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Abstract

In this paper, we introduce a class of dipolar recoupling experiments under magic angle spinning (MAS), which use gamma dependent
antiphase polarization during the ¢, evolution period. We show that this helps us to design dipolar recoupling experiments that transfer
both components of the transverse magnetization of spin .S to a coupled spin 7 in the mixing step of a 2D NMR experiment. We show
that it is possible to design such transfer schemes and make them insensitive to the orientation dependency of the couplings in powders.
This helps us to develop sensitivity enhanced 2D NMR experiments of powder samples under MAS.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is
finding important applications for atomic-resolution struc-
tural analysis of biological macromolecules in the solid
phase [1-5]. This opens up the possibility of studying
insoluble protein structures such as membrane proteins,
fibrils, and extracellular matrix proteins which are difficult
to analyze using conventional atomic-resolution structure
determination methods, including liquid-state NMR and
X-ray crystallography. Sensitivity is a critical issue in all
these applications. The most advanced solid-state NMR
equipment and techniques still require hours and days of
signal averaging for a simple two-dimensional (2D) spec-
troscopy of peptides and proteins in a noncrystalline solid
form. This challenge motivates the present paper, where we
address a fundamental problem of coherence transfer in
solid-state NMR of “powder”” samples. We show how to
design experiments that are insensitive to orientations of
the crystallite in a powder sample and simultaneously
transfer both components of transverse magnetization of
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spin S to a coupled spin /, in the mixing step of the 2D
solid state NMR experiment under magic angle spinning.
The transfer schemes presented in the paper lead to sensi-
tivity enhanced experiments in solid state NMR, analo-
gous to the sensitivity enhanced experiments widely used
in liquid state NMR [6]. Pulse sequences for simultaneous
transfer of transverse component of magnetization have
recently appeared in solid state NMR literature [7]. Here
we present transfer schemes that are independent of the
orientations of the crystallite in a powder sample.

In a standard 2D NMR experiment [§], the initial coher-
ence on spin S evolves under the chemical shift o for time
f; to Sy — Scos(wsty) + Sysin(wsty). During the mixing
step, the x magnetization on spin S is transferred to a cou-
pled spin 7, and assuming perfect transfer, S, — I, the spin
I precesses under its chemical shift, i.e.,

I cos(wsty) — cos(wsty ) {L; cos(w;ty) + I, sin(w;tp)}.

The precession is recorded and the experiment is repeated
by incrementing #;, finally leading to a two dimensional
signal in #; and ¢, that encodes for w; and wg. Simultaneous
transfer of both components of the transverse magnetiza-
tion during the mixing step, i.e.,
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Sy cos(wsty) + S, sin(wsty) — 1, cos(wsty) + 1, sin(wsty),

is desirable as it enhances the sensitivity of the experiment
by a factor of /2. Such sensitivity enhanced experiments
are performed routinely in liquid state NMR [6]. The
simultaneous transfer of both transverse components of
the magnetization is usually achieved by synthesizing an
isotropic Hamiltonian or a Unitary propagator Uy, = exp
(—in{LS\+ 1,S, + I.S.}). However in solid state NMR
experiments under MAS, the dispersion in the coupling
strengths arising due to the orientation dependence of the
couplings makes the task of synthesizing Uj,, for all coupled
spin pairs (independent of the orientation) a non-trivial task.
In this paper, we show how this problem can be alleviated by
suitably transforming the initial magnetization on spin S,
before the ¢, evolution period. We call this step y preparation,
as the transformed state depends on angle y that denotes the
rotation of the crystallite around the rotor axis. Specifically,
we transform the initial inphase coherence on spin S to an
antiphase coherence on spin S, such that the phase of the
antiphase coherence on spin S depends on angle y. This
transformed state is then made to evolve under the chemical
shift of spin S. Because of the initial preparation, it becomes
possible to simultaneously transfer both components of the
transverse magnetization of spin S to spin I, after the ¢
precession. This transfer efficiency can be made independent
of the angle y. The basic ideas can be elaborated to devise
compensation schemes which also make the transfer efficien-
cy insensitive (to desired level) to angle f expressing the angle
between the internuclear axis and the MAS rotor. This
results in transfer schemes that approach 100% transfer
efficiency for both components of the transverse
magnetization.

