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A two-dimensional (2D) double-quantum (DQ) experiment
under rotational resonance (R?) conditions is introduced for eval-
uating dipolar couplings in rotating solids. The contributions from
the R2-recoupled dipolar interaction and the J coupling can be con-
veniently separated in the resulting 2D R2-DQ spectrum, so that the
unknown dipolar coupling can readily be extracted, provided that
the values of the involved J coupling constants are known. Since
the measured parameters are integral intensity ratios between suit-
ably chosen absorption peaks in the 2D spectrum, the proposed
method is characterized by a reduced sensitivity to relaxation pa-
rameters. The effect of rotor-modulated terms, including chemical
shift anisotropy, is efficiently averaged out by synchronizing the
excitation/reconversion time with the rotor period. All of these fea-
tures are demonstrated theoretically by the example of two model
systems, namely, isolated spin-pairs and a three-spin system. The
results of the theoretical models are applied to both *C and *H nu-
clei to extract dipolar couplings in uniformly *3C labeled L-alanine
and a crosslinked natural rubber.  © 2001 Academic Press

Key Words: solid-state NMR; magic angle spinning; rotational
resonance; double-quantum NMR.

1. INTRODUCTION

applications of these nuclei in the structural elucidation of com:
plex biological molecules21—24.

The main features under rotational resonance, i.e., enhanc
magnetization exchange and line splitting and broadenin
(25-27), are all used for measuring dipolar couplings and, hence
internuclear distances. The dipolar coupling between two resc
nant nuclei can readily be extracted from the decay of magnet
zation exchange curves and from the splitting of single-quantur
(SQ) or double-quantum (DQ) filtered lines, in experiments suit
ably designed to exploit one or the other of these features.

Inthe conventional approach, quasi-isolated spin-pairs are el
gineered by specific isotopic labeling of nonequivalent molec:
ular sites, so that spin systems with very simple spin dynamic
are determined, which can readily be manipulated. difter-
ential longitudinal magnetizatiors first prepared by selective
inversion of one resonance, the dynamics simplifies even fur
ther, because this initial state is expected to evolve solely und
the recoupled dipolar interaction. Such a strategy is employe
in R? magnetization exchangé4, 15 and DQ filtering exper-
iments (6). The simplicity of this concept is, however, spoiled
in practice, because both methods also prove to be quite sen:
tive to relaxation parameters, in addition to the measured dipole

The investigation of local structure by solid state nuclear mageupling. In particular, the strong dependence onTihgg, the

netic resonance (NMR) often requires recouplity ¢f weak

relaxation time of the zero-quantum coherences, limits the acct

dipolarinteractions, which otherwise are efficiently averaged ot@cy of distance measurements by these methods to such valt
by magic angle spinning (MASY( 3). In addition to radiofre- for which the decay of the magnetization exchange signal, o
guency techniquet£12, in homonuclear systems recouplinghe splitting of the DQ filtered line, become smaller than the
methods also have been develop&8+17) that exploit the so- Tz zq-induced decay, or line broadening, respectively.
called rotational resonance{Rphenomenoni). By this, one  Therefore, the development of efficient techniques by whict
can selectively reintroduce part of the dipolar interaction b#3e effect of relaxation can be conveniently handled is highly
tween two chemically distinct nuclear sitgsandk, provided desirable. Such alternative methods have already been propos
that their isotropic chemical shift difference matches a small ifs the case of Rmagnetization exchange. For instance, in the re:
teger multiple of the rotor frequency, i.8;x = w; —wx = nwg.  cently developed Rtickling experiment {4), the sensitivity to
So far the R recoupling techniques have been applied on dilufe. z ¢ is greatly reduced, which enables accurate distance eval
nuclear spin probes, particulad§C and'®N, because the high ation up to 5-6\ in 13C-labeled compounds. In the present work
spectral resolution needed for the observation of tAepe- we show that the disturbing effect of relaxation can be reduced i
nomenon is easily achievable in such systems with inhomod@*-DQ experiments as well. Unlike the case presented in Refs
neous line broadenin®) and also because of the importan{16, 17, thetransverse magnetizatias employed here as an
initial state, which is then converted into DQ coherences usin

1To whom correspondence should be addressed. Fax: ++49 241 8888 @g_excitation scheme similar to that reported in RE8).(Nev-
E-mail: bluemich@mc.rwth-aachen.de. ertheless, different from both methods3( 19, the measured
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parameters arategral intensity ratiodetween suitably chosen

absorption lines in a two-dimensional (2D§RQ spectrum. : DQ s
Although the spin system response is more complex now, be- excitation | | evolution velntion

cause the) coupling interaction also contributes to the spin dy- i s

namics and generally a smaller efficiency in the DQ excitation 2T fl t, t

process is obtained, the strategy proposed here has importan

advantages, namely (i) the absorption peaks originating ffom b 90, 1805 90,
coupling and dipolar interaction are separated from each other
in the resulting 2D spectrum, so that one can determine dipolar
couplings from their intensity ratio, provided that the values of
the involvedJ couplings are known from solution spectra, (ii) - -
the method is not restricted to isolated spin-pairs, but can be =Nty =Nty
applied to multispin systems as well as that discussed in Refs.

(13_1'0' (|||) the influence of relaxation can be greaﬂy reduced, FIG. 1. (a) Schematic representation of the 2D DQ MAS experiment. This
which increases the accuracy in evaluating dipolar COup”nﬁsicschemecan be used with different excitation/reconversion pulse sequenc

. - e z-filter is represented by a rotor-synchronized purging petiptinserted
and (iv) the effect of the remaining rotor-modulated terms, "?j'elay between reconversion and detection to allow undesired coherences to ©

cluding chemical shift anisotropy (CSA), is efficiently averageghy). (n) The pulse sequence used for exciting DQ coherences. For reconversi
out under fast MAS and also by rotor synchronizing the excitasimilar pulse sequence was used, except that the phases were shife! by

tion/reconversion times.

