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Abstract

The SERF experiment is a variant of the homonuclear J-resolved experiment, in which a single coupling constant is measured. It con-
sists of a single chemical shift selective excitation that is followed by a biselective spin echo. Recent articles mention the existence of arte-
facts in SERF spectra that are supposedly related to pulse imperfections. This article presents a detailed study of the biselective
refocusing pulses. It also reports a method for predicting the position and amplitude of the expected and unexpected 2D spectral peaks
in SERF spectra. Artefacts can be partially eliminated by phase cycling or by the introduction of static field gradient pulses in the acqui-
sition sequence. A procedure to obtain of pure absorption peaks in SERF spectra is proposed.
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1. Introduction

The measurement of coupling constants in liquid state
NMR is a topic that has recently regained interest, due
to the emergence of new experimental methods for residual
dipolar coupling observation [1,2]. J-Resolved spectros-
copy [3] offers an elegant way to untangle complex coupling
patterns, and therefore to facilitate the study of complex
molecules. The SERF (SElective ReFocusing) experiment
[4] was designed to focus on a single coupling at a time.
Strong coupling artefacts in homonuclear J-spectroscopy
have been thoroughly discussed in the literature and an effi-
cient way to suppress them has recently been proposed [5].
The SERF experiment however produces artefacts, even
when it is applied to weakly coupled systems. This observa-
tion is generally interpreted in terms of “pulse imperfec-
tions”. The goal of this article is to provide a detailed
description of what these imperfections are, and to propose
a very simple way of partially eliminating them. Under-
standing the spin dynamics that take place during selective
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refocusing has allowed the development of a method to
obtain pure absorption peaks in SERF spectra.

2. Theory

The pulse sequence of the SERF experiment is reported
in Fig. 1. The studied two-spin system is weakly coupled,
offsets of nuclei 7 and S are +m, and —w,, and their cou-
pling constant is J. The effect of the spin echo on the initial
—1, spin state is considered in the subset of the single tran-
sition operator base [6] that only contains +1 quantum
states:

BEY = {1_8,,1,S I Sp,14S 1,8, 1,5, 1.8, 138} (1)

Each operator in this base is an eigenoperator of the
superoperators that are associated with chemical shift
and coupling interactions. Choosing B*" as base thus con-
centrates the theoretical analysis on the study of the bise-
lective refocusing pulse behavior.

A single site selective shaped pulse of duration 7, defined
by its w{(¢) = yBY (¢) intensity profile, is transformed into a
two site selective shaped pulse by cosine modulation at
angular frequency wy [7], in order to similarly and simulta-
neously act at offsets +wg and — wy:
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Fig. 1. The original SERF pulse sequence. The black rectangle is a
purging pulse that may be omitted, according to the authors of Ref. [2].
The soft excitation pulse (the first one) is singly selective and the soft
refocusing pulse (the second one) is doubly selective. The original phase
cycling is ¢ = x, —x, ¢ = x and ¢ = x, —x with phase alternation of the
purging pulse (¢ = £y without changing ¢z). This leads to the preserva-
tion of both transfer coherence pathways, in solid and dashed lines. The
basic phase cycling of the SERFS is ¢; = x, ¢, =x, y, —x, —y and ¢ =
x, —X; it solely preserves the coherence transfer pathway in solid line.

yBi (1) = w1 (1) = 20" (¢) cos (wo (t - %))
=2 (t) cos(wot') (2)

The modulation of a refocusing pulse is achieved so that its
overall phase is defined in the middle, when ¢ =0.
Considering that |wf'(f)| < 2wy, or equivalently that what
I experiences does not interfere with what S experiences,
the time-dependent Hamiltonian that describes the evolu-
tion of the spin system during the refocusing period can
be written as:
Hl(t) =nJ2I.S, + (1)0(12 — Sz)

+ ol (1)[(cos(wot' )L, + sin(wot')1,)]

+ ol (1)[(cos(wot)S, — sin(wyt')S,)] (3)

