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ABSTRACT

Recently, the T-hetero-nuclear multiple quantum coherence (T-HMQC) sequence using the TRAPDOR (transfer of population in double
resonance) recoupling has been introduced for the indirect detection via protons of quadrupolar nuclei with spin I = 1 (**N) or 3/2 (**Cl) in
solids at fast magic-angle spinning (MAS). The sequence is simple as it only uses four rectangular pulses and exhibits low #;-noise because
the recoupling pulses are applied to the indirectly detected isotope, I. We demonstrate that this sequence is applicable for the detection via
protons of spin-1/2 nuclei subject to large chemical shift anisotropy, such as "’Pt. We also report the proton detection of double-quantum
(2Q) coherences of "N nuclei using this sequence. This 2Q version is more robust to the adjustment of the magic angle and the instabilities
of the MAS frequencies than its parent single-quantum (1Q) version since the 2Q coherences are not broadened by the first-order quadrupole
interaction. In practice, than its 1Q counterpart for the indirect detection of **N nuclei, the 2Q variant benefits from a slightly higher resolution
and comparable sensitivity. In this article, we derive for the first time the Hamiltonian that describes the spin dynamics during the TRAPDOR
recoupling. This Hamiltonian demonstrates the importance of the adiabaticity parameter as well as the role of third-order terms in the effective
Hamiltonian. The effects of offsets, radio-frequency field, and recoupling time on the efficiency of the T-HMQC sequence are analyzed
numerically as well as with experimental detection via protons of '**Pt nuclei in a mixture of cis- and trans-platin and that of *N and **CI
isotopes in L-histidine HCL

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0082700

I. INTRODUCTION

Solid-state nuclear magnetic resonance (NMR) provides
unique insights into the atomic-level structure and dynamics
of solids, including membrane proteins, pharmaceuticals, and
advanced materials." However, NMR spectra of some isotopes
in solids can feature broad powder patterns with breadths rang-

ing from hundreds of kilohertz to tens of megahertz.”” For

instance, the NMR spectra of paramagnetic or conductive solids
are broadened by the hyperfine interactions between unpaired or
conduction electrons and nuclei. In addition, over 74% of the
NMR-active isotopes have a spin quantum number I > 1 and are
subject to the quadrupole interactions, which widen their pow-
der spectra, often over several megahertz.” Furthermore, the elec-
tron cloud of spin-1/2 nuclei with high atomic numbers, such as
19gy, 195py, 199Hg, or 2YPb, is highly anisotropic, which leads to
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wide powder patterns broadened by large chemical shift anisotropy
(CSA).°

These isotopes subject to large anisotropic NMR interactions
have been first analyzed with direct detection, i.e., their signals were
recorded during the acquisition period. However, the direct detec-
tion of wide spectra is plagued by several difficulties, such as the
experimental dead time. Furthermore, for these isotopes, a major
challenge is the lack of sensitivity since these large anisotropic inter-
actions spread the total integrated intensity over a broad spectral
width. Several techniques have been proposed to enhance the sen-
sitivity of wide spectra, including (i) the acquisition of multiple
echoes using the CPMG (Carr-Purcell Meiboom-Gill) sequence or
its variant for half-integer spin quadrupolar nuclei, called QCPMG
(quadrupolar CPMG);"* (ii) the transfer of polarization from pro-
tons to the detected isotope using broadband cross-polarization
(CP),””"” which can be combined with dynamic nuclear polariza-
tion (DNP) in order to enhance further the sensitivity;'"'* and (iii)
in the case of half-integer spin quadrupolar nuclei, the irradiation
of the satellite transitions (STs) in order to enhance the signal of
the central transition (CT) between energy levels m; = +1/2."° The
excitation bandwidth of (Q)CPMG and CP can be improved by the
use of adiabatic pulses.”'”'*"'* Another difficulty is that the breadth
of the NMR spectrum can exceed the detection bandwidth of the
probe or the excitation bandwidth of the radio-frequency (rf) pulse,
thus requiring a piecewise acquisition called VOCS (variable offset
cumulative spectrum).'”

More recently, the indirect detection of wide spectra via
one spin-1/2 nucleus, such as "H or ">C, has been proposed. In
these experiments, the frequencies of the isotope subject to large
anisotropic interactions are encoded during the indirect evolution
period, t;. This approach has been first demonstrated for the obser-
vation of "N nuclei in solids."* *’ This nitrogen isotope is the most
abundant with a natural abundance NA = 99.64%. However, because
of its integer spin value, I = 1, all its single-quantum (1Q) transi-
tions are broadened by the first-order quadrupole interaction (Hq1),
and "N powder patterns with a width of up to 10.5 MHz have
been reported.”! UN1Qor double-quantum (2Q) coherences can be
indirectly detected using two-dimensional (2D) hetero-nuclear cor-
relation (HETCOR) sequences, such as HMQC or HSQC (hetero-
nuclear multiple- or single-quantum coherence), with coherence
transfers mediated by either residual dipolar splitting (which is
the sum of J-coupling and second-order quadrupole-dipole cross-
terms)'*?"**** or dipolar interactions.”*”” In the latter approach,
called D-HMQC or D-HSQC, the dipolar interactions between
the spy spins and the "N isotope are reintroduced under magic-
angle spinning (MAS) by applying a hetero-nuclear dipolar recou-
pling sequence to the spy spins. In the case of proton detection,
denoted 'H-{"*N} hereafter, 'H-'*N dipolar couplings are gener-
ally reintroduced by applying the symmetry-based SR47 recoupling,
which also suppresses the contribution of 'H-"H dipolar interac-
tions to the first-order average Hamiltonian and offers tolerance
to rf inhomogeneity.”* The HMQC sequence is more sensitive
than the HSQC one.”””” The indirect detection of **N 1Q coher-
ences requires a very stable spinning precisely at the magic angle,
Bru ~ 54.736°, in order to average out Hq;. Conversely, the 4N
2Q coherences between energy levels m; = +1 are not broadened
by Haqi, and hence, their indirect detection does not require a
precise adjustment and a high stability of the magic angle and
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the spinning frequency, vg.'® Nevertheless, the indirect detection
of "N 2Q coherences is usually less efficient than that of 1Q
ones 252830

A challenge for the indirect detection of N nuclei using
HMQC or HSQC sequences is that the uN rf-amplitude is limited to
a few tens of kilohertz, which is two orders of magnitude lower than
the N Hq interaction. Various schemes applied at the *N Larmor
frequency have been proposed for the excitation and the reconver-
sion of N 1Q and 2Q coherences. They include hard pulses using
high rf-power,"” sideband selective long pulses (SLPs),”"** trains of
short rotor-synchronized DANTE (delays alternating with nutation
for tailored excitation) pulses,”"”* or low-power rotor-synchronized
symmetry-based sequences, including XiX (X inverse X) pulse
trains.””"""* We notably showed that SLPs are advantageous because
they are efficient, robust, and easy to set up.’ The overtone irradia-
tion and detection at twice the "*N Larmor frequency with rectangu-
lar, composite, or adiabatic pulses has also been employed in HMQC
experiments, but it is less effective than irradiation at the N Larmor
frequency.”””

Nevertheless, an important limitation of the TH-{“N}
D-HMQC sequence [Fig. 1(a)] using coherence transfers mediated
by dipolar couplings is the important ¢;-noise, appearing as spuri-
ous streaks along the indirect dimension, F;. This noise reduces the
sensitivity and can mask true cross peaks of low intensity, thus ham-
pering a reliable interpretation of the 2D spectra.””"” This ¢,-noise
mostly stems from the random fluctuations of the MAS frequency.”’
The SR4? recoupling reintroduces the "H CSA, besides the "H-"*N
dipolar interaction, and is non-y-encoded. Because of the insta-
bilities, the defocusing and refocusing periods of the D-HMQC
sequence are not always perfectly rotor-synchronized, and hence,
the amplitude of the recoupled 'H CSA differs between these two
delays, which results in its imperfect refocusing and hence, in a
variation in signal amplitude from scan to scan. Owing to these vari-
ations, the uncorrelated signal is not perfectly canceled by the phase
cycling, which leads to t;-noise. Different approaches have been pro-
posed to reduce this limitation. It has been demonstrated that short
recycle delays decrease the t;-noise, which is coherent and hence

b)

mTR mTR
| | :
H \\/\/\r
Trmix Tmix
|

- I

FIG. 1. "H-{}} (a) D-HMQC and (b) T-HMQC pulse sequences. The 'H-/ dipo-
lar couplings are reintroduced by applying either the SR4$ recoupling on the "H
channel for D-HMQC or two long identical pulses on the / channel for T-HMQC.
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proportional to the signal amplitude.*! The ¢;-noise in the D-HMQC
or D-HSQC spectra using the SR4} recoupling can also be decreased
by inserting two simultaneous nt-pulses on 'H and indirect chan-
nels in the middle of the defocusing and refocusing periods in order
to refocus the "H CSA.*’ These variants have been called TONE
(t1-noise eliminated) D-HMQC or D-HSQC sequences. However,
an efficient inversion of the *N magnetization using short pulses
requires a high rf-power that is not compatible with the specifica-
tions of most NMR probes,”***° and the TONE approach has not
been reported so far for the indirect detection of "*N nuclei via pro-
tons. The #1-noise of 'H-{"*N} D-HMQC 2D spectra can also be
reduced by employing a y-encoded scheme, such as the rotary res-
onance recoupling (R?), which is more tolerant to MAS frequency
fluctuations because the desynchronization of the defocusing and
refocusing periods does not change the amplitude of the recoupled
interactions but only their phase.”*"” Nevertheless, the R? scheme
is sensitive to rf-inhomogeneity, notably for protons subject to
small CSA.