All of these features have been demonstrated theoreticallyanlabeled compound. Both are well-characterized compound
two model systems, namely isolated spin-pairs and a three-spimd thus can be used to test the performance of the propost
system. The theoretical results are used to extract dipolar cowethod.
plings from the 2D R-DQ spectra recorded @AC in uniformly ~ The DQ experiment described above was performed at thos
labeledL-alanine, and ortH, in a crosslinked natural rubber.R? conditions for which no Rinduced line splitting was ob-
To our knowledge, no Rinduced line splitting on protons hastained in conventional SQ spectra. Specifically, this refers tc
been reported so far, although the basic condition for employitfte n = 1 rotational resonance condition with respect to the
the R phenomenon, i.e., an inhomogeneous-like broadenir@OOH-CH lines (r = 19.8 kHz) in the case of carbons and
is fulfilled in such systems with strong molecular motion. Hereith respect to the CH—CHines (jr = 1.53 kHz) and the CH—
one shows that the application of rotational resonance on pfeHs lines (g = 1.74 kHz) in the case of protons, respectively.
tons is feasible, and the proposed DQ experiment constitutesTre resulting 2D R-DQ spectra are illustrated in Figs. 2 and 3.
efficient method for estimating small dipolar couplings betwe€fo simplify the presentation, the COOH, CH, and £¢érbon

t

different chemical moieties in soft solids. and CH, CH, and CH proton resonance frequencies are des-
ignated in the following byv;, w,, andws. Also, the notations
2 EXPERIMENTAL ojk = wj + wx andsjk = w; — wg are used.

Figure 2a shows th€C R2-DQ spectrum recorded at 2=

The experiments were performed on a Bruker DSX 500 NMB2rg; andvg = 813. As can be seen from this figure, the nuclei
spectrometer operating at 500.45 and 125.85 MHZ#band which are subjected to rotational resonance give rise to a fou
13C resonance frequencies, respectively. The DQ spectra wpeak pattern, with the peaks symmetrically displacedHsy;
obtained employing the pulse sequence which is depictedwiith respect to the mean frequeneys, in the DQ dimension.
Fig. 1. The excitation of the DQ coherences is obtained usifitpeir origin in the R-recoupled dipolar interaction is clearly
the nonselective two-pulse sequence, where an additional céemonstrated by the DQ spectrum presented in Fig. 2b. The san
tral 7-pulse eliminates the frequency-offset dependence of theperimental conditions were employed here, excepithais
DQ signal (Fig. 1b). This pulse divides the full excitation timeetto 20.8 kHz. Although this spinning frequency corresponds t«
into two equal periods aof = Nzr, with N aninteger andg the only 1 kHz away from rotational resonance, one can see that th
rotor period. For reconversion of the DQ coherences to obsefaur-peak pattern has completely vanished. In both spectra or
able magnetization, a similar pulse-sequence is used, but watho obtains two pairs of absorption peaks, locatedvatd,)
a /2 phase shift of its pulses. For recording 2D DQ spectend (1, w3) along the SQ dimension and @, ando,3 along
the TPPI procedure, combined with a four-step phase cyclingtbE DQ dimension, respectively. Since their spectral position:
the excitation pulsesl@), was used. No cross-polarization waslo not change upon changing the spinning frequency, obviousl
applied in the case dfC spectra, only dipolar decoupling onthese four peaks are determined by an interaction which is nc
the proton channel. affected by MAS, that is, th@ coupling. Such an interpretation

The investigated spin systems are represented by protonditsfvery well with the known values of the carbon—carbbn
various functional groups in a crosslinked natural rubber awdupling constants in-alanine, namelycoon—cH = 55 Hz,
carbons in uniformly*3C labeled.-alanine, diluted 1:10 in the Jen—cH, = 35 Hz, andJcoon—ch, < 5 Hz 28). According
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a COOH CH citation time of 2 = 16tR at the spinning frequencies = 81
CH 3 (Fig. 3a) andg = 813 (Fig. 3b). The symmetric four-peak pat-
tern, determined by the correspondingri@coupled dipolar in-
A teraction, is obtained also in this case. Different from carbor

spectra, however, only one pair dflines occurs here, which
= correlates to the CH-C}protons. This can be understood based
g .
-j 0 3 o548, ON the very small values of the other twocoupling constants,
0= 1 ~C2 5
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FIG.2. (a)The 2D R-DQ spectrum ot3C in uniformly labeled -alanine, S

obtained atg = 813 = 19.8 kHz (h = 1 R? condition corresponding to the @@ — 615813
COOH-CH; lines), using a total excitation time of2= 52rg = 2.62 ms. The
notationswy, w2, andws along the SQ dimension represent A€ resonance
frequencies of the COOH, CH, and gldarbons. Along the DQ dimension, I 1
ojk = wj + wx anddjk = wj — wk. (b) Similar to case (a), except that = o 0, 03
20.8 kHz, i.e., 1 kHz away from the corresponding ondition.

single-quantum dimension

to this pictur(_a, one can _explai_n alsq the Sma_” _absorptio_n lin€riG. 3. (a) The 2D R-DQ spectrum ofH in a crosslinked natural rubber
located ab3 in the DQ dimension (Fig. 2a): this is determinedphr = 1), obtained aig = 812 = 1.53 kHz (1 = 1 R? condition corresponding

by the Jcooncr, coupling. This demonstrates the sensitivity ofo the CH-CH lines), using a total excitation time ot 2= 16rr = 10.46 ms.

the proposed DQ experiment by which even the effect of SUEPF notations1, s, andws along the SQ dimension representthiresonance
’ frequencies of the CH, CHland Ch protons. Along the DQ dimensionjx =

small interactions can be identified in the resulting spectrum.wj + o andsi = o; — wx. (b) Similar to case (a), except that the- 1 R2

A similar behavior was found in the proton spectra as welgndition corresponding to the CH-GHines is employed nowk

