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We present coherence-order- and spin-state-selective (COS3) HSQC pulse sequences for 2(I1z + I2z)S- f I1
-

I2
R/â + I1

R/â I2
- andS- f I1

- I2
R/â + I1

R/â I2
- transfer inI2S spin systems. The sequences provide the theoretical

maximum transfer efficiency and improved effective resolution in theI-spin dimension and allow for
heteronuclear gradient echoes without loss in sensitivity. For the antiphase transfer the sensitivity is improved
by 41% relative to the previous spin-state-selectiveR&â-HSQC experiment, while the in-phase sequence is
the first of its kind. In the regime of well-separatedJ doublet lines, the sensitivity enhancement amounts to
100% and 65% relative to previous antiphase and in-phase coherence-order-selective experiments, respectively.
The new COS3 HSQC experiments and previous methods are compared experimentally usingâ-O-methyl
maltoside.

1. Introduction

Recent years have witnessed great interest in multidimen-
sional NMR experiments providing the highest achievable
sensitivity and spectra with the simplest possible multiplet
patterns containing the desired spectral information. Distribution
of the intensity on fewer peaks generally improves the sensitivity
and the effective resolution, which in turn can make visible small
coupling constants otherwise buried in complex multiplet
patterns. Hence, the demands of sensitivity optimization and
multiplet simplification often go hand in hand and form an
important element in a systematic strategy for experimental
design. Recently this was demonstrated by a double- to single-
quantum transfer scheme1-3 which doubles the sensitivity of
the INADEQUATE experiment4,5 by directing coherence trans-
fer from, e.g.,I1

- I2
- entirely into I1

- I2
â + I1

â I2
-. This transfer is

selective with respect to both coherence order (only antiecho
peaks) and spin state (onlyâ peaks) and is referred to as
coherence-order- and spin-state-selective (COS3) transfer. An-
other example in this category is double spin-state-selective
coherence transfer.6 In other cases, efficient experiments have
focused on either coherence-order-selective (COS)7-10 or spin-
state-selective (S3)11-16 transfer. What is optimum depends on
the resolution demand of the experiment, the relevant coherence
transfer, and specific needs such as formation of heteronuclear
coherence transfer echoes by pulsed field gradients (PFG) for
artifact suppression. Several of these experiments provide
optimum efficiency according to unitary bounds on spin
dynamics.17-22

R&â-HSQC11 represents an example of anS3 experiment
which, although improving the effective resolution and the
sensitivity relative to the COS variant,7 will benefit substantially
by turning it into a COS3 variant. This experiment is of interest

for resolution-enhanced1H-13C correlation spectroscopy and
for measurement of geminal1H-1H J and dipolar coupling
constants inI2S spin systems. In the originalR&â-HSQC
experiment 2FzS( f I1

- I2
R/â + I1

R/â I2
- (Fz ) I1z + I2z) transfer

was obtained by combination of echo and antiecho spectra out
of two data sets. In this paper we derive COS3 mixing sequences
accomplishing one of the specific transfers

or

with optimum sensitivity.

2. Systematic Design of Optimum COS3 Experiments

Our strategy for systematic design of optimum pulse se-
quences involves (i) definition of the appropriate initial (A) and
target (C) operators with the desired properties, (ii) determination
of the theoretically largest efficiency for conversion ofA into
C which serves as a standard to which trial experiments are
compared, and based on this (iii) derivation of experiments
which achieve the maximum transfer efficiency.

The transformation betweenA andC is described by

whereU is the unitary propagator representing the experiment
(ignoring relaxation and other dissipative processes) and

the corresponding transfer efficiency. The maximum transfer
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2FzS
- f I1

- I2
R/â + I1

R/â I2
- (1)

S- f I1
- I2

R/â + I1
R/â I2

- (2)

UAU† ) b(U)C + Q, Tr{C†Q} ) 0 (3)

b(U) )
Tr{C†UAU†}

Tr{C†C}
(4)
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efficiency, i.e., the so-called unitary bound value

can be determined numerically for arbitrary initial and target
operators using an iterative algorithm searching for the zero
value of the gradient21

