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Abstract

We have developed gradient-enhanced chemical shift selective filters (ge-CSSF) for inphase excitation of overlapping multiplets
'H. This method relies on the constructive addition of on resonance signal while off resonance magnetization is eliminated by
destructive interference due to variable chemical shift evolution. This is achieved by co-addition of several FIDs acquired with a
gradually incremented chemical shift evolution period. Two variable-time and one constant-time ge-CSSFs are proposed that can be
combined with TOCSY, NOESY, and ROESY mixing schemes yielding highly selective 1D experiments. Analytical and numerical
expressions are derived to calculate the excitation profiles of the ge-CSSFs and to examine the effects of spin—spin relaxation, the
length of the CSSF increment, and selective inversion pulses. We demonstrate, both theoretically and experimentally, that CSSFs
yield fast signal separation for compounds with a range of spin—spin relaxation times and chemical shift differences as small as 1—
2 Hz. The use of pulsed field gradients ensures that very clean spectra are obtained. The main application of these techniques lies in

analysis of mixtures where severe spectral overlap prevents the use of simple 1D selective methods.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Selective excitation of proton resonance is a well-es-
tablished principle that has been exploited in numerous
NMR experiments [1-6]. 1D selective experiments pro-
vide efficiently specific information that is either im-
practical or impossible to obtain by corresponding
nonselective nD methods. Such experiments usually re-
quire at least some protons to have sufficiently unique
chemical shifts to allow for their selective excitation.
This may not be the case when dealing with a mixture of
similar compounds differing only slightly in their
chemical composition. The chemical shift differences
between corresponding protons of related compounds
are often smaller than the proton—proton coupling
constants and their 'H spectra frequently contain
overlapping multiplets. As it may not be straightforward
to separate such mixtures via chromatography, NMR
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techniques are needed that enable their characterization
direct from the mixture.

At present, several selective 1D NMR experiments
exist which can be considered for this challenging task.
Double selective experiments [5,7-9], for example, such
as 1D TOCSY-TOCSY, use semiselective excitation of
overlapping proton resonances followed by an initial
mixing step to generate magnetization of a limited
number of protons. Providing some of these protons are
sufficiently separated, they are then used for the second
selective mixing step yielding signals of one spin system
at a time. Of course there is no guarantee that the first
transfer will yield a proton resonance that can be
selectively excited and, clearly, the sensitivity of such
experiments is not optimal.

Alternatively, in phase magnetization of one or two
protons from the same spin system can be selectively
excited by using a COSY transfer [10,11] that is then
followed by an appropriate mixing period such as
TOCSY or NOESY. These techniques require a single
pair of coupled spins to resonate within the inversion
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bandwidths of two 180° pulses. Resonances present in
only one of these areas are eliminated. This condition
may be difficult to fulfill when trying to separate signals
of similar compounds. Other potential drawbacks of this
approach are that it requires a prior knowledge of the
resonance assignment and for small coupling constants
the efficiency of the initial COSY step could be low.

A third approach is to us line-selective inversion
pulses [6]. Here, a zz-order state is created and converted
to multiple quantum coherence by the action of a 90°
nonselective pulse. The result is a 1D spectrum in which
one multiplet is missing. Acquiring a regular 1D spec-
trum on alternate scans and subtracting the two thus
yields a single multiplet with halved intensity. Of the
three techniques discussed here, this is the most prom-
ising approach for resolving severely overlapping mul-
tiplets, providing the spectral lines are sufficiently
separated to allow for their selective inversion.

In this contribution, we demonstrate that chemical
shift selective filtration (CSSF) is a powerful method for
separation of severely overlapping resonances and re-
port on the development of gradient-enhanced chemical
shift elective filters (ge-CSSF). These modified filters are
more robust that the original CSSFs used by Hall and
Norwood [12] in a 1D CSSF-COSY experiment. The
new CSSFs selectively excite in phase magnetization
and, when combined with appropriate mixing schemes,
yield highly selective 1D ge-CSSF-TOCSY (NOESY,
ROESY) experiments. The performance of these ex-
periments is illustrated using a mixture of a trisaccha-
ride, I, and its unknown degradation product.