Alternatively, the "H-"*N dipolar interactions can be reintro-
duced in HMQC experiments by applying two long identical pulses
on the "N channel,” " like in the TRAPDOR (transfer of popu-
lation in double resonance) experiment.”” " This combination of
the TRAPDOR and HMQC schemes has been called T-HMQC.”!
These long pulses also excite and reconvert the N coherences
evolving during the t; period. As these long pulses are applied to
the N channel, they do not reintroduce the 'H CSA, and hence,
the T-HMQC 2D spectra do not feature any ¢;-noise.”’ To the
best of our knowledge, this scheme has so far been applied for
the indirect detection of *N 1Q coherences, but not of their 2Q
ones.

The NMR signal of the **N isotope can also be detected via pro-
tons under MAS using the double cross-polarization sequence.” "
Nevertheless, this sequence requires a careful optimization of the
rf-fields on 'H and '*N channels during the CP transfers in order
to fulfill the Hartmann-Hahn condition® while avoiding the R
ones.”!

Half-integer spin quadrupolar nuclei, including 7O, *Na,
25Mg, 27Al, 3°Cl, **Ca, and 7'Ga, have also been indirectly
detected by protons.”””’ ' This indirect detection has been achieved
using either the D-HMQC sequence’” ' and its TONE vari-
ant” or, more recently, the magnetization transfers between half-
integer quadrupolar nuclei and protons using the D-RINEPT
(through-space refocused insensitive nuclei enhanced by polar-
ization transfer) scheme.°’ It has notably been demonstrated
that the D-HMQC sequence allows the indirect detection of the
1Q-CT and 1Q-ST coherences of **Cl nucleus,”® which is a spin-3/2
isotope with a low gyromagnetic ratio (yssci/yin = 0.098) and high
natural abundance (NA = 75.77%). More recently, the T-HMQC
experiment has been employed for the indirect detection via pro-
tons of either the 1Q (1Q-CT and 1Q-ST) and triple-quantum
(3Q) coherences of *Cl nuclei or the 2Q-ST ones between energy
levels m; = +3/2 and F1/2 of this quadrupolar isotope.*” The detec-
tion of 1Q-ST and 2Q-ST requires a very stable spinning (within
a few Hz) precisely at the magic angle (within a few milli-degrees)
in order to average Hqi. These requirements are called STMAS
specifications.”” °° When they are met, the indirect detection of the
2Q-ST can improve the resolution by a factor of up to 18 over that
of the 1Q-CT.

ARTICLE scitation.org/journalljcp

D-HMQC experiments with 'H detection and its TONE vari-
ants have also been applied for the indirect detection of '*>Pt
nuclei in solids.””*” "’ Pt is a spin-1/2 isotope with a mod-
erate gyromagnetic ratio (yi9spe/y1n ~ 0.215) and natural abun-
dance (NA = 33%). Pt CSA can exceed 7000 ppm, leading to
spectral breadths larger than 500 kHz at 9.4 T.”' Therefore, the
excitation of Pt nuclei using rf-amplitudes of tens of kilohertz
is challenging. This excitation has been performed using vari-
ous schemes, including hard pulses, SLPs, and DANTE trains.*®
SLP is notably suitable for large CSA. The MAS sideband mani-
fold of '**Pt nuclei can also be recorded using rotor-asynchronous
ti-increments in a constant-time D-HMQC sequence” or preferably
its variant with arbitrary dwell time.””’”” The 'H signal can also be
correlated with the '*°Pt center-band by combining the D-HMQC
sequence with the adiabatic magic-angle turning scheme.”””’ Nev-
ertheless, the acquisition of two D-HMQC 2D spectra with dif-
ferent spinning speeds using rotor-synchronized f;-increments
is sufficient to determine the isotropic chemical shifts of '*>Pt
nuclei.®®

We demonstrate herein the indirect detection of 2Q N coher-
ences via protons using the T-HMQC sequence. We show for the
first time that the T-HMQC experiment can be applied for the
indirect observation of spin-1/2 nuclei, such as 195py, subject to
large CSA. We also analyze the efficiency of the "H-{I} T-HMQC
sequence for I = "N, **Cl, and Pt isotopes as a function of offset,
recoupling time, and rf-amplitude using spin dynamics simulations.
The 'H-{**N} and 'H-{**Cl} T-HMQC experiments are carried out
on L-histidine HCl, whereas the 'H-{'**Pt} ones are performed on
a mixture of cis- and trans-dichlorodiamineplatinum(II) (also called
cis-platin and trans-platin).

Il. PULSE SEQUENCE AND THEORY
A. Pulse sequence

The "H-{I} T-HMQC pulse sequence is displayed on Fig. 1(b).
It consists of a rotor-synchronized spin-echo on the 'H channel, i.e.,
the interval between the centers of the 7/2 and 1 pulses and that
between the center of the m-pulse and the beginning of the acqui-
sition period, t,, are equal to an integer multiple of rotor periods,
mTr. Two long rectangular pulses of identical length, Ty, and rf-
strength, v1, are applied on the I channel during each echo delay and
are separated by the t; evolution period. This pair of long pulses rein-
troduces the 'H-I dipolar coupling under MAS and also creates and
reconverts the I coherences evolving during the ¢, period in order to
encode their frequency.

The phase cycling of one of these I pulses allows selecting the
coherence order during ¢;. In the following, we will label the coher-
ences according to their coherence order either followed by ST when
they are subject to Hq: (e.g., 1Q-ST and 2Q-ST) or without ST in
other cases (e.g., 1Q-CT and 3Q for I = 3/2).

A two-step phase cycle selects simultaneously all coherences
with odd order of the I isotope. This means that only the +1Q coher-
ences can then be detected for '*>Pt and "N isotopes owing to the
limited sizes of their density matrices stemming from their small
spin values: I = 1/2 and 1, respectively, whereas this phase cycling
selects simultaneously 1Q-CT, 1Q-ST, and 3Q for I = 3/2.

Conversely, a four-step phase cycle selects the +2Q coher-
ences and notably the 2Q-ST for I = 3/2.°* For this spin value, the
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second-order quadrupolar (Hq,) broadening of the 2Q-ST in hertz
is ninefold smaller than that of 1Q-CT, whereas the differences in
chemical shifts for the former coherences are twice larger than for
the latter.®> Overall, the spectral resolution is hence improved by
a factor of 18 by selecting the 2Q-ST instead of 1Q-CT during the
t; period. However, the 2Q-ST is broadened by Hq, and hence,
this phase selection requires STMAS specifications to cancel this
broadening. For I = 1, the 1Q and 2Q coherences lead to the same
resolution, provided they only evolve under the isotropic chemical
shift and Hq, interactions. However, the 1Q coherences are also sub-
ject to Hqi, which is only refocused under STMAS specifications.
Conversely, the 2Q coherences are immune to Hq; and does not
require these stringent settings.

A six-step phase cycle selects the £3Q coherences during t;. For
I = 3/2, the 3Q coherences are not broadened by Hqi, and hence,
their indirect detection does not require STMAS specifications.

B. Effective TRAPDOR Hamiltonian for / = 1/2

We consider a rectangular pulse of phase x applied under
MAS to the '°Pt nucleus with a carrier frequency resonant with
its nth-order sideband related to CSA. We neglect the off-resonance
counter-rotating circular component of the linearly modulated rf-
field. In the rotating frame, R, revolving around the z-axis of the
laboratory frame at ol w?, where 8., and w? denote, respectively,
the isotropic chemical shift and the Larmor angular frequency,
the Hamiltonian of an isolated pair S = 'H and I = '**Pt can be
expressed as

HR = ‘UCSA,I(t)Iz + 2wD,15(t)IZSZ + wlRZ(ant)Isz(—ant), (1)

where R; (0) = exp(—ifL;) is the operator for the rotation of the 195p¢
spin through an angle 0 around the z-axis, wr = 2nvr is the angular
MAS frequency, wcsa,i(t) is the instantaneous angular frequency of
the '°Pt CSA, wp,ss(t) is the instantaneous angular dipolar coupling
frequency, and w; = 2mtv; is the amplitude of the rf-field.