The similarity transformation that is defined by
U(t) = exp(imy(I, — S.)t) (4)

solves the problem of spin state evolution under H,(¢)
between times #,/2 and #,/2 + t:

a(t1/2+ 1) = U™ (1) P(1)U(0)a(t, /2) U~ (0)P(x) "' U(x)
(5)

in which P(7) is the propagator of the interaction represen-
tation Hamiltonian H" :

H = nJ2LS. + o (£) ([ + Sy). (6)

The RF field is symmetrically modulated around the mid-
dle of the pulse and therefore

U™'(1) = U(0) = exp(—iwy(I. — S.)t/2) (7)

meaning that what happens during the pulse can be ana-
lyzed as a three step process:

1. Action of only the chemical shift operator wy(l, — S.)
during time /2

2. Action of H" during time 7

3. Action of only the chemical shift operator during time
/2, again.

When the whole spin echo is now considered, the free evo-
lution period and similarity transformation actions can be
grouped together in the P(¢; + 1) propagator:

a(ti +1) = P(t, + 1)a(0)P ' (t; + 1)

P(tl + ‘E) = PwPJP(T)PJPw

P, = exp(—iwy(t; + 7)1, — S.)/2) (8)
P; = exp(—inJt,21.S./2)

The representation of the P,, propagator action on BV
base elements is given by a diagonal matrix, because these
elements are coherences of the spin system. The same
remark holds for P;. There is no straightforward analytical
solution for the representation of P(t) when H" depends on
time through the envelope shape function o ().

The matrix representation of the action of the propaga-
tor P(t) in the bases

B ={I,—S,,21,S. - 2L.S,}

B® = {I,+8,,21,S. + 2I.S,,21.S. — 21,5, }

B4 — {1, +8,,2.S. +2L.S,,1. + S.,21.S, + 21,8}  (9)
B = {1, -8, 21.S. — 2I.S,,I. — S.,21.S, — 21,5}

was derived from reference [§8]. The corresponding matrices
are noted R, R®, R* = R@4D — R For completeness,
it must be noted that operators 2/,.S, and 2/,,S), + 2I.S. are
left unchanged by H'".

Each operator in B! is transformed by 1" into a linear
combination of single transition operators that are not all
related to +1 quantum transitions. Indeed, REFY | the
matrix representation of P(t) in B®Y, reflects the action
of P(t) when followed by the projection in the subspace
that is spanned by B*". Writing R*" requires the defini-
tion of C, a real number and of zy, z, and z, three complex
numbers, from the seven matrix elements Rﬁ), Rg?, R(l‘?,
Ry, Ry, Ry and Ry -

8C =Ry R

820 = (2R + REY + RY —4R()) + 20 (RY) + RS + 28%))
8z = (28 + &Y + RY) =20 (RS - RY) (10)
821 = (2R + R + RY +4R()) + 20 (RY) + RS - 28%))

The matrix R*Y is obtained after a simple but lengthy
calculation and its elements are given by Table 1. This
result takes into account the time symmetrical nature of
the pulse shape function w{(z), thus allowing to write the

matrix element equality: R(é) = —R;’?.

After a first pulse of phase x, the spin state at the begin-
ning of the echo is o= — I;:
—2i0'() :1+S“+I+S/;—],S“—I,Sﬁ. (11)

Each of the four operators in gy is transformed during time
t, + 7 into a combination of the four —1 quantum single
transition operators of the spin system and into other terms
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Table 1
Matrix representation of the action of the Hamiltonian operator H"
during pulse time 7, expressed in the base of +1 single transition operators

W, IS, LS. IS, LS. LS, LS. LS5 I;S;

1_S, 1 Ze C C C C Zo Ze
LS_ Ze Z C C C C Ze Zo
1_Sg C C Z Ze Zy Z, C C
1IpS_ C C Ze Z Ze Zo C C
.S, C C Z0 Ze Z Ze C C
LS+ C C Ze 20 Ze Z1 C C
I+S/; Zo Ze C C C C Z1 Ze
I3S+ Ze Zo C C C C Ze z

See text for the explanation about the values of C, zy, z, and z,.

that cannot lead to observable signals. Therefore, the
SERF spectrum of this spin system presents 16 peaks.
For example, by application of Eq. (8), the intensity of
the transfer from /,.S, to I_Sy is obtained as follows:

Py(11:8,)P,! = exp(—iwy(t +)/2)(1.S.)