We note that y dependent antiphase coherences also
arise in context of polarization transfer in many recoupling
experiments [21-23]. The main contribution of the paper is
to show that it is advantageous to create such antiphase
coherences before #; evolution as these states allow for
simultaneously transfer both components of the transverse
magnetization of spin S to spin [ after the ¢, precession.

2. Theory

Notation: Let S,(f,y) denote the rotation of operator S,
around the axis f by angle y, where o, f € {x,y,z}, ie.,
SyB,7) = exp(—ipSp)S,exp(iySp). For example
S(z,y) = Sccosy + S,siny. It is straightforward to verify
that if [—-iS,, —1S,] = —1S,, then

[_iSa(ﬁ’ V)v _iSb(:Bv V)] - _iSC(ﬁ) V)'

It also follows from definition that for any unitary trans-
formation U,

USa(ﬁ? A)))U/ = SU&U’(UﬁUIa V)v

where Sy, (UBU',7), denotes rotation of operator US, U’
around USU’. We will make repeated use of these two
properties in the remaining paper.

y Preparation: Transform the initial coherence on spin S
into an antiphase coherence with a phase that depends on
y. More specifically,

Sy — 21, (Sycosy — S, siny).

Sx(27)

This can be achieved in a straightforward way by synthesiz-
ing an effective Hamiltonian 27.S.(x,y) as shown later.
During ¢ evolution period, this transformed state evolves
under the chemical shift of spin S to a state

2I.8:(Z,7) — 2L.S:(Z,y) cos(wst1) + 21.5,(z,y) sin(wst),

(also written as 21,S.(z,y — wst;)) and encodes for the
chemical shift of spin S. This state can then be transferred
by a standard DCP [11] like experiment to I (z, wst1) = I.
cos(wsty) + I sin(wgty) as described below.

Consider two coupled heteronuclear spins 7 and S under
magic angle spinning. The spins are irradiated with rf fields
at their Larmor frequencies along say the x-direction. In a
double-rotating Zeeman frame, rotating with both the
spins at their Larmor frequency, the Hamiltonian of the
system takes the form

H(t) = o)1, + ws(£)S. + ays(£)21,S, + o' ()1, + o)ff(t)SX7 (1)

where (1), ws(?), and ws(f) represent time-varying
chemical shifts for the two spins 7 and S and the coupling
between them, respectively. These interactions may be ex-
pressed as a Fourier series w;(¢) = 3.__ o exp(imaw,t),
where , is the spinning frequency (in angular units), while
the coefficients w; (1 =1, S,1S) reflect the dependence on
the physical parameters like the isotropic chemical shift,
anisotropic chemical shift, the dipole-dipole coupling con-
stant and through this the internuclear distance [9]. w’(7)
and % (¢) are the amplitudes of the rf fields on spins 7
and S, respectively. If the rf-field strengths on the two spins
is chosen to be integral (or half integral) multiples of the
spinning frequency, i.e., ol =pw, and o’ = qw,, then
the Hamiltonian for the dipole—dipole coupling in the
interaction frame of the rf-irradiation averages over a rotor
period to

o, .

H= 4 {(wm([ 0 + ng))(ﬂZSZ - ZI,VSy) + (wls(p ?
+ 0l ) Q2LS. +21,S,) — i(wg” — o™ (218,
+21,8.) + i(wg” " — 0l ) (2L.S, — 21,S.)}. (2)

Choosing p =0 and ¢ =1, we prepare the effective cou-
pling Hamiltonian

H, = k{21.S,cos(y) — 21,8, sin(y)} = k2L.S.(x,7) (3)

where 7y as before is the Euler angle discriminating the crys-
tallites by rotations around the rotor axis. The scaling fac-
tor k= zlﬁbls sin(2f) depends on the dipole-dipole
coupling constant big and the angle 5 between the internu-
clear axis and the rotor axis. We, for now, neglect disper-
sion in «, and let H,(5) =5 (21.5.(x, 7)) correspond to a §

rotation, obtained by evolving H}, for time t = 5%-.
0
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Remark 1. In the above analysis we have neglected
chemical shift anisotropy (CSA) of spin S. In the presence
of CSA, rf irradiation at rotor frequency w, will recouple
the CSA. An alternate way of synthesizing the effective
Hamiltonian H,(5) (which gets around the problem of
CSA recouplmg) is to choose p — ¢ = —1 and p,q > 2 (for
e.g., p=3, ¢q=4), for duration 7 followed by switching
ol = po, to ol = —pw, for the remaining t [10]. The first
7, evolution prepares the effective Hamiltonian x{2I.S.
(x,7) + 2L,S,(x,7)}. The remaining 7, prepares the effective
Hamiltonian «{21.S-(x,y) — 21,S,(x,7)}, resulting in a total
evolution given by Hy(5) =5 (21.5.(x,7)).