To determinebmax and design practically useful experiments,
it is relevant to consider possible constraints in the propagators.
In particular, it is of interest to focus on nonselective pulse
sequences implying that the perturbation be invariant to
permutation of the spins of the same kind. For theI2S
experiments in mind, this restricts operations toI-spin permuta-
tion symmetric Hamiltonians and this may reduce the maximum
transfer efficiency20,21 relative to the value applying in the
absence of permutation symmetry, i.e.,

Furthermore, to keep the pulse sequence short, the external
manipulations should not rely on the rather weak coupling
between the twoI spins. In the present case, this does not reduce
the unitary bound values any further.22 The unitary bounds for
the transfers in eqs 1 and 2 are listed in Table 1 along with the
efficiencies of previous spin-state-selective experiments11 and
those predicted by conservation of the norm for the density
operator,23

Two features should be noted: (i) the state-of-the-art S3 R&â-
HSQC experiment may be improved by 41% for the antiphase
transfer while no experiment exists for the in-phase transfer and
(ii) for the antiphase transfer the maximum transfer efficiency
equals that predicted by norm conservation. The latter fact
indicates that the entire initial coherence can be transferred into
the target state (i.e., there is no residual termQ) for this transfer.

I-spin permutation symmetric perturbations invite a coupled
representation spanned by the basis functions

where|m1m2〉|m3〉 (|mi〉 ) |R〉 or |â〉) are Zeeman basis functions
with the spins orderedI1, I2, and S. Within this basis, the

operators in eqs 1 and 2 take the form

whereIr,s
- ) |s〉〈r| is a single-element operator.24,25 Confining

the experiments to nonselective rotations, the effective part of
U is restricted to the 6× 6 block corresponding to a totalI-spin
angular momentum ofI ) 1.

Representation of the initial and target operators in an energy-
level diagram in accordance with the symmetry of the perturba-
tions (Figure 1) is useful in the design of optimum pulse
sequences. In favorable cases, this allows immediate identifica-
tion of optimum selective rotations which can be transformed
into nonselective experiments.2,6,10,17In less favorable cases, the
diagrams reveal that optimum transfer requires more complicated
transformations possibly involving noncommuting rotations.
Consider, for example, 2FzS- f I1

- I2
R + I1

R I2
- where a π

rotation under the heteronuclear zero-quantum (ZQ) operator
(Ix

2,3 + Ix
4,5 ) (2FxSx + 2FySy)/2x2)10 transforms 2FzS- into

-2i(I1,3
- - I4,6

- ). I1,3
- is part of the target operator whileI4,6

-

would require a subsequentI-spin double-quantum (2Q) rotation
acting selectively on operators withS in theâ state in order to
be converted into the desiredI2,4

- operator of the target state.
This is not straightforward when relying only on heteronuclear
couplings. Consequently, it may be more rewarding to consider
alternative strategies, for example, involving operators of the
type 2FySy andFxSâ,11 to distribute the initial coherences into
several coherences which subsequently are transformed into the
target operator. Participation of more coherences and potentially
non-commuting transformations, however, makes it exceedingly
difficult to design highly selective experiments solely on the
basis of the energy-level diagrams. In the following we
demonstrate that these may conveniently be derived by numer-
ical optimization.

TABLE 1: Unitary Bounds (( bmax)sym), Norm Bounds (bmax
norm),

and Efficiencies of Previous Experiments (bexp) for the
Coherence-Transfer Processes Described in Eqs 1 and 2
Assuming Permutation Symmetric Perturbations

transfer (bmax)sym bmax
norm bexp

2FzS- f I1
- I2

R/â + I1
R/â I2

- x2 (1.4142) x2 1

S- f I1
- I2

R/â + I1
R/â I2

- 1/x2 (0.7071) 1 -

Figure 1. Energy-level diagrams illustrating the initial (left column)
and final (right column) operators (coupled representation) involved
in (a) 2FzS- f I1