2. Results and discussion

Chemical shift selective filtration relies on the con-
structive addition of on-resonance signal while off res-
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onance magnetization is eliminated by destructive
interference due to variable chemical shift evolution [12—
15]. This is achieved by co-addition of several FIDs
acquired with a gradually incremented chemical shift
evolution period. The frequency characteristics of
CSSFs will be discussed in detail later. For now it is
sufficient to say that their selectivity is directly propor-
tional to the maximum chemical shift evolution interval,
Imax-

Obviously, it is essential that only chemical shift
evolution varies during the incremented period. Evolu-
tion due to J coupling must be either eliminated or kept
constant during all increments of the CSSF. The former
approach is easily implemented in heterocorrelated ex-
periments [14,15] but for homonuclear experiments only
the latter has been utilized, as in the original homonu-
clear 1D CSSF-COSY [12]. In this 1D CSSF-COSY,
chemical shift selective filtration was achieved by
changing the position of a nonselective 180° pulse within
a fixed evolution interval. This method can therefore be
characterized as a constant-time chemical shift selective
filter (CT-CSSF). The same constant time delay also
served to generate the antiphase magnetization required
for the COSY transfer. Consequently, the selectivity of
this CT-CSSF could not be adjusted freely. This exper-
iment also suffered from cancellation artifacts, as the off
resonance signals were eliminated by the CSSF only,
using the principles of the difference spectroscopy.

A more flexible implementation of CSSFs is therefore
required for homonuclear experiments that (i) does not
impose any restrictions on their selectivity, (ii) produces
in phase magnetization, and (iii) is free from cancella-
tion artifacts. Two 1D ge-CSSF experiments that fulfill
these criteria are shown in Fig. 1. Both use a combina-
tion of nonselective and selective 180° pulses together
with pulsed field gradients. The simpler pulse sequence
of Fig. 1A has all the attributes of the new CSSFs and
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Fig. 1. Pulse sequences of 1D ge-CSSF experiments. Thick and thin rectangles represent 90° and 180° pulses, respectively, applied from the x axis unless
specified otherwise. Selective 180° Gaussian pulses are represented by Gaussian envelope. (A) 1D ge-VT-CSSF; (B) 1D ge-DPFGSE-CSSF. For VT
experiments ¢ = 4 ps, while for CT experiments 6 = 7' — N4, where T is the constant time period; 4 is the increment of the CSSF, N =0,1,2,...,n,
and fmax = (N + 1)4. When the parts of the pulse sequences (A) and (B) in square brackets are replaced by appropriate mixing schemes shown in (C)-
(E), 1D-ge-CSSF-TOCSY, ROESY, and NOESY experiments, respectively, are obtained. The antiphase components of proton multiplets generated
by the TOCSY transfer in (C) were suppressed by using an adiabatic inversion pulse applied during a low intensity (2 G/cm) pulse field gradient [21].
The timing of the inversion pulses inside the mixing interval of the NOESY experiment (E) depends on the value of the constant a that is typically set to
0.2-0.4 [22]. The following phase cycling was applied: ¢; = x,y; ¢, = 2x,2y; Y = x, —x; ¥, = x,2(—x), x. The following pulse field gradients were used
G, = 20G/cm, G, = 13 G/em, G; = 5G/em, G4 = 17 G/em, Gs = 2G/ecm, Gg = 15G/em, G; = —12 G/em, Gg = 25 G/cm, and Gy = —7 G/cm.
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will therefore be discussed first. The initial nonselective
90° pulse is followed by an incrementable period, N4,
with a train of two 180° pulses at its centre, the first of
which is made selective. The magnetization within the
inversion bandwidth of the 180° selective pulse therefore
effectively experiences a 360° pulse, while the magneti-
zation outside of this region is inverted by the nonse-
lective 180° pulse. Providing that there are no mutually
coupled spins within the inversion bandwidth of the
180° selective pulse, spins that are selectively inverted
will evolve only under their chemical shifts during N 4.
The pulse sequence of Fig. 1A thus constitutes a
chemical shift selective filter and is referred to here as a
1D ge-VT-CSSF, where VT stands for variable-time.
This adjective reflects the fact that the overall length of
the CSSF increases with increasing chemical shift
evolution. In addition, two pulsed field gradients with
opposite polarity applied immediately before and after
the 180° pulses dephase the magnetization outside of the
selectively inverted region. Thus, the 180° selective pulse
not only pre-selects the magnetization of interest, it also
ensures that the J evolution is refocused and, in concert
with PFGs, eliminates the magnetization outside of its
inversion profile. This last point has two consequences.
First, since the bulk of the off resonance magnetization
is dephased by PFGs, difference spectroscopy is only
used to eliminate signals from off resonance protons
within the bandwidth of the selective pulse. This leads to
acquisition of clean spectra with much reduced cancel-
lation artifacts. Second, it allows fast incrementation of
the CSSF. This is because CSSFs produce excitation
sidebands at +k/A(k = 1,2,...,n) frequencies, where A
is the increment of the CSSF [15]. Therefore the value of
A would normally be small to move these sidebands
beyond the edges of the spectra. When the magnetiza-
tion outside of the inverted area is destroyed by PFGs,
however, the excitation sidebands can be brought close
to the zero frequency band. Long chemical shift evolu-
tion intervals required for separation of signals with
very small chemical shift differences can thus be
achieved very quickly. The 90°~PFG-90° pulse sequence
element at the end of the filter selects only y magneti-
zation while it removes the x magnetization. Without
this purging element both absorptive and dispersive
magnetization would be acquired. In real experiments
this part of the pulse sequence is replaced by an ap-
propriate mixing scheme (TOCSY, NOESY or ROESY)
as shown in Figs. 1C, D and E. These mixing elements
also utilize only the absorptive magnetization.