=813 =
Figure 3 shows théH R2-DQ spectra recorded with a total ex-1.74 kHz).
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compared with Jep—ch,- AS an estimation of the relative wheret andt’ are two arbitrary moments of time and where
strengths between the relevahtcouplings in natural rubber,

one can take, for instance, the typical values of theou- Ut t) = e iHoit-t) 6]
pling constants between protons in similar structural arrange-

Znents in liquids, I.(-Z‘."?’J(;|-|_(;|-|2 ~ 10 HZ,4J(;H_(;H3 <3 Hz, and InEq. [4]'0 (t, 0) is replaced by the pl’OdU&l‘;?lj rch 2\90 ox
Jer,—cH, <1 HZ_(ZQ)- N ) ] of the propagators corresponding to the four distinct time peri:
Apart from this intuitive explanation of the experimental,js of the experiment, namely excitation, DQ evolution, recon:
results, however, a theoretical analysis is needed for eXplU‘e'rsion, and SQ evolution, respectively. Wherever necessar
itly relating the spectral parameters with interaction parametqf:ﬁey include also the action of the corresponding radiofrequenc:
characteristic to the investigated system. Such a theory, tertﬂ?Irses, as shown in Fig. 1. The DQ filtration through phase cy:
with its applicati_on for a qugntitative anfalysis of the measur%ng is accounted for by selecting only DQ terms in the exci-
R?-DQ spectra, is provided in the following sections. tation period, while in order to incorporate the TPPI procedure
used for the DQ evolution, any periodic functiontirwas con-
verted to only one trigonometric function (for instance, here we
. . ave chosen the cosine function).
The 2D R?'.DQ expenmen't presented above is analyzed und%rThe DQ spectra obtained und)er different experimental con
the assumption that the main features of the resulting spectra&xI Bns are analyzed below by evaluating the integral intensitie:
determined by the static part of the spin Hamiltonian expressg

into an interaction picture with respect to the isotropic chemic he absorption lines, whose values primarily reflect the evo
s . P o P L rop tion under the Hamiltoniaf{o ; during the excitation and re-
shift interaction. In the Liouville space this is defined by :

conversion periods. Therefore, the excitation and reconversio
propagators are taken in the form given by Eq. [5], while in
the expressions fdd S2 andU2R only the evolution under the
isotropic CS is considered. Using this procedure, in the follow-
ing we evaluate the integral intensities of the resulting 2E0R)
spectra for two different spin configurations with relevance from

Hes = ij liz 2] both theoretical and practical points of view.
j

3. THEORY

pi () = &7 p(t), [1]

where p(t) and p, (t) are the Schodinger and the interaction
picture representations of the density operator, while

. . . ) _ o 3.1. Isolated Spin-Pairs
is the isotropic chemical shift (CS) Hamiltonian. Under these ] o )
conditions, the truncated spin Hamiltonian reads The study of this system is important because it represents tr

so far most widely used spin configuration iR Bxperiments,
and also, based on this simple example, one can more easi
identify those features which are general to afHRQ spec-
Yy tra, irrespective of the particular system that is investigated. Fo
+ ;(Zn Jiiz ez 3] instance, applying the relation [5] to the spin-pair case one ob
tainsU eX(Z'L', 0) = Pgo(X)UéX(Z‘L’, ‘L') Plgo(—X)Uéx(‘[, O) Pgo(X),
wherewB, = ‘Z;Vrzhz and Jjx are the dipolar and coupling With
constants betweeJrK1 the specified nuclei, wiji the internu- D
clear distance, while the functiohg = (v/2/4)sin(83k) - U.(t, 0) = exp[—i (27 J I3, 5,)T] exp [i %(biZeime PP
exp ({w k) depend on the polar angles;k, B3« ), which give 2
the orientation of the dipolar tensor with respect to the rotor 12 isur
axis. The summation indices run over all possible spin pairs +b7ie '1—|2+)T}- [7]
(j, k) in the case of thd coupling interaction, while the labels

(J, K) refer specifically to those nuclei which are subjected tp, ;s the dipolar part of the excitation propagator depend:

1
Ho,1 = —EM?K (bi]K|J+|K— +bif|.]—|K+)

rotational resonance. explicitly on the excitation timer, unless it is synchronized
In order to evaluate the NMR signal with the rotor period, i.e.r = Ntg. In such a case one has

n R = 2N /812, and the modulation factors in the relationship

S(t) = (14 [ o) = (1 U(L, 0) ] p(0)), [4] above vanish. On the other hand, the dipolar terms in the recor

the density operator or, equivalently, the time propada{er0), version propagator,

should be brought back to the Solitiger representation. This Ul + t1. 1)
is achieved by the transformation

