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In the past few years, solid-state 'H NMR spectroscopy under ~ Serve the valuable information abdaotra- andintermolecular
fast magic-angle spinning (MAS) has developed into a versatile tool ~ proton—proton proximities and hence about the structure and tt
for elucidating structure and dynamics. Dipolar multiple-quantum  dynamics of the sample inherent to the proton—proton dipola
(MQ), in particular double-quantum (DQ), MAS spectroscopy has  couplings. Consequently, the ideal approach will combine in
been applied to a variety of materials and provided unique insight,  formation about the identity of a molecular building block from
eg., into the structure of hy?mge”'bo”ded systems. This review o chemical shift with the spatial distance and orientation in
intends to presenf[ sollo_l-state H_DQ and MQ MAS spectroscopy i ¢ormation from dipolar interactions.

a systematic fashion with a pgrtlcular err_1ph_aS|s on methodological The standard approaches for resonance-line narrowing
aspects, followed by an overview of applications. © 2001 Academic Press . .

Key Words: proton solid-state NMR; fast magic-angle spinning; ~ SOlid-state NMR are based eoherent averagings1), the most
multiple-quantum spectroscopy. widely used method being magic-angle sample spinning (MAS
(4,5, 7). This, in principle, allows the removal of all anisotropic
interactions whose spatial parts can be represented as seco

1. INTRODUCTION rank tensors and contribute to the NMR frequency in first orde
only (1). Referring to the effect of MAS on anisotropic broaden-

Their ubiquity in organic and inorganic materials, couplebhgs, Maricq and Waugh distinguished between “homogeneou:
with their high magnetogyric ratio, makes protons very impoend “inhomogeneous” interactiongd): under MAS, an inho-
tantand valuable nuclei for NMR spectroscopy. In solution stat@ogeneously broadened line splits spontaneously into a patte
'H NMR spectroscopy therefore belongs to the standard metf-sharp spinning sidebands, while homogeneously broadent
ods routinely applied for material characterization. In the solithes successively narrow with increasing MAS frequencies, al
state, however, the combination of high spin density and higwing the observation of the underlying spinning-sideband pat
magnetogyric ratio, which is advantageous as far as sensitivigyn only if the lines are sufficiently resolved. To date, MAS has
is concerned, turns into a disadvantage, because the spectranatéeen widely applied to rigid and deni$¢systems, because
dominated by strong homonuclear dipolar interactions. In solthe homogeneous character of multispin homonuclear dipolz
tion, these interactions are averaged out by the rapid isotropiteractions seemed to necessitate MAS frequencies well abo
motion of the molecules; however, in solids, dipolar couplingbe effective coupling strength, which is, in most cases, stil
with effective strengths of up to 50 kHz severely broaden theeyond the current state-of-the-art technology.
resonance lines. At such strengths, the dipolar interaction surA NMR approach, which instead of fighting the dipolar inter-
passes, by about one order of magnitudértthemical shield- action makes use of strongly dipolar-coupled networks, is dipc
ing effects which are of vital importance for the identificatiomar multiple-quantum (MQ) spectroscopy. The first MQ NMR
of typical molecular building blocks (like aromatic rings, §H experiments performed on righti systems were so-called spin-
CHgs, etc.) and, in general, for substance characterization. Upamunting experiments, which do not aim at resolving differen
now, this problem has preventtd NMR spectroscopy from be- *H species in the spectrum, but rather at determining the siz
ing widely applied to solids. Therefore, new solid-std#eNMR  of dipolar-coupled spin clusters by exciting higher-order MQ
methods must, on the one hand, aim at the reduction of dipmherencesl(12, 8, 9, 10} In static samples, without requiring
lar interactions, in order to reveal at least partially the chemicspectral resolution, the intensity distribution over the differen
shiftinformation, while, on the other hand, one would like to preMQ orders allows the cluster size to be extractéd, 80, 7.
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154 SCHNELL AND SPIESS

Spectral site resolution can be achieved, atleast in the final detisés analysis is illustrated by first applications, which concentrat
tion period of the experiment, by combining the spin-countingn the elucidation of phenomenainducing supramolecular orde
experiment with cross polarization8C (7) or with MAS (40). namely hydrogen bonds and-r interactions between aromatic
Moreover, introducing a MQ evolution period under fast MASystems$7, 18. In addition to addressing structural problems.
conditions between the excitation and reconversion periodsM MAS experiments are, due to their inherent multidimen:
the experiment allows resonance lines to be spectrally resohstdnal form, particularly well suited to investigations of molec-
and, hence, to be assigned to MQ coherend@s (imiting ular dynamics, which are expected to be of major interest for fu
the MQ order or, equivalently, the minimum number of couplether NMR method developments as well as future application
spins to 2, leads to DQ spectroscopy, by use of which dipolar-

coupled networks can be analyzed in a pairwise manner with 2. DIPOLAR-COUPLED SPIN SYSTEMS UNDER MAS
respect to the chemical shifts of the involved nuclei.

In order to interpret the first experimental DQ NMR results In this opening section, the dominant internal interaction
under fast MAS conditions, Gottwalet al. proposed a spin- present intH multispin systems, i.e., dipolar couplings and
pair approach which describes the evolution of dipolar-couplé&Ptropic chemical shielding effects, as well as some analyt
multispin systems approximately in the so-called “short timeal formalisms necessary for describing the NMR experimen
limit” (46, 41). Following the first applications t&H spin-pair Will be introduced. Since the technique of magic-angle spinnin
model Systems?lp DQ MAS experiments were Subsequenﬂiﬁ essential fotH NMR experiments in the solid state, we will
performed on polycrystalline phosphat88(33, 24, 39, pand consider its effect on the internal interactions and, in particula
phosphate glasse84, 116. In addition, analogoud®Si DQ present a theoretical approach which describes its decoupli
MAS experiments have also been performed on silicate glas§éi€ct on a dense network of dipolar-coupled spins. The resul
(44). Moreover, mobile systems have been investigated, wiflerm the basis foftH MQ MAS spectroscopy, which will be the
e.g., the chain order and dynamics in polymers and elastomiic of Section 3.
having been quantified by homonuclé#€ and*H DQ methods
(48-50. Focusing on methyl groups, triple-quantum (TQ) spec-
troscopy was introduced®) and, proceeding with the method pue to the negligible overlap of the nuclear wavefunctions
beyond purely homonuclear systems, dipolar MQ NMR has begie direct spin—spin interactions between two nuclei with spir
extended to heteronucleti—C pairs (03, 91, 92. 1 6-D) = 0 are limited to the dipolar interaction, the Hamiltonian

Recently available MAS equipment, allowing MAS to be pergor which can be written as
formed at spinning frequencies of up to 35 kHz, has had major
impact on the development of dipolar MQ methods. Besides |_"|([i)i) = {0O.p).f0), [1]
providing a significant and vital resolution enhancemeriHn
spectroscopyd8), it allowed the experimental verification of aysing a coupling tensob®) which is, in the principal axes

full theoretical treatment of dipolar-coupled multispin systemsystem (PAS) of the interaction, always of symmetrical form
under fast MAS 85, 36. Based on a Floquet approach cou-

pled with Rayleigh—Scludinger perturbation theory, the ana- _% 0O O
lytical treatment considers the evolution ofta multispin sys- D) — _opi) . _% ol 2]
1

2.1. The Dipolar and Quadrupolar Interactions

tem, which is subject to both MAS and homonuclear dipolar 0

interactions 85). It turns out that such a system develops suc- 0O O

cessively two-, three- and higher spin correlations, while MAS

suppresses the formation of these correlations with increasing he dipolar coupling constant is given by

efficiency as more spins become involv&@®)( In the limit of

fast MAS, the multispin system can therefore be considered to D) — _ rolyiy 3]

decompose into a superposition of two-spin correlations, the lat- 4nri3j’ ’

ter being of inhomogeneous characté?)( This dominant role

of two-spin correlations provides the basis for the spectroscopyere io denotes the vacuum permeability, apg are the

of spin pairs, i.e., DQ spectroscopy. magnetogyric ratios of the interacting nudleind j, andrj; is
This review intends to present solid-stakeMQ MAS spec- their distance. Transformation into the laboratory frame (LAB

troscopy in a systematic fashion with a particular emphasis with the z-direction defined by the external magnetic field,

methodological aspects: It considers the experimental excit®-, Bollz, results in

tion and the properties of MQ coherences as well as the origin

of MQ MAS spinning sideband pattern$g, 41, 37. The infor- i) _ _ Koy | |:3(|”(i) (0 ) 0. f(J)}

mation content of spectral features like signal intensities or MAS ' ' D A
sideband patterns is discussed, paying particular attention to the B
influence of perturbing spins. The physical insight provided by =DW.[A+B+C+D+E+F], [4]

5 3
rs r



FAST MAS AND MQ COHERENCES 155

where the so-called “dipolar alphabet) (s given by of the interaction, with the latter given by
A= (1—3cog)» .71 ___€dQ [10]
1 o o 2121 — 1)
B=3S(1- 3co0) (I 10 — 1O . 7))

The formal analogy of the dipolar and the quadrupolar inter-
action (Egs. [1], [2] and [8], [9]) opens up the possibility of using
the latter as amtranuclear analogue to thieternuclear dipolar
interaction. Hence, from an experimental point of view, it can be
envisaged that certain quadrupolar systems will be well suite:
to serve as models for small dipolar-coupled spin systems. Sinc

3 VR

C = —3sin cospe (11 . 1D 4 7O . 70
[5]

3 . Ay e

Dz—ésmecos@e"”(lg)-I(_J)+I(_')«I(Z”)

E = _SsirRge2¢ . w the dipolar interaction is always symmetric, this model approacl
4 requires the field gradient tensor to be symmetric, ijes 0,

E— _§ sirtee?¢ {0 . [ and, additionally, both interactions to be of the same order o
4 - magnitude with respect to the dominating Zeeman interactior

Dipolar systems virtually never exceed coupling strengths o
The vectorr; connects the coupled spimsand j. In the about 50 kHz and, hence, a first-order secular approximatio
dipolar alphabet,;; is expressed in terms of its polar coordinateig valid throughout, so that an analogous treatment of dipola
(rij, 0, ¢), describing the orientation of; with respect to the and quadrupolar interactions is, from the outset, restricted t
laboratory frame. The raising and lowering operatbgsare first-order quadrupolar systems. Therefore, the discussions
defined ad + = %U x Eily). quadrupolar systems are, in this review, limited to weak anc
Nuclei with spinl > 1 possess an electric quadrupole maymmetric couplings.
ment, Q, which interacts with the electric field gradieit, at For the dipolar interaction, the secular part can be easily de
the nucleus. The later can be represented by a tensor with tived from the dipolar alphabet using the fundamental secula
components commutator [:|z, H p.seq = 0. The secular part is obviously
given by the termdA and B, because the tern to F contain
92d operatorsi 4, which do not commute with , of the Zeeman
(Map = 300’ [6] interaction:
wherex, B = x, y, z, and® denotes the electric potential. Using  H 5 sec= D - %(1 —3cog0)- (3P . 1Y — 10 . TW)
this gradien¥, the quadrupolar coupling tens@, is then given 1
by - D(in.é(l_acoée)-[zfg).fg”

eQ

_ v — (9 TO 470 1O, [11]
2021 —1h

Q [7]

(After this introductory section, the notation “sec” indicating
with | ande Q denoting the nuclear spin and the product of thine secular part of a Hamiltonian will be dropped for reason:s
elementary charge and quadrupole mome, respectively. of simplicity.) In this way, the dipolar interaction can be di-
Using the coupling tensoR, the quadrupolar interaction canvided into a static termx fg)- 'Y and an exchange term
be written in the form o (T1D- T 4 7D 70y (79). The static term can be viewed

as the interaction of a spir") with the dipolar field of another

Ho=1-Q-T, [8] spini'¥. Depending on the orientation, i.e.zor —z, of the sec-
ond spin, two energy levels can be distinguished, which mear
that the static term gives rise to a doublet splitting. The exchang

whereQ, inthe principal axes system of the interaction, is IV rm combines states which differ only in the polarization of the

by spins. If the energy difference is negligibly small compared tc
14 the coupling, the dipolar field of one spin can “flip” the magnetic
- 0 0 moment of the second spin in a resonance process, conservi
Q=5- 0 _11 o]. [9] the magnetic spin-quantum numb€drof the system and hence
2 its energy, though both spins change the sign of their states. On
0 0 1 the precession frequencies of both nuclei are sufficiently differ

ent, this so-called “flip-flop” mechanism is energetically sup-
n andé reflect the asymmetry and the anisotropy, respectivefyressed, and the system approaches the weak coupling limit.
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homonuclear systems, such a situation can be accomplished byhese spherical operators are useful in that, under a rotati
chemical shift differences which exceed the dipolar couplingspecified by the three Euler angleg 0, ¢), these components
In the case of heteronuclear dipolar couplings, the differenée v transform into linear combinations of themselves (belov
between the Larmor frequencies of both nuclei is, in generalritten asA_ ), with the rankL being conserved and the order
several orders of magnitude larger than the dipolar coupling, Bbranging from—L to L (90):

that the heteronuclear dipolar Hamiltonian is given by

L
~ ~ A K L
A9, =DM . 1-3cod0)(,- &), (2 Awm= ). ALmDiu(x.6.9)
m=—L
with the exchange term being dropped and, for distinction, the
two different spins being written d$”) = | and1 () = S,
In analogy to the homonuclear dipolar case, the first-order
secular part of the quadrupolar Hamiltonian is given by

L
> ALmexpimy)di), (0) exp iMg). [17]

m=—L

D,(T';)h,,(x, 6, ¢) denotes the componenh( M) of a Wigner ro-
~ €qQ 1 o tation matrix, and the reduced fomﬁt)M (9) is a combination of
HQ.sec= @ DR 5(1— 3cos6) (3l I, —1-1). pasic trigonometric functiong8, 95.
Following Eq. [16] and considering Egs. [10] and [12], both
[13]  the dipolar and the quadrupolar Hamiltonian can be easily wri
ten as a simple product of just one component of each tens
2.2. The Spherical Representation of Interaction Tensors  operator, i.e.,A;o and T, because of two limiting condi-
&i_ons: First, the absence of isotropic and antisymmetric par
restricts the rank t&. = 2 and, second, the truncation by the
first-order secular approach reduces the ordevite O due to

For the theoretical description of NMR phenomena, it is a
vantageous to divide the Hamiltonians into a space gdaahd

a spin partZ: [z, Aum] = mAy . Taking additional normalization factors
- A A from the tensor algebra into account, the LAB-frame Hamilto
H=A-T. [14] nians are obtained in the form

In the secular approach, the reference frame is given by the o 2

LAB frame, whosez-axis is parallel to the quantization axis H([',” e \/; Agy‘o) . T(ZJO) [18]

alongBy. Consequently, all interactions have to be transformed

from their principal axes frames, defined by the relative arrange- ,

ment of the interacting nuclei, into the LAB frame, as has been

done for the dipolar and first-order quadrupolar interactions in R 1 . .

the previous section. Although these transformations can, in Ho = % - A2o- T2o. [19]

principle, be carried out using a Cartesian notation, such ro-
tation transformations are, in general, more easily carried out in ) ) .
a spherical representation. This is of further importance, since! '€ SPatial parts can be vgie;/ved as the product of a dipol

fundamental experimental techniques, such as sample rotafflyl duadrupolar “frequencyp, * andwq, respectively, with a

(see below, Section 2.3) or application of radiofrequency pulsd&Ctor representing the orientational dependence of the symm
jinteraction tensor with respect to the magnetic figid(i.e.,

are rotations in real or spin space, respectively. In this spheri{:'&
representation, the spatial and spin pattsand 7, split into " the LAB frame),
three irreducible parts of the form

Al = ). }(1 — 3c0g6), [20]
A= Ao+ A1 + As, [15] ’ 2
. . . where
where Aq is a scalar, and4; and A, are antisymmetric and
symmetric (this applies t@ identically). TheA, terms consist i) . Loy v
of 2L + 1 componentd\ i, which exhibit the same transfor- wp’ =3DW = 31 [21]

3
mation properties as the spherical harmonigsy (90). The AT

Hamiltonian of any interaction can thus be written 8%,(104 q
an

L
H= XL: M; DVALM T m. [16] Aro=wq - %(1 — 3c020), [22]
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where over all dipolar tensor orientations. Since spectral resolution i
essential for almost aiH NMR applications, one of the main
wo = 3- €qQ _ 37Cq ' [23] experimental goals is the reduction of the homonuclear dipola
4121 —1)-h 2121 —1)-h couplings.

It is the anisotropy of the dipolar interaction which causes

In Eq. [23], the quadrupolar coupling consta®, = €?qQ/2x, the unwanted line broadening. The spatial part of the Hamil
has been introduced, which reflects, in analogy to the dipoknian is represented by a second-rank tensor compaRant
case (see Eq. [3]), the strength of the interaction. The spin paith an orientational dependenocg1 — 3 cog 6), whered, as

of the Hamiltonians is represented by the tensor operator  noted above, denotes the angle of the interaction vector wit
respect to the external magnetic fiddgd. This transformation

F0) _ 1 (3| M. {0 _ [0, f(i)) [24] property, which results from the coordinate transformation frorr
20 = /6 z the PAS to the LAB frame, hints at the possibility of removing
the interaction by introducing a further reference frame (ROT)
in the dipolar case and by whosez-axis is tilted by the so-called magic anglg = 54.7°
with respect toBy. While, by this definition, the components
Too= i(3r2_ =70 [25] along zZRO" become equal to zero, the perpendicular compo
' /6 nents in the Xy)R°D-plane can, in principle, also be averaged

to zero by a sufficiently fast rotation of the frame (therefore
in the quadrupolar case. Summation of the dipolar pair tensesiled rotor-fixed frame, ROT) about izsaxis, such that the in-
T3 over indistinguishable pairs of spiri§_resultsin avirtual teraction would vanish completely. This approach is experimen
quadrupolar system with an effective operaTczro, scaled by a tally realized by spinning the sample mechanically about an axi

factor of 2 (see Eqgs. [103] to [105] in Section 3.3.2): which is oriented at the anglg, relative toBy. The technique
is well known as magic-angle spinning, and is widely applied
-|—20 —9. ZT(”) [26 in solid-state NMR,' in particular for line-narrowing purposes.

iz Its effect on a spatial part of the for, o can be evaluated,

following Eq. [16], by a successive coordinate transformatior
In this way, a quadrupolar sp@] nucleus becomes for- from the PAS into the ROT frame and, finally, into the LAB
mally equivalent to the dipolar-coupled system of three methfjame:
protons, because, in the latter case, the three dipolar pair
couplings are indistinguishable due to the rapid rotation of ALAB) (PAS —(2) ®
the methyl group around its threefold symmetry axis. In”20 () = Z A20” Doml(@. B, ) D o(wrt, fm. 0)

Section 3.3.2 we will discuss how this analogy has been used m=-2 (PAS—(ROT) (ROT)— (LAB)
for understanding the origin of MAS sidebands in dipolar MQ )
MAS experiments7). _ (PAS 4(2) —imy —imogt §(2)
With respect to the Hamiltonians, the spherical representation - mZ_:z oo Gom(B)e 7 & T o(0m) - [27]
of the interaction tensors is particularly useful for describing the AROD
effect of sample rotation, as will be shown in the following
section. The Euler anglesy, 8, y) denote the relative orientation of the
PAS frame to the ROT frame. The anglgt is the rotor phase,
2.3. Sample Rotation at the Magic Angle corresponding to a rotation of the sample aboutZAR& N-axis

with the angular frequencyr = 2rvg = 27/tr. The Hamil-

In solid-state NMR, the spatial orientation of the interactiopynians of rotor-modulated interactions are often written in
tensors relative to the external magnetic field is of central impQt rier series of the form

tance. In experiments on static samples, a wealth of information

about structure and, even more importantly, dynamics of sys- . . A
tems can be obtained from a whole range of multidimensionaH (t) = Z ATEIdE) (B)e™ AP (0m) - T o0 - €M,
NMR experimentsg5). Basically, all of these correlate different m=-2
resonance frequencies corresponding to different tensor orien-

tations on various time scales, and thus allow the determination (28]

of, e.g., molecular jump angles and rates. In rigid polycrys-

talline 'H systems, however, the homonuclear dipolar interaahere the Hamiltonian is a product of time-independent Fourie
tion is stronger than the chemical shift by about one order ebmponentdi, and rotor modulation terms ™=t Carrying
magnitude, such that, in static experiments, any chemical stdfit the summation in Eq. [28] and using the explicit forms of
information is usually obscured due to the isotropic distributictme reduced rotation matrices, the rotor-modulated and, henc

Hm
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time-dependent spatial pak o(t) of the HamiltonianH (t) be- commutators of the time-dependent Hamiltonk(t)
comes, in the LAB frame,

- 1 [T R
H@z__/’dVwa
TR Jo

1
ASER(t) = ALY - [E sir? B cos(2ort + 2y) .

- R ' R R
oo dt// dt' A, A",
1 2tr Jo 0
_ ﬁ sin 28 coswrt + y)] . 291 1 [ v t i ) i
HO = —— / dt’ / dt” / dt”[[H(t"). H(t")]. H(t")]
67r Jo 0 0
In the case of dipolar and first-order quadrupolar interac- _,_[[|_”|(tf//)’ g(t//)]’ I:|(t’)]. [32]

tions, it should be noted that, in the PAS frame, the ten-

(PAS . iy -
sor componentAz,o(ij) is identical to the dipolar and quad- £q 5 inhomogeneous system, the expansion obviously T
rupolar frequencywp,” andwo, respectively (see Egs. [21] andyces 1o its zeroth-order term, as was the case in Eq. [30].

[23]). Consequently, the introdgction of the RQT frame can fofpe terminology of Maricq and Waugh, the presence of an
mally be expressed by changing the orientational dependepggher-order term originating from nonvanishing commutator
from %_(1 — 3cog B), as given by _Eq. [20] for the static case“:,(t)’ I:|(t/)] - 0 makes the system homogeneous. To unde
to [ sin’  cos(2vrt + 2y) — 7 sin 2 cosfogt + )] under  gtand the averaging effect of MAS, itis important to note that th
MAS conditions. In the simplest case, whet(t) commutes ,eroth- and even the first-order terms vanish for an integratic
with itself for different time argumentsi.e., [H(t), H(t')] =0  oyerafull rotor period, as can be seen from Egs. [29] and [30] fc
ywth t # 'F’, the net _Ham|lton|an acting on the_ spin system dughe zeroth-order terms. Thus, when subjectto aninhomogenec
ing & period fo, t1] simply corresponds to the integration of theneraction, the state of the spin system is fully refocused afts

time-dependent spatial part: each rotor period and the observed time signal does not dec.

resulting in infinitely narrow spinning sidebands in the spectre

t (PAS In Eq. [31], the higher-order terms of the average Hamiltonia

Qto, t1) = / ALLB (1) dt = % are defined in a recursive fashion by nesting the integrals ai
to R

the commutators. A closer inspection reveals that a time fact
of the orderry is associated with each integral, whereas the no
malization factor remains proportional tgl. Consequently, a
term H(®) of order p contains an effective time factor of the
— V/2sin 8(sin(wgty — ) — singto— y))} [30] orderr "V, such that the higher-order terms, which are respor

sible for the homogeneous character, converge in the followir
recursive form 85)

With respect to NMR spectra, this expression for the rotor- .
modulated spatial partis of fundamental importance for the eval- (D) o IH] e
uation of MAS-induced sideband patterns originating from dipo- WR ’
lar or first-order quadrupolar couplings. In a first approximation,
the analysis of such sideband patterns is based on a dgmtar with the ratio of the normiH | and the MAS frequencyr deter-
pair Hamiltonian or, by analogy, on a first-order quadrupolanining the weight of higher-order contributions. In other words
Hamiltonian, both of which fulfill the above commutation re-a term of order p + n) is discriminated with respect to a term
lation [H (t), H(t")] = 0. The fulfillment of this commutation of order p by a factor (H|/wgr)".
relation is central to Maricq and Waugh's definition of an “in- Purely first-order quadrupolar systems are always inhomog
homogeneous” interactior72), which was introduced above.neous, while in dipolar multispin systems couplings between di
For a general consideration of MAS beyond a dipolar-couplégrent pairs have to be considered. If the pairs are either identic
spin pair, an average Hamiltonian approach, corresponding toracompletely different, the commutatorsi §(t"), A4 (t")]
Magnus expansion (see, e.g.3(p. 12), can be used to calcu-or [HU)(t), A& (t")], respectively, vanish. The interference of
late the effective Hamiltoniahl acting on the multispin system two dipolar pair couplings involving one common spin, i.e., twc
during a rotor periodg, pairs {j) and (k), leads to commutators of the form

: E Sir? B(Sin(2wrty — 2y) — Sin(2wrto —2y))

[33]

D) ey 1K) g7 AGT) ey AGK) g5 =@ij) Tk
T O 0L 5O, py RSO ARE)] = AZ@)AR W) - [T50. 53] 134)

_ which, in general, do not vanish, except for the special ca:
with the termsH (P) of order p representing nested integrals oveof both spatial partsAgfo)(t) and Ag‘ko)(t) having an identical
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orientation and time dependence, which meak&)(t'); od ©i() do not commute and cannot be separated. In practic
Agko)(t’) = constfor all t'. It is thus the commutator given inthe distribution of energy levels, corresponding to the static
Eq’. [34] which causes a dipolar-coupled multispin system &pectral lineshape, is therefore described by a phenomenologic
behave homogeneously under MAS, unless the dipolar intera@ement analysis following Van Vleck's approacdt(, J.

tion tensorsD(1) and DX differ only in their absolute values, For a resonance line with a spectral distributif@) around
but not in their orientation dependence. In other words, to codcentral frequencyy, thenth moment is given by

serve an inhomogeneous characi@¥!) and D) need to be

transformable into each other by a simple scaling or translation Mp = /(a) — wp)" f () dw. [35]
procedure, as, e.g., for a linear arrangement of the threeispins
j, andk. The spectral distribution functiofi(w) and the time signa(t)

To conclude the consideration of the effect of MAS oRye interconvertable by Fourier transformation, which, for sym:

the spatial parts of NMR interactions, we now turn briefly tgnetric distributions, can be restricted to its cosine part:
the observed spectra. Static spectra exhibit characteristic line-

shapes which result from the integration over the distribution of S(t) o / f () ' dow sygm-/ f () cosfot) do. [36]
orientation-dependent resonance frequencies. When rotating the

sample at the magic angle, the spatial parts of all anisotropic ip-i

teractions are modulated and, consequently, spinning-sideb?&

patterns are generated in the spectra. In the case of inhomo-

obvious that the even-numberedt@ momentsM,,, are
ted to the 8th derivatives of the time signal with respect to

) ) .. fimeb
geneous systems, the resonance lines are, in theory, infinitesi- y
mally narrow, since the state of the spin system fully recovers (=1)" [82"S(t)
after each rotor period and, hence, the time signal is contin- n = S0) ( t2n ) . [37]

uously periodic. The inhomogeneous character of a system

disappears as soon as a homogeneous interaction comesitite the odd-numbered moments vanish. Technically, the mo
play, since then the higher-order terrhi™ with n > 1 in ment analysis corresponds to a series expansion of the sigr
Eqg.[31] do contribute, making the spin system evolve in the for&(t), and can thus be written in the form

p(0) — p(zr) # p(0). The spin system does then not come back 2 4

toitsinitial state and, due to destructive interference, the remain- S ocl— Mo+ ~MyF---. [38]

ing contribution ofp{0) to the statep (t = NtR) atthe so-called 2! 4l

rotor (lechcl)e: = Nrgldecreasgshw!th |n|qrea5|mg. If r,n:(O)_|s aI Denoting the dipolar coupling strength @) and its
completely detectable state with signal inten§i{9), the signa orientation-dependent form () - %(3 cog6; — 1) by Dy, the

S(t) will then, in genergl, dec_ay with time: This behavior is second and fourth moments are given by (for derivation ge (
well known as the free induction decay (FID) and a fundamen-

tal phenomenon in Fourier transform NMR. From this point of 9 , powder 9 -
view, it is intuitive that homogeneous interactions broaden res- M, = 2 Z i = T30 Z (D) [39]
onance lines, with the linewidth being determined by the time i< i<]

constant of the signal decay. In reverse, this argument means
reducing the contributions of higher-order tert®) in Eq. [31]

by MAS narrows the resonance lines observed in the spectrum. 3\4 N 2 N
e () () 2
2.4. Moment Analysis of Static Dipolar Lineshapes < =<l
. N
The presence of dipolar couplings!)’, in addition to the 1 Z (D2 (D — Djk)z):|. [40]
Zeeman interactiomd 7, spreads the energy levels and, hence, 3N i 4]k J

the nuclear resonance frequencies symmetrically around the

Larmor frequency, because every spin is subject to the dipolaiThe second moment consists of a sum over spin-pair term
fields of its neighboring spins. These fields, which depend @i} ) only, while in the fourth moment the presence of a third spin
their relative “orientation” & =+, cf. discussion in Section 2.1) k gives rise to terms consisting of products of spin-pair coupling:
with respect to the quantization axis, either raise or lower the €i}), (ik), and (jk), which thus correlate three spins. Proceed-
ergy level of the spin state. Applying perturbation theory, whicimg to higher moments, it is clear that the maximum number o
can be restricted to first order sinfié p| < |Hz|, the correc- correlated spins increases with the order of the moments. Sin
tion E,(Dl) for the unperturbed energy IevEJ(ZO) of the Zeeman the contribution of higher moments to the observed si@g!
state is simply given byH p|. In general, the exact calculationincreases with time (cf. Eq. [38]), the evolution of a multispin
of the eigenstates dfi = H; + Hp is not possible, becausesystem under dipolar interactions has the effect of incorporatin
for homonuclear dipolar couplingéD the termsx IAQ)IAQ) and more and more spins into a common state: the dipolar-couple



160 SCHNELL AND SPIESS

spin cluster grows?8, 79. In a more descriptive view, the mo-tistical guantum-mechanical ensemble, whose properties are
ments given in Eq. [35] reflect the lineshape in the resonanfbected by a density matrip. The Hamiltonians represent all
spectrum. For example, a Gaussian lineshape interactions acting on the system Formally, this action can
) equivalently be written as a commutatét [ 5(t)] or a superop-
1 (0 — wo) eratorH p(t). The formal solution to the differential Liouville—
f(w) = exp| — [41] .
AN 27 2A2 von Neuman equation is given by

requires the moments to fulfill the relatidviy, = (2n — 1)A®" p(t) = L)AL (1) [43]

and, consequentlyM,/(M,)?> = 3. A characteristic parame-

ter, which is obvious from the experimental spectrum, is thgjth the propagator

full width at half-maximum height\” of the resonance line. A

Gaussian line is characterized ky =2+/22A. Comparing . . s

Eq. [39] with Eq. [40], it is clear that, in a multispin system, LO =T exp(—| / H(t )dt> .

dipolar interactions do not result in a purely Gaussian lineshape,

andM, can be written adl, = 3(My)?+ £, with £ denoting the  which “propagates” the density matrix of the system fitors 0

deviation from a purely Gaussian behavior. tot’ = t by subjecting it to the interactions. The time-ordering
The practical significance of the moment analysis approachvigeratori formally ensures the correct order of the Hamiltoni-

that it provides an approximate but analytically manageable fefnsH (t') with respect to the time intervalt’ of the integration.

malism which allows the description of spectral lineshapes witlrhis time-ordering operation is required because, in gener:

out requiring a knowledge of the eigenfunctions or eigenvalupgmiltonians at different points of time do not commute; i.e.

of the Hamiltonian of the entire system. The approach is Iimite[cpﬁ (t", H (t")] £ 0fort’ #1t”.

to the interaction and the initial state of the spin system at thean alternative approach separates the rotor modulation fro

start of the evolution, with the interaction containing the strughe Hamiltonian (see Eq. [28])

tural information about the system. In this way, the second mo-

ment can be identified with an effective dipolar coupling strength ) 2

Desf = ,/ZiN<j (D)2, or an effective internuclear distance. H(t) = Z Hm - exp{morgt) [45]
The staticddH NMR spectrum of adamantane, shown in Fig. 1, m=-2

exhibits a static linewidth oA’ = 27 - 12 kHz. Approximating , anplying the so-called Floquet formalism. Changing the re

thelineshape by a purely Gaussianline, thisresultsin an effectij@nce ‘system from Hilbert space to the infinite dimension:

dipolar coupling strength dDer ~ A'/1.58~ 27 - 7.6 kHz.  Floquet—Hilbert space means taking the MAS-induced time d

pendence out of the Hamiltonian and putting it into the wave

function. This transformation corresponds to changing from th

The theoretical consideration of NMR spectra is generallyeisenberg to the Sabdinger representation of quantum me-

[44]

2.5. Factorization of the Time Signal under MAS

based on the Liouville—von Neumann equation chanics 93). In this way, there is no longer the need to apply
4 time-ordering operators to the propagators, and the problem c
p e . o . ;
E— i[A, p(t)] = —iHp(), [42] be solvgd under MAS conditions in an analqgou; fa_lshlon t
ot the static case. Furthermore, each wavefunction is directly r

which is obtained through the extension of the time-depend

éarted to a MAS sideband of corresponding order, and sideban
Schiddinger equation from a single wavefunctignto a sta- 0

different order can thus be described independestdy 81,
70, 89. These simplifications are accomplished at the expen:
of having to deal with an infinite number of dimensions in the

oH Ly Floguet—Hilbert space; the reduction to a manageable numk
ocC U\\r P of dimensions then requires an approximate approach.
o~ }%/3_3 ~o As described in great detail by Filigt al. (35), the trans-
})?35; > formation of Hamiltonians and density operators into Floque
$ }Q space can be carried out in such a way that, on returning ba
12 kHz into Hilbert space and incorporating the advances of Floqu
formalism, the Liouville—von Neumann equation is obtained ir
the form
200 100 0 a0 20 kHz 25 )= (iw O LY expimp)H ) 5a(l).  [46]
ot n.q = Ra¢ a m ) Pn,gll),

FIG. 1. Adamantane moleculegH1 and static'H NMR spectrum of
adamantane with experimental linewidth = 27 - 12 kHz. o
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where the operator&n, -, and’H’ are written as superoper-and

atorsHp = [Hp — pH] in Liouville space. The density op-

eratorpn q is @ matrix element of the Flogquet density operator, Hp HmHn-m [Ha, Hol | .
which includes the_initial state(0), ah/IAS—reIated phase factor pn(0) = " Nog Z 2n(n — w3 - 20202, p(0),
exp(q¢), and Fourier stateg) = > ,_, | exp(nwrt)|¥):

m

[51]

png = IN)(n[p(0)In + a)(n + gl exp(ae). [47]  where the summations are to be carried out over the range
Fourier components, i.em, my, m, = 0, =1, 42, excluding

The Hamiltoniar?{’ in Eq. [46] consists of two parts, those values for which the denominator would be equal to zerc

Note that the initial density operators of the MAS sidebands
vanish, if there is no perturbation (i.g2,(0) = 0 forn > 0, if

ﬂ(o)zini, Hm = O for allm # 0).
9¢ [48] Considering these initial density operators, the following con-
HD — Z expime)Hm, clusions can directly be drawn: First, MAS sidebands originate
m from the rotor-modulated componerits, with m # 0 of the

Hamiltonian (see Eq. [28]); second, these components are scal

which, in terms of a perturbation approach, can be regarded®¥gor", Where the exponeiitcorresponds to the degree of com-
a dominant interactioi{© perturbed byH®, provided that Mutator nesting; andthird, this approximation, using afirst-orde
the MAS frequency exceeds the rotor-modulated interactionR§rturbation approach, includes only sidebands up to the seco
a sufficient extent, i.ewr > | Y, Hml. Note that scaling the order, because the dipolar Hamiltonian, being a second-rar
dominant interaction by corresponds to scaling the perturi€nsor operator, splits into Fourier components of up to secon
bation bywg. Such a convergence with an inverse dependen@gler only:Hm with —2 < m < 2.

on wg With respect to the unperturbed, i.e., dipolar-decoupled, In general, the NMR time signe(t) can be expressed as
case was encountered above in the discussion of the series®¥k & Tr[Ix - p(t)], wherel, represents the observation oper-
pansion of an interaction under MAS (see Eq. [33]). Comparirf§or- Thus, starting from the initial statps(0) of all sideband
the dipolar interaction in the rotor-modulated case with that Rrdersn, the NMR time signal of a spin system, which is subject
the static case, it is important to note that, under MAS, the Z&-an effective Hamiltoniat e, can be calculated using®)

roth Fourier componentflo vanishes due to the magic-angle

conditionHo o d2(6m) = 2(3cof6, — 1) = 0. 0 R —it) ~ —it)2 .
0 ¢ doo(6m) = 5(3.008 b 1) S(t)o<ZTr|:IX~<1+(1II D+ 2'|) Hgﬂ+...>ﬁn(0):|,
— I !