Choosing p — ¢ =—1 and p,q > 2 for the whole dura-
tion prepares the effective Hamiltonian

Hgep = K{[ZSZ(X, V) + [ySy(xv 7)}7 (4)

Let Hgep(m) = m(L-S-(x,y) + 1,S,(x,7)), correspond to a «
rotation under Hygcp, respectively.

The effective Hamiltonian Hg., mediates the coherence
transfer 7, — S, with an efficiency independent of the y
Euler angle. However, the effective Hamiltonian Hy., does
not transfer both components of the transverse magnetiza-
tion, i.e., Sy + 1S, — I, + if,. We now show how both com-
ponents of the transverse magnetization of spin S can be
transferred by suitably preparing the initial state by the
preparation Hamiltonian H,. The preparation involves
evolving the initial magnetization S, under Hy(n/2). In
the interaction frame of the rf-irradiation

Hp (m/2)

8. 215, (x, 7). (5)

In the original double rotating Zeeman frame, the state
takes the form

exp(_ieSSx)zley(xv V) exp(iHSSx) = ZIZSy(x7 Y + HS)v
where 05 = 2103,

Now consider the following sequence of transformations
Experiment A

Hy(m/2)

@3
Sy =218, (%, + 05) —> 21.8, (2,7 + 0s)

LS
wsS. (2)‘

—>2]S (Z y+057w5t1)

—ZIXS( y+95—wst1)dc—p>[ (x 05+01 0)511)
@
X TI>IX(Z, wstl — 0[ — OS) (6)

Here 0; = 2twl;, where 27 is the time to synthesize Hcp(T).
The precession of spin 7 is now recorded during the 7, evo-
lution period. The pulse sequence for the experiment is
depicted in Fig. 1(A).

Remark 2. In absence of rf-inhomogeneity, the phases 0g
and 0; remain the same for the whole sample for all 7,
increments. When the time t is an integral number of
rotor periods, these phases are simply factors of 2.

However in the presence of the inhomogeneity of the
rf-field, these phase factors will show variation across the
sample, leading to reduction in the sensitivity in the
experiments. In Section 4, we show how the defocussing
of the phases in the presence of inhomogeneity can be
refocussed.

Remark 3. In the above analysis, we have neglected the dis-
persion in k (caused due to dispersion in f§) and assumed a
nominal value k(. The period for the DCP experiment was
chosen based on a nominal value of xq. In Section 4, we
address the problem of compensation of x. There is signif-
icant literature on use of adiabatic sequences for compen-
sating dispersion in the value of x [17]. In our recent
work, we have shown [12] that dispersion in x can also
be compensated by using ideas of composite pulse sequenc-
es from Liquid state NMR [13] and methods of optimal
control [14]. In Section 4, we show how adiabatic sequences
and optimal control methods can be incorporated for com-
pensating dispersion in x in the sensitivity enhanced exper-
iments presented here.

In the above experiment, we started from magnetization
on spin S and collected the chemical shift information of
spin S during the 7, evolution, followed by transfer of mag-
netization to spin / and detection of spin I. We now show
how to start from the initial magnetization on spin / and
encode it in such a way so that we collect chemical shift
information of spin S during the #; evolution and finally
detect on spin /. The various steps are summarized as
follows.

Experiment B

/.S
Hgep(m

@ oS-
I. _>21 S, (x.7 + 05) = 2.8, (2,7 + 0) —Ss

(n IS .
2LS,(2,7 + s + 05) = 2.8, (x,7 + oty + 05) 2 M )
®)
— L(x, w5t + 05 + 0)) Tlx(z, sty + 0, + 0Os). (7)

Here steps [ and 11 constitute the preparation period and step
IIT is the chemical shift evolution for spin S for #; units of
time. Again 0;and Osare 2t/ and 21w, respectively, where
27 as before is the DCP evolution period. As remarked earli-
er, in the absence of rf-inhomogeneity, the additional phases
0rand Og are constant over the whole sample. In the presence
of inhomogeneity, the dispersion of these phases will lead to
loss of sensitivity. Methods to refocus this dispersion is de-
scribed in Section 4. The pulse sequences for the transforma-
tions in Eq. (7) are shown in the Fig. 1(B).

