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By combining two dipolar double-quantum (DQ) MAS experi-
ments, a homonuclear DQ-DQ MAS exchange experiment has been
designed, which probes the reorientation of dipolar tensors and al-
lows the observation of slow molecular dynamics, in particular the
determination of reorientation angles and rates. The dipolar cou-
pling between two distinct spins is used to generate a DQ coherence,
and the orientation-dependent coupling is measured by means of
the DQ MAS sideband pattern before and after a mixing time. In
the course of a reduced three-dimensional experiment, the two DQ
sideband patterns are correlated, resulting in a DQ-DQ sideband
pattern which is sensitive to the reorientation angle. By referenc-
ing the DQ-DQ time signal, the information content of the pat-
tern can be divided into the sidebands and the centerband, with
the former reflecting only the moieties which have undergone a re-
orientation, and the latter predominantly containing contributions
from moieties which have remained in, or returned to, their ini-
tial position. Hence, a single sideband pattern provides access to
both the reorientation angle and the relative number of moieties
subject to the motional process. As a first example, such DQ-DQ
MAS experiments were performed on the 3C-'3C spin pairs of an
enriched poly(ethylene) sample. In its crystallites, the dynamics of
a known chain-flip motion were investigated, yielding a 3C-*C
reorientation angle of A6;; = (70 & 5)° and an activation energy
of Ea = (100 4 20) kJ mol~.  ©2001 Academic Press
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1. INTRODUCTION

herences (DQCs). Conversely, the observation of such cohe
ences implies the existence of a sufficient dipolar coupling
between the respective nuclei. In this way, detailed informa
tion about internuclear proximities can be readily obtained fron
the signals in two-dimensional DQ spectig {4), which cor-
relate a DQ spectral dimensiot)(with a single-quantum (SQ)
dimension, with the latter being used for signal detection. Ir
the DQ dimension, each observed resonance frequengy,
corresponds to the sum frequency of the two nucleand B,
involved in the coherenceiag = wa + wg. The homonuclear
type of such DQ spectra has, to date, primarily been recorded f
'H-H systems. Further applications inclu#é®-=3P (18, 19
and?°Si-?°Si (20) as well as'*C-3C (21, 29 DQ spectra. In
order to gain fully quantitative information about internuclear
distances or motional averaging processes, the dipolar couplir
strengths underlying the DQCs need to be measured by means
DQ signal intensities and build-up curvez3 or, alternatively,

by the evaluation of the MAS sideband patterhsl4, 24.

Under MAS conditions, dipolar MQCs are excited, and re-
converted to detectable magnetization, by recoupling pulse s
guences, which can be divided in two different types with respec
to the dependence of their excitation efficiency on the polar ar
gley; of the dipolar tensor orientation. For so-calle@ncoded
pulse sequencegy), only the phase of the average Hamiltonian
is modulated by a factor expf; ), such that the amplitude is in-
dependent of4;, while for rotor-encoded pulse sequences the
amplitude depends on afactor gipor cosy;; . This differencein
encoding is reflected in the dipolar MQ MAS sideband patterns
which have been shown to originate from two distinct mech:
anisms 14, 24. The first, termed evolution rotor modulation

In the field of solid-state NMR, the versatility of dipolar(ERMm), reflects the evolution of the MQCs under internal NMR
multiple-quantum (MQ) NMR spectroscopy under magic-ang|fteractions during the dimension of the two-dimensional MQ
spinning (MAS) conditions has recently been demonstrated {©¢periment. This mechanism is present for both types of recot
a variety of applicationsl{-15). The basic principle underlying pling pulse sequences. However, neglecting chemical shift ¢
the dipolar MQ MAS approach is the exploitation of dipolafrequency offset effects, a DQC is not subject to any evolu
couplings between spi-nuclei for the generation of higher tion under the mediating dipolar pair coupling, but nonetheless
quantum coherencet§, 17, in particular double-quantum co-when rotor-encoded pulse sequences are applied, the DQCs