D
i 012 12 55t 12 (—ispst
O(t t/) — efi'}:tcstlj | (t t/) eiﬂcst/ [5] ~ eXp|:| 7 (b]_ eI 121|1+|2, + b_le ! 121|1, |2+)i| s [8]
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still preserve a phase factar'%2, which depends oty, the Wwhere
DQ evolution time. This dependence is, however, advantageous,
because it enables one to separate along the DQ dimension the 1(0) = 11(0)R1(27) + 12(0)Rx(27), [12]
absorption lines determined by thé Rcoupled dipolar interac-
tion from those generated kycoupling. Such a mechanism iswith 11(0) andl,(0) the integral intensities of the two lines in
similar to the mechanism of sideband generation by rotor encdlle corresponding SQ spectrum and whgre) represents the
ing during the reconversion period, which was found previouspowder average.
in MQ MAS spectra{2). Two limiting cases have to be distinguished now, namely
Besides the coherent evolution determined by the propagatefs — 0, for whichly; = 13 =131 = l3=0,andJ — 0
above, one has also to take into account the effect of relaxatiomerel; > = 1, = 0. This indicates that the four absorption
This can be done in a phenomenological way by multiplyinignes located a#1,+ 812 along the DQ dimension originate from
the excited spin coherences with suitable relaxation functiortse R recoupled dipolar interaction, while the other two lines at
Rj(t — t') = exp[-(t — ')/ T3 ;]. Corresponding to our exper- o1, are determined by thé@ coupling. Correspondingly, in the
imental conditionsT; j refers to the effective transverse relaxfollowing they will be referred to as the dipolar and théines,
ation time of single-quantum coherences, since only such eespectively.
herences evolve before the application of the last pulse in theApart from the two extremes, however, the integral intensities
excitation / reconversion period. For generality, we also considarall these lines are encoded by both interactions and thus can!
the case when each distinct chemical giie characterized by used for evaluation of the dipolar coupling. For this purpose, the
its one relaxation timeJ.;. However, the use of this simpli- J coupling is approximated by its value determined from NMR
fied model is restricted to the case when the difference betwespectra in solution, so that only the dependence on relaxatic
the relaxation times corresponding to th&riRcoupled sites is parameters remains. This can also be removed by adding tl
relatively small 80). two DQ slices and then taking the ratio between the dipolar an
Including now both effects, and confining our attention to D@ lines, i.e.,
terms, the expression of the density operator at the end of the
excitation period reads l114 121 1cog (2r It)(sir? (w121))

"= l12+ 122 4sir? (21 J7)(coS (w127))

[13]

p(2t) ~ DQqa[sin (27 J7) COS (v127)

The above result shows us that even in the most general ca
when the relaxation times associated to different chemical site
are not equal to each other, one can still find a parameter who:

H _ . .DRl12 _ 1 _
With w1z = @b and DQ, = 5 (11 24 = il )[R0 + gy 0 independent of relaxatioand thus can be used for an
R>(27)]. A similar expression can be derived also if the reconvef-

: : ; . r valuation of the dipolar ling.
sion propagator is considered instead, except thatgaosiust accurate evaluation of the dipolar coupling

: L . However, this conclusion is no longer valid when the differ-
be replaced by cos(, + §15t1). Inserting this into relation [4], N . .
: . . ence between the relaxation times (or linewidths) of the resonat
the finally obtained result for the NMR signal reads

sites is comparable with the measured dipolar coupling. In suc
casesws in Eq. [13] must be replaced bwf, — A%)Y2, with

— COSa12 €COS (2r JT) Sin (w127)], [9]

3
i 1 1 .
o, 1) = Z Z Ip,qe"””tz cOS Qqty). [10] A= T T (30). T_hus_, a s_maII depen_den.ce on rglaxatlon
p=1.2 =1 parameters still remains in this case, which in practice can b

taken into account, for instance, by replacihgvith the differ-
Its Fourier transform constitutes a pattern of six absorpti@nce between the corresponding linewidths. Nevertheless, mo
peaks, located ab; and w, along the SQ dimension, and atelaborate models are needed when such line broadening diffe
Q1 = 012 — 812, Q2 = 012, aNdR3 = 01, + 812 along the DQ ences come primarly from the incomplete proton decoupling
dimension, respectively. The amplitude factbgg correspond (30). Therefore, an accurate evaluation of dipolar couplings by

to their integral intensities and are given by this method requires either efficient decoupling techniques ©
1 an adequate theoretical treatment of the residual heteronucle
11 =115 = 21 (O)Re(20) cog (2 ) (Sir? (w1o7)) interaction.
1 .
lp1=lp3= §| (0)Ry(27) cog (27 I7)(Sir? (w127)) 3.2. The Three-Spin Model
1 [11] Using this example, one can explicitly show the complications
l1p = > | (0)Ry(27) Sir? (277 J7)(cOF (w127)) by going from the classical spin-pair approach to a multispir
system. Also, the three-spin case is important for practical af
= }I(O)Rz(Zr) Sin? (27 J7)(co€ (wro7)), plications: in the case ofH nuclei one always deals with

multispin systems, while in the case &iC techniques, the
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tendency now is to employ uniformly labeled compounds inn analogy to the spin-pair case, one can show that the first fou

stead of the more expensive compounds selectively labeleditas are dipolar lines, while the last four arénes, respectively.
specific molecular positions. The spectral positions along the DQ dimensidtyg =
Corresponding to the experimental conditions employed @, £ 813, Q7.8 = 023 = 813, and Qg = o33, of the other nine

acquire the®*C R?-DQ spectra, first one considers the followpeaks no longer fit into such a correlation scheme. Their integre

ing interaction parameters: the resonance frequencies of theiimensities,
volved spins are all different from each other, wWith| < |w;| <

|wsl, Ji2 75 Jo3 75 0 75 Jio, J13 >~ 0, anda)R = 413 The theoret- 15=l1g=
ical analysis follows exactly the same steps as in the spin-paif '
case, so that no further details about the calculation are needed.

Here, we only mention that the expression of the resulting NMRs = l26 =
signal is similar to that in Eq. [10], except that one obtains three

DQ slices now p = 1,2, 3), and also the structure of eachl;7 = I, 5 =
slice along the DQ dimension is more complex. Specifically,

the 2D R-DQ spectrum is made up of 17 peaks. However, nqt _ _ log = [(EZ)IZ(O)RS(Zr) _ (DE>|1(0)R1(2‘L')R2(2‘L')]
all of them are equally important. For instance, the domman% 8

eight lines in this pattern can be easily understood based on

[(D?)15(0)R5(27) — (DE) 12(0)Rs(27) Ra(27)]
[(E?)12(0)R3(2r) — (DE)13(0)Rs(27) Ro(27)]

[(D*)11(0)RZ(2r) + (DE) 12(0)Ry(2r) Ry(27)]

= Ol Wl ol

— 2\ p2
the previous example, since their spectral positions along thee = ) 120)[(F*) Ry(27)]. [17]