- I2
R + I1

R I2
- and (b)S- f I1

- I2
R + I1

R I2
- coherence

transfer in I2S spin systems with equivalentI spins. The optimum
propagators (a)UR

anti and (b)UR
in ) Ub

z Ub
xUa are defined in the text.

bmax ) max
U

|b(U)| (5)

3|b(U)|2 ) {(b*(U)[UA†U†,C])† - b*(U)[UA†U†,C]}U (6)

(bmax)
sym e bmax (7)

bmax
norm ) xTr{A†A}

Tr{C†C}
(8)

|1〉 ) |RR〉|R〉 |2〉 ) |RR〉|â〉

|3〉 ) 1

x2
{|Râ〉 + |âR〉}|R〉 |4〉 ) 1

x2
{|Râ〉 + |âR〉}|â〉

|5〉 ) |ââ〉|R〉 |6〉 ) |ââ〉|â〉

|7〉 ) 1

x2
{|Râ〉 - |âR〉}|R〉 |8〉 ) 1

x2
{|Râ〉 - |âR〉}|â〉

(9)

2FzS
- ) 2{I1,2

- - I5,6
- } (10)

S- ) I1,2
- + I3,4

- + I5,6
- + I7,8

- (11)

I1
- I2

R + I1
R I2

- ) x2{I1,3
- + I2,4

- } (12)

I1
- I2

â + I1
â I2

- ) x2{I3,5
- + I4,6

- } (13)
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In the search for optimum transformations, we need the
transfer functions which for the four relevant transfers according
to eq 4 take the form

whereuij ) 〈i|Uj〉. The superscripts anti and in refer to antiphase
(eq 1) and in-phase (eq 2) transfers, respectively, while the greek
subscript denotes the state of the passive spin in the target
operators. We note that for, e.g., the 2FzS- f I1

- I2
R + I1

R I2
-

transfer the elementsu11, u21, u32, andu42 alone are responsible
for transfer ofI1,2

- into I1,3
- + I2,4

- , while the elementsu15, u25,
u36, andu46 are responsible for the transfer starting fromI5,6

- .
Using eqs 14-17 and an appropriate set of experimentally

feasible propagators (pulses and delays or more advanced pulse
sequence elements), it is straightforward to optimizeb(U) against
the maximum transfer efficiency (bmax)sym to derive optimum
pulse sequences. The propagators corresponding to the shortest
optimum COS3 pulse sequences found are

where θm ) tan-1(x2) denotes the magic angle. Within the
coupled basis, the four propagators may be described by the
relevantI ) 1 6× 6 matrix representations (q ) 1/x2 andp )
1/2(1 + i))

which (according to eqs 5 and 14-17) provide the maximum
efficiencies defined by the unitary bound on spin dynamics (cf.
Table 1). Using standard transformations, the four propagators
are readily expressed in terms of the mixing part of the HSQC
pulse sequences given in Figure 2. Table 2 compares transfer
amplitudes forIS andI3Sspin systems subjected to the various
antiphase and in-phase COS, S3, and COS3 HSQC pulse
sequences.

With the optimum pulse sequences derived, it is instructive
to describe the transformation of the various coherences between
the initial and target spin states. It turns out that this is easiest

bR
anti(U) ) 1

x2
(u11

/ u32 + u21
/ u42 - u15

/ u36 - u25
/ u46) (14)

bâ
anti(U) ) 1

x2
(u31

/ u52 - u35
/ u56 + u41

/ u62 - u45
/ u66) (15)

bR
in(U) ) 1

2x2
(u11

/ u32 + u13
/ u34 + u21

/ u42 + u23
/ u44 + u15

/ u36 +

u25
/ u46) (16)

bâ
in(U) ) 1

2x2
(u31

/ u52 + u33
/ u54 + u35

/ u56 + u41
/ u62 + u43

/ u64 +

u45
/ u66) (17)

UR
anti ) e-i(π/2)2FySxei(π/2-θm)2FzSye-i(2π/3)FySâ

eiθm2FzSye-i(π/4)Fy

(18)