Proceeding with perturbation theory, the Hamilton#hin
Eq. [46] can be reexpressed in terms of the Fourier components

of the rotor-modulated Hamiltonian (see Eq. [45b) [52]
2 A A, where the exponential propagator has been approximated by
Her = Ho + Z o m series expansion of the superoperatty;. This expansion can
M2 2MwRr be written in a completely factorized form
m=#£0
2 1 1 1 00
H_m, Hm], H
+oy LHom el Hol 0 g SO = 3 I Wh(t) expinest), [53]
m, p=—2 3mpr n=0
m, p#£0

where the intensityl,, the decay functioW,(t), and the ro-
As a consequence of the Fourier approach, the initial state modulation exgbwrgt) are given by factors, each of which
p(0) is formally distributed over the centerbapg(0) andnth- refers to a specific sideband ordern analogy to the moment
order sidebandpn(0), although at = O obviously no rotor approach applied in the static case, the decay fundtift),

modulation has occurred yet, which determines the spectral lineshape, can be expanded in
a series of momentisly n,
~ l:l m [|:| mys l:l m]_]
po0)= 1+ ) —+ Py X (—it)k
[ ? MR m;nz 2(my+ mp)maw Wh(t) = ( kl) Mk, [54]
k=0

_Z[ﬁfm»ﬁm] _Z[F'Oaﬁm] ﬁ(O) [50]
— 2m2w? — 2m2w% with the kth moment of thenth-order spinning sideband being
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given by to the inverse power of the MAS frequency, by which they ar
scaled 86):
A~k
Tr| 1 x - Heupn(0 1 N
M = T enPol ) = ZTi[lx - Fegn(0)]. [55]
T T pa@] Ther 10 1
=10 (dno+— > 11+ > 110+ | [58]
Since it can be shown that,, Y H"Y) = 0, all odd- “RT “RiTk

order moments vanish, so that the second mombnhts are

the leading terms in the series expansion of the decay funcThe summations include alN spins of the system,(0) de-
tions (Eq. [54]). For the centerband & 0) and thenth-order notes the overall integral signal intensity, and the tef{d
sidebands, the intensiti¢s and the second momenté, , can  and|{'*) combine the contributions of two- and three-spin cor

themselves be expanded into series of the form relations {j) and {jk), respectively, to the intensity of theth
sideband. In the limibg — oo, all terms vanish excepgo = 1
- Hm Hom, Him, which represents the remaining sharp central resonance line. T
lo=Tr|Ix-(1+) Mor + ) (Mo + Mmoo decay functionaV,(t) from Eq. [54], which are responsible for
m my,m;

the linewidths, can be written in an analogous form, as is show
HHoHom R here for the leading terms, i.e., the second moments, in the ser
+ ; expansion of Eq. [54]:

m
~ ﬂn ﬂm”:\‘n_m 1 N l N -
=TIy [—+ )y — 7 S S Vi k)
" [ X ( Nwr Xm: n(n — mwé Mz = ( %;( w‘é I§I Mzn "+ . [59]
HnHm HnHO |'\ 56
_Xm: nMw? - n2w% T I [56] Comparing this series to that of the intensities in Eq. [58], i

is clear that two-spin correlations, in spite of being the leadin
terms for the intensities, do not contribute to the moments an

and

hence, not to the linewidth either. Instead, the latter is prima

1 Tly - i H mH o H X] ily determined by three-spin correlations and, with decreasir

Mzo = | Z m pp h weight, by higher spin correlations. The intensities, on the cor
0 'mp PR trary, are dominated by two-spin correlations, reflecting the ir
homogeneous character of a dipolar spin-pair system. In mc

Ty - HnH-mH pH_pHnl o .
Myp = — [ HmH-mHpH - pHn X] [57] generalterms, Egs. [58] and [59] show that with increasing MA!

In mprw3 S . . -
m,p frequencywg, the multispin dipolar network is simplified, be-

cause low-spin correlations dominate both the intensity distr
ComparingMz_,o and Mzﬁn, itis clear that the linewidths of the bution and the linewidths of the sidebands.

sidebandsr( > 1) are determined by spin correlations, which
are of higher order than those determining the width of the cen-
terband, because the leading termsvfo and My, consist of
products of four and five superoperat@its,, respectively. Be-  In the above section, it has been shown that combining tt
ing written in such an elaborate way, the equations are ratlidoquet formalism with perturbation theory allows the factor-
complex and do not straightforwardly allow an efficient calization of the NMR time signaB(t) under MAS in terms of
culation of MAS spectra. The analytical expressions, however,Fourier series (see Eq. [53]). Concerning spectral resol
provide valuable insight into the principal features of such spetisn and, hence, the access to chemical shift information, tt
tra. With increasing time, the dipolar interaction correlates molieewidth, determined by the decay functi®w(t), is the crit-
and more spins, generating a growing dipolar-coupled clusteal parameter. From the above equations, the degree of li
which is well known from the static case. The decoupling efiarrowing achievable by MAS can be estimated by comparisc
fect of MAS counteracts this growth process through scaling the the case of a static dipolar-coupled system. For the latte
spin-correlation terms by increasing inverse poweg% of the assuming a Gaussian lineshape, the linewidth is proportion
MAS frequency, with the exponehtcorresponding to the orderto the square root of the second moment. Therefore, if it |
of the spin correlation, i.e., the number of coupled spins. Thissumed that a given resonance line, in particular the cent
behavior is obvious from the intensitigsof the centerband and band, under MAS can also be approximated by a Gaussi
the sidebands, when the terms in Eq. [55] are written in the falhape, the ratio of the second moments of the static line al
lowing merged form, where the terms are ordered with respéhe MAS centerband directly reflects the relative line-narrowin

2.6. Narrowing of Dipolar-Broadened Lines by MAS
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effect: instead give rise to the generation of sidebands; second, tt
1 A second moment is, under MAS, scaled dy?, which means
(Mo)was o2 2mpmp TLHx - HmH-mHpH_ply] + - anwx-scaling of the linewidth. At first sight, the former effect
(M2)stat - Tr[fx “HE fx] : appears to be independent of the MAS frequency, but in fac

MAS comes into play gradually with increasing, because the
[60] approximations improve, on which the analytical consideration:
) ) ) ~inthe previous section are based. For the series expansions, 1
Apart from the obviouswg?-scaling ensuring a reduction atig of the dipolar coupling strength versus the MAS frequency
of (M2)mas for high MAS frequencies, it is interesting 10 in-js crycial, and the restriction to the leading terms, as in Eq. [60]
spect the products of the dipolar superoperators. The leggpresents the maximum simplification which is only justified
ing term of the series expansion in the numerator is a syg} MAS frequencies exceeding the Fourier compon@fg’
over products of the forrrpnlpHmH_me’H_p, which con-  f the dipolar interaction.
sist of Fourier components of the dipolar Hamiltonian with Hence, starting from the static case and increasing the spit
m, p # 0, with the superoperatof®m , denoting the respec- ying frequency gradually, MAS reduces the width of homo-
tive sumsy_,; _; H} over all dipolar-coupled pairs). The geneously broadened resonance lines at first as a result of t
possible combinations of indicem and p in the product are coaction of, first, thevz*-scaling and, second, the increasingly
restricted by two conditions: First, one spin has to be identicgfficient suppression of the line-broadening effects of highe
in all four pair superoperators of the product, because otherwigsin correlations. This suppression means, in other words, th.
the commutators—which are inherent to the above superopgie system, though homogeneous under static conditions, dev
ator notation—would vanish. Second, the product is also eqgls an inhomogeneous character under MAS. Once this qua:
to zero, if all four operators concern the same spin pg, ( inhomogeneous limitis reached, the linewidth shows a pgre

becausg_, %7:[21”7:((_”% = 0. As a consequence of these twalependence, as is depicted in Fig. 2b.
conditions, the produqﬁ—pHmH_m’HpH_p givesrise tothree-  To conclude this section, we point out that the fundamen:

spin correlations only and can hence be written as tal mechanism underlying the line-narrowing effect of MAS in
1 o homogeneous dipolar systems is that MAS suppresses the cc
Z — HmH_nHpH_p tributions of higher spin correlations to the observed signal, an
mp MP the suppression efficiency increases with the number of spir
T iy i) o ik involved in the correlation. While, in the static case, two-spin
=y > _HE’In])HJmH([I)k)H(lp)- [61] correlations are primarily responsible fét linewidths, they no
il:;i}k mp MP longer contribute to the broadening of a resonance line under su

ficiently fast MAS, since they are of inhomogeneous characte
R I2n contrast, the static term in the numerator, which contaim®d, hence, primarily responsible for the intensity distribution
Hp = Zi<j_kH([',”H([',k), leads to the generation of three-spirver the spinning-sideband pattern. Therefore, maximum lint
(for j # k) as well as two-spin correlations (fgr= k). There- narrowing is already achieved when the MAS frequency suffice
fore, the denominator exceeds the numerator by these two-sgisuppress three-spin correlations efficiently. Itis hetatérue
correlations. Moreover, a more detailed analysis including thieat there is no hope to narrow a homogeneously broadened lir
orientation dependencies of the dipolar couplings reveals tlatlong as the MAS frequency is less than the observed stat
the contribution of spin correlations decreases with increasitigewidth. Instead of the effective overall coupling, the MAS
number of involved spins. Though this behavior depends on titequency needs to exceed only those dipolar pair interaction
geometry of the considered system, it turns out to be a gendraim which three-spin correlations aris&g|. This means that,
feature when taking the following aspect into account: A twaheoretically speaking, MAS may even be less than the stronge
spin correlation contributes to a large extent to the state of thair interactions, because no line broadening occurs as long
spin system, if the orientation of the dipolar interaction tensanly two-spin correlations are generated. In real systems, it i
with respect to the magnetic field is favorable. In order to alisually rather difficult to make this distinction, and the com-
low a three-spin correlation to contribute to the same extent,@éxity of the equations discussed in this context indicates the
least two interaction tensors have to be oriented in a comparaitlis, for a particular sample, also very difficult to predict the
favorable way. The latter scenario, however, is less probabliependence between linewidth and MAS frequency in a fully
With an increasing number of spins, the statistical probabilityuantitative manner. However, state-of-the-art MAS equipmen
of the system being favorably oriented decreases and, therefatlyws spinning frequencies considerably above the stronge
in Eq. [60] the denominator always exceeds the numerator byigolar pair couplings in rigidH systems, which are only up to
considerable amount. aboutD@) = 27 . 20 kHz. In this way, quasi-inhomogeneous

The line-narrowing effect of MAS is hence twofold: Firstconditions can be achieved in most cases to a satisfacto
two-spin correlations no longer contribute to the linewidth, buxtent.
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a) correlations would be expected to yield the strength of the ur
wgl2m [kHz] / \ derlying dipolar pair coupling.
0 The NMR time signalS(t) of a single dipolar-coupled spin
pair can easily be calculated by integrating the rotor-modulate
3 ! M spatial part of the dipolar interactidd(!) over the time interval
/\ [0,1] (see Eq. [30]). For powdered samples, the polar angle
4 (Bij» »j) of the symmetric interaction tensor have to be average
over all orientations with respect 8y:
7 M
t
13 A S(t) o <cos( / A‘ZEQB”'”(t)dt>>
0

20 @ij)
e — = <cos(3D ' .[3 sir? B(sin(2wgt — 2y) + sin(2y))
Za)R 2

b) 0.307 —V/2sin B(sin(gt — ) + sin(y))D>. [62]

0.25¢ * In Fig. 3, the characteristic behavior of an inhomogeneot
dipolar spin-pair system under MAS is displayed: As soon a

0.201 the sample rotation sets in, the static Pake pat&8nsplits im-

] mediately into a bunch of infinitesimally sharp rotational side

bands. With increasing MAS frequencies, the signal gradual

concentrates in the centerband. In the static case, the stren

A'MAS l AIstat

Oplog
0.25

04

Al

stat l Wg

0.6

FIG.2. (a)!H one-pulse spectra of adamantane, recorded at different MAS
frequencies. (b}H linewidth of adamantane under MAS plotted against the 9
spinning frequency. The experimental linewidth is scaled relative to its static — A
value of Ay, = 27 - 12 kHz. 13

U

2.0 ) l l |

2.7. MAS Sideband Patterns and Model Spin Systems l l ‘
3.0 |

o

The previous sections revealed that, consideringthéme * L

domain signal under MAS, the dominating terms of the dipolar | l l | l A |
interactions, i.e., the two-spin correlations, do not broaden the - -
resonance lines, but are instead primarily responsible for the in g g ol l l L A l Lies
tensity distribution over the spinning-sideband pattern. On the
one hand, this points out that resolution enhancementis possibl 1g o l ‘ A T l l A Lttt
by applying MAS frequencies even below the static linewidth.
On the other hand, the experimental spinning-sideband patter M
itself contains information about the underlying dipolar inter- [ Ty T T T T
action, because the pattern maps out the anisotropy of the ir2° -10 0 10 20
teraction and allows the determination of the tensor and its ori- o/wg

entation. Indeed, the inspection of MAS sideband patterns has A _ _ o
FIG. 3. *H spin-pair spectra calculated using Eq. [61] for static conditions

become a _We”-_EStab“Shed approach for characterizing t!\}% under MAS of different frequencieg. The spinning-sideband patterns, as
chemical shift anisotropy (CSAY2, 56. Analogously, an anal- el as the static Pake pattern, allow the determination of the dipolar couplir
ysis of the sideband pattern originating from dipolar two-spigrength. The spectra are scaled to equal height.

>
~
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of the dipolar interaction can be directly determined from the 3
frequency difference between the two singularities of the Pak N 1.0 A “ A A
pattern, while, under MAS, the coupling strength is reflected ir ﬂ
the sideband patterd). From an experimental point of view, N 07
it is important to note that the signal-to-noise ratio dramatically
improves under MAS, because the signalis concentrated in sha4/\_/¥A_/\_/‘°-6
sidebands instead of being distributed over a large spectral ran¢ |
In order to ensure simplicity, the above equation consider 03
only a single spin pair, while redH systems are usually char- f\ 0a
acterized by many dipolar proton—proton couplings. In stk¢h '
multispin systems, three-spin and higher spin correlations giv . I \ 0 . } .

rise to the familiar homogeneous line-broadening effects an=3,— 4 ) P s & 7 % o

also to distortions of the intensity distribution over the MAS Kz kHz
sideband pattern (see Section 2.5). In order to get an idea abc I O o o
the changes occurring in the MAS spectrum when an inhomc ? B =055

geneousH system gradually becomes homogeneous, we now

consider the perturbing effect of a third spin on a spin pair, withFIG.4. MAS spectra of twdH three-spin systems of different geometry. A
the third spin embodying all additional dipolar couplings actingeminating pair interactio®P" = 2 - 20.6 kHz is perturbed by a coupling to
on the spin pair. To provide a self-consistent scale for the pgﬁ;”ijg'ﬂeo:ggeiz i” '(11' - 10) kHz. The MAS frequency i = 27 - 10
turbations as well as for the decoupling effect of MAS, both the ™ T

perturbing coupling and the MAS frequency are given relative

to the considered pair coupling: CH, group, with a dipolar coupling dbP3" = 27 - 20.6 kHz. A
third spin interacts with this pair through perturbing couplings
Dpert 277 DPar within the range ofbP®" = 0... ZDPa". Both the inhomoge-
1= ‘Dpair and & = ) [63] neous case of a linear arrangement and the homogeneous ¢

of a A-geometry were numerically simulated by means of an
Consequently, with respect to the MAS frequenay, the per- explicit density matrix calculation. The MAS frequency is set
turbation can be represented by a dimensionless paragneterto wgr = 27 - 10 kHz, which is less than the dominating pair
coupling, buiwg > DP®'is ensured.
_ _ 2nDPet 64 Figure 4 shows the simulaté#i MAS spectra for both con-
§=bibe= oR [64] sidered spin arrangements. The residual linewidttg fes O is
purely artificial and corresponds to the number of calculated tim
When more than one spin perturbs the pair coupling, the gfcrements for the signal and the subsequently applied weigh
fective perturbing coupling strengP*" can be approximated ing function. With increasing perturbation, the resonance line
by the sumDP" = +/3"(DP*")2 over all perturbing couplings decrease in height and, in the homogeneous case, undergo a
DP*". Thus, the perturbation decreases either wB#A" in-  vere broadening which increases with the order of the sideban
creases relative t®P" or when the MAS frequency, i.e., theln the inhomogeneous case, as is expected, no line broadeni
decoupling efficiency, increases. is observed, but even the pattern seems to be only marginal
In addition the effective strength of the perturbation, reprelistorted by the perturbation; the extent of the perturbing effec
sented by, also the mutual arrangement of the three spins inflis displayed in Fig. 5a. With respect to the intensity distribu-
ences the transition from an inhomogeneous to a homogenetais over the sideband pattern, both arrangements show effec
system. In the discussion of Eq. [34], it has already been notefdlcomparable extent, but in the-arrangement the intensity of
that the inhomogeneous character is preserved when the thireecenterband is reduced most, while in the linear arrangeme
or more spins are arranged in a linear fashion. In this spedihé first-order sidebands are also strongly affected.
and somewhat artificial case, no line broadening occurs, and thénother feature arising from the geometry is the fact that the
effect of the perturbing spin on the intensity distribution ovespins in theA-geometry are much more likely to form three-spin
the sideband pattern can be investigated selectively. Thusctorelations than in a linear arrangement. Therefore, it is inter
resemble the homogeneous properties of tehbystems, the esting to investigate the actual contribution of three-spin correla
three spins have to adopt a honlinear arrangement. As a simjp@s to the MAS spectrum of th&-system. In order to unravel
representative geometry, we place three spins at the verticeshefse, the three-spin MAS spectrum based on two-spin correl
an isosceles triangle, which will henceforth be referred to as ttiens only is calculated for comparison. Recalling Eq. [58], it is
A-arrangement. clear that each spin contributes a normalized signal intensity o
In the following, we considetH spin pairs with an internu- say, one, which remains in the centerband as long as there is |
clear distance of A8 nm, corresponding to the protons of alipolar interaction presensyo = 1 andl{”) = 0. Any pair
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ratio between the two first-order sidebands and the centerban
0.40/0.48, the additional interpair couplings transfer intensity
into the sidebands, resulting in a ratio 048/0.44. As afirst ap-
proximation, this effect can be taken into account by adding tf
first-order sideband intensities of the spin-pair spectra with tr
coupling strengthPe! and DPe"2, respectively. These val-
ues are M6 and 002, respectively, and, after renormalizing the
overall intensity to one, the ratio between first-order sideban
and centerband is then4®/0.45, which is in good agreement
with the spectrum of the whole four-spin system.

2.8. 'H MAS Spectrum of Adamantane

The most stringent test for the validity and the limitation of

FIG.5. (@) Centerbanc(= 0) and sideband intensities in MAS . fthe spin-pair approach is provided by the inspection of cubi
.5.  (a) Centerband(= 0) and sideband intensities in spectra o . . . . .
theH three-spin systems depicted Fig. 4: solid linesgeometry; dotted lines, systems of COUpled spins. Therefore, in this section, we wi

linear geometry. (b) Contribution of spin correlations of different order to tid€monstrate that the MAS spectrum of the protons in adama
intensity distribution over the sideband pattern for theeometry; solid lines, tane, which form a dense and cubic multispin system, can |
two- and three-spin correlations; dotted lines, only two-spin correlations.  ynderstood in terms of a spin-pair approach_ An adamanta
molecule consists of six CHand four CH units, whoséH

Fhemical shift difference is too small to be detected in solid
s(%ate NMR. In this context, adamantane can be considerec
spherical molecule with its 16 protons sitting on the surface of
c§1,0herical framework of 10 carbon atoms. At room temperatur

and 030 nm, corresponding to dipolar coupling strengths - : ; X
i) . ) each molecule rotates sufficiently fast and isotropically on it

DW)/2x = 20.6 and 45 kHz, respectively, with the perturb- ~."~". ; : .
site in the crystal, so that all intramolecular dipolar coupling:

ing spin being symmetrically coupled to each of the spins in : .
the pair byD() /27 — 4.5 kHz. Consequently, the sideband™® effectively averaged to zero. Within a molecule, the protor
. " . . . e thus fully decoupled from each other, and they are all place
intensities are given by the sum of three spin-pair spectra wi .

. . . 0n average, at the center of gravity of the molecule. The on

the respective coupling strengths.@04.5, and 45 kHz, while . : . .
; L . dipolar interactions observed are hence intermolecular ones t
the centerband is reduced from its initial normalized value : .
Vé‘een the atoms located at these centers. In this plastic phase,

3 to the residual signal intensity which has not been transferre . ) -
. . ; . " .~ adamantane unit cell is face-centered cubic &ith 0.945 nm
to the sidebands. In Fig. 5b, the sideband intensities originati . .
. ; . , So that each molecule has 12 nearest neighbors at a distar
from two-spin correlations only and from the entire three-spi

system are compared. Itis then apparent that up to a perturbation

coupling transfers signal intensity from the centerband in
spinning sidebands. Considering again thegeometry, each
of the spin pairs is coupled to two spins at distances.®80

of abouté = 0.3---0.4 the three-spin correlations can safely ~ \ A"
be neglected. D Q‘ie""-%.,.i

Another example demonstrating the decoupling efficienc e 0-44/\
of MAS is displayed in Fig. 6, namely a planar four-spin

system consisting of two spin pairs, each coupled D"
and interacting with each other dprPe"! = 0.3 . DPa" and

DPet2 — 0,17 DP" respectively. The MAS frequency is only
Dpair
0.48
A

% of the dominant pair interaction, but it provides efficient de-
coupling of both pairs, since it exceeds all interpair couplings
Comparing the spectrum of two superimposed spin pairs wit

that of the full four-spin system, it is obvious that, though the 0.11:= A H A

lines are clearly dipolar broadened in the latter, the intensit ——————""——— —— —— ——"——————
distribution over the sideband pattern agrees within an errc -3 -2 -1 0 1 2 3

of only 10%. This result confirms that perturbations are neg /W

ligible, unless they become stronger thars 0.5, because in
the considered four-spin system the pairs perturb each other bjG.6. MAS spectra of a four-spin system, consisting of two pairs couplec

. . o s ) . o e ai

£ = 0.45 and¢ = 0.25, respectively. Although the perturbingPy P*", which interfere with each other by couplingsDF*"™* = 0.3 D"
fect | Il it ch . dditi to the i broadeni and DPe"2 = 0.17. DPa", The MAS frequency exceeds the interpair, but not

elrect Is small, It changes, In addilion 1o the fine-broadeninge ;. anair couplingsur = 2DPan), and therefore the bottom spectrum cor-

effect, the intensity distribution over the sideband pattern €xsponding to the superposition of two pure pair spectra agrees well with t
actly as expected: While in the spin-pair spectrum the intensityl four-spin spectrum (top) except for line-broadening effects.
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measured between the centers of the moleculesz00.67 nm. 17

Therefore, each proton in adamantane is coupled to 16 pI’OtOIIrla] i .

in each of the 12 nearest-neighbor molecules, which amounts *

a total of 192 nearest-neighbor protons. 0.8
Considering the adamantane molecule as a rapidly an i

isotropically rotating sphere with a radius of= 0.225 nm,

two protons of next-neighbor molecules are coupled by an av =~ 96

eraged dipolar interaction d ~ 2x - 410 Hz. In addition to ,

this closest sphere of neighboring protons, there are of cours

couplings to all the protons in the more remote spheres, butd. %4
to the weak coupling strengths they only negligibly affect the .
MAS sideband pattern.
Thus, the structure of th&H multispin system in adaman- 0.2
tane does not at all imply well-defined spin-pair interactions, .
but nevertheless its MAS spectrum can be explained quantit: o
L B A A

tively from two-spin correlations. For the spectrunwat = 27 - 0 o ‘0 o 0.3

4 kH.z (see Fig. 7), the two-spin approach is valid, i.e., only the (@n/oq)? [kHz?]

leading term is required for the convergence of the relevant se-

ries expansion, because the sidebands are well resolved (SE&s. 8. Signal intensitied, of the centerbandn(= 0, diamonds) and of

Fig. 2) and the width of the centerband belongs to the ran@‘?—fh first-order sidebands & 1, squares) in experime'nt]a.H MAS spectra of '

where the linewidth decreases proportionab@l. Note that adamantane, plotted versus the_z_lnverse sq_uare(_j spinning freguency. The lir
.. . 2 of the static represent the calculated intensities of a spin-pair spectrum with a coupling

Such a b.ehawor is observed, althougis only 3 OTthe Stalic  pparr — ;7 . 5.6 kHz. The arrow indicates the position whedd&3" = wpg.

H linewidth.

From the spectrum in Fig. 7 and, in particular, from the

schematic representation, it is clear that the sidebands are al- . . .
most twice as broad as the centerband. This observation mea

that higher spin correlations do affect the spectrum by line broac
ening, but their influence is still too weak to distort the inten-
sity distribution—the latter statement being demonstrated b
the fact that the pattern can be completely described by a spi
pair calculation. After equalizing the experimental linewidths
schematically (Fig. 7), the intensity distribution agrees perfectly
with a spin-pair spectrum corresponding to a dipolar coupling
of DPa" = 277 . 5.6 kHz.

Furthermore, the spin-pair model with the samé*" de-
scribes the adamantane sideband pattern over the whole range
MAS frequencies abower = 2r - 3 kHz (see Fig. 8). The cou-
pling strengthDP" = 277 . 5.6 kHz represents an effective cou-

20 10 0 -10 -20 pling, given by the sum over all contributing “real” interactions
kHz in adamantaneDer = /YL (D)2, As discussed above,
schematic compared to each adamantane protons coupled to 192 nearest-neighbor
intensity distribution: spin-pair spectrum: protonsj with an individual coupling strength d ~ 27 - 410

Hz each. The effective coupling is hence

cqualize Det ~ +/192- D ~ 27 - 5.7 kHz, [65]

linewidths

—

which perfectly agrees with the representative spin-pair cou
A 1\ pling. Thus, under fast MAS, where “fast” means exceeding th
DD_D_:L perturbing interactions, the behavior of ti¢multispin system
inadamantane can be explained on the basis of a simple two-sf
4 kHz. The sideband intensity distribution is schematically depicted below. i progqh. More generally, th.e aQamantane example Sh.OWS t
order to compare the experimental spectrum with a calculated two-spin patt: rAS is indeed capable of simplifying the network of dipolar

(in this case for a coupling dd(1) = 2 - 5.6 kHz), the linewidths have to be COUPlings in extended multispin systems such that the spectru
equalized. is dominated by low-spin correlations.

FIG. 7. !H one-pulse spectrum of adamantane under MASrat= 27 -
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2.9. Interference with Chemical Shift

The fundamental reason for applying MAS is to gain spec
tral resolution or—in other words—to uncover the chemica
shift information. In the previous sections, the effect of MASA + B
on dipolar-coupled multispin systems has been discussed ar
with respect to line narrowing, the result that MAS can simplify
the dense network of dipolar interactions to a superposition ¢
spin-pair couplings is promising. However, the success of th
technique critically depends on the question of if and to wha
extent'H chemical shift information is experimentally acces- .
sible and, as is even more desirable, if the chemical shifts cSPin B
be combined with information about dipolar coupling strengths
Therefore, we now have to turn to the investigation of interfe
rence effects between the dipolar interaction and the chemic
shift under MAS conditions. Since we are concerned With
systems and relatively fast MAS frequencies, our consider:
tions concentrate on the isotropic chemical shift, neglecting argpin A
chemical shielding anisotropy (CSA). However, in some case
in particular those involving hydrogen bonds, we have observe __ R e e
characteristic, but still mostly marginal, features'id MAS 4 3 1 2 3 4
spectra, which are ascribed to CSA effects.

The isotropic chemical shift or, equivalently, the presence c.
afrequency offselw = w — wo from the Larmor frequencyy FIG. 9. Simulated MAS spectrum of a dipolar-coupled spin paB,
can be classified as an inhomogeneous interaction, since thewse spinsA and B have different chemical shiftDPa" = 2r - 20 kHz,
spective isotropic Hamiltoniakl cs remains time-independent Awcs = 27 - 5 kHz,wr = 27 - 11 kHz, resulting irfcs = 0.45). Detecting the
under MAS and hence commutes throughout the whole evofipnal either at Spilﬂ\ or spinB results in spectra \évhich congist not only of the
tion period. However, the fact that the isotropic spatial part §fPected MAS sideband pattern centredh@ or s, respectively, but also of

~ ) contributions to the pattern of the other spin. The sum of the Agind the spin
Hcsis not modulated by MAS means that it cannot be refocus:g(fpectra results in the& + B” spectrum.

by MAS. Therefore, in the NMR time signal, the periodicities
of MAS and isotropic chemical shifts superimpose, and the Sos

. . imit which is, in general, fulfilled for heteronuclear dipolar
called rotor echoe$§(ntg) are not identical to the initial Stateinteractigns S, in general, fulfilled for heteronuclear dipola

S(t = 0). Exceptions from this “normal” interference are ex- . . . -
. . Therefore, a pair of dipolar-coupled spins with different chem
pected for the special case &fv = hwg, known as rotational . : . .
ical shifts represents the simplest example for the interferen

resonance&z_l). . . . between the chemical shift and a homonuclear dipolar intera
Due to this interference, the homonuclear dipolar intera

tion, which is inhomogeneous for a single spin paji) (adopts fion. For a chemical shitt difference afwcs = 21 -5 kHz,

! ; simulated spin-pair spectrum is shown in Fig. 9. Obviously
a homogeneous character in the presence of a chemical shi o . . ;
D rG) e SN0 () he splitting into two resonance lines is accompanied by marke
sl 7 with different frequenciescgs # wes.

- 5
Hes = wll)) +od distortions of both the individual lineshapes and the sidebar
Then, the commutator . L . .
pattern, the former being split into small multiplet-like sets o
) . R . lines and the latter showing a “roof effect” toward the center
[Hes+ Hp(t), Hes+ Hp(t)] bands. This “roof effect” arises from the fact that each of th
(i) ~(i (i) ~(i i) ~G i) A spins A and B not only contributes to its “own” pattern cen-
oc [l (+)|(—J) + 101 (+”’ sl §) + wg%l (ZJ)] [66] tepred atwfg andwds, respectively, but also aﬁectz the pattern
of the other spin by exchange processes, driven by the ter
does not vanish anymore, and the exchange term of the digb? I ® + A1'B). This effect can be seen from the spiand
lar interaction acts on states which differ not only with respeespin B spectra in Fig. 9, which have been simulated detectin
to their polarization but also with respect to their precessidhe signal only at spir\ or B, respectively. At the shaded posi-
frequencies. Since the frequency difference corresponds totiams, spectral intensity is transferred to the other spin, causit
energy level difference, it has to be sufficiently small in ora distortion in its sideband pattern.
der to allow the “flip-flop” process to conserve the total energy The effect on the lineshape is a kind of multiplet splitting,
of the system at least approximately. Otherwise, for increasindpich becomes stronger with increasing sideband order. A
energy level differences the exchange process is gradually stipugh these splittings are mostly covered by the residual dipol
pressed, and the system approaches the so-called weak-coupilmegvidth and are hence invisible, they contribute as an addition

W/ ®g
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mechanism to the line broadening in the spectra of real multisgonsidering the integral intensities, the differences between tt
systems. Consequently, the spectral resolution achievable AyA, and theA, B, system are minimal, although it is obvious
MAS reduces for sidebands with increasing order, because btitat in theA,; B, system the peaks are less distorted; inAhA,
the chemical shift-induced splitting and, as discussed in Sectigystem the broadening is more pronounced and a strong pertt
2.5, the higher orders of dipolar spin correlations contributing tmation even gives rise to splittings of the sidebands. However, th
the decay functioW,(t) broaden the resonance lines increaghemical shift differences among protons are still too weak tc
ingly with increasing sideband order In spite of these clear significantly help with decoupling and, hence, to notably affect
effects on the lineshape and the sideband pattern, the intensity intensity distribution over the sideband pattern.
distribution over the sidebands, after being integrated for each
order, is only negligibly affected by chemical shift difference
between the spins, as long as the perturbation caused by
chemical shift does not exceed a valuesg§ ~ 0.4 (to obtain From the considerations of this section, the following con-
this parameter, the perturbing dipolar couplidéf™in Eq. [64] clusions may be drawn for the information contentifone-
has to be replaced ywcs). Note that this limiting value, up to pulse MAS spectra with respect to the structure of solid sample:
which the perturbing effect on the MAS spectrum may be n&vhile static'H spectra allow only little information to be ob-
glected, is very close to the one which was found in Section 24ined from the linewidth about the effective dipolar interaction
for the perturbations due to additional dipolar couplings. presentin the sample, state-of-the-art MAS equipment opens
Inreal samples, a spatial proximity of protons and, thus, strotfte possibility to enhance spectral resolution significantly and
dipolar couplings are often concomitant with similar chemica this way, to uncover th&H chemical shift information in the
shifts of the involved nuclei, whereas remote and more wealdplid state. It has, therefore, become relevant to discuss the e
coupled spins are more likely to exhibit larger chemical shifect of sample spinning on dense and strongly dipolar-couple
differences. In this context, the question arises to what extéht systems in detail, using the analytical approach presented t
the relatively small chemical shift differences among protorsilip et al. (35, 36.
help to suppress perturbing interactions. As an example, we reAlthough, in a multispin system, the homonuclear dipolar in-
turn to the four-spin system in Fig. 6, with the two spinpairteraction is commonly classified as homogeneous, it turns ou
A-A and B-B now differing in chemical shift byAwR2 = underfast MAS conditions, that the system can be approximate
27 - 3.3 kHz. In Fig. 10, the simulated MAS spectra of sucly a superposition of inhomogeneous two-spin correlations, re
an A, B, system are compared to those of an analogbui, flecting the fundamental spin-pair character of the dipolar cou
system without any chemical shift difference. In both cases théing. This behavior can be rationalized by noting that, startinc
resonance lines broaden with increasing dipolar perturb&tionwith a single spin, the dipolar interaction always forms a corre-
and the broadening effect increases with the sideband ordation first with the most strongly coupled sgjinsince the prod-
uct of the coupling strength and the time of action is responsibl
(@) : (b) for the weight of a correlation. At this stage, the system behave
M_5ww inhomogeneously under MAS, which means that, for each col
relation, the broad static resonance line splits into a pattern o
theoretically, infinitely narrow lines, which is characteristic for
I\ 0-7L‘AN_/VLM]M the strength of the underlying dipolar interaction.
However, the two-spin correlation J are subject to dipolar
interactions with neighboring spins, from which the dxeyith
n H A 045 the strongest coupling to thg | pair will be incorporated first
into a common three-spin state. With the appearance of suc
three-spin correlations, the system develops its homogeneo
0.20 multispin character with the familiar line-broadening effects.
At this point, a loss of information is encountered, because th
two-spin correlations already combine the information abou
the dipolar pair interactions between close neighbors with max
e imum spectral resolution. Higher spin correlations broaden th
R R /s resonance lines and impair the access to structural informatio
Itis, thus, desirable to suppress them by MAS.
FIG. 10. Simulated MAS spectra of four-spiH systems (a) withoutand  Therefore, resolution enhancement requires the suppressit
(b) with a chemical shift difference afwcg = 2r - 3.3 kHz between the pairs, ot nwanted higher spin correlations, which arise from an initial

which form a planar system as displayed in Fig. 6. The pair couplibf®é = . . " . . . .
pnieh forma r|]od et pyairsimerferepwii/h o o%heﬂﬁ?”z 0. D’fmfgjwh” o pair correlation plus an additional interaction to a third spin. To

the MAS frequency isr = 2 - 10 kHz, resulting in a dipolar perturbation of @&COmplish this, the time scale imposed on the system by tF
£§=0.--15. MAS averaging process, i.etg, needs to be short enough to

?hleo. Structural Information from One-Pulse MAS Spectra

0.05
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prevent the formation of three-spin correlations. From this sc&®-improve the spectroscopic approach under MAS, the expe
nario, it is clear that the statf¢d linewidth is an improper crite- iment should take into account the major role of such two
rion to estimate the minimum spinning speed required for lirgpin correlations by detecting resonances of dipolar-couple
narrowing. However, the distinction between dipolar pair argpin pairs. Therefore, in this section, the spectroscopy of sp
higher-order correlations implies the existence of a minimupairs, i.e., double-quantum (DQ) spectroscopy, is introduce
coupling strength or, equivalently, of a maximum pair distanda the following, we will discuss the theoretical backgrounc
accessible by the dipolar correlation approach under MAS, dmnd the experimental realization as well as the information col
pending on the spinning frequency applied, i.e., the time scaémt of DQ MAS spectra, in particular the signal intensity, the
of the averaging process. In real systems, MAS usually hasexcitation behavior, and the characteristic DQ MAS sideban
deal with a whole range of dipolar couplings where the comprpatterns.
mise between efficient decoupling of strongly coupled moietiesFurthermore, this section includes experimental approach
(requiring fast spinning) and the observation of weak couplings higher quantum orders of dipolar-coupled spins, in partict
(requiring rather moderate spinning) might be hard to find. lar to triple-quantum (TQ) spectroscopy of methyl groug) (
Another critical point is the combination of dipolar couplingdecause in the TQ state the three methyl protons act as a s
with chemical shifts. The detection of the latter is the fundajle entity. The quantum order observed in TQ spectra, howeve
mental reason for applying MAS, though. R systems, the no longer reflects the pair character of the dipolar interactio
strongest dipolar interaction exceeds the maximum chemitastead, it is based on three-spin correlations which, in gel
shift difference, even at the highest magnetic fields currenttyal, broaden resonance lines by introducing a homogenec
available, to such an extent that the intensity distribution oveharacter to the system. However, in the special case of mett
the MAS sideband pattern is basically of dipolar origin, bugroups, which usually rotate rapidly about their threefold sym
when considering spectrally resolved spins, the assignmenmnodtry axis, the three interproton pair couplings are equivalel
sideband intensities to dipolar pair correlations might turn out émd the inhomogeneous character is preserved even for a thr
be ambiguous due to the exchange term in the dipolar Hamilgpin system.
nian. No problem arises as long as the dominant two-spin corre-
lations involve onlyA A-type spin pairs consisting of spins with 3.1. Two-Spin Correlations and
identical chemical shifts. However, for @3 B-type system with Double-Quantum Coherences
coupling strength®A8 and DA of similar size, the sideband o _ _
pattern does not provide unambiguous access to the couplind "€ application of a hard radiofrequency (RF) pulse, whicl
strengths. Furthermore, the spectral resolution achievable in fREAteS the spin part of the nuclear wavefunction by(®@nce-
MAS sidebands suffers from two effects as compared to tfRIth written as 99, with g = +x, £y denoting the direction
centerband: First, spin correlations of higher order contribué irradiation or, equivalently, the pulse phase), transfers a sp
to the residual dipolar linewidth increasingly with the sidebar@yStem from its thermal equilibrium stat&0), i.e., longitudi-
order and, second, the interference of chemical shift and dipof Magnetizationx! ; in the presence of an external magnetic
interaction gives rise to more pronounced line splitting. field BO|.| Z, mto a nonequilibrium state of detectable transvers
Although, from an experimental point of view, the sidebang!agnetization:
patterns of one-pulse MAS spectra may appear to be the most L
direct way to combine information about dipolar interactio . M) a9 ~0) A r0)
with chemical shifts, they bear, in fact, a major disadvantaﬁp) N Z 2 =T~ Z b= NZ Z (+15)
because the signal observed in a one-pulse experiment is spin-
specific and hence fails to embody the pair character of the = —(—T,, + T, _,). [67]
dipolar interaction. Thus, the experimental approach should be 2
modified by introducing a means to detect a pair-specific NMR
signal. Representing by the Cartesian componenlfg of the nu-
clear spin operator is instructive as long as the orientation ¢
3. 'H MULTIPLE-QUANTUM SPECTROSCOPY the macroscopic magnetization in the sample can be identifit
with the orientatiorg of the component. In a more general
In the previous section, the promising potential of fast MABSontext, particularly when correlated spin states are considere
as a method for narrowing resonance lines and, thus, uncostations of the spin part are easier to handle using the comg
ering chemical shift information ifH solid-state spectra wasnentsﬂm of spherical tensor operators (see Section 2.2). Fc
demonstrated. However, the simple one-pulse experiment is sgstems with coupled spirs= % note that the rankand the
particularly well suited to obtaining information on both chemerderm reflect the number of correlated spins and the coheren
ical shifts and dipolar interactions, because the detected sigoaler, respectively.
is spin-specific and does not reflect the pair character inherAfter a 90, pulse, considered an infinitely sha@rtpulse, a
ent to the dominating dipolar two-spin correlations. In ordesystem of two dipolar-coupled spingnd j oscillates between
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a state of transverse magnetizatidArS)(Jr ff(j)) and that of a Ponents and from the notation in the form of the spin operator