3. Homonuclear spins

We now extend these ideas to design of sensitivity
enhanced experiments for homonuclear spin systems. Con-
sider two dipolar coupled homonuclear spins 7 and S for
which the MAS modulated dipolar-coupling Hamiltonian
is of the form
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A Y Y
X X
H p H DCP
S t1 Evolution
27 2t
Y
X —X X
1 t1 Evolution H,, t2 Evolution
T
T T 21 —
B Y Y
X X
S HDCP t1 Evolution HDCP
27 27
Y Y v
X X
I H,, t1 Evolution H,. t2 Evolution
‘\
27 27
C Y Y v
X X
Is t1 Evolution 2 Evolution
Hlow Hlow ‘
21 21

Fig. 1. In ﬁgure (A), the starting operator is S.. The H,, block corresponds to x phase irradiation on spin S and 7 with amplitude !,
—pw, and o = go, for time T = 5~. The Hy, block is prepared by x phase irradiation on / and S spin for duration

for time 7 = 5=, followed by wt

Zrt

= pw, and of; = qo,

2r=1, wrth mrf = pw, and o}, = qow,. Herep — ¢= —1and p,¢ > 2. In ﬁgure (B), the starting operator is .. The effective Hamiltonian Hy, is prepared as

before. In ﬁgure C) the startlng operator is I.. The effective Hamiltonian Hy,,p, is prepared by x phase irradiation on / and S spin for duration 2t = X

with wf; =% and o = %. All solid dark bars represent  hard pulses.

His(t) = ays(£)(LS — 3LS.). 8)

In the interaction frame of a non-selective constant-phase
rf irradiation, the wis(#)I.S component averages to zero
over a rotor period as the operator term I.S commutes with
the rf Hamiltonian (e.g., I, + S,). This leaves us with the
modulation of the 37.S. component, and a formalism very
similar to that described above for the heteronuclear case
applies. The only difference is that one has non-selective
rf irradiation. The two spins are irradiated at their mean
resonance frequency by a rf field with the amplitude Wyf
adjusted to half the rotor frequency, ie., wy=1o, [15].
Using Eq. (2) with p = ¢ =1, the dipolar couphng Hamil-
tonian in the interaction frame of the rf-irradiation averag-
es over a rotor period to

Hyom = k[cos(y)(I.S. — 1,,S,) — sin(y) (LS, + 1,S.)], 9)

with k¥ = ﬁzbis sin(2f). Which we re-write as

lu

Hhom _K[IS( ) [S( )]

Finally letting Hy,,, evolve for o prepares
) — LS, (x,7)}

Starting from the initial state /., we perform the following
sequence of transformations,
Experiment C

Hyom () = n{L.S.(x,

Hhom

L —— I _ZIS( /+9)—>21S( y+9)_,2]S
(Z,y— ot +0) %i'—z]xs( /_wst1+9)Hhom )

. @)
— 1. cos(wty) + 1, sin(wyt) 7’1 (z, wst).

As before, steps I and II constitute the preparation phase
and III, the evolution of chemical shift for spin S for time
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t;. Also note that the phase 0 finally gets eliminated. The
pulse sequence for the experiment is presented in Fig. 1(C).

Remark 4 (Triple resonance experiments). These sensitivity
enhanced techniques can be extended to the design of
multidimensional experiments. Consider again the coupled
homonuclear IS spin system. This could for example
represent CACX pair or COCX moeity in the triple
resonance NCACX and NCOCX experiments [16]. We
start with an initial coherence on spin I, given by
Icos(d) + I,sin(6). The phase ¢ encodes the chemical shift
information of the third spin of interest, say '°N in [16].
The initial state I,(z,0) is transformed under the following
steps

@y om B,
I(z,8) = L.(x, -9) ”“H 21,8, (x,7 + 0 = 6) L 2LS,

S —

T
Sz 2.

(2,7 +0—0) = "2LS, (2,7 + 0 — 6 — wyn) — ~2LS,

(x,7 40 — wszl—a)”“"v“’l Thon®) 1 (2, oty + 0).

The precession of the spin / can now be recorded.