An alternative implementation of a CSSF shown in
Fig. 1B is achieved by using the BSHD element origi-
nally proposed for the band selective homonuclear de-
coupled 2D experiments [16]. This pulse sequence
utilizes a double-pulsed field gradient spin-echo
(DPFGSE) and therefore compensates for phase
anomalies within the inversion profiles of the selective

pulses [17]. This may become an issue for longer selec-
tive pulses that need to be applied when closely reso-
nating J-coupled protons are present. The addition of
the second selective pulse increases the suppression of
signals outside of the inversion bandwidths of selective
pulses; otherwise both CSSFs select signals using the
same principles. This alternative implementation of
CSSFs in homonuclear experiments is referred to as 1D
ge-DPFGSE-VT-CSSF, as the incrementation of the
chemical shift evolution period is also achieved here in a
variable-time manner. A distinct advantage of the
DPFGSE scheme is that it can be easily modified to
yield a constant-time CSSF, the merits of which will be
discussed later.

Before proceeding with the illustrations of the pro-
posed experiments let us first analyze the selectivity of
CSSFs to choose the optimal parameters for the exper-
iments. And, as we intend to use long chemical shift
evolution intervals to achieve high chemical shift selec-
tivity, it is also necessary to examine the effects of spin—
spin relaxation on the frequency characteristics of
CSSFs. Neglecting for now the effects of selective pulses,
the absorptive frequency profile of a VT-CSSF in the
presence of relaxation is given by the following integral:

I=tmax
I(v) = / cos(2mve) exp(—t/T>), (1)
=0

where v is the frequency offset in Hz, ¢ is the length of the
chemical shift filter, and 7, is the spin—spin relaxation
time. This definition of the frequency characteristics of
the CSSF presumes infinitely slow incrementation of the
chemical shift evolution period, which is not the case in
real experiments. We will show later, than in fact this is
very good approximation of the real CSSFs considering
the frequencies near the on resonance signal. The second
reason for introducing this definition is that the integral
given by Eq. (1) can be solved analytically:

1 -1
I(v) = tmax[(l/Tz)z n (271:v)2] { |:T2 coS(2mVtmax )

+ 2my sin(2nvtmax)} exp( — tmax/ o) + I/TZ}, (2)

which was normalized for convenience using the inten-
sity of the on resonance signal in the absence of
spin—spin relaxation (/(0) = fy.x). In the absence of

relaxation, Eq. (2) rTédﬁces to the sinc function:
I(v) = Sin(2mViyax ) / 2TV, With the first zero point at
Vaero = 0.5/tmax. Fig. 2 shows the frequency characteris-
tics of a CSSF with f,,x = 0.2s and 7, values of 1, 0.2,
and 0.1s. On comparing these profiles, several useful
observations can be made. First, as expected, the in-
tensity of the zero frequency band is smaller for shorter
spin—spin relaxation times. This decrease is modest,
however, due to the fact that this is a VT-CSSF and so
relaxation effects are only significant during the later
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Fig. 2. The effects of the spin-spin relaxation on the frequency char-
acteristics of VT-CSSFs. Individual profiles were calculated using Eq.
(2) and #pax = 200ms. 7> was set to 1, 0.2, and 0.1s, respectively.

increments of the filter. Such signal losses will usually be
compensated for by acquiring the multiple scans needed
to complete the filtration process. Second, the intensity
of the side lobes relative to that of the central band
decreases with increasing relaxation rates, so that, in
fact, a modest relaxation improves the profile of VT-
CSSFs. The third notable observation is that the fre-
quency of the first point with zero intensity increases
slightly for faster relaxing protons; e.g., from 2.5Hz
(T = 1s) to 3.35Hz (T, = 0.2s). As this point can be
used to achieve a very clean separation of two overlap-
ping signals, this observation suggests that in the pres-
ence of relaxation, #,,x should be set longer than the
value calculated from 0.5/Av, which is based solely on
the chemical shift difference, Av, between the overlap-
ping protons. Finally, when spin—spin relaxation of 0.1s,
i.e., one half of the maximum duration of the CSSF,
tmax, Was used, the filter still showed relatively good
separation, although it is no longer possible to find any
point of zero intensity. Overall, then, the described ef-
fects of relaxation on the frequency characteristics of
VT-CSSFs are reminiscent of the broadening of the
excitation profiles of selective pulses in the presence of
relaxation as described by others [18]. Since analogies
can be drawn between CSSFs and rectangular DANTE
pulses [19] this is not a surprising observation. The
above analysis showed that the variable time CSSFs are
efficient in separation of overlapping signals also in the
presence of relaxation rates that are typical for small
and medium sized molecules.

We now inspect the effect of finite increments, 4, on
the frequency characteristics of CSSFs. This can be done
by replacing the integral in Eq. (1) by a sum and by
setting t = NA4:

1 Neimay/4
N+1

Ii(v) = cos(2nvNA) exp(—NA4/T7). (3)

N=0
Fig. 3 shows frequency characteristics of CSSFs calcu-
lated using Eq. (3) and the following parameters:
tmax = 0.28, T» =15, and 4 = 0.0001,0.005, and 0.01 s.
It can be seen that increasing the length of the CSSF
increment, 4, increases the intensities of the side lobes
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Fig. 3. The effect of the length of the CSSF increment, 4, on the fre-
quency characteristics of the VT-CSSFs according to Eq. (3). The
following parameters were used to generate individual profiles:
tmax = 0.2s, T, = 1s, and 4 =0.0001, 0.005, and 0.01s. The inset
shows comparison of CSSF profiles without (thin line, Eq. (3),
A =0.018, thax = 0.2s, and 7> = 0.4s) and with two 30 ms Gaussian
pulses as used in the 1D-ge-DPFGSE-VT-CSSF experiments (thick
line, Eq. (4)).

and at the same time moves them in the direction of
positive intensities. These effects are more pronounced
at higher frequencies, while in the vicinity of the central
band all three settings produced a similar picture. When
the effects of shaped pulses are also considered, the
frequency characteristic of CSSFs can be calculated
using Eq. (4):