DQ dimension,Ql = 013 — 513, Qg = 012, Qg = 023, and

Q4 = 013+ 813, can be correlated with the particular interactiongith
they originate from. The corresponding integral intensities are

given by D= % sin (2t J, 7) €os t)

2nJs . 5 (013
= e = SUAAREOIOR) + 15O)Rs(20)] E = =2 sirt () [18]
l31 = lag = é<A2>, R3(27) [12(0)R1(27) + 13(0)Rs(27)] =sim\—7)

l12 =

l33 =

l22 =

l23 =

3 | (BHLOR @) + 5(B.CREOR:)

3 | (B0 @) + 5(B-CIR(20) 2(ORe(2r)|

QI 0l

[(CH120)R3(2) + 2(B..C,) 11(0)Ru(27) Re(27)]

[(C2)12(0)R5(27) + 2(B_C_)I3(0)Rs(27) Ro(21)],

with the coefficients

A=2Bcos (2r J, 1) sin (wt)
w

. 2 s .
Ci=sin4rl, 1)+ i) Sin (w137),
@13

wherel, = 1/2(J12 + Jgg) andJs = 1/2(J12 — 323), and

= [4;#4;2 + %sin2 (2619) (w?s)z]

1/2

(14]

(15]

(16]

are smaller than those of the first eight lines. This is due tc
the fact that, except for the negative line locate®at= o3,
they are all scaled b)?’%ﬁ, which is a small parameter for
typical values of theJ coupling constants between carbon
nuclei.

For practical applications, thus, only the dominant lines given
by Eq. [14] are considered. Again, the values of the involded
couplings are taken from solution NMR spectra or from solid
state NMR experiments designed for measurements adu-
plings (i.e., the TOBSY sequenc&§)), so that the only un-
known parameters are the relaxation functid®s(27), with
p =1, 2, 3. As a general feature, the dependencies on the dipc
lar coupling,w?g, and on relaxation parameters are more com-
plex now than in the spin-pair case. Nevertheless, performin
the summation of all DQ slices, and taking the ratio between the
dipolar andJ lines, one gets

_ l11+ 131
li2+ 12+ 123+ 133
1 (A2)(1+rgzy)? [19]
T4 1 2 1 2°
((B+ + 3C+r21))((B- + 3C-ra1))

which is less sensitive to errors determined by uncertainties il
the measurement of the relaxation times. In the ideal case whe
all the nuclear sites are characterized by relaxation times whos
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values are close to each other, one finds that the values of all pod-inally, one mentions that, although necessary, the short e
sible ratios jx = R;j /R« are close to 1. In this case there is onlyitation time limit is not sufficient for neglecting thecoupling
a marginal influence of relaxation upon the measured paranfi®m analysis. Whether such an approximation can be used d
ter,n. However, even in the other extreme, when the differenpends also on the relative values betweenlreoupling con-
between the relaxation times is large, the use of the dimensistants and the Rrecoupled dipolar interaction. Two distinct
less parameternsy, whose values can be approximated by thsituations must be distinguished now. In the case of thcasd
ratio between the corresponding linewidths, is expected to leladpins which are subjected to rotational resonance, additionall
to a more accurate evaluation of the dipolar couplifg than one must fulfill the requirement2ljx < w'l?k. For any other
in the case when the absolute values of the relaxation functiohgouplings,J;, with | # k, such a condition is not needed
are employed. Similar to the spin-pair case, the same restiicprinciple, because the correspondihdines and the dipolar
tion to a small difference between the relaxation times of thiees do not overlap.
R? recoupled sites also applies here. For the particular example
investigated above, this condition translates;to~ 1.

To include also the case Hfl R>-DQ spectra in the theory, we

briefly analyze below a three-spin system made up of one spi first comparison between the theoretical and experimen
with the resonance frequeney and two spins witlw,. Distinct 5] results clearly indicates that the truncation of the interactior
features occur now in the resulting spectrum, which can be beti@{miltonian to its static terms can very well explain the promi-
understood if the effect of coupling is disregarded. Thus, onlynentfeatures of the recordedRQ spectra. For a rigorous anal-
the dipolar terms in the expression of the Hamiltonian [3] akgsis, however, also the effect of the rotor-modulated terms, lik
considered here, and, for simplicity, the two coupling constarggemical shift anisotropy and off2Rlipolar couplings, must be
are assumed to be equal to each other, thaifis= w2, = ©®.  appropriately taken into account. Such an extension of the theol
Following the same procedure described in the previous s@Cpeyond the purpose of the present investigation, so that belo
tion, the structure of the corresponding-BQ spectrum can be e only provide a qualitative discussion about the importancs
easily evaluated. The four-peak pattern, with absorption linggihis effect.
located ab + 812 along the DQ dimension, characterizes this pyring the excitation/reconversion periods there are two dis
spectrum as well, but, in addition, one obtains also absorptigfct mechanisms by which the rotor-modulated terms are ave
peaks located at» andoy24251,. This resembles the sidebandgged out, namely the scaling of these terms with increased pov
pattern structure obtained in MQ MAS specti@) which can  grs of the spinning frequencg) and the rotor synchronization
be used for measuring the dipolar coupliag, for instance, of the excitation/reconversion times. During the DQ evolution
from the ratio between the first order sidebands and the cengghod, however, only the first mechanism is present. As demor
line, i.e., strated previously, this mechanism alone can efficiently averag
out the rotor-modulated spin interactions provided that the fas

4. RESULTS AND DISCUSSION

= ERE! MAS condition is fulfilled. As a criterion for this limit, one can
l12+ 122 take, for instance, the requirement that the strongest coupling p
1 ((3sin (V2wi27) + Sin (2v/20127))) rameter associated to the rotor-modulated terms must be small

= . 20 inni
4(8 it (Laogzr) +sin2(2ﬁw12r))2) [20] than the spinning frequenc@?).