4. Adiabatic pulses for compensating rf-inhomogeneity and
dispersion in x

Until now we have neglected inhomogeneity in the rf-
field and dispersion in the value of k. Now we show that
by use of adiabatic pulses, it is possible to compensate
for these anisotropies and at the same time transfer both
components of transverse magnetization spin .S onto spin
I during the mixing period. To illustrate the main ideas,
we first start with the case of homonuclear spins.

Consider again coupled homonuclear spins which are
irradiated with rf field strength of wy (1) = % Let
F,; =1%and F} = %% In the interaction frame of x phase

X

rf-irradiation of strength %, the Hamiltonian averages to
Hhom(t) - K{IzSz(xa '}7) - IySy(x7 V)}
F+

+((1+eu(r) + 6&),)7*7

where 0 < e <1 represents the inhomogeneity of the field.

Let A> x and A4 > €,.,0,. Now if the field u(7), in the

time t,, is swept adiabatically from a value 4 to —A4, then

the initial operator, 7 — —F for a broad range of x and

e. This range depends on A4 and the sweep rate. This repre-

sents the standard adiabatic passage in the double quantum

frame. Such adiabatic sweeps have been well explored and

are widely used [17,18]. The resulting unitary propagator
generated by evolution of Hyon(#) can then be written as

U = exp(—igoF}) exp(—in(I.S-(x,7) — 1,S,(x,7)))
x exp(i,F)).

Here ¢ and ¢», depend on x and e. In the original Zeeman
frame, the mnet evolution takes the form U; =

(10)

exp(—i0F;)U, where 0 = *. This simply modifies ¢, in
the expression for U to ¢;. We then rewrite

Uy = exp(—ig, F,) exp(—in(L.S.(x,y) — 1,S,(x,7)))
x exp(ip,F).

Consider now the following sequence of transformations,
Experiment D

v D o
L5 =208, (x, 7+ 1+ ¢2) > 2IzSy(27 7 byt )

><I—>21S( 7+ o+ ¢y — wtl) —21.8,(x, 7 + ¢,

s — o) B L cos(onn) + 1, sin(0) 5 Lz o).
This experiment is a modified version of Experiment C,
where steps I and V in Experiment C have been replaced
by adiabatic pulse sequences, making the original experi-
ment robust to inhomogeneities in the strength of the rf-
field and dispersion in value k. Adiabatic sequences tend
to be long. In our recent work, using ideas of optimal con-
trol, we have developed sequences that are shorter than
adiabatic sequences and give comparable compensation
[12]. We can replace the adiabatic sweeps in Experiment
D, by these optimal control pulse sequences and obtain
shorter experiments that are sensitivity enhanced and still
robust to inhomogeneities in strength of the rf-field and
dispersion «.

We now consider the case of Heteronuclear spins / and
S, as in Experiment B. The spins are irradiated with rf field
strength of wl () = pw, and %(¢f) = qow,, such that
p—q=—1and p,q>2. Let Aw/; and Aw’; represent the
dispersion in the /- and S-spin rf field strengths from their
nominal values pw, and gow,, respectively. Let
Awf = (Aol £ Awy). In the interaction frame of rf-irradi-
ation, the Hamiltonian averages to

Hgep + A0 LF! + AogF ;. (11)

Now if we apply an additional x field on say spin I with
time varying rf-strength u(z), we obtain a time varying
Hamiltonian

(Ao + eu(?))F! + (Awy + eu(t))F . (12)

Note 245 commutes with Hycp. Now if the field u(z), in time
7,, 1s swept adiabatically from a value 4 (>> k, Aw;) to — A4,
then the initial operator, F_ is inverted, i.e., F, — —F_ for
a broad range of k and ¢ (the range depends on A4 and the
sweep rate). This is the standard adiabatic passage in the
zero quantum frame. The resulting unitary transformation
can be denoted by

W(y) = exp(id, F, ) exp(—in(L.S:(x,7) + 1,8,(x,7)))
x exp(—ig,F) exp(—igsF)).
where ¢; and ¢, depend on k and € and ¢5; depends on e.

If we irradiate spins / and S with —x phase rf-field
strengths of ! (f) = qw, and %(¢) = pw, +u(t) for

Hdcp +
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duration t,, with p,q,t, and u(z) as described above. Then
(assuming same rf-inhomogeneity on both the channels),
we prepare the propagator,

Wi(y) = exp(ip,F; ) exp(—in(L.S.(x,y) + 1,S,(x,7)))
x exp(—ig,F, ) exp(ip;F ).