ICSSF(V) = IA (V) [exp(—l.Zr%govz) eXp(—‘Clgo/Tz)]n, (4)

where 15 is the length of a 180° Gaussian pulse in sec-
onds and 7 is equal to 1 or 2 for the 1D ge-VT-CSSF or
1D ge-DPFGSE-VT-CSSF experiments, respectively.
The inset of Fig. 3 shows the effect of two 30 ms Gaussian
pulses used in a 1D ge-DPFGSE-VT-CSSF in which a
10ms increment was employed. It can be seen that
Gaussian pulses cause a rapid decrease in signal intensity
at higher frequencies and fast incrementation of CSSFs
does not have a detrimental effect on their frequency
profiles. We typically use 5 and 10ms increments in
combination with 15 and 30ms Gaussian pulses, re-
spectively. This analysis also showed that close to the
zero frequency the frequency characteristics of CSSFs is,
to a good approximation, described by Eq. (2).

Having investigated various aspects of CSSFs, we
now utilize our conclusions in the following demon-
stration of the efficacy of the modified CSSFs using the
mixture of trisaccharide, I, and its unknown degradation
product. Primed letters are used to label the resonances
of the degradation product that is approximately 2.5
times less abundant than compound I. A 600 MHz 'H
NMR spectrum of the mixture of the two compounds
(Fig. 4A) shows that even the anomeric protons are not
sufficiently separated to allow for their straightforward
selective excitation; a 1D TOCSY spectrum (Fig. 4B)
acquired with a semiselective excitation of protons res-
onating at around 4.58 ppm shows signals of several spin
systems. Subsequent 1D ge-VT-CSSF-TOCSY spectra
used the minor (Fig. 4C) and the major (Fig. 4D) dou-
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Fig. 4. Signal separation by 1D ge-CSSF-VT-TOCSY experiments.
(A) 1D 'H spectrum of a mixture of a trisaccharide I (major com-
pound) shown in the inset, and its unknown degradation product
(minor compound). Selected resonances are labeled using primed latter
for the minor compound. (B) 1D TOCSY spectrum acquired using 16
scans and the semiselective excitation of protons 1b, 1b’, and 5a’. (C
and D) 1D ge-VT-CSSF-TOCSY spectra (pulse sequence of Figs.
1A +1C) with the filtration (fnax = 45ms) through protons 1b, 1b/,
and 5a’, respectively. A total of 20 scans were accumulated per spec-
trum. (E and F) 1D ge-DPFGSE-VT-CSSF-TOCSY spectra (pulse
sequence of Figs. 1B+ 1C) with the filtration through protons 2b and
2b', respectively; fmax = 200ms, 4 = 10ms, and 1130 = 30ms. A total
of 42 scans were accumulated per spectrum. All other parameters are
given in Section 3. Spectra (C and E) were plotted with a vertical scale
twice as high as those used for spectra (D and F).

blet shown in the inset of Fig. 4B for the chemical shift
selective filtration. The chemical shift difference of
11.4 Hz between the two signals was used to calculate
the length the CSSF (fmax = 0.5/11.4) in order to utilize
the first zero intensity point of the filter. While the
spectrum in Fig. 4C contains protons from a single spin
system (la’-5a’), the spectrum in Fig. 4D shows signals
from both b and b’ rings. Separation of these spin sys-
tems based on protons 1b and 1b’ was not possible be-
cause the two protons have identical chemical shifts.
Nevertheless, inspection of this spectrum reveals two
overlapping multiplets of protons 2b and 2b’ resonating
at around 3.35 ppm that could be used for chemical shift
selective filtration and two 1D ge-VT-DPFGSE-CSSF-
TOCSY spectra were thus acquired. As protons 2b and
2b’ resonate in the crowded region of the spectrum a
longer t,,x (200 ms) was used than the one calculated on
the basis of chemical shift difference between the two
protons. These experiments yielded clean subspectra
containing signals of only one spin system (Figs. 4E and

F). While a 15ms Gaussian pulse was used to acquire
the spectra of Figs. 4B-D, a 30 ms pulse was used in the
last two experiments because of the small chemical shift
separation between the coupled protons 2b and 3b (or
2b’ and 3b).