isolated spin pairs do show a characteristic sideband patter

1To whom correspondence should be addressed. Fag:6131 379 320. Consequently, this pattern does not result from an evolution c
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the DQCs durind,, but rather from the fact that the rotor has
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differentinitial orientations at the beginning of the excitation andre likely to be damped out. (iii) In DQ sideband experiments, t
reconversion period, respectively. In this way, the reconversigndimension serves as a spectral DQ dimension as well as a |
becomes rotor-encoded with respect to the excitation, and MABd for introducing the rotor encoding. Hence, DQ coherence
sidebands are generated. Therefore, this mechanism of sidedaatdveen different pairs of spins can readily be resolved in tt
generation is termed reconversion rotor encoding (RRE). Duettao-dimensional spectrum together with the individual sidebar
its origin, this rotor-encoding mechanism is observed indepepatterns, while for the DQ build-up approach the distinction c
dently of the state occupied by the spin system dutinige., not DQ coherences requires a three-dimensional experiment wh
only for MQCs, but also for a state of exclusively longitudinale,; andt; are incremented independently.
magnetizationZ6). Here, we will extend the dipolar MQ MAS approach, and th
The pronounced sensitivity of the RRE sideband patternstechniques exploiting MQ MAS sideband patterns, to the inve:
the underlying dipolar interaction allows a precise measuremeigiation of slow molecular dynamics. In the context of NMR,
of the coupling strength between two given nuclei. Under dipol#re distinction between fast and slow dynamics depends on 1
recoupling conditions, the DQ RRE pattern consists of odd-ord&rength of the respective dipolar couplirlgl,J , meaning that
sidebands onlyZ1), while any perturbation of the spin pair byprocesses on time scales faster thag 2x D are conS|dered
an additional interaction, in general, leads to the generationtofbe fast, while motions on time scaless 271 D are slow.
even-order sidebands by means of the ERM mecharfigml  Motions on the time scale ~ 27Dy Lin general interfere
this way, the sideband pattern provides both a precise measwig dipolar MQ MAS experiments and hence, care has to t
of the coupling strength and a sensitive estimate of the validifyken when describing them using the simple approximatiol
of the theoretical spin-pair approach. Moreover, such combinealid in the fast and slow regimes, which assume either a fz
ERM and RRE sideband patterns provide access to the geomeiygraging process or a static system, respectively. In previc
of small spin systemsld). work on dipolar MQ MAS, the case of a fast motion has alread
Considering DQ build-up curves as an alternative way teen discussed for the three protons of fast rotating mett
determining homonuclear dipole—dipole couplings, RRE sidgroups b, 24 as well as for pairs of aromatic protons on fas
band patterns exhibit the following advantages: (i) DQ excitationtating hexabenzocoronene dis®s 10. In general, such fast
times on the order dDjj texe/27 = 0.5. .. 1 are sufficient, while dynamics can simply be taken into account by replacing tt
at least twice as long excitation times are required to cleadyatic dipolar interaction tensor by the motionally averaged on
observe the oscillation of DQ build-up curves, which is essen-In order to investigate slow motions by NMR, a wealth o
tial for an unambiguous coupling determination. (ii) In ordeso-called exchange experiments have been designed during
to prevent DQ relaxation processes associated with long excipast decade®{), which are, in principle, all based on the same
tion times, high demands have to be made on the experimemsperimental scheme (see Figs. 1a and 1b). During two e\
performance of the heteronuclear decoupling and homonuclégion periods, a spin evolves under an anisotropic interactio
recoupling pulse sequences. In RRE sideband patterns, howewéh the tensor orientation being probed by the nuclear res
only the overall signal intensity is affected by relaxation pheyance frequency each time. These two periods are separe
nomena, while in DQ build-up curves the essential oscillatioty a “mixing period,” during which the slow molecular motion
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FIG. 1. (a) Schematic representation of NMR exchange experiments for the observation of slow molecular motions occurring during the mixing time
conventional exchange experiments, the anisotropy of an internal interaction is probed by the nuclear resonance frequengiesdtyirig) In the DQ-DQ
MAS exchange experiment, the orientation of a dipolar interaction tensor is probed by DQ MAS sideband patterns resulting from the rotor-modirtaed |
signal observed during andt;.
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of interest is allowed to occur. In this way, the orientation ahe rotor-modulated spatial part, Eqg. [1], with the correspondint
the interaction tensor before and after the motional processsfEn part, followed by a summation over all spin paig9.,(
spectrally correlated. For this purpose, in standard applications, - 3
the anisotropies of chemical-shift and quadrupolar tensors are Hp(t) = Z w%')(t) . Tg}g, [3]
routinely used, in most cases detectig and?H resonances, i<j '
respectively. From the formal analogy of first-order quadrupo- y
lar interactions and dipolar couplingg4), it is clear that the whereT$)) is the component of a spherical tensor operator o
dipolar tensors of spin pairs, as well as those of fast rotatifi@nk two and order zero. In the case of a homonuclear dipole
methyl groups, can serve as probes for molecular orientationdnferaction, the spin part is given by
the same way, provided that additional dipolar couplings of the
spins of interest to neighboring spins are sufficiently reduced. T — i(3| OINTONNION |(i))' [4]

In principle, the sideband patterns resulting from the dipo- 20T e T
lar coupling between like or unlike spins in conventional MAS
spectra can be used for that purpose. For strongly coupled sydh @ zeroth-order average Hamiltonian approach, the effectiv

tems, however, such asi—H or 1H-13C, fast MAS with fre- dipolar interaction under MAS conditions can be described b}
quencies exceeding 20 kHz is needed in order to reduce thi€grating the rotor-modulated term in Eq. [1] over the time
couplings efficiently to two-spin correlation88). Then, only a interval [t’, t”] under consideration. The interaction is averagec
few sidebands are generated which hampers the precision, Witf€ro fqr time intervals corresponding to integer .multiples ol
which geometries of motional processes can be distinguished " Periodstr. To enable the use of dipolar couplings for the
dipolar MQ MAS NMR, the number of RRE sidebands can paxcitation of MQCs also under MAS conditions, many dipolar
adjusted independently of the MAS frequency by an appropFecoupling pulse sequences have been developed, which, in g¢
ate choice of the excitation and reconversion periods, such tRE&l: compensate for the MAS averaging process of the spati
perturbing dipolar interactions, as well as chemical-shif@rt by a “counterrotation” of the spin pa2q). For the ex-
anisotropies, are efficiently reduced. Therefore, a way to stuﬂgr”””emS presented here, we used the so-called back-to-b
slow molecular dynamics via DQ-DQ MAS exchange NMR, fol{BaBa) pulse sequencéd), which consists of two-pulse seg-
lowing the experimental scheme shown in Fig. 1c, is describ@nts of the form (99-tr/2-9Q;), whereq denotes the pulse

here and demonstrated on a model system, namely the cH¥igse. By combining these segments such that the pulse pha
motion in crystalline polyethylene. are shifted bytr/2 between two consecutive segments, i.e.

