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Theory of heteronuclear decoupling in solid-state nuclear magnetic
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A formal theory for heteronuclear decoupling in solid-state magic angle spifMAg) nuclear
magnetic resonance experiments is presented as a first application of multipole-multimode Floquet
theory. The method permits a straightforward construction of the multispin basis and describes the
spin dynamics via effective Floquet Hamiltonians obtained using the van Vleck transformation
method in the Floquet-Liouville space. As a test case, we consider a model three-spin($yStem
under asynchronous time modulatioisoth MAS and rf irradiation and derive effective
Hamiltonians for describing the spin dynamics in the Floquet-Liouville space during heteronuclear
decoupling. Furthermore, we describe and evaluate the origin of cross terms between the various
anisotropic interactions and illustrate their exact contributions to the spin dynamics. The theory
presented herein should be applicable to the design and understanding of pulse sequences for
heteronuclear and homonuclear recoupling and decoupling0@ American Institute of Physics

[DOI: 10.1063/1.1875112

I. INTRODUCTION coupling, which amounts to an averaging in spin spatiof

the couplings responsible for the residual broadening by the

High resolution solid-state nuclear magnetic resonancection of rf pulses.

(NMR) has emerged as a powerful tool for the elucidation of =~ The simplest heteronuclear decoupling scheme involves
molecular structure and dynamics in systems not amenablégh power, continuous wav&€W) on-resonance irradiation
to characterization by other techniques. These include bothf the protons during detection of the heteronuclei. In gen-
microscopically ordered preparations such as membraneral, linewidths improve as the decoupling field strength ap-
proteins}'2 nanocrystalline protein%‘,1 and amyloid fibrils>® proaches and exceeds the strength of the heteronuclear dipo-
and also disordered or amorphous systems such as glassddl couplings. However, several features of the spin
In solid-state NMR spectra of spin-1/2 nuclei, site-specificdynamics during CW decouplin@nd also other decoupling
resolution can be obtained either by uniaxial orientation Oftechnigue}s suggest that more complicated processes are at
the sample with respect to the static magnetic fildr, ~ Work. For example, when the modulation due to MAS and
more generally, through magic angle spinniﬂgAS).g In decoupllng occur on similar time scgles, |r}terferer.10e effects
the latter case, manipulation of the spatial part of the HamilO" récoupling of the heternouclear dipolar interactions occur
tonian by sample spinning results in isotropiclike spectra thal” the v.|cm|ty of ;everal matchlng_ conditionSIn ad?;“o”'
resemble those obtained in the solution state, at least flnterestlng experimental observations by Teketal, ™ and

dilute nuclei such ad3c and 5N in biopolymers or other rnstet al.”’ suggest that the homonuclear dipolar interac

. . tion among the protons plays a beneficial role in spin decou-
organic solids. Methods based on MAS NMR have now ma- i 9 protons piay . P
ing, thereby resulting in narrower lines than would other-

tured to“tyg'(leopomt where complete structure determination 'g/ise be observed. This phenomenon of “self-decoupling” has

possible. _ . been rationalized according to semiclassical models of
However, the line-narrowing effects of MAS alone are 114 gpin giffusion. Such observations have further been
inadequate for spectral resolution at current accessible spiRzjigated in the observed decrease in the decoupling effi-
ning frequencies, particularly for abundant nuclei which areciency during Lee-Goldberg irradiatihof the abundant
strongly coupledie.g., *H in organic solids™* One conse- spins(where the decoupling field is applied off-resonance so
quence is that théH spectroscopy in most solids is not rou- as to align the effective field along the magic angt fact
tinely possible; a second consequence is that, even und@hich is consistent with the principle of self-decoupling.
MAS, the spectra of dilute nuclei such & and'N con- Over the last decade, a few multiple-pulse decoupling
tinue to be broadened through residual interactions witlsequences were developed in an effort to improve upon the
neighboring protons. This situation can be ameliorated buperformance of CW decoupling. The earliest and one of the
not completely resolved through the application of spin deimost successful examples of these sequences is the two-pulse
phase modulate@PPM) decoupling sequence of Bennett
dauthor to whom correspondence should be addressed. Electronic maif’.‘l-'lg which consists of two-180° pUIseS with a small phase
rgg@mit.edu difference(x¢) between them. Under essentially all circum-
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stances, TPPM vyields a factor of 2-5 improvement in line-mental element(“*C” elemen) is an effective Z pulse.
widths over those observed with CW decoupling of the samé-ollowing the experimental observations and arguments pre-
field strength. Recently, a particularly simple variant of thisviously cited, their sequences were designeditalecouple
sequence was introduced in which the pulse phases wethe heteronuclear dipolar interactiofi,) actively recouple
chosen to have a phase difference of 180°, thereby requirinipe homonuclear dipolar interaction among the protons, and
only the pulse width to be optimized. The resulting “XiX" (iii) scale the cross terms in the second-order average Hamil-
sequenc7é’ offers significant advantages over TPPM decou-tonian between théH CSA and the heteronuclear dipolar
pling at high spinning frequencies, but at low or moderatecoupling or between the homonuclear and heteronuclear di-
spinning frequencies, few differences are observed. In botpolar couplings. Unfortunately, the resulting CjIZamin of
cases, contributions to the residual linewidth during highsequences offer no experimental improvement over TPPM
power decoupling have been partially enumerated but nadecoupling, and are often impractical to implement at higher
completely understood. MAS frequencies. In particular, they are N=6 sequences that

In this regard, Sachlebeet al!* presented an analytical require high decoupling rf field strengtiag;=6ew,. This is in
treatment of CW decoupling in static solids using the con-contrast to the TPPM decoupling scheme, which can be
cept of effective Hamiltonians obtained via the Van Viéok  implemented for arbitrary decoupling field strengths. In view
contacj transformation method. To second order, the specef the limitations of the theory used to construct these
trum of anlyS system consists of a centerband and severatequences—specifically, its validity only for on-resonance
decoupling sidebands; as the decoupling field strength is indecoupling and for rotor-synchronized pulse sequences—it is
creased, the sidebands decrease in intensity and increaseimtriguing that the best experimental results were obtained
frequency offset from the centerband, while the centerbanébr off-resonancelecoupling and in the case where the pulse
line shape remains fixetht least for on-resonance decou- sequence symmetry waxplicitly brokenor rendered asyn-
pling). Explicit simulations of arl;S spin system show that chronous. The latter fact suggests that an AHT approach does
the on-resonance sideband effects are the dominant contribnet completely explain the observed spin dynamics.
tion to the observed linewidths. This contradicts the predic- Recently, Ernst and co-workéfsalso introduced an el-
tions of an earlier theory of decoupling, due to Mehring andegant phenomenological model of heteronuclear decoupling
co-workers’® in which the'H’s are treated in a semiclassical which accounts for multiple coupletH spins in Liouville
continuum model using a Gaussian memory function represpace and explains the salient features of CW and multiple
sentation. The latter approach predicts that on-resonance detlse decoupling. In their approach, system is modeled
coupling will result in a narrowing of the resonance line with quantum mechanically through average Hamiltonian theory,
increasing decoupling field strength. while the coupling among thlespins in the proton spin bath