A OR)) (I) r()
two-spin correlatlon'((z'l) n Tgl)l (I71y"+ 1,71;7)—the latter showmg the presence of products
of dlfferent componenti&:y and i, for both spind and j, with
() O(( |(J)) cos( ('”t) (Tgll) +TgJ)1) sm(a)('”t). the spins occupying states of transverse and longitudinal may

netization, respectively. Therefore, only one spin in the product
[68] s subject to the evolution under the chemical shift Hamiltonian

H (| I(l)_i_w(j)l“(i) ie
The latter is also termed antiphase magnetization, since itcon> cstz
sists of mixed productsy I ,, i.e., a product of a transverse and a I (')I () my ~(i) i SONRORCIRORG!
longitudinal i -component (see below, Eq. [69]). In Eq. [67] the [( ). (wesl ;" +wesl ;)]
phase of the oscillation is shifted between the transverse and the (.) ~(0) ~()) () 0) ~(0)
sl 1y +oesl, 1), [71]

antiphase state b§, while the oscillation frequency is deter-
mined by the dipolar coupling streng?)’ = 3D(1) (see also

Eq. [21]). In*H multispin systems, however the dipolar inter-
action leads further to the generation of higher spin correlatio s

and the evolution of the system can therefore not be descnb rs from those of the single spins. Therefore. in the product
by a simple oscillation, but in an approximate way through i |) ) gie sp P

series expansion: q |~ Which represent two-spin correlations, no component:

with q, " = +z may be involved. The produclls(l) é') with
] g, q' = X, ycan be expressed as linear combinations of product

and the two spins evolve differently, which means that the stat
ephases. In order to observe a dipolar-coupled spin pair as
le entity, it has to have acommon resonance frequency whic

of shift operatorsfi) :

N
A — H(O) o — - [Z Ao Z i

<]

N (it)z [iﬁgj) |:Z H(IIDJ) Z f('):|:| I‘S)I"S) - (l(l)|(1)+ |(I)|(J)) + (I(l)|(1)+ |(I)I(J))
2! b b

i<j i<] rg)lcy) - _(|“(+I)|c$) + r(l)IA(J)) + (l(l)l(l) I(I)l(J))
4. o(_l XN: (u)(T<'J>+T‘”) )+@ L) ) O pG) ) f0)p()  p@) () [72]
I & 2-1) 1 i1 o (DT = TUT) 4 (0T = T2
£ () rO () @ pd) rOrG) @)
N |I Iy o =121 o1 —127007).
(Zb(.)l(l>+| 3 OF9 89 10 o (I )= (1% +)
k';‘ In this notat|on the involved coherence orders become obviou:

N I(') (J)andl S)denote transitions between the stafels —
iy d(ijk)(l"i')l‘(z])l"ik)_i_(I(')I(k) I(u)l(n) I"i/l))) m) andm) — |} {), corresponding tt = -1 — M =1

Py andM =1 —- M = —1, respectively. A state represented by
k£, ] these operators is then characterized by a coherent superposit
4+ ... [69] of the two non-equilibrium statg$ |) and|11). Since|| |) and
[11) differ by AM = £2, the state is called a double-quantum
The leading term, which is linear with respect to time, ~ coherence (DQC). Using spherical tensor operators,
1 N AN ~(ii
a(”)t(T(”) + Tgl)l) ﬁa(lj)t(l (I)I (M I(I)I(J))’ [70] ISE)I(iJ) _ Tgﬁz, [73]

again correlates two spinsndj in terms of an antiphase mag-the change of the magnetic spin-quantum nunzbkf, i.e., the
netization. The scaling factaf) is identical to the spatial part coherence order, is directly reflected by the ontles= +2 of
(”) . Therefore, the coupling strengB{}) determines the con- the component§'| m. Besides the DQC terms, terms consist-
tnbut|0n of the respective two-spin correlation after the evoling of products of shift operators with different sigris )
tion timet through the producb@) . t. and| O ( ) , are also present in Eq. [72]; these are known from
A single spinl = 3 can occupy a nonequilibrium state bythe exchange term of the homonuclear dipolar interaction (se
forming acoherentsuperposmon of two states with the magnefgq. [10]), and represent coherences involving the stiatels
spin-quantum numbensl = +1 andM = 1 , respectively. and| 1}). SinceAM = 0, these are termed zero-quantum co-
Due to the differencesM = 1, thls coherence |s termed singleherences (ZQCs).
quantum coherence (SQC). The terﬁi'ﬁ + T ) correlates  The consideration of the producte’ 1Y with q,q =
two spins, but the spins do not yet behave as asingle entity. TRjsy aims at the creation of a state which combines twao
is clear from both the quantum ordar= +1 of the tensor com- dipolar-coupled spins with a single resonance frequency. ZQC:
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however, evolve under the chemical shift as follows: or
By (=@j) | #(j) ~@ij) =) .
~0) ~() ~() ~() 0 () 0 ~(j) _y) (T2,1 + T2,7l) COSﬁ - (T2,2 - T2,72) Slnﬂ [76]
[(I+|— + I— |+ )7 (wCSIZ +wCS|z )]
O pG) __ @) (D) and
+I_¢I_I+). [74]

= (05— (i

[ N O I
Hence, the commutator vanishes for pairs of spins with iden- p(0) . (I (y) + l(y]))
tical chemical shiftoE':)S = a)é‘% and ZQCs are not suitable for ) 5 .
distinguishing signals of pairs of like spins in the spectrum. For 2y (T’Sq’l) — 'IA'SL)l) +---
DQCs, on the contrary, the corresponding commutator does not
vanish in any case, because the resonance frequency of a DQC
results fromthe sumg)SJra)g% ofthe frequencies of the involved

spinsi andj (63):

Bx  =(i]) = (i) L2 (if) = (ij) .
= (Toy — T 4)cosB —i(T,, + T, ,)sing

N N : T or
) ~(0) | 70) p(0) i) () F()
[P 220, (06l + ocsl )] By \/§ () =G0
[ Dy 70 G 20 £G) — —/=T20siN(28)+ (T,; — T, ;) cos(P)
= (@bs+ o) (T 5 1272, [75] 8 (Tai=Tao)

1oy, 20\ o
Therefore, DQCs offer themselves as a tool for observ- 2(T2’2 +T2’_2) sin(). L77]
ing two-spin correlations in NMR spectra. It should be noted
that a state of pure DQC without any ZQC contributions cd@r the first RF pulse applied witi-phase ox-phase, respec-
be easily obtained from linear combinations of the terms tively. Forg = 90° and two pulses with identical phases (or with

Eq. [72]. phases of different sign), the two-spin cor_r_elatiﬁlg,'f + 'IA'g’J_)l
is completely transformed into a DQA {, +75",). In the
3.2. Excitation of DQ Coherences limit of a)(EI)])‘C < 1, the weight of the DQC is determined by
the coefficiena(r = w’t (see Eq. [69]) and, hence, by the
3.2.1. Two-Pulse Excitation under Static Conditions product of the dipolar coupling strengdf!) = 1ol and the

In order to transform dipolar two-spin correlations repredelayz between the two pulses.
sented by the termT((z'le) + Tgle) into DQCs, the ordem of
the tensor components , has to be increased from = +1  3.2.2. Time Reversal and Detection

tom= +2. S_mce, under rotation operatlons_, the'componen.tsln NMR spectroscopy, the phase-sensitive signal detectic
T”T‘ of spherical tensor operators transform |'nto linear combi, formally be considered &) = Tr[1 _ - 4(t)]. DQCs, how-
nations of companents of the samAe(irje)inbut Ejgﬁf)erent Orders gyer, cannot be observed in this direct manner, because

m = —I, ..., I, the wanted transition, ., — T,,canbeac-
complished through the application of a RF pulse which makes NI O N D)

the spin part of the wavefunction rotatdl( 95. Such a RF Tr[(l S+l ) : (Tz,z + Tz,fz)] =0. [78]
pulse acts in the form of a propagafo,lsu.Se = expEFip fq) on

the system, wherg denotes the orientation of the applied RF Whenever direct detection is not possible or unfavorable
field or, equivalently, the pulse phase. The flip anglie given so-called indirect detection techniques and multidimension
by the product of the magnetogyric rajip, the transverse mag- methods come into play(). For multiple-quantum coherences
netic field By, and the pulse duratioty: 8 = witp = y1 Bitp.  (MQCs), the technique of time reversal combined with cohel
Hence, RF pulses transform a two-spin correlation as followsice selection procedures, i.e., pulse phase cycling or magne
(105, 15, field gradients, is well establishetli4, 79, 85.

Formally, the excitation of MQCs can be represented by
propagationp(r) = L1 (1)A(0)L exdz) with the excitation prop-
agator Lexdt) = expl Hexct), Where Hex is the excitation
o <6 2di) Hamiltonian. A further propagation with an argument of op-
— -t (Tz,l + T2,_1) + - posite sign, i.e..—i Hexct, completely restores the initial state.

The sign change can be attributed to the tinaad hence can be
B \/?-i—_z,o sin(28) + (-f-gil) + -f-gijl) cos() considered atime reversal. Obviously, the same resultis obtain
8 ’ ’ by changing the sign of the Hamiltonian, so thatl ¢« can be

9y (o
X

p) = 47

_ i_(_i_(ij) _ _i_(ij) ) sin(28) viewed as a reconversion operaﬁbrec. For the two-pulse exci-
2\ 22 2-2 tation scheme 98-r—90 ,, the excitation Hamiltonian is given
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by A basic feature of the dipolar interaction, also entering intc
the above algebra, is that it is insensitive to phase shifts,

p(z) = LuLo(@)LupO)L, Lo(r)LT,
= exp(i % fx) exp(iHpT) exp(—i % fx>
T
2

x p(0) exp(i % fx> exp(HpT) exp(—i
. LT A~ ~ LT A
exp<—| [exp(| 5 | X) Hp exp(—l 5 | X)
. LT A~ ~ LT A
X exp(| [exp<| 2 | X) Hp exp(—l 5 | X)
Combining two-pulse excitation and reconversion undel

B 3 - < ~ time reversal, the DQ experiment adopts the form 2490
expl =1 3T20+ \/;(Tz’z +T2-2) |7 | A0) 790’ )exd90,~7-90" , )rec. The reconversion leads to a state
of longitudinal magnetization, whose amplitude reflects the DC
signal; this can be read out by applying a furthet dise. It is
necessary to ensure that all contributions from unwanted cohe

1- 3 . - ence pathways to the signal are suppressed; i.e., the followir
ETZ’O + g(Lz,z + T2,—2)

. [79 ) .
¢ 7] pathway is to be selected: & +2 % 0°%° _1. Since coher-

ences are sensitive to pulse-phase shifts according to their ord
(see Eq. [80]), the use of phase cycles of the RF pulses to sele
the desired coherence pathway is well established. A suitab

As_sgnjing that the RF power exqeeds all internal .interactio fase cycle can be easily derived by obeying the following twe
and infinitely short pulses are applied, the propagation by such ., 42 mental ruleslé):

RF pulses can be understood as a transformation of the refer-

ence frame of the internal (in our case dipolar) interactions, e If the phase of a pulse or group of pulses is shiftedpby

as is expressed by the identity exp(éB){ Aexp(—iB))= then a coherence undergoing a change in coherence order

exp(B) exp( A) exp(—iB). The interaction is then given inthe Ap = p’ — p experiences a phase shift efpAp, as detected

so-called toggling frame, the orientation of which results fromgy the receiver.

the action of the RF pulses applied on the rotating frame. e If aphase cycle uses steps of 389, along with the desired

Effectively, this means that the spin parts of the interactigmathwayAp, the pathways\p +n- N, wheren =1, 2,3, ..,

Hamiltonians are switched by RF pulséd), will also be selected, while all other pathways will be supp-

In order to accomplish time reversal, the sign or, alternativelgssed.

the phase oH ¢ has to be manipulated. Formally, the phase ) exc rec  read

behavior of the components; ., of spherical tensor operators Hence, the selection of a pathway%" +2 -~ 0 — -1

is based on the relation¢4) requires two nested 4-step phase cycles, each in stepsref

sulting in an overall 16-step phase cycle. They selept =
o . . +2, £6, £10, ... andAp = +1, £5, £9, ... during the recon-
expiol )T mexpigl,) = T mexpime). [80] version and the final detection period, respectively.

exp(i¢i,) expliHpt)explol,) = expiHpr), [82]

because'fg,o, I,] = 0. Corresponding to the coherence orders,

r ) itis clear from Eq. [80] that the term representing the ZC[)Q(;,
is not affected by phase shifts, while the term representing th
DQC, (T22+ T2_»), is doubly sensitive. Shifting the phases of

})f;(o) both pulses by; thus_ r_esult_s in a phase factor exp(Z) = -1
for the DQCs, providing time reversal for the DQ part of the
} ) excitation Hamiltonian.
T

3.2.3. Selection of Coherence Orders

Hexc

x expl i

o
Hexc .

. 3.2.4. Short-Time Excitation under MAS
The m-fold phase sensitivity of the componenitsy, is also

reflected in the commutatoff'[m, |“Z] _ mem- Hence, a An essential part ofH DQ spectroscopy is the applica-

phase shift of the two-pulse excitation scheme {86907 ,) — tion of MAS, which can straightforwardly be incorporated into

(90;, ,~t-90", . ,) gives rise to the following modification of OUr consideration of the excitation of DQCs by replacing the
o R time-independent spatial part by the respective rotor-modulate

the excitation Hamiltoniam exc ] ) ) oy A ~ i)

term in the dipolar Hamiltoniai ; °(t) = A" '(t) - T, ¢, with

I:—x+¢|:D(T)|:x+¢ A(”)(t) being defined in Eq. [29]46). Considering again the

two-pulse excitation scheme, the weight of a two-spin corre

_ 1. 3 - A lation immediately before the second pulse or, equivalently
= eXp(—l [ETZ’O + \/;(Tz,z +T2-2) eXp(z‘p)]f)‘ [81] the weight of a DQC immediately after the second pulse is
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in the limit of short excitation times, given by the integratec 1L%q_[r-u-]
spatial partQ%')(O, t) of the dipolar interaction, according to
Eq. [30]. Note thatz(,'D’)(O, 7) is not normalized with respect to ]

the time interval [0 ] and hence represents a phase rather thar

frequency. . / - >0
e©.7) = /ngj)(t)dt _ o
0 2wr A 175 ] 1 D“é%ﬁ : 4
B Sir? Bi; (SiN(wrt + 2;) — Sin(@n;)) . I V) e
i

—V/2sin 28 (sin(rt + 1j) — siny;; )}. [83]

The anglesgij andy; denote the azimuthal and polar an-
gle of the internuclear vectas; in the ROT frame. In the case
of powder samples, an isotropic average over both these ¢ ,hlli
gles has to be performed. Being a second-rank tensor, the di
lar interaction is subject to a twofold rotor modulation, one by
the MAS frequencywr and the other by twice the frequency FIG.11. Calculated DQ excitation profile for a dipolar-coupled spin pair, to
2wg. The overall weight of a DQC is thus determined by th#hich the pulse sequence (38 -90",)exd( 90,790 y )rec(90,)reaa is applied

. _ under MAS. The contour level diagram shows the DQ signal intehsiyersus
product of an integral rotor-phase factor and the raﬁB/wR’ the dipolar coupling strengtB() and the excitation time, both normalized

Whereng) = 3D (see Eq. [21]). with respect to MAS. The two curves on the right show vertical and horizontz
Since the experimental detection of DQCs requires a recatises taken from the two-dimensional plot: A vertical slice (above)atrr/2
version period, during which the dipolar interaction acts in traiong the coupling axis displaypg(2r - DU /wr), and a horizontal slice

; ; o D) — ime axis di
same, but effectively reversed, way as during the excitation, tf§§'o") & Z - D™ = 2or along the time axis displayisq(r/7r)-

integralszf')j) enters twice in the weighting factor of the resulting

DQC signalzsz([',{)exc = Q(,'D”(O, T) andQ%J,)rec = Q([',’)(r, 2t), for  tion time< for a single spin-pairi(). Both axes are normalized
the excitation during [0r] and the reconversion during,[27],  with respect to MAS, i.e.D{) to the MAS frequencyyg and
respectively. Inthe case of asingle spin pair, the integrated spatiab the rotor periocrg. It is clear that the excitation profile is
partsQ%',LxcandQ%{)rec become the arguments of sine functionssymmetric about = g, reflecting the refocusing procedure.
as can be seen from Eq. [67]. Moreover, three regions of efficient DQ excitation can be ider
Expanding this sine dependence into a series, as is hecessgified: the first and most efficient at = %rR and two others at
for the consideration of multispin systems and as has been psoutr = 0.06rgr andz = 0.94rg. From the two-dimensional
formed in Eq. [68], the leading term determining the weight of @ontour level diagram, two DQ excitation curves, one with re

DQC is simply given by the produ@(['){)exc. Q%{)rec. Therefore, spect to the excitation time and the other with respect to tf

in the limit @), . @Y « 1, i.e., for short excitation times coupling strength, are extracted and displayed on the right.
of a DQC Fig. 11. It is apparent thaipo decreases continuously, when

z or weak couplingsD@, the signal intensity S
involving s insipan%' depends gn the stren y[;ﬁ) of the un- the MAS frequency excee.ds the dipolar coupling strength, i.€
S ys g for DWtg/2w < 1. For DWtr/27 > 1, the system shows an

derlying dipolar coupling and the applied excitation timén oscillating DQ excitation behavior.

the following simple form: ) - . . .
Using model samples providing largely isolated spin pairs

such excitation curves can be demonstrated experimentally, a:

shown in Fig. 12. Crystalline tribromoacetic acid, GBOOH,

T T T T 1
02 04 06 08 1

/TR

138 ocsin(@EP(0, 7)) - sin(@E(z, 20))

~ Qgi)(o, 7). ng)(r’ 20) 4 - .- form; hydrogen-bonded dimers and, in t.his way, contains pai
of acidic protons with an interproton distance a8 nm,
x (D(”))zr2 4o corresponding to a dipolar coupling @) =25 . 6.5 kHz.
) (The interproton distance was obtained frdf MAS side-
o4 [84] band patterns, which were evaluated on the basis of neutr
ri? scattering results and previous NMR data for trichloroaceti

acid @2, 29.) These proton pairs are separated from eac
In Fig. 11, the DQ intensitylpq is plotted in two dimen- other by bulky CBg groups, ensuring an interpair distance
sions versus the dipolar coupling stren@f) and the excita- of >0.5 nm. For this model compound, the pulse sequenc
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provides the sign change which is vital to achieve time reversc
andwhichis, inthe static case, accomplished by a RF pulse pha
shift of 5. Therefore, the combination of pulse-phase-inducec
and MAS-induced sign changes makes them cancel each oth
(inthe following section, this feature will form the basis for long-
time excitation under dipolar recoupling). However, even-ordel
guantum coherences are reconverted irrespective of this canc
ing phenomenon. Both for formally correctly “time-reversed”
HamiltoniansH rec = —H excand forH ec = Hexo reconversion

is accomplished, because fomzjuantum coherences, repre-
sented by T} 2m — T1._2m), the sign change of the Hamiltonian
can be transformed into a phase factor or, equivalently, into .
sign change of the state resulting after the reconversion:

o “Time-reversed” Hamiltoniansl oc = —H exc

0 02 04 i 0.6 0.8 1 exp(i Hrect) exp(—i Hexct) [ €xpl Hexct) expl Hrect) = I 5.
R
[86]

FIG.12. Comparison of calculated DQ excitation curves with experimental
data, obtained for the proton pairs in tribromoacetic acid. The pulse sequence
used is (QQ—t—QOLX)eX(QO;—r—QCZy)rec(90§’<)read and the MAS frequency is
5 kHz. The dotted line represents a direct calculation based on Egs. [82] and
[83], while the solid line results from a numerical simulation including finite . R R R R
pulse-length effects (@s in the experiments). exp(—i Hyect) exp(—i Hexct) | z €Xpl Hexct) €Xpl Hect)

o Equal Hamiltoniand ec = Hexs

. O((f.m—f.— m)
(903790 )exd 90,790 )rec(90)read Was applied at a e

MAS fre'quency of 5 kHz, corresponding tQ = ZOQ/LS, andr x exp(i %fz> expl Hexcr) exp(—i % fz> ('T'|,2m - 'T'|,_2m)
was varied between 0 ang. In Fig. 12, the experimental DQ

intensities are compared to calculated curves. On account of the exp(i T fz) exp(i F excr) exp(—i T fz)

inclusion of finite pulse-length effects (& in the experiments), 2 2

the numerical simulation (solid line) resembles the slight asym- _ expimsm) exoli =1.) exol H 7 T

metry of the experimental data points, while the pure spin-pair p{m-) p( Z) PEH et )(Ti2m + T.—2m)
calculation (dotted line) is perfectly symmetric. « explei F o) X p(—i % fz>
3.2.5. MAS and Time Reversal

LA\ n T~
The marked efficiency at= 1zrinthe DQ excitation profile exp(m) exp<| 2! Z> 2 exp(—l 2! Z)
can be explained recalling Eq. [82]. In the special case sf — (—1)"f [87]
%rR, the angular dependence of the integrated spatial part of the™ z

dipolar interaction simplifies t .
P P &0 As a consequence of this, even-order quantum coherenci

i) can be successfully reconverted through time reversal irrespe

ng)<0» T_R> - _Q(Ei)D(T_R’ ,R) Y0 . /2sin % sinyj, tive of the pulse phases. For odd-order quantum coherence
2 2 R represented byT( omi1 — Ti—@m+1), in contrast, the sign
[85] of the phase factor exg{(2m + 1)F) = +i - (—1)" does
depend on the sign of the order(2m+ 1) of the operator

and the resulting phase factors of excitation and reconversibh+@m+1)- Hence, upon a pulse-phase shift $f the linear
differ only in their signs. With respect to the aspects of MQ MA§oMbiInation Tiami1 — Ti.—m1) changes its symmetry to
spectroscopy considered later in this review, it is important {g!.2n+1 + Ti.—@m+1), and the pulse phases in the sequence
note that it is the above simplification (Eq. [84]) which allowd'@ve to be adapted accordingly.
the signals in MQ spectra and, in particular, the MAS sideba
patterns to be recorded with pure absorptive phase.
Moreover, the sign change encountered in Eq. [84] betweenAccording to the results of the previous section, the two-
excitation and reconversion means thatfoe %rR MAS itself pulse excitation scheme 36r—90” , for DQCs is limited, under

?%d26 Long-Time Excitation and Dipolar Recoupling
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MAS conditions, to excitation times9 ¢ < ‘L'R/2 because for g)
TR/2 < T < trthe sign of the spatial paﬂD is inverted by the SEHEHEH CGORBrSion detection
rotor modulation, reflecting the refocusing action of MAS. This |: N o~

limitation means that, for a given MAS frequency, only DQCs = t1=0 7 HIVY
based on dipolar couplings stronger than a minimum couplin ” " t

can be efficiently excited, since the DQ intensity depends Ob) v i
J_r| .

X X
the product D@)7)?2 of the coupling strength and the excitation
time. At that pomt the marked sensitivity of DQCs to inter- —‘ T {
nuclear dlstancesjD [0’ rJ which is in terms of selectivity
an advantage of the method, would result in the considerab |
disadvantage that longer-range distances are only accessible c) :
|V To/2

[P

relatively low MAS frequencies, which, on the other hand, will T

not provide sufficient spectral resolution, if stronger dipolar cou
plings are also present in the sample. Therefore, the choices

spinning frequencygr and excitation timerey available in an Il I L
experiment need to be more flexible and independent of ear  ° Toxe = NoxsTr xe = NaxcTr
other, which basically requires excitation times inthe range  d)
‘L'R/Z. +2
In order to gain this flexibility, the refocusing effect or, equiv-+ — T~
alently, the dipolar decoupling provided by MAS has to be can _? < >_\
celed or, at least, reduced during the periods of excitation ar e e

reconversion. Since interrupting the sample spinning on time
scales far below milliseconds is technically not possible, the av! FIG.13. (a) Schematic representation of a MQ experiment with its charac

fic periods: excitation of MQCs, reconversion to longitudinal magnetizatior
eragmg process in the spatlal part has to be Compensated LI)X detection as SQCs. (The evolution during the MQ dimertgianskipped

counterrotation of the spin part, which, in this way, recoupl@ge and will be discussed in Sections 3.4 and 3.5. ) (b) Two-pulse segment w
the dipolar interaction12, 29. In the past decade, numerous = zg/2. (c) Basic recoupling pulse sequence of the forxy—y, where

pulse sequences providing dipolar recoupling have been devels= nexc- tr. (d) Coherence transfer pathway diagram.
oped (e.g.,14, 106, 83), some of which include compensations

for experimental imperfections or other interfering interactions
(e.g., theC; sequenced7, 57). In this review, we want to °f P(0) are skipped):
focus on a rather simple, but quite flexible, approach, based
on the two-pulse scheme discussed above, which was termed L_yﬁD(_7 tR) ﬁyﬁ_x|:|3<0, B) Lp(0)---
“back-to-back” (BABA) 32) and has already been applied suc- 2

T

cessfully to several syste_m?.?(, 65, 98, 47, 97, 18, 20 T R\~ ~in )~ .
Under MAS, the application of two 90pulses spaced by =LyLo(0 5 JLybcLo(0. = JLxp (0)- -
a time intervaltr yields maximum excitation efficiency to-
gether with a simple phase behavior, whes= 7r/2. If such _ ﬁflio(O, 3) ﬁxl:i|:D<0, T_R> L4 (0). --
a pulse sequence 2err/2-90, (henceforth referred to as 2 2
g—q) is repeated, only the sign of the spatial part of the ex- . =)\ - =)\ -
citation HamiltonianH ¢ is inverted within a rotor period, =1L, LD(O E)LD(O, 7) L«p(0)---. [88]

namely between the f|rst and the second half of the period,
i.e., 200, rr/2) = —QU(zr/2, 1r) (see Egs. [82] and [84].
However, such a sign inversion can also be achieved by shifti - -
the phases of both pulses §yas was discussed in Section 3.2. Z,gS Liq - L q for pulses of phasg =x, y; Lo(tr/2.7) = ,
Hence, a simple alternation of segmexix andy—y provides L5(0. 7r/2) due to the MAS-induced sign inversion, i.e.,
dipolar recoupling and opens up the possibility to “pump” DQC%me reversal, between [8r/2] and frr/2, a]; Ly Lply =
for excitation timesexc = N - (tr/2), consisting of integer mul- L LpLy due to the sign inversion of the eXC|tat|0n Hamilto-
tiples of half rotor periods. In Fig. 13c, such a recoupling pulsman arising from a pulse-phase shift By It is then apparent
sequence is displayed, together with a schematic representatiat the system is propagated twice under the dipolar interactic
of the MQ experiment (Fig. 13a) and the two-pulse excitatidre., the excitation time is doubled.
scheme (Fig. 13b). The distinction as to whether the pulse sequene&)(y-y)
The recoupling effect of a pulse sequence consisting of altés-to be regarded as a pure excitation scheme)[( . .)]exc Of
nating segments—x and y—y becomes very clear when usingas a combination of excitation and reconversion)gxd. . .)rec
the propagator formalism (the propagators on the right-hand sikpends on whether a particular coherence order is selec

These transformat|ons are based on the following ident
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a) b) the compensating performance of the pulse sequence as w
oy [r'yﬁ_] , as its long-time stability is limited by experimental misadjust-
0s] 057 ments and other imperfections which obviously become mor
0] ;' 0] important for increasing excitation times. Concerning fast MAS

K i applications to strongly dipolar-coupled systems, itis quite chal

! - - lenging to design pulse sequences combining dipolar recouplir

02] " and error compensation in spite of experimental and technic:
. limitations. In this way, though still not for rigitH systems, os-

: i cillating DQ and TQ buildup curves have been recorded36r

: T 3 I PR T 3 1 »  model systems7, 30. In the special case of partially mobile

D 25 D1, /28 1H systems with well-defined dynamics, like liquid crystalline

FIG. 14. (a) Calculated DQ intensities for a single spin pair (solid linef12S€S: (e oscillating regime has also been observétiQ

and for the leading two-spin term in the series expansion for multispin syste| g”duP CUI’\{QS. 1 .
(dotted line). The DQCs are excited during periadg. = N - 7r/2 by an In “real” rigid “H samples, the dense network of dipolar cou-

alternating sequence of two-pulse segment${8g/2-90 ,) and (9G—tr/2—  plings is obviously a further and important reason for the ob-.
902,). The initial slope where two-spin behavior predominates is magnified &erved deviations from a pure spin-pair buildup behavior. It i

the inset. (b) Comparison of calculated and experimentally observed DQ sigq%ar that with increasing excitation times. i.e.. with increasing
intensities. The experiments (data points) were performed on tribromoacetic o

acid, which is a H-H spin-pair model compound with a dipolar pair coupling (#VOIUtion time under dipolar recoupling conditions, the systen
D) = 27 - 6.5 kHz. In both diagramslpg is normalized with respect to the develops its multispin character, and the buildup oscillations ar
signal of a one-pulse experiment. damped out. As can already be shown by simulations of sma
model spin systems (see Fig. 15), the interference of sever
couplings of different strengths leads to the cancellation of os
between the two segments, e.g., by a phase cycle, or not. Tdligtions, because different frequencies are then destructivel
means that the above pulse sequence, if applied only once,salperimposed. In addition to this cancellation, in multispin sys:
ways acts as a combined excitation and excitation/reconversiems, higher spin correlations and higher-order coherences a
scheme and that the sequence has to undergo a phase cyelkfted, thereby reducing the DQ signal intensity. This excita:
procedure (or alternatively a gradient dephasing/rephasing ptien behavior, focusing on the buildup of higher-order MQCs,
cedure) to select the desired coherence pathway. has been studied by Geen al. (40) for the case of the pro-
In Fig. 144, the signal intensity of two-spin DQCs is plotteebns in adamantane under MAS conditions. On the one han
versusD (1), in a so-called DQ buildup curve. The solid linefor long excitation times, the existence of 16-quantum coher
represents the behavior of a single spin pair, while the dottedces demonstrates the dipolar recoupling efficiency achievab
line reflects the leading two-spin term in the series expansipy RF pulse sequences lik&; (67) under fast MAS. On the

for a multispin system. Due to the underlying series expansiather hand, the results, which are obtained using a dense a
the simple squared dependengg) o (D)272 is a valid ap-

0.3

0.2

0.1

exc
proximation only forDWze,/27 < 0.2, i.e., for weak dipolar I,

couplings or short excitation times. Subsequent to this short-tin{"-u-!
behavior the DQ intensity enters an oscillatory regime, whereth o3
amplitude of the oscillation decreases with time, approaching
for a single spin pair, the long-time limit of lifg. . oo = %
Experimentally, such oscillating curves are rarely observe o2
in strongly coupledH systems. Instead, in most cases the ex
perimental results are rather similar to the DQ buildup curve '
obtained for tribromoacetic acid (data points in Fig. 14b). Al-
though tribromoacetic acid, considering its crystal structure, i
quite a reasonable model compound with largely isolated prc
ton pairs, the DQ intensity decays before reaching the oscillator ¢

2-spin

Ll

triangle 3-spin

2-spin
long-time limits:

fffffff triangle
%square .
i /< tetrahedron  4-SPin
/ \ \Y / \ / -

octahedron 6.spin

——= ot

regime. This marked loss of DQ signal is due to the interpla 0 °% b jon 5
of a residual nonpair character of the sample and experimental
imperfections. FIG. 15. Simulated DQ buildup curves for different spin systems (solid

Focusing first on the experimental side, the pulse sequeriges) and the leading two-spin term from the series expansionin Eq. [68] (dotte
has to recouple the dipolar interaction under fast MAS Condiir]e). The three, four, and six spins are localized at the vertices of an equilater:
. . . . . ... triangle, a square, a tetrahedron, and an octahedron, respectively. The DQ sig!
_tlons' W_hlle compens_atlng for RF |mperfectlons_ and addltlonﬁﬁansity is normalized to the number of coupled pairs in the respective systen
interactions present in the sample, like a considerable CSAGY the dashed lines indicate the long-time limit for DQ intensities, provided

the case of tribromoacetic acid. However, the recoupling andt only two-spin DQCs are excited.
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cubic spin system, provide clear evidence that, for short excitntribution of such higher spin correlations increases with tr
tion times, the MQ signal-intensity distribution is dominated bgensity of the dipolar coupling network between the spins. |
DQCs and that, fob 1) z,./27 < 0.1, to a good approximation this respect, the tetrahedral system represents the closest pz
only DQCs are generated. ing of four spins, giving rise to a significant intensity of four-spin
In Fig. 15, simulated DQ buildup curves for different mulDQCs and hence to a marked deviation from the two-spin limi
tispin model systems are displayed, which shall be discusselereas in the squared arrangement the two-spin character |
briefly in the following. For short excitation times, all buildupsists to a larger extent.
curves coincide with a simple squared dependdggex D2, Concluding these considerations, it is clear that, in “réal”
determined by the strongest dipolar couplidgn the system, systems, DQ buildup curves are expected to be damped for lo
as is characteristic for two spins (indicated by the dotted curvexcitation times because of the destructive interference of pe
Itis observed that the excitation time, at which a deviation frogouplings of different strengths and the generation of highe
the two-spin limit sets in, becomes shorter when the effectioeder coherences. While for short excitation times the two-spi
coupling Dess becomes strongeBey = D in the two-spin sys- approximation is valid for multispin systems of arbitrary geom
tem; Dest = 3v/2D & 4.2D in the equilateral-triangular three-etry, the onset of the breakdown of this approximation for longe
spin systemDe &~ 5.8D and Der = 44/3D ~ 6.9D in the excitation times depends on the overall dipolar coupling densi
squared and tetrahedral four-spin systems, respectively; andrithe system.
nally Deg ~ 12.2D in the octahedral six-spin system.
In the triangular three-spin and the tetrahedral four-spin sy&2.7. Chemical Shifts and Offsets
tem, all dipolar coupling®(}) for all pairs {j) are of identical

trenathD. b Il spins ar idistant (and an isotropi As was discussed in Section 3.1, DQCs are better suited
srenginb), because all spins are equidista (and an iso R ectroscopically detecting two-spin correlations than ZQC
distribution of orientations is assumed). Consequently, the sa

e . . . .
__ : ; X ecause the chemical shift of DQCs allows the involved spi
oscillation of the buildup curves is observed in both case Q P

with the frequency being determined by the effective coupli g(‘;\irs to be unambiguously resolved in the spectrum. On
strength, which iDes = 4.2D and Dy = 5.8D in the three- her hand, the sensitivity of DQCs to chemical shifts or, equiv

and four-spin cases. respectively. However. the presence of Cale_ntly, to frequency offsets between_ the RF _field of the pulse
. P TSP Y- » e p 8}1;(1 the nuclear resonance frequencies requires these effect
plings of different strengths causes the oscillations to be dampbee taken into account when the excitation of DQCS is consic
by destructive interference as the excitation time increases.ellréd FoiH systems, the chemical shielding interactions can, i
the squared four-spin system or in the octahedral system, for i ' '

fRost cases, be reduced to their isotropic part, so that the Ham
ample, there are couplings of two different strengths: four tim ' pic part,

5hian combining the dipolar interaction with the chemical shif
i 113 } o 113 g polar interaction wi e chemical shi
D and .tW|ce %) D, or 24 timesD and six times %) D, is simply given by

respectively.

