0%) ﬁ ﬁTr (I,08)

CH(IS) —sin (27 Jd3) 1 —sin (27 Jd3)

CHQ(ISQ) —2sin (47TJd3) 1/2 —sin (47TJd3)

CH3(IS3) —3[sin (6mJd3) + sin (2wJd3)] 1/4 —31sin (67Jd3) + sin (27Jd3)]

The relative signal intensity plots of 3C PENDANT NMR spectroscopy for CH, CH, and CHs groups
are given in Figure 2 as a function of time, d3. As one can see, PENDANT experiment for CH,, groups
can be performed for different ds values and the signals of C, CH, CH; and CHj3 groups can be identified.
Quaternary carbons will always give a negative signal, as they do not depend on the time, d3. The expected
signs of PENDANT NMR signals of CH,, groups for different ds values obtained from Figure 2 are given in
Table 2.
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Figure 2. The relative signal intensity plots for > C PENDANT NMR spectroscopy for CH, CH, and CH3 groups.
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Table 2. The expected signs of PENDANT NMR signals of CH,, groups at different ds values.

GI‘OUp d3:3/(8J) d3:5/(8J) d3:6/(8J) d3:4/(8J)

C _ _ _ _
CH — + + No signal
CH, + - No signal No signal
CHj — + No signal No signal

3.2. Simulation

Simulations of PENDANT NMR spectroscopy were performed using the NMR-Sim program. In simu-
lation, an artificial spin system was established with the following chemical shift values: C (60 ppm), CH
(50 ppm), CH2(40 ppm) and CHj (30ppm). The simulated PENDANT spectra are shown in Figure 3 for
different values of d3. They are in exact agreement with theoretical results presented in Figure 2 and Table 2.
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Figure 3. Simulated PENDANT '3C NMR spectra for different d3 values: (a) 3/(8J), (b) 5/(8J), (c) 6/(8J) and
(d) 4/(8J).

3.3. Experimental results

Experimental measurements are performed using a Bruker DRX-400 NMR Spectrometer using 50%
Crotonic acid ethyl ester (I). The 'H broad band decoupled '3C NMR spectrum of this sample is shown
in Figure 4(a). *C PENDANT NMR spectra obtained for d3 = 3/(8.J) and 5/(8J) are shown in Figures
4(b) and 4(c). Experimental spectra obtained for d3 = 6/(8J) and 4/(8.J) values are not in agreement with
theory and simulation. So they are not presented here. This is because spin—spin coupling constants are
different for CH, CHy and CHjs groups. The experimental results obtained for d3 = 3/(8J) and 5/(8J)
are in agreement with theory (Figure 2 and Table 2) and simulation (Figure 3). These values can be called
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optimum values for this experiment as all groups give signals of maximum intensity. For these values, spectra
are not affected by the difference of spin—spin coupling constants.
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Figure 4. (a) The 'H broad band decoupled *C NMR spectrum. *C PENDANT NMR spectra obtained for (b)
d3=3/(8J) and (c) ds=(5/(8J).

4. Conclusion

One can perform PENDANT NMR experiment for ds = 3/(8J) and 5/(8.J). For both values quaternary
carbons give negative signals. For d3 = 3/(8.J), while CHy groups are giving positive signals, CH and CHjs
groups give negative signals. For d3 = 5/(8.J), CHs groups give negative signals, CH and CHj groups give
positive signals. For each d3 value the signs of CH and CHj3 groups signals are the same but CH and CHg
groups can be identified from each other by looking at their chemical shifts. As a result '*C PENDANT
NMR spectroscopy can be used for identification of C, CH, CHy and CHj3 groups.
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