Uâ
anti ) e-i(π/2)2FySxe-i(π/2-θm)2FzSyei(2π/3)FySR

e-iθm2FzSyei(π/4)Fy

(19)

UR
in ) e-i(π/2)2FySye-i(π/2-θm)2FySxei(2π/3)FzSâ

e-iθm2FySx (20)

Uâ
in ) e-i(π/2)2FySyei(π/2-θm)2FySxe-i(2π/3)FzSR

eiθm2FySx (21)

UR
anti ) [q 0 0 0 q 0

-q 0 0 0 q 0
0 -q 0 0 0 q
0 q 0 0 0 q
0 0 0 -1 0 0
0 0 1 0 0 0

],
Uâ

anti ) [0 0 0 -1 0 0
0 0 1 0 0 0
q 0 0 0 q 0
-q 0 0 0 q 0
0 -q 0 0 0 q
0 q 0 0 0 q

] (22)

Figure 2. Pulse sequences for (a) 2FzS- f I1
- I2

R/â + I1
R/â I2

- and (b)S-

f I1
- I2

R/â + I1
R/â I2

- COS3 HSQC experiments forI2S spin systems.
Unless stated otherwise above the pulses, open and filled bars represent
π and π/2 pulses. The pulse phases applying for transfer into theR
resonances are given below the pulses; the phase for pulses marked by
an asterisk must be reversed for transfer into theâ resonances. The
delays are related to the one-bond heteronuclearJCH coupling constant
asτ1 ) θm(πJCH)-1, τ2 ) (3JCH)-1, τ3 ) (π/2 - θm)(πJCH)-1, andτ4 )
(2JCH)-1, whereθm ) tan-1 (x2) is the magic angle.

TABLE 2: Transfer Amplitudes |b(U)| for IS and I 3S Spin
Systems Using the VariousI2S HSQC Experiments

spin system transfer COS3 S3 COS (bmax)sym

IS 2IzS- f I- 0.805 0.500 0.896 1
S- f I- 0.739 0.250 0.675 1

I3S 2FzS- f F- 0.475 0.500 0.592 0.744
S- f F- 0.174 0 0.310 0.455

UR
in ) [p 0 0 0 p* 0

0 0 -i 0 0 0
0 p 0 0 0 p*
0 0 0 -i 0 0
p* 0 0 0 p 0
0 -p* 0 0 0 -p

],
Uâ

in ) [-p 0 0 0 p* 0
0 p 0 0 0 -p*
0 0 -i 0 0 0
p* 0 0 0 -p 0
0 0 0 i 0 0
0 -p* 0 0 0 p

] (23)
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for the in-phase sequences. Consider, for example, the in-phase
R COS3 sequence for which the relevant Hamiltonians in terms
of single-transition operators in the coupled basis read

Hence, these Hamiltonians in theI ) 1 6 × 6 space contains
rotations in two disjoint 3× 3 subspaces spanned by{|2〉, |3〉,
|6〉} and {|1〉, |4〉, |5〉}, respectively. Using this formulation,
UR

in may be recast in the form

where

with Ir ) |r〉 〈r|. In Ub the Sz rotation may be ignored as it
communtes with the target state, so what is left are three
commuting two-level rotations. On the other hand, description
of the evolution underUa in the{|2〉, |3〉, |6〉} subspace requires
the transformation formulas

whereU ) e-iφ(Ix
2,3 + Ix

3,6 - Iz
2,6) andR ) δ - κ, â ) γ - κ, γ )

-2/3 sin2 θ, andδ ) 2/3 cos2 θ with κ ) (i/x3) sin 2θ andθ )
(x3/2)φ. The cumulative effect ofUa, Ub

x, andUb
z in transfor-

mation of the individual coherences ofS- into I1
- I2

R + I1
R I2

- is
illustrated by the energy-level diagrams in Figure 1b. Diagrams
illustrating the overall effect ofUR

anti in the 2FzS- f I1
- I2

R + I1
R

I2
- transformation are given in Figure 1a.