Now we consider the following experiment
Experiment E

@50
[z _VIV) leSy(xa Y+ ¢1 + (]52 + ¢3) T _2IZS}’(27 Y+ ¢1

wsS- _
+ ¢2 + ¢3) ? _212Sy(2ay + d)l + ¢2 + ¢x - COstl)

Tyls
X~ 218, (6,7 + b+ b + by — oot)

m/

w By
X T]>Iz(x, —ogty) %Ix(z, wgt).

The step I of the experiment constitutes the preparation
step before the #; evolution and step V' constitutes the
transfer step.

Once again for practical concerns of relaxation, one might
want to reduce the length of the experiment and replace the
adiabatic sequences used in steps /and V' by simply a ramped
DCP experiment or an optimal control experiment as pre-
sented in [12]. One simply has to observe the relation that
ol (t) and w%(¢) used in the step I is replaced by —w(¢)
and —wl(¢) in the step ¥ of the experiment (assuming same
inhomogeneity on both rf-channels) (Fig. 2).

Remark 5. We have chosen the DCP and HORROR
experiments as prototype of heteronuclear and homonu-

clear re-coupling experiments. However, the framework of
using two recoupling periods and creation of y dependent
antiphase polarization during #; evolution is more general.
It allows for incorporation of more advanced re-coupling
sequences [24-28] that provide robust performance in
presence of large chemical shift dispersion. In our future
work, we plan to incorporate these superior sequences in
the two re-coupling periods.

Remark 6. The coupled heteronuclear spin pair IS dis-
cussed here in practical applications could correspond to
13C and PN, respectively. Similarly the homonuclear spin
pair discussed here correspond to '*C-'*C correlation
experiments. In both the experiments, the proton bath
needs to be be decoupled from the spin system. This
can be achieved by TPPM sequences [20] during the f
and 7, evolution period and CW radiation on protons
during the preparation and transfer phase of these
experiments.

5. Results and simulations

Powder averaged numerical simulations were performed
for simple two-spin heteronuclear and homonuclear sys-
tems to verify and quantify the sensitivity enhancement
results expected from preservation of both transverse com-
ponents in the #-dimension. All simulations were per-
formed using the SPINEVOLUTION software [29]. For
powder averaging, a comprehensive compilation of various
angle sets from the literature [30,31] is provided with the
SPINEVOLUTION program. Simulations were performed
using one of these angle sets which averages over 232 differ-

D Y Y v
X X |
U t1 Evolution U t2 Evolution
e : 1 ‘\
T a T . /
Y -
E X v «
S W t1 Evolution *
T a T .
Y
Y < Y
X
I w t1 Evolution W, 2 Evolution
: T
T T

a

a

Fig. 2. In figure (D), the starting operator is I.. The effective propagotor U, is prepared by x phase irradiation on 7 and S spin for duration t,, with

ou(t)

oy (t) = 257, where u(?) is swept adiabatically from A to —A. In figure 2(E), the starting operator is I.. The propagator W is prepared by x phase
irradiation on 7 and S with w//(f) = pw, + u(t) and ©f; = qw, such that p — g=—1, |p+¢| > 2, and u(¢) is swept adiabatically from 4 to —A. The
propagator W, is prepared by —x phase irradiation on 7 and S, such that o/.(t) = qo,, ®% = pw, + u(t) with p,q and u(z) as before.
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ent (o, f) angles. Addition averaging was performed over 20  highlight the cos(wst;) modulation when only one compo-
different y angles. Simulations were performed for both  nent is transferred after #; evolution. The ratio of the peak
adiabatic and nonadiabatic pulse sequences. All spectra  amplitudes of spectra B to A is 2.0. This corresponds to
shown subsequently are obtained by taking 128 points in  sensitivity enhancement of experiment A over standard

the #; dimension with an increment of 100 ps. The #; incre- DCP experiment by a factor v/2.
ments are chosen to be integral number of rotor periods. Fig. 5 shows simulated spectra for experiments B and E.
For heteronulear experiment, we first simulated the effi-  Spectrum in Fig. 5A is identical to one in Fig. 4A and is