In a variety of cases, MAS experiments have been sucis described through a classical spin diffusion-type superop-
cessfully analyzed using average Hamiltonian theoryerator in Liouville space. Further, the spin diffusion process
(AHT),**??which yields an effective Hamiltonian averaged is assumed to be isotropic and is characterized only by a
over some cycle time of a periodic pulse sequence. A prerecgsingle rate constant. In the CW case, the theory predicts a
uisite of this approach, therefore, is that all the time modupronounced self-decoupling effect as the spin diffusion rate
lations be synchronized with the sample rotation and that theonstant increases. The superior performance of multiple-
sampling be stroboscopic in that period or its multiples. Uspulse decoupling schemes is rationalized as an attenuation of
ing this approach, Gan and Erfistlesigned a frequency- the second-order cross terms which contribute to the residual
modulated analog of TPPM and explored other possibilitiedinewidth. Though the approach appears to explain some as-
involving simultaneous phase and frequency modulationpects of heteronuclear decoupling which previous ap-
Their theoretical study based on zero-order average Hamiproaches do not, further study is still warranted.
tonians suggest, in agreement with the earlier results of Ben- The difficulty of formulating the decoupling problem
nett et al,'® that the improved performance of TPPM over with acceptable fidelity to experimental results suggests that
CW decoupling results partially from a so-called “seconddirect numerical optimization may be a simpler route to im-
averaging,” in which higher-order terms in the effective proved heteronuclear decoupling sequences. Such ap-
Hamiltonian are canceled by the nutation imposed by phasproaches have been followed by several authors in the case
or frequency modulation. Nevertheless, they neither enumef static solids, but with out any improvement under MAS
ate the higher-order contributions nor discuss their relativeonditions. Recognizing the limitations in the model em-
magnitudes. Elaborating upon this approach, Emtsal,? ployed for the description of spin dynamics under MAS, De
attributed the dominant contribution to the residual linewidthPaepeet al?® recently abandoned tha silico approach al-
under MAS and decoupling to a cross term in the secondtogether in favor of direct optimization on the NMR spec-
order average Hamiltonian between the chemical shift anisarometer. In their approach, the phase of the rf during decou-
tropy (CSA) of thel spin and the heteronuclear dipolar cou- pling is expressed in a Fourier series, and the Fourier
pling that in principle cannot be completely averaged bycoefficients are varied using a simplex optimization scheme
MAS alone. in order to minimize the linewidth. The optimal result con-

In a similar vein, Eden and Levitt utilized symmetry sistently involves only a single cosinusoidal modulation of
argument?s'5 based on AHT and attempted to explicitly con- the phase. The simplicity of this result suggests that a sophis-
struct optimized heteronuclear decoupling seque?ﬁc’ms ticated description of the spin dynamics might yield the same
volving rotor-synchronized pulse sequences whose fundasutcome on analytical grounds alone and, indeed, the phase
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modulation is extremely similar to that of TPPM. The per- The contact transformation method first introduced by Van
formance of numerically optimized sequences is comparabl¥leck (1929 is an operator equivalent of the perturbation
to that of TPPM or XiX decoupling. Recently, Emsley and theory. Unlike the Raleigh—Schrodinger perturbation theory,
co-workeré® made an interesting experimental observationwhere perturbation corrections are obtained in terms of ma-
by measuring the residual linewidths obtained from a simpldrix elements, the contact transformation method results in
spin echo experimeﬁﬁ Their results suggest large differ- corrections in operator form, thereby leading directly to the
ences in the refocused linewidths of thi€ resonances for concept of effective Hamiltonians. The Floquet approach is
different decoupling sequences. Although the onefurther simplified by the use of the multipole bague to
dimensional spectra look more or less identical, the refoSanctuary, which exploits the rotational invariance proper-
cused linewidth measurements necessitate a deeper undées of tensor operators, by expressing the basis operators
standing of the spin dynamics under heteronucleaused to describe the spins in terms of irreducible tensor op-
decoupling. The differences in the refocusalblemeasure- erators thereby aiding a multispin basis to be written almost
ments for various heteronuclear decoupling sequences mdy inspection for arbitrary spin magnitudes. Further, the
arise from a coherent contribution to the relaxation dynamicgvaluation of commutator elements in the spin dynamics cal-
arising from the higher-order corrections in the form of crossculations can be accomplished in a generic manner using the
terms between the various interactions present in the systerwell-established angular momentum algeloeag., Wigner-
Depending on the decoupling scheme, the magnitude of thdJ, -6J, -9J symbolS®*' This is in contrast to current exist-
cross terms vary and result in different dephasing of the spiing bases employed in NMRRef. 38 (and particularly in
polarizations or coherences thereby leading to different refoFloquet theor§?) for spin dynamics calculations, which typi-
cused linewidth measurements. Similar arguments were prélly involve multiple commutator relations and are intrac-
posed by Khitrin and co-worket$in their description of the table both beyond two spins and for1/2. The effective
SPINAL decoupling scheme based on the correlation funcHamiltonians derived include contributions from the various
tion approach. Understanding the role of higher-order correccross terms and aid in better understanding of the CW,
tions, in many solid-state NMR homonuclear and heter-TPPM, and XiX decoupling schemes via a model three-spin
nuclear recoupling experiments, in principle, requiresSystem. Differences among these decoupling sequences arise
explicit consideration of the particular pulse sequence on thEom the magnitudes of terms/cross terms in the Floquet
heteronuclear channel. The model presented here is genefit2miltonian to second order. In contrast to the AHT ap-
and results in an effective Hamiltonian for a spin systemProach, which employs the Magnus expansion for the deri-
during heteronuclear decoupling alone. More specific case¥@tion of higher-order terms, the contact transformation pro-
are currently being investigated and will be reported in futurecedure enables straightforward evaluation of the higher-order
publications based on the multipole-multimode Flogueti€Ms. In addition to explaining the spin dynamics for a
theory (MMFT) approach. greater variety of experimental conditions, the theory should
In summary, a theory of heteronuclear decoupling inbe useful in the design of new pu!se sequences for homo-
solid-state NMR must explain experimental features such aguclear and heteronuclear decoupling. It is the first applica-
decoupling sidebands, self-decoupling, interference phenonflon of the MMFT approach introduced in the accompanying
ena, and the superior performance of multiple pulse decol2a@pPer-
pling sequences such as TPPM and its relatives. In what
follows, we devglop the biomodal Floquet thepry Qf hgtero—ll_ THEORY AND DISCUSSION
nuclear decoupling, where the Floquet Hamiltonian is ex-
pressed using multipole basis opera?%‘@ and the dynam- For the theoretical description of decoupling in solids,
ics described in the Floguet-Liouville space. In the Floquetve consider a model three-spin systei8 where the sping
theory, first proposed by Shirl&and introduced to NMR by and S refer to protons(*H) and carbon(*3C) (or nitrogen,
Vega,e’4 a time-dependent Hamiltonian described in a finite’>N) respectively. This approximate model corresponds to a
dimensional basis set is transformed into a time-independetypical arrangement in solids where a dilute sfsinch as’c
Hamiltonian suitably described in an infinite dimensional ba-or **N) is often coupled to a spin bath of protons. Exploiting
sis set via Fourier series expansion. The infinite-dimensionghe rotational invariance properties of tensor operators, the
basis is constructed using basis states of finite dimensiospin Hamiltonian corresponding to a particular interaction
which have been “dressed” with additional statatso re- is expressed in terms of irreducible tensor operators corre-
ferred as Fourier statesorresponding to each unique time sponding to spiT¥-9) and spatial dimension@®d) 4*