P;(1.S,)P;" = exp(—inJt; /2)(I.S,)

P(t)(I.S,)P(1) " =z(I_Sp) + ... (12)
P,(1-Sp)P;" = exp(~inJt /2)(I-Sp)

P,(I_Sp)P," = exp(+iwy(t +1)/2)(1_Sp)

leading to a transformation of I,.S, to z, exp(—imJt;)I_Sg.
The latter term evolves during acquisition at the angular
frequency wg — nJ. The SERF spectrum thus contains a
peak of intensity z, at frequencies (Qy,2,)=(—mnJ,
wo — nJ). Similar calculations lead to the schematic 2D
spectrum in Fig. 2a. Peak intensities in the magnitude
mode spectrum are |C|, Fo, F, and F}.

Fo=lzl, Fe=lz|, Fi=lz| (13)
It clearly appears that if the coherence transfers that are
caused by the soft refocusing pulse are restricted to the +1
to —1 pathway (see Fig. 1), then the number of 2D peaks
reduces from sixteen to eight. The useful part of the initial
spin state oo then only contains two single transition oper-
ators: 1,.S, and 1,.Sp, instead of four. Such a restriction is
achieved either by phase cycling or by inserting two identi-
cal field gradient pulses around the soft refocusing pulse.
The corresponding experiment is named SERFS (for SERF
with coherence transfer Selection). Its phase program is
given in the caption of Fig. 1. It produces the spectrum that
is sketched in Fig. 2b. After tilt and symmetrization, only
four peaks remain, the two expected ones and two other
ones that are located on the Q; = 0 axis (see Fig. 2c).
When only considering the action of the biselective pulse
during time 7 on operators /.S, and ISy to produce oper-
ators I_Sy and 1_S,, everything happens as if the spin sys-
tem was subjected to an ideal spin echo sequence of
duration Ar (see Fig. 3). Idealness is defined here by the
conditions F =~ 1 and C = 0, that are fulfilled in practical
situations (see below). Of course, this model does not
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Fig. 2. (a) Schematic representation of the SERF spectrum of a weakly
coupled two spin system, (b) the corresponding SERFS spectrum, (c)
SERFS spectrum after tilt and symmetrization.
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Fig. 3. Theoretical equivalence between a soft biselective refocusing pulse
of duration 7 and an ideal spin echo of duration /Az. See text for the limits
of such an equivalence.
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Fig. 4. Graphs of the pulse A parameter as a function of the active
coupling constant J, for the three pulses in Table 2. (a) RE-BURP, (b)
Gaussian, (c) rectangular.

account for the magnetization transfer from 7 to S (and
vice versa), whose intensity depends on z,.
The dimensionless parameter A is given by:

AnJt = arg(zp) mod 2n (14)

In practice, the value of 1 does not depend on J, thus prov-
ing the pertinence of the soft pulse model in Fig. 3, as
shown in Fig. 4.

A SERFS experiment in which the #; increment df; is
chosen so that

dty =nJt neN (15)

is equivalent, for the I nucleus only, to an unselective J-re-
solved spectrum in which the first # FIDs are missing. After
Fourier transformation of the SERFS raw data in the Q,
dimension, the missing first n spectra can artificially be ob-
tained by backward linear prediction [9]. A second step of
linear prediction, toward negative #; values, leads to a pure
absorption SERF spectrum, according to the principle of
the ALPESTRE method (www.univ-reims.fr/LSD/Jmn-
Soft/Alpestre) [10].