3. Sensitivity and Resolution

The sensitivity and effective resolution of the antiphase and
in-phase COS3 HSQC experiments relative to previous S3 (R&â
HSQC) and COS HSQC experiments (all using PFG) can be
evaluated using aJ doublet of Lorentzian lines characterized
by the frequency-dependent relative signal-to-noise function

arbitrarily normalized relative to the maximum signal-to-noise

ratio of the antiphase COS3 experiment.|b(U)| denotes the norm
of the transfer amplitude of the actual experiment being 1,
1/x2, and x2 for the antiphase S3,11 COS,7,10 and COS3

experiments, respectively, while it is 3x6/16 and 1/x2 for the
corresponding in-phase COS10 and COS3 experiments. The
full doublet, for which each line is characterized by a line
width (full width at half-height)∆ν1/2, applies for the COS
experiments while only one of the lines is relevant for the
COS3 and S3 experiments. In the former case the maxi-
mum peak height corresponds to the frequencyν )

( 1/2x-∆ν1/2
2-J2+2|J|x∆ν1/2

2+J2 and 0 for∆ν1/2 less than
or larger thanx3|J|, respectively. It is noted that eq 33 does
not take into account the effects of pulse imperfections and
relaxation during the mixing sequences which are most severe
for COS3. Using a value ofJ ) -14 Hz for a geminal H-H
coupling, this leads to the rSNR versus∆ν1/2 curves in Figure
3a,b for the various COS, S3, and COS3 pulse sequences for
antiphase and in-phase transfer, respectively. The spin-state-
selective methods have been divided into categories correspond-
ing to sampling of only one of the two lines (R or â, I-S
correlation alone) or both lines (R andâ in separate experiments,
I-S correlation and measurement ofJ). Taking into account
doubling of the experiment time, the latter category is associated

Figure 3. Graphical comparison of (a, b) relative signal-to-noise ratios
(rSNR) and (c) resolution for various COS, S3, and COS3 pulse
sequences for antiphase (a) and in-phase (b) coherence transfer inI2S
spin systems. The rSNR curves correspond to “single-scan”, pure-
absorption spectra, with “R or â” referring to a single spin-state-selective
spectrum with either theR or the â line and “R and â” to the case
where both theR and theâ spectrum are recorded (rSNR corrected for
the doubling of instrument time). In (c)∆ν1/2(COS3) ) ∆ν1/2 represents
the width of a single resonance, while∆ν1/2(COS) denotes the overall
width of theJ doublet.

2FySy ) x2{(Ix
2,3 - Ix

3,6) - (Ix
1,4 - Ix

4,5)} (24)

FzS
â ) 2Iz

2,6 (25)

2FySx ) x2{(Iy
2,3 + Iy

3,6) + (Iy
1,4 + Iy

4,5)} (26)

UR
in ) UbUa (27)

Ua ) eiθm2FySxei(2π/3)FzSâ
e-iθm2FySx

) e-i(4π/3x3)(Ix
2,3+Ix

3,6-Iz
2,6) (28)

Ub ) ei(π/2)Sze-i(π/2)Sze-i(π/2)2FySye-i(π/2)2FySx

) ei(π/2)Sze-i(π/2)(Ix
1,5 + (1/2)I4)ei(π/2)(Ix

2,6+(1/2)I3)

) ei(π/2)Szei(π/2)Iz
3,4

e-i(π/2)(Ix
1,5-Ix

2,6) ) ei(π/2)SzUb
z Ub

x (29)

UI5,6
- U† ) RI5,6

- + âI5,3
- + γI5,2

- (30)

UI3,4
- U† ) -âI2,4

- + δI3,4
- + â* I6,4

- (31)

UI1,2
- U† ) R* I1,2

- - â* I1,3
- + γI1,6

- (32)

rSNR(ν) )
|b(U)|
x2

∆ν1/2
2( 1

∆ν1/2
2 + 4(ν - J/2)2

+

1

∆ν1/2
2 + 4(ν + J/2)2) (33)
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with a decrease in rSNR by a factor of 1/x2 relative to the
former category. We note that for the COS spectra no doublet
splittings are visible in the range∆ν1/2 > x3|J|. Using the
sameJ coupling constant, Figure 3c shows the gain in resolution
obtained by S3 and COS3 (characterized by the width of theR
andâ line) experiments relative to COS (characterized by the
width of the doublet) experiments.