Thus, distinct from the case éfC spectra, the) lines are no 4.1. The'C Three-Spin System irAlanine
longer needed here as a reference for the dipolar lines in ordein the case of*C nuclei inL-alanine, the strongest rotor-
to determine the dipolar coupling, because this can be extracteddulated contribution comes from the CSA term correspond
in a more direct and simple way from the sideband pattern dag to the COOH carbon. Here, the rafi§/wr >~ 3/5, with
termined solely by the dipolar interaction. Indeed, if alsodhe §5 kHz—the CSA coupling constan83), fits rather well the
terms are considered in Eq. [3], the corresponding expressmmdition for fast MAS. Therefore, the discussion of th@ R?-
of n depends in a much more complex way on both interacti@®Q spectrum in Fig. 2 is straightforward, since the theoretica
parameters. results obtained in the case of the three-spin system can be ¢
For a quantitative analysis of thel R>-DQ spectra it is thus rectly applied for its quantitative analysis. Consequently, for the
preferable to employ such experimental conditions for whigvaluation of the dipolar coupling?;, one first adds together
the dipolar sideband pattern is not too much affected by th# three DQ slices. The resulting 1D DQ spectrum is then use
J coupling interaction. In principle, this holds in the limit ofto determine the ratig between the integral intensities of the
short excitation times, provided that « 1. Fortunately, due dipolar and] lines. Finally, the experimental valug = 0.48, is
to the relatively small values of coupling constants in proton inserted in Eq. [19], where, beside$,, all the other parameters
systems, the above requirement is well satisfied for the smallast considered known. Specifically, = 45 Hz and); = 10 Hz
value ofr that can be employed in our experiment, ite= tr. result using theJ coupling constants);, and J,3 given in
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Ref. 28), while the ratios between the specified relaxation fun@

tions have been approximated by = Av@/Av®D = 1.71

andra; = Av® /A = 1.05. TheAv) are the linewidths

of the specified absorption lines, measured away from &ny |

condition: here we employegk = 25 kHz. The value of the

dipolar couplingw?; = 450 Hz, obtained using this procedure

agrees very well with the value of 460 Hz that corresponds

the known COOH-CHlinternuclear distance3g). Figure 2 is

a nice illustration of the benefits of on and off-rotational resc

nance conditions in terms of stepwise assignment (off-rotatior

resonance) and assignment plus internuclear distance estima x . n T .
(on-rotational resonance). owr¥n  Owln % o ot

double-quantum dimension

4.2, *H Residual Dipolar Interactions in Crosslinked b
Natural Rubber

The 'H R2-DQ spectra presented in Fig. 3 can no longer b
analyzed using Eq. [20]. According to the discussion in the pr
vious section, for a more accurate evaluation of the residL
dipolar couplings §2) between the CH and Czl-protons,a?fz,
or between the CH and GHprotons w2, it is preferable to em-
ploy the short excitation time limit. Considering now the value
of Ji2 and J;3 given in Section 2, one obtaink,rg >~ 1/751
and Ji3tgr =~ 1/1700, respectively. That is, using= 1R, the : : : : .
first requirement for the short excitation time approximatior 61528 G5By o 5+1s 0528,

Jt « 1, is fulfilled in both cases. double-quantum dimension

The results of the experiments performedrat R are il-
lustrated in Fig. 4, in the form of 1DRDQ spectra, which are  FIG. 4. (a) The 1D R-DQ spectrum ofH in natural rubber (phr = 1),
obtained by adding all DQ slices in the corresponding 2D Spﬁqiqt:;\ined by adding together all DQ inc_gs of the corresponding 2D spectrum
tra. The sideband pattern predicted by theory can be easily id{%ﬁg—zsur:iiorded under the = 1 R* condition corresponding to the CH-GH
e S . . ; , g a total excitation time ot 2= 2rg = 1.31 ms. (b) Similar to case
tified in both cases. A quantitative analysis will be con3|dere(£,)’ except that tha = 1 R2 condition corresponding to the CH—GHines is
however, only for the spectrum obtained under tHecBndi- employed. The absorption line marked with an asterisk originates frond the
tion with respect to the CH—CHines (Fig. 4a), since only this coupling between the CH-Gtprotons.
case approaches the theoretical model presented in the previous
section. see that also the second requirement for the short excitation tir

For'H nuclei in elastomers, the strongest contribution of thgpproximation is satisfied for this spectrum.
rotor-modulated terms comes from the proton—proton dipolarin a similar way one can analyze also the sideband patter
interaction inside the Ciifunctional group. Using the value in Fig. 4b, which corresponds to the Rondition with respect
@y, ~ 300 Hz B2) of the corresponding residual dipolar couto the CH—-CH lines. Here we refrain from a quantitative eval-
pling, one obtainswEer/wR = 0.2, which indicates that the uation of the corresponding dipolar coupling: this requires the
fast MAS approximation applies also here. Nevertheless, dextension ofthe theoretical modelto a six-spin system, whose in
tinct from the'3C spectra, in the case of protons there is anothegstigation is far beyond the purpose of the present investigatior
effect which limits the accuracy in evaluating dipolar couplingslowever, a qualitative discussion of the result is still possible.
based on the three-spin model presented above. Specificdityy instance, compared with the previous spectrum, the rati
here one should take into account that, besides the dipolar lietween the intensity of the central line and the first-order side
teraction of the CH proton with the nearest £ptotons, also bands is smaller now, which basically reflects a reduced valu
the interactions with the next nearest neighbors will encode adthe CH-CH dipolar coupling. This result is not surprising,
some extent the resultingQ spectrum. Therefore, the valuetaking into account the increased CH—gdistance. Due to the
5‘132 = 220 Hz obtained using Eq. [20] must be considered withir 2 distance dependence of the dipolar coupling, it is even ex
the error limits introduced by neglecting the multispin characteected that.?; is several times smaller thasf,. Based on this
of the investigated system. As in the case of the carbon speonclusion, one can also explain the reason why the effect c
trum, this value was determined by inserting the experimenthke Jcy—ch, coupling is no longer negligible here, as can be
ratio, n = 1.4, into its corresponding theoretical expressiorjudged from the rather large intensity of the corresponding
Eq. [20]. Finally, comparing this value af‘fz_with Ji12, one can line (marked with an asterisk in Fig. 4b).
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5. CONCLUSION is expected to further simplify here, because the fast MAS regim