ciency of a typical '>’N — '3C coherence transfer using the  obtained by using the standard DCP transfer block (trans-
standard DCP experiment [11]. Our calculations addressed ~ fer time ;) after the #; evolution. Spectrum in Fig. 5C is
the well characterized [19] *C,—'°N spin pair of glycine in a obtained by use of adiabatic pulses in the DCP transfer
powder sample subject to 10 kHz MAS, an external mag- [17]. Spectrum in Fig. 5B was obtained by transferring both
netic field corresponding to a 700 MHz (Larmor frequency components after #; evolution as in Experiment B. The
for "H) spectrometer, and nominal rf-field strength on the  magnetization is initially transferred from '*C during the
13C and "N channels of 35 and 45kHz, respectively. first recoupling period and after collecting the chemical
Fig. 3, (left panel) shows the efficiency of coherence trans- shift of °N, it is transferred back. The mixing time in
fer "N — 3C as a function of the mixing time 7,. The opti- Experiment B is chosen to be 2t =1). Spectrum in
mal mixing time of 7;=2ms corresponding to the  Fig. 5D is the adiabatic version of this experiment (Exper-
maximum efficiency of &~73% is recorded from this plot  iment E). Adiabatic pulses used in simulating spectrum C
and used subsequently in experiments A and B. Experiment ~ and D were of duration 107}. The ratio of the peak ampli-
A is simulated with 2t = 7, and by incrementing the indi-  tudes of spectra 4:B:C:D = 1:1.9:1.2:2.15. All spectra were
rect evolution time #;. After the transfer, the density matrix obtained by taking 128 points in the #; dimension with an
o(t1, 1) is a function of the variables #; and #,. In Fig. 4B, increment of 100 ps.

we display the spectrum obtained by taking the magnitude
of the Fourier transform of (I'")(t;) = tr(p(t1,0)I"). We
take the magnitude to quantify the total polarization trans-
ferred to spin I after ¢; evolution. In Fig. 4A is shown the
analogous spectrum obtained by using the standard DCP
transfer block (transfer time 1) after the ¢, evolution. Both
spectra (and all subsequent spectra) are obtained by taking
128 points in the 7; dimension with an increment of 100 ps.
The doublet in the Fig. 4A results from the fact that the
transferred x component of spin S is modulated as
cos(wst1) and the resulting spectrum has peaks at wg and
—wg. Although not customary, we show the doublet to

Remark 7. In experiments B and E, for small x values, the
first recoupling period will not generate complete antiphase
polarization. The left over or residual inphase magnetization
on spin / will evolve at frequency w;during the #; period. The
second recoupling period also leaves some part of this
magnetization back on spin /. As a result there is polarization
on spin / after the two recoupling periods, which has evolved
at frequency w; rather than wg during the 7, period. We have
not shown here the distinct peak in the spectrum arising due
to this left over magnetization. The same phenomenon
occurs in homonuclear recoupling experiments

0.8 T T T T T T T 0.8
0.7 1 0.7
0.6 1 0.6
05 1 05+
04t 1 £o04rp
03r 1 03|
02 1 02
0.1 1 01
00 0i5 1‘ 1i5 é 2t5 ;3 3t5 4 00 0t5 ; 1i5 é 25
Ty (ms) T (ms)

Fig. 3. Left panel shows efficiency  of >N — 13C, coherence transfer for the DCP experiment as a function of the mixing time 7, with experimental
conditions corresponding to MAS experiments with 10 kHz spinning and using a 700 MHz (Larmor frequency of 'H) magnet. The nominal rf-field
strength  of ©$/2n=35kHz and o}/2n=45kHz were used. The calculations wused d5, =0, 05, =1943ppm, 7= .98,
{ofr, Bors 7} = {64.9°,37.3°, -28.8°}, 6, =10, 5, = 10.1 ppm, n™=0.17, {opy, Bpg,7pe} = {—83.8°,=79.0°,0.0°}, and internuclear distance
ren = 1L52A, {oSN, BSR, 7SN} = {0°,0°,0°}, and Jen = —11 Hz. Right panel shows calculated efficiency of '*C — '*C, coherence transfer for the
HORROR experiment as a function of the mixing time 7, with experimental conditions corresponding to MAS experiments with 20 kHz spinning and
using a 700 MHz (Larmor frequency of 'H) magnet. The nominal rf-field strength of ®$/2n = 10 kHz. The calculations used internuclear distance
ren = 1.52A between the carbon pairs under ideal conditions & =4’ =& . =#*=0and i, =0and &5 =10 ppm.