(90,—r /2—9th)(90;y—rR /2—9Q;Ey), the dipolar interaction is
2 THEORY recoupled, resulting in the following average Hamiltonian,

; ; ; (i) . -
2.1. Rotor Modulation of the Dipolar Interaction under MAS Hepaga = Z Q (Tg‘,lz i Tgﬁz), [5]
The use of dipolar MQ MAS spinning sidebands as a measure i<j
of the strength and the orientation of a dipolar tensor is based on -
the orientational dependence of the interaction in the presenchereTl(f’rg are components of spherical tensor operators of ran

a strong magnetic field in combination with the rotor modulationand ordem, and2(1) is the integrated spatial part of the rotor-
of its spatial part, which is commonly written in the form modulated dipolar interaction:
TR/Z
. r 3V2D;; . .
Q=16 . / oW (t)dt = 3205 sin28;; siny;. [6]
®R

0

1
— 5 26ij cosrt + ¥ )], (1]

wherewr is the MAS frequency, anfl;; andy;; denote the az-

f[rr?“icval r;nd I;:)(;Iarna:jngI%lrleispterz]ctl\étiely,lofrthe ve”crfpc Ot?nﬁc,:'hn%n 2.2. Rotor-Encoded MAS Sideband Patterns
e two nuclei andj. D;; is the dipolar coupling strength (in ™ 5~ = erences

units of angular frequency),

As is reflected by the orden = +2 of the tensor components,
the recoupled dipolar Hamiltonian, Eq. [5], generates DQCs.

In the following, our considerations will focus on isolated spin
D = Ko ViYi ’7’ 2] pairs and their DQ MAS sideband patterns arising from the RRI
4 rﬁ mechanism. This rotor encoding is due to the insertion of a pe

riodt; #£ n-1r (with anintegen) between the excitation and the

wherey; andy; denote the magnetogyric ratios, andis the reconversion ofthe DQCs, which resultsin a phase shift ofthe
distance between the two coupled nuclei. Thus, under MAS catependent amplitude between the average Hamiltonians respc
ditions, the dipolar Hamiltoniahl 5 (t) is found by multiplying sible for the excitation and the reconversion. Formally, the phas
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encoding becomes obvious from the two integrated spatial parts.,

oy 32D . . () = (si (i) . (i)
Qg«);= \i{)_R ij sin 2'6” siny; [78] $Q(t1) (SII’]NQexC Sin NQrec)[gqu [8]
whereN denotes the number of BaBa cycles applied (each |
and duration tg), and the bracket¢K) indicate the orientational
averaging procedure required for powdered samples. Sin
Q) — 3V2D;; sin 265 SNty + 7)), [7b] the argument&ﬂé’ig and Q%) are proportional to the dipo-
®R lar coupling strengttD;; (see Egs. [7a] and [7b]), the RRE

DQ MAS sideband pattern can serve as a sensitive meas|
which differ by the phasexrt; in the argument of the sip;  of D;; (12, 2J). Figure 2a shows calculated DQ MAS side-
function. Applying the BaBa Hamiltonian, Eq. [5], to a spin-paiband patterns for a spin pair, with the product of the dipc
system occupying a state of thermally equilibrated longitudinglr pair-coupling strengtiD;; and the DQ excitation timeexc
magnetizationp{ o 1§ + 11, results in a DQC, whose covering the rangeDj tex;/27 = 0.2, ...,2, which is usu-
amplitude is modulated by sidl). During the reconversion, a ally relevant for applications. In general, the effect of rotor
corresponding amplitude modulation by sifi) is introduced. encoding mechanisms on the NMR time signal is repeated
Consequently, for a standard DQ MAS experiment passiigervals of rotor periods2g), such that calculations, and in
through the coherence transfer pathway>0+2 — 0(— —1 the absence of other modulations also experiments, can be
for detection), the DQ signal and, hence, the RRE sideband pattricted to the observation of one rotor period, i.e<0t; <
tern of a DQC can be described by multiplying the modulationsgg.

D,Texc/2 (@) A6, (b)
> s et
s | || go L1,
l l l l 70 L l | ‘ |
b | ‘ 60 L
14 : A l l 50 | l l l I l |
12 ‘ ! 40 L
1 30 L1 l I [
08 “ ' 20 1 bl
0.6 . , o |
04 ]
1} I — 0|x1/|3: N I
? ) co?O)R ) i ? ) m;)(oR ! °

FIG.2. (a)Calculated DQ MAS sideband patterns for a homonuclear spin pair with a dipolar coupling of signajiplying a DQ excitation timeexc (b)
Calculated MAS sideband patterns for a DQ-DQ exchange experiment (according to the scheme given in Fig. 4) performed on a spiDipaiky/ith = 1,
with the dipolar tensor undergoing a reorientatiom\af; during the mixing time.
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2.3. DQ-DQ MAS Exchange Experiments o) _ 3V/2D;; . o N 10b
. . . .. . . rec,l — szﬂl] Sm(wR +V|J )’ [ ]

Considering again the origin of Eq. [8], it is straightforward to WR

see that the same simple principle of multiplying the DQ signal - 3V/2D;;

amplitude modulations applies accordingly when more than two Szgj(éz = """ sin Zﬂi(jz) sin yigz), [10c]

recoupling periods are catenated in an experiment. For exam- @R

ple, two standard DQ MAS experiments, each consisting of an (i) 3V2D;; . @ , @

excitation and a reconversion period, can be combined to a DQ- rec2 = T o sin 26;j sin(wrt’ + Yij ). [10d]