To a first approximation, the DQ buildup curves converge, N . N B
for long excitation times, to intensity values éf % }3, 132 H(t) = Zw(cu)sl“g) + ng])(t)fg,lo), [89]
and 2l4 for a two-spin, an equilateral-triangular three-spin, a i
square and a tetrahedral four-spin, and an octahedral six-spin
system, respectively, because two-spin systems converé;e twhere the sums include all spinsand spin pairsi{), respec-
and the ratio of strongly coupled pairs in the systems is givéRely, of the N-spin system. In the following, we will consider
by 1:3:4:6:12. 8&king also the weaker pair couplings ofthe special case of a two-spin system with both spins having tl
(%2)3D ~ 0.35D in the squared four-spin and the octahedralame chemical shifbg‘s) or, equivalently, the same resonance
six-spin system into account results in a negligible deviation offset, since the formulae are then easier to handle, but still r
1:3:42:6:124.In Fig. 15, these final values are indicateflect the general features of the DQC excitation behavior. Th

i<j

by the dashed horizontal lines. Hamiltonian is then
While a two-spin DQ buildup curve would oscillate precisely -~ o ' B -
about its final valué, it is obvious that all curves of multispin A9 = o (i S) + (Z”) +a)g')(t)Tg.'g, [90]
B

systems converge to higher values. In particular, for the tetrahe-
dral four-spin system, a significantly higher DQ signal intensity
is observed. This characteristic deviation is due to the fact that
the final intensity values indicated by the horizontal lines in thnd integration over the time interval [f] yields the respective
diagram are based on a spin-pair approximation, neglecting tREgPagator,

multispin systems can generate so-called multi-spin DQCs with

a coherence order of 2, but involving more than two coupled (. [ 4G CGDRED A ~ (i)
spins. Using operator notation, a four-spin DQC of the spins xp<| /O H (t)dt) = expliocs|; v +192p°(0.7)T20).

j, kand! takes the form {7V TOTY 4 FOTOTOR0) The

fgj)

[91]
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Subjecting a state of transverse magnetizayinm,fs) + fi”, a) g 1] o D) lalrul
to such a propagation results in a two-spin correlation of the
form

p(r) = expli o T ) [ T3 + 750, ] sin(@W(0, 7))
x exp(—i w7 7)
= [T27 expliofdr) + 15", exp(-i0ldr)]
x sin(QY(0, 7))
= [+ 740, ool +1(7L2 - 722,
x sin(wid7)]sin(QY(0, 7). [92]

14
0.8

The chemical shift evolution can be written as a phase factc
exp(ti a)gjs)r), with the sign of the exponent depending on the
sign of the order:1 of the tensor operatdr, +1. AS a con-
sequence of this, an antiphase te}ﬂ_’r&J —_Tgle) emerges from
the original two-spin correlatior| I,Jl) +'IA'qu_)l). The application
of a second pulse, whose phase is identical to that of the fir:
pulse, only converts the original terﬁii{'l) +75), modulated

(ij) . 2 (i) = (ij) FIG. 16. Calculated (thin lines) and experimental (thick lines) DQ ex-
by cosfocs 7). m_to a DQC OAf tjf;e fO[r(ri}) 22 — T2-2)- TO citation efficiencies for a spin pair with frequency offse&'s). “One-sided”
convert the antiphase tefmel — T, 1), modulated by means that both spins have the same offset, while “symmetrical” denote
sin@1), the phase of the second pulse has to be shifteBl bys(d = —w{2. Calculations (thin lines): (a) uncompensated excitation, and
with respect to the first. (b) offset-compensated excitation. For comparison, experiments on tribro

- . . . meacetic acid (thick lines): (c) uncompensated excitation applyrg¥-y)2,
During reconversion, the signal due to the DQC is modulated (d) offset-compensated excitation applyigHy—yX—xy—y). in both cases

again by the same phase factors as during excitation. Finally, {Qfier MAS at 20 kHz, which correspondsdge = 100.s.
a spin pair with a frequency oﬁsei@s), the DQ signal intensity

arising from the pulse sequence € X)exdV — Y)rec IS given

by

e 05 0 05 1
T
21

(90, —-90.,) and (9G-t—90 ). The effective Hamiltonian of
N N N - such a segment is calculated by transforming the Hamiltonia
I,gg o cod(widr) - sin(@Y(0, 7)) - sin(@Y(z, 21)). [93] of Eq. [90] into the toggling frame (see also Eq. [78]). In the
following notation, the propagatdir¢ reflects the action of a 90

gulse of phase, where¢ = n- 7, withn = 0, 1, 2, 3 corre-

In Fig. 16a, the DQ intensity is plotted versus the frequen . ) : , v
offset for the case calculated above SEq. [93]) and for a Spsl\ﬁondmg tothe orientations of the RF field along/, —x, -y,

pair with symmetrical oﬁ‘setz)g?3 = —wCJ% In the latter case, fespectively, in the rotating frame:

the simple co%(a)g's)r) dependence is still approximately valid . - L . e

for small offsets of the ordenilze/27 < 0.1. For an offset  A(7) = Lexch(0)Leye = LorLp1csbyAO)L Lo csly- [94]
range ofw(c'grexc/Zn < 0.2, the experimental results obtained

using the proton pairs of tribromoacetic acid agree with the SIM- At this point, two cases have to be distinguished: First, ¢

ple theoretical approach (see Fig. 16c). (The experiments WEE%ment consisting of two pulses with opposite phasesd
performed under MAS at 20 kHz, applying an uncompensat%d_  + 7, such thalli(,, — " and hence
= y A ¢ y

back-to-back pulse sequence of the fosmxy—y), for the du-
ration of two rotor periods.)

Although in typical proton systems the chemical shift effects p(r) = [;” C D+CS|”_¢,3(0)|:; [B+CS[¢_ [95]
are relatively small compared to the dipolar interaction, an exci-
tation bandwidth oAwcstex/27 < 1 does not suffice in prac- R
tice. Hence, a scheme providing at least partial offset compéifie ~ excitation Hamiltonian of the propagatok ex.=
sation during DQ excitation is required. In order to derive sucheXP(—i Hexct) is then simply obtained from a coordinate trans-
scheme, first consider the effect of the pulse-sequence segméimation I:qf e I:¢ of the original excitation Hamiltonian
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ﬁ(ij)(t) (Eq. [90], see also Eq. [78]): atime scale .ofa.;, which is, in fact, thg minimum time required
forthe combination of dipolar recoupling and zeroth-order offse
) _ 1 (% ~a) _ compensation.
Hexc = exp(—i 5 I ¢,> = / R (t)dt - exp(i 2 I ¢) Being an averaging process, the compensation does not re
0

cus offset-induced magnetization dephasing which occurs or

Qp(0, 7) time scale < tg. In Fig. 16b, although an offset-compensatec
pulse sequence{Xy-yx—xy-y) is applied fortex. = 2tg, the

1. 3. X loss of DQ signal intensity with increasing offset is still obvious

. <——T2,0 - \/j(Tz,z + T2 o) exp(d ¢)>, [96] However, in comparison to Fig. 16a, the bandwidth of approx

2 8 imately uniform excitation efficiency provided by the offset-

i .. compensated pulse sequence is about a factor of 8 larger tt

Second, in the case of a two-pulse segment consisting (Qf achievable by an uncompensated sequence. Additiona

two pulses of identical phasg = ¢, the calculation requires j; sjqid be noted that increasing the MAS frequency reduct

the propagation in Eq. [93] to be extended several imes fyy (ime scale — 21y required for compensation. Therefore,

h
= ocgly-z

+_ 9. . X ) X
LoLy =1 the excitation bandwidth of the pulse sequence can be improv
by spinning faster, while the dipolar recoupling performance,
Lexc least under ideal conditions, remains unaffected.
5(1) = L L L0 [t Instead of varying the pulse phases, offset compensation c
P\T) = LolgolylDCstoly by also be accomplished by inserting 18fulses in the mid-
AL A(0)|:+|:+ dle of the (99—tr/2-90,) segments (see alsdQ7)), i.e.,
olopP oo il
o L by the application of pulse-sequence segments of the for
Lolol, Loieslol, Ly [97] (90;-Tr/4-18Q,—Tr/4-9,). In this way, the time scale re-
~ quired for offset compensation is reduced fromg 20 %rR,
Lexc and hence the excitation bandwidth improves. However, th

~ improvement is gained at the expense of an additionaf 18|
In comparison to Eq. [95], both the excitation propagatige pulse. In particular on the time scale of fast MAS, the over
and the initial statg(0) are now subject to an additional propall duration of RF irradiation becomes significant and pulse
agationLgL, - -- L; L(: = exp(—imly)---expinl,). With  cannot be considered negligibly short as compared to the rot
respect top(0) and to the chemical shift term in the excitaperiod. Therefore, the reduction in the performance of a pulse s
tion Hamiltonian, this gives rise to a sign inversion, while thquence, which has initially been designed assuming hard puls
termsfgyo and (IA'2,2+'AF2,_2) remain unaffected. The excitationdue to such interference effects is discussed in the followin
Hamiltonians of two-pulse segments of the form88-9() section.

or (9¢,—-9Q)) are finally given by The experiments confirm, in principle, the increased ex
citation bandwidth for offset-compensated pulse sequenc
Qp(0, 7) (Fig. 16d, experiment withxxy-yx—xy-y) under MAS at

30— (ny . )
Hexe = —wcslo-3 + 20 kHz), although the experimental offset dependence is st

considerably stronger and less symmetric than theoretically pr
. (_ }fz,o _ \/§(f 22+ 'T'z,_z) exp(d ¢)> . [98] plicted. These devia_tions_are mainly due to th_e CSA ofthe protol
2 8 in the tribromoacetic acid sample. Performing the same expe
iment, but with additional 180pulses instead of pulse-phase
Comparing the excitation Hamiltonians in Egs. [95] and [97}ariations, the excitation bandwidth can indeed be increase
itis clearthatinverting the phase of the second pulse in two-pulsét the overall excitation efficiency becomes less.
segments of the form (§67-90;,) results in a sign inversion
of the chemical shift term. By combining two such segments, it -
is possible to compensate for chemical shift or resonance o 2.8. Finite Pulse-Length Effects
set effects, although the above discussion only applies to statién addition to features inherent to the sample, e.g., chemic
conditions. shifts, the DQ excitation scheme must also take into accou
Under MAS conditions, as pointed out above, a synchronizexperimental and technical imperfections. Concerfldgpec-
tion obeyingr = 7r/2 simplifies the algebra considerably, androscopy under fast MAS, an important technical limitation is
a pulse-phase shift &f between two consecutive segments corhe available RF field strength. Although #pulse approach is
serves the termi(,.» + T2 _») and hence provides dipolar recou-an essential and still very reasonable starting point for analytic
pling for DQ excitation, while the dipolar terfin, o vanishes. Re- considerations, there are noteworthy effects due to experime
peating this recoupling sequenceky-y) with invertedpulse tal pulse lengths. However, in the context'sf NMR experi-
phases, i.e. X—X y-yx—xy-y), provides offset compensation onments, we are not concerned with problems arising from intern

T
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interactions exceeding the RFfield strength, but rather with prot a) b)
lems arising from RF pulse durations interfering with the shor,, "1™«
time scale of fast MAS. In typicdH MAS experiments, the 30 ™! |
pulse length is between 1.5 an@g 8. Considering, for example,
a (g—q’) segment of a DQ excitation pulse sequence under MA.  °¢1
at 35 kHz, this means that, with both pulses covering about 20+
40% of the excitation time, the duration of RF application can n«
longer be simply neglected. In addition to this, in particular for ©2]
fast MAS systems using coils of 2.5 mm inner diameter, the R ]
field applied to the whole sample is not perfectly homogeneou ~ © 1 o2 os  Tdd¢ wx 02 o o0z o4
and, hence, the effective flip angle of the pulses is distributeu Wooe a0 A5 A
over a certain range. FIG. 17. (a) Calculated spin-pair DQ excitation efficiencies for two ex-
A pulse of phase applied during a time, acts on a state of perimental imperfections: pulse lengttys> 0 (solid line) and pulse flip-angle
longitudinal magnetization as deviationsAg from the ideal value o = 90° (dotted line). (b) Comparison

of calculated and experimental data, obtained using tribromoacetic acid, fc
flip-angle misadjustments.

log Lo .
[ru] . ‘Lo
8] RN

"~ flip angle
N 0.6 -
puise length

04 0.4 -

>

0.2

ptp) = exp=iwitpl y)l  explwityly)

= lg-3 sin(atp) + 1 COSEty). [99] Moreover, the DQ excitation efficiency also decreases witt
increasing deviations from the ideal flip angle of 9Uhe lat-
where, as stated above, the product of the RF field strengidy imperfection typically arises from experimental misadjust-
w1 =y By, and the pulse lengthy, determines the flip angle, ments andB, inhomogeneities. Its effect on the DQ excitation
B, of the pulse. As a first approximation, the weight of the initiatficiency, i.e., unwanted creation of SQCs, is obvious from
statel; and the final staté,_~/> during the pulse can be cal-gqs. [75] and [76]. Figure 17 shows the loss of DQ signal whict
culated by integrating the phase factors si) and coseitp) s caused either by the pulses being of finite lenigttiuring the
over the interval [Oty]. For a flip angle of8 = witp = 7, the  excitation timere, or by the flip angle deviating from its ideal
average state of the system during RF application is thereforg@ueﬂ = 90° by %_ It should be noted that the effects of pulse
superposition of ; andl s /> with equal weight. This superpo- |engths oft,, < 0.17e,cand flip-angle deviations A B[ < 10°

sition |52 + |, affects, in principle, both the chemical shifton the DQ signal intensity can usually be safely neglected.
and the dipolar term of the excitation Hamiltonian (see Egs. [95]

and [97]). From an experimental point of view, however, the ef- 3.3. Excitation of Higher-Order Coherences

fect on the latter is more important, because the dipolar term is | h lav th . leinthei
. . . . - C
responsible for the generation of DQCs. Since this term derOUb e-quantum coherences play the major role in the inves

not act on longitudinal magnetization, the excitation efficienc%atlon of dipolar-coupled multispin systems, because they er
decreases when the pulse lengths increase. In contrast to @@y the fundamental pair character of the dipolar interaction
loss in efficiency, the pulse-length effect on the chemical shiff'€Y e the spectroscopically accessible equivalent of two-spi
term turns out to be rather advantageous, because any contrﬁﬂf—relat'ons' Wh_'Ch predom!nate under fas'; MAS conditions in
tion of longitudinal magnetization reduces the evolution due {Be network of dipolar coup_llngs. Althoug_h, in the contextidf
frequency offsets. If, for example, 30% of the excitation time &PECtra under fast MAS, dipolar correlations of more than twc
covered by RF pulses, a reduction of about 15% of the offsSRins are usually unwanted, since they give rise to Ilng brgader
induced dephasing can be estimated using this simple approdf and. hence, to a loss of spectral resolution, we will discus
In addition, finite pulse-lengths effects not only cause a d@_e excitation scheme; and the spectra observed for such high
crease in the DQ signal intensity, but also affect the phases of ﬂ{ger coherences in thls_sec_tlon _for reasons of _completeness a
signals observed in the spectrum. The origin of such phase dist¥fcause there are special situations and certain problems whe
tions is obvious from the discussion of the ph@&)@ 7) (see such coherences provide unique and valuable information.
Section 3.2.4), which arises from the integration of the rotog: . . .
modulated sp)atial part over the excitationgintervalr[p(see 33.1. Higher Spin Correlations
Eq. [82]). If the conditiorr = tr/2 which ensures the simplifi-  Considering the spin correlations emerging from a state o
cation of the orientational dependence to a mere sign change (sapsverse magnetization through the action of dipolar cou
Section 3.2.5 and Eq. [84]) is not fulfilled, the phase behavior pfings, as is shown in Eqg. [68], correlations of more than two
the signals in the spectrum is complicated such that the obserspins are encountered in the second term of the series expa
tion of purely absorptive resonance lines is no longer possibson which describes the evolution of a multispin system. The
Since finite pulse lengths give rise to such timing problems tarms correlating three spins are weighted by the squared pro
the pulse sequence, it is clear that they finally lead to phaset of timet and dipolar coupling strength, with the coupling
distortions. strengthD()) being hidden as a scaling part in the coefficients.
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Thet2-term in Eq. [68] takes the form spin parts, except for one special case discussed below, can
be completely separated, and the three pair-related tensor of

N N a0 ) ators cannot be merged to an effective operator of a “resulting
DO i > (T - T50) - N spinl = 2. Generally speaking, an arbitrary three-spin syster
i=1 ki<_J' cannot be represented by tensor operaigs of rank 3. The

#.]

same problem, i.e., the inequivalence of the spatial parts, occt

N ) i) also for all higher spin correlations in dipolar-coupled multispir
iy dUOTTRT systems.
oy .
3.3.2. Methyl-Spir¥ Analogy
N . . .
+i ) d(ijk)(f(')f(k) _ f(')f(k)) W [100] A methyl group, rotating fast about its threefold symmetry
s + - -+ y i eddspi -
s axis, represents the only frequently encountetddspin sys
ki, ] tem, whose particular symmetry properties make all intern:

proton—proton couplings equivalent, such that the three distin
which can be understood as follows: The first temﬁf(') arises spinsl(') = 1 can formally be replaced by an effective spin

from the oscillation of a coupled spinpaif Y between the states | — y°. [ (see Eq. [103])7, 3. The fast uniaxial rotation
(Y + 1) and @SQ - 'Arzl,le), as is described by Eq. [67]. reduces the three dipolar coupling tensors to a single axial
Hence, this term results from the partial evolution of a two-spymmetric tensor, whose effective dipolar coupling strength |
correlation back to a single-spin state. In contrast to this, all theduced by a factor of, because for fast rotations the original
o_ther terms in Eq. [100] correlate three spiij&} in three-spin coupling strength is scaled by a factor%iB cog6 — 1), with
S|ngle-qu§(ri1tjukr)n coherences, where the products of the three $pifnoting the angle between the rotation axis and the intern
operatorsl ;""" differ with respect to their resulting magneticclear vector, i.e§ = 90° for a methyl groupZ, 100) Therefore,

quantum number bYAM = =+1. Such three-spin terms canthe intramethyl dipolar couplings can be simplified as follows
be written in the form of two different combinations of ladde37),

operatorsf(i',"’k) and longitudinal componenfé'"’k):

3 3 3
A o 3 5 1) (ij)+@j) = (i)
~) ~() ¢ NOROR Hp = Hp = Qp'Tro =R T
IS'F)I (Zl)l(zk) o I(l)l (Zl)l(zk) [101] D Z D Z D '20 D Z 2,0°

i<j i<j i<j

and since the spatial parts are equivalent, (&)) = Qp foralli, j.

0 ~(0) 9 0 (i) 0 From Eq. [24], it follows that
~)r() e NOROR
FTTY & T, [102]

I
lw)

I

|

Qp 3 Gy  pOFG pORG)
i . » 2170 =110 =11

In Eq. [100], the termsT5y — T3 - I and (T 7Y 6 ;( oz = b=
correspond to the former case, where only one of the three spins

inverts its polarization within the coherence. The teff {** —

Ai) ~(K A~ . .
I (_')I ( )) - i,” corresponds to the latter case, where the inversion

Il
Q‘| )
w (o))
NI~
P
N
[
—>
N =™
e
—>
N —™
I
]
-
=

+
of polarization of one spin is combined with a flip-flop behavior A 3 3
of the other two spins. The indicksj , andk are chosen such that S MED RIS f3)> , [103]
a third spink interacts with the two-spin correlation between the i=1 i=1 i=1

spinsi ant(j)j ,(\_/\)/hgkc)h has been generated before. The presence of
b S : : ) i o
the terml,’1 ;"1 ;" is due to this special symmetric assignmentcej (')Ig) _ ‘_11 due to the normalization of spi:}noperators,
A RF pulse can convert these three-spin correlations infghich means that

triple-quantum coherences (TQCSJL. Usually, this problem
cannot be handled easily using analytical formulae, because the

3 3 3
~ (i (i N7 . N AONT l N N 3
three pair couplingﬁ('DJ), H('Dk_), andA U, acting between the Z Ig)l g’) = Z |g) : Z IS) -7 [104]
three involved spins, are of different strength due to different in- i< i=1 i=1
ternuclear distances or different orientations of the intgﬁnuclear
vectors relative to the static magnetic field. The spin pasts, whereq = x, y, z. In the N-spin system, the effective spin op-

9%, andT Yy ofthe Hamiltonians are hence scaled by differerratorf is defined by the suti = Y1, ) and, hence, the sum

spatial partsz([i)j), Q(,;k), anngk). Consequently, the spatial andof the componentﬁg) in Eq. [103] can be considered effective

I“(i)
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sr(J_ikr; operagq(r)s as well. Consequently, the tensor operﬁ&ﬂ's or

T34, andT, of the three spin pairs can be replaced by a single - -

2o 20 O Pinp placedbyasingie  /— L(T11 - T1_1)[Bcosko(0, 7)) + 2]
pin-3 operatofrT 2 o:

o0, — %(T’g,l + fz,—l) sin(Qp(0, 7))
L o0 e o . [106]
Ho = = E(2|Z| = Dl =Tyl = 5 QpTao. [105] + ﬁi[\/%—s(Ts,l—T3,71)+(T3,3—T3,73)]

o . . . x [cos€2p(0, 7)) — 1]
It is important to note that replacing the sum of single-spin

operators by an effective-spin operator introduces an additional

factor of % whigh tgkes into account the double weight of th(ta After(;htﬁ first pL_JIse, the di[t)_olarinter?cticth cdotrr:elates png, C

mixed productd g)'lf]') with i # j in the product of the sums "V©: anb ree s]Pms ?ﬁnerantlgglo;eé, Wg-t,han d ree—ipill Q
N 7O N i The dipolar Hamiltonian in E [105] is as can be seen from e ra & NAINe OToers) =

‘ i=1 "q i|=1 q- h P ‘o f q q g lar i of the tensor operator$, . The contributions of the single-

;crtriT(])?] 32) fagasc;?r?lus to } ?\tugleﬁs |r(ssté(;r d?;cigzic:rl:pf(z)l?c:vxll?r:ggpin states and two- and three-spin correlations are weighted

) = 2 i [3cos2p(0, 7)) + 2], sin(@p(0, 7)), and [cos2p (0, 7)) — 1],

Eq. [13])' This means .that the dipolé system of a mgthyl respectively. In the limit of short excitation timesthe leading

groug is fqrmally identical to a quadrupolar nucleus with SPIRrms of the series expansions are given by3®2 (0, 7)= - - 1,

| = 3. This analogy strongly suggests the use of quadé;poﬁeg[)(o, t)+ ---],and [-Q%(0, T) & - -], respectively. Hence,

systems as models for such a small and h'gh,ly SYMMEHIC o contribution of the single-spin states decreases witl

system. It should be noted, however, that similarly symmetrg)a

; . ) ) 2 (0, ), while the contributions of the two- and three-spin
systems with more than three spins and equivalent couplings o |ations increase linearly and quadratically with respec
not.eX|st. The only spin sy;tem with more than three spins, Wh! Q0(0, 7), respectively. Since this approximation assumes
fulfllls the symmetry reqwrements, is represented by four Spigs (0, 7) « 1, correlations of three spins, being proportional to
being placed at the vertices of a tetrahedron, e.g., the proton

h Cul Inthi | h h . 25(0, 7), are created to a much smaller extent than those of tw
methane, Chl In this nonplanar case, however, the symmetriz pins, which depend only linearly o (0, 7).

tion of the coupling tensors with respect to their orientations rel- Afurther pulse with the same or inverted phase;-86-90;

ati\{e tq the. static magnetic fielq requ?res a fgetropicmotion, in Eq. [106], creates even-order coherences only, i.e., Ioﬁéitudi

which inevitably removes all dipolar interactions. nal single-spin stated¢ o) and three-spin ZQCS (.0) as well

as two- and three-spin DQC$ £ .» and T 5 1). Therefore, the

DQCs of a methyl group consist of two- and three-spin con

tributions with different weights, corresponding to the different
The application of a pulse sequence96-90°,, _, to the phase factors sin(@p (0, 7)) and—ﬁg[COS(QD(O’ 1)) —1], re-

three dipolar-coupled protons of a fast rotating methyl groigpectively. Recall that the experimental selection of coherence

3.3.3. Double- and Triple-Quantum Coherences
in Methyl Groups

creates the following state$®): by pulse phases is sensitive only to the coherence order, n
to the number of correlated spins. In this context, however, i
R 3 ) = should be noted that, by application of.34pulses instead of
pPO)x I, = Z I,"=Tu1o 90 pulses to a state consisting®f 1.1 andT 3 1 contributions,
i=1 the latter, i.e., the rank 3 terms, are suppressed, while the rat
90; - 3 (i) 1 - - 2 terms are preserved, though reduced by a factor of@18 (
S ix=) I ="Z{11-Ti) The DQ signal intensity of two- and three-spin contributions,
— V2 : .
excited and reconverted by a pulse sequeRreR)txd Y—Y)rec, IS
—555(T11 = T1 DB cos@o(0, 1)) +2] finally given by
TH d N ~
M + IE(Tz’l + T2-1)sin(@p(0, 1)) two-spin three-spin
0
2 (Far—T _ S| 2
25(Ta1— T3 1)lcos@o(0, 7)) — 1] 15 [Sin<QD<O’ %R))} - [COS(QD@’ f_;)) _ 1}
either 1
MzZD(o, %) oo ZQ‘B(O, %R) - [107]
" —5—551'1,0[3 cos@p(0, 7))+ 2] + 5(T22
N —T,_2)sin@p(0, 7)) — 2%/1_5[\/\3,-;—&0 Note that two- and three-spin terms have different signs. In th

A A short-excitation-time limit, the DQ signal of a methyl group is
+/5(T324 T3 _2)][cos(@p(0, 7)) —1] dominated by two-spin DQCs, since the three-spin DQCs ar
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a) I[rul] pair character of the methyl DQ signal. FDrrey/27 > 0.5,
0.6 « D21, 2 however, the three-spin coherences form, reducing the rest
1 / ing DQ signal intensity considerably (note the opposite sign i
E , Eq. [107]).
0.4 twggg’” In contrast to the DQC case, the excitation of TQCs require

a phase shift o7 between the two pulses, as is shown for the
sequence 9B-t—90, in Eq. [106]. In this case, only odd-order

0.2 coherences are created. The TQC, i.e., the tdmm T3 _3),

] 5 is weighted by [cos@p (0, 7)) — 1] and, after the reconversion,

the TQ signal intensity is given by

E 16 o g[cos(QD(O, ) — 1P
0.2 . 3
A thrlejgscpm ~ 5 Q‘B 0, 7)+---
| 3 4_4
0.4 x = - D%t". [108]
3 oot DAt 8
o o5 1 15 2 In comparison to the DQ signal intensity* (displayed in
Dt [2x Fig. 18b), the TQ buildup is “delayed,” and the maximum in-
= tensity of ITCS3 is reached at about twice the excitation time.
b) I[ru] This is due to the fact that the TQ signal intensity depends c
0.8 the fourth-poweiD*c4, as is also the case for three-spin DQCs
D21y ooy DAyt with both three-spin DQCs and TQCs being created via thre:
E ' spin correlations.
0.6
] TQC 3.3.4. Pulse Phases and Dipolar Recoupling
1 for TQ Excitation
0'42 In order to design a pulse sequence for reconverting TQC
] more attention has to be paid to the choice of pulse phases tf
] in the DQC case. The phase sensitivity of the spin part of
0.2 bac DQC, represented by tensor componeﬁtgz, to a phase shift
] ¢ can be described by a factor of expf2, and usual pulse-
] phase shifts o = n- 5, wheren = 0,1, 2, ..., merely give
0 0 ‘ 0'5 ‘ ; ‘ 1 ‘5 ' ‘2 rise to a multiplication by a factor of{1)", i.e., a sign inversion
Dt /2 of the state or the excitation Hamiltonian. In the same way, th

exe sign of the integrated spatial paeb (t;, to) of the dipolar inter-
FIG.18. Calculated DQ and TQ buildup curves for the protons of a methfCtion is inverted when shifting the rotor phase from the interve
group: (a) Two- and three-spin contributions to the DQ signal (b) comparison@l = 0, t; = Tr/2) to (1 = Tr/2, t2 = TR), @S can be seen from
DQand TQ signal. From two- and three-spin correlations, coherences are cre@efl [85]. In the case of DQCs, therefore, both the spatial ar
fo”é’Wi”g an Lnit:]a' intensity irgfefijse O(f:the forin o ?%f;(tWO'SP?”_ DQfCZ] the spin part phase sensitivity only affect the sign of the state
Z‘;in’ S(Q%Da;d(;éeg';?fgig a?;m;?%:)’grejp%e C(z\éi’égs_e['lrgsfzgﬁl%gl_re'fbngitudinal magnetization created after the reconversion, b
the actual reconversion procedure is not impaired at all. Th
indifference to sign inversion can be demonstrated by consi
discriminated in a twofold manner: first by the coefﬁcie}pt ering, as an analogous case, the effect of pulses on states
resulting from the tensor algebra, and second, recalling the &ransverse magnetization:Ay pulse always transforms a state
sumptionQ2p (0, 7) « 1 for the series expansion, by the fact thab +1y into longitudinal magnetizatio&fz, with the signs
their leading term isz‘,gr“ compared m'f;rz for the two-spin  of the pulse phase and the statenérely determining the sign
terms. In Fig. 18a, the DQ buildup curves are displayed sepithe resulting state, but not whether transverse magnetizatior
arately for the two- and three-spin DQCs. As is expected, tiransformed to longitudinal magnetization or not. In contrast t
two-spin curve is identical to that of a spin pair (see Fig. 14fhis, a phase shift of the pulse or of the initial statey =7 foils
During the initial increase, the three-spin contributions are $ioe effect of the pulse, because a pulse with phasdoes not act
weak that they do not noticeably perturb the dominating spion transverse magnetization of the same phase, i.p.pottfq.
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In the case of TQCs, we have to deal with such ghase iar coordinate transformation for the dipolar Hamiltonid,
shift, since the usual pulse-phase shiftsgoy= n - 7, where i.e.,LyLp(0, IR/2)|:: — exp(i ﬁxﬁDEi'(TR/Z)- In this way,

n=012...,gierise tophase factors of the form exath  |onger TQ excitation times are accomplished by the same dipc
corresponding to a multlpllcat|on by a factor 6fi)". Upon |ar recoupling procedure as is used for DQ excitation, i.e., af
shifting the phase by = % with odd-numberedch, the  gjternating sequence of two-pulse segmesnts andy—y. Re-

pulse no longer has an effect on the TQCs. Consequentyypling pulse sequences for TQ excitation are hence of th
a TQC, after being generated out of a three-spin correlatigf}m, y[x—xy-y],, where the signs of the pulse phases are agai

by a pulse of phasetq, can be converted back to a threegptional and usable for the compensation of frequency offset
spin correlation only by a pulse of the same or sign-inverteg yyise imperfections.

phase.
Therefore, in order to excite and reconvert TQCs, the two- .
pulse scheme needs to be of the form3(a6-90) or (90— 3.4. Rotor-Synchronized MQ Spectra
t-9Q), and it has to be combined to (&-90)ex{90)— In the previous sections, we have focused on the excitatio

7=9Q)rec aNd (99—7-9Q )exd 90 ——9Q) ) ec, respectively, with  of MQCs among dipolar-coupled spins. In this section, we now
the signs of the pulse phases still being optional. This two-pulgfn to the evolution of these coherences under MAS and ur
excitation scheme is limited to short excitation times, i.e., Uter the internal interactions present in the spin system. It wil
der MAS tot < tgr/2, as has already been discussed in Sectig@ shown that the isotropic chemical shift combined with the
3.2.4.The signalintensity of TQCs, however, grows more slowjise narrowing provided by fast MAS allows DQCs and TQCs
with time than that of DQCs in the same system (see Eq. [10 different spin pairs or triplets to be resolved in the spectra
and, hence, the extension of the excitation scheme to excitatigilobserve such MQ evolutions experimentally, a so-called M(
timestexc > 7r/2 by means of dipolar recoupling is essentiabyolution period is inserted between excitation and reconversio
for TQ spectroscopy. (see Fig. 13a). In this way, the experiment correlates the ewvc

To achieve dipolar recoupling, the time reversal induced Iiytion of the selected MQCs during the first spectral dimensior
MAS has to be compensated by a counterrotationAin spip spage) with the SQ signal detected during the final perit. (
as is provided by proper coordinate transformatibgs - - L; In the following, we will discuss the features observed in
of the dipolar HamiltonianH p (see Eq. [88]). However, the and the information obtainable from such two-dimensional MQ
two-pulse segments of the TQ excitation scheme cannot $gectra. In this section, however, only the line-narrowing ef-
straightforwardly considered a simple coordinate transformigct of MAS will be considered, disregarding rotor modulations
tion for Hp, because they take the fomg,er HpL,. Further- leading to MAS sideband patterns, which will be discussed ir
more, the effective TQ excitation Hamiltonian needs to contafection 3.5. Experimentally, such rotor modulations can be ea:
tensor operator$ ; 4 5 of third rank and third order, which can-ily avoided by detecting the signal data points in both time di-
not be obtained from a simple coordinate transformation offaensions; andt, using increments of full rotor period. The
second-rank tensdfip o T 2. resulting two-dimensional spectral width is hengg- g, and

In fact, a pulse sequence applicable for long-time TQ exdhe observed spectrum, which will henceforth be referred to as
tation makes use of the same dipolar recoupling scheme ugei@r-synchronized spectrum, formally corresponds to the inte
for DQ excitation, but transforms the initial state from longitugration over the whole MAS sideband pattern. In this context, i
dinal into transverse magnetization beforeha@®] 8Q. Using  is noteworthy that the application of recoupling pulse sequence
propagator notation, this TQ excitation scheme can be derivédi the C, type 67, 57, 89 for the excitation and reconversion
starting from the two-pulse segmemtx), as follows: of DQCs allowd; to be incremented in steps of/n and rotor-

synchronized MQ spectra to be obtained with a spectral widtl
~ T A A T
pTQ<§R> o LxLD<0 2R> yp(0)--

3.4.1. MQCs under Internal Interactions

of n- wgrin w; (58).
- EXED<0 B)E* LxL,p(0)---  [109] 1 . , , e
W At y In a*H multispin system, the isotropic chemical shift and the
—_— dipolar interaction are the most important internal interactions
two-pulse segmenk—x experienced by MQCs. The evolution of a DQC between twc
spinsi and j under the chemlcal shift results in a modulation
The first propagatoLy acting on the equilibrium magne- of the form exp((w + wcs)t) (see Eq. [74]). Higher-order
tization p(0) produces transverse magnetization of the forooherences are modulated in an analogous manner, obeying t
p(0) o« I, — Iy, on which the following 90 pulse Lx has simple rule that the resonance frequency of a MQC is the sur
no effect Hence, it can be dropped in the experiment. Théthe resonance frequencies of all involved spins. This propert
productL L« =1has only formally been inserted to creatdorms the basis for the spectral identification of different MQCs
a two-pulse segmemt—x which can be interpreted as the familin MQ spectroscopy.
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The effect of the dipolar interaction on MQCs is a little moréo SQCs, every DQC is invariant with respect to its mediatin
complex, because dipolar couplings can either be an internal paotipling, which therefore needs to be excluded when conside
or an external perturbation of the MQC. Hence, consideringirzg the evolution of DQCs. This feature is of particular impor-
DQC in athree-spin system, two types of dipolar couplings hatence for the mechanisms which generate MAS sideband p:
to be distinguished: first the mediating pair coupling between therns. Itis also important to note that, in a dipolar-coupled épin-
spinsi andj forming the coherence, and second the coupling system, MQCs rely on the presence of the mediating dipolar co
the third spirk. Using commutator notation, this means plings for their excitation, but not at all for their conservation.
Consequently, a DQC pg:jt;/veen the spiasid j persists even if
~ (ii - (ii ~ (ik ~ (i ~ (i ~ (ik the mediating couplingd 5 * is averaged to zero by MAS.
[(T(Z,JZ) + T(Z,JEZ)’ H(D )] & [(T(ZJZ? + T(Z,JEZ)’ T(Z,O)] Although, with increaZing coherence order, the number c

0 for j =k couplings which are part of, but not acting on, the coherence

x ~ (i AGi) A A() (K A (ik ) . increases as well, the signal decay usually does not become |

(T(Z.IZ) + T(Z.]—)Z) e - l(z)(T(2{2) + T(ZJ—)Z) for j #K  and the linewidths are not reduced in the experimental spect
[110] On the contrary, the linewidth in general is found to increas

with the coherence order. Empirically, in dense and strongl

i ) o dipolar-coupled systems, the linewidths seem to be broaden

In the first case (=Kk), it is clear that a DQC does not st proportionally to the coherence order. In Fig. 191the
evolve _unde'r a dipolar couplmg "\.NhICh is part qf t.he cohegQ’ DQ, and TQ spectrum ofalanine under MAS at 35 kHz is
ence, S'(?():e in 2 DQC the spin paifXand the mediating cou- yishjaved 98). The experimentally observed linewidths of the
pling D) behave as a single ent|Fy. Ho_wever, any COUP“”Erotonated amino group (NH and of the methyl group (C§)

; ) ) -_ aPrfe graphically compared with each other. The reason for thi
the DQC duringt; and, in this way, usually t0 a 10Ss of Sig-5 firgt sight, unexpected line broadening is that the sensitivi

nal, because the reconversion only reverses the effects of d'BPMQCs to external perturbing couplings increases with th
lar couplings, which have occurred during the excitation pe-

riod tex, but not any dipolar evolution thereafter. Coupling the
spink to the t_wo-s!)in coherencg | produces athree-spin DQC
231)) __20]) k) p@) = (1K) 2 (1K)

(T FTo ), =1, (T, FT, )], as can be seen from

the commutator in Eq. [110]. This kind of evolution, by which

higher spin correlations are generated without changing the ¢

herence order, is characteristic for a dipolar-coupled multispi

system, as is well known from the evolution of transverse mag

netization (see Egs. [68] and [100]). sQ
Fast MAS reduces the dipolar interaction to an effective pal

H p.eft which, using Eq. [48], can be written as

A afﬁ; B:cH C: cH,

linewidths
NH; CH,
sQ &> . ©n

2 - 2 - 1710
; A_m A A A, A

me—2 <M@R m, p=—2 3mpwg

m=£0 m, p#£0

111
[111] ARA cce
: AAC ;
(AAB) | (ABB) ACC  (BCC)

with the Fourier compon_entl§|m including the sum over all
pairs {j): Hm= > _, A The commutator i _m, Hm] in

the leading term hence corresponds to a three-spin interacti
(ijk), since the components ,, commute for a single paif ()

as well as t%rj )t\Ng(ﬁ_);’;\irsi{)A%rI))d (fl(llg:onsisting of four differ- TQ
ent_spins: H s Hn_1 1= [I—_|_m_, H,']=0. Further_more, t_his ; 23 2 = oA A 4 ’ = .
residual part of the interaction is scaled by afact(w,QJf. In this
way, MAS reduces the evolution of DQCs under dipolar cou-FIG.19. ExperimentatH SQ, DQ, and TQ spectra ofalanine under MAS
plings and narrows the resonance lines. This effect has alreatkyr/27 = 35 kHz. The resonance lines are assigned to the spins involve
been discussed in detail in Section 2.6, the results of Whid?\,the respective coherence. The assignments in parentheses are based ol

. . . . knowledge of the two-dimensional spectra, depicted in Fig. 20 . In the inset, tt
though obtained from SQC considerations, can be directly gp=, .+ =" ' - NH and CH resonances are graphically compared to eact

plied to DQCs, sinf:e they Con(?em_the dipolar Hamiltpnian angher. It can be seen that, due to the increased sensitivity of MQCs to perturbi
not the state on which the Hamiltonian acts. However, in contraggractions, the linewidths increase with the coherence order.
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coherence orde2b, 3§: A MQC of order p evolves under a a) A:NH!  B:CH C:CH,
dipolar coupling to thepth power, as has been demonstrated ; i v
by Friedrichet al. for a first-order quadrupolar MQC which is '
subject to heteronuclear dipolar couplin§3). Apart from this
order effect on the propagation, the elevated sensitivity of dipolar
MQC:s is also due to the simple statistical fact that the higher the
coherence order, the more spins are involved, providing more .~_
“points of attack” for external perturbing couplings.