4. Experimental Confirmation

An experimental comparison of COS3 HSQC with conven-
tional COS HSQC optimized for CH2 groups7,10 clearly shows

a substantial gain in sensitivity. The experiments were performed
on the disaccharideâ-O-methyl maltoside at 600 MHz proton
frequency using the pulse sequences of Figure 2a,b for the
antiphase (Figure 4) and in-phase (Figure 5) transfer, respec-
tively. In the conventional antiphase COS spectrum (Figure 4a)
each of the two methylene groups appears as a pair of doublets
with noticable strong-coupling effects, while they are resolved
as a pair of double doublets in the corresponding in-phase
spectrum. The COS3 experiment selects subspectra, with the
geminal proton of the CH2 group being in theR (Figure 4b) or
â (Figure 4c) state leading to improved sensitivity and resolution.

Figure 4. Methylene region of 2D13C-1H correlation spectra of the disaccharideâ-O-methyl maltoside in D2O recorded on a Bruker DRX 600
MHz spectrometer. (a) COS H SQC spectrum optimized forI2Sgroups.7 Here each CH2 group appears as a pair of doublets, with theω2/2π sections
exhibiting strong-coupling effects. (b, c) COS3 HSQC spectra selecting the multiplet component with the geminal proton in theR or â state,
respectively (pulse sequence in Figure 2a). In the CH2 groups ofâ-O-methyl maltoside,JCH is 144.3 Hz, implyingτ1 ) 2.11 ms,τ2 ) 2.31 ms,τ3

) 1.36 ms, andτ4 ) 3.47 ms for the COS3 HSQC sequence in Figure 2a. The sensitivity of theR COS3 spectrum in b is 39% higher than that in
theR HSQC reference experiment11 represented by dotted lines in theω2/2π sections which compares favorably with the theoretical enhancement
of 41%. The COS3 â spectrum (c) shows less gain (7-10%). All of the spectra are recorded with 16 scans with 2048 complex data points int2 and
512 increments int1; zero-filling to 4096(t1) × 8192(t2) complex data points prior to strip transformation; apodization in both dimensions by cosine
windows shifted byπ/6; WALTZ-16 decoupling on13C duringt2. The gradient ratios-80:30:-30:(15.0866 were used for echo/antiecho selection.

Figure 5. ω2/2π sections of COS3 in-phase13C-1H correlation spectra of the methylene group region ofâ-O-methyl maltoside using the pulse
sequence of Figure 2b. Theω2/2π sections in (a, a′) and (b, b′) correspond to the sections in parts b and c of Figure 4, respectively, with a and b
referring to the low-field methylene and a′ and b′ to high-field methylene. The experimental parameters are the same as those in Figure 4 except
for the initial INEPT transfer replaced by NOE presaturation of approximately 6 s duration (300 proton pulses of 120° separated by delays of 20
ms).

Coherence-Order- and Spin-State-Selective NMR J. Phys. Chem. A, Vol. 103, No. 45, 19998925



However, the enhancement is more pronounced on theR line
than on theâ line. For the antiphase transfer 2FzS- f I1

- I2
R +

I1
R I2

- the sensitivity gain amounts to some 60% as compared to
COS HSQC and 39% compared toR HSQC11 (dotted line in
Figures 4b,c); theory predicts sensitivity gains of 100% and 41%,
respectively.

5. Conclusion

We have presented new pulse sequences that reach the unitary
bound for the coherence transfers 2FzS- f I1

- I2
R/â + I1

R/â I2
-

andS- f I1
- I2

R/â + I1
R/â I2

- for I2S spin systems. The transfers
are both coherence-order- and spin-state-selective. The pulse
sequences improve the sensitivity significantly compared to
earlier methods, and in conjunction with this, they serve to
simplify and improve the resolution of complex spectra by
exciting only half the resonances.
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