DQ MAS experiment of the forraxc-t;—tect,—exc-ts—rec(—t,
for detection with the coherence transfer pathway-0+2 —  The superscripts “1” and “2” attached to the anglgmandy;; in-
0 - +2 — 0(— —1 for detectio). The DQ-DQ signal can dicate thatthe orientation of the dipolar tensor may have change
then be written as during the mixing time, while the dipolar coupling strengdh
is unaffected by such a reorientation process, provided that tl

i . Qi) i internuclear distance between the spirsnd j remains con-
S(DQ-DQ(tl, to, t3) = (Sln N2, SiNNQ

xql rec,1 stant. The latter condition is generally fulfilled if the two nuclei
CsinNQ®@) . sinng®).y o1 arelinked by a single chemical bond.
exg2 ecals, [ From the combination of Eq. [9] with Egs. [10a]-[10d] it

is clear that the RRE sideband pattern of a DQ-DQ exchang

The rotor encoding is now threefold, because three of the fotReClrum Is sensitive to reorientation prtgg)esses(l())f the dipol
integrated spatial parts, nametf)) ,, @%)),, and2")),,, depend t€NSor, V\gg'Ch ”%OWG a changag; = gj” — B andlor
on the rotor phasesrty, wr(t +1t), andwr(t +t+ts), respec- Avij = i) — vij - Note that the two reorientation anglag;;
tively, in accordance with Eq. [7b]. These nested dependencfflAyj correspond to a single tensor reorientation angig,
can be simplified by synchronizing the pulse sequence with théh 6ij denoting the angle between the internuclear vegjor
rotor. Considering the above DQ-DQ experiment as an excharffidl the external magnetic fief. In the absence of MAS, the
experiment, where two DQ experiments (with DQ time dimeri@Mmiliar ;; dependence arises as a consequence of the transf
sionst; andts) are separated by a relatively long mixing timénation of the dipolar tensor from its principal axes system intc
(t2) during which a slow molecular motion is allowed to occurthe laboratory frame witt, || z. Under MAS conditions, this
such a synchronization can be easily accomplished by ensurfiigdéPendence splits into a twofolgi, 1) dependence, be-
that both the first and the second DQ excitation period start atg@##/Se then the transformation needs to be carried out first fro
identical rotor position. This rotor-triggering procedure requird§€ Principal axes system into the rotor-fixed frame, and secor
the mixing timet, to be extended accordingly by an additiondfom f[he rotor-fixed frame into the_ laboratory frame. The reori-
delay At with 0 < At < tg, but, when compared to a |Ongentat|0n process, however, can still be completely characterize
mixing timet, > g, this delay is negligibly short. by the anglend; . .

For practical purposes, such as restrictions on the experimenEigure 2b shows calculated DQ-DQ MAS sideband pattern
tal time and the size of the data set, it is often desirable to p&! dipolar tensor reorientationséj = 0°...90". As an exam-
form multidimensional experiments in a reduced form. Disré€, the underlying dipolar couplinDjj and the DQ excitation
garding the DQ excitation and reconversion periods, the DQ-D{€ Texcare chosen such thak; ze;/27 = 1. Itis evident that
exchange experiment is, in principle, four-dimensional, but {5 Pattermns can serve as a measure of the reorientation ang
NMR time signal is detected during the mixing timg,where Note that spin-pair DQ-DQ MAS sideband patterns in genere
the spin system occupies a state of longitudinal magnetizatiéRNSist of even-order sidebands only and that sidebands are a
The three spectral dimensions can be reduced to two by obségnuinely present foad; = 0%, vide infra
ing the two DQ dimensions in parallel, i.e., by settiag= ts. o o _

In a graphical view, the synchronous incrementation ahdt; 2-4- Distinction of Moieties Undergoing
corresponds to projecting the signals from the two-dimensional@nd Not Undergoing a Reorientation