The 'Pt CSA is usually much larger than the 'H-'*’Pt
dipolar coupling. Its MAS-modulated offset can be removed by a
transformation into the jolting frame, 7,”

H = R[~®csa 1 (1) JH R [@csar(t)] - wesar(t) L, (2)

where

t
(DCSA,I(t):/O wesar(t)dt’ (3)

is the phase related to the evolution under '**Pt CSA. MAS modu-
lates the '*°Pt CSA and "H-'*’Pt dipolar interaction at the frequency
wgr. Hence, the Hamiltonian H” can be expressed as™’

H = Z;:i [prD 51,8, + hj ]exp(iprt), (4)

where the complex amplitudes of the components of the 'H-'%"Pt
dipolar interaction are equal to’*

ARTICLE scitation.org/journalljcp
1
(l)ills = :Fmbls sin(ZﬂgI’{S) exp[?i(y?j{s + (X%L)]: (5)
1
wf’zls = Zb[s sin2 (ﬁgi{s) exp[¥i2(y€1}[s + DC?{L)], (6)

whereas the other components are null. In Egs. (5) and (6), bys is
the dipolar coupling in rad - s™*, {0, Bbi®, yoi°} Euler angles relate
the I-S inter-nuclear direction to the MAS rotor-fixed frame, and
Y denotes the rotor angular position at the beginning of the pulse.
The Floquet coefficients of the rf Hamiltonian have the following
expression:*’

I w . .
hpf = jl[Anfp exp(—i¢n—p)I- + Ansp exp(idnip)lc],  (7)

where Apyp and ¢,,, are the amplitude and the phase of the
(n £ p)th-order sidebands of the crystallite and I. denotes the ladder
operators of the '’ Pt nucleus. The first-order effective Hamiltonian
corresponds to the time-independent term p = 0 in Eq. (4) and is
equal to the Floquet coefficient A,

He(flf) hO = 01AnR (=) LRz (¢n), (8)

which is identical to the Hamiltonian of a rectangular pulse applied
to the "’ Pt nucleus with amplitude w; A, and phase ¢,. The scaling
down of the rf-field by A, stems from the fact that it rotates the mag-
netization only during a fraction of the pulse since the modulation of
CSA by MAS produces a rapid change of the offset. The amplitude
A, and the phase ¢, depend on the orientation of the CSA tensor
in the rotor frame. This dependence results in a distribution of the
rf-strength and a spread of its direction between the crystallites of a
powder.

For a large rf-amplitude, higher order terms of the rf Hamilto-
nian must be included. The second-order effective rf Hamiltonian is
equal to™*””

2 2
(2) “’1 An+p Anp

Heffrfxrf quto I (9)

This constant term represents a Bloch-Siegert shift,””” which does

not depend on the phases of the rf-pulse and the spinning sidebands
(¢n). Its magnitude increases with w}/wg and the asymmetry of the
sideband intensities about the irradiated sideband.

Asseenin Egs. (8) and (9), neither He(flf) nor He(ff) frf

bis and account for the reintroduction of 'H-'**Pt dipolar coupling
by the long pulse, even if, as shown below, these terms do not com-
mute with the recoupled 'H-'**Pt dipolar interaction and affect the
'H-'*Pt coherence transfer during the TRAPDOR pulses by mod-
ifying the quantization axis. On the contrary, the 'H-""*Pt dipolar
interaction contributes to the second-order effective Hamiltonian
via the following term:

depends on

(2025182, by | + [, 205 B LS. ]

pwr

(10)

o) 1
HeffIerf 2 Zp;to
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By substituting Eq. (7) into Eq. (10), this Hamiltonian can be
written as

(2) w1 2 . D,IS .
H g tgoces = EZP - sign(p)wp [~ Antp exp(=inip)I-
p*0
+ Anp exp(ign—p)I1]S.. (11)

This equation shows that the rectangular pulse, resonant with the
nth-order sideband of '**Pt nucleus, reintroduces the hetero-nuclear
dipolar coupling and converts the 'H 1Q coherences into 'H-"""Pt
multiple-quantum coherences evolving during the ¢, period of the
T-HMQC sequence.

Equation (11) shows that the amplitude of the He(fzf,)Ierf

term governing the 'H-'">Pt coherence transfer depends on the
w1 An+pbrs/or ratios, with p = £1 and +2. The A, amplitudes satisfy
the normalization conditions,’®

T A =1. (12)

k=—o00

Let us call CSA the full width of the static powder pattern,
CSA = Shniso®] (3 + ficsa ) /2, (13)

where 8! i, and ncsa denote the anisotropic chemical deshield-
ing constant and the shielding asymmetry parameter of %Pt
nucleus, respectively. The number of spinning sidebands with sig-
nificant intensities is approximately equal to CSA/wg and hence, in

average,
WR
Apmy ) =2 14
k CSA (14)

Therefore, the norm of He(fzf,)Ierf is approximately proportional to

o< \/abrs, (15)

(2)
‘ Heff,Ierf

where the adiabaticity parameter, a, is given by

wf
wrCSA’

(16)

For v; = 186 kHz and vg = 62.5 kHz, corresponding to the exper-
imental conditions used in Sec. IV B and &L, w?/(2m) = 1.02 MHz
and 7csa = 0.03 (CSA = 1.55 MHz), which are the CSA parameters of
195pt nucleus in cis-platin,”” we have a » 0.36. Therefore, the buildup
of the T-HMQC signal, which is proportional to \/a [Eq. (15)], is
accelerated at a higher rf-field, whereas it is slowed down at larger
CSA and higher MAS frequency.

Furthermore, the magnitude of He(flf) = 1t is much larger than

that of He(fzf)Ierf' In the interaction frame of h{)f, the effective
Hamiltonian is equal to
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H" (£) = exp(ih5't) (HS o + HDrsnr) exp(=ib3). (17

The terms of He(fzﬂ)rfxrf + He(fzf,)Ierf’ which do not commute with hrf,
oscillate rapidly and are averaged out by the rf-field. Therefore, the
recoupling of the "H-'*’Pt dipolar interaction is governed by the

projection of H @ . Onto h(r)sz,

eff,ISx

Tr( S HE
@m0 ( zH, eff,IS rf) h{)fsz, (18)

eff,ISxrf — Tr(Szh(r)f,Thosz)

where h(r)f’Jr denotes the Hermitian adjoint of h(r)f and Tr(B) denotes
the trace of matrix B. The magnitude of this term is proportional to
V&, and depends on the sideband intensities, A, and phases, ¢y,
with p = +1 or £2.

C. Effective TRAPDOR Hamiltonian for / = 1

We now consider the case of the 'H-{"*N} T-HMQC pulse
sequence. Two rectangular pulses of phase x are applied under MAS
to the N nucleus with a carrier frequency resonant with the nth
and —nth order sidebands of the transitions between energy levels
+1 <> 0 and 0 < -1, respectively. In the case of an isolated spin
pair, S = 'H and I = N, the Hamiltonian in the R rotating frame is
equal to

H"™(t) = wqi(t)Q: + 2wp is(t)I:S + w1 R (nwrt) IR (~nwrt),
(19)

where Q, = I? = I(I +1)1;/3 is the quadrupolar order, 1; is the
identity matrix of size 2I+1 = 3, and wq,(t) is the instanta-
neous Hq: interaction. In Eq. (19), we disregarded the CSA and
the anisotropic part of Hq,, since they are usually smaller than
the MAS frequency. Furthermore, the isotropic part of Hqa, also
called QIS (quadrupolar-induced shift), wIQIS, is included in the
frequency offset of the "N nucleus and the R frame revolves
around the z-axis of the laboratory frame at the angular frequency,
6ilsow(l) + w{}IS'

As Hq of the "N nucleus is usually much larger than the
"H-"*N dipolar coupling, the Hamiltonian is transformed into the
quadrupolar jolting frame, .7, in order to remove its modulation by
MAS,

H(t) = exp[iqu(t)Q:]H  exp[i®q (t) Q] — wqu(t)Qz (20)
where
Dq(t) = foth,I(t')dt' (21)

is the phase evolution under Hq;. Owing to the periodicity of
the MAS rotation, the Hamiltonian H’ can be written as in
Eq. (4),* in which the Floquet coefficients of the rf Hamiltonian are
given by
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where Ii“’o) and Iio’_l) denote the ladder operators of the transi-
tions +1 <> 0 and 0 <> —1, respectively, and the coefficients of Ifl’o)
operators are the complex conjugates of those I io’ﬂ).