A severe test of the proposed CSSF filtration method
is provided by the protons lc and 1c¢’ whose chemical
shifts differ by only 1.4 Hz. A 1D TOCSY spectrum with
selective excitation of both protons shows resonances
from both compounds (Fig. 5A). These were separated
in two 1D ge-VT-CSSF-TOCSY spectra shown in Figs.
5B and C. The #,.x was set to 400ms. This value is
slightly larger than the 357 ms calculated as 0.5/1.4 to
account for the effects of relaxation as discussed above.
This experiment illustrates that chemical shift selective
filtration is a powerful method for separation of severely
overlapping multiples and also works when the appli-
cation of line selective pulses [6] would be problematic.

In the previous example, we have used a gradual in-
crementation of the CSSFs to achieve separation of two
overlapping signals. It is possible, however, to achieve
this much more quickly using only two increments of a
CSSF, providing all other protons are outside of the
inversion bandwidths of the selective pulses. In the first
increment, no chemical shift evolution is allowed
(N = 0) and in the second, chemical shift evolution of
A4 =0.5/Av is used, where Av is the separation of two
signals in Hz. This leads to a rotation of the off reso-
nance signal by 180°. Addition of the two increments
eliminates the off-resonance signal, leaving only the on
resonance signal in the spectrum [20]. This procedure
works with variable-time CSSFs only when the relaxa-
tion effects are so small that they can be neglected.
However, when constant-time CSSFs are used, this
method will always work, since equal attenuation of
signals occurs in both spectra. A 1D ge-DPFGSE-CT-
CSSF can easily be obtained by inserting decrementable

1.4 Hz

N

1c

BCJ 5, 2c
B b I

1c' !
3c' 2c'
C 5Ceq 4¢' 5S¢y
44 42 40 38 36 34 ppm 32

Fig. 5. Signal separation based on the chemical shift difference of
1.4 Hz between protons lc and 1c'. (A) A 16 scan 1D TOCSY spectrum
with semiselective excitation of protons Ic and 1¢’. (B and C) 1D ge-
VT-CSSF-TOCSY spectra with filtration via protons lc and 1¢’ and
tmax = 400ms. Two scans were acquired for each of 81 increments
resulting in 162 scans in total. All other parameters are given in Section
3. The spectrum (C) was plotted with a vertical scale twice as high as
that used for the spectrum (B).
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intervals, (T —NA4)/2), around the second Gaussian
pulse of the 1D ge-DPFGSE-VT-CSSF pulse sequence.
Thus, the overall length, 7, of the filter is constant
during both increments. This procedure is illustrated on
the signal separation of spin systems of ring a and a’
using filtration via protons la and la’. The constant
time period of 89 ms calculated based on a 5.6 Hz sep-
aration between the two protons yielded clean separa-
tion of signals (Fig. 6) by acquiring only two increments
of the filter. Gradual incrementation of the A period
could, in principle, also be used in CT-CSSF experi-
ments. The frequency characteristics of such constant-
time filters is given by the sinc(2mvtmax ) /2mvimax function
attenuated by relaxation during the constant time, 7,
and the Gaussian pulses. Relaxation therefore does not
alter the frequency characteristics of constant-time fil-
ters but does lead to a constant loss of signal that could
be significant when longer evolution intervals are re-
quired. Our analysis of VT-CSSFs showed that their
frequency characteristic improves in the presence of
modest relaxation. We therefore recommend using the
VT-CSSF methods for regular filtration and leave the
CT method for the fast separation of two relatively
isolated but overlapping signals.