DQ-DQ plane onto the DQ-DQ diagonal. _ In the case of slow molecular motions occurring on the time
After these simplifications, the DQ-DQ time signal, Eq. [9scale of the mixing timety, the situation is complicated by
depends on a spectral DQ time dimensior= t; = t3 and & the fact that the observed signa(t’, A6;), contains contribu-
mixing timety, = t,, which is henceforth considered a parametgjyns S(t’, A6 # 0°) from moieties which have undergone a
of the two-dimensional DQ-DQ experiment. Consequently, thgorientation during, as well as contributionS(t’, A6; = 0°)
integrated spatial par@' in Eq. [9] can be rewritten as from moieties which have remainedin, or returned to, their initia
position. Therefore, an obvious way to distinguish these two sic
nal contributions would be desirable, for example, by ensurin
Qi) _ 3\/§Dij sinZﬂ-(-l) siny-(l) [10a] the absence of sidebands fof;; = 0°. Itis, however, important
WR g e to note that DQ-DQ MAS sidebands arise from the shift of the
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rotor phase of the rotor-modulated Hamiltonian between excitaave remained in, or returned to, their initial orientation, while
tion and reconversion, which occurs even if the dipolar interatie signal intensitySer (t', A6;j # 0°) of the sidebands purely
tion tensor itself remains unaltered, i.A9; = 0°. The effect reflects the moieties which have been subject to a molecular |
on the amplitude of the signal is hennoet a simple sine or orientation process. The patterns correspondirt¢t’, Adi;)
cosine modulation, but rather a nested modulation of the formill henceforth be referred to as the “referenced” patterns, in o
sin(singrt’)). ConsequentlyS(t’, Ag; = 0°) is not simply der to distinguish them from the original DQ-DQ MAS pattern:
proportional to a function of the form Siwgt’), which would  corresponding té&(t’, A;j), which are displayed in Fig. 2b.
allow the removal of sidebands by combining two data setsUsing such referenced DQ-DQ MAS sideband patterns, tt
with a relativet” shift by tr/4, resulting in the familiar identity reorientation angle can experimentally be determined by co
sirf(wgt’) + cog(wgt’) = 1. Due to the nested sin(singt’))  sidering the sidebands and ignoring the centerband, which m
dependence, the removal of DQ-DQ MAS sidebandf@y = also contain contributions frorfes (t', AG; = 0°). This ap-
0° is most easily achieved by dividing the experimental signatoach requires the presence of, at least, second- and foul
S(t', A6;j) by a reference signai(t’, A6;; = 0°), which can order sidebands. For a given dipolar coupling strendi,
be obtained either by a calculation or by a reference experimdnis can be ensured by choosing the DQ excitation tirag,
with a short mixing time: such thatD;j tex/27 > 0.6. For the casebjj texe/27r = 1 and
Dij Texc/2m = 1.5, the resulting sideband patterns are displaye
[11] in Figs. 3a and 3b, respectively, relating to dipolar tensor re
orientations ofAg;; = 0°...90°. Note that the reorientation
patterns forAg; # 0 do also have a centerband, which, ir
After this referencing procedure, only the centerband cotiie case of experimental patterns, needs to be subtracted in
tains the signaes (t', A6; = 0°) arising from moieties which der to obtain theAd;; = 0° contribution. As is common for
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FIG. 3. Calculated MAS sideband patterns of a DQ-DQ exchange experiment (according to the scheme given in Fig. 5), the time signal of which h
subject to the referencing procedure according to Eq. [11]. The calculations are carried out on a spin-pair systeDipigadedr = 1 and (b)Djj Tese /27 = 1.5
for a dipolar tensor which undergoes a reorientation@f during the mixing time.
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RRE patterns, the number of sidebands, corresponding to thixs 4.4%'3C-3C labeled spin pairs30), on a Bruker DSX
spectral width of the pattern, as well as the sensitivity of thehectrometer and a 4-mm double-resonance MAS probe, ope
pattern to the reorientation angle; increases withDjj texe  ating at'H and3C Larmor frequencies of 400 and 100 MHz,
This feature allows the experimental conditions to be adaptgsspectively. In thé3C MAS spectrum, the crystallites in the
to the desired degree of accuracy and/or toA#g range of sample, corresponding to athans chain conformations, give
interest. rise to a relatively sharp peak at 33 ppm, while the chain sec
Having determined the reorientation angle from the sidegnents with partiallgaucheconformations, which represent the
bands, the referenced pattern can readily be decomposed Hxiforphous phase of the sample, lead to a broad peak cente
the contributions fog;; # 0° andA6;; = 0°, at 31 ppm due tg/-gaucheeffects @0, 31). Using 3C NMR
techniques, the two phases can be distinguished not only by the
Set(t', AbGjj) =a- Ser(t', AGj = 0°)+ b- Ser(t', A6j # 0°),  chemical shifts, but also by their different spin—lattice relaxatior
[12] times (T.) as well as by their different averagid—3C and*3C—
13C dipolar couplings. The crystalline phase has a considerab
longerT; which allows thé3C signal of the amorphous phase to
be suppressed by insertingrafilter after the Hartmann—Hahn
1H-13C cross polarization (CPBQ, 3). In addition, the crys-
talline signal can also be selected by using short CP contacttim
(<0.5 ms).
As a simple example for a molecular reorientation process,To demonstrate the DQ-DQ MAS exchange technique, w
consider the case of a two-site jump with a constantkate  focus on the signal of the crystalline phase, because PE chai
with all-trans conformation are known to undergo slow 280
AkBX AL ... [13] chain-flip motions, accompanied by a straight digplace_mer
of the chain by one Ck segment §0). As is depicted in

: . Fig. 5b, this chain flip gives rise to a reorientation of A€—
In the context of the experiment to be discussed, the |abatsd Bg internuclear vec?ogr] by about 112corresponding to the

B do not refer to the two sites, but rather separate the moieti C—C bond le. Due 1o th | itivity of the di
into those having remained in, or returned to, their initial posf?_t_ OTh. ang ?.' ue.”ob zatngij ‘Zr sens&gl y ot Ef[ PO
tion, A, and those having “jumped” into the other positid, ar tensor, this motion will be detected as & reorienta-

Consequently, the initial condition at the beginning of the obséF—)n' L i _ .
vation g give)rll byb(t = 0) = 0, whereb deno%es th(ge “number” For calibration and confirmation purposes, tF@-3C dipo-

e . : . . lar coupling strength is measured by a standard DQ MAS ex
f f . Sol he diff I ) 4 I
of moieties of typeB. Solving the differential equation periment. Performing MAS at 8 kHz, the DQ excitation time

db(t) is set totexe = 8tr = 1 ms. After a standard Hartmann—
ot = k-a(t) —k-b(t), [14] Hahn CP, a BaBarecoupling pulse sequence of the A&z
was applied for DQ excitation and reconversion, whgre=
assuming thaa(t) + b(t) = 1, yields the familiar exponential [X — Xy — yx — xy — y]. In this notation,q and q denote
form of a correlation function 90" RF pulses of positive and negative phagesespectively,
and “—" represents a delay of duratiary/2 minus the pulse
lengths. This pulse sequence compensates, on a zeroth-or
average, for resonance offsets and chemical-shift anisotropy ¢
a time scale of 2. In the case of more pronounced chemical-
giving the relative numbei(t), of the moieties which, after a shift effects, the compensation performance may be improvab
time t, are not located at their initial position. Identifying theby introducing 180 RF pulses in the middle of eaaly/2 de-
above timet, with a mixing time,ty, the kinetics of such a lay. The'3C RF field was set taw; /27 = 31.25 kHz, cor-
process, as expressed by Eq. [15], can be easily determinesbonding to a 90pulse length of 8us. For heteronuclear
by DQ-DQ MAS exchange experiments, provided that a slodipolar decoupling, a TPPM schem@2f was used, applying
molecular motion occurs with a ratén the order of 10 s < a !H RF field of aboutw; /27 ~ 90 kHz. The coherence
k < 10°s1. The number(t), is then identical to the weighting transfer pathway 0— +2 — 0 — —1 was selected us-
factorb of the sideband intensity in the DQ-DQ MAS exchanging two nested four-step phase cycles. Together with the spil

where the weighting factora andb provide access to kinetic
and/or thermodynamic properties of the system.