The first-order effective Hamiltonian is the coefficient A,

AnRngl,O) (_¢n)1§+1,0)R§+1,0) ((Pn)

(1) of
H. =hy = \/Za)l
+A- RO (o) IOVROT (<o)

eff , (23)

J

2) W 2 .
H i tgpcrs = N pri?)z sign(p) w,

As hf)f is much larger than this Hamiltonian, the evolution of the
spin system can be described in the hf)f interaction frame [Eq. (17)]
and the transfer of coherence between 'H and "N nuclei is gov-

erned by the projection of H ) ¢ onto s, given by Eq. (18).

eff,ISxr]
This effective Hamiltonian transforms the in-phase transverse 'H
magnetization, Sy, into (i) a transverse 'H magnetization antiphase
with respect to TH-N coupling, Sx(lf - %11), as well as (ii) 'H-MN
multiple-quantum coherences with 1Q and 2Q YN coherences.
As the full width powder pattern of a I spin nucleus is 1.5Cq/I,”
in average, we have

ICUR

AL~
. 1.5Cq

(25)

using the normalization condition of Eq. (12), and hence, Eq. (15) is
still valid with the adiabaticity parameter, a, given by

2
Tw]

. 26
* = T5wrCq (26)

For "N nuclei with v; = 70 kHz, vg = 62.5 kHz, and Cq =1.18 MHz,
we have a ~ 0.04 < 1.

In the special case, in which the centerband is irradiated (n = 0),
the coefficients of Iiﬂ’o) and Iio’_l) operators in Eq. (24) are oppo-
site. As a result, He(fzf))lser is orthogonal to A, which fully decouples
the '"H-"*N dipolar interaction and cancels the T-HMQC signal.

Furthermore, the third-order effective term between two

. . lyy 14 : . ; 3
rf Hamiltonians and the "H-"*N dipolar interaction, H e ot

[Eq. (S1)], contains products of S, and "N 2Q operators.”

1 Aup exp(—i¢n7p)1£+1,o) + Anip exp(i¢n+p)1£+l’0)
2601 . 0,-1) . o-n
+A_pip exp(id-nip) - + A np exp(—inp)I"

D,IS —Antp eXp(—i(/)nﬂ:)IEH’o) +Au—p exp(i¢n7P)L(r+1)0)
~Anp exp(i¢_n_p)1£0>‘1) + An+p eXP(—i¢—n+p)Ia(r0’_l)
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(22)

(

where  RUM(0) =exp(-i6K")  and  ROTV(0)

:exp(—iQIz(O’fl)). The above Hamiltonian corresponds to two

pulses of distinct amplitudes and phases applied to the transitions
+1 <> 0 and 0 <> —1, respectively.

The second-order effective rf Hamiltonian comprises terms

proportional to IZ(H’O) and Iz(o’fl), representing the Bloch-Siegert

shift as well as double-quantum terms.” By substituting Eq. (23)
into Eq. (10), the contribution of the "H-'*N dipolar interaction to
the second-order effective Hamiltonian can be expressed as

(29

(

These product operators can transform S, into 'H-"*N coherences
involving '*N 2Q coherences. As this third-order term is propor-
tional to abys and & < \/a < 1, its contribution to the creation of "N
2Q coherences increases with the "H-'*N dipolar interaction and
the length of the TRAPDOR pulses.

We considered above the irradiation of the nth-order sideband.
When irradiating the midpoint between two consecutive spinning
sidebands, i.e., the frequency offset is equal to (n + 1/2)w, h;,f
must be replaced by hf,fexp(int/Z) in Eq. (4). Hence, the first-order
Hamiltonian and the contribution of the "H-"*N dipolar interac-
tion to the second-order effective Hamiltonian are time-dependent
and canceled by MAS since the rf-field is modulated at a half-integer
multiple of the MAS frequency, whereas the Hy, and 'H-"*N dipo-
lar interactions are modulated at multiples of the MAS frequency.
Nevertheless, the third-order effective Hamiltonian of Eq. (S2) con-
tains time-independent terms recoupling the 'H-"*N dipolar inter-
action.’”” As this Hamiltonian contains products of S, and N 2Q
operators, the irradiation at the midpoint between two consecu-
tive spinning sidebands can transform Sy into "H-'"*N coherences
involving 2Q coherences. As the third-order term is proportional
to abys and « < \/a < 1, the buildup of the HN 2Q coherences in
T-HMQC experiments is slower at these offsets than for the
irradiation of a sideband.

D. Effective TRAPDOR Hamiltonian for / = 3/2

For the "H-{**Cl} T-HMQC sequence, two rectangular pulses
of phase x are applied under MAS to the **Cl channel with a carrier
frequency resonant with sidebands of order n and —# of the transi-
tions 3/2 <> 1/2 and —1/2 <> —3/2, respectively. The Hamiltonian of
the "H-**Cl spin pair in the R frame is equal to
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H" = 0wq(1)Q; + 2wps(t) LS, + w1 R, (nwrt) R, (—nwrt) (27)
in which the **Cl CSA and Hq interactions are disregarded.
The STs of the *°Cl nucleus, 3/2 <> 1/2 and —1/2 < —3/2,

are similar to those of “N isotope: +1 < 0 and 0 < -1,

J

. +2,
i | A ewCispit
hP = 7(‘)1

3

341 3
) 4 A exp(igep) I
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whereas the *Cl 1Q-CT coherence does not evolve under Haq
and only contributes to the centerband. By analogy with a spin
I = 1, it can be shown that the Floquet coefficients of the rf
Hamiltonian for I = 3/2 in the quadrupolar jolting frame are
equal to

)
+ 01670050 Cxs (28)

+A”’+P exp(i¢—n+p)1£_?—§) +A—n—p exp(—i(/)inip)ls_i‘_i)

where C; is the 1Q-CT coherence along the x-axis and 8,0 and & denote Kronecker delta functions.®’ Similarly, by analogy with Eq. (24), the
contribution of the 'H-**Cl dipolar interaction to the second-order effective Hamiltonian is

~Ansp eXP(—i¢n+p)I£+z’+z) +An-p eXP(i¢n—p)I£+?+z)

H(z) N V3w
eff, ISxrf — 20r

The full width of the **Cl static powder pattern is Cq,”® and the
adiabaticity parameter, «, is given by Eq. (26).

As He(flf) = htf is larger than He(fzf,)ISx rf
order Hamiltonian, and the 'H-**Cl recoupling is governed by a
Hamiltonian proportional to h(')fSZ, which converts S, into 'H->>Cl
multiple-quantum coherences with 1Q-CT, 1Q-ST, 2Q-ST, and 3Q

, it truncates this second-

S sign(p)wp ™| ~A-n-p exp (i) 27 4 Ay exp(=igonip)I 72 s, (29)
p#0
_Slg\r}(gp) (_Ifﬁ’*z) + L(jafa))
(
o 17(2)h0 2),h0
Unmix = eXP["(He(ff,)rfxrf + He(ff,)Ierf)TmiX:I’ G1
where He(f?r,fp/l(I)erf are the projections of He(fzf)rf 15 ONEO W [Eq. (18)],
it 17 (2)
H(z),ho _ Tr(hO Heff,rf/Ierf) hrf (32)
eff,rf/ISxrf — Tr(h(r)f,‘i‘ho) 0-

of ¥Cl isotope. In the case of a centerband irradiation, He(fzﬂ)lsX i 18

orthogonal to hif and the T-HMQC signal is null. When irradi-
ating the midpoint between two consecutive spinning sidebands,
the third-order effective Hamiltonian between two rf Hamiltoni-
ans and the '"H-**CI dipolar interaction in the form of Eq. (S2) can
transform S, into 'H-*"Cl multiple-quantum coherences involving
2Q-ST of *’the **CL isotope. Furthermore, the fourth-order effective
Hamiltonian between three rf Hamiltonians and the 'H-*>Cl dipo-
lar interaction (not shown) can convert Sy into 'H->>CI coherences
with 1Q-CT, 1Q-ST, and 3Q for vog = (n + 1/3)wg.