The 1D ge-CSSF-NOESY and ROESY pulse se-
quences are easily constructed by replacing the purging
element of the ge-CSSF pulse sequences by appropriate
pulse sequence elements (Figs. 1D and E). For the tri-
saccharide I the ROESY mixing at 600 MHz is more
efficient than the NOESY due to the intermediate tum-
bling rate of this molecule. Two 1D ge-VT-CSSF-RO-
ESY spectra shown in Figs. 7B and C were acquired
using the filtration via protons la and la’. Both spectra
show two major signals belonging to protons 2a, 2b and
2a’, 2b’, respectively, and a large number of small, long-
range ROEs. This spectrum illustrates that the CSSFs
can also be used when a large range of signal intensities
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Fig. 6. Fast chemical shift selective filtration. (A) 1D TOCSY spectrum
with semiselective excitation of protons la and la’. (B and C) 1D ge-
DPFGSE-CT-CSSF-TOCSY spectra with filtration via protons la
and 1a’ (pulse sequence of Figs. 1B+ 1C), respectively. Two increments
(N =0, 1) were acquired using 7 = 89.004 ms and 4 = 89.0 ms. Sixteen
scans in total were acquired for each spectrum. All other parameters
are given in Section 3. The spectrum (C) was plotted with a vertical
scale twice as high as that used for the spectrum (B).
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Fig. 7. 1D ge-VT-CSSF-ROESY spectra. (A) A 160 scan 1D ROESY
spectrum with semiselective excitation of protons la and la’. (B and C)
1D ge-VT-CSSF-ROESY spectra (pulse sequence of Figs. 1A+ 1D)
with filtration (f.x = 100 ms) via protons la and la’, respectively.
Sixteen scans were accumulated in each of the 21 CSSF increments
resulting in accumulation of 336 scans per spectrum. All other pa-
rameters are given in Section 3. The spectrum (C) was plotted with a
vertical scale twice as high as that used for the spectrum (B).

can occur such as in the ROESY and NOESY spectra.
Inspection of the frequency characteristics of CSSFs
suggests that one has to proceed carefully here: the first
few side lobes could have 10-20% of the intensity of the
main band, the exact figure depending on the interplay
between the length of the filter and spin—spin relaxation.
In the case of only two overlapping resonances, it is
therefore advantageous to make use of the first point of
zero intensity in either VT- or fast CT-CSSFs. This may
not be possible for a combination of very small chemical
shift differences and fast spin—spin relaxation, though
this is unlikely to happen for small molecules. When
separation of several overlapping signals is attempted,
cross talks are reduced significantly when using longer
chemical shift evolution periods.

In conclusion, the results presented here illustrate
that the gradient-enhanced chemical shift selective fil-
tration is a powerful method for the separation of
overlapping proton resonances. Two variable-time and
one constant-time ge-CSSFs were designed and com-
bined with mixing schemes that act on in phase mag-
netization. Analytical and numerical expressions were
derived for the calculation of excitation profiles of the
ge-VT and CT-CSSFs taking into account spin—spin
relaxation. CSSFs yield fast signal separation for com-
pounds with a range of spin—spin relaxation times and
chemical shift differences as small as 1-2 Hz. The main
application of these techniques lies in analysis of mix-
tures where sever spectral overlap prevents the use of
simple 1D selective methods.

3. Methods and materials

All experiments were performed on a Bruker Avance
600 MHz NMR spectrometer equipped with a Smm
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triple-resonance probe. The simple selective 1D spectra
(e.g., Fig. 1B) were acquired using a single pulsed field
gradient spin-echo and a 15ms Gaussian pulse. Two
scans were typically acquired for each CSSF increment.
To improve the signal-to-noise ratio, this number can be
increased by repeating a complete passage through all
increments of the filter several times. In this way the
effects of any long-term instabilities are minimized. The
length of the CSSF increment, 4, was Sms and a 15ms
180° Gaussian pulse was used unless stated otherwise in
figure captions. Mixing time of 140 ms was used for the
TOCSY spectra of Figs. 1E and F and 6A—C and 100 ms
for the spectra shown in Figs. 1B-D and 5A-C. A
300ms CW spin lock (yB;/2n = 2500 Hz) was used in
the ROESY experiments.
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