2.5. Slow Two-Site Jump

b(t) = %(l — exp(—2kt)), [15]

spectrum (see Eq. [12]). temperature alternation of the CP and-a alternation during
the subsequent; filter, a 64-step phase cycle was used. The
3. EXPERIMENTS recycle time was 2 s, and 25 experiments were performed,

with t; ranging between 0 antk. Since a single resonance is
The DQ and DQ-DQ MAS experiments were performed usecorded under on-resonance conditions, the detection can
ing a sample of high-density poly(ethylene) (PE), which comestricted to a pure cosine data set, and the time signal can



DQ-DQ MAS EXCHANGE NMR SPECTROSCOPY 97

TPPM |
decoupling |

a cP : "
) 1 H contecl TPPM decoupling TPPM decoupling

1% DQ experiment ——M 8 — ———2" D experiment———|

13C CP excitation evolution reconversion mixing excitation evolution reconversion detection
contact n
< < 55 Uf\

) i mp
b x x - x Xy I_y
) | “",,""i . ﬂ/\(\J.‘/n\\[‘ ' By
i/ .“.‘.---/! d “_\““"",,‘ H \/
S = —

FIG. 4. (a)Scheme of a DQ-DQ MAS exchange experiment performelfGrafter alH-13C Hartmann—Hahn CP. During the two DQ experiments and th
final signal detection period a TPPM decoupling scheme is applied. A rotor-triggering procedure ensures that each of the two catenated DQ stgresiatent
the same rotor position (indicated by the perpendicular arrows). The two DQ experiments are separated by a miinanthtiee DQ time dimensiong and
t3 are incremented simultaneously, such that the spectral dimensions are reduced to 2. (b) BaBa recoupling pulse scheme used for the excitatiersiamd re
of the 13C-13C DQCs under MAS conditions. (c) Coherence transfer pathway of the DQ-DQ MAS exchange experiment, as experimentally selected by
cycling procedure.

artificially extended irt; by catenating the signal recorded for 4. RESULTS AND DISCUSSION
0<t <1Rr

A DQ-DQ MAS exchange experiment is performed by com#.1. 13C-3C Dipolar Coupling in all-trans PE Chains
bining two standard DQ MAS experiments as schematically The RRE DQ MAS sideband pattern obtained fori@-13C

represented in Fig. 4a. The DQ excitation time is setlp = . S . . - - )
47g = 0.5 ms. The full phase cycle selecting the coheren%gIn pairs in the PE crystallites using; = 8rr is displayed in

. . ig. 5a. The dipolar coupling strengi; resulting from this
pgthway 0~ +2 — 0 = +2 - 0 — —1 (displayed n pattern isD;; = 27 - (1.89 4 0.01) kHz. This is very close to
Fig. 4c) as well as including the spin-temperature alternation B

the CP and the subsequentilters (the+z alternation during foirj :1323_'132(;02;?:Zp’avivrh\',(v::h'satgiﬁgﬂglr',r;?hsgfgﬂg anrﬁcfé

theTl_ filter and the mixing time are performed simultaneousl;ﬂ s previously been determined by both NMR and scatteri
consists of 1024 steps, but can safely be reduced to 256 step§e niques30, and references therein). However, the observe

omitting one four-step cycle. The dimensions of the expenme&gup"ng strength here is smaller by about 5%. This indicates,

a;e r((aj(idnuced torji:y tseétlrtg jotl - 1%5?;”?%“?,[:?6 rc;tovrv addition to the slow chain flip, a minor degree of mobility of the
encoding according to Egs. [10a]-{10d], two rotor triggers we chains in the crystallites occurring on the time scade Texc

placed at the start of the two excitation periods, as indicated ypossible type of motion giving rise to this effect is fast small

the perpendicular arrows in Fig. 4a. The experimental parag'ﬁgle fluctuations, whose presence could be related to fin

_?_Legsnfiiir;esg r(:]r(]adt 0 \f\t];s ?/Sric'\eﬂft?ef\zgirr:rge; tr::sa%rébfds agggz'e effects as well as to imperfections of the crystallites, whic
9 m . ' o ould have been exacerbated by the fact that the crystallizati
of such exchange experiments were performed at five temp

r- )
atures T = 280, 290, 300, 310, 320 K—effects of MAS onfmﬁss t°f thtebs?mp'he V‘(’;"T ”Odt d‘.’tc.’”tm”ed"by al V‘;‘la”'?e“tm
the sample temperature were taken into account by calibratlog'na reatment betorenand. i acdion, smar-angle tuctuato
experiments, using ti@"Pb resonance line of PbNQ@s a ref- ¢ u!d, t.o some e>.<tent, be regarded as a prerequ@te for |
erence). To obtain the DQ-DQ sideband patterns, the time Sigch )ln diffusion which has been observed on longer time scal
recorded for longer mixing timesy, is divided by the signal of '

the experiment with the shortest mixing time (itg.= 1 ms for
T = 280, 290, 300 K ant}, = 0.3 ms forT = 310 K) or by a
calculated signal (fof = 320 K). The “referenced” time signal
is catenated before Fourier transformation. Note that artifact
potentially caused by this catenation procedure will predomi- To determine the reorientation angle, the DQ-DQ MAS ex
nantly be located at the first-order sidebands in the spectrurthange experiment is performed using a long and a short mi
while the DQ-DQ MAS sideband pattern consists of even-orderg time, i.e.,t, =1 ms andt,, =600 ms, atT =300 K, en-
sidebands only. suring the absence and the presence of a slow jump motic