modulation present in the system. The resulting infinite- 2k
dimensional Floguet matrices are highly off-diagonal, and  H=>"% 3 (- 1)9RKaTR-a, (1)
their eigenvalues are generally obtained numerically through A k=0 gq=—k

an iterative truncation procedure based on the convergence.th K and a referring to the rank and co t of th
of eigenvalues. However, such numerical methods ofterf” q Ing mponent of he

compromise the analytical insights the formalism might pro-ﬁnsgﬁ' rgspc_ectn]/c;aly. tln thet r(;)tstlngt fTa.me delsctrrllptlon, tlhe
vide into the spin dynamical problem of interest. Here, we amitonian 15 often truncated by retaining only the secuiar

i - i - 0 op-
propose an alternative to such numerical treatments Whicherng'e'l’ en't;:.rgdy_ci)nfﬁrvmg tterms. qulvmgbtfflé‘ .op
preserves this insight in the form of effective Hamiltonjans €701 classilied Into three categories given below:
obtained via Van Vleckor contact transformation methotf. H=Hg+H, +Hs. (2
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The interactions involving th&-spin system are repre- angles described above have been derived in detail by Sanc-
sented byHg, and includes the isotropic as well as the aniso-tuary et al,* and are governed by the following relations:
tropic chemical shiftlor chemical shift anisotropyinterac-

; 1 o —T
tions, cogp) = p(&uz + i cogAl), A=\d0?+ wf,

He= Hgs+ HgSA: (O)OT(l)O + R(sz)o-l—(l)o_ (3)

_ ﬁ(ﬁ
The interactions involving thé spins are represented b ] co 2
and includes the chemical shifboth isotropic as well as sina = 2 At) (10
anisotropi¢, scalar coupling and the dipolar interactions, \/1 - A—i sir?(;)
— Cs CSA 1l 1l .
H =H™+H™"+ Hy + H; and dw, w;, ¢, A represent the radio frequency offset, am-

- RI<0)0-|—(1)0 + REZ)OT(”O + R|(|2>0-|-(2)o + Rf,O)OT(O)O. (4) plitude., phase, and effective fields, respectively. _
Using the well-known fact that product of two rotations

The heteronuclear interactions are representediayand ~ can be represented by a single rotation, i.e.,

includes the dipolar as well as the scalar coupling,

2
D,zg,q(QAc) = Dgz),k(QAB)DE,q(QBC)a (1)
His=Hy + HY = RZOT@0 + RYOTO0, (5) k=-2

During MAS, the anisotropic spatial terniR¥° k#0)  the effect of two pulses is represented by
in the Hamiltonian are rendered time dependent and periodic. | ) -
Since the spatial componer®&¥° (corresponding to a par- DT Q) = > Dy (T, (12)
ticular interaction are often expressed in their principal axis m’
frames, the followmg _sets of co_ordlnate fcran_sformatlons ar%_vhere D(Q) refers to an effective Wigner rotation matrix
necessary for describing the spin dynamics in the lab frame: . _
comprises the Euler angle sef3;=(a;+¢pq,B1, 01— Pq
_ +) and Q,=(ay+ ¢y, Bo, as— o+ ) for the two pulsel
‘Yprﬁprﬁ’pr wr t,6m,0 . .
PAS — RAS — Lab. (6)  Whose matrix elements are evaluated by the following ex-
pression:

Such coordinate transformations are effected in the real
space(spatial averagingwithout affecting the spin opera-
tors, by means of Wigner rotation matricésThe resulting
periodic time-dependent coefficients are expressed conve- xdmlm,(ﬁz)e‘m'(“fﬁ?, (13)
niently via the Fourier series expansﬁ)ln,

Dy () = X eim(“1_d’1+”)dmml(31)eiml(“l+“2+¢1—¢z+w)

my

with m=0,m’,m;=0, +1 for a tensor of rank l.e., [=1),

2 andm=0,m’,m;=0,%1,+2 for a tensor of rank Z.e., |
RP%(t) = >, Ghgmert, (7)  =2). Employing the above expressions and definitions, the
m=-2 am(t) coefficients described in E(Q) are obtained by evalu-

ating theD,,,v({2) coefficients. Since the transformation in-
with Gi‘n (where\ corresponds to interactions such as CSA,volving the rf pulses in NMR is often cycliéwith a time
dipolar, etc) representing the time-independent Fourier com-period tpzzﬂ-/wp), the time-dependenty,(t) coefficients
ponents involving the interaction coefficients. can be reexpressed in a compact form via the Fourier expan-
In a similar vein the effect of radio frequency pulses issjon,
described in the rf interaction frame by the unitary transfor-
mation functionU (t)

0

am(t) = E almkeikwti (14

k=—o0
H(t) = U (OHU(1), ® _ o _ .
with oy representing the time-independent Fourier coeffi-
which in principle can be described as rotations in the spirfi€Nts corresponding to the Fourier indexDepending on
space, analogous to the rotations in the real space durirfrge rank of the tensor, the number of nonzero Fourier coef-
i

MAS cientsayp vary in the above expression; a few of which we
' examine below.
| Case | For a tensor of rank 1=1, m=0)
DT Q) = 2 () TO™, 9)

_ri,1
| alOiz—[Z"'Zcos(al*'az‘*d’l‘d’z"'ﬂ')]a

15
The notationQ,i=(a+ ¢, 8,a— ¢+ ) represents the set (19

1 1
. . . . =|5-5c08a1rart =+ ) |.
of Euler angles associated with a particular rf field ZHd" ar00=[3 ~ 3 cosar + az + = g+ 7]
the corresponding irreducible spin tensor operator. The Euler Case Il For a tensor of rank =2, m=0)
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_[11_3 _ TABLE I. a;y coefficients for various decoupling schemes. The phases of

[ coSagtart + T Imk

200 [32 8 day 2t b= ¢z ) the two pulsega) are identicalsimilar to CW decoupling (b) are opposite

9 . o v
+ 2 co2(ay + ap+ ¢y~ + ﬂ.))], (TPPM), (c) differ by 180°(XiX).
@100 1042 @200 Q20+2
Q042 = [ e © cod2(ay + ap+ y— by + 77))]. (16)
(@ 1=, 0.178 0.41 0.05 0.21

Y cos(a + ot by — Do+ T (b) pr=—¢, 0.75 0.125 0.39 0.28

2osa= [+ 3 1+t d o+ m) (©) by— b, =180° 0.821 0.09 0.53 0.21

+ & cod2(ay + ap+ ¢y — by + ) .