E. Expression of the T-HMQC signal

For a '"H-{I} T-HMQC sequence, the phase cycling selects dur-
ing t;. The coherence order of spin I, q;, and the NMR signal is
proportional to

Zl,q[( (Sx| Unix Tl]vqf Ul:lilx ) ( Tll,ql | Un TlI,qI Ut_l1 ) ( TZI,qI| UnixSx Ur;ix ) ),
(30)

where the angular bracket denotes the powder average and the scalar
product in the operator space is defined by (A|B) = Tr{A'B}, with A
being the Hermitian adjoint of A. Unix denotes the propagators for
the two identical TRAPDOR pulses, which are equal when 7y and
t1 are multiples of Tr. In this case, when neglecting the third-order
Hamiltonians, Unix is equal to

In Eq. (30), Uy denotes the propagator for the ¢; evolution under the
isotropic chemical and quadrupolar induced shifts, and Tl{ o1 denotes
the irreducible tensor operator of spin I, with rank 0 < I < 2] and
coherence order —I < gy < +1.*' The t; rotor-synchronization also
ensures the absence of evolution under CSA, dipolar, and Hq, inter-
actions of I spin, and the evolution of the Tl{ o1 operator during f; can
be written as

(Tiy|Uu Tl Us') = exp(~igiQt:), (33)

where Q denotes the angular frequency corresponding to the
isotropic shift. By substituting Eq. (33) into Eq. (30) and using
the complex conjugation property of the scalar product and the
invariance of the trace under cyclic permutation, Eq. (30) simplifies
into

Pt &P (=000 ){|(Thoal UnixS. U ) ) (34)

As the last term of this equation is a real number, the coherence
transfer during the T-HMQC sequence only modulates the ampli-
tude of the signal, not its phase. Globally, this is due to the fact this
scheme uses two identical long TRAPDOR pulses on the quadrupo-
lar channel, symmetrical with respect to the refocusing n-pulse on
the "H channel. This symmetry allows canceling the dephasings
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under anisotropic interaction, hence increasing the sensitivity of  equal to |bin_1ax]/(27) = 1, 2, or 8 kHz, whereas the {Cq; #7q} values
the method. This feature contrasts with the conventional TRAP- were equal to {1.18 MHz; 0.50} or {3.21 MHz; 0.32}, correspond-

DOR experiment,” ** where only one long pulse is sent on the ing to the quadrupolar parameters of N nuclei in glycine®* or
quadrupolar channel. In this case, the dephasings under anisotropic N-acetyl-L-valine (NAV).*> For I = **Cl, the dipolar coupling was
interaction are not refocused. equal to |big-3sci|/(2m) = 580 Hz, whereas Cq = 1.95 MHz and
fq = 0.66, corresponding to the quadrupolar parameters of **Cl

Ill. NUMERICAL SIMULATIONS nuclei in L-histidine HCL"'
] ) The static magnetic field was equal to By = 18.8 T and the MAS
A. Simulation parameters frequency to 25 or 62.5 kHz. For all 1D simulations (Figs. 2-11
All numerical simulations of the 1H—{I} T-HMQC sequence and Figs. S1-S3), the #; period was null, i.e., there was no win-
were performed using the SIMPSON software for an isolated 'H-I dow delay between the pulses on the I channel in order to avoid
pair without "H CSA.*> The powder average was calculated using the evolution under the isotropic shift of I nuclei. The defocusing
232 {amr, Pumr} pairs and 74 ymr Euler angles to relate the molecu- and refocusing periods were equal to an integer number of rotor-
lar and rotor frames in the case of I = "”Pt, whereas we employed periods: Tmix = mTr. The pulses on the 'H channel were simulated
only 168 {amr, Pmr} pairs and 11 yyr angles for I = 1N and *°Cl. as ideal Dirac ones. The long rectangular pulses on the I channel
The REPULSION algorithm was employed to select the {amr, Pmr} were applied on-resonance with the centerband for I = "*>Pt and with
pairs,®” whereas the ymr angles were regularly stepped between 0° the first spinning sideband for I = N and **Cl, except in Figs. 2,
and 360°. 5, 8, and 11, where we optimized the frequency offset, vog, which
For I = '°Pt, the dipolar coupling was equal to |bis_195pe|/(27) is defined as the difference between the carrier frequency and the

= 2 kHz, whereas the '**Pt CSA ranged from 8soi w3gsp, = 0.3 MHz sum of the isotropic chemical shift and the QIS. The transfer effi-
and #5csa was equal to 0 or 1. For I = *N, the dipolar coupling was ciency of the T-HMQC sequence was normalized with respect to
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FIG. 2. Simulated efficiency of the 'H-{"*>Pt} T-HMQC sequence as a function of (a)—(e) offset and (f) CSA with vg = 62.5 kHz, v4 = 50 kHz, and 7y, = 2 ms. The panels
(a) and (c)—(e) also display the 1D 195Pt static spectra. Other simulation parameters are indicated in the panels.
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FIG. 3. Simulated build-up curves of the 'H—{'®*Pt} T-HMQC sequence with ncsa
— 1 and {CSA (MHz), v (kH2), v1 (kHz), a} = {3, 62.5, 50, 0.013} (purple), {3,
62.5, 100, 0.053} (green), {3, 15.625, 50, 0.053} (blue), and {0.75, 62.5, 50, 0.053}
(yellow). The adiabaticity parameter « is calculated with Egs. (13) and (16).

that of a spin echo made of ideal Dirac pulses applied to the 'H
channel.

B. "H-{"**Pt} T-HMQC

Figures 2(a)-2(¢) show the simulated efficiency of the
'H-{**Pt} T-HMQC sequence vs the 195pt offset for a 'H-'*°Pt spin

ARTICLE scitation.orgljournalljcp

pair. These simulations demonstrate that the T-HMQC sequence
can be applied for the indirect detection of Pt nuclei, and more
generally of any spin-1/2 isotope, subject to large shielding. For
CSA ranging from ~50-2000 kHz, the optimal transfer efficiency
reaches ~20%, instead of 50% for the 'H-{"**Pt} D-HMQC sequence
employing an rf-field larger than the CSA.”” The transfer efficiency
of T-HMQC is maximal when irradiating one of the '**Pt spinning
sidebands [Fig. 2(b)], and contrary to N and **Cl quadrupolar
nuclei (see below), there is no drop in efficiency when irradiat-
ing the centerband. As seen in Eq. (11), the 'H-%pt T-HMQC
efficiency depends on the amplitudes of the A, terms, with
p = =1 and +2, where n denotes the order of the irradiated spin-
ning sideband and hence is determined by the envelope of the
spinning sideband manifold. For instance, the transfer efficiency
profile is symmetric with respect to the centerband for #csa = 1
[Figs. 2(a), 2(c), and 2(e)] and asymmetric otherwise [Fig. 2(d)]. Its
excitation bandwidth is comparable to the full width of the static
powder pattern [Eq. (13)]: CSA = &0 (3 + ficsa ) /2 = 3, 2.25, and
0.75 MHz for {8};ow? (MHz), ncsa} = {1.5, 1}, {1.5, 0} and {0.375,
1}, as shown in Figs. 2(c)-2(e), respectively. As seen in Fig. 2(f), the
T-HMQC efficiency cancels out for vanishing CSA. In that case, the
theoretical treatment given in Sec. II B is not valid and the rf irra-
diation on the ***Pt channel does not recouple the "H-'**Pt dipolar
interaction.

Figure 3 displays the 'H-{'**Pt} T-HMQC build-up curves sim-
ulated for different values of CSA, vg, and v; parameters. These
simulations confirm the validity of Egs. (15) and (16), since build-up

0.25 0.25
a)  CSA =900 kHz
0.2 0.2
—~~
N
I 0.15 0.15
X
N
S 0.1 - 0.1
0.05 0.05 FIG. 4. Simulated on-resonance
efficiency of the 'H-{'*Pt} T-HMQC
sequence Vs vq and Ttk With wg
0 0 = 62.5 kHz and #csa = 1. The CSA

V4 (kHZ)

Trix(Ms)

0.25
0.2
0.15
0.1
0.05
0
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values are indicated on the panels. In
(d), the transfer efficiency shown in (b)
has been multiplied by exp(—2pix/T2")
0.08 with T,” = 1.6 ms in order to take into

account the losses due to transverse

relaxation during the recoupling periods.
0.06 The efficiency scale of (d) differs from
that of the other panels.
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curves with identical « values exhibit the same initial slope, whereas
a fourfold reduction of the & parameter decreases the initial slope by
a factor 2.