4.2. 13C-13C Reorientation Angle Associated
Swith the Chain Flip
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c) =4 1,

exc

Texc = 8 TR

70°

FIG. 5. (a) Calculated (black) and experimental (gra3¢—3C DQ MAS sideband pattern for the crystalline phase of poly(ethylene), yieldiig-d3C
dipolar coupling strength dbj; = 27 -(1.8940.01) kHz. (b) 180 chain flip in the crystallites (as previously described in R&@), giving rise to a reorientation of
A = Aei(jz) - Aei(jl) = 112 (=68) of thel3C-13C dipolar tensor. (c) Calculated (black) and experimental (gray) MAS sideband patterns of “referenced” DQ-
exchange experiments. The experimental pattern is recorded for a mixing ttsne=0800 ms afl = 300 K and yields a reorientation angles#;; = (70+ 5)°
for the 13C-13C dipolar tensor. The circles mark the deviations from the patterns calculatadifoe= 60° and 80, respectively, in the sensitive spectral region.

a) b)

1

S
[rul

0.5+

O + v v v v v ey o 4T
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
t'/ TR /g

FIG. 6. Time signals of DQ-DQ MAS exchange experiments performed oA%Ge'3C spin pairs in the crystallites of poly(ethylene) with=t; = t3 at
T = 300 K. (a) “Raw” time signals fotexc = 4tr = 0.5 ms, and;,, = 1 ms (diamonds) anigh, = 600 ms (crosses). The signal observed for the short mixing time
perfectly agrees with the time signal calculated for the absence of any reorientationgi.e= 0° (represented by the line), when a slight exponential decay is
additionally taken into account. (b) “Referenced” time signal obtained by the division of the two experimental time signals displayed in (ap ex&ard11].
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respectively. The experimental time signals are displayed af this determination being estimated to abeti°. Thus, the
Fig. 6a fort'=0...tr. The reference signalsy, recorded value obtained from our experiments, i&6; = (70+5)°, per-
for t,=1 ms perfectly agrees with the calculated signal fdectly agrees with the expected reorientation angle~68°.
A8 = O° (solid line). The calculations are based of@-*C  In comparison to alternative methods providing comparable i
dipolar coupling strength db;; = 2r - 1.9 kHz, in accordance formation, it should be noted that the DQ-DQ MAS exchang
with the value determined by the DQ MAS experiments (seproach requires only two experiments to be performed, whi
above). The signal recorded figr = 600 ms obviously deviates corresponds to an experimental time of about 7 h. The number
from ), indicating the presence of a slow reorientation motiorequired experiments can even be reduced to one by using a
with Ag;; # 0° occurring duringty. To characterize this mo- culated time signal as the reference signal. In this way, howev
tion, the signal is divided by, resulting in the “referenced” any additional compensation of experimental artifacts, whic
time signal,Ser, shown in Fig. 6b. The corresponding DQ-DQmay be achieved by using an experimental reference signal,
MAS sideband pattern is displayed in Fig. 5¢c, where calculated longer possible. Furthermore, the calculation of an appr
patterns are also displayed for comparison. priate reference signal will, in general, be complicated by th

The pattern corresponding to a reorientation angle pfesence of resonance offsets, multiple resonances, or sig
Ag;; =70 matches the experimental data, with the accuracecay effects during.

600 w A n
. S ﬂ
300 n
W
150 ﬂ n
100 \_\/\_/ H H
W
. 60 n
2]
£
. W
- 30 o ﬂ ﬂ
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W
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FIG. 7. “Referenced” time signals (left) and MAS sideband patterns (right) of DQ-DQ exchange experiments performe&*@alt@ spin pairs in the
crystallites of poly(ethylene) withexc = 4tr = 0.5 ms atT = 300 K for various mixing times,. In the spectra, the centerband is cut at bf its full height.
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4.3. Correlation Function of the Chain-Flip Motion dure, which result in an overall error margin of approximately
Ab(ty) = +0.05. The dotted lines in the diagrams correspond tc

Having determined the reongntanon angle, t_hetwo com- single-exponential correlation functions, as given by Eq. [15]
ponents of the DQ-DQ MAS sideband pattern, i.e., the reorien

tation pattern and the additional contribution to the centerbanlge experimental Qata are described significantly better by
stretched exponential function of the form

intensity, are now completely known, and it is possible to deter-
mine the relative weight of the two components in the observed
DQ-DQ exchange spectra according to Eq. [12] as a function
of the mixing time and the temperature. Fbr= 300 K and
tn = 1...600 ms, the change in the referenced time sigdal,

,?hs wel! a;]st ir} :Ee s'igegang pggetrn s SZC.)W” in.Fig]; TI C!earWhere the exponert reflects a nonexponential behavior, which
e weight of the sidebands (i.&{f), see discussion following is frequently observed for glass-forming materials or polymers

Eq. [12]) increases with increasing mixing times. In Fig. 8a, tqﬁ the case of PE, the best it is obtained for= 0.8 + 0.1
signal contributionb(ty,), from the moieties, which have under- ' '

. . o L which is the same value as has previously been determine
gone a reorientation durirtg, is displayed for all mixing times by Hu et al (30). Finally, using an Arrhenius approach (see
investigated al = 300 K. The error bars reflect the accuracy; 8b), an activation e’nerg& — (100+ 20) kJ mot™ is
of the experimental data and the subsequent evaluation pro&é’éineé from the three resulti/;g rate constddTE) for T >
300K. Atlowertemperatures, < 300K, the apparent motional

rates are artificially increased due to temperature-independe

b(t) = 511 — exp(-2k0)")] [26]