3. Experimental

SERF and SERFS spectra were recorded on a Bruker
DRX spectrometer operating at 500.13 MHz for the 'H
nucleus. The sample was made of 10 mg of cinnamic acid
dissolved in 0.7 mL of deuterated chloroform. The two eth-
ylenic protons at 7.86 and 6.53 ppm shared a single scalar
coupling of intensity J = 15.96 Hz. Their resonance fre-
quency difference 2w¢/21 = 669.2 Hz was high enough rel-
ative to J to consider that these nuclei form a weakly
coupled spin system. The initially selected signal was that
at 7.86 ppm.

The basic pulse sequences in Fig. 1 was modified by
replacing the initial soft pulse by a hard one of phase ¢,
followed by a single site selective DPFGSE sequence [11].
The latter contained two 1% truncated Gaussian pulses
(50 ms each) [12] and two pairs of gradient pulses (1 ms,
38 and 10 G cm ! for the first and the second pair, respec-
tively). This method was chosen because it presented a
much better selectivity than the original one, in which the
initial excitation was achieved by an E-BURP pulse [13].

The duration of the RE-BURP [13] refocusing pulse was
100 ms. Its envelope was amplitude modulated at 334.6 Hz
to achieve the desired double refocusing profile.

In order to visualize artifacts at their true position (with-
out folding in the indirect dimension), all spectral widths
were set to 1 kHz for the spectra in Fig. 5. The acquisition
matrices contained 512x 2K points. Each FID was
recorded by co-adding 8 transients separated by 2.5 s relax-
ation delays. A sine bell pseudo echo filter was applied in
both dimensions prior to Fourier transformation and mag-
nitude calculation. Final spectral matrice size was 1K x 1K
points.
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Fig. 5. The SERF (a) and SERFS (b) spectra of the ethylenic protons of
cinnamic acid. The chemical shift of the initially excited one is 7.86 ppm.
The zoomed area in spectrum (b) was drawn to show the peaks of low
intensity C, marked by * symbols. They also appears in spectrum (a).
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The SERFS spectra in Fig. 6 were recorded in identical
conditions as Fig. 5b, but with a spectral width of 54.44 Hz
in dimension 1. The dt; increment of ¢, is therefore 18.4 ms.
Considering that the A value of the 100 ms RE-BURP pulse
is 0.92, the value of n in Eq. (15) is 5. After Fourier trans-
formation in dimension 2 (size: 1K complex points), the
first 360 columns of the data set were extracted to only pro-
cess the signals of the initially excited nuclei. The five miss-
ing spectra were calculated using modified routines of the
ALPESTRE software package (www.univ-reims.fr/LSD/
JmnSoft/Alpestre). After phasing the 2D data set along
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Fig. 6. The SERFS data set of the ethylenic proton at 7.86 ppm was
processed (a) in the magnitude mode and without application of any
apodization filter, (b) using backward linear prediction to reconstruct the
five missing initial ¢, increments (see text) and then ALPESTRE to
produce double absorption peaks.

dimension 2, the unmodified ALPESTRE algorithm was
applied.

4. Results and discussion

The main theoretical result of this article is summarized
in Table 1. The transformation of the base B&! of +1
quantum states by H" followed by the projection in the
same base is fully determined by the three complex num-
bers zg, z, and z;, and by the real number C. The factor
zo or its complex conjugate intervene for the expected
transformation, that is the simultaneous exchange of the
+ and — state labels for one nucleus, and of the o and 8
state labels for the other one (e.g. 1_S, to 1,Sg). The factor
z, characterizes the magnetization transfer between nuclei,
either without spin state label change (/_S,, to 1,S_) or with
both spin state label changes (I_S, to 14S). The e index in
z, was given in reference to a degree of ellipticity in the
biselective pulse behavior, and more precisely because the
combinations I, + S, and I, — S, are transformed by H"
according to different variation laws. This behavior differ-
ence is obviously the origin of the observed magnetization
transfer between nuclei. The preservation of the spin state
(I_S, to I_S,) is ruled by the value of z,. The pathway that
preserves the coherence order is eliminated in the SERFS
experiment, in contrast to the SERF experiment in which
all transfers are allowed. All other transfer intensities are
governed by C, whose value is not of great practical impor-
tance, as shown hereafter.

The values of the four pulse parameters depend on the
Jt product, and on the pulse shape function. They can be
calculated using a computer program that is free at www.u-
niv-reims.fr/LSD/ImnSoft/Bisel. The three complex num-
bers are displayed as their modulus (F values) and
argument (0 values). A shape function /' (¢) is calculated
from the corresponding shape file (in Bruker format),
whose values are rescaled to build a refocusing pulse, so
that

]%Zw’ln(rk) =n (16)

N
k=1

The program checks that all pulse parts have either a zero
or a rt phase and that the shape is symmetrical around /2.

Three shapes are theoretically considered for compari-
son purpose: rectangular, Gaussian [12] and RE-BURP
[13]. The chosen experimental conditions involve a cou-
pling constant of 10 Hz and a seclection band width of
50 Hz. The latter is defined between the null crossing points
of the inversion profile, when calculated for an isolated
spin. The magnitudes of the magnetization transfers are
given in Table 2. For the chosen selection band width,
the obtained values are equivalent. The C values are small
enough to be considered as practically null. Conversely, F,
cannot be neglected, comparatively to F,. The correspond-
ing artefact pairs in SERF spectra that lie around the
w; =0 axis are not present in the SERFS spectra. The
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Table 2
True peak and artefact intensity in SERF and SERFS spectra for which
J =10 Hz and refocusing pulses have a 50 Hz inversion band width

Shape T (ms) Fy F, Fy C A

Rectangular 16 0.984  0.124  0.016 25%x107° 0.50
Gaussian 30 0.987 0.111 0.013 8.5%x 1073 0.76
RE-BURP 109 0.978 0.137 0.019 14x1073 0.92

The table also gives the pulse length 7 that achieves the desired selectivity
and the pulse 4 value.

other artefact pairs of intensity F, have no symmetrical
counterpart and can be easily identified or eliminated by
tilt and symmetrization.

The theoretical predictions are fully supported by exper-
iments. The SERF and SERFS spectra in Figs. 5a and b
match the schematic representations in Figs. 2a and b.

Knowing the 1 parameter of the used refocusing pulse
allows to adequately choose an acquisition spectral width
along the Q; axis that is compatible with the production
of pure absorption 2D SERFS peaks. Fig. 6a shows how
the raw data set is transformed by the standard magnitude
mode method, with no apodization filter applied. The spec-
trum in Fig. 6b clearly demonstrates that the same data set
is more efficiently transformed when the linear prediction
and ALPESTRE algorithms are used.

Finally, the value of A characterizes how a pulse “fills”
its lifetime. The rectangular pulse, especially when
o} > nJ, fills it to its maximum. Under these circum-
stances, it can easily been shown that everything happens
as if the coupling constant acted during half of the time,
or equivalently, as if the effective J value were J/2. The
value of 4 is then close to 1/2. In shaped (non-rectangular)
pulses, there are periods of time in which the coupling
interaction is more efficient, when o (f) < mJ, because
the coupling interaction is less masked by the action of
the RF field. When the fully-efficient-J versus the half-effi-
cient-J time ratio is high (as in RE-BURP), the value of A
can be close to 1. The 1% truncated Gaussian pulse
(4 =10.76) represents an intermediate case between a rect-
angular pulse and a RE-BURP pulse.

5. Conclusion

The analysis of artefacts in the SERF spectrum leads to
the proposal of a detailed description of biselective refocus-
ing pulses. The intensity of the coherence transfers they
cause can be predicted from the value of the coupling con-

stant, from the pulse length and from the shape of the pulse
envelope. Artefacts in SERF spectra are partially removed
by phase cycling or by the introduction of gradient pulses
in the sequence, in order to preserve the only coherence
transfer pathway of interest. Pure absorption lineshape
SERFS spectra can be obtained by a careful selection of
acquisition and processing protocols, through shaped pulse
parameter calculations and linear prediction based signal
processing.
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