under R dipolar recoupling is easier to reach at high magnetic
The major difficulty in applying the rotational resonance tecle|(ds.
niques for structural investigations in rotating solids is deter-
_mined.py their increased seqsitivity to re]axatio_n pargmeters, ACKNOWLEDGMENTS
in addition to the measured dipolar coupling. This particularly
holds in the case of weakly coupled nuclear spins, thatis, exactlyhs work was supported by a grant from the BundesministerinBiidung
those cases which are important for practical applications. In th&i Forschung (BMBF) under German—Israeli Project Cooperation (DIP). Help
present work we introduce a nev\?.[E)Q technique where the ful discussions with Prof. Hans W. Spiess and Dr. Ingo Schnell in the early
influence of relaxation upon the measured parameters is mggges of this project are gratefully acknowledged. C.F. thanks the Deutsct
(rfdulced, thu|§ leading to increased accuracy in the evaIuatio@%ﬁg&gﬁgﬁEz't?;:;agggzci?cs'i:;:fg?:,fg%? visiting scientistgrantan
ipolar couplings.
The theory necessary for the basic understanding of the result-

ing 2D RP-DQ spectra is derived by confining the analysis to the REFERENCES
static terms of the interaction Hamiltonian undérd@nditions.
With the help of the theoretical models and the experimental. A. E. Bennett, R. G. Griffin, and S. Vega, Recoupling of homo- and het-
examples treated, it is shown that even a quantitative analysis iseronuclear dipolar interactions in rotating soliéts;Solid-State NMR 1V:
possible under this approximation, provided that the condition N_'elthOdsjnd Applications of Solid StateINMR'" \I/.O" 33, "NMR Basic Prin-
for the fast MAS regime is fulfilled. For a discussion of the fast, iples and Progress,’ p. 1, Springer-Verlag, Berlin, 1994.

. L. . . 2. E. R. Andrew, A. Bradbury, and R. G. Eades, NMR from a crystal rotated
MAS see, for instance, Ref?,l)_. In this Ilmlt, thg con_tr|but|on at high speedsyature182, 1659 (1958).
of the rotor-modulated terms, i.e., chemical shift anisotropy ang. 1. J. Lowe, Free induction decays in rotating soligbys. Rev. Let®, 285—
off-R? dipolar couplings, can be neglected in a first approxima- 2g7 (1959).
tion, which leads to a simplified spectral analysis. For amore rigs. r. Tycko and G. Dabbagh, Measurement of nuclear magnetic dipole—dipol
orous description, an extension of the theoretical description is couplings in magic angle spinning NMRhem. Phys. Letll73,461-465
required which includes also the effect of such rotor-modulated (1990).
terms. Such an extension will be reported elsewhere, becausé-ift- Tycko and G. Dabbagh, Double-quantum filtering in magic-angle-
is beyond the purpose of this work, which is intended to pro- spinning NMR spectroscopy: An approach to spectral simplification anc

. . L . . molecular structure determinatiod, Am. Chem. Socl13, 9444-9448
vide physical insights into the structure of the resultirfgl) (1991).

spectra. 6. N.C. Nielsen, H. Bildsge, H. J. Jakobsen, and M. H. Levitt, Double-quantumn
The potential for practical applications of this method is homonuclear rotary resonance: Efficient dipolar recovery in magic-angle

demonstrated by the examples8€ and'H R2-DQ spectra spinning nuclear magnetic resonande,Chem. Phys101, 1805-1812

recorded in uniformly*3C labeled.-alanine and a crosslinked ~ (1994).

natural rubber. In the first case, which corresponds to the most Y- K. Lee, N. D. Kurur, M. Helmle, O. G. Johannessen, N. C. Nielsen, and

common application of rotational resonance techniques in bio- 'C\Iﬂh:n-ﬁ L}S‘r:';ts Ef;'t‘;j;t;ggﬁg;;?ig;g'”g in the NMR of rotating solids,

chemical structural investigations, it is shown that the proposegd M Ho'h H 33 k bsen. M. B M H. Levi .

. . . . M. wy, H. J. Jakobsen, M. . M. H. Levitt, and N. C. Nielsen,
method is well adapted for use in uniformly labeled compounds. Broadband dipolar recoupling in the nuclear magnetic resonance of rotatin
The agreement between the internuclear distance measureolids,J. Chem. Physl08,2686-2694 (1998).
by the proposed method and the previously reported valug c. m. Rienstra, M. E. Hatcher, L. J. Mueller, B. Sun, S. W. Fesik, and
shows that not only the influence of relaxation is small here, but R. G. Griffin, Efficient multispin homonuclear double-quantum recou-
also the contribution of CSA. Nevertheless, for biomolecules the pling for magic-angle spinning NMR?C—C correlation spectroscopy of
distances of interest are usually between sites that have a negli" C-erythromycin AJ. Am. Chem. S0d20,10602-10612 (1998).
gible mutualJ coupling. The new FQDQ technique discussedl . M. Hohwy, C. M. Rienstra, C. P. Jaroniec, and R. G. Griffin, Fivefold sym-

. . metric homonuclear dipolar recoupling in rotating solids: Application to
above is advantageous in these cases because of the reducq](fuble quantum spectroscoyChem. Physl10,7983-7992 (1999).

effect of relaxation. 11. A. Brinkmann, M. E@&h, and M. H. Levitt, Synchronous helical pulse se-
The latter example demonstrates, for the first time, that the quences in magic-angle spinning NMR. Double-quantum recoupling of

application of the R phenomenon is not confined to rare iso- multiple-spin systems]. Chem. Phys112,8539 (2000).