a) ] spin diffusion, because reorientation and spin diffusion then oc
0'5j cur on a similar time scale, such that spin diffusion contribute:
— 0.4] appreciably to the transfer of magnetization between iGe-
= 0 3§ 13C spin pairs. Both the value of the activation energy and th
- ] observation of spin diffusion effects agree with the results of H
g 0.2 etal. (30).
0.1]
0.02 ‘ ll o 5. CONCLUSIONS AND OUTLOOK
4
01 10 t, [ms]mo 1000 10 While the applications of dipolar MQ MAS spectroscopy
have, to date, focused on investigations of molecular structure
or fast molecular dynamics, the DQ-DQ MAS exchange ex:
b) TIK periment introduced here represents the first dipolar MQ MA
, 320 310 300 290 280 approach applicable to slow molecular motions occurring ol
] time scales in the order of 16s > 7 > 103 s. By combin-
67 ing two RRE DQ MAS sideband patterns in a reduced three
5 - dimensional experiment, the dipolar tensor of a spin pair serve
] as a probe for the reorientation angle. The subsequent applic
o 47 tion of a referencing procedure according to Eq. [11] allows the
T 3 information about the angle of the reorientation and the rate c
2] I the process to be separated. In this way, the chain flip in P
1 crystallites was investigated in detail, yielding a reorientatior
1] I angle ofA6;; = (70 5)° for the*C—3C pairs along the chain
0 — T as well as an activation energy Bi = (1004 20) kJ mot™ for

30 31 32 33 34 35 36 37 theprocess. Anextension of this work in order to study the slov
1T [109/K] exchange between chain units with different fast dynamics leac

o _ _ _ ing to partially averaged dipolar couplings in the noncrystalline
FIG.8. (a)Relative intensity of the sidebands observed in the DQ-DQ MAS

pattern forrexc = 4tr = 0.5 msafl = 300K (see Fig. 7). Therelative sidebandre@llons In (poly)ethylen§38) IS_Curremly underw{?‘y‘ .
intensity corresponds to the relative numHgtm), of moieties undergoing a ~ Although the sample investigated here contained only a sir

reorientation during the mixing timén. Based on a two-site chain-flip model, gle *3C-3C pair label with a single resonance frequency, the
b(tm) can be described by the correlation function given in Eq. [15]. The soligchnique readily allows several spin pairs to be investigated i
lines represent the best fit using a stretched exponential function according tcr’ﬁﬁrallel by resolving the chemical shifts of the involved nuclei

[16], while the dotted lines reflect exponential correlation functions, indicati . . ..
the upper and lower limit for the flip rate. (b) Arrhenius plot of the rate constant'ill the SQ dimension of the DQ-DQ MAS spectra. In addition,

k, as determined from the correlation functionsToe= 280...320 K. The data during the DQ time dimensions-the generated DQCs _eVOlve ur
points forT > 300 K yield an activation energy &, = (100+ 20) kImot?.  der the sum of the chemical shifts of the two respective nucle



DQ-DQ MAS EXCHANGE NMR SPECTROSCOPY 101

such that different sideband patterns and potentially different M. Hong, W. Hu, J. D. Gross, and R. G. Griffin, Determination of the
dynamic processes can be distinguished along the DQ axis, too Peptide torsion angig by *N chemical shift and*C,~!H, dipolar tensor
This parallel access to different sites of interest requires the re- c0relation insolid-state MAS NMFR, Magn. Resort.35,169-177 (1998).

duced three-dimensional data set to be acquired in a hypercofh.: Schnell. S. b. Brown, H. Y. Low, H. Ishida, and H. W. Spiess, An inves
tigation of hydrogen bonding in benzoxazine dimers by fast magic-ang

plex form, for example, by nesting two TPFS‘Q procedures. spinning and double-quantufi NMR spectroscopy). Am. Chem. Soc.
In this way, DQ-DQ MAS exchange experiments enable the 120,11784-11795 (1998).

detailed elucidation of dynamic properties of multiply labeledy. s. p. Brown, I. Schnell, J. D. Brand, K. Wién, and H. W. Spiess, An
molecules. investigation ofr—r packing in a columnar hexabenzocoronene by fas

Homonucleat3c-13c pair labels are frequently encountered magic-angle spinning and double-quantdid solid-state NMR spec-
in biomolecular systems and, therefore, the DQ-DQ MAS ex- 0SCOPY.J. Am. Chem. S0421,6712-6718 (1999). s A
change approach provides promising potential for the investf: S: P Brown I. Schnell, J. D. Brand, K. aflén, and H. W. Spiess, AH

. . . double-quantum magic-angle spinning solid-state NMR investigation c
gation of the dynamlcs of such systems. However, since MQ packing and dynamics in triphenylene and hexabenzocoronene derivativ

MAS spectroscopy as well as the use of dipolar tensors for j. mol. Struct521,179-195 (2000).

probing molecular dynamics represents general concepts, 1h€s. p. Brown, I. Schnell, J. D. Brand, K. Wén, and H. W. Spiess, The
DQ-DQ exchange approach can be extended from homonuclearcompeting effects of—= packing and hydrogen bonding in a hexabenzo-
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niques developed by Saaefiteret al (35, 36) for the genera- 12. X. Feng, P. J. E. Verdegem, M. Eden, D. Sandstrom, Y. K. Lee, B. H. M

. . BoveeGeurts, W. J. deGrip, J. Lugtenburg, H. J. M. deGroot, and M. +
tion of heteronuclear DQCs under MAS conditions. In general, Levitt, Determination of a molecular torsional angle in the metarhodopsir

however, care has to be taken to avoid spin diffusion during | photointermediate of rhodopsin by double-quantum solid-state NMF

the mixing times of the experiments, in particular in the case J. Biomol. NMRL6, 1-8 (2000).

of multiply labeled or*H systems. Finally, the performance oft3. T. Karlsson, M. Eden, H. Luthman, and M. H. Levitt, Efficient double-

such DQ-DQ exchange techniques should be further improv- quantum excitation in rotational resonance NMR Magn. Reson145,
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(37). 14. 1. Schnell and H. W. Spies$H NMR spectroscopy in the solid state: Very-
fast sample spinning and multiple-quantum coherences, submitted for pt
lication.
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