Figure 4 shows the efficiency of the 'H-{***Pt} T-HMQC
sequence as a function of Tmix and v; parameters. These simulations
show that the optimal recoupling time is inversely proportional to v;
in agreement with Egs. (15) and (16), which predict that the strength
of the recoupled dipolar interaction is proportional to v;. Further-
more, for a given Tmix delay, the optimal v; increases with the CSA
value in agreement with Eq. (16) [compare Figs. 4(a)-4(c)]. These

0.2

0.15

Efficiency
o

0 1 2 3 4 5 6
Trin(Ms)

FIG. 6. Simulated 'H—{"N'®} T-HMQC build-up curves for {Cq (MHz), v& (kHz), v+
(kHz), o} = {3.21, 62.5, 80, 0.021} (purple), {3.21, 62.5, 40, 0.0053} (green), {0.8,
62.5, 80, 0.085} (blue), and {3.21, 15.625, 80, 0.085} (yellow). The « parameter is
calculated with Eq. (26) and |b1p-1an]/(2) = 2 kHz and vo = vg.

simulations show that, in principle, an efficient recoupling can be
achieved usin% long Tnmix delay and low v; amplitude, even in the
case of large ">Pt CSA. Nevertheless, in practice, the 'H echo sig-
nal decays with the time constant, T, of a few milliseconds because
of residual "H-"H dipolar interactions, which are not fully averaged
out by MAS. As seen in Fig. 4(d), these losses can require the use of
short Tix delay and hence high v; amplitude.

C. 'H-{"*N} T-HMQC

The efficiency of the "H-{“N'?} T-HMQC sequence as a
function of offset is shown in Fig. 5. The offset profile does not
strongly depend on the "H-'"*N dipolar coupling. A major differ-
ence with respect to the simulated offset profile of the "H-{'**Pt}
T-HMQC sequence shown in Fig. 2 is the trough for the on-
resonance irradiation of the centerband, which has already been

reported.”! This trough stems from the orthogonality of He(fzﬂ)ls>< sand

K, which then fully decouples the "H-*N dipolar interaction, as
explained in Sec. II C. When irradiating the centerband, the trans-
fer efficiency is higher in the case of NAV than that of glycine.
This comes from the fact the anisotropic part of the Hq interac-
tion shifts 7.4 = (3.21/1.18)? times more the frequency of the NAV
centerband, depending on the crystallite orientation. As a result, the
pulses on the "N channel do not irradiate the NAV centerband of
all crystallites simultaneously. The maximum transfer efficiency is
approximately equal to 20%, like for the Pt nucleus. The efficiency
also exhibits local minima for irradiations close to the spinning side-
bands, in agreement with previously reported experimental results.”’
These local minima stem from the creation of "N 2Q coherences by
the third-order Hamiltonian of Eq. (S1), which is smaller than the
second-order one. Therefore, its effects are more pronounced for
large 'H-"*N dipolar interactions (see Figs. 5 and 8).

The simulations of the 'H-{"*N'?} T-HMQC build-up curves
for different Cq, v, and v; values, shown in Fig. 6, indicate that the
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FIG. 7. Simulated 'H—{"*N'} T-HMQC efficiency vs 7y and v4 for (a)—(f) glycine and (g)~(I) NAV with vg = 25 [(a)~(c) and (g)~(i)] or 62.5 [(d)~(f) and (j)~(1)] kHz. The
[b1p— 14N|/(2n ) value is indicated on the top line and v = vg. The horizontal white lines show the rf field that can be accessed with 3.2 (40 kHz) or 1.3 mm (60 kHz) rotors

at the "N Larmor frequency and By = 18.8 T for vg = 25 or 62.5 kHz, respectively.

initial slope increases slightly slower than \/a. This small discrep-
ancy with Eq. (26) stems from the interference with the third-order
effective Hamiltonian of Eq. (S1), which depletes the 'H transverse
magnetization by transforming it into **N 2Q coherences. The sim-
ulated build-up curves, shown in Fig. S1, also indicate that the initial
slope of the build-up curves increases for increasing v; amplitude
and a lower Cq constant.

The simulations of the 'H-{**N'?} T-HMQC efficiency as a
function of Tmix and vi, shown in Fig. 7, also indicate that the optimal
recoupling time is roughly inversely proportional to v; in agreement
with Eq. (26). Nevertheless, the short T,' values of 'H nuclei may
prevent the use of a long Tnmix period and low v; amplitude, as shown
for the '*’Pt isotope. Furthermore, for a given Tmix delay, large Cq
and vy values require the use of a higher rf-field, as predicted by
Eq. (26). Nevertheless, at ultra-fast MAS, this requirement is offset

by the possibility of using longer Tmix delays and hence smaller v
values, since the T>" constant of protons increases linearly with vg
frequency.®

The offset profiles of the TH-{"N??} T-HMQC sequence
shown in Fig. 8 also exhibit a trough for the irradiation of
the centerband, particularly for glycine with small Hq, broad-
ening. Conversely, local minima around the spinning sidebands
are not detected. In addition, these profiles exhibit additional
maxima at the midpoints between the spinning sidebands, vog
= (n + 1/2)vg, which stem from the third-order effective Hamil-
tonian [Eq. (S2)]. The buildup of the efficiency at these off-
sets is slower than for the irradiation at the spinning sidebands
since the amplitude of the third-order term is proportional to «,
instead of /& > « for the second-order terms [compare Figs. S2(a)
and S3].
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The initial slope of simulated build-up curves of the
'H-{"*N??} T-HMQC sequence (Fig. 9) also increases with a but
with a slope slightly faster than \/a owing to the contribution of
the third-order Hamiltonian [Eq. (S1)] to the buildup of 1N 2Q
coherences. Additional simulated build-up curves shown in Fig. S2
also confirm that the initial slope increases with a higher rf-field
and lower Cq constant. The simulated efficiency of the 'H-{"*N*?}
T-HMQC sequence as a function of Trmix delay and v; amplitude,

1 kHz 2 kHz

_ et

100
_so NAV - 25 kHz
N
I 60
x
>"‘ a0

20

_ _
o

100
~
- 60
fé a0
>

1

2
Trmix(Ms)

Trmix(Ms)

ARTICLE scitation.orgljournalljcp

0.1

0.08

g
=3
>

o Efficiency

o
B

0.02

3

Trix(MS)

FIG. 9. Simulated "H—{"*N?®} T-HMQC build-up curves for {Cq (MHz), vg (kHz),
vy (kHz), o} = {3.21, 62.5, 80, 0.021} (purple), {3.21, 62.5, 40, 0053} (green), {0.8,
62.5, 80, 0.085} (blue), and {3.21, 15.625, 80, 0.085} (yellow). The a parameter is
calculated with Eq. (26), [b1p-1an]/(2) = 2 kHz and vog = vg.

shown in Fig. 10, also indicates that the optimal Tmix delay is
inversely proportional to v;, whereas the optimal rf-field increases
with Cq and v values in agreement with Eq. (26). These simula-
tions also indicate that the buildup of "*N 2Q coherences is slightly

8 kHz

FIG. 10. Simulated "H~{"*N?%} T-HMQC
efficiency vs 7mx and vq for (a)—(f)
glycine or (g)-(I) NAV with vg = 25
[(@)-(c) and (g)(i)] or 62.5 [(d)~(f) and
()= kHz. The |byp-1an)/(27) value is
indicated on the first line and vy = vg.
The horizontal white lines show the rf
field that can be accessed with 3.2
(40 kHz) or 1.3 mm (60 kHz) rotors at the
4N Larmor frequency and By = 18.8 T
for vg = 25 or 62.5 kHz, respectively.
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FIG. 11. Simulated "H—{**Cl} T-HMQC efficiency vs the v,/vg ratio with the selection of *Cl coherences (a) 1Q + 3Q (two-step phase cycling with v4 = 60, 80 or 100 kHz),
(b) 1Q-(CT+ST), 1Q-CT and 1Q-ST, (c) 2Q-ST (four-step phase cycling), and (d) 3Q (six-step phase cycling). For the simulations of panels (b)—(d), v; = 100 kHz. The other
simulation parameters are By = 18.8 T, vg = 62.5 kHz, |b1_ssc1|/(27) = 0.58, Cq = 1.95 MHz, #q = 0.66, and zmix = 1.7 ms.

slower than that of 1Q ones (compare Figs. S1 and S2) and the maxi-
mal transfer efficiency is 0.1, twice lower than that of the TH-{“N'Q}
T-HMQC sequence.

D. "H-{*°cl} T-HMQC

Figure 11 shows the efficiency vs offset of the 'H-{**Cl}
T-HMQC sequence with two-, four-, and six-step phase cycling,
which leads to the selection of 1Q + 3Q, 2Q, and 3Q coherences,
respectively. For the sake of clarity, we will mention simultaneously
these two aspects: the number of steps for the phase cycling and the
corresponding selected coherence orders.

These offset profiles, like those of the "H-{"*N} T-HMQC
experiments, exhibit a trough on-resonance owing to the ortho-
gonality of He(fzf,)ISx . and hE in the case of centerband irradiation
(Sec. 11 D), which decouples the 'H-**Cl dipolar interactions.

With a two-step phase cycling [1Q + 3Q: Fig. 11(a)], local max-
ima are observed with offsets depending on the rf-field applied to
the 3°Cl channel. In particular, additional maxima are observed at

Voff = +Vr/3 for large rf-fields. They stem from the fourth-order effec-
tive Hamiltonian, which then contributes to the indirect detection of
1Q and 3Q *°Cl coherences. These local maxima are also observed
with a six-step phase cycling [3Q: Fig. 11(d)], whereas the offset pro-
file with four-step phase cycling exhibit local maxima at vog = +vr/2
[2Q: Fig. 11(c)] since the third-order effective Hamiltonian con-
tributes to the indirect detection of **Cl 2Q coherences. The transfer
efficiencies of the 'H-{**Cl} T-HMQC sequence with two-, four-,
and six-step phase cycling are approximately equal to 15%, 7%, and
3%, respectively. In the case of a two-step phase cycling, the 1Q-ST
signal is two to three times more intense than that of 1Q-CT, which
has an intensity comparable to that of 3Q.

IV. EXPERIMENTAL DEMONSTRATIONS
A. Samples and experimental conditions

Cis-platin, trans-platin, and L-histidine HCI-H,O (referred to
as “histidine” hereafter) were purchased from Merck. An equimo-
lar mechanical mixture of cis- and trans-platin was prepared and
packed into a 1.3 mm rotor, which was stored in the air during three
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TABLE I. Experimental parameters (N1, 7rp, NS, vg, and SW4) of the "H-{%5Pt} T-HMQC 2D spectra along with the intensity
of the cross-peak between &4y = 4 ppm and d1gs5p; = —1795 ppm and the root-mean-square (rms) amplitude of the noise.

Figures N; rp(s) NS wr(kHz) SW, (kHz) Teyp (min) Intensity’ Noise” Inlfforiiew
12(a) 60 20 16 64 64 322 1 1 1
12(b) 60 1 288 64 64 324 1.5 4 0.375
14(a) 240 10 8 64 256 321 0.66 0.7 0.94
14(b) 40° 16 16 62 62 172 0.77 0.5 1.54

*Normalized with respect to the cross-peak intensity in Fig. 12(a).

®Measured in the F; slices devoid of the signal with 81y = 32 ppm and normalized with respect to that in Fig. 12(a).

“Selected using a bi-exponentially decaying sampling.**

years.®> We chose this aged mixture in order to demonstrate the pos-
sibility to resolve using 'H-{"**Pt} T-HMQC experiments the "*>Pt
resonances of cis- and trans-platin as well as impurities. Owing to
the robustness of the T-HMQC sequence to rf-field inhomogeneity,
the sample volume in the rotor was not restricted with spacers.

All experiments were performed at By = 188 T on a
Bruker BioSpin Avance NEO spectrometer equipped with a
double-resonance 'H/X 1.3 mm MAS probe. The angle between
the rotor axis and the By field was carefully adjusted at the
magic angle, whereas the MAS frequency was regulated using a
MAS-III pneumatic unit with a standard deviation of 2.45 Hz
(Fig. S4).

The 'H rf-field for the /2 and 1t pulses was set to vy = 208 kHz.
A pre-saturation consisting of five 71/2 pulses was applied on the 'H
channel in order to use recycling delays shorter than five times the
longitudinal relaxation time of protons T (‘H).

The 'H isotropic chemical shifts were referenced to
tetramethylsilane (TMS) using the signal of the CH, group of
adamantane at 1.85 ppm as a secondary reference. The '*°Pt
isotropic chemical shifts were indirectly referenced using the
previously published relative NMR frequencies.®”

The aged mixture of cis- and trans-platin was spun at
vr = 62 and 64 kHz. The 'H-{'*Pt} T-HMQC 2D spectra were
recorded using two identical rectangular pulses with Trmix = 516 ps
and v, = 186 kHz applied with a '*°Pt carrier frequency correspond-
ing to a shift of §or = —1810 or —1850 ppm. The other experimental
parameters, including the number of t; increments, N, the num-
ber of scans, NS, the recycling delay, Trp, the spectral width of the
indirect dimension, SW1, and the total experimental time, Texp, are
listed in Table 1.

The histidine sample was spun at vg = 50 kHz. The TH-{“N}
T-HMQC spectra result from the averaging of NS = 8 transients for
each of N; = 128 t; increments in the case of 2D spectra, with SW;
=vr = v1 = 50 kHz, 7pp = 1 s and Tmix = 540 ps. The 1H—{35Cl} T-
HMQC spectra result from averaging of NS = 128 transients for each
t; increment with SW; = vg = v1 =50 kHz and 7pp = 1 s.

B. '"H-{"**Pt} T-HMQC

The 'H-{***Pt} T-HMQC experiment was tested on a mixture
of cis- and trans-platin for which we recorded three years ago the
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-1900 + =
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£ Cisplatin FIG. 12. "H-{"%Pt} T-HMQC 2D spec-
g tra of an aged mixture of cis- and
o L . trans-platin recorded at 18.8 T with vg
g 1800 Transplatin = 64 kHz, 8,7 = —1810 ppm (indicated
- with arrows), SW4 = vg, and trp = (a)
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FIG. 13. 1D F; slices at 814 = 4 (a) or 32 (b) ppm of the 2D "H—{"**Pt} T-HMQC
spectra shown in Figs. 12 and 14 of an aged mixture of cis- and trans-platin
recorded at 18.8 T with vg = 64 kHz and . = —1810 ppm. The thermal noise
has been scaled up by a factor of three in (b). The red slice in (a) is extracted from
the 2D spectrum of Fig. 14(a) with SW4 = 4vg, and hence, additional regions cor-
responding to the edges of the spectra are also displayed to show the axial peaks.
The oval indicates the region containing the impurity signal at —1990 ppm.

"H-{""Pt} D-HMQC spectra.”® In these square planar complexes,
the '**Pt nuclei are subject to a CSA ~ 1.5 MHz at 18.8 T and a
dipolar coupling |b1n-195pt|/(2) = 2 kHz.>*

The carrier frequency on the '**Pt channel was applied at a fre-
quency close to the centerband of the cis-platin and the first spinning
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TABLE |II. Shifts of 9Pt resonances along the Fy dimension of the TH~{"%Pt}
T-HMQC 2D spectra of an aged mixture of cis- and trans-platin acquired at vg = 62
and 64 kHz along with the &g, values calculated with Eq. (35).

Species 6 (64kHz) (ppm) § (62 kHz) (ppm)  Jiso (ppm)
Impurity-1 -1723 -1735 -2095
Trans-platin -1795 —-1807 -2167
Cis-platin -1825 -1825 -1825
Impurity-2 -1990 —-1990 -1990

sideband of trans-platin since according to simulations of Fig. 2,
these conditions are expected to result in a maximal efficiency. We
optimized both the Tmix and v; parameters (Fig. S5). As the T val-
ues of cis- and trans-platin are equal to 1.6 ms, recoupling conditions
corresponding to long recoupling time and low rf-power, such as
Tmix # 3 ms and v; » 50 kHz, yielded a poor efficiency, as predicted
by simulations of Fig. 4(d), and we had to use a short recoupling
time and hence a high rf-power. The '"H-{"*Pt} T-HMQC 2D
spectra of Figs. 12 and 14 were recorded using Tmix = 516 ys and
V1 = 186 kHz.

The T;(*H) constants of cis- and trans-platin are equal to
12 and 17 s, respectively.”” We recorded the '"H-{"**Pt} T-HMQC
2D spectrum with SW; = vg and 7rp = 20 s corresponding to
1.2T,(*H) for cis-platin [Fig. 12(a)]. This recycling delay is close
to that yielding maximal sensitivity when the thermal noise is
dominating.”’ We also recorded the same spectrum with 7gp = 1 s
since TrRp < Tl(lH) limits the ¢1-noise, which is proportional
to the signal intensity [Fig. 12(b)].*! Nevertheless, the 2D

I\

& vo=62kHz

FIG. 14. "H-{"**Pt} T-HMQC 2D spectra
of an aged mixture of trans- and
cis-platin recorded at 18.8 T with (a) vg
= 64 kHz, 6, = —1810 ppm (indi-
cated with arrow), SW; = 4wg,
and 7gp = 10 s and (b)
= 62 kHz, 8o = —1850 ppm (indi-
cated with arrow), SW; = g, and
TRD = 16s.
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FIG. 16. (a) and (f) "H-{"*N'®} and (b) and (g) 'H~{"*N*?} T-HMQC data on histidine at By = 18.8 T with vg = 50 kHz and 7y = 540 us. (a) "H-{"*N'?} and (b) "H-{'*N?%}
2D spectra along with their 'H and "N sum projections. The carrier frequencies are shown in (a) with arrows. (c)-(e) "N slices of these 2D spectra for (c) NHz*, (d) N,
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T-HMQC 1D experiments vs vy for N™ and N7 sites.
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spectra of Fig. 12 do not exhibit significant ¢;-noise in agreement
with the previously reported 'H-{'*N} T-HMQC 2D spectra,’’ and
the largest signal-to-noise ratio (SNR) and sensitivity were obtained
for Trp = 20 s.

The cross-peaks detected on the 2D spectra of Fig. 12 demon-
strate that T-HMQC can be used for the indirect detection of
spin-1/2 nuclei subject to large CSA, such as '*’Pt. Three peaks
are resolved at the shifts —1723, —1795, and —1825 ppm. Further-
more, as seen in Fig. 13, axial peaks, which do not evolve under '’ Pt
isotropic chemical shifts, are detected at the edges of the T-HMQC
2D spectra. These axial peaks, which are rejected at the edges of the
2D spectra by the States-TPPI (time-proportional phase incrementa-
tion) procedure,” stem from the evolution under the Bloch-Siegert
shift [Eq. (9)]. Indeed, the amplitude of this term is constant, and as
its phase does not depend of that of the rf pulse, these peaks cannot
be eliminated by the phase cycling.

The isotropic chemical shifts of the different signals, &is, were
determined by recording two T-HMQC spectra at two slightly
different MAS frequencies, vg 1 and vr.2,

1061’WR,1'
)

Siso = 8(VR,1') - (35)

Vo

where (vgr,;) is the shift measured at vg; and # is the order of the
spinning sideband, which can be determined as

e
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_ 90m1) —0(vr2)

106(VR,1 - VR,z) ’ (36)

The Jiso values measured from the T-HMQC 2D spectra acquired
at vp = 62 and 64 kHz are listed in Table II. The shifts —1825
and -2167 ppm are assigned to cis- and trans-platin complexes,
respectively.‘;g‘“‘%‘s() Additional > Pt resonances with 8iso = —1990 and
—2095 ppm are detected. They are assigned to impurities formed
during the aging of the mixture. The resonance with i, = —1990
ppm is better seen in the spectrum acquired at vg = 62 kHz since
it partly overlaps with the axial peak at vg = 64 kHz [compare
Figs. 13(a) and 14(b)]. As seen in Fig. 15, the signal with i = —2095
ppm is more intense than that with 8,0 = —1990 ppm. Therefore,
these impurities with 8, = —1990 and —2095 ppm could tenta-
tively be assigned to mono-aquated cis- and trans-platin complexes
[PtCI(NH3),(H,0)]*.”?

C. "H-{"*N} T-HMQC

Figures 16(a) and 16(b) show the TH-{*N'?} and 'H-{"N?Q}
T-HMQC 2D spectra of histidine. Figures 16(c)-16(e) compare the
1N slices of these 2D spectra for the three nitrogen sites, NH3*,
N7, and N", which are subject to similar quadrupole interactions,
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FIG. 17. "H-{*CI'3+3Q} T-HMQC 2D spectra of histidine at By = 18.8 T with vg = 50 kHz and different **Cl carrier frequencies indicated by arrows (vo; = 13, 10, and
—5 kHz with Ny = 77, 84, and 57, respectively).
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FIG. 18. "H-{*>CI'®*+3Q} T-HMQC spectra of histidine at By = 18.8 T with vg = 50 kHz and v = —5 kHz. For each detected coherence, we show five 'H slices corresponding

to Tmix = 300, 500, 800, and 1000 us (as indicated).

{Cq (MHz), 5} = {1.25, 0.35}, {1.29, 0.94}, and {1.56, 0.26}.”* The
"N?Q frequencies were divided by a factor of two and no line
broadening was applied to facilitate the comparison of the res-
olution with "“N'? The “N’Q resonances are slightly narrower
than the "N'? ones despite the high stability of the MAS fre-
quency and the careful setup of the magic angle. This result indi-
cates that the '"H-{**N*?} T-HMQC 2D spectra benefit from a
slightly improved resolution because they are not subject to Hq:
interaction.

The efficiency of the 'H-{"N'Q} and 'H-{**N*¥} T-HMQC
experiments was optimized by adjusting Tmix and v; parame-
ters, as shown in Fig. $6. The “N?? version requires a higher
rf-field than the "“N'? one. This difference could stem from
the contribution of the third-order Hamiltonian to the cre-
ation of 2Q coherences. In practice, we used the highest rf-field
on the “N channel compatible with the probe specifications.
Under this condition, the experimental signal intensities of the
'H-{"*N'?} and 'H-{"N??} T-HMQC experiments are comparable
[Figs. 16(c)-16(e)], whereas simulations predicted higher transfer
efficiencies for the former technique. The decreased signal inten-
sity of the "H-{"*N'?} T-HMQC experiment can stem from its
higher sensitivity to instabilities of the MAS frequency and the magic
angle.

The offset profiles of the 'H-{“N'Q} and 'H-{"N?¥}
T-HMQC experiments shown in Figs. 16(f) and 16(g), respectively,
agree with the simulated ones of Figs. 5 and 8. They exhibit a trough
for the irradiation of the centerband. For the “N'? version, the
maximal intensity is obtained when irradiating near the spinning
sidebands. Nevertheless, local minima for the on-resonance irradi-
ation of the spinning sidebands are detected since this condition
favors the creation of "*N 2Q coherences by the third-order Hamil-
tonian. In the case of the “*N?? experiment, a maximal intensity
is achieved at the frequencies of the spinning sidebands and their
midpoints.

D. "H-{3°Cl} T-HMQC

Figure 17 displays the "H-{**CI'?"3?} T-HMQC 2D spec-
tra of histidine, which contains a single 3¢l site with Cq
=1.95 MHz and 7jq = 0.66.°" The two-step phase cycling of one of the

TRAPDOR pulse selects the 1Q-CT, 1Q-ST, and 3Q coherences
during the t; period.” These transitions can be distinguished by
changing the offset since the dependence of the resonance fre-
quency of 3Q coherences with the offset, v, is fourfold larger
than for the 1Q coherences. This “strange” effect comes from the
States-TPPI acquisition used here with a phase shift of 90°. This
corresponds to an effective rotation of 270° = —90° for the 3Q coher-
ence in the rotating frame and hence to a negative frequency shift of
—voff. Therefore, the combined effects make the position of the 3Q
coherence shifting by 4vo.

Figure 18 shows similar buildup for the three resonances with
an optimal recoupling time Tmix ~ 900 ys. In agreement with the
simulations, 1Q-CT and 3Q resonances exhibit similar intensities.
Theoretically, these intensities should be twofold lower than that of
1Q-ST [Fig. 11(b)]. However, they all present similar experimental
intensities because the intensity of the 1Q-ST strongly depends on
the adjustment of the magic angle.

V. CONCLUSION

We have demonstrated for the first time the possibility to detect
via protons the signal of spin-1/2 nuclei subject to large CSA using
the T-HMQC sequence. We have shown that this experiment also
allows the indirect observation of N 2Q coherences, which is
more robust than that of 1Q coherences, which are broadened by
the first-order quadrupole interaction. In practice, the 'H-{**N??}
T-HMQC technique benefits from a better resolution than the "*N'?
variant, whereas both experiments offer similar sensitivities. We
have also introduced effective Hamiltonians to describe the spin
dynamics during the 'H-{I} T-HMQC sequences with I = 1/2, 1,
and 3/2. These Hamiltonians (i) explain the importance of the adi-
abaticity parameter for the TRAPDOR and T-HMQC experiments
and (ii) highlight the contribution of terms with order higher than
two, notably for the creation of multiple-quantum coherences. Using
high MAS frequencies, v, is beneficial for these IH—{I} T-HMQC
experiments derived from the 'H spin echo sequence. Indeed, on
the one hand, the efficiency is inverse proportional to \/vr, but on
the other hand, high MAS frequencies enhance the 'H resolution
and lengthen the Ty’ value. Moreover, the small rotor diameters
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associated with high MAS frequencies allow using larger rf-fields
that increase the efficiency proportionally.

Actually, from the experiments presented in this article and
from others not shown, we have always observed experimentally
similar efficiencies with D- and T-HMQC experiments, whatever the
MAS spinning speed: moderate or fast.

SUPPLEMENTARY MATERIAL

See the supplementary material for the third-order effective
Hamiltonian for I = 1 [Egs. (S1) and (S2)], simulated TH- N}
T-HMQC build-up curves, MAS frequency distribution, and exper-
imental optimization of 'H-{¥*Pt} and 'H-{**N} T-HMQC 2D
experiments.
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