aniso aniso
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Fig. 4. Numerical simulations for the DCP experiment (A) and the sensitivity enhanced experiment A (B), using the '*C,~"°N spin pair of glycine in a
powder sample subject to 10 kHz MAS, an external magnetic field corresponding to a 700 MHz (Larmor frequency for 'H) spectrometer. The nominal rf-
field strength of ®$/(2n) = 35 kHz and o} /(2n) = 45 kHz were used. The ratio of the peak amplitudes of spectrum B to 4 is 2.0. The doublet in Fig. A
arises from the cos(wst;) modulation of transferred x component of spin S.
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Fig. 5. Numerical simulations for the DCP experiment (A) and the sensitivity enhanced experiment B (B), using the '*C,—'°N spin pair of glycine in a
powder sample subject to 10 kHz MAS, an external magnetic field corresponding to a 700 MHz (Larmor frequency for 'H) spectrometer. The nominal rf-
field strength of @$/2n = 35 kHz and 0$/2n = 45 kHz were used in the DCP experiment and experiment B. The S spin is represented by '°N and the 7
spin is represented by '>C,. Spectra C and D correspond to adiabatic versions of experiments 4 and B. The duration of adiabatic sequences was chosen to
be 107;. The ratio of the peak amplitudes of spectra 4:B:C:D = 1:1.9:1.2:2.15.

For homonuclear experiments, we chose as our model magnetic field corresponding to a 700 MHz (Larmor fre-
system the '3C-'3C spin-pair (under ideal conditions) in a  quency for 'H) spectrometer, and nominal rf-field strength
powder sample subject to 20 kHz MAS, an external  on the '>C channel of 10 kHz. Fig. 3(right panel) shows the
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Fig. 6. Numerical simulation for the '*C-'3C spin-pair in a powder sample subject to 20 kHz MAS, an external magnetic field corresponding to a
700 MHz (Larmor frequency for 'H) spectrometer, and nominal rf-field strength on the '*C channel of 10 kHz. Spectra A and C are obtained from
standard HORROR experiment and its adiabatic version, respectively. The mixing time of 7; = 0.525 ms corresponding to the maximum efficiency is used
in the HORROR experiment [15]. The length of adiabatic sequences were chosen to be 207;. Experiment C is simulated with 2t = 7;. Spectra in panel B
and D correspond to experiments C and D, respectively. The ratio of the peak amplitudes of spectra A4:B:C:D = 1:2.0:1.31:2.55.

coherence transfer efficiency as as function of the mixing
time 7, in the standard HORROR experiment [15]. The
optimal mixing time of 7; = 0.525ms corresponding to
the maximum efficiency of &73% is used subsequently.
Experiment C is simulated with 2t = 7; and by increment-
ing the indirect evolution time #;. After the transfer, the
density matrix p(ty,1,) is a function of variable ¢, and #,.
The spectrum obtained by taking the magnitude of the
Fourier transform of (I'")(t;) = tr(p(t,0),1") is displayed
in 6B. Fig. 6A is obtained by using the standard HORROR
transfer block (transfer time t;) after the ¢, evolution. Spec-
tra in Figs. 6C and D correspond to numerical simulations
of adiabatic versions of experiments 4 and B, respectively.
The length of adiabatic sequences were chosen to be 207;.
The ratio of the peak amplitudes of spectra
A:B:C:D = 1:2.0:1.31:2.55.

5.1. Discussion and conclusion

In this paper, we introduced 2D NMR experiments
under MAS, which use evolution of y dependent anti-phase
coherences during the 71 evolution period. Unlike standard
2D recoupling experiments, this technique uses two recou-

pling periods. The first recoupling period is used to create y
dependent anti-phase coherence. The second recoupling
period transfers both components of this anti-phase coher-
ence to the coupled spin, following the #; evolution period.
In the absence of relaxation losses this results in sensitivity
enhancement by a factor of v/2, in 2D NMR experiments
over standard methods which only transfer say the x com-
ponent of the transverse magnetization. We then showed
that by use of adiabatic pulses in the recoupling periods,
the experiments can be made robust to inhomogeneties
and anisotropies. We verified the expected gains using
numerical simulations on model heteronuclear and homo-
nuclear two spin systems. The implementation of the exper-
iments proposed in this paper is straightforward. It is
expected that experiments based on the principle of y prep-
aration might be widely used in MAS Solid State NMR
applications.
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