In addition to the sensitivity problem, the spectral resolution
achievable in MQ spectra suffers from the fact that the num-
ber of spin combinations forming a MQC and, consequently,
the number of resonance lines also increases with the coherence
order. For example, 2, 3, or 4 SQ resonances give rise to a max-
imum number of 3, 6, or 10 DQ and 4, 10, or 18 TQ signals,
respectively. In the case ofalanine, 3H SQ resonance lines

double-quantum dimension ®, [ppm]

10 8 6 4 2 0 -2

are observed (see Fig. 19: §HA), CH (B), and CH (C)). single-quantum dimension @, [ppm]
Since all interproton distances are relatively small, correspond-
ing to a dense network of dipolar couplings, NMR signals of all b) A:NH' B:CH C.CH,

6 possible DQCs and 8 of 10 possible TQCs are detected, even
though with different intensity. In the TQ spectrum, the signals
BBB andABC are missing because of the spatial separation of
the involved nuclei. However, for a clear identification of all sig-
nals, the spectral resolution of the one-dimensional MQ spectra
is usually not sufficient. Instead, the full assignment requires the
spectra to be inspected in their full two-dimensional form.

3.4.2. The Two-Dimensional Form of MQ Spectra

In Fig. 20, rotor-synchronized DQ and TQ spectra are dis-
played in their typical two-dimensional form, correlating the . ; ,
MQ signal on theo; frequency axist{ dimension) with the SQ 10 8 6 4 2 0 -2
signal detected duriny. The w; axis is scaled by the order of single-quantum dimension ®, [ppm]
the observed MQ coherence, yielding a diagonal which is the
bisecting line of the angle between the SQ and the scaled MIG. 20. Two-dimensional rotor-synchronizétl DQ spectrum (a) and TQ
axis. The sample used for these example spectraalanine, spectrum (b) of-alanine atéH Larmorfreql_JencyofSOO MHz anq under MAS
and the spectra were recorded applying MAS at 3 Kz and g2 % M sonectio Le 0 Sanels i e 50 serde e
citation times Ofrexc = Tr = 28.6 S andrexc = 2rr = 57.2 4 are twice or three times as large as those4n
for DQCs and TQCs, respectivel9g).

Considering first the DQ spectrum, it is clear that the two-
dimensional correlation spectrum consists of two types of SigDEQUATE experimentin solution- or liquid-state NMR, since
nal patterns (see also the schematic representation in Fig. 21jhagth DQ MAS and INADEQUATE correlate a DQ with a SQ di-
DQC between two like spin&BA gives rise to a single peak ob-mension. However, a noteworthy difference between DQ MAS
served at the position (2, wa) on the diagonal of the spectrumand INADEQUATE spectra is the absence of diagonal peaks i
(the notationd, w,) refersto thev; (DQ) andw, (SQ) frequen- the latter 81). This remarkable difference arises from the fact
cies ofthe peak). ADQC between unlike spki3 also generates that, in the solid state, the homonuclear DQCs are generate
only one DQ signal along the; axis, but the signal is split into using dipolar couplings, while the INADEQUATE approach
two resonance lines ata andwg along thew; axis. Therefore, makes use ofl-couplings.lsotropic J-couplings, however, do
a pair of peaks is observed in the DQ spectrum at the positiamst give rise to DQCs between indistinguishable nuclei, wherea
(wa+wp, wa) and wa + ws, wp), i.€., symmetrically on either in the solid-state DQ experiment the mediating dipolar interac
side of the diagonal. DQ signals of the former typé\( A) are tions are inherenthanisotropi¢ such that a coherence can be
henceforth referred to as “diagonal peaks,” while signal paigenerated even between “indistinguishable” spins.

(AB, A), (AB, B) of the latter type are termed “cross peaks.”  In the TQ spectrum, the situation is complicated by the nee

At first sight, the solid-state DQ MAS experiment seems tim distinguish three types of signal patter88)( as are depicted
yield spectra which are very similar to those obtained by the INt Fig. 21: In the simplest case, a TQC consists of three like

triple-quantum dimension ®, [ppm]
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spinsAAA , whose signal appears as a TQ diagonal peak at ttedative to the diagonal, but also with respect to their intensit
position (3va, wa) inthe spectrum. If two like spins are involveddistribution. The same kind of symmetry—though only with re-
ina TQC AAB), the TQ signal splits into a pair of cross peakspect to the intensity distribution, but not with respect to th
at the positions @a + wg, wa) and (va + wg, wg). In rare  positions—is also observed for a TQC of three unlike spin:
cases, a TQC may consist of three unlike spiB&£, whose TQ TQCs of theAAB type, however, should show an asymmetric
signal splits into three peaks at{+ wg +wc, wa), (wa+ws+  intensity ratio of 2: 1 in favor of thé spins.
wc, wp), and @a + wp + wc, wc). The latter situation is not  The experimentally observed intensity distributions of DG
shownin Fig. 21. Note that TQ signals do not split symmetricallgnd TQ cross peaks may appear less symmetric than theoretic:
with respect to the diagonal. expected. For example, while in the DQ spectrum in Fig. 20a tt
For a MQ signal of unlike spins, the intensity distributiorcross-peak intensities are distributed symmetrically throughot
over the cross peaks corresponds, in the ideal case, to the nimthe TQ spectrum in Fig. 20b the peak of theAAC cross
ber of involved spins. Thus, the two DQ cross peaks oABn peak is considerably weaker than expected. Intensity distortio
coherence are in principle of equal intensity, because both spafsthis kind are in most cases due to experimental baselir
contribute to the coherence with equal weight. Therefore, D@oblems around strong peaks, such asdf€ diagonal peak
cross peaks are symmetric not only with respect to their positionsFig. 20b 7). These baseline problems are exacerbated |

motional effects in the sample, for example, by the dynamic
associated with long alkyl chains, since then, with increasin

a) A B t1, a continuous loss of coherence, i.e., relaxation, takes plac
; ; T distributing the signal statistically along thg axis (so-called
: : a4 & t; noise) 65). If an intense MQ signal suffers from such a kind
! 3 ;“ of relaxation, another weaker MQ signal may even be lost in th
: L £ 0 noise.
L ommmmmmmoeeoe- & o,
| e E \
i . E g é 3.4.3. Semi-quantitative Information
AB---mpomoos S 7 - & 512 g The information obtainable from rotor-synchronized two-
! // ! 3 2 dimensional MQ spectra is based on the intensities of the o
AA-obo @ ______________ a t16 S served signalsdg). For DQ spectra with short excitation times,
o i F 20 o the signal intensity) Sg, of a DQC between the spirisand
| | 2 kS j is proportional to the squared product of the underlying
R R e S dipolar coupling strengthD(}), and the excitation timegeyc
0 8 6 4 2 0 -2 (see Eq. [84]). In the spectrum, the DQ signals are resolved wi
single-quantum dimension ®, [ppm] respect to the chemical shifts of the involved spins. Hence, ¢
DQCs between spinsand j forming a pair of the type, say,
b) A B AB contribute to the same pair of peaks @h(+ wg, wa) and
! ! _ (wa + wg, wg) in the spectrum. Therefore, as a first approxi:
! ! F-8 g mation valid for short excitation times, the detected DQ signe
i b = intensity | 58 is given by the sum over all DQ intensitieég
| b’ F0 8 with (ij) = AB:
BBB----f-------- posmoesonnooe G L ()
| Py kg @ i i 2
ABB----f------- ‘——-. ok é 156 = Z ISB x Z (D 7eyq)
' : E = i<] i<
AAB---~f === -~ e @ - ---- £16 2 (1)=AB (1)=AB
: // E b 2 1 ‘L'2
AAA-==m=m }g’f} """""""" T £24 & X T2 Z —& O [112]
A ! Fg i5r Ml TaBet
B ; F32 2 (i))=AB

10 8 6 4

2

0 2

single-quantum dimension ®, [ppm]

FIG. 21.

Schematic representation of the typical patterns observed in twj
dimensional rotor-synchronized DQ (a) and TQ (b) spectra. The DQ cross pe

are located symmetrically with respect to the diagonal, while the TQ diago

The sum over all pair distanceg suggests the definition of
an effective distanceages between spin pairs of the typgeB.
The contribution of each real distanggis weighted by the re-
elrgrocal sixth power, thereby ensuring a rapid convergence |

e sum for increasing distances, as can be demonstrated as

intersects the splitting of TQ cross peaks alangat a ratio of 2:1 or 1:2, l0ws: Starting from a spin, the number of potentially coupled

respectively.

spinsj up to a maximum distanag is limited by the spherical
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volumeV « rl. Consequently, when extending the distand@Q spectroscopy. Relying on the spin-pair approximation, the
range fronti; torj; + dr;j, the maximum statistical increase infelative intensities of DQ signals can be used to measure tf
the number of coupled pairg { is proportional talV o riZj dr; effective distances between spectrally resolved spins in a qua
which is, with respect to the distance, four orders of magnitudigative manner, provided that one signal, arising from a dipola
less than the DQ signal discrimination. Considering, e.g., tw@upling of known strength, can serve as areference intensity. |
DQCs between spin pairs of the same type, but with differetite following we will distinguish betweeinternal andexternal

internuclear distanceasandr’ = %r, the DQ signal of the more referencesignals. An internal standard requires the sample tc
weakly coupled pair contributes to the overall DQ signal by g@pntain molecular units where, under MAS conditions, a protor
amount of only 8%. In addition to the purely statistical argupair of known distance or a methyl group is dipolar decouplec
ment, the volume around a spin is, in general, not close-pacK&@m other protons to such an extent that the observed DQ sign
with other spins due to the chemical structure of the molecul@sises only from this spin pair or intramethyl coherence, respec
Therefore, DQ signals are dominated by the nearest-neighbiggly. In other words; the effective dipolar coupling underlying
pairs. the DQ reference signal needs to consist of one pair couplin

Since the excitation timesy is fixed by the experiment, the or one intramethyl coupling only. From an experimental point
intensity ratiol 38 : |I§8 of two DQ signals directly correspondsof view, this requirement is usually fulfilled to a satisfactory ex-
to the ratio €aget : Fcoer)~ Of the two effective internuclear tent,.if pgrturbing.dipolar interactions_ are weaker tt%am‘ the _
distances of pairs of the types8 and CD, respectively. The dominating coupling of interest or—in terms of distances—if
validity of this simple interpretation of the DQ signal intensitie§e €ffective distance to perturbing protons is larger than abot
relies on the assumption that all pair couplir@$’ fulfill the > Of the considered pair distance. In some cases, it may als
short-time conditiorD ) z,/27 < 1, which means—in other P€ possible to use a signal arising from a known effective cou
words—that during the periogyconly two-spin correlations are Pling instead of a pure spin pair or methyl signal. Nevertheless
created. As soon as there are higher spin correlations presenti®f &nknown samples it is often hard to estimate whether ther
noticeable extent, the pair-related DQ signals start to decay, &8 DQ signals which originate from molecular units fulfilling
the intensities of different DQ signals can no longer be compart® structural requirements and which therefore are suitable :
to each other in this simple manner. internal standards.

Turning to typical experimental conditions for rightt sys- ~ AS an alternative approach, the sample can be measured |
tems, the strongest dipolar proton—proton coupling is at abdgifther with a compound, e.g., tribromoacetic acid, which con
D) =27 . 20 kHz (i.e., a rigid CH group with an interpro- tains an isolated proton pair and whose DQ signal can serve :
ton distance of;; = 0.18 nm). The short-excitation-time limit is 2N external intensity ref.e.rence. Sinqe this approach is based
then given byexc < 15, corresponding to a two-pulse excitathe presence of_an addltlon_al pegk in the spectrum, care has
tion scheme 99-tr/2-9G;, for MAS frequencies obg > 27 - be_ take_n to avoid (_)verlf'ipplng with the sample signals. Whel
30 kHz. For longer excitation times, the DQ signal of the mo&ing tribromoacetic acid as a standard, the protons are part
strongly coupled protons usually decays relative to that of th¢drogen bonds and, hence, their resonance frequency is shift
more weakly coupled protons. Depending on the demand on #8el2-3 Ppm, which is well outside of the typical frequency
accuracy of the distances determined from the experiment, ff89€ of .. 10 ppm. This marked low-field shiftis achieved at
simple pair-related interpretation of DQ signal intensities is stfif1e €xpense of a strong acidity of the compound, which usuall
applicable for excitation times of up te.. < 3015, since a de- Makes it impossible to mix the standard with the sample an
viation of the DQ signal intensity by 10% leads to an error dfence requires them to be packed in separate parts of the MA
only 1.5% in the distance determination and can, in additiofRtor:
easily be corrected for. Assuming that the weakest observablé\Part from the problem of DQ intensity calibration, the relax-
DQ signal should have an intensity of at least 1% of that &fion of two-spin correlations during the excitation period need:
the strongest signal (which is often that of the Cgtoups), @IS0 to be considered. Although, f(zir)short excitation times, the
the short-excitation-time approach with. < 30s allows DQ DQ signal is built up according to5 o (D)7exd?, decay
signals to be detected up to an effective interproton distanceR6Pcesses are known to come into play before the DQ buildu
aboutres < 0.4 nm. Therefore, the mere existence of a DQ sig:urve reaches its oscillatory regime (see Fig. 14a). As has be
nal of the typeAB contains the semi-quantitative informatiorfliscussed in Section 3.2.6, these decay processes are due

that the respective nucleitind Hs have an effective distance €xperimental imperfections and, far more importantly, due tc
lef =Y rij—G of less than & nm. perturbing dipolar interactions of the considered piiy (ith

surrounding spins. From the latter reason it is obvious that th
excitation time, after which such decays set in, represents th
time scale on which three-spin contributions start to perturt

In this section, we will proceed to a fully quantitative interprethe two-spin approximation. The importance of such perturba
tation of the DQ signals in rotor-synchronized two-dimension#bns is demonstrated by the fact that they are clearly observe
spectra and outline the experimental approaches to quantitaBven for the spin-pair model compound tribromoacetic acid (se

3.4.4. Proton—Proton Distances from DQ Signal Intensities
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Fig. 14b). Since the extent of perturbing couplings strongly déequency, coupled with an internal or external reference fc
pends on the local arrangement of the spins, different DQCs arensity calibration. In terms of accuracy, the external refel
subject to different perturbations and, therefore, in general eace is expected to be superior to the internal reference, but 1
uniform DQ decay process is observed. marked discrimination of DQ signal arising from remote cou
Experimentally, DQ buildup curves including the DQ deplings,l,gg o r”TG, drastically reduces the effect of all method-
cay are obtained from a series of two-dimensional rotoical and experimental imperfections on the resulting proton
synchronized spectra with increasing excitation timg=  proton distances. Note that a deviationteg0% in the observed
n - (tr/2) wheren = 1,2,3,.... The DQ signal intensities signal intensity gives rise to an error of onty10% in the dis-
of all spectrally resolved peaks are evaluated by integration amaece. Hence, drawing attention to the ease with which the exps
then plotted as a function af,. Strong dipolar couplings give iments can be performedH DQ MAS spectra provide quick
rise to pronounced DQ decay effects and hence require MASaind remarkably detailed insight into the structure*idf spin
be applied at high spinning frequencies, such that, on the otsgstems and are well suited as a routine method to substar
hand, great demands are made on the performance of the recbiaracterization in the solid state. In particular, different struc
pling pulse sequence. As a consequence of these complicatidisg! alternatives can often clearly be distinguishe).
DQ buildup measurements have to date only been successfully
carried out on systems where the dipolar couplings are consider- 3.5. Mechanisms of Rotor Modulation

ably weaker than in dense and rigid systems, .., in mobile After considering rotor-synchronized experiments in the pre

polymer melts 49, 50 or in liquid-crystalline phases6) or, . . 9 y b€ . b |

alternatively, in nonproton systems with weaker homonuclewous section, we now turn to the modulations introduced b
’ WAS when incrementing the time dimensiofisandt; in ar-

dipolar couplings, e.g3'P-*1P in crystalline phosphate® . ; ) . .
orpthiophos%hegeSGI.gln all these (ZxamplesIO thepexperigenp'trary steps, i.e.Aly,, # tr. Concerning the final detection
tal DQ buildup curveslgg(rexc) have been fitted by a Semi_per|odt2, however, no further discussion of the effect of MAS is

empirical function, which combines the initial squared Signaraecessary, since this period is, in principle, a simple one-pul

increase from theory with an empirical exponential decay, experlm_ent_performed ona r_10neq_umbr|um state of Iongltudl_ne
magnetization, whose amplitude is modulated by the previol

) periods of MQ excitation, evolution (durirtg), and reconver-
exc

ISjQ)(Texc) =A. (D(ij)Texc)z . exp(—rT [113] sion. Hence, duringy, the rotor modulations give rise to the

familiar sideband patterns, which only provide limited acces

where A contains several constants and is fixed for a series}{%‘StruCturaI information (see Section 2.10). In fact, at the hig

. . . . AS frequencies required for sufficient spectral resolution i
experiments. In this way, the relative strengths of dipolar cou- .7, . o X .
) : . Igid “H systems, the intensities of these sidebands are in mc
plings are straightforwardly accessible and, furthermore, the J& -
. . . N ases negligible as compared to the centerband. Recall that th
cay timet, which represents the effective relaxation time of th isadvantages of dipolar SQ MAS sideband patterns initiated t
two-spin correlations during the DQ excitation, can be detelf)_Qa roagh Thergfore we now focus onthpe rotor modulatior
mined. Combining these two parameters, DQ buildup curves pp . '

O . - ' acting on the MQCs during and on the mechanisms responsi-
gr?:/gcepgf& rg::;g:::;ﬁéag;h tt:;n?a'r interactions and the ef)(le for the generation of MQ MAS sideband patter83)(

However, in dense and rigitH systems, the DQ buildup ap-
proach is often undesirable because there are only a few
intensity values experimentally accessible before the decay setét first, we concentrate on the reconversion, neglecting th
in. This experimental limitation results from the combination cdictual evolution of the coherences under the rotor-modulats
the following two features: First, the presence of strong dipolarteractions duringy. Whent; is incremented in arbitrary steps,
couplings restricts the initial DQ buildup to very short excitatiothe rotor orientations at the beginning of the excitation and re
times and, second, the basic two-pulse segment of recouploanversion period will not be identical and, hence, the rotor wil
pulse sequences allows only time incrementdeaf,. = tr/2. pass through different sequences of orientations in both perio
Additionally, the pulse sequence needs to be applied on tifeee Fig. 22). Therefore, the integrated dipolar interactions r
scales of at leastec = 21R---47R IN order to compensate sponsible for the excitation and the reconversion of MQCs diffe
for experimental imperfections or unwanted additional interaesth respect to their phases. Taking the rotor phase of the ext
tions, such as frequency offsets. Therefore, the few accessitagon as a reference, the phase of reconversion is shifted or—
data points may even suffer from a relatively pronounced expether words—theeconversioris rotor-encodedWithout caus-
imental inaccuracy. ing any further evolution, MAS modulates the MQCs by mean

In conclusion, from a practical point of view, the approacbf a phase encoding which arises solely as a consequence of
of choice for dense and rigitH systems is the recording of atwo-dimensional character of the experiment. Hence, all MQC
two-dimensional DQ spectrum for the shortest possible exeire subject to this encoding mechanism, even those which
tation time, i.e.,texc = TR/2, at the maximum available MAS not evolve during;.

86.1. Reconversion Rotor Encoding (RRE)
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MAS sidebands are induced in the MQ time signal and in the

‘ excitation ‘ evolution

reconversion MQ spectrum, respectively. Considering, for example, spin-pai
DQCs and CH TQCs, the time signals can be written using
H 1 H =H Egs. [83] and [107] as

\ /\ , “‘ /\ S‘D”Q)(tl) I sm(Q('D')(O, g)) . sm(Q%”(;R +1t1, TR+ tl))
X/ \_/ X \J"’H o SinGi; - sin(sty)) [115]

N [dt et Hy H.. = e“tH,, and

/\ /\ Ve \ (1) o [COS(QE;J‘)(O, T_ZR )) _ 1]
\/ S \_/‘”H [c05<sz<i ;>(T—R +t t )) - 1]
: o\ 1, TR+ 11

evolution rotor reconversion rotor
modulation (ERM) encoding (RRE) .
» perturbing couplings X COSCij - sinwrty)) — 1, [116]

FIG. 22. Schematic representation of the mechanisms responsible for Vé’spectively. The coefficiemij includes all terms which do not

generation of spinning sidebands in a MQ MAS experiment. (a) No sideban - - . .
are observed in rotor-synchronized experiments. (b) In anon-rotor-synchroniz(i%pend orty, but only on the orientation of the dipolar coupling

experiment, sidebands are generated by RRE and ERM, with the former beY_r%Ctor Gii , VIJ'_)1 for which, in powdered samples, an Orienta_'
due to the rotor-phase shift between excitation and reconversion and the Idit@nal averaging procedure has to be performed. The resultin

relying on the action of perturbing couplings on the observed MQC. expressions sinf(i]- sin(a)Rtl +¥ij )) and cos(:ij Sin(thl +¥ij ))
can be written as Fourier series, whose terms contain Bess

) , functionsJ,(C;;) of nth order @, 17):
Experimentally, MQCs can be excited by a pulse sequence

consisting of segments of the form3@r/2-9q, , as has been

ij) ; L qi
discussed in Sections 3.2 and 3.3. Being concerned ith S'gQ(tl) o sin(Gij - sin(wrty)

systems, only the spatial pais, of the dipolar interactions 00 _
depend on the rotor orientation, with the integi@is(0, 7r/2) =23 Jnsa(Cij) sin((n — Dwrly)  [117]
and Qp(rr/2, Tr) over the intervals [0rr/2] and [r/2, TR] n=1

differing only with respect to their signs (see Eg. [85]). Intro-
. : X . nd

ducing a MQ evolution periot by applying a pulse sequence of!

the form k—X)exc—t1—(Y—Y)rec, the integrated spatial parts of the " .

dipolar interactions for excitation and reconversion, according S(T:Qs(tl) o €0 - sin(@ly))

to Eq. [30], are given by 00

= Jo(Ci}) + 2 Jn(Cij) cos(hwrty). [118]

. R o) n=1
Q%”(O, —) = 2. /25sin 28 siny;,
2 @R From the Fourier series it is clear that the DQ and TQ signa
are modulated by odd and even multiples of the spinning fre

and guency, respectively. Thus, after a Fourier transformatidm, in
(i the spin-pair DQ and the GHTQ spectrum consist of solely
Q(E)J’)(LR Ty, TR+t1) __% . /2 sin 2B sin(rtL+¥ij). o_dd- gnc_i ev_en-order MAS sidebands, respectiv_ely. The inter
2 WR sity distribution over the MAS sideband pattern is determinec

[114] by the Bessel functions and the coefficie@ts, with the latter
depending on the orientatiofii(, yij) and on the ratim)f')”/wR
It is clear that the expression for the excitation is identical tof the dipolar coupling strength (1) = %w([',” and the MAS fre-
that of EqQ. [86], because it is independentpfHowever, the quencywg. After the orientational dependence has been take
reconversion is rotor-encoded by the tept; in the argument into account by, e.g., a powder averaging procedure, the ter
ofthe sine function. Consequently, no rotor modulations occura'i(,'j”/wR, which can alternatively be written as a product of the
t; is incremented in steps of rotor periods (as has been assurdiglar coupling strengt® (1) and the excitation timeey, rep-
for the discussion of the rotor-synchronized MQ spectra in thesents the essential parameter which determines the envelo
previous section), but as soon as# ntg, rotor echoes and of the MAS sideband pattern.
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iy on However, besides this rotor encoding of the reconversion p

Colt b . riod, the MQCs are also, during the evolution pertedin a
L - more direct way SL_ije_ct to rotor-modulated interactions. In fac
L ‘ the latter mechanism is well known from the one-pulse exper
' ' 2.6 ment under MAS and from the resulting sideband patterns of S
i 2.4 spectra. The essential condition for the presence of such a rot
NERIEIEED 2.2 modulated evolution is that the considered MQCs do evolv

L , o N . under anisotropic interactions duringat all. With respect to
il | H systems,_ th|s_evolut|on is absent for two special cases: tl
1.8 T DQC of a spin pair and the TQC of a methyl group, provided the
Al 1.6 ot l e there is no chemical shift anisotropy (as is assumed throughc
i 14 i l ..... in our discussion) and, more importantly, that there are no dipt
AL i o lar couplings to further spins. As soon as the MQC interacts wit
] e l L a f_urt_her spin not involved in _th_e coherence or, even more re
1 7 strictively, as soon as the mediating dipolar couplings within th
L 0.8 - l L MQC are not all equivalent, the MQC evolves under dipolar in
L 0.6 I l L teractions, whose spatial parts are modulated by the sample rc
| 04 11 tion. Inthis way, rotor modulations enter into the MQ time signal
[ o 1] Usually, it is not possible to describe this evolution using

0

e S S T - - a simple analytical formalism, because in defbesystems
wlog wlog the dipolar coupling network tends to generate higher spin co
relations which can be handled only by use of series expa
FIG. 23. Calculateq MAS sideband patterns of a spin-pair DQ (left) andjong (see Section 2_5)_ For example, from Eq. [110] it ca
a CH; TQ spectrum (ight) for a range @rexe. In the TQ spectra, the p o coan how a three-spin DQC arises from a spin-pair DQ
centerbands are cut fpof ther full heigh. between the _s;ain's. and j via the additional dipolar coupling
A% = ol (t)'fgylg of the spini to the third spink. As-
suming that this process occurs during the evolution pesiod

. e three-spin DQC introduces a rotor modulation into the cc
DQ and a CH TQ spectrum are displayed for the range erence, because it includes the integrated spatial part of t

D) ze/27 = 0--- 3. Obviously, the DQ and TQ spectra con-_ .. (k) texcity | (ik)

. T . dditional couplin ' t) = ! t)dtas
sist of only odd- and even-order sidebands, respectively. T &oefficient Pling2p" (Texc: Texet 1) ffexc wp (1)

larger the producD )z, the more sidebands appear. For To discuss the rotor-modulated evolution in a clear and ir

@i7) in-pai . .
D™ 7ec— 0, the.spln pair DQ spectru_m CONVerges towar.d ructive way, we consider the DQC of the protons of a fac
spectrum consisting of two resonance lines of equal intensity

8Eating methyl group. As has already been pointed out i
+wg, while the CH TQ spectrum converges toward a triplet OL ' ; ;
. . . R s. [105] and [107], the CHDQ signal consists of two- and
lines at—2wg, 0, 2wg With an intensity distribution ol :3:1 as. [105] [107] Q sig ! W

. . i ) three-spin contributionsT 2— T2 _2) and (T32+ T3 _»). Since
(clearly, forD )z, = O the signal intensity drops to zero). Fromy,q DQ state does not include all spins and couplings present
a practical point of view, a sideband pattern which is spread O\RE methyl group, as is the case for the £FQC, both DQ

a W'.de fre.quency range 1S disadvantageous, pecause th? SPifis evolve after the excitation under the intramethy! dipole
tral intensity is distributed over a lot of weak sidebands with uplingst o (t) = wp ()T 20 (16):

poor signal-to-noise ratio. Therefore, spin-pair DQ and TR
spectra should possibly be recorded wih!) ze,o/27 < 3 and

In Fig. 23, calculated MAS sideband patterns of a spin-p

Joexerta Fp(t) dt

Dz /27 < 1.5, respectively. (T22— T2 2) ——— c0sQe,(T22 — T2 2)
In conclusion, the rotor encoding of the reconversion makes .

MQ spectra splitinto sidebands. Although, for experimental ap- — A SiNQey(Ta2+ T3_2)

plications to'H systems, the relevant MQ orders are in most V3 ’ ’

cases limited to DQCs and TQCs, it is clear from tensor alge-

bra and from analogy considerations that, in general, the RR

mechanism produces soledgd-order sidebands favenorder et i o 1) di

: ~ ~ JTexc b . Lo Lo
MQCs and vice versa. (T2 + T3 2) —— — 7 SiNQey(T22— T2 -2)
3.5.2. Evolution Rotor Modulation (ERM) + 082, (Tao+ T3 2) [119]
ev ., ,—2)*
In the previous section, we have discussed an indirect type
of mechanism leading to spinning sidebands in MQ specte, denotes the integrated spatial part of the dipolar interactic
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duringty, i.e., Qe = Qp(Texo Texc+ t1), @and thet;dependence  a) b)

results in a rotor modulation. Since the system under consider

tion is anisolated methyl group, the evolution of the DQC during

t; is restricted to a redistribution of the two- and three-spin con . PO TQ T TR
tributions, with both terms being weighted by additional phas¢

factors, sirt2e, and cox2e,. Denoting the integrated spatial part

of the excitation perio@2p (0, Texd by Qexo the initial state DQ

i N n

> SiNQexdT22— T2 -2)
e sQ o

_ 1 (COSQexc — 1)(123’2 + -'|‘-3._2) [120] 300 150 0 -150 300 300 150 kzz 150 300

2\/§ kHz
FIG. 24. (a) Experimental and (b) calculated SQ, DQ, and TQ spectra of
evolves to the 28Na nuclei in sodium nitrate, applying MAS ak/27 = 15625 Hz. The
excitation time for the DQCs and TQCs1isxc = tr/2 = 32us. The sping
i i nuclei with a quadrupolar coupling constant@$ = 337 kHz and negligible
|:— SiNQexcCOSNey + = (COSexc — 1) SinQeUi| asymmetry, i.e.y ~ 0, serve as a model for the protons of an isolated methyl
2 3 group with a hypothetical interproton distance of 0.129 nm.

“ N 1 . .
(To2—=To-2)+ |:— SINQexcSIN ey

V3
1 performed on methyl groups, because real samples do not pr
— —_(COSQexc— 1) COSQev] (Taa+Ts o). [121] Vide spatially isolated methyl units without perturbing interac-
2V/3 tions, as is desirable for demonstration purposes. Instead, ta
) ) ) ~ing advantage of the analogy of a methyl group and a %pin-
As has been described in Section 3.3.3, the reconversiomgicleus (see Section 3.3.2), the measurements were perform
the DQCs gives rise to a further multiplication of the coefficientsn the23Na nuclei of crystalline sodium nitrate, which repre-
by terms ana|OgOUS to those of the excitation. ThUS, the dete%ﬂt a first-order quadrup0|ar System with a quadrup0|ar col

CHs DQ signal is given by37) pling constant ofCq = 337 kHz and a symmetric electric-
field gradient tensor, i.ey=0. Converting the quadrupolar
ﬁgS(tl) o SINQ2excCOSQey SINQrec into a dipolar coupling strength by use of Egs. [21] and [23],
1 the 2°Na nucleus in sodium nitrate corresponds to a methy
+ E(Cosgexc_ 1) SinQe, SINQrec group with a hypothetical dipolar coupling 8f) = 27 . 28.1
kHz or, equivalently, with a hypothetical interproton distance of

0.129 nm.

In the TQ spectrum, the MAS sidebands arise solely fror
the rotor encoding of the reconversion (RRE mechanism), an
are hence located at even multiples of the rotor frequeB8y (
The calculated spectrum was simulated using Eq. [115]. In th
whereQrec = Qp(Texc+ t1, 2Texc + t1). The rotor modulations, DQ spectrum, both mechanisms responsible for the generatic
reflected by the; dependencies, now appear in the argument$ sidebands, the reconversion rotor encoding (RRE) and th
Qe = f;‘i‘ftlwg(t)dt and Qrec = friiict:tle(t)dt, arising evolution rotor modulation (ERM), superimpose, leading to the
from the evolution and the reconversion period, respectivefgllowing consequences for the sideband pattern, which are cle:
The rotor modulation introduced by tte,-term is responsi- from aninspection of Fig. 24: First, the sidebands now appear :
ble for the generation of MAS sidebands by means of a mect@lmultiples of the MAS frequency, because the signal cannot b
nism which will henceforth be callezlolution rotor modulation written in the simple form co€; sin(wrt: + 1)) and, hence,
(ERM), while theQ-terms lead to the generation of sidebandgannot be decomposed in the Fourier components of either eve
via the RRE mechanism described in the previous section. Toieodd multiples ofwr only. Second, as compared to the TQ
complication of both th&, - and theQe-term depending oy Spectrum, the spectral range, over which the sideband patte
does not allow the DQ sign&5’ (t1) to be expanded into a sim-is spread, is widened. The additional termsS@ip and cose,
ple Fourier series with Bessel functions as coefficients. Hengive rise to a product of the form c€%, cosQrec = 3 COS€2e, +

83 (t1) cannot be written in the same form as the spin-pair DQec) + % c0S(2e, — Rrec), Which includes the sufe, + Qe Of
signal and the CHTQ signal (see Egs. [115] to [117]). the arguments and hence the sum of the frequencies, so that af

In Fig. 24, experimental and calculated SQ, DQ, and TQ spabe Fourier transformation sidebands are expected to be spre
traof a spin% system are displayed. The experiments were nover a wider frequency range.

1 . .
+ > SiNQexcSIN e,y (COSLrec — 1)

1
~ 1 (COSQexc — 1) COSQ, (COSRrec — 1),  [122]
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For comparison, the SQ spectrum is also displayed in Fig. 3fex dipolar coupling network under inspection by quantifying
since there is no reconversion period in the one-dimensiorlaé degree of perturbation. As to measuring dipolar couplin
SQ MAS experiment, the sidebands are generated solely by gtieengths, MAS sideband patterns are superior to DQ buildt
rotor-modulated evolution. The SQ time signal of a methyl grouqurves, because no further calibration of the signal intensitie
or, equivalently, of a spirg— nucleus is given by is required. Instead, the patterns are “inherently” calibrated ar
allow absolute values for coupling strengths to be derived. Mor¢
over, in DQ MAS sideband experiments, thelimension serves
as a spectral DQ dimension as well as a period for introducir
the rotor encoding. Hence, DQ coherences between differe
as is clear from thel(; ; — T4 _1) term in Eq. [106] after appli- pairs of spins can readily be resolvedtimo-dimensional DQ
cation of the first pulse. Since, as in the TQ case, again only ddéS spectra together with the individual MAS sideband pat
mechanism is responsible for the generation of sidebands, thms, while for the DQ build up approach the distinction of DC
spectral width is similar to that of the TQ spectrum and considareherences requireslaree dimensional experiment whetgyc
ably smaller than that of the DQ spectrum. The pattern consistsdt; are incremented independently.
of sidebands of all orders, because—as in the DQ case—the ar-
gument2p (0, t) in Eq. [123] does not include only one sine or 3.6. Spin Topologies and MAS Sideband Patterns

cosine modulation and, hence, the signal cannot be written a.?n the previous section we have demonstrated that MAS sid

cosCj sin(gt + ;). . : band patterns dH DQ and TQ spectra can, in principle, serve a:
After having demonstrated, using the simple example Ofaasource of information about dipolar coupling strengths, whil
methyl group, how the two mechanisms RRE and ERM ge[j- P pling ghs,

erate MAS sidebands in MQ spectra, it is straightforward o€ chemical shift re.solut.ign aIIows.the co.upled spins fOFmi”‘
derive a criterion which allows the decision to be made as §Ocoherence to be identified. In this section, we now discu:

it extent an obsenved sppar DQC or fGQC s st | AP IOTALon,can beabiaied o e Saenap o
ject to perturbing interactions to neighboring spins: As long ?% 9 y P pINS.

there is no perturbing interaction present, the MAS sidebanflE original” spin-pair or methyl pattern, which measures th

: . . strength of the pair or the intramethyl coupling, the additiona
patterns of spin-pair DQ and GH'Q spectra consist of only ~. o . ) ) .
odd- and even-order sidebands, respectively. Any further Ccﬁ'*qjgf%i? e::t'sl:ﬂg \(;litzealztg:\ﬂa?:gghgmzm%?iﬁlgg\é':ﬁggrs' i
pling gives rise to additional sidebands of the other order, Who‘?ﬁ%the S stgm includin P erturbin gs ins P P
intensities allow the degree of perturbation or, conversely, the y ' gp 9 spins.

degree of isolation of the spin pair or the methyl group to b[e This property m_akes the MQ MAS sideband patterns superi
9 rotor-synchronized spectra, because the latter only conte

determined. The additional sidebands are generated prima : : . .
by means of the ERM mechanism, i.e., by the evolution of tr&ég signal intensities of the resolved MQCs. From the sign:

MQCs under perturbing interactions duritg For reasons of Int?rzzltlgia?: ifgi%tlevgfrf?\zrcgﬁpg?rgci.tﬂe“gthscsgt\?vigsgvi
completeness, it should be noted that, theoretically, weak ad%?— P 9 : P ping P
: . : : -0f the respective species, but no further details about the terr
tional sidebands could also arise from the action of perturbmg ; .

the sum are accessible. This means, for example, that a surr

dipolar couplings during the excitation and reconversion perio%, ; T
. . . . -many weak couplings cannot be distinguished from a sum ove
i.e., even in the (hypothetical) absence of any evolution durn? strona counlings. Therefore. most of the information abo
t;. However, this mechanism of sideband generation relies 9 piing " ’ . .

the geometry of the dipolar-coupled spin system is concealed

the excitation of higher spin correlations which always arise o . . . . .
ong as there is only a single intensity parameter experimental

of existing two-spin correlations and which therefore representa =
. o - I{%wallable.
second step in the excitation process. Consequently, such hig e[-

order effects are usually small, because the excitation time i n the following, we will discuss the MAS sideband pattern

adjusted such that it suffices for the generation of two-spin ¢ 00— ?(g ?:2 Z%fnpse;givgﬁt;‘;nffgr:zr; 2';?#;?;22? (i(tg:He)- an
relations, but not for the subsequent and unwanted formatioi P SY . b o
odel compound. In this way, the effect of an additional per

of three- and higher-spin correlations. As a result of this, ad Urbin <pin on the spectra of a spin pair or a methvl arou
tional sidebands generated in this way are a concomitant p g sp P pin p y' 9

nomenon of minor and mostly negligible importance, becausseﬁall be investigated. The paramejecorrelating the perturb-

. . o Ny couplingDPe to the MAS frequencyr (see definition in
experimentally, they are very weak and, in addition, alwa [64]), serves as a measure of the strength of the perturbatic
concealed by the dominating sidebands arising from the E ' ' 9 P

mechanism. . .
In conclusion, MAS sideband patterns permit the quantificgiG'l' Spin-Pair DQ Spectra

tion of dipolar coupling strengths in spin pairs or within methyl By means of numerical simulations, we consider a proto
groups and, at the same time, provide an estimate as to whgin pair with a dipolar coupling dDFP?" = 25 - 20 kHz, corre-
extent the underlying approximations are valid for the consponding to a distance ofyr = 0.18 nm, as is known from C1

o (t) o« 3cosp (0. 1) + 2, [123]
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groups. Resembling realistic situations, this pair is perturbed b . Oh D

a couplingDP®varying between 5 and 75% of the dominating - Q---E-’p----o v i _“:.'.'.C
pair coupling, corresponding to a distance range betwegn 0 3 4

and 02 nm from the remote spin. With respect to the perturbing oo 15 AN AN

couplings, the three-spin system can adopt two extreme geom
tries, whose SQ MAS spectra have already been investigate ) J Aﬁ N 14—t NS

in Section 2.7 (see Fig. 4): first, a linear arrangement where ﬁ ﬂ
the coupling between the remote spin and one of the pair spin 08— AN hoa
is negligible and where the whole three-spin system behave n ’1 ﬂ n VL

& 0.4

inhomogeneously due to the colinear orientation of all dipolar
coupling vectors; and second, a triangulaarrangement where N A A n " A " A

the spins are placed on the vertices of an isosceles triangle ar ‘ . ! - 02 ! ‘ ‘ ‘
where the two perturbing couplings are hence of equal strengtt® s oo s Ao o 5 oo s 10

The chosen MAS frequency, 10 kHz, is rather low, resulting in a . A

perturbation parametérranging from 0.1 to 1.5. The excitation FIG.25. Simulated DQ MAS sideband patterns for a spin pair plus a perturb-
time for DQCs is set t@eyc = TR/2 = 50us, corresponding ing spin, with the three-spin system adopting a linear anearangement. The
to DParr,, /27 = 1 for the pair. In accordance with the experParametersamdPa’ = 27-20kHz,wr = 27-10kHz, andrexc= tr/2 = 50us.
iments, the length of the 9RF pulses is 3+s throughout the

following simulations.

For vanishing perturbatioris— 0, i.e., for the isolated spin corresponding to an error of less than 2% in the internuclea
pair, we expect, under these conditions, a symmetric DQ MA#stance. Note that, in inhomogeneous spin systems, the over:
sideband pattern, consisting of ordgd-ordersidebands, with DQ signal intensity is even constant, because no dephasing o
the first- and the third-order sideband being of almost equers duringt;. However, any homogeneous character gives ris
intensity (see the DQ spectrum ') re,/27 = 1in Fig. 23).

Irrespective of the spin geometry, this pattern is observed in the
simulated spectra displayed in Fig. 25. a) b)
In the DQ spectra for both three-spin geometries depicte: .. 051

b I
in Fig. 25, the main effect of the perturbation introducedir.u) fru)
0.4

by the third spin is the appearance of MAS sidebands a 1
evenmultiples of the MAS frequency, including the center aal
of the spectrum. Depending on the spin geometry, either th linear
centerband or the second-order sideband are the most inter  °% 027 A
of these additional signals which clearly arise from the ERM
mechanism duringy (see Figs. 26a and 26b). Apart from this .
effect, in theA-arrangement, the perturbation by a third spin =~ ol ; . 0
severely broadens the lines, while in the linear arrangemer
the spin system behaves inhomogeneously under MAS; i.e d)
no line-broadening effects are observed. These features a - =l > 05
known from the MAS sidebands in SQ spectra (see Fig. 4)% L e
Moreover, the presence of perturbing couplings also gives ris %] A 043
to distortions of the original spin-pair pattern at odd multiples
of the MAS frequency, although this is less obvious than the
appearance of additional sidebands and the line broadening.  o7- 024
In the diagrams in Fig. 26, the changes of the DQ MAS side:

band patterns are plotted versus the perturbdtioaused by a
third spin. The three-spin systems adopt either a linearfr a . . . .
arrangement with inhomogeneous or homogeneous propertie ¢ S Cé‘ L
respectively. Up to a perturbation of abdut 0.5, the distor-
tions of the patterns (Figs. 26a and 26b) as well as the loss of1G. 26. Effect of a perturbatio caused by a third spin on the DQ MAS
DQ signal intensity (Fig. 26¢) are small enough to allow dipolz¥deband pattern of a spin pair, with the three-spin system adopting either a line
couplings strengths to be determined with acceptable accurdyf 2-arangement, b) Sideband intensities, with denoting the sideband

. . . i) .. order. €) Overall DQ signal intensity.d) Ratio of the odd-order sidebands,
since cqnadgrmg the ran_geSO< D _TeXC/Z” < 10a dewgtlon i.e., the “original” spin-pair pattern, to even-order sidebands arising from the
of 10% in the intensity ratio of the third- and first-order sidebangtrturbation Aw denotes a chemical shift difference between the pair and the
leads to an error of about 5% in the dipolar coupling strengtpgrturbing spin.

0.4

0.14

0.8 - 0.3
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Am =113

=033
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to coherence losses, since then MAS does not fully refocus, dtively. The original spin-pair pattern, located at the odd-orde
ing the reconversion period, the effect of the dipolar interactios&ebands, also depends, though less pronounced, on the ar
present in the excitation period. With respect to the perturbidgForé = 50° - - - 60°, the intensity of the first-order sidebands,
effects, the situation is improved by the presence of a chemica¢asured relative to the third-order sidebands, passes throt
shift difference between the perturbing spin and the pair, becaasminimum. The same behavior is observed for the overall D
the frequency differencAw assists the MAS in decoupling thesignal intensity, which is reduced to half of the maximum in-
dipolar-coupled network and reduces the dipolar perturbatitensity, when the angkeis close to the “magic” angle of 5&.
by a factor of aboutcs = Aw/wgr. This is demonstrated in The latter feature arises as a consequence of the complex c
Fig. 26d, where the ratio of the odd-order sidebands, i.e., thptational dependence of a DQC which is subject to a furthe
“original” spin-pair pattern, to the even-order sidebands arisimtjpolar coupling and, in this way, resembles to some extent tt
from the perturbation is plotted versus the dipolar perturbatidamiliar (3 co$ 6 — 1) dependence.
&. Without a chemical shift difference, the even-order signals areThus, the MAS sideband pattern of a spin-pair DQ spectrut
below 10% for perturbations < 0.5, while a shift difference in principle provides information about both the strength and th
of Aw = %a)R, which corresponds ti-s = 0.33, increases this relative orientation of a perturbing coupling to a third spin. I
10% signal threshold t§ < 0.7. should be noted, however, that in dense multispin systems eg
After having considered the two extreme geometries of pairis likely to be subjectto more than one or two perturbing cot
three-spin system, we now briefly turn to the intermediate cagaigs and, consequently, there are more unknown orientatior
by inspecting angular geometries, as are depicted in the ingpatameters to be determined in the system under investigatic
in Fig. 27a. The simulated spectra in Fig. 27a are based on ththe spins are resolved with respect to their chemical shifts,
parameters given in the figure legend. On increasing the angfgossible to access these parameters separately by mean
6 from O to 90, the system undergoes a continuous chan@) MAS sideband patterns.
from an inhomogeneous to a homogeneous character, because
the projection of the vector of the perturbing dipolar couplin
onto the direction of the pair-coupling vector decreases acco?g)d§'2' Methyl DQ Spectra
ing to co%. Therefore, following a sié dependence, the lines  Usually, under fast MAS conditions, tHél signal of methyl
become more and more broadened when increasing the amgleups can be spectrally resolved from otheresonances ex-
6. Moreover, the sideband pattern is characteristically distortembpt where there are many other alkyl resonances. Perturbi
Foro — 0° andd — 90, the additional signals arising from couplings to remote spins do not only give rise to a distortiol
the perturbing interactions via the ERM mechanism are conceai-the original methyl sideband pattern, but also to DQCs be
trated in the centerband and the second-order sidebands, resfreeen the methyl group and the remote spin, which form the
own MAS sideband pattern. The latter type of coherence wi
henceforth be referred to as a (€ H) DQC. In addition to
a) 9[° b) the advantage of being spectrally resolved, the methyl group
0 ——~reh S ] also particularly suitable for serving as a sensor for the streng
80— ol 04 and the orientation of dipolar couplings to neighboring spins
" o2 ] because, for topological reference purposes, the fast rotation
the three spins around their threefold symmetry axis provides
e — o single and well-defined average position of the methyl protor

50 N, P __.aswell as a well-defined axis.
¢ 10 20 30 40 50 60 70 80 90 . . . . .
However, it is important to note that, in contrast to spin-

o]
0 ——Srd o pair DQ spectra, the MAS sideband patterns of methyl DQ spe
YN W VY B NN T tra consist of signals appearing @t multiples of the MAS
RN 08 frequency, because the intramethyl couplings already gene
% ate sidebands via the ERM mechanism. Hence, although t
10 M 05 strength of the perturbation can still be determined from th

o | M | distortion of the original methyl pattern and, more importantly

04

TR A R 0 20 o Joe[os;o o » o« from the signal of the (Ckl+ H) DQCs, the same information
is not available in a simple and sensitive way by the presence
FIG. 27. (a) Simulated DQ MAS sideband patterns for a three-spin geadditional sidebands. In fact, this disadvantage of methyl DC
ometry, as depicted in the inset, with the angleanging from 0 to 90°. The  gpectra is one of the main motivations for recording methyl T¢
parameters ar®Pa" = 27 . 20 kHz,_Dpe_” =27 -10 k_Hz (for the stronger spectra, since, in analogy to spin-pair DQCs, a pure methy
coupling),or = 2 - 10 kHz, resulting in a perturbation ¢ = 1.0...11, s ot subject to the ERM, but only to the RRE mecha

andtexc = Tr/2 = 50us. () Intensities of the centerband & 0) and the . | - ! y o ) .
second-order sidebands & 2). () Integrated DQ signal intensities of the NiISM generating sidebands, such that additional sidebands in

spectra shown ing). cate the presence of perturbing couplings acting on the mett
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groups. This TQ approach will be discussed in the following
section.

We now focus on the MAS sideband patterns of ;Cihd
(CH3 4+ H) DQCs. The simulations are based on the four-spin
system depicted in Fig. 28 with the parameters given in the
figure legend. Under these conditions, the DQ sideband patter
ofanisolated methyl group consists of sidebands of up to the sey
enth order. A fourth spin of typB approaching a methyl group
AAAalong its threefold symmetry axis gives rise to a distortion
of the MAS sideband pattern of the pure methyl DQ signal as 9=0°
well as to an additional sideband pattern originating from DQCs N h
of the type AB. The latter feature allows the spectrum to be
decomposed into its GHand its (CH + H) signal pattern, as
is demonstrated in Fig. 28. Consider first the distortions of the CH
pure methyl pattern: It is clear from Fig. 29a that the first-order 3
sideband is affected most, while all other signals are more o @ = Q°
less constantly decreasing for increasing perturbations. This d¢ ‘ ‘ l ’
crease of the methyl signal is also reflected in Fig. 29b, while ! | | L1
the (CH; + H) signal is built up. However, the (GH- H) signal
intensity is too weak to compensate for the loss of methyl signa CH.+H
and, therefore, the overall DQ intensity decreases due to the fo 3
mation of higher spin correlations within the four-spin system. @ = 0°
However, up to a perturbation f< 0.4, such higher-order cor- ] L
relations contribute less than 5% to the overall DQ signal anc
are negligible. With respect to the geometry of the spin system
the relative intensities of the Gtand the (CH + H) signal thus CH,+H
allow the effective perturbatiofracting on the methyl group to
be determined. 0 =90° '

Although the effects are less pronounced, the same informe L ‘ |
tion is, in principle, also obtainable from the distortion ofthe ™~ — 1 — 1 — T T T T T~ |
CHg pattern. More detailed insight into the spin topology is pro- 10 5 0 -5 -10
vided by the sideband pattern of the (§HH) DQ signal, which /g
allows the angl® to be straightforwardly derived. Figure 29c
clearly shows that the relative intensities of the first-order side-F!G- 28. Simulated DQ MAS sideband patterns for the three protons of
bands and the centerband are particularly sensitive to the a fast rotating methyl group plusa_lfourth spin, Whos_e resonance frequency

) . ed byAw = 2 - 3.3 kHz relative to the methyl signals. The parameters

gle 6, since the pattern changes from a centerband-dominafgdoeair'— 27 . 8.8 kHz, corresponding to an interproton distance,gf;, =
spectrum for® — 0° to a spectrum which is dominated by the.19 nm; DPet = 27 . 2.6 kHz for& = 0°, corresponding to a distance of
first-order sidebands far— 90°. Hence, combined DQ MAS rpert = 0.32 nm;wr = 27 - 10 kHz, resulting in a perturbation ¢f= 0.26;

sideband patterns of GHand (CH + H) DQCs represent a 2" 7exc = 7r/2 = 50us. Below the spectrun®(= 07), the CH and the
sensitive probe for spin topologies (CHz + H) patterns are schematically extracted. For comparison, the {CH)
p p pologies. pattern obtained fa# = 90° is also displayed.

x 3

3.6.3. Methyl TQ Spectra (38)), as can be clearly seen from the simulated spectra show

Being combined into a TQC, the three protons of a methiy Fig. 30a.
group and the intramethyl proton—proton couplings act as aln Fig. 30b, the intensity of the sidebands is plotted versus th
single entity such that, in the TQ spectrum of an isolated methyérturbatiort. The intensity increase at the first-order sidebanc
group, the MAS sidebands are solely generated by the RREapparent, while the signals of the original TQ pattern at the
mechanism. Applying a proper excitation pulse sequence, ttenterband and the second-order sidebands constantly decree
sidebands thus appear onlyestenmultiples of the MAS fre- As has already been observed for the methyl DQ coherence
guency. The absence of any “internal” dipolar evolution durinidpe overall TQ signal decreases as well, because the buildup
t; makes the TQC of a methyl group a very sensitive probe for attte “mixed” (CH; + H) TQC cannot compensate for the loss
ditional couplings to neighboring spins, since any of these givetthe methyl TQ signal (see Fig. 30c). Comparing the “mixed”
rise to a dipolat;-evolution and, hence, to the generation of oddFQC with the “mixed” DQC (see Fig. 29b), it is clear that the
order sidebands via the ERM mechanism (see Section 3.5.2 &C is built up faster than the TQC; this is what we expect from
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FIG. 30. (a) Simulated TQ MAS sideband patterns for a methyl grour
perturbed by a fourth spin, which is located on the threefold symmetry axi
(see inset) and whose resonance frequency is shiftetidoy= 27 - 3.3 kHz
relative to the methyl signals. The further parametersZft@ = 27 - 9 kHz,
DPet = 27 . 0.9...9 kHz, wr = 27 - 10 kHz, resulting in a perturbation of
£ =01...09, andtexc = %rR = 50us. (b) Intensity distribution over the
methyl TQ sideband pattern, withdenoting the sideband order. (c) TQ signal
intensity of the CH and the (CH + H) coherences.

the excitation behavior in the short-time limit, as has been di:
cussed in Section 3.3.3. However, itis interesting to note that, fi
the same perturbation represented by the pararhgtes distor-
tions occurring in TQ spectra are stronger than those in the D
spectrum, because, already§or 0.1, the additional odd-order
TQ sidebands contribute more than 5% to the overall intensit

FIG.29. Sideband intensities in the simulated DQ MAS spectra of a methyhile in the DQ spectra the additional sidebands are negligib
group plus a pert_urbing sp_in (see I_:ig. 28). (a) Intensity dis_tribut_ion over ther perturbations up t§ < 0.2. Obviously, the TQCs are more
methyl pattern, witm denoting the sideband order. (b) DQ signal intensity °§ensitive to dipolar couplings. This fact is well known from in-

the CH and the (CH + H) coherences for a methyl group perturbed by
fourth spin which is located on the threefold symmetry axis at distanggs=

a\‘/estigations of quadrupolar systems, since quadrupolar MQ(

0.5...0.16 nm. (c) Intensity distribution over the (GH- H) pattern for the Of Nth order were shown to experience homo- or heteronucle

four-spin geometry depicted in Fig. 28, wiltranging from 0 to 90°.

dipolar couplings at an amplification to théh power 5, 37).
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Here, itcan be seenthattmigold sensitivity omth-order MQCs Since the two pair couplings differ by a factor of 2, the DQ sig-
is also observed for dipolar coherenceskhsystems. nal of theAB coherence is much weaker (by about a factor of 4)
In spite of this pronounced sensitivity and the appearancetbfin that of theAA coherence. In the sideband patterns, which
additional sidebands, the original methyl TQ pattern allows tla@e schematically extracted from the spectrum in Fig. 31, th
intramethyl coupling strength to be determined to a sufficient aeven-order sidebands indicate residual dipolar evolution durin
curacy for perturbations of up fo< 0.4. However, with respect t;. However, from the dominating pattern located at odd multi-
tothe spintopology, the TQ spectra provide less information thates of the MAS frequency, th&A pair coupling can be deter-
the DQ spectra, because the TQ patterns of the “mixed” TQ@sned quite reliably. This is demonstrated by the fact that the
are usually too weak to be exploited experimentally. simulatedAA DQ MAS patterns are very similar to the pattern
of the respective isolated pair, with the exception of some mi
nor deviations in the fifth-order sidebands which, as well as th
even-order sidebands, indicate the presence of perturbing co
Inthe context of the perturbations caused by additional dipolglings. The agreement between the three-spin spectrum and t
couplings ontH MQCs, a central point worth being consideregbair spectrum slightly improves at the higher MAS frequency.
in detail is the dipolar decoupling provided by MAS. We hav&his improvement, demonstrating the decoupling efficiency o
already stated that, in the fast spinning limit, MAS simplifies th®1AS, is much more pronounced for tié pattern, because the
dipolar network to a superposition of spin pairs. In MQ spectraB DQC, being severely perturbed by a strong dipolar coupling
the perturbing effects, i.e., mainly the MAS sidebands arisirigtween thé spins, desperately requires dipolar decoupling anc
from the ERM mechanism, represent the deviations from tlieereby separation into spin pairs by MAS. At a MAS frequency
simple spin-pair approach, which can be reduced by increasivfgl0 kHz, which is, in the case of thB coherence, of exactly
the MAS frequency, while independent of this the excitation ehe same magnitude as the perturbing coupling (correspondir
MQCs and the generation of a RRE sideband pattern cantbg = 1), theAB pattern is heavily distorted, and resembles the
accomplished by adjusting the duration of the recoupling pulgé\pattern; consequently, determining t@coupling from this
sequence. In this way, MQ spectroscopy allows the two megbattern would yield a value which is far too high. By comparison,
anisms responsible for the generation of MQ MAS sidebanétsr wr = 27 - 20 kHz (corresponding té = 0.5) the interpro-
to be straightforwardly distinguished, and the MQ experimentsn distance of théB pair can be determined from t#é8 DQ
can be tailored to investigate either the individual pair coupling8AS pattern to an accuracy of abowtl0%. Since additional
or the topology of a small spin system. couplings generally increase the intensity of the higher-orde
In Fig. 31, the effect of the MAS frequency on the DQ MASsidebands in the patterns, the principal trend of a supplementa
sideband pattern of a linear three-spin sysfehBis displayed. correction is also known.

3.6.4. Decoupling Effect of MAS

0q/27 = 10 kHz 02 = 20 kHz

Di ..,ML,JMLWMA,N, LU L
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FIG. 31. Simulated DQ MAS sideband patterns for a spin peirplus a perturbing spiB, whose resonance frequency is shiftedAwy = 27 - 3.3 kHz
relative to that of the pair, in a linear arrangemddPa" = 25 . 20 kHz, DPe" = 277 . 10 kHz (the other perturbing coupling is negligibly weadgyc = 50us,
with MAS being applied at 10 and 20 kHz, respectively. The two sideband patfea)dAB, are schematically extracted from the spectra and compared to th
patterns expected for isolated pairs (on the right). For distinction, the even-order sidebands arising from the ERM mechanism are displaixederitgrain
the 20-kHz spectrum the lines are only seemingly narrowed due to the larger spectral width.
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3.6.5. Acetonitrile in Hydroquinone a)

In this section, concluding the discussion’sf MQ MAS
sideband patterns, we demonstrate how DQ and TQ sidebal
patterns allow the determination of a four-spin ($zHH) topol-
ogy. The model sample is acetonitrile, gEN, in the cavities of
crystalline and deuterated hydroquinone, D@B&-OD, where
20% of the deuterons are replaced by protons due to back e
change processes occurring upon exposure to air, as can be
rectly determined frotiH MAS one-pulse spectra (see Fig. 33a). 1110 9 8 7 6 5 4 3 2 1 0 4 -2
Using this sampletH MQ spectroscopy on methyl groups, in-
cluding MQ MAS sideband patterns as well as the principal ef- b)
fect of a perturbing spin, has been introduced in previous worl
(37, 38.

In the crystal structure2(l), depicted in Fig. 32a, six hydro-
quinone molecules are located around the molecular axis of tr
linear acetonitrile molecule, and the deuterons of the OD group
approximately fulfill a sixfold symmetry. According to the X-ray
structure analysis, the distance between the center of the meth—===t ‘ . ‘ . ‘
protons and three deuterons s ~ 0.33 nm, and the angle be- 2 1 o 4 2 2 1 o 1 2
tween the molecular N—-C—C axis and the three distance vecto w/eq w/og
IpertiS0 = 44°. Since 20% of the OD positions are reprotonated, 1 o .

FIG. 33. *H MAS spectra of acetonitrile in hydroquinone, recorded undel

eaf:h me'[,hyl group has, on averagg, toagood approxmaﬂon XS at 14 kHz. (a) Centerband of the one-pulse spectrum and peak assignm
nelghporlng OH pl’OtOl’l, re§U|t|ng Ina four-spin model systeffinpurities are marked by). (b) Comparison of the experimental GBQ MAS
which is schematically depicted in Fig. 32b. sideband pattern with a calculated pattern (dotted) for a methyl group with
Figure 33a shows the centerband éfbone-pulse spectrum, proton-pair coupling oDpair= 2 - 8.8 kHz, corresponding to an interproton
recorded under MAS at 14 kHz. The most intense sigAaB, ~ diStance of pair=0.19 nm. (c) Comparison of the experimental £FQ MAS
C. andC’ stem from the methvl protons of the acetonitri@e @S sideband pattern, recorded fakc.= 57w, With a simulated spectrum (dotted)
! yip . 7 X for a methyl group, perturbed by a fourth spin in linear arrangemeéitb9.14
well as from the reprotonated OD and aromatic CH positions @te Fig. 30a).
hydroquinoneB andC, C’, respectively). The signals marked

by an asterlsk_ are due to |r_npur|t|es._A noteworthy, thou_gh f&sonance into two line8 andC’ of almost the same intensity.
this context minor, feature is the splitting of the aromatit

Provided that the spectral resolution suffices, sitthesonance
shifts are frequently observed for protons which experience s
called ring-current effects of nearby aromatic systems. In th
case of the acetonitrile sample, it is obvious that about half of t
aromatic protons of each hydroquinone molecule are orients
differently relative to neighboring benzene rings than the other
resulting in different shielding effects. In addition to this exam:
ple, similar shifts have been reported for tyrosi®g) @nd alkyl-
substituted hexaeri-hexabenzocoronenes (see Section 4.2 ar
(18, 19).

From the SQ MAS sideband pattern of the methyl proton
(Fig. 33b), a proton-pair coupling dDpar = 27 - 8.8 kHz,
corresponding to an interproton distance gf = 0.19 nm, is
determined with high accuracy. However, being dominated b
the intramethyl couplings, the SQ MAS spectrum is not ser
sitive enough to the perturbation arising from the OH protol
to allow the determination of the latter. In contrast to SQCs

@D (20% H) methyl TQCs are extremely sensitive to extramethyl coupling
in that they give rise to odd-order MAS sidebands in methyl TC

FIG.32. (a)Crystalstructure of the inclusion compound [D@HG-ODLs:  gnectra via the ERM mechanism. The experimental spectru
CHsCN (acetonitrile hydroquinonds-clathrate). Due to partial reprotonation . . . .
of the DO positions, each methyl group (witghr ~ 0.19 nm) has on average m_dee_d shov_vs such f!rst-order S|d_ebands (Fig. _330), from the re
one neighboring HO proton ager ~ 0.33 nm and? ~ 44, resulting in atH  atlve Intensity of which an effective perturbation {f~ 0.14
four-spin model system whose topology is schematically represented in (b).can be determined. Note that, although the ERM sidebands ¢
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clearly present in the methyl spectrum, there is no evidence for

a “mixed” (CH; + H) TQC. This is also obvious from the full

two-dimensional sideband pattern shown in Fig. 34c. Hence, th2

determination of the four-spin topology requires DQ MAS side:
band patterns or, conversely speaking, TQ spectra allow efficie
filtering of pure methyl signals.

Consider first the two-dimensional DQ subspectrum (ir
Fig. 34a) at the first-order DQ MAS sideband of the full pat-
tern which is displayed in Fig. 34b. As has been described i
Section 3.4 for rotor-synchronized two-dimensional DQ spec
tra, the DQ peaks allow the different DQCs and the involvel

a)

spins to be identified, and from their signal intensities relativi o 2.

dipolar couplings strengths can be estimated. The subspectn
displayed in Fig. 34a, however, only provides qualitative in:
sight into the dipolar pair couplings, since it is cut out of the
full two-dimensional pattern instead of being integrated over a
sidebands. For example, tA@ peak is far too weak in Fig. 34a,
because the methyl DQ pattern has an intense centerband, wi
in the case of a typical pair-like DQ pattern, the spectral inter
sity is concentrated the first-order sidebands. As is expected 1
the four-spin geometry depicted in Fig. 32b, the pure methyl D(
signal @A) is accompanied by the two cross peaks of the methy
OH DQC (AB). Moreover, there are considerably weaker DQC:
between methyl and residual aromatic prot@esndC’ as well
as very weak DQCs involving solely residual protén<C, and
C’. As aside aspect, itis interesting to note that the profasd
C’ only form mixedCC’ DQCs, but ncCC or C'C’' DQCs. From
this feature, it can be concluded that the signalsC andC’
arise from neighboring protons which are attached to the san
benzene ring. The following discussions focus on the stronge
DQ signals of the methyl coheren8d and its perturbatioAB.
The DQ spectrum displayed in Fig. 35 consists of the MAS
sideband patterns of two different DQCs, i.e., the pure meth
DQC and the mixed methyl-OH DQC. Although the high spec
tral resolution inherent to the model sample allows the spect
to be recorded at the relatively low MAS frequency of 7 kHz,
intense DQ signals and MAS sideband patterns are also obta
able under high-speed MAS conditions when the DQ excite
tion time is extended by means of recoupling pulse sequence
Since, from the SQ and TQ MAS sideband patterns, the intran
ethyl coupling as well as the effective perturbation is alread
known, the evaluation of the DQ MAS pattern can now focu:
on the details of the four-spin geometry, i.e., the adggad the
precise distance,er: between the fourth spin and the center ol
the three methyl protons. In Fig. 36, the experimental spectru
(Fig. 35) iscompared to a series of simulated spectra for differe
6 andr e, sShowing the marked sensitivity of the pattern to the

' o 10
geometrical parameters. Note that there are no ambiguities for
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the parameter paif(rper), because the angle and the distance af-FIG. 34.  (a) Two-dimensionatH DQ spectrum of acetonitrile in hydro-
fect different lines of the pattern. The best agreement is achiev@séfione, recorded under MAS at 10 kHz withe = 37r. The subspectrum at

for rperr=0.30---0.32 nm and® = 40---50°.

the X-ray structure analysis. Apart from the general difficultypectrum, recorded under MAS at 14 kHz withe = 3 7r.

the first-order DQ MAS sideband is shown, which allows—analogously to the
o o rotor-synchronized two-dimensional spectra—the different DQCs to be iden

The_ resu“rpe” = (0'31:|: 0'02) nm and) = 45 :i:fS agrees  ifeq. (b) Full two-dimensional MAS sideband pattern of the DQ spectrum
well with the values pert ~ 0.33 nm andd ~ 44° obtained from  gisplayed in (a). (c) Full two-dimensional MAS sideband pattern of the TQ
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FIG. 35. H DQ MAS sideband pattern of acetonitrile in hydroquinone,
recorded under MAS at 7 kHz withye = %rR. The pattern consists of the two
subpatterns of the pure methyl DQC and the mixed methyl-OH DQC. These are
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schematically depicted below.

of precisely locating protons using X-ray techniques, the dis-
tance determined by our NMR measurements deviates from the
X-ray result according to what is expected when comparing both
methods, because they operate on entirely different time scale
and therefore depend on different averaging processes. While it 0 =45°
scattering methods internuclear distances are averaged accorp [n m]
ing to (r %), the dipolar coupling depends on such distances pedt
according to(r —3). Consequently, with respect to vibrational
processes, NMR methods detect a higher mong&htg)). It is

well known, for example, that NMR vyields the internuclear dis-
tance of C—H bonds by about 5% longer than X-ray or neutron
scattering.

To conclude our NMR investigations of the four-spin model
compound, Fig. 37 gives an overview of experimental DQ and
TQ MAS spectra recorded with excitation times. = %rR at
different MAS frequencies. These spectra are compared to sim
ulated patterns which are based on the four-spin system depicte
in Fig. 32 withrye = 0.31 nm andd = 45°. The experimental L‘
and simulated patterns agree perfectly, reflecting the four-spir 0.32
topology consistently, although a minor difference can be seer
in Fig. 37c: The “mixed” (CH+ OH) signal is weaker in the
experiment than in the simulation. At this point, the limitations
of the experimental approach become clear, since an excita
tion time of teye = %rR = 35us is very short for the weak
dipolar coupling underlying the (CGH+ OH) DQC, resulting
in a considerable experimental error. Therefore, the experimen:
tal conditions have to be carefully chosen in accordance to the
dipolar coupling range of interest, and the consistency of th
results needs to be checked.

il

todud

60 ./

0.36

W
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4 2 -
/g

Adal

0.34

0.30

eFIG. 36. Comparison of the experimentd DQ MAS spectrum of ace-
tonitrile in hydroquinone (shaded in the background) with simulated spectr:
The experiment was performed under MAS at 7 kHz witl, = %rR. The
simulations are based on the four-spin geometry shown in Fig. 32, varying tt
. ) distancerpert about the result obtained from the SQ and TQ MAS spectra (se

Inthe previous sections, we have demonstrated that MQ MAs@s. 33b and 33c), while the angleis determined solely from the DQ MAS
sideband patterns can be used to measure the strengths panen.

3.7. Slow Dynamics and MQ Exchange Spectra
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In order to investigate slow motions by NMR, a wealth of so-
called exchange experiments have been designed during the p
decades95), which are, in principle, all based on the same ex-
perimental scheme: During two evolution periods, a spin evolve
W\M/M under an anisotropic interaction, with the tensor orientation be
ing probed by the nuclear resonance frequency each time. The
two periods are separated by a “mixing period,” during which
the slow molecular motion of interest is allowed to occur. In this
way, the orientation of the interaction tensor before and after th

motional process is spectrally correlated.
For this purpose, in standard applications, the anisotropies ¢
CSA and quadrupolar tensors are routinely used, in most cas
detecting®*C and?H resonances, respectively. From the for-
mal analogy of first-order quadrupolar interactions and dipola
couplings, it is clear that the dipolar tensors of spin pairs, a
well as that of fast rotating methyl groups, can serve as probe
for molecular orientations in the same way, provided that ad
ditional dipolar couplings of the spins of interest to neighbor-
Mo ing spins are sufficiently reduced. Due to the reliance on thi
condition, the dipolar interaction has to date not been widely
exploited for investigations of slow molecular motions. How-
ever, based on the improved dipolar decoupling conditions af
forded by fast MAS techniques, our theoretical consideration:
of dense dipolar-coupled networks have revealed the dominal
mevm role of two-spin correlations. Therefore, in the presence of fas
MAS, the dipolar spin-pair approach opens up the possibility
for exchange experiments which use dipolar tensors as prob

for molecular reorientations.

FIG. 37. Overview of experimental (left) and simulated (right) DQ and
TQ MAS spectra of acetonitrile in hydroquinone, recorded with = 3r at

different MAS frequencies: (a, b, ¢) DQ at 7, 10 and 14 kHz, and (d) TQ MAS-7-1. Scheme of DQ-DQ MAS Exchange Experiments

liti 143;|-\|;ilt;rhe S[nglgg(;\nri ?ned;)a—sigoon the four-spin model system depicted in,, dipolar MQ MAS experiments, the MAS sideband pattern,
¢ pert == o generated by the rotor encoding of the MQ reconversion perio
(RRE mechanism, see Section 3.5.1), allows the determinatic

orientations of dipolar coupling tensors. This information caof dipolar coupling strengths in principle without requiring any
be exploited not only to investigate the structure and geomespectral evolution period. Consequently, instead of using nucle:
of spin systems, but also to elucidate processes of slow moleesonance frequencies, the RRE sideband patterns can serve
ular dynamics. In the following, we will briefly introduce thea sensor for coupling strengths and, in this way, for tensor ori
principal design of such experiments as well as the procedemtations. Hence, two such RRE patterns can be correlated |
for evaluating the resulting sideband patter®8) ( catenating two standard MQ MAS experiments and introduc
In the context of NMR, the distinction between fast anthg a mixing time in between. Thus, the extension of MQ MAS
slow dynamics depends on the strength of the respective digaperiments to MQ—MQ MAS exchange experiments is very
lar coupling, meaning that processes on time scales faster tktmightforward, and the resulting experimental scheme is de
T < 107° s are considered fast, while motions on time scales @icted in Fig. 38. Note that, due to the fundamental role of rotot
the order ot > 103 s are slow. Motions ontime scalesP&< modulations in this experimental approach, each of the two corr
T < 1073 s, in general, interfere with dipolar MQ MAS experi-bined MQ experiments must start with the same initial phase o
ments and can hence not be described by the simple approxithe-rotor. Experimentally, this is accomplished by triggering the
tions valid in the fast and slow regimes, which assume eithefiest and the second MQ excitation pulse train by the rotor signal

fast averaging process or a static system, respectively. In the preéBy introducing a mixing period, during which the slow-
vious considerations, the case of a fast motion has already be@stional process of interest is allowed to occur, between tw«
discussed for the three protons of fast rotating methyl groups.“Btandard” MQ MAS experiments, the experiment become:s
general, such processes can simply be taken into account bytheee-dimensional. To maintain reasonably short experimer
placing the static dipolar interaction tensor with the motionalliymes as well as manageable data-set sizes, the exchange exy
averaged one. iment can be performed in a reduced three-dimensional versic

i 2 0 2 a4 42 60 h 4
olog wlog
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when the orientation of the dipolar coupling tensor has change
15t DQ experiment | mixing | 2 DQ experiment from Gi(jl) to ei(jz) during the mixing period, the integrated spatial
59 partsQl), ), and@, Q) contain the factors (3 cés” —
1)and (3 co%@i(z) — 1), respectively. Therefore, the rotor modu-
DQ exc. /\ t, /\ DQ rec. Daexc | t, | DQ rec. lation (see Eq. [125]) and the resulting sideband pattern depe
on the differencerd = 6 — 6" between the final and the
initial orientation of the internuclear vector;. Note that, un-
der MAS conditions, this\@ dependence splits into a twofold
(AB, Ay) dependence, because then the coordinate transforn
Yfion needs to be carried out first from the principal axes syste
into the rotor-fixed frame, and second from the rotor-fixed fram
into the laboratory frame (see Eq. [27] in Section 2.3). The reor

) . ) entation process, however, can still be completely characteriz
by incrementing; andt, synchronously. In the following, we by a single angle\d.

will focus on this two-dimensional type of DQ-DQ exchange” ., order to be able to detect the differenad by the DQ—

experiment. DQ MAS sideband pattern, the RRE sideband pattern of ea
_ individual DQ experiment must allow the determination of the
3.Eiéhhgﬁg?eséizzﬁr;:ez:tﬁtems ofDR-DQ underlying pair-coupling strength, which means that it must cor
sist of at least first- and third-order sidebands, corresponding
In a standard two-dimensional DQ MAS spectrum of ®te/27 > 0.5. The following discussion of DQ-DQ MAS
dipolar-coupled spin pairi)), the RRE mechanism generatesideband patterns and their evaluation will be based, as an ¢
sidebands by modulating the time signal according to (seeple, on a dipolar pair coupling &) = 27 - 8 kHz, which

e Y
™y

FIG. 38. Schematic representation of a dipolar MQ—-MQ MAS exchan
experiment.

Section 3.5.1) is, for DQ excitation and reconversion, subject to a back-to-bac
B recoupling pulse sequence of duratiie = trec = tr, While
() o SiNQexc - SINrec [124] MAS s applied at 8 kHz, providin@ ) rexe/27 = 1.

Figure 39a shows the MAS sideband patterns obtainable
whereQexe = 20(0, Texd aNdrec = b (Texet 11, 27exc+ ). SUCh @ DQ-DQ exchange experiment. The patterns consist
Sincereycis an integer number of rotor periodg, the integrated
spatial parts of the dipolar couplin@exc and Qre, differ only

by thet;-shift of the integration limits, which corresponds to a (@) . (b)
difference ofwrt; between the excitation and reconversion rotol I I 1 ] l aq’] || l L]
phases. Catenating two DQ MAS experiments according to tH—— : 90 —
scheme of Fig. 38 results in an additional rotor modulation @ 5 il l 1 l | ; & Ll
the observed time signal by the same factors as in Eq. [12¢ s %
which can be formally written as a simple multiplication of the L I | ] | | 70 T rasEm
form o
) L | 1 ] | | 60 . | Ll
) _po(t) o« sinQ®).- sine@)-sin@), - sinQ@,  [125] 1 1 |, RIER
first DQ exp second DQ exp 8 = l
T l ] L. 40 1 1 ] l |-
whereQ2 = Qp(0, Texd andQL? = Qp(texe+ 1, 2Texc+t) '
andt =t; =t, because of the reduced three-dimensional forr L1 | ] [ 30 g g 3] L 4 4

of the experiment. Note the absence of any dipolar evolutior | |
because the system under consideration is an isolated spin p———! L. 20 —— L.
whose DQC does not evolve under the mediating dipolar cot

/5 174
pling. The superscripts 1 and 2 indicate that the spatial parts L |
the dipolar interaction before and after the mixing time migh <15 g ‘14
differ as a result of a molecular motion occurring during the— I T T T S e
mixing period. vl i3

In the presence of a strong static magnetic fi@lgl the , . .
trenathD)) of a dipolar coupling depends on the orientation FIG.39. (a) MAS sideband patterns of DQ—DQ exchange experiments wit
S g p pling dep %(IJ)TeXC/ZN = 1. The pattern depends characteristically on the angle of the re

the internuclear vectat; according toD @) o (3cod 6ij —1), orientation occurring during the mixing time. (b) Pattern of the same experimen
wheregd;; denotes the angle betwegp andBgy. Consequently, asin (a), but with the time signals being divided by the time signaiioe= 0.



FAST MAS AND MQ COHERENCES 205

even-ordesidebands only and clearly depend on the change ¢
the angled which is due to a molecular reorientation process
during the mixing time. Hence, the pattern allows the “jump I
angle” A9 to be determined within the range from ® 90°. [r. u]
However, in practice, not only the angle of the reorientation g8
but also the fraction of molecules which undergo this motional
process needs to be determined. As a very simple approac
the observed time signal can be divided by the signal expecte =~ 0.067
for A6 =0. In this way, the signal of all spin pairs, which are
oriented at the same anglebefore and after the mixing time,
is transferred completely to the centerband, while the presenc
of sidebands indicates a motional process involvixg=# 0.
The MAS sideband patterns resulting from this procedure ar: 0.02
displayed in Fig. 39b.

Thus, after this analytical procedure, the whole pattern con
sists of two parts: first, a sideband pattern, from which the “jumg 0
angle” A6 can be determined and, second, an additional contri
bution to the centerband, whose intensity relative to the sidebana
pattern reflects the ratio of spin pairs wit® # 0 andA6 =0. FIG. 40. Intensity of the centerband and the second- and fourth-order side
The latter case means either that the spin pair has remained ithasls of the DQ-DQ MAS sideband patterns Shown in Fig. 39b. In the inset, th
initial orientation throughout the experiment or that, after a fir&orientation process giving rise 109 =67 — 6 s depicted schematically.
jump, it has reversed into its initial orientation by a subsequent
second jump. In this context, note that the angular dependenc@he MAS sideband pattern of théC DQ-DQ exchange
of Qexc and Qe according to (effectively) sin®6 restricts experiment (see Fig. 41c) has been obtained for a mixin
the range of sensitivity t&nd =0° ... 90°. Figure 40 shows the time of 300 ms at room temperature and, subsequently, b
dependence of the centerband and sideband intensities ondivéling the experimental time signal by the theoretical time
jump angle Ad. Obviously, the intensity distribution allowssignal for A@ =0. Obviously, the experimental pattern agrees
the jump angle to be identified unambiguously, and the acowell with a calculated pattern (note that the experiment yield:
racy expected for experimental determinations can be estima¢sen the weak negative sidebands of eighth order), consistir
to be about:5°. An important feature of the DQ-DQ exchangef two contributions: first, a sideband pattern for & 2%°
method is that the sensitivity of the experiment can be increagedrientation and, second, additional centerband intensity c
by increasing the excitation time,c.and hencd ), Inthis the same relative weight. Hence, the experiment yields th
way, more sidebands are observable over a wider spectral rareygected jump angle. Furthermore, the 1:1 ratio of the twc

The evaluation of the sideband patterns of DQ-DQ exchangentributions means that the motional process has, at a mixir
spectra is illustrated in Fig. 41, using a spin-pair model samglene of 300 ms, already reached its equilibrium stage, i.e., a
with well-known motional properties as an example: The expeggual distribution of forward and forward—backward jumps.
imental pattern, displayed in Fig. 41c, has beenrecordédidn This observation is again in agreement with the chain jumy
13C spin pairs in crystalline polyethylene (PE), whose chaimynamics, as have been determined by edal. (59). A full
contain 4% of such double-labeled pairs. The homonuclear dipovestigation of the jump dynamics by means of DQ-DQ MAS
lar coupling between these two carbon atoms is approximatelychange spectroscopy is given 9).
D) =25 . 2 kHz, so that the case @) re,/27 = 1 dis- In conclusion, the extension of the DQ MAS method to an
cussed above can be achieved by applying MAS at 8 kHz aexthange experiment as well as the evaluation of the observe
using texc= 4tr for the excitation and reconversion of thte¢ DQ-DQ MAS sideband patterns is straightforward. Such DQ-
DQCs. Furthermore, the PE chains are known to undergo,Cp exchange patterns combine information about both the ang
room temperature, a slow 18fump motion, which results in a and the rate of the slow molecular reorientations. Furthermore
reorientation of the carbon pairs along the chailéf~ 112 the experiment allows different resonance lines and sidebar
(59). Note that, in the DQ-DQ exchange experiment, this apatterns to be resolved in the spectrum. In this way, differen
gle will be detected as a reorientation AP ~68°. The 13C  spin pairs can be observed at the same time, so that the meth
DQ-DQ MAS experiment is carried out analogously to the does not rely on site-specific spin labels and is therefore appl
case. In additiont3C magnetization is enhanced by a precedingable to multiply labeled samples ¥ systems. In general, the
Hartmann—Hahn cross-polarizatioB3{ from protons to car- combination of multidimensional NMR techniques (see, e.g.
bons, and heteronuclear dipolar decoupling is accomplished(8%) or (31), Chap. 6) with MQ MAS methods appears to be a
applying a broadband RF field to the protons throughout tipeomising approach for future methodological developments ir
experiment except for the mixing time. solid-state NMR.
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a) jump b) no jump/ c) spectrum
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FIG.41. Decomposition of the MAS signal pattern of a DQ-DQ exchange experiment into (a) the spinning sidebands, from which the angle of the reorie
can be determined, and (b) the additional centerband intensity, from the relative weight of which the rate of the reorientational process catede@valu
Experimental sideband pattern off3C-3C DQ-DQ exchange experiment performed!868-13C pairs in crystalline polyethylene, whose chains have beei
enriched with 4% of such®C—3C pairs. The excitation time wasgxc = 4rr with MAS being applied at 8 kHz, resulting iB(1) texe/27 = 1. The temperature
was 298 K, and the mixing time was set to 300 ms.

4. APPLICATIONS indicate the strength of the hydrogen bond, in which the respe

tive proton is involved%2, 10. Furthermore, based on the spec-

In this Section, we will give an overview of the investigatra| resolution, the strengths of the dipolar couplings betwee
tions carried out to date applyirtgl MQ MAS spectroscopy in distinct hydrogen-bonded protons can be measured separa
the solid state. Following methodological work, the main fOCL{§y DQ MAS methods. In this way, a wealth of structural in-
of *H MQ MAS research has been on structural investigatiofgrmation is accessible from unaltered as-synthesized sampl
of supramolecular structures, in particular on hydrogen bongg.particular, there is no reliance on isotopic labeling, e.g., b
since the combined information of chemical shifts and dip@y nyclei. The latter are, though twice as heavy as protons, :

lar coupling strengths accessible #y DQ NMR is perfectly  jnevitable prerequisite for neutron scattering approaches.
suited to probing such noncovalent interproton interactions. In

addition to this field of interest, the resolution enhancement af:1.1. Pairs of Hydrogen-Bonded Protons

forded by fast MAS techniques allows! nuclei to be used as ) )
probes for vicinar-electron systems and, in this way, allows ©One Of the first samples used for demonsirating the approa

N o :
unexpectedly far reaching structural conclusions to be drafth 1 DQ MAS spectroscopy was malonic acibf, because its
two 'Hresonance lines are already well resolved under moder

for extended aromatic molecules. Although such “ring-curren ! TS ) -
MAS, and each of its two proton species, i.e., aliphatic@hd

effects on'H resonances are well known in NMRX3), the S ' : )
poor spectral resolution prevented them from being exploited®§'dic COOH, form dipolar-coupled homonuclear spin pairs

the solid state. Combining the applications to hydrogen bonfi&h the aliphatic proton pair being inherent to the molecula
andr-electron system$H MQ MAS spectroscopy commendsCHz unit and the acidic pro_ton pair being due t_o the dimeric
itself as a versatile tool for the elucidation of two interaction@Tangementof the carboxylic acid groups (see Fig. 42a). Henc
primarily responsible for the induction of supramolecular orddf'€ Pairs are part of either a covalent or a noncovalent structu

Apart from such structural information obtained on basicalf°tif- The crystal structure of malonic acid reveals that bot
rigid systemsIH MQ MAS methods, i.e., MAS sideband pat_proton pairs are separated from each other to such an ext

terns and DQ buildup curves, provide detailed and quantitatifé@t interfering effects of interpair couplings are, though no

insight into molecular dynamics, in particular for partially or€9ligible, considerably smaller than the dominating intrapa
plings. Hence, under MAS, the proton pairs can be we

dered systems. In this way, molecular motions as well as ch&!

dynamics have been analyzed in liquid-crystalline phases d#fefoupled from each other, and in this respect a spin-pair moc
polymer melts, respectively. character prevails in malonic acid.

In Fig. 42b, the statié¢H one-pulse spectrum of malonic acid
is compared to the spectrum obtained under MAS at 13 kH
demonstrating the resolution enhancement afforded by MA!

Multiple hydrogen bonds are particularly well suitedtd The MAS sideband patterns of both proton species are al
MQ MAS NMR investigations, since in general they combine elearly resolved and can be evaluated separately, yieldir
pronounced low-field chemical shift of the resonance frequenemonuclear dipolar coupling strengthsf = 27 - 20 kHz
cies with spatial proximities of protons. Thel chemical shifts andD®%°" = 2r . 10 kHz, respectively, in the spin-pair approx-
of hydrogen-bonded protons make the resonance lines not oimfation. These couplings correspond to interproton distanc
relatively easy to resolve under MAS conditions, but they alsi rcp, =0.18 nm andrcoon=0.23 nm. From the SQ MAS

4.1. Hydrogen Bonds
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samples. As an example, we briefly present the basic resul
obtained for systems based on ureido-pyrimidinone moieties
which are capable of forming a quadruple hydrogen bond. Ir
the group of Meijer, these units have been successfully used
synthesize supramolecular polymet83. Figure 43 shows the
chemical structures of the ureido-pyrimidinone moieties and th
guadruple hydrogen bonds of the compounds discussed in th
section, i.e., the monome2sand the polymer8. Due to the tau-
tomerism of the structure, both compounds contain the ureidc
pyrimidinone moiety either in a keto or enol form, corresponding
to a 4[1H]-pyrimidinone or a pyrimidin-4-ol six ring, respec-
tively. Using the label® and3 for the monomer and polymer,
respectively, the keto and the enol tautomer are distinguished |
the lettersa andb following the number.

From the'H one-pulse spectra of compounga and 2b,

FIG.42. (a)Dimeric arrangement of the carboxylic acid groups in the crysecorded under MAS at 30 kHz at&l Larmor frequency of

tal structure of malonic acid. The interproton distances obtained Her8Q
and DQ MAS spectra are also shown. {b) one-pulse spectra of malonic acid
under static conditions and under MAS at 13 kHz }f¢)DQ MAS spectrum of

700 MHz (Fig. 44), itis clear that the spectral resolution achiev-
able at such high MAS and Larmor frequencies allows all res

malonic acid from Ref.46), recorded forrexc ~ 35us under MAS at 13 kHz Onance Iines_of the protons inVOIV_ed in _hydmgen bOI’ldS.tO b
ata'H Larmor frequency of 500 MHz. The subspectrum at the first-order MA8learly identified: K, H°, and H, while HY is a “free” aromatic

sideband in the DQ dimension is displayed.

patterns, however, it can still be argued that there is, apart from

the expected pair couplings, an additional contribution fron
“interpair” couplings, i.e., from pairs consisting of an aliphatic
and an acidic proton. These interactions can be unambiguou:
identified in the DQ MAS spectrum, which is shown in Fig. 42c.
Although the spectrum is clearly dominated by the two peak
on the diagonal, indicating pure aliphatic and acidic DQCs
respectively, there is a weak symmetric cross peak due
“mixed” DQCs. Since, in the DQ spectrum, the signals ar
spectrally resolved according to the spin species involved in tt
underlying dipolar couplings, the respective coupling strengtt
can be evaluated from the DQ MAS sideband pattern separat¢
and hence to a higher accuracy than from the SQ MA
pattern 46).

Concerning the applicability dH DQ MAS spectroscopy for
the elucidation of hydrogen-bonding schemes, itis clear from tr
simple case of malonic acid that a purely acitit DQ signal
arising from “noncovalent” acidic proton pairs allows spatial

proximities of these protons to be straightforwardly identified |

which means that in most cases the DQ signal can serve a
simple and reliable proof for the existence of hydrogen-bonde
acid dimers.

4.1.2. Arrays of Multiple Hydrogen Bonds

After considering the double hydrogen bonds present in ca
boxylic acid dimers, we now turn to investigations of more ex

tended arrays of hydrogen bonds. Such multiple hydrogen bonds
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play an increasingly important role in the design of supramole_c-F'G' 43. Tautomeric structures of the ureido-pyrimidinone moiety, which

ular architectures6@) and, hence, there is increasing dema

is, capable of forming arrays of four hydrogen bonds: free farrhydrogen-
nded form2 and supramolecular polym8rconsisting of monomers with an

for a technique elucidating the structure of such noncovalepido-pyrimidinone moiety on either side of a short linear aliphatic chain. The
bonds and their thermal or dynamical properties in solid-stat&ersa andb denote the keto and the enol tautomer, respectively.
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ically represented in Fig. 46) is irreversible in the solid state
meaning that the process is of kinetic rather than thermod
namic nature. Although such solid-state investigations can &
ternatively be carried out by IR spectroscopy, the informatio

a)
I""I"'!'I:"":I [ e [ |
15 10 5 0 -5 ppm
FIG. 44. H one-pulse spectra of the compouritds(keto) and2b (enol),
recorded under MAS at 30 kHz atll Larmor frequency of 700 MHz.
Hd_HallpI\_
H:_Haliph ;

the two tautomers, as is known from solution-state NMR spec, _, ¢ ¢ =
tra (11). However, even such detailed SQ spectra do not provid HE-H
insight into the actual arrangement of the hydrogen bonds.
Information on the hydrogen bonds can be straightforwardly
obtained from the signals in two-dimensiort&d DQ spectra, k — H:-H; S
which allow spatial proximities between proton species to bek—  H-H
detected. Such DQ spectra, recorded in a rotor-synchronize
fashion (i.e. At; = tR), are shown in Fig. 45 for both tautomers
of compound. The arrangement of the four hydrogen bonds is
unambiguously reflected in the DQ peak patternin the NH regiol
of the two-dimensional spectrum: Thé-HH°—HP—HC sequence b)
of the protons in the quadruple hydrogen bond of the keto forn
gives rise to a clear M-HC cross peak and an®™HHP diagonal
peak, which is not resolved from the adjacent cross peak. The:
“keto-type” DQ signals are marked by the letten Fig. 45a. For
the enol form with an B-HP—HP—H2 sequence in the quadruple
hydrogen bond, the peak pattern changes characteristically: Tl
HP—H° cross peak is replaced by af-HH® cross peak, while the
HP—HP diagonal peak remains. These “enol-type” DQ signals
are well resolved and marked by the lettan Fig. 45b. ey
In addition to the information about the hydrogen-bonding HeH ]
scheme, the DQ spectra also contain information about all othe HH Ny
spatial proton—proton proximities. A noteworthy feature is the ~ H-H"™"[-
presence and the absence of tdeH diagonal peak in the spec-
trum of the keto and the enol form, respectively. The presenc
of an intense FB-H® diagonal peak, marked by the lettprin
Fig. 45a, cannot be explained in terms of an intramolecular co. € = H™-H’
pling. Rather, it indicates that, in the keto form, the packing of
molecules gives rise to a short intermolecular distance betwe
two aromatic M protons, while in the enol form the packing is O T A W O A A O
different, with the aromatic fprotons being spatially separated oWt e e 420
from each other. FIG.45. HDQ spectra of the compounga(a) and2b (b), recorded with a
The fact that the hydrogen-bonding scheme is so clearly [RQ excitation time ofexc = Tr Under MAS at 30 kHz at&H Larmor frequency
flected in the DQ signals opens up the possibility of fo”owgf 700 MHz. The peaks of interest are assigned to the protons of the structur:

. in th | 18 the taut . ¢ ith the lettersk, e, and p denoting signals which identify theeto or theenol
Ing, In the polymer sampls, the tautomeric rearrangement Ok, i, mer or intermoleculgracking effects, respectively. The cross peaks at the

the ureido-pyrimidinone moiety, which occurs upon heating th@iphatic SQ resonance frequency are obscured by baseline distortions dus
polymer3a. It turns out that the transitioBa— 3b (schemat- the intense aliphatic diagonal peak.

H:‘._Haliph_
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e—  H-H™-
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- 30
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FIG. 46. Tautomeric rearrangement of the ureido-pyrimidinone moieties,a)
observed for the supramolecular polymer, Ba;~ 3b, upon heating. (a) Molec-
ular structures of the two tautomeric forms. {#t) DQ MAS spectra with the
characteristic signals of the pure keto and enol state at the start and the end of-
transition. (c) Gradual change of the tautomer concentrations with increasin

temperature, as determined frdid DQ signal intensities.

obtainable by IR is less detailed and not quantitative, wherez
'H NMR measurements allow the determination of the kinetic

parameters.

In addition to the identification of the type of quadruple hy-
drogen bond, the actual interproton distances can be determin
from DQ MAS sideband patterns. In combination with analo-
gous heteronuclear MQ MAS experiments (see Section 5), the
geometry of the four hydrogen bonds can be completely elnlrlélkyl Substi

209

4.1.3. Identification of Geminate
and Chain-like Arrangements

In the previous section, the hydrogen bonds were used fc
the formation of a supramolecular polymer by linking bifunc-
tional monomers in a noncovalent manner. Besides this, they ce
also play an important role in determining the physical proper:
ties of “classical,” i.e., chemically linked, polymers by inducing
a supramolecular order to the polymer chains. As an exampl
of such an effect, we will now briefly discuss the case of the
polybenzoxazines6(), which represent a new type of pheno-
lic resins showing unusual properties potentially relevant fol
high-performance applications. These interesting material prof
erties are likely to be due to the formation of complex hydrogen:
bonded superstructure$1®). In this context, the investigation
of dimeric model systems b4 MQ MAS techniques revealed
that, in these materials, there are two distinct hydrogen-bondin
schemes which strongly depend on the size of an alkyl suk
stituent 97).

In the following, we will focus on two of these dimeric mod-
els: a methyl-substituted and an ethyl-substituted dimer (henct
forth referred to as me-dimer and et-dimer, respectively), the
chemical structures of which are depicted in Fig. 426).(
Previous investigations by IR spectroscopy, X-ray scattering
and molecular modeling suggested the presence of a compl
network of inter- and intramolecular hydrogen bonds betweel
the dimers 27). For the me-dimer, it was possible to prepare
single crystals, whose analysis provided evidence for a gem
nate hydrogen-bonded arrangement of the dimers (see Fig. 47
involving two intra- and two intermolecular hydrogen bonds,
but without localizing the protons precisely. From the et-dimer,
no single crystals were available.

In Fig. 48a, the effect of MAS on the spectral resolution of
the®H resonance lines is illustrated for the case of the et-dimel
For MAS frequencies above 20 kHz the line at 13.2 ppm can b

H ﬁ‘ ©) 7 CH
‘‘‘‘‘ -
3 N CH, ; '!l @a \:é
H,C CH, S % o =
e i H =

b)

H
(liHa
H.C NG CH, ; &
H o [¢] @o
% o H
HC i i CH, @
PooH
HC i i CHy
° %
W
N©
H.C '?' CH,
CH,

FIG. 47. (a) Dimeric model compounds for polybenzoxazines, with the

tuentR being eitherR = CHz or R = CH,CHg. (b) Hydrogen-

cidated for both tautomeric structures as well as for all th&ibnded pair of two methyl-substituted dimers. (c) Schematic representation
derivatives.

chemically cross-linked structures in the polybenzoxazines.
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tra consist of spin-specific rather than pair-specific signals an
henceall dipolar couplings acting on a single proton contribute
to its MAS sideband pattern. Moreover, the spectral resolutic
achievable in the sidebands is usually less than that in the ce
terband, because residual line broadening affects the sidebal
increasingly with their order. The latter problem is illustrated ir
Fig. 49 by the'H one-pulse spectrum of the et-dimer, recordec
under MAS at 35 kHz. The lines in the sidebands are less r
solved and, even more importantly, their intensity is so poor ¢
such high MAS frequencies that there is no hope for a quant
tative evaluation. In fact, the clear asymmetry between the tw
first-order sidebands means that MAS has already reduced f
dipolarinteractions so efficiently that besides the residual dipol:
interactions other mechanisms, e .B;,inhomogeneities, con-
tribute appreciably.
L T T R Therefore, two-dimensional DQ MAS spectra are again re
quired to shed light on the hydrogen-bonding arrangement.
FIG. 48. (a) 'H one-pulse MAS spectra of the et-dimer, recorded for should be noted that rotor-synchroniz&d DQ spectra can
series of MAS frequencies at a Larmor frequency of 500 MHz. The spectra Y8ually be recorded in less than 1 or 2 h. Hence, such spec

magnified according to the factor given on the right. (dtpne-pulse spectra, : . - . . .
(
recorded under MAS at 35 kHz. The assignment of the resonance lines form’eowde fast access to detailed information, without requirin

et-dimer (b) and the me-dimer (c) is as follows: N&)( OH (B), aromatic CH sophisticgted setup procedures or long exper_ime_nt times. F
(C,C"), CHy (D), and CH (E). the two dimers, such DQ spectra are shown in Figs. 50a ai

50b. At first sight, the two spectra, being dominated by aliphati
and aromatidH signals, are very similar. However, the DQCs
evaluated, while above 25 kHz the shoulder in the aliphatic sigriabolving the aliphatic and aromatic protos C’, D, andE
at 2.2 ppm appears, and at 35 kHz a weak signal at 5.4 ppm bee irrelevant for the determination of the hydrogen-bondin
comes visible. Note as well the sensitivity improvement relatethemes and, hence, will not be further considered. The on
to the increase of the MAS frequency: The faster the spinningxception is the purely aromatic diagonal p&a&. Together
the narrower the lines and the more the signal is concentrateith the peaks involving NH and OH protor#s and B, the
in the centerband. Applying MAS at 35 kHz yields the spectr@lative intensities of these peaks reveal characteristic diffe
shown in Figs. 48b and 48c for the et-dimer and the me-dimences between the me- and the et-dimer:

respectively. For both samples, signals in the aliph&j&( and . 8 -

the aromatic frequency rangg,(C’) are clearly observed. When o For both dimers, the NH-OH cross pei indicates thg
; o i . presence ofaN--H.-.O-.-H-..0O hydrogen bond. In addi-

comparing both spectra, the additional signals present in the g

dimer, i.e.,D andC/, can be explained by the additional €H ton, t?elet—dlme.;eﬁhltl\)l:/ts anlllnl_tienscei: cross ;;A@k e;ndencmg

group in the et-dimer¥) and by packing effectsY), the latter a spatial proximity between and aromatic protons.

being of similar origin as the splitting observed in the

acetonitrile-hydroquinone sample (see Fig. 33a). Furthermor

both spectra contain resonance lines lab&leshdB, which are

shifted to high field for the me-dimer in comparison to the et-

dimer. This variation of the resonance frequencies suggests t

assignment of these signals to hydrogen-bonded protons, whc : :

structural arrangement differs slightly for the two dimers. More- !

over, the shift difference betweeh andB as well as the pro-

nounced low-field shift oA > 10 ppm is not straightforwardly

compatible to the presence of two OH protons. The latter okx2o

servation rather supports the assumption that one OH protc :

is involved in a N --H-.-O hydrogen bond, with the proton “0 B ke

developing partial NH character. For simplicity, the signals -

andB are assigned to a “NH” and a “OH” proton, respectively.
To obtain a first idea of the dipolar coupling strengths expe — : , ‘ ;

rienced by the individual proton species, the SQ MAS sidebanu

patterns could in principle be analyzed, as has been described 1. 49. 1H one-pulse spectrum of the ethy! dimer, recorded under MAS 2

Section 2.7. However, it should be kept in mind that SQ spegskHz. Ontop, the centerband and the first-order MAS sidebands are magnifie
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FIG.50. Two-dimensionalH DQ spectra of the me-dimer (a) and the et-dimer (b), recorded at a Larmor frequency of 500 MHz with a DQ excitation tim
Texc = Tr Under MAS at 35 kHz. The arrows indicate the differences between both spectra, which are crucial for the distinction of the hydrogen-bonding scl

e For the et-dimer, the OH protons are involved in a strorgn aromatic proton takes the position occupied by the OH proto
DQC (BD) with CH, protons, which is absent for the me-dimerbefore. After this conformational change, the “new” DQ signals
e The diagonal peakC in the spectrum of the me-dimer,AC andBD as well as the unaltere&B signal can be explained,
which cannot be due toiatramolecular proximity, but ratherin- because, by this rotation, the proximity between the aromati
dicates a “back-to-back” packing arrangement of the molecules\d the NH protons as well as the proximity between the CH

is absent in the spectrum of the et-dimer. and OH protons is achieved, while the NH.--O-.-H-.-O

e The diagonal peaBB of two OH protons is weak in the bridge is kept. In Fig. 51, the proposed structure of the et-dime
spectrum of the me-dimer, but is virtually absent in the spectruscompared to that of the me-dimer.
of the et-dimer, even though it should be easier to resolve ittherdn conclusion, replacing the methyl by an ethyl substituen
because of its low-field shift. gives rise to a conformational change of the dimer, which sub
sequently induces the change of the hydrogen-bonding schen

For both dimers, th&B signal provides a plausible explana, . -
from a geminate to a chain-like supramolecular arrangement. |

tionforthe presence of NH-type protons: Inthe course of the fg‘rdct, it is rewarding that recently such a chain-like structure ha:

mation of a double hydrogenbond, one ofthe two OH protons iRdeed been identified also by an X-ray structure analysis of th

velops partial NH character, i.e., in a schematical representation o L .
N+H-O+H—0-=N---H:.--O---H---O. Turning to the propyl derivative, confirming the structure previously proposec

obvious differences between both spectra, the absence andst%lgly on _the basis of thi4 DQ.MAS re_sults #7). In addition to
; . . this principal result, a closer inspection of the DQ spectrum o
presence of aAC signal for the me- and et-dimer, respectivel

y T . . . _
strongly suggest that, apart from the NH---O---H---O _fhe me dlmgr reveals the presence of awa@lsignal, |nd|qat .
motif, the overall hydrogen-bonding schemes are different o1 Fhe goeX|stence of amajority of_hydrog.en-bond_ed pairs witf
' minority of hydrogen-bonded chains of dimers. With respect tc

the two dimers. While the structural implications from the D . A S :

. . . identification of such minority conformations, the DQ NMR
spectrum of the me-dimer agree with a geminate hydrogen bond- . . ;

. . 2 method is superior to scattering methods, because the former
ing of the dimers, the proximity between a NH protdrand an

applicable to powdered as-synthesized samples, while the latt

aromatic protoi€ inthe case of the et-dimeris notatall compati-~" "~ . .
. . . require single crystals, which are, as a result of the preparatio
ble with this arrangement. In fact, in order to make the structuré . g
. X . _procedure, free of structural impurities.

of the et-dimer correspond to its DQ spectrum, the gemindte

hydrogen-bonding scheme needs to be modified in the followy- . .
ing way: Starting from the conformation of the methyl dime -1.4. Thermodynamics of Hydrogen-Bonding Processes

depicted in Fig. 47b, one of the phenyl substituents attached tdn the previous sections, we demonstrated ABMDQ spec-
the central (-CH-N(C;H5)-CH,—) bridge is rotated such thattroscopy can, in a straightforward and qualitative manner, b
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20 15 10 5 0 -5 ppm

FIG.53. H one-pulse spectrum of HBC1gCOOH, recorded under MAS
at 30 kHz at a Larmor frequency of 500 MHz.

alkyl chains is capped by a carboxylic acid group, and focus ¢
its hydrogen-bonding properties (see Fig. 52b).

FIG. 51. Comparison of the schematic hydrogen-bonded structures of the|n the SQ MAS spectrum shown in Fig. 53, thE reso-
me-dimer (a) and the et-dimer (b), i.e., geminate and chain-like, respectivelyrf)énce line of the COOH protons is cIearIy resolved at 12 ppn
derived from'H DQ spectra. . . . . .

The aliphatic protons give rise to an intense peak centered
1.5 ppm, while the signals of the aromatic protons are spre:

used to identify multiple hydrogen-bonds and the details of th&e" @ range between 5 and 10 ppm, forming a long low-fiel
bonding arrangement. We will now turn to quantitative resul oulder of the a||p.hat|c signal. This proad a}romatlc sllgnal €
about the structure as well as the thermodynamics and kinel%:é" as the gnderlymg phenomena W'” be discussed m_deta
of hydrogen bonds, obtained By SQ and DQ MAS tech- in .the following section. Concentrating on the COOH signal
nigues R0). The sample, which will serve as an example in the 'S no;[) cIe?r fro_rg the SQ fspectr:u(rjn if ano}l) todwha_li_thexten
following discussion, is a hexabenzocoronene (HBC) deriv 1€ Carboxylic acid groups form nydrogen bonds. The twe
tive, namely 2,5,8,11,14,17-hexa[10-carboxydecyl]hps&a- !menS|onaI rotqr—synchromze’d—[ bQ spfactrum (Fig. 54a)_
hexabenzocoronene, henceforth referred to as HRGQOH, 9'V€S the |mmed|at§ answer to this question: The purely acid
whose structure is depicted in Fig. 52a. Aliphatic HBC deriv%""‘gon‘"II peak prowd.es evidence for th_e.pres'ence' of hydroge
tives represent arelatively new family of discotic aromatic mes onded d'(;?‘eff of aC|d|.grouEs. The aggl((;;'ahp;fgjatlcl crgss Pe:
gen, which have a number of favorable properties as compa@(ﬁjue to Ipoar couplings etween_ of a + 1)-Ch .
to the more established triphenylen&5,(109. Due to the ex- p_rotons, Wh'le_ the afo”?a“c and_allphatlc_d|agpnal_ peaks Ir
tendedr -electron systems and favorahler interactions, these dlpate aromat|c—arom_at|c and aliphatic-aliphatic dipolar cot
molecules are capable of forming columnar phases by stack gf:,. wrggh are obvious from the structure of the molecul
the disc-shaped cores. The solid-state structure as well as the'dy® Ig.d ha). imole identificati f 2 double hvd b
namics of the high-temperature liquid-crystalline (LC) phaseﬁ ?\){Xg t_de ;lmg e ident 'C?t'r?n ora Iou .Z. yDroge_n- (l)ncl
will be discussed in the following section. Here, we will contn® sideband pattern of the purely acidic DQ signal a

sider the HBC-G,COOH derivative, where each ofthesixlinea}ows the determination of the interproton distance within the
’ carboxylic acid dimer. Figure 55a shows the extracted colum

from a non-rotor-synchronized two-dimensional DQ spectrur
at the SQ resonance frequency of the COOH protons at

k) ppm. The additional experimental peaks marked by asteris|
. | " correspond to DQCs between the COOH and aliphatic proton
Ciottn o”c\? Based on a spin-pair model, the purely acidic MAS sideband pe
({c\? k, i tern observed in the experiment agrees with that of two protor
! — i i i HH _
N < with a homgnuclear dilpolar coupllqg & = 27 -5.5 kHz,
o p b H corresponding to an interproton distancergfy = 0.28 nm
z_nHm (calculated pattern shown in Fig. 55b).
H_ o H Upon heating, HBC derivatives undergo a phase transitic

from the solid low-temperature phase to a LC high-temperatul
phase. While the following section will focus on the molecula
FIG. 52. (a) Chemical structure of HBC4GCOOH. (b) Equilibrium be- motions present in the LC phase, we briefly summarize here t

tween the making and breaking of hydrogen-bonded carboxylic acid dimerdformation obtainable frorhH spectroscopy about the kinetics
HBC-C;oCOOH. and thermodynamics of the making and breaking of hydroge
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a) acidic aromatic  aliphatic thg DQ experiment at such elevated temperaftures.' In addition

this, the presence of fast molecular motions is obvious from th
considerable narrowing of tHed resonance lines, in particular
k of the aromatic signal, as well as from the absence of any D(
cross peak.

The dynamic processes, which the hydrogen bonds under
upon heating, can be analyzed by means'idf resonance
frequencies and COOH signal intensities'# one-pulse and

/ double-quantum-filtered (DQF) MAS spectra. A series of exper:
imental SQ and DQF spectra, recorded at different temperature
/ are shown in Figs. 56a and 56b, respectively. In the SQ spectra
\ _ clear shift of the COOH peak to high field is observed forincreas
| L\ ing temperatures. A closer inspection reveals that two shifting
/ processes can be distinguished: a gradual shift from 12to 10 pp
/ forT = 324— 419 K (plotted in Figs. 57a) and a jump from 10
to 9 ppm forT =419 — 438 K. These observations can be inter-
preted in terms of a chemical exchange process. The approact
- 25 based on the assumption that, in the LC phade at438 K, all
| hydrogen bonds are initially broken, and the COOH resonanc
—_——— frequency at 9 ppm is that of free carboxylic acid groups. The
14 12 10 8 6 4 2 0 -2 ppm jump of the COOH signal occurring frofh = 419toT = 438K

r 10

11N

=

r15

r 20

double-guantum dimension

T~ e
o
/

single-quantum dimension hence corresponds to the difference in theresonance fre-
guencies observed for fast exchange process and the free ac
b) aromatic aliphatic respectively. The fast exchange occurs between hydrogel
bonded and free COOH groups, with the resonance frequenci

of the former and the latter being equal to that of the COOH
protons in the SQ spectra &t =324 K and T =438 K,
respectively, i.e., 12 and 9 ppm. For decreasing temperature

© the exchange rate decreases and, in the SQ spectra, the transit
from fast exchange to slow exchange can be followed, passin

_
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FIG. 54. Two-dimensional rotor-synchronizetH DQ spectra of HBC- 5 3 1 =1 S -5
C10COOH, recorded with a DQ excitation time afxc = tr under MAS at w/og
30 kHz at a Larmor frequency of 500 MHz: (a) solid phas& at 322 K and
(b) liquid-crystalline phase at = 438 K. FIG.55. (a)Extracted DQ column at the COOH resonance at 12 ppm from

a two-dimensionatH DQ spectrum of HBC-gCOOH, recorded with a DQ

bonds. From the absence of a purely acidic DQ signal in tﬁécitation time oftexc = 3tr under MAS at 30 kHz at a Larmor frequency of

. . . 700 MHz. The signals marked bycorrespond to DQCs between the COOH
rotor-synchronized two-dimensional DQ spectrum recorded f%d aliphatic protons. (b) Calculated DQ MAS sideband pattern of a proton pai

the LC phase of HBC-3COOH (Fig. 54b), it is clear that the yjth pHH — 27 . 5.5 kHz, corresponding to a distanceref; = 0.28 nm, for
hydrogen bonds are broken on a time scale faster than thathefexperimental parameters in (a).
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a) sQ b DQF any dynamic process which destroys or modifies the underlyir

) dipolar coupling during the DQ experiment cancels or reduce
TIK] the DQ signal intensity accordingly. The time scale, on whicl
438

a DQF experiment is sensitive to such processes, is therefc
given by the sum of the excitation and reconversion period:
i.e., 133us for the spectra shown in Fig. 56b.

In the case of the hydrogen bonds investigated here, the <
uation can be described by a simple two-state model where t
reaction occurs between a hydrogen-bonded and a free st
Hence, the dipolar couplings change frat = 27 - 5.5 to
0 kHz. Based on this model, the DQ signal intensity observe
in the spectra shown in Fig. 56b directly reflects the probabi
ity that the lifetime of the hydrogen-bonded form is longer thai
133us. Taking the change in the equilibrium constant as well g
the general loss of NMR signal inherent to temperature increa

429

419

—
-
391 ———/\//
381 j/\/

_,/\/

372

Arrhenius parameter oA = 4.2 x 10'° s~1. Due to the time
scale of the DQ experiment, this approach is, in general, limite
to rate constants higher than ~ 10° s72.

In conclusion'H MAS and in particulatH DQ MAS spec-
troscopy offer themselves as valuable and straightforwardly a
—_ : : ——— plicable techniques for the investigation of hydrogen bonds wit
2 16 28 pem 20 16 128 M ragpect to their structure as well as their dynamics in the sol
state:

V,_/‘/ into account and assuming an exponential distribution of dime

lifetimes, we obtain the rate constaktsfor the breaking reac-

362 tion, which are plotted in Fig. 57®0). An Arrhenius analysis
a3 ___J\/ VJ\/ results in an activation energy &, = 89+ 10 kJ/mol and an

FIG. 56. Series of'H MAS spectra of HBC-GoCOOH for temperatures

T & 320...440 K, recorded under MAS at 30 kHz at a Larmor frequency of o Based on théH chemical shift resolution provided by fast
500 MHz: (a) one-pulse spectra and (b) double-quantum-filtered (DQF) specfr . . .
applying a DQ excitation time afuxe = 27r. MAS, the presence of DQ signal provides evidence for the e
istence of hydrogen bonds.
¢ In the case of multiple hydrogen bonds, their arrangemel

the coalescence point at about 362 K, as is apparent from &aﬁn :s:é{factlydenved fromthe peak pattern in two-dimension:

observed "F‘eW'O!”.‘ change_. At lower tempgratures, the_ CO. e DQ MAS sideband patterns allow the accurate determin:
resonance is split into a pair of resonance lines, a low-field line

AP tion of interproton distances.
for the hydrogen-bonded and a high-field line for the free form, « From the changes dH chemical shifts as well as from

with the latter being obscured by the aromatitsignals. L ) . o .
: . .. the variation of DQ signal intensities occurring upon tempere
Based on this chemical exchange approach, a quantitative o : 2 .
. . . .ture changes, quantitative thermodynamic or kinetic informatio
analysis of the COOH resonance frequencies yields the equm% ; ; i
. . X about the making and breaking processes can be obtained.
rium constanK for the making and breaking processes of the
hydrogen bonds in HBCgCOOH. The resultindg( -values are
plotted in Fig. 57b, and the thermodynamics of the equilibrium
are given by a reaction enthalpyH = 45+ 4 kJ/mol and a
reaction entropyAS = 1134 11 J K- mol~2 (20). The hydrogen-bonding properties of the particular HBC hexe
While the temperature dependence of the SQ spectra atid derivative discussed in the last section represent only
lows the thermodynamics to be determined, the temperature diele aspect of the main features of HBC compounds, which a
pendence of the DQF signal intensities provides quantitatigeedominantly controlled by the—r interactions between the
insight into the kinetics of the hydrogen-bonding process extended aromatic cores of the molecules. In the following, w
HBC-C,,COOH. From théH DQF spectra shown in Fig. 56b,focus on these interactions and demonstrate hd&Q and DQ
as well as from the DQ intensity values plotted in Fig. 57c, MAS approaches can, in general, be used to explore the packi
is clear that the purely acidic DQC vanishes for increasing temrrangement of -electron systems in the solid state.
peratures. In order to observe a DQ or DQF signal with max- Using'H instead of'3C resonances for mapping-electron
imum amplitude, the respective dipolar coupling must persidensities might appear a bit odd at first sight, but proton

unchanged for the duration of the DQ experiment. Conversehave the undeniable advantage of combining high NMR sign

4.2. Packing of w-Electron Systems
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FIG.57. (a) The change of the chemical shift of the acitlitresonance in HBC-GCOOH upon heating (spectra shown in Fig. 56a). (b) Thermodynamic
constanK of the equilibrium between the making and the breaking reaction of COOH hydrogen bonds in HBO@H , as schematically depicted in Fig. 52b.
(c) DQ signal intensity of the COOH signal in thiel DQF spectra shown in Fig. 56b. The crosses denote the experimental DQF data, while the circles indicatt
temperature dependence of the equilibrium together with the general loss in any NMR signal due to heating. (d) Kinetic rat& conhgtenibreaking reaction

of the hydrogen bonds in HBC1gCOOH, as evaluated from the DQF signal intensities.

sensitivity with a high chemical shift sensitivity to nearby elecspectroscopy. Anticipating these investigations, we now con

trons. The latter feature is due to the fact that, in NMR, th&der

hexa«-deuterododecyl)-hexperi-hexabenzocoronene

electrons surrounding the nucleus are responsible for magnésicucture 2 in Fig. 58 (18)), which is henceforth referred
shielding effects, thereby determining the actual nuclear rde- as HBC—qu. In this sample, thex-CH, positions were

onance frequency. Since hydrogen atoms themselves are only
provided with a single electron, which is moreover well local-
ized in the chemical bond, external electrons have a major effect
on'H chemical shifts. Although this phenomenon is well known
in NMR (113) and routinely exploited in solution- or liquid-state R
applications, the lack of spectral resolution has prevented it from
being utilized in the solid state. However, fast MAS techniques “H
are now able to overcome this problem and to uncovetithe H
chemical shift information, as will be shown, in this review, for - -
the example of the large aromatic core of alkyl-substituted HBC gs
derivatives (see Fig. 58).

The protons of interest are those directly attached to the aro-
matic core. Due to the presence of the alkyl substituents, these R?
protons in the “bays” of the core form spin pairs which are

R1

:R"=-(CH,),,CH,

: R"=-CD,(CH,),,CH,
: R"=-CH(CH,),
:R"=-C(CH,),

: R%?= -C(CH,),
R>®= ~(CH,),,CH;,

a A W N =

FIG. 58. Chemical structure of the alkylated hexabenzocoronene

well separated from neighboring protons. This feature will b(ﬁBC) derivatives discu

ssed in this section: hexdedecyl, 1; hexa-¢-

exploited in the following section for investigating the m0|ecaeuterododecyl)a; hexai-propyl, 3; hexat-butyl, 4; and diortho-t-butyl-tetra-

ular dynamics in the solid and the LC phase by DQ MA®-dodecyl5.
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originally deuterated in order to carry otii NMR investiga- a)
tions of the side chainsp, 13. With respect to théH MAS
experiments discussed here, the deuterons provide additior
spatial separation and, in this way, dipolar decoupling for th700 MHz, x 5
bay proton pairs. HowevetH MAS NMR is able to provide
the same information for the fully protonated hexalodecyl-
hexaperi-hexabenzocoronene (structdren Fig. 58), which is
henceforth referred to as HBCtL 500 MHz, x5

The fundamental feature of the solid-stakt resonances in
HBC derivatives becomes obvious from the one-pulse MAS
spectrum of HBC-§?, displayed in Fig. 59a: Instead of only
one, there are three aromatfiel resonances of equal inten-
sity. The presence of a higher magnetic field, i.e., a Larmc
frequency of 700 instead of 500 MHz, as well as the deutere
tion of thea-CH, positions helps with the spectral resolution of
three lines, as can be seen from comparing the insets in Fig. 5
as well as Figs. 59a and 59b, respectively. The splitting ¢
the aromati¢H resonance cannot be due to an asymmetry of th
molecule, because the six alkyl substituents are chemically ide
tical and conserve the sixfold symmetry of the aromatic core
as is also proved by the presence of only one aromiti@so-
nance in the spectrum of a solution of HBGXdn CDCl; (see
Fig. 59d). In the LC phase of HBC$E the aromatic resonance
is considerably shifted to high field relative to its solution-state
position (see Fig. 59¢), but no splitting is observed. Apparently
some molecular motion cancels the resonance splitting. Ther
fore, the presence of three lines must be due to a structur
feature which is specific for the solid state, such as the pacl
ing of the disc-shaped aromatic cores. An appropriate packir
could make the aromatic protons experience “ring-current” ef
fects of nearbyr-electrons to different degrees, depending or
the individual electronic environment. d)

In order to shed more light on the origin of the resonanct
line splitting induced byr-electrons, the pronounced spin-pair
character of the aromatic protons in HBGSCstrongly sug-
gests the recording of two-dimensional DQ spectra. In this wa
proton species forming bay proton pairs can be easily ident
fied. Labeling the three aromatic lines with B and C, the
rotor-synchronized DQ spectrum (see Fig. 60a) clearly show ] L
that two types of bay proton pairs can be distinguished, one ( r—r T T
which consists of proton speci€sonly, while the other con- 4 12 10 8 6 4 2 0 2 4 6
sists of A-B pairs. Note that this result is obvious from the
spectra of both the deuterated HB(‘;QDCand the fully proto-  FIG.59. Hone-pulse spectra, recorded at a Larmor frequency of 500 MH:
nated HBC-Q,. In the latter case, as is expected, the aromati¢a) solid phase ofHBC-Q under MAS at 35 kHz, with the 700-MHz spectrum
aromatic and aliphatic—aliphatic DQ signals are accompanii@éhe inset for comparison. (b) Solid phase ofHB(;zOnde_r MAS at 35 kHz.
by “mixed” aromatic-aliphatic signals because of the proximitgg)'(‘:lC phase of HBC-g3’ under MAS at 35 kHz. (d) Solution of HBCSS in

. 3, with the solvent signal being marked by

between aromatic ang-CH, protons.

Considering the three aromatic DQ signals quantitatively, it is
clear that they are of about the same integrated intensity, whitirengths are equal for all bay proton pairs, we can conclu
means that the cross pedB is twice as intense as the diagonathat there are twice as ma@B-type thanCC-type pairs. This
peakCC. To afirst approximation, the intensity of the DQ signabbservation, together with the existence of @B DQ cross
is proportional to the square of the underlying dipolar couplingeak, allows the rejection of any suspicion that the three res
strength as well as to the number of contributing spins. Reances could be due to a coexistence of three different solid-st:
lying on the self-evident assumption that the dipolar couplinghases of the material. It rather supports the assumption that
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herring-bone pattern, as depicted in Fig. 61a. Picking out a sir
gle molecule, this packing arrangementresults in a displaceme
of its two neighbor molecules such that the interaction of the
m-electrons is optimized. This relative orientation of extendec
planarr-electron systems is well known from the carbon layers
in graphite. Focusing on the aromatic protons, the displaceme
of the molecules means that three types of protons can be di
-0 tinguished with respect to the degreemtlectron density they
experience from the neighbor molecule (see Fig. 6Aklype
protons lie neither above nor below theorbitals of an adjacent
layer and, therefore, correspond to the least shielded resonar
(highest ppm)B- andC-type protons lie over or below an inner
and outer part, respectively, of an adjacent ring system and a
thus expected to correspond to the medium and most shielde
resonances, respectively.

Thus, proposing an analogous packing in the alkylated derive
tive HBC-C;,, the existence of three aromatid resonances as
well as the two types of bay proton pairs, including their nu-
2 10 8 6 4 2 o0 -2 -apm mericalratioof2:1, can be explained. Moreover, based on the

single-quantum dimension oretical quantum-chemical approach&d,chemical shift cal-
b culations have recently show88, 87) that the packing of the
) A B HBC cores described above is indeed the only relative orien
tation which gives rise to the observéd resonances and, in
A particular, to the DQ peak pattern. Conversely, utilizing the sen
- : sitivity of *H resonances to nearhyelectron densities, a single
//’/‘f——f:‘& = 1H DQ spectrum allows the unambiguous determination of the
////@“ W ¢l molecular packing in the solid phase of HBG COFurthermore,
the collapse of the splitting of the aromatid resonances in the
high-temperature LC phase of HBGA&an now be rationalized
in terms of a molecular motion which averages the three differ
entrwr-electron environments of the aromatic protons and result
in a meanr-electron density which is then equally experienced
by all six protons. We will turn to a detailed discussion of the
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FIG. 60. Two-dimensional rotor-synchronizedH DQ spectra, recorded
with a DQ excitation time oftexc = Tr Under MAS at 35 kHz at a Larmor
frequency of 500 MHz: (a) HBC-Q and (b) HBC-G». The sample temperature
was at 330 K, such that both samples were in their solid low-temperature phas¢

packing effect inducing the line splitting occurs on a molecula
nearest-neighbor level throughout the whole sample.

In fact, the'H NMR observations can be rationalized quite
straightforwardly by considering the packing arrangement ofFIG. 61. (a) Columnar packing and herring-bone arrangement of the disc

unsubstituted HBC, whose crystal structure is known from éhaped aromatic cores in the crystal structure of unsubstituted UBC(b)
Packing arrangement of the aromatic HBC cores in a column: the centre

x'r‘f"y analysis45). The plgnar.HBC dIS(.:S packin columns, Wm}nolecule (solid lines) with its neighbor molecules above (dashed) and belov
the'r_m()'eCU'ar plane being tilted relgtlve tq the columnar axigjotted). The three aromatié! resonances are assigned according to the spec
In this way, the molecules of two neighboring columns form #a obtained for HBC-¢? and HBC-Go.
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motion present in the LC phase of HBC derivatives in the foHBC and hexa-propyl HBC, with the two bulkyortho-t-butyl
lowing section. groups separating one bay proton pair from adjageatectron
Considering the other alkylated HBC derivatives, i.e., strusystems such that no additional high-field shift is observed.
tures3 to 5 in Fig. 58, we will now briefly demonstrate that Apart from the aromatiéH resonances, the chemical shifts
the molecular packing of the HBC cores depends on the allofithe aliphatic signals can also serve as sensitive probes for t
substituents and that the DQ peak pattern observed in rotpreximity of aromatic rings. The basic effect of theelectrons
synchronized*H DQ MAS spectra again provides detailecn the aliphatic chemical shifts is analogous to that on the ar:
insight into the relative orientation of the aromatic dist8)( matic signals, asis demonstrated intHeDQ spectrum of HBC-
Comparing Figs. 62a and 62b, it is clear that the hiepaspyl C,, (Fig. 60b) by the three aromatic—aliphatic cross peaks: The
derivative exhibits the same aromatid DQ peak pattern and aliphatic and aromatic SQ resonance frequencies are shifted
hence the same packing arrangement as HBE-@ HBC- parallel, meaning that the aromatic and the aliphatic protor
Cy2in the solid phase. For the hexéutyl derivative, however, nearby, i.e., the-CH, protons, experience the same shift effec
a considerably different aromatic DQ signal is observed (s&em adjacenir-electrons. Moreover, in hexabutyl HBC, for
Fig. 62c), from which the existence of at least five distinct arexample, at least fodiH methyl resonances could be identified
matic 'H resonances can be concludeéd®)( Here, the bulky from theH DQ spectrum and rationalized in terms of different
t-butyl substituents prevent the cores from being packed indagrees to which the methyl protons are subject to addition
column and, instead, hextabutyl HBC forms “sandwiches” shielding. In this way, the proposed sandwich-like packing ©
consisting of only two molecules, which crystallize in a nonthe molecules could be confirmetid( 89.
columnar fashion. ThéH DQ spectra support the relative ori- Although, in this discussion, quite extendeeelectron sys-
entation of the cores in these sandwich&8),(as is proposed tems served as examples for demonstrating the feasibility al
by a preliminary X-ray analysis. Finally, considering the dithe versatility of using'H resonances as probes for aromatic
ortho-t-butyl-tetran-dodecyl HBC, the DQ spectrum shows asystems, analogous chemical shift effects are also observed
DQ peak pattern which seems to be a mixture of HBC-like sigmall phenyl rings. In crystalline tyrosindCl, for example, the
nals plus an additional low-field diagonal peak. Without goinggyvo aromatic protons on either side of the phenyl ring show
into details, these signals apparently indicate that the aromadftft difference of about 2 ppm because of different shieldin
cores of diertho-t-butyl-tetran-dodecyl HBC pack similarly to effects, as becomes obvioustidi—3C correlation experiments
(92, 110.

4.3. Molecular Dynamics

While, in the previous section, we focused on the structur:
information obtainable fromiH spectra, we now turn to the in-
vestigation of molecular dynamics and to a discussion of feasib
1H MQ MAS approaches. In fact, when discussing the funde
mentals ofH MQ MAS spectroscopy in Section 3.3.2, we have
already encountered a very simple case of molecular motio
i.e., the fast rotation of methyl groups. This type of oriented
fast, and well-defined motion can be easily investigatedHby
s s MQ MAS techniques, because it just requires the static dipol:
c I d = interaction tensor to be replaced by the motionally averaged or
I In the following we will consider, as an example for first appli-
cations, molecular dynamics in liquid-crystalline HBC deriva-
tives which, though still resembling a simple kind of orientec
motion, demonstrate the potential of solid-stidteMQ MAS
methods. Furthermore, nonoriented statistical motions can al
be explored and characterized in terms of, e.g., residual orc
parameters or inherent time scales, as will be showhHdDQ
MAS investigations of a polymer melt, namely polybutadiene.

r12 7> 12
L16 16

520 @ 20

10 8 6 4 1 8 6 4 ppm
single-quantum dimension

double-quantum dimension

4.3.1. Molecular Motions in Liquid-Crystalline Phases
FIG. 62. Aromatic'H DQ signals observed in rotor-synchronized DQ

MAS spectra of alkylated HBC derivatives: (a) hexadeuterododecyl; (b) . I
hexai-propyl, 3; (c) hexat-butyl, 4; and (d) diertho-t-butyl-tetran-dodecyl, In the solid phases of HBC derivatives, the presence of mu

. S ) ; )
5. All spectra were recorded at a Larmor frequency of 500 MHE at 330K,  tiple aromatic*H resonances has been rafﬂonahzed In term
applying a DQ excitation time afexc = Tr under MAS at 30 kHz. of the degree to which each proton experiences the effect
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m-electrons of adjacent molecules. Hence, the occurrenceptdéd from surrounding protons, as is experimentally proved by
this kind of line splitting has been identified as an intermolethe absence of any even-order sidebands in the DQ MAS sid:
ular effect resulting from the packing arrangement in the solishnd patterns (see Fig. 63). Consequently, these patterns ¢
state. Moreover, it has already been observed that the splittingsafely and straightforwardly be used to measure precisely th
the aromatic resonances collapses into a single line both upmbpolar pair-coupling strengths and, in this way, the motional
heating into the LC phase and upon dissolving (see Figs. S@cduction of the dipolar coupling occurring upon the transition
and 59d). While, in the latter case, this observation is not at aito the LC phase.
surprising, because in a dilute solution the HBC molecules areln Fig. 63, DQ MAS sideband patterns at the arom&tSQ
well separated from each other, the presence of a single aromeggonances at 7.9 and 6.2 ppm of the solid and the LC phas
line in the high-temperature LC phase deserves a more detailespectively, of HBC-€> are compared to each othégf. (At
analysis. Although the aromati¢d resonance at 6.2 ppm (seeall three aromati¢H resonances at 7.9, 6.6, and 5.4 ppm in the
Fig. 59c) does notreflect any well-defined packing arrangemes]id phase, the same pattern is observed.) In order to obta
it is still clearly shifted to high field, indicating residual “ring-a pattern corresponding ©@)ze,./27 ~ 0.8...1.2, excita-
current” effects from adjacent layers. An obvious explanatidion timeste.. 0f 57 and 20Q:s have to be applied to the solid
for this feature would be the presence of a molecular moti@md the LC phase, respectively, indicating that the underlyin
in the LC phase, which averages over the differergtlectron pair-coupling strength®() are considerably reduced in the
environments and results in a single average shift effect. LC phase. By comparing the experimental patterns to spin-pa
In order to investigate the underlying process of moleculaalculations, the coupling strengthslb!cjﬂ) =27 -15.0kHz and
motion by'H MQ MAS approaches, the chemical structure ODEQ =27 -6.0 kHz are determined to an accuracy of better thar
the HBC derivatives suggests the exploitation of the bay protef0.5 kHz. For the solid phase, where the aromatic cores of HB(
pairs. Under fast MAS conditions, in particular for the deuteratetiolecules are assumed to be static, the coupling strength corr
compound HBC—@, these proton pairs are effectively decousponds to an interproton distance gf; = (0.200+ 0.004) nm,

a) LT oo

0.200 nm

15.0 kHz

0.204 nm

| 14.1 kHz

! 6.5 kHz
b)

L 6.0kHz

5.5 kHz

wlog

FIG.63. HDQ MAS sideband patterns of HBC‘{?. TheH Larmor frequency is 500 MHz. (a) Pattern at the arom&SQ resonance at 7.9 ppm of the
solid phase al = 330 K, recorded with a DQ excitation time afyc = 2tr = 57 us under MAS at 35 kHz. The asterisks mark “mixed” aromatic—aliphatic DQ
signals. (b) Pattern at the aromatlé SQ resonance at 6.2 ppm of the LC phas€ at 430 K, recorded with a DQ excitation time af,. = 2rgr = 200us under
MAS at 10 kHz. Note the absence of even-order sidebands or centerbands. On the right, calculated DQ MAS patterns of a spin pair are displayesbior Ebenpar
parameters of the calculations correspond to those of the experimental spectra. The resulting pair-coupling strengths (and the correspomtdimdistences
in a) are also given.
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which is in perfect agreement with the value expected for ¢
almost planar molecule as well as with the crystal structure « H N " e
unsubstituted HBCAb).
For the high-temperature LC phase, the coupling strength -~
. z

reduced by a factor of 0.4. It is self-evident that the interproto
distance does not change upon heating the sample from 33(
430 K, and hence the reduction of the coupling mustbe due — ———— — — — — = ;
motional averaging effects. Considering the disc-shaped strt 5 8 Vo, 7 2 8
ture of the HBC molecule, it is obvious that such molecules are
likely to undergo in-plane rotations. In fact, such rotations or FIG- 64. *H DQ MAS sideband pattern of HBCSE of the aliphatic'H
sbsite jumps are, even at 1oom temperature, wel known GESenee & 13Pe7 o o soldppasial s ot 200
aromatic molecules with a sixfold symmetry, such as benzerﬂ%quency is 500 MHz. On the right, two calculated DQ MAS patterns of a spi
coronene, and unsubstituted HBC. In the columnar packing géir are displayed for comparison, the upper resembling a rigigélip and
rangement of HBC-g, the onset of this rotation is accompanieche lower corresponding to half the Gidoupling strength.
by a tilt of the aromatic cores such that their planes become or-
thogonal to the columnar axis, which is, for stability reasons,
identical to the rotation axi2@). than that of the Chlproton pairs in the alkyl chains, although

In general, a fast rotation about an axis which is orthogthe distance between the latter is only 0.18 nm compared
nal to the orientation of the dipolar interaction vector reduc&20 nm for the bay protons. Consequently, the dipolar intera
the dipolar coupling strength by a factor of 0.5. Hence, the otiens among aliphatic chain protons must be subject to motion
served reduction of 0.4 agrees well with this type of moleculaveraging processes, while the aromatic core is rigid. This oby
motion, if, in addition to the fast rotation, a small out-of-planeusly implies the existence of a mobility gradient along the alky
tumbling motion is assumed. Clearly, the columnar packing pesdbstituents, as has previously been studied for triphenylene s
sists in the LC phase, as is proved by the high-field shift of thems by use ofH NMR (69). The overall reduction of the dipolar
aromatic resonance at 6.2 ppm (instead of about 9 ppm for ig@upling strengths in the GHyroups of the chains is of the or-
lated molecules). It should be noted that, in the LC phase, ttier of 0.5, as can be seen from comparing the experimental C
aromatic chemical shift is not simply the average of the thré¢AS pattern to spin-pair calculations (see Fig. 64). Howevel
different chemical shifts in the solid phase. This implies that thhe fact that the centerband and the second-order sidebands h
relative position of the aromatic cores in the LC phase slightBbout the same intensity in the DQ MAS pattern as the expect
differs from the solid-phase arrangement. third-order sidebands clearly indicates that the,@HCs are

In this way,'H DQ MAS sideband patterns serve as a preperturbed by couplings to neighboring protons. Since motion:
cise measure of dipolar coupling strengths, from which moleaveraging gives rise to dipolar decoupling and hence helps
ular motions can then be concluded. In the case of the HBQppress interpair couplings, the presence of such perturbatic
derivatives,'H spectra do not only provide clear evidence foin the DQ MAS pattern supports the assumption of almost rigi
the presence of a LC phase, they also allow the persistenceladin segments, presumably close to the rigid aromatic core.
the columnar packing as well as the underlying processes ofn the case of HBC-&, the lack of spectral resolution among
molecular rotations to be identified&, 19, 20. In contrast to the CH, protons does not allow the mobility along the alkyl
previous NMR investigations performed on this class of mateghain to be differentiated. In order to demonstrate the po
als 69, 59, all the results presented here are directly obtainatdiility of obtaining specific mobility information on distinct
from as-synthesized samples, requiring experimental times parts of a molecule, we briefly turn to a ring-shaped molecul
the order of a few hours, so th##l MAS methods are partic- whose structure is depicted in Fig. 65¢ and which consists
ularly well suited to routine spectroscopic investigations in tren alternating sequendsfs of flexible alkyl chains and stiff
course of the synthesis of solid-state materials. aromatic/aromatic-alkyne chains08). AboveT ~ 395 K, this

In addition to the purely aromatic SQ and DQ signals pronolecule forms a LC phase, for which thie one-pulse MAS
viding insight into the packing and dynamics of the aromati&pectrum is shown in Fig. 65a. Although the £ptotons of
core of HBC-G,, the aliphatic signals arising from the alkylthe long alkyl chain still cannot be spectrally distinguished fron
chain substituents can be used to estimate the mobility of thach other, many other proton positions are clearly resolved-
chains and to compare this to the motion of the core. Consid-particular four different aromatic proton resonances can k
ering the DQ MAS sideband patterns of the aliphatic and tlassigned. Based on thisl resolution in the SQ dimension, a
aromatic resonance in the solid phase of HB{S>-Qisplayed whole set of differentH DQ MAS sideband patterns (Fig. 65b)
in Figs. 64 and 63a, respectively), itis clear that the width of tlean be extracted from a single two-dimensional DQ spe
aliphatic pattern, i.e., the number of sidebands, is much less thiarm, with each of the patterns providing specific and pre
that of the aromatic one. This indicates that the dipolar couplirige information about the strengths of the underlying dipo
strength of the aromatic proton pairs is significantly strongéar couplings between the individual proton pairs. Relating th
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coupling strengths obtained from the DQ patterns of the LC

phase to the static coupling strengths of each proton pair re

sults in a set of reduction factors or, equivalently, order param

a) b) eters, each of which corresponds to a specific position in th
molecule (see schematical assignment in Fig. 65c). In this wa

J J site-specific mobility information is accessible.

- irobrarbteebo b 4.3.2. Chain Dynamics in Polymer Melts

| LL Turning from liquid-crystalline materials to melts of linear
A e aliphatic polymers, we now proceed from relatively ordered to
much more mobile systems. On the theoretical side, the dy
: ._“__._,,__.A_JMJ\._A_&.M_..W namics of such flexible polymer chains is usually described b
statistical approaches, starting from a free Gaussian chain at
R T —— successively restricting the degrees of mobility by introducing
| entanglements2@). However, the site-specific mobility infor-
Ll | mation obtained frontH DQ MAS investigations of polybu-
tadiene melts has revealed unexpectedly high residual ord
; _u___J__.LJ.__‘___L.__. parameters50), as we will briefly outline in the following.

Even well above the glass transition temperailygintense
] \ J L 1H DQ signals are observed in polybutadiene melts. Figure 6
e shows the two-dimensionaH DQ spectrum obtained for a

R | polybutadiene melt with an average molecular weightigf =

50 0 %0 wz 130 kg-mol! at room temperature, i.eT, & Tg + 120 K.
Besides the presence of the characteristic pattern of DQ d
c) agonal and cross peaks, it is also clear that the spectr.
r\ resolution of'H resonances even suffices to identify the shoul-
ders in the DQ peaks at the olefiniel SQ resonance arising
| <0.05 from thecis andtransconformation of the butadiene monomer.
(The sample consisted of polybutadiene chains with a statist
cal 1:1cis/transsequence.) The olefinic—aliphatic cross peak
is more intense in the case of ttrans conformation, because

0.2
0.5
CH CH, trans cis
3 i 74
4 ,:";‘ [7.6
5/ 7.8
CH,-CH _E 56 54 ppm
g ¢ g5
c
g
o 10.8
[ 1027 I
CH=CH -2 0
o o [11.0
T T T T T T T T T 3 12 “ LA L B !
FIG. 65. LC phase of a ring-shaped molecule with alternating aliphatic 60 50 40 30 20 m 56 54 Ppm
and aromatic parts & = 415 K. (a)*H one-pulse spectrum, recorded at a single-quantum dimension PP

Larmor frequency of 500 MHz under MAS at 10 kHz. The peaks are assigned

as follows (from top): aliphatic chain, alkyne-GHOCHz, OCH,CHz, OCH,, FIG.66. 1H DQ MAS spectrum of a polybutadiene mell¢y = 130 kg-
and four aromatic lines. (FH DQ MAS sideband patterns of the different SQmol~1), recorded al = 296 K with texc = 8tg under MAS at 8 kHz applying
resonances, recorded witkyc = 4tr under MAS at 10 kHz. (c) Structure of the the C; pulse sequence. On the right, the DQ signals at the olefiHiSQ
molecule, with the reduction factors of the dipolar coupling (as obtained frorssonance are magnified such that the shoulders arising froaistaadtrans
the patterns in b) being assigned to the corresponding positions. conformation can be identified.
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three initial slopes with a function of the form given in Eq. [113]
in Section 3.4.4. However, in contrast to the MAS sideband pa
tern analysis, this approach only yields relative values for th
couplings strengths, which need to be calibrated by an absolt
value in order to determine order parameters. This calibratic
can, for example, be performed by analyzing the SQ MAS sidk¢
band pattern. Following this procedure, the order paramete
displayed in Fig. 67c have been obtaing@)( The order param-
eter of the G=C double bond can be derived from the interprotor
parameters through geometrical relations.

On a relative scale, these experimental results were found
agree with an RIS (random isomeric states) calculation, but tf
absolute order parameter of 0.2 for thesC bond is by about
an order of magnitude higher than theoretically expected. Fi
comparison, nematic liquid crystals are characterized by ord
parameters typically around 0.4. (Note that the reduction fact
of about 04 determined for the HBC samples in the previous
section is to be multiplied by a factor of 2 before comparing i
to the order parameters discussed here.)

0.0 05 10 15 trans/cis In addition to this information about the local mobility of
Texc [MS] chain segments in the melt, the time scale of the translation

FIG. 67. (a) Transandcis conformation of the butadiene monomer. ThemomJrl of pObeUtadlene.ChaIr_]s has_ been Stl_"dled b}’ observi
dominating intramolecular proton—proton couplings are indicated for both castRe decrease of the DQ signal intensity when increasing the tel
(b)*H DQ buildup curves for a statistical Icis/transpolybutadiene. The spectra perature and decreasing the chain length. As soon as the cf
were recorfded ak =2 2231 g Corrgsr)&rféngttggk: 50K, E\pplsllin% theC7 PUlS? acteristic time scale of the translational motion becomes short
sequence =Z...1l2tr unaer a Z. (C) Local order parameter H H H H H
in ?he buta(;)ifeegce monomer?lc]s/transmixture), as (ot)nained fror%HpbuiIdup Stha.n the time required f.or th.e DQ e_xperlment, the dipalar .mt(.el
CUIVes. action tensors can reorient isotropically between the excitatic

and the reconversion period. As a consequence of this, the [

signal disappears. The results obtained for the motion of pol
in trans-butadiene the minimum distance between the involveders of different chain lengths could be explained on the bas
protons is much shorter than thatis-butadiene. Conversely, in of a reptation model43, 23, 50.
the latter conformation, the two olefinic protons are much closerin conclusion, the site-specific information about molecula
and therefore the olefinic diagonal peak is stronger atigtes- dynamics, which is uniquely provided B4 DQ MAS spec-
onance. Theis/transgeometries of butadiene and the resultinggoscopy, has, in the case of polymer dynamics, initiated furthe
proton—proton proximities are depicted in Fig. 67a. considerations of order phenomena in polymer melts.

To extract order parameters, the strengths of the distinct dipo-
lar couplings need to be quantified. This can be accomplished
either by DQ MAS sideband patterns, as has been demonstrated
in the previous sections, or by DQ buildup curves. In the case

! , . Undoubtedly, fast sample spinning at the magic angle is tt
of the polybutadiene melt dl_scussed here, the DQ §|gnals a‘%rg, to the wealth of information obtainable frditd NMR spec-
though clearly present, relatively weak, because, as is expe

€ : . . o
for a melt, the underlying dipolar interactiomsare consider- Ctra in the solid state. Therefore, this review looked first into the

ably reduced due to molecular motions. The observation of Dggestmn how H multispin system evolves under the combinec

MAS sidebands, however, requires DQCs to be excited lon tion ofd|pol_ar couplings anq MA.S (see Section 2). Con_3|de‘
. = . n%’g the time signal observed in a simple one-pulse experimer
enough to fulfill the conditiorDzey/27 > 0.5, which means, . . i
) g . . ! .~ the following conclusions can be drawn:
in particular for mobile samples, running the risk of losing signal
due to relaxation. Therefore, a method using short-time excita- The dipolar interaction is originally a spin-pair type of
tion, i.e., the observation of DQ buildup curves, may turn oabupling. In the course of its action on a spin system,
to be superior in such cases. The diagram in Fig. 67b displaipolar-coupled network is built up by the successive forma
the buildup curves of the three DQCsgis/transpolybutadiene, tion of two-, three-, four-, and higher spin correlations. MAS
not differentiating between the two conformations. Relying otounteracts this process by weighting tRespin correlations
the spin-pair approximation and taking the relative numbers with the inverse l — 1)-th power of the MAS frequeneyg. As
pairs into account, the ratio between the strengths of the theeeonsequence of this, MAS suppresses the formation of higf
different dipolar pair couplings can be derived from fitting thepin correlations, and the efficiency of this suppressionincreas

a) ~ trans

Y

5. SUMMARY AND OUTLOOK
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with the number of spins involved and with the MAS frequency Due to the efficient suppression of signal contributions from
applied (Section 2.5). more remote nuclei, the summation may usually be restricte

e Based on a perturbation approach combined with Floguetinternuclear distances within the rangg< grmm, starting
formalism @5), the time signalS(t) of a dipolar-coupledH from the shortest distanag,i, (Section 3.4). In standard DQ
multispin system in a one-pulse MAS experiment can be writt@xperiments under fast MAS, proton—proton distances of up t
in the following factorized form (see Eq. [53] angg)), rij <0.35---0.40nmcan, in general, be detected. A further con-

sequence arising from this pronounced distance sensitivity is th

0 high precision of internuclear distance determinations from DC

S{t) = ) InWa(t) expinort), measurements, which is in most cases better #0605 nm.

= e In MQ MAS experiments, sidebands arise in the MQ di-

mension from two distinct mechanisms (Section 3.5): recon

with n denoting the sideband orddp, and Wy(t) are the in- version rotor encoding (RRE) and evolution rotor modulation
tensity and the width, respectively, of tieh order sideband, (ERM). The rotor encoding of the reconversion gives rise tc
and expinwrt) is the rotor modulation. Essentially, the intenwell-defined patterns, from whose intensity distribution the un-
sity distribution|, over the sideband pattern is dominated byerlying coupling strength can be straightforwardly determined
two-spin correlations, while three- and higher spin correlatiom®r a spin-pair DQC or a methyl TQC, rotor-modulated evolu-
determine the linewidths. Consequently, to achieve maximuion occurs only if the observed coherence is subject to extel
resolution, MAS only needs to suppress the three-spin corref@d interactions, in particular to dipolar couplings to surround-
tions efficiently, but the MAS frequency doestneed to exceed ing spins. The ERM sideband patterns, which can moreover b
the dipolar coupling strengths of the dominating two-spin coglearly identified in the spectrum by means of their sidebanc
relations. In other words, in the fast spinning limit, MAS cuts arders, thus provide quantitative information about the degre
dipolar-coupled multispin system down into two-spin systents perturbation. It should be noted that the sensitivity of a MQC
which behave inhomogeneously. to perturbing external interactions increases with its quantun

e Once the network of dipolar couplings in tAel multi- order.
spin system is reduced and simplified to two-spin correlations,e From the nested MAS sideband patterns of MQCs, in par
distinct dipolar coupling strengths and, in this way, structurgtular of DQCs, the topology of the dipolar-coupled spin systerr
information can be accessed. The MAS sideband patternscah be derived, resulting in a complete set of distances and ang|
one-pulse MAS spectra, in principle, contain this information ifor systems of up to five spins (Section 3.6).
the intensity distribution,, butitis, in general, unavoidable that  To provide an overview of the research which has been carrie
the patterns of different pair couplings superimpose, even if th@t to date applying very fast MAS afti MQ MAS methods,
involved spins are spectrally resolved and distinguishable. Bagiis review has presented several examples, all of which deal wit
cally, thespin-specific signal of the one-pulse experiment is nake investigation of phenomena responsible for the induction o
properly suited to obtainingair-specific coupling information. supramoleculamor local order, e.g., hydrogen bonds,—r in-

A multispin system adopting a state of superimposed tweeractions, or partial alignment of building blocks (Section 4).
spin correlations represents, in a sense, a map of the dipaaterms of applicability'H MQ MAS approaches exhibit ma-
interactions, which merely requires us to apply a suitable teqbr advantages in that they can be performed on as-synthesiz
nique for reading. Appreciating the fundamental role of two-spigamples without being reliant on any kind of isotopic labeling or
correlations, the introduction 3H MQ MAS spectroscopy in the availability of single crystals, in contrast to most other NMR
Section 3 begins with identifying a spin state which gives risend scattering techniques. Moreover, the experiment times a
to a spin-pair NMR signal. on the order of a few hours and, using MAS rotors of 2.5 mm

e Double-quantum coherences (DQC) represent the spectgater diameter, only about 10 mg of sample is required.
scopically accessible equivalent of two-spin correlations. Theire In the case of hydrogen bonds, the resolution enhanceme
properties, in particular their chemical shifts, are composed gfforded by fast MAS permits the exploitation 8f signals
the properties of the two involved spins (Section 3.1). and their chemical shifts in solid-state samples. The resonan

o The signal intensityl S of a DQC between spins of positions of the'H signals in one-pulse MAS spectra already
the typesA and B is, in the limit of short excitation times, provide first evidence for the existence and strength of hydro
proportional to the square of the underlying effective dipgyen bonds. UsingH DQ MAS spectroscopy, it is straightfor-
lar coupling strengthDes and therefore proportional to theward to identify double and multiple hydrogen bonds and to
inverse sixth power of the effective internuclear distange explore their arrangement, allowing the localization of protons
(Section 3.2): in hydrogen-bonded systems. In addition, thermodynamic an

kinetic parameters for making and breaking processes are al

-1/6 accessible.

) ¢ Based onthéH spectral resolution achievable by fast MAS,

I8) o D& o< rgf, whererey = ( >t _ _ _ _
it could also be demonstrated that, in the solid state, the chemic

ij=—AB
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shift of protons can be used as a sensitive probe for surrounding
m-electron densities. In this wajd MAS and DQ MAS spec-

tra yield valuable information about the packing of aromatic 3
systems.

e By measuringtH-*H dipolar coupling strengths of spin
pairs or within methyl groups;H MQ MAS provides detailed
and site-specific insight into molecular order and dynamics, -
e.g., molecular motions in LC phases, reorientation motions of
molecular segments, or residual order phenomena in polymes.
melts.

4

In the field of dipolar MQ MAS spectroscopy, on-going NMR
methodological development focuses on the extension of MQ
MAS techniques to heteronuclear spin systems, making use of
the spectral resolution characteristic for, e’§C or °N, the
latter however being again reliant on isotopic enrichment. Thes:
dipolar interaction tensors of heteronuclear spin pairs are, for
example, well suited to serving as sensitive and site—specifi@'
probes for molecular motion. Future developments will include
the combination of established multidimensional NMR methods
with MQ NMR as well as the exploitation of combined homo
heteronuclear MQCs.
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