Employing the same procedure, other nonzero coeffi- _ L
cients can be derived from E(L3) [i.e., ay (k=+1,%2), H(t) =Hs+H, +Hs, (17)
aZilk(k:ill i2, ig, 4, a2i2k(k:0, il, i2, i3, i4] To
highlight the differences between the performances of thevhere the interactions involving th&spins, represented by

various decoupling schemes and also to understand the rel"p]-s(t) are rendered time dependent only due to MAS,
tionship between the phase and amplitude of the rf pulses,

the rf irradiation employed in the description is assumed to 2

be cyclic and periodic. Under this approximation, CW de- Hs(t) |gg3)T(1 (00 + >, iGﬁﬁ)eim‘”rtT%fo(OOD. (18)
coupling is treated as a set of rf pulses with a constant phase m=-2

while the XiX scheme is represented by a set of pulses m#0

whose phases differ by 180°. The performances of the vari-

ous decoupling schemes depend on thg, coefficients, a The termsg andG(S) represent the isotropic chemical shift
few of which are tabulated in Table | for the purposes ofand anisotropy of spin @lenoted by the superscriptespec-
illustration. Employing the multipole operator baside- tively.

scribed in Table I, the time-dependent spin Hamiltonian in The spin interactions involving thé spins are repre-
the rf interaction frame is represented by sented by

2 1
H= 2 2 2 a1ue™ (G e+ g)iTih4(100) + 2 2 D angue™(Ge™ e+ g)iT{}}%(010)
m=-2 q=-1 k==2 m=-2 q=-1 k=0,%2
m#0 spin-1 m#0 spin-2

2 2 -4
+ 2 2 D GO emerteenT2(110) +J,,T(110)
m=-2 q=-2 k=4
m#£0 spins-1,2 spins-1,2 (1 9)

where the isotropic chemical shlfg(')) is time dependent due to rf irradiation, while the CSA interactﬂ@ﬁ:) and the
homonuclear dipolar interactions are time dependent both due to MAS as well as rf irradiation. The scalar coupling remains
unaffected under both MAS as well as the rf irradiation.

The heteronuclear spin interactions are representeﬁ@y

Hys(t) = 2 > @ GEOTP101) + GE2TE(101) + GEOTR011) + GBATEL(011) Je e et
m=-2 k=0,+2
m#0 spins-1,3 spins-2,3

+ 2 b3 2 a1, LG TH(101) + G2 TN(101) + G T{HE(011) + G TN (011) e ™ot
m==2 q=%1 k=-2
m#0 ‘ spins-1,3 spins-2,3

+JT{°(101) + 1 7{°011),

spins-1,3 spins-2,3

(20)

with the coeﬁicient@i{;o,Gﬁ;l,Gﬁ;z associated with a particular spin pdirj) differing only by a numerical constant.
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A. Floguet Hamiltonian :gg)alqk has been employed and will be closely followed
through the rest of this paper. The interaction tétmrepre-
sents the perturbation involving operators which are off-
diagonal both in the spin as well as in the Fourier dimension
ﬁiescribed below:

Employing the Floquet theorem and Shirley’s
proceduré’’ the time-dependent Hamiltonian in the rf inter-
action frame [Eq. (17)] is transformed into a time-
independent Hamiltonian using a set of operators defined i
an infinite dimensional basis set.

Such an approach provides an alternate theoretical descrip- H; =H;g +H; + His. (23
tion of multiple-pulse MAS experiments under asynchronous

time . modulanons, as opposed to. the traqnlonal averagqye chemical shift interaction®oth isotropic as well as an-
Hamiltonian approachior AHT), which requires the time isotropio are represented by

modulations to be synchronized and fails to explain experi- P P 1S
mental phenomena when the various time averaging pro-

cesses occur at competing time scales. Since the decoupling H, o = > i(gl, FoFP + G F%FE)T}”“(lOO)

experiments described here involve two time modulations mk,q Joka i Y
(namely, the sample spinning frequency and the applied rf

field), the Hamiltonian is well described in a bimodal + 2 (0 FoFD + G FrFR TH%(010
Floquet—Liouville space. Employing the multipole operator mkd

basis and Fourier operato‘i”s‘,‘gthe Floguet Hamiltoniaide-

i3 T(1)o rep
noted byH¢) for a three-spin system is represented by " % Grio,oTio} (00DFinFo. (24

HF:H0+H1. (21)
In the above expressions, the notati@p,=Gmaqx has

The termHj refers to the zero-order Hamiltonian and in- o employed with the summation indices=+1,+2 k

volves operators, which are diagonal both in the gjpie., =0,+1,+2=0,+1. Since the zero-order Hamiltonian in-

q=0) as well as in the Fourier dimensidne., m=0, k=0), yqjyes coefficients whose Fourier indices are zero, the Fou-

and includes the time-independent scaled isotropic chemicale, indices(e.g.,m,k,q) in the perturbing Hamiltonians can-
shifts as well as thd-coupling interaction coefficients, not be equal to zero simultaneously

Ho= N + w,NP + igE,QOTﬁio(loo)FgFg The homonuclear dipolar interactions among the protons
' are represented by,
+igt T (010 FGFp +igly oTig (C0DFGFE.  (22)

The operatord\" (associated with the rotor modulatioand H, = > G,lnquT%q(llt))F%Fp, (25)
NP (associated with the rf modulatipononnect Flogquet states mk,g

which are diagonal in the spin as well as in the Fourier di-

mension. The Fourier operatoFg and Ff are independent wherem=+1,+2 k=0,+1,+2,+409=0,%1,+2. The het-
and connect states which are diagonal in their own respectiveronuclear dipolar interactiorfsetween the two protons and
domains. In the above expression, the notatiggi'q the carbon nuclgiare represented hiyls,

TABLE II. Operator basis for a three-spin system.

Number of
Operator basis Classification operators
1. No spin
T(o(000 Identity 1
2. Single-spin operators
79100 Spin 1 (proton 3
qu(om) Sp'in 2(proton) 3
Ty (001) Spin 3(carbon 3
3. Two-spin operators
Tg;q(llo), Tﬁ;q(llo), T%O(llo) Homonuclear interactions involving 5+3+1=9
spin 1 and spin Zprotons only
Tﬁ;q(lol), Tﬁ;q(lol), Tﬁio(lOl) Heteronuclear interactions involving 5+3+1=9
spin 1 and spin 3.
Tﬁiq(om, Tﬁ;q(on), Tﬁ;o(Oll) Heteronuclear interactions involving 5+3+1=9
spin 2 and spin 3.
4. Three-spin operators
T2%(11y, T2%11D), T 2411 7+5+3=15
qu(lll), qu(lll), T&io(lll) 5+3+1=9
T{é}q(lll) 3
Total 64
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His = E = Fp[Gﬁﬁ(’% go (101) + Gﬁfk,% {1}0(101)] forma.'uon. functions,, V\{hlch is usually expressgd by a I|nea_r
combination of the spin operators employed in the descrip-
tion of the perturbing Hamiltoniahi,,

+ % F;nFE[Gﬁig 1>Q1(101)+G§$K§ T{3%(101)]
mK,qq

+ 2 FI’ Fp[G230 (0)0(011) + G232 2)0(011)]
2, o CmioTey ot S, = ilI(Cy + C FrIFETIY(100 +i(C2,

+ % FrFRGaks, T (01D + L FrFRTY(010 +iCF oFrFET(°(001)
mKk,qy
23,2 (2)q
+ GEE TE(010)] (26) + Ol P RFTE(110 + C22 FrFTE (01
l 1
+C2% FLFRTY(01) + CZAFL FRT%(011
wherem=+1,+2 k=0,+2 and forq,=+1,k=+1,+2. mkay kT (01D + Cinicy 4y (019
In order to study thg time-evolution of_ the system, t.he + Cﬁi%F[nFETE%O(Oll) + C}ﬂ% Er FpT{l}Q:L(lOl)
above Floquet Hamiltonian needs to be diagonalized. Since - . a2 0
the Hamiltonian is highly off-diagonal and is described in an + Conka, Fr FET™(10D) + CIy AR FRTEC(10)
infinite-dimensional basis set, the standard approach often 13,0 £pr(0)0
involves the numerical diagonalization of a truncated * CrkoFmF Ty (10D)]. (28)

Floquet-Hamiltonian matrix. Though such numerical meth-

ods are robust, they often obscure analytical insights into the ~Since the perturbing Hamiltoniaki; is off-diagonal
dynamics problem. This motivates the development of anatboth in the spin as well as Fourier spadée transformation
lytical methods based on perturbation theory for diagonalizfunction$; has to be off-diagonal in order to compensate the
ing the Floguet-Hamiltonian matrix. In the following section Off-diagonality inH; (i.e., [S;,Ho] is off-diagona). The C

we describe the utility of the van Vledlor contact transfor- ~ coefficients involved in the transformation function corre-
mation method for obtaining effective Floquet Hamiltonians.sponding to a particular operator are chosen to compensate
the corresponding off-diagonal terms in the perturbing
HamiltonianH; and are obtained by solving the following

B. Effective Floquet Hamiltonians via contact .
equation:

transformation method

The van Vleck or contact transformation method is an
operator .equivalent pf the. traditional R.ayleigh—Sc.hrt')dinger H(11> =H, +i[S;,Hol. (29
perturbation theory in which perturbation corrections take
the form of operators, thereby leading to effective Hamilto-
nians. This approach has been described in detail by varioughe details involved are given in the previous papend
researchefé** and will not be described in detail here. In have been described briefly in the Appendix. The coefficients
this approach, the Floquet Hamiltonian is first split into ainvolved in the transformation function are tabulated in Table
zero order and a perturbing teffilustrated in Eqs(22) and 1l
(23), respectively, and then subjected to a unitary transfor- It is important to realize here that the commutator rela-
mation represented below: tion [S;,Hg], in addition to removing the off-diagonal char-
acter inH; (to certain order, also leads to other residual
off-diagonal terms(i.e., H(ll);tO), which depending on its
Hiffz UH U relative magnitude to that of the zero-order Hamiltonian can

be retained or neglected in further calculations,
iNS —i\S
= el IHFe 1

=HV+HV+ BV + ., 1 1
1) 132 3 1 13,0
H(l)—{ s Crvo(@o00+ dooo + %kao(gooo

Hy = Hy,
HV=H, +i[S,Hy], - do, }Fr FpT{l)O(lol) + { Chko(969.0+ 960

) 1
HY = H,+i[S,,H,] - E[Sl,[Sl,HO]], + ECZ ko(goo 0~ gg)%)),o)] F%FET%O(OH)

0 i S o (o SRR, (0

H H +2 [Sl’[Sl [ShHm]]] 2\6 mka {}

m=0 ( - —f—’

n-m (27)

For the sake of simplicity, the following notation will be
In this new frame, the perturbation corrections to the zeroemployed for describing the coefficients involved in Eq.
order Hamiltonian are obtained by proper choice of the trans¢30),
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TABLE IIl. Coefficients involved in the transformation functics.

(1)
L _ Yokg
Cokg=

q
key + 79&;,0
V2

cW
(1) — 0k,q
Crnk.q - !

Mo, + Ky + %g&;,o
v

(2)
@ _ Yok
Cok,q -

kay + %9520) 0
V2

c@ - Gg)i),g
mkq ™ !

q
M, + Kay + Taggr)),o
\

(3)
c® - Groo
mo.0 Mo,
Clzk — Gmkq
mkg
2
o + Koy + —(900 ot 9( )
2y2
Gle2 Gleo
Cld2- _Omko  ~130__ Omko
mk0™ Mo, + Koy’ mko ™ Mo, + Koy '
232 23,0
232 - _ Gk 230_ _ Gmko
K0T M, + ket ™07 ma, + ke,
1
132 _ . ~131
131 2V ZGWql alekql
Cika, = -1 .
2
a2
8\3
131 _ . ~132
2 BGmkql a:Gnig,
132 _
CITIKCh 1
2
— = a1
8\3
232 _ . ~231
2y ZGmkql alekCh
231 _
ka'ql 1 !
2
=—a
8\3
1
231 _ . 232
s 20 GGqul 8,Gpkg,
Chka, = -1 .
2
=—a
8\3
_ q
where a; =M, + ko, - —=.
22

HY =22

+L

Tt THNL10FFP + LS o T (10D FLFP

LT (01D ] FP.

J. Chem. Phys. 122, 164503 (2005)

Floguet Hamiltonian are obtained by evaluating E29),

HYY = Hy+i[Sy,H,y] - —[sl [S1.Holl

- 'E[sl,Hl] + S[SuHP). (32)

Following the procedure described in the previous
paper‘,10 the second-order corrections to the zero-order
Hamiltonian can further be classified into three main catego-
ries described below:

1) _
H(z )= Hisingle spin * H(two spin * H(Three spin- (33

The termH gingie spin represents corrections to the single spin
operators employed for spin description:

H (single spin — [IA{l}O(]_OO) Tgﬂo(loo)
+iA{1°(010T{1]%(010
+iAG]°(001) T(E (00D JFGFS. (34)

In order to understand the performance of the decoupling
sequences, it is necessary to evaluate the exact contributions
to the individual spin polarizations present in the model sys-
tem (in this case, the observed nuclei and the two protons
The homonuclear dipolar interactions among the protons ef-
fectively reduce the spin polarization on the individual pro-
tons present in the system, thereby minimizing the residual
heteronuclear dipolar interactions between the individual
protons and the observed nuclei. This fact may be verified by
the presence of the cross terms between the homonuclear
dipolar interaction terms in theA coefficients (i.e.,
Aﬁio(loo) Aﬁio(om)), which represent corrections to the in-
dividual proton polarizations present in the model system.
With an increase in the magnitude of the homonuclear dipo-
lar interactiongamong the protonsthe spin polarization on
the individual protons decreases significantly, thereby mini-
mizing the residual heteronuclear dipolar interaction. Subse-
quently, this enhances the performance of a particular decou-
pling scheme. In addition to the dependence on the
homonuclear dipolar interactions, the proton spin polariza-
tion also depends on the cross terms between the hetero-
nuclear dipolar interaction terms as well as the chemical shift
interaction termgwhich include the CSA and scaled isotro-
pic shif). These are illustrated in Table IV. Such cross terms
have never been reported in previous theoretical treatments
of the decoupling phenomenon. The spin polarization on the
observed nucleirepresented by\{l)O(OOD) involves cross
terms between the various heteronuclear dipolar interaction
terms(between the two protons and the observed nuclei

The cross terms between the various anisotropic interac-
tions are represented by two-sgifty, spin) and three-spin
terms(H rhree spip) IN the Hamiltonian. The two-spin correc-
tions are obtained from cross terms between the dipolar in-
teractions and the chemical shift interactions and are repre-

The second-ordefor diagonal corrections to the zero-order sented below:
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TABLE IV. Second-order corrections involving single-spin operators.

g2

@ (-1)% 12 12
42 [C G 242

mk,q ~—m—k,—q,

]

(O]
C”‘kylh

G(l)

-m—k,—qgy

PG
+Cor, Go#qu]

()0 dipole—dipole(spins 1&2)
) (100) -
_ D g I:CIZ 2

45 mk, gy C-m—k,—q,

43 13,1 131
:| + m[c’""v‘h G‘”’"‘v“h

csa—csa

13,2 13,2
C"‘""Is G—m—k,—q3

dipole—dipole(spins 1&2)

G —c

—m-k,~qy mk,~qy

Ja-ai

13,2
46 [C”‘k-‘h

G13.2

1+
dipole—dipole(spins 1&3)

1 13,0 7131 1 132 gi31
:|+ E[CW.OL—m—k.O - ﬁcmk,ol‘-m-k,o]

—m—k,g;

dipole—dipole{spins 1&3)

where ¢, =0,£1,¥2 ¢,=0,%

sdipole—dipole(spins 1&3)

1 g,==%1

4@

(—1)'“[ 12 12
447 ka,qu-M—k,—ql

@ [0 A0
zﬁ[cm"#zG

+ C(2) G(2)

0k,q; ~0=k,-q,

]

—m—k,~q

dipole-dipole(spins 1&2)

1% Jaei
+( 0 J4-q3 |:C12

46 mk,gy

A(no 010
ay (010

Ll 2

—m-k,—q;

93 23,1 23,1
|+ [emant,

csa-csa

_CB2 gB2

mk,gy  —m=k,~qy

dipole—dipole(spins 1&2)

23,2 23,1 _ 23,1
[c G ca,

mk,g; ~ —m—k,—g;
dipole—dipole(spins 2&3)

J4-4
a6

G23,Z

IG
dipole—dipole(spins 2&3)

1 23,0 7231 1 232 §231
1"' ﬁ‘:cmk‘ol‘—m—k,o - —ﬁcmk,OL—m—k,O]

—m—k,q;

where ¢, =0,t1,12 ¢, =0,%1 ¢, ==1

dipole-dipole(spins 2&3)

A oony

43
10 —=

23,1 23,1
i +C o G

mk,qs

13,1
G

—m=k,~q3

13.1
|:ka~43

-m—k,—q,

2.2
G

-m=k,—q3

13,2 13,2 23,2
ka.ng—m—k.—qg ka,qs

]+

_ C13,2 G13.1

mk,q3

G13,2

—m—k,qy

13,1
ka,—q3

el

dipole—dipole(spins 1&3 and spins 2&3)

—m—

23,1
G

S —

232 23,2
G—m—k,q3 ka.q3 :|

kg3

J+aBlnl,

dipole—dipole(spins 1&3)

1 13,2 7131 232 723.1
ﬁg'[cmk.oL—m—k,o+C L

:I - Elﬁ[Cz%L?;r:—k,O

dipole—dipole( spins 2&3)
23,0 r23,1
+ ka‘OL_m_k,O]

mk,0™~~m-k,0
dipole—dipole(spins 1& 3 and spins 2&3)

where g, = *1

dipole—dipole(spins 1&3 and spins 2&3)

H(Two spin =|A°(110T{3°(110 + AZ%(110T{7)°%(110
+AG°(110T(H%(110 + AZ (10D T{E(10D)
+A%(10DT{H%10D) + A%°(10D T{°(102)
+AZP01DTE01D) + A%01D T{%(011)

+AD°01) T (01D JFHFS, (35)

wherein the first row represents the cross terms between t
homonuclear dipolar interactidiamong the protonsand the
chemical shift interactiongof the two protons The cross

Herivee soin=IAB (1105110 + AF(11DTE(111)
+AF°(11DTE (11D + AZ (110 T{E(11D)
+AP(11DTEO(11D + A1) T (111)

+ AR (11D T (11DJFGFE. (36)

Since the above expression involves three-spin operators, the
corrections have to involve cross terms between the homo-
nuclear dipolar interaction§involving spins 1 and Rand
Hgateronuclear dipolar interactiorigmvolving spins 1 and 3
and spins 2 and)3and have been tabulated in Table VI. The
correction terms represented in Tables V and VI involve
cross terms between the various anisotropic interactions

terms between the pairs_ of heteronuclear dipolar_intera(_:tionaresent in the system and are responsible for the residual line
(spins 1 and 3 and spins 2 and &nd the chemical shift p534ening observed in tH&C MAS spectrum. It is impor-

interactions are represented along the second and third
respectively, and have been tabulated in Table V.

roW@nt to note that the correction terms illustrated above have
been obtained using a set of relations among the Fourier

The corrections to three-spin operators are representasperators described in the previous paper, in addition to the

by

commutator relation for a three-spin system, given below:
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TABLE V. Second-order corrections involving two spin operators.

J. Chem. Phys. 122, 164503 (2005)

@0 ‘J -4 (1) (2) 12 1) (2)
A(z) aw) I:(ka + ka )G—m k.—g, - ka,—qz (G—m—k‘qz + G —-m—k,q, ):I +
(—1)"‘11 G-gD[ y12 m @ -
7 LLow-t-g, Crieg, = Ciuiy, ) | Where g, =0,%1
dipolar(spins1&2)-CSA of spin 1and 2
44 a 2) (1) 12 (2) )
M 110y {(ka 92 ka 142 )G m—k,~q, ka 4 (G2 m=k.q -G —m= qu) +
{1}
o 12 (1) (2)
T [ (e} )] where g, =0,%1
dipolar (spins1&2)-CSA of spin 1 and 2
Ao 2 1 2
L%, (€8, -C2.)] where g,=0,21
dipolar (spins1&2)-CSA of spin 1 and 2
:,Z;o(lon @ J4 % {C(l) G*? C13 2 GO }+
mk,qy " —m—k,—qy mk,—q3 = =m=k,q3
dipolar(l&S)—CSA of spin-1
13 () 13 (3) -
[ L i oCoi, } I: L., OCmO,O] where g, = £1
dipolar(1&3) ~CSA of spin-1 dipolar(1&3) —CSA of spin-3
o
Ay, aon J4 4 {C(l) Gl C132 G }_L I:Ll cY ]
mk,q3 " —m—k,—q; mk,—qy  —m=k,qy 4 m—k, 0~ mk,0
dipolar(1&3)-CSA of spin 1 dipolar (1&3)—CSA of spin 1
1 3) 13,2 13,0 13,2 13,0 _
ﬁ':cmo,o (G m00 T Cmo o) m0 0 (CmO,O +Coo ):I where g, = £1
dipolar(1&3)-CSA of spin-3
@0 L (1) 13 (3)
00 2 |: —m—k, 0 :I + [L—mO (i mo,o]
%,_/ o
dipolar(1&3)—~CSA of spin 1 dipolar(18&3)—CSA of spin 3
A’ @) _a4-q {C(z) G52 —cB? G? }+
42 mkyqs " —m=k,~q3 mk,—qy " —m=k.q;
dipolar(2&3)—CSA of spin 2
2 (2) (3) =
2,/'[ Zn-k0Cmi0 = mO OCMO,O:I where g, = +1
dipolar(2&3)-CSA of spin 2
ay V-3 [ ~@2) 3, 232 ~(2) 1 (2) :I
o (10 Y {ka,qu m—k,—q3 ka,—q3G m-kags [~ 7 [L—m k oka,o
dipolar(2&3)—CSA of spin -2 dipolar(2&3)—CSA of spin -2
i (3) G20 3) 23,2 23,0 _
”ﬁ[cmo,o (G—mO ot —m0,0) Gonoo (Cmo,o +Chto ):I where ¢, = 1
dipolar (2&3)~CSA of spin -3
A( 0 (o11)
eH 1 23 (2) 23 (3)
253 [L—m kO :I b L mOOCmO 0]
%,_J —_—
dipolar(2&3)- CSA of spin 2 dtpalar(2&3)- CSA of spin 3
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TABLE VI. Second-order corrections involving three-spin operators.

J. Chem.

Phys. 122, 164503 (2005)

132
—m—k,—q3

+G2?

={@G
rr R (G
2L, €,

A(J)o it
gy (D

s|~ & sl“

—-m—k,—q3

23,
+GZ, —m- "—‘IJ)C"‘kqs

12
)C’”k(h _G —m—k,qy
—m k.q3

23,2
—-m—k,—q,

(C13.2
(CIS .1

+C

mk,~q;3

+Coy

mk,—qy

)] where g, =%1

23,2

22 -

23,1

eI

hom oruclear dipolar(1&2)-heteronudear dipolar(1&3 and 2&3)

13,2
2)0 —m—k,~q3

A((z; iy

13 1

—m—k,—q3

+G231

.

ral
w’

2@

43

23
+G5 0 )Cre —

YCorias =

(C132

mk,~q3

(C13 \1

mk,—q3

—m k.3

—m k,q3

+C231

+Co2 )} +

G B

93 12 13,2 13 1
L[ L2, (C Conmtas

232 12 23,
—m—k,—gy; —’" k,—qy :I I:L ,413 -C

mk

493

:| where ¢, = *1

hom onuclear dipolar(1&2)-heteronuclear dipolar(1& 3 and 2&3)

345

8430

Al

{(Gl”‘ k.—gs G‘zf'ikv“h ) mk 43 - Gl"' k.q3 (

13,1 23,1 1
—m—k,—q3 + G"""‘v“h ) '"k as G ~m—k.g; (

mhk,—q.
o T
A(Z) 111y

131

mk,—q;
Sas

13, 23,2 13,1
s«/l_[ mk g3 (C m—k,—q3 C—m—kv—qa )] 4430 mk,«k (C-m—k,—qs
__z[lek,o (Cfp'.o—k,o cx i 0)] where ¢, =%l

caz, +CE2 O+
Cza 1_ . )}

_ sz_k o )]

hom onuclear dlpolar(l&z)-hetemnuclear dipolar(1&3 and 2&3)

@0 13, 2, 12 13,2 3.2
Apam sf{(G m—k,—gs -G5- k—qa ) Ol CA, (Co —3 —C mk,—gs )}
13, 23,1 12 12 131 23,1
{(G m=k,~qs G—m k—q; )ka ) G‘m k.q3 (kav—‘h - C"'k~“73 )} +

[Ll':k 43 (Clm k=qs C23'2

B2 D] L, CBL, , +CBL, )] where g,=+1

hom onuclear dipolar(1&2)-heteronuclear dipolar(1&3 and 2&3)

44—[1'1,:1(0( —m~ ko C230k0):| where g, =%l

g3 13,2 23,2 12 13,2 23,2
m{( otea, = Otk Cmhy = G, Coile, = Coil, )}+
13,1 231 12 13 1 23,1
e SJ—{(G m—k,—q; G‘m' "13) mk.q3 G -m—k, qs( mk,~q; C mk,-q3 )}
Ly G410
12 3 2 23 2 12 13,1 23,1
SJ—[L'”" g3 —m—k,— 413 —m kg3 ):I R4 L’”k oq3 (C—m—k»—qa C -m—k,—q3 ):I

hom onuclear dipolar(1&2 )-heteranuclear dipolar(1&3 and 2&3)

A((IO;G(”” ;'\/.{(Glm k, q; —m- k — )ka +q3 - Gl"‘ kg3 (Cm 2—‘13
12 2, _
#‘/-[Lmk - (o +C_m’_,¢,_q3 ):| where g, =*1

232

mk“—fh )} -

hom onuclear dipolar (1&2)-heteronuclear dipolar(1&3 and 2&3)

A0 1 12 13,2
1) _~/_ Lmk,q3 (C—m—k,—q3

el Lo (€

Cz"’ ki—g3 )] X I:Ll':" 43 (Cl’"l k,—q3

-m- kO Cfi;(lk,o):l where g, =1

—c®, )]

hom onuclear dipolar(1&2)-heteronuclear dipolar(1&3 and 2&3)
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k, ! ,'' iy
[TOR0le) T T (ikka)] = X 261 oIk K)(- 1212021
KKy K KK

X ()12 )ki+ké+ké(i)k/1/+kg+kg

3 3 3
X \/(2L1+ 12K+ DK+ IT @+ T ek + DT 2k +1)

i=1 i=1 i=1
Ki 1 kilJks |, ko[ ] ks I3 ki
XV'/(2| +1)(2k’ +l)(2k"+ 1) 1 1 1 2 12 2 3 '3 3
PR P P P P S TR

Il I2 I—1 L1 |3 | , )
! ! li li ! ’ kH_qn I k k, (k")q” P
x1ky ks KiyKi k3 K ((=1) mq —q TK,l, (k7k5k3)
Ki K KiJ[K] ki K
3
with ¢i=y_s(lik'k) =1 if > l; +k/ +k'=odd
i=1

=0 (otherwisg. (37)

The commutator expression described above has been gemiarger extent when compared to other decoupling schemes.
eralized forN spins and has been explained in detail in ear-This is responsible for its mediocre performance when com-
lier publications?f2 Since the entire algebra is based on thepared with other decoupling schemes. Such effects become
theory of spin angular momentum, extensions to higher spipronounced at higher spinning frequencies leading to the
magnitudes and multiple spins are quite straightforward. Thiself-decoupling phenomenon observed experimentally by
is in contrast to other existing theoretical methods, whichMeier et al. In the case of TPPM and XiX decoupling
often require multiple commutator expressions to be evaluschemes, the scaling factor corresponding to the homo-
ated, a task which becomes quite tedious beyond two spinsuclear dipolar interaction is high when compared to the CW
Further, the symmetry embedded in the multipole basis aiddecoupling scheme. However at higher spinning frequencies
in representation and evaluation of the correction terms(greater than 20 kHzand high rf field strengths, the XiX
while other theoretical descriptions do not readily explain thescheme should perform somewhat better than TPPM mainly
origin of the various cross terms and their contributions indue to the effective reduction of the homonuclear dipolar
the spin dynamics. interactions at higher spinning frequencies in the case of
The superior performance of multiple pulse decouplingTPPM decoupling. However, at low spinning frequencies
schemes such as TPPM and XiX over CW decoupling can band rf field strengths TPPM is superior to the XiX sequence
explained using Eqs(13)—(16) and has been tabulated in mainly due to the reduced magnitude of the cross terms be-
Table | using typical parameters employed in solid-statdween the homonuclear dipolar and the heteronuclear dipolar
NMR.'® Several general features of a successful decouplinnteractions, which is in agreement with experimental results.
sequence are embedded in these relations. First, current aphese experimental observations are predicted using the the-
proaches often neglect the effects of proton offsets in decowsretical approach presented in this paper.
pling, which we believe leads to inaccurate interpretation of A further unique prediction of this theory arises from the
the decoupling phenomena in general. This aspect has beéarct that three coupled spins have been treated, not only two.
accounted for in our approach using Efj0). Next, any de- Observed discrepancies between theoretical predictions
coupling scheme should involve an active recoupling of thebased on two-spin models and actual experimental observa-
homonuclear dipolar interaction in addition to minimizing tions in real solid systems have forced researchers to include
the cross terms between the various interactions present the dense coupling among the protons in the spin dynamical
the system. The former aids in effectively minimizing the model. The model three-spin system employed in our calcu-
spin polarization on the protons while the latter conditionlations, however, reveals other cross terms neglected in pre-
minimizes the residual line broadening observed in thevious theoretical descriptions. To this end Erestal. pro-
13C-MAS spectrum. The effective Hamiltonians derived in posed a model incorporating the effects of the strong
this approach clearly illustrate the role of homonuclear dipo-homonuclear dipolar couplings into the two-spin model with-
lar interactions among the protons in the better performanceut increasing the complexity of the problem. In their ap-
of the decoupling schemes. This fact is clearly illustrated inproach, the dense coupling among the protons is described
the coefficients involved in Eq34). In the case of CW de- using a spin diffusion type relaxation operator described in
coupling, the homonuclear dipolar interactions are scaled tthe Liouville space.
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The MMFT approach presented here can, in principletonianH;. The C coefficients are obtained by evaluating the
treat the dense proton network quantum mechanically as eommutatofS,;,Hg], and equating the coefficients associated
phenomenological spin system of higher spin magnitudavith a particular operator to zero. This is illustrated here as

(i.e., a proton spin bath involving 20 spins can be representedn example by evaluating t 3@1 and C,ln3|f coefficients,

as a single spin system with spin magnitudel0, if the  which are associated with the operatoF ;ql(loj) and
internal configuration of the 20 spins can be neglected —(2)q; ;
T 101 I

Thus, the decoupling problem involving 16 protofigeS) {1} (10, respectively,
can, in principle, be treated as a model two-spin system in- @ 130 130
volving spinsl;=1/2 (representing carborand|,=8 (repre- T (10D (G, — (Mer + key = A/242))Crig,
senting the abundant spin battlescribed in the Liouville
space of dimension 11561156. Since the entire spin dy- 1

; . . : . -—ckl =0 (A2)
namics described here involves the evaluation of a single 2\@ mkdg [T
commutator expressiofgiven in Eq.(36)], which employs
the well-known angular momentum algebra involving the _
Wigner-3J, -6J, -9J coefficients, extensions to higher spin Tgﬂql(lo]){(elal - (M, + ko, - g/2V2))CE31

. . . mkgq mkq
magnitudes are quite straightforward and elegant for any ' '
analytical treatments beyond two spins. Work along these 1
R . . 13,2 —
lines is currently in progress. “ob ECqul =0. (A3)

v

IIl. CONCLUSIONS These two equations form a set of coupled equations, with
In summary, the effective Floquet Hamiltonians for athe C coefficients being the unknowns, which, however, can

model three-spin system derived based on the MMFT apbe obtained by solving the above linear equations. The other
proach aid in understanding the spin dynamics during heterd= coefficients mainly involve simple linear equations of the
nuclear decoupling in solid-state NMR. The use of such dypeaC+b=0, wherea andb are constant coefficients.
model system aids in explaining the salient features observe . _ .
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