topes in rigid biomolecules, but can be also used for determining) R. Graf, D. E. Demco, J. Gottwald, S. Hafner, and H. W. Spiess, Dipolar

small proton—proton residual dipolar couplings between differ- couplings and internuclear dist_ances by double-quantum nuclear magnet

ent functional groups in soft solids. The short excitation / recon- ésonance spectroscopy of solidsChem. Physl06,885-895 (1997).

version time limit, which was found to be important in protorjrg' N. C. Nielsen, F. Creuzet, R. G. Griffin, and M. H. Levitt, Enhanced double-

. .. . . .. quantum nuclear magnetic resonance in spinning solids at rotational rest
systems, can be used in addition for simplifying the multispin nance,). Chem. Phys96, 5668—5677 (1992).

dipolar ”etW‘?rk- L . . 14. P. C. Costa, B. Sun, and R. G. Griffin, Rotational resonance tickling: Accu-
In conclusion, it is emphasized that the use of this method is rate internuclear distance measurements in salidm. Chem. Sod.19,

attractive in high magnetic fields. The dipolar network topology 10821-10830 (1997).



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

DQ MAS SPECTRA UNDER ROTATIONAL RESONANCE 193

Y. S. Balasz and L. K. Thompson, Practical methods for solid-state NME5. M. H. Levitt, D. P. Raleigh, F. Creuzet, and R. G. Griffin, Theory and
distance measurements on large biomolecules: Constant-time rotational res-simulations of homonuclear spin pairs in rotating soliliChem. Phy92,

onance,). Magn. Resornl39,371-376 (1999). 6347 (1990).

T. Karlsson, M. Eén, H. Luthman, and M. H. Levitt, Efficient double- 26. T. Nakai and C. A. McDowell, An analysis of NMR spinning sidebands of
guantum excitation in rotational resonance NMR Magn. Resonl145, homonuclear two-spin systems using Floquet theldigl, Phys.77,569—
95-107 (2000). 584 (1992).

S. Dusold and A. Sebald, Double-quantum filtration under rotationa®7. A. Schmidt and S. Vega, The Floquet theory of nuclear magnetic resonanc
resonance conditions: Numerical simulations and experimental results, spectroscopy of single spins and dipolar coupled spin pairs in rotating solids
J. Magn. Resoril45,340-356 (2000). J. Chem. Phy96, 2655-2680 (1992).

M. Baldus and B. H. Meier, Total correlation spectrocopy in the solid stateg. T. Fujiwara, P. Khandelwal, and H. Akutsu, Compound radiofrequency-
The use of scalar couplings to determine the through-bond connectivity, driven recoupling pulse sequences for efficient magnetization transfer by

J. Magn. Reson. A21,65-69 (1996). homonuclear dipolar interaction under magic-angle spinning conditions
D. P. Raleigh, M. H. Levitt, and R. G. Griffin, Rotational resonance in solid J. Magn. Resori45,73-83 (2000).

state NMR ,Chem. Phys. Letfl46,71-76 (1988). 29. M. Hesse, H. Meier, and B. Zeeh, “Spektroskopische Methoden in der Or-
M. Maricq and J. S. Waugh, NMR in rotating solids, Chem. Phys70, ganischen Chemie,” Thieme, Stuttgart, 1995.

3300-3316 (1979). 30. M. Helmle, Y.K. Lee, P.J. E. Verdegem, X. Feng, T. Karlsson, J. Lugtenburg,

F. Creuzet, A. McDermott, R. Gebhard, K. van der Hoef, M. B. Spijker- H. J. M. de Groot, and M. H. Levitt, Anomalous rotational resonance
Assink, J. Herzfeld, J. Lugtenburg, M. H. Levitt, and R. G. Griffin, De-  spectra in magic-angle spinning NMR, Magn. Reson140, 379-403
termination of membrane protein structure by rotational resonance NMR: (1999).

Bacteriorhodopsir§cience?51,783-786 (1991). 31. C. Filip, S. Hafner, 1. Schnell, D. E. Demco, and H. W. Spiess,
J. M. Griffiths, T. T. Ashburn, M. Auger, P. R. Costa, R. G. Griffin, and  Solid-state magnetic resonance spectra of dipolar-coupled multi-spin sys
P. T. Lansbury, Rotational resonance solid-state NMR elucidates a structural tems under fast magic angle spinnintj, Chem. Phys110, 423—-439
model of pancreatic amyloid, Am. Chem. So4.17,3539-3546 (1995). (1999).

P. R. Costa, D. A. Kocisko, B. Q. Sun, P. T. Lansbury, and R. G. Griffir§2. M. Schneider, L. Gasper, D. E. Demco, and Bumi¢h, Residual dipo-
Determination of peptide amide configuration in a model amyloid fibril by  lar couplings by'H dipolar-encoded longitudinal magnetization, double-
solid-state NMR,J. Am. Chem. S04.19,10487-10493 (1997). and triple-quantum nuclear magnetic resonance in cross-linked elastomer
X. Feng, P. J. E. Verdegem, Y. K. Lee, M. Helmle, S. C. Shekar, H. J. J- Chem. Physl11,402-415 (1999).

M. de Groot, J. Lugtenburg, and M. H. Levitt, Rotational resonance NMB3. A. Naito, S. Ganapathy, A. Akasaka, and C. A. McDowell, Chemical shield-
of 13C,-labelled retinal: Quantitative internuclear distance determination, ing tensor and3C—“N dipolar splitting in single crystals af-alanine,
Solid State NMRL4,81-90 (1999). J. Chem. Phys74,3190-3197 (1981).



	1. INTRODUCTION
	2. EXPERIMENTAL
	FIG. 1.
	FIG. 2.
	FIG. 3.

	3. THEORY
	4. RESULTS AND DISCUSSION
	FIG. 4.

	5. CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES

