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Algebraic expressions are given for the sideband intensities of
REDOR dephasing experiments as a function of the relative orien-
tation of the CSA and dipolar tensors. The expressions are straight-
forward to derive and implement and can be easily modified for
variations in the spin systems, including distributions of distances
and multiple dephasers. These expressions, along with the high
sensitivity, resolution, and general robust nature of REDOR, make
determining CSA—dipolar orientations from REDOR experiments
reliable and, compared to full simulations, efficient and routine. Ad-
ditionally, it is shown that even the +1 sidebands of fast-spinning
samples may contain significant information about orientation. Fi-
nally, numerical integration of the expressions supports the intu-
itive notion that any difference in the sideband dephasing rates is
evidence of preferred CSA-dipolar orientations. This fact can be

Many experiments have been proposed that correlate dipol:
and CSA interactions to infer the relative orientation of their cor-
responding tensord{6, 811, 14, 18-340ne such experiment
involves the REDOR dephasing of spinning sidebar®]sl8,
19). Along with the above advantages of the dipolar interaction
this experiment also has the advantages of high resolution ar
sensitivity, which are typical of 1-D, cross-polarization, magic-
angle spinning experiments. Previously, simulations were use
to determine the relative orientatid®, (L3, 19. In the following,
we will present algebraic expressions that can be used to calc
late directly the REDOR sideband intensities and, then, illustrat
their use in determining the relative orientation of a dipolar ten-
sor with respect to a CSA tensor fiof1-13C >N]alanine.

used to gauge the extent of local molecular order in intermolecular
dephasing experiments. © 2002 Elsevier Science

THEORY

The CSA-dipolar orientation dependence for magic an
gle sample spinning (MAS) has been presented several time

Many solid-state NMR techniques use the orientation déb, 6,9, 25-2}. Heuristically, the dependence can be establishe
pendence of anisotropic interactions to probe molecular dy noting that sideban is composed of its own CSA-weighted
der and orientationl-20). Usually, these experiments correlatdlistribution, Gy[2], of CSA tensor orientations, whete rep-
the orientation of a tensor quantity, such as the chemical sh#sents the Euler powder angles §8, y) describing the tensor
anisotropy (CSA) or quadrupolar interaction, with either therientation with respect to the rotor frame. This weighting, in
magnetic field By, or with the orientation of another molecularconjunction with the orientation dependence of REDOR dephas
tensor such as the CSA tensor of a different nucleus. Generaig, Ro[$2], embeds the relative CSA-dipolar tensor orientation
the first type of correlation provides information about molecunto the sideband dephasing. From this view, the intensity o
lar order and the latter type provides information about inter- sideband\, Iy, should be an average of the form
intramolecular orientation.

Of the many anisotropic interactions, the magnetic dipolar
interaction between two nuclei is particularly useful in that it is
a function of both the internuclear distance and orientation. Po-

tentially, a single experiment can yield both of these quantitigghere P.s and P, represent general parameters describing th

Additionally, the dipolar tensor has cylindrical symmetry andgsa and dipolar tensors, respectively. Below, such arelationshi
consequently, requires only two Euler rotation angles to specif)|| be derived.

its orientation, as compared with three for a general second-rankpe begin by identifying the FID[t], as
tensor. This parameter reduction results in significant computa-
tional savings and easier visualization of the orientation because
simpler spherical polar coordinates can be used.

INTRODUCTION

Iy = / RolS2; Po] Gr[€2; Pedld@2. [1]

1 .
S[t] — Q/dQe‘Q[t’Q’B’n’aD’ﬂD'D], [2]

1To whom correspondence should be addressed. E-mail: schaefepddere the instantaneous phaBejs a result of both CSAHcs)

wuchem.wustl.edu. and dipolar @p) evolution:
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@[t,Q,S,U,O[D,,BD, D] = @Cs[t,Q,S, 77] 130
+Oplt, 2, ap, o, D].  [3]

In these and following expressions, the parameters describi
the tensors ared andn, the CSA anisotropy and asymmetry”N
parametersyp and 8p, the azimuthal and polar angles of the 8

dipolar vector in the CSA principal axis system, respectively |'7 f" T P P ST T O
and, D, the dipolar coupling constant. Other parameter defin
tions include:wg, the rotor speed (rad/sJx the rotor period; ‘=i styetridmr il
Br, the rotor angle with respect & (tan* /2 for MAS); t, the ’ "

evolution time;wp, the Larmor frequency; and, the isotropic  FIG. 1. Pulse sequence used for the REDOR experiments in which the
chemical shift. number of*3C pulses is fixed at eight in order to have both xy8 phase-cycling
. and minimal homonuclear effects. The gray boxes oftNechannel represent
©cs and®p are given by (2n — 1) xy8 phase-cycled pulses every/, rotor cycle, wheren = 1,2, 3, .. ..
The total evolution time is, therefore8Tr. The S spectra do not hav®N

t pulses!H CP generates the initi&fC magnetization (not shown).
Ocdt. 2.0.1] = [wcdr. 2.5 0de @)
0
t Tr/2
Oplt, Q, ap, fp, D] = /CUD[T, Q, ap, fp, D] dr, [5] Op[2, ap, Bp, Ap] =n / wpl7, Q, ap, B, D] dr
0 0
Tr
where _ / wolt, Q, ap, o, D] de |, [8]
Tr/2

wcs(t, 2,68, 1)
2

= Z A58, 1D gle. B. ¥]
0.9'=-2

whereip equals ZnD/wg, a unitless dipolar evolution param-
eter. The form oy after integration is given in the Appendix.

5 _ During the FID, there i®cs evolution and, for simplicity,

x Dgol—wrt, Br, 0] + woo [6]  @p is assumed to be zero. This assumption results in negligibl
error as long a8 > D. ©¢sduring the FID is

and for spinY, nuclei

t
2 Ocs[t, 2,8, n] = /dfwcs[f, Q,8,1]
wplt, 2, a0, fo, Dl =+ ) AZS[DIDAIO, fo, w — ao] :
q.9'=-2

x Diy[e. B. YD o[—wrt. Br. O].
[7]

= woot + wo(Fedla, B, v — wrt, 8, 1]
- FCS[“, ﬂ’ yv 8’ 7]])» [9]

whereFcsis defined in the Appendix.

In Egs. [6] and [7], thé?,,, are the Wigner rotation matrices and  After inserting Egs. [8] and [9] into Eq. [2], the sideband struc-
the other tensors have typical definitio@8), which are stated ture of the spectrum is apparent either by noting the periodicity
explicitly in the Appendix. of §t] and its Fourier series expansidbj or by direct Fourier

The phase@, is dependent on the pulse sequence, which iransformation ofSt] (31). The Fourier transform is accom-
general will have two parts, REDOR evolution and free evolutigplished by first expanding thtedependent trigonometric terms
(FID). The following derivation will be based on the sequencef €€ into Bessel series. The transform is then straightforwarc
in Fig. 1, but, generally, it applies to any REDOR sequen@nd results in &[wgo — wr(j + | + 2k + 2m) — w] term in the
that has the dephasing pulses separate@yfy. It should be spectrum,Jw], wheres[x] represents the delta function with
noted that if antiphase components are neglected or eliminatgdumentx;  is the frequency (rad/s); and k , I, andm are
(9), such pulse sequences generate real (absorptive/emisdiie)integer indices from the Bessel-series expansions. Sétting
spectra 29, 30. During n rotor cycles of REDOR evolution, to j +1 + 2k 4+ 2m, this term mandates that there is only inten-
Bcs s refocused (., = 0) and®p evolves to sity atwgo — Nwr or integer multiples ofog from the isotropic
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frequency. Explicitly, the intensity of thdth sideband is

In[S, 7, @b, Bp. Ap]
1 .
~ g [ 49| expti(Fesa, .. 5.11
T

+ Oplw, B, v, ap, Bp, Ap] — Ny))
o0
e z(+m J,\/]\i| —2k—2m ‘]kAZ ‘]IBl Jrﬁz} - 1l

klm=—o00

CSA-DIPOLAR ORIENTATION

and for the pulse sequence in Fig. 1

RD[O[’ :3’ Y,ap, IBDv )LD] = COS@D[“? :3’ Y, dp, ,BD, )‘D]] s [13]

where now both thet spin states of the ensemble of dipolar
interactions have been included. Thus,

1
|N = Q/dQGN[QySs W]RD[Q;O‘DvﬁD*)‘D]‘ [14]

where JX represents amth-order Bessel function of the first ) ) ) )
kind with argumentx. The arguments are defined in the ApAssuming the integrals will be calculated numerically,
pendix. Converting the series to an integral equation results f&0s- [12]-[14] provide an efficient means of calculatihg

e (Fesle. 8.y.8.n]+Op[e. B.y.ap. fp.A0] —Ny)

1
In = @/ ae zi f de (Fesl0.0.1=N9)
JT

[11]
Equation [11] is comparable to Eq. [1] with
Gn[$2:8, 7] = g1 (FeslaB,y,8,n1—=N¢)
1 .
.E/dgoel(ch[a,ﬂ,w,ﬁ,n]*Ny) [12]

becauseGn[€2; 8, ] can be tabulated for each powder angle.
Equation [14] also shows that onflgp must be calculated for
other spin systems (such as spin 1 or multiple dephasers) ai
other pulse sequences. It should be noted, though, that th
form of Iy is only valid if ®p and antiphase components are
negligible during the FIDY).

EXPERIMENTS

The'3C cross-polarization (CP) magic-angle spinning (MAS)
spectra in Fig. 2 are of-[1-13C '®*N]alanine diluted 1:9 in

fast spinning slow spinning

S x3.5 S x2.5

S, S

N L A J L A ..

3(|)0 25‘0 2(‘]0 15|0 l(l)O 5|0 (g 3(|)0 25‘0 '_’(‘)0 1310 l(‘)O 5‘0 |
Bppm Bppm

FIG.2. 13C{!5N} REDOR NMR spectra of diluted[1-13C ®N]alanine for an evolution time of 9.6 ms withkr /27 = 5000 Hz (left) andvr/27 = 1667 Hz
(right). The bottom spectra are ti$g reference spectra and the top are 8@ephased spectra (with the stated vertical scale). At 1667 Hz, variations in sideba
intensities ofSrelative to those 0% are apparent throughout the spectrum. &at 5000 Hz, the variations are most apparent fortBesidebands. The resonances
at 20 and 50 ppm are due to the natural-abundance methyl aathons, respectively.



O’CONNOR AND SCHAEFER 49

natural abundancealanine and recrystallized. The spectrawer@.6 ms, which only reached about 0.9 for both the 1667 anc
acquired with a Chemagnetics CMX-300 spectrometer oper&800-Hz data after being corrected for natural abundance cor
ing at 75.4532 MHz and ambient temperature using the pulse s#&utions t0S. This scaling was also applied while determining
quence in Fig. 1 and a probe described previougly@ther ex- the bestfit for the relative CSA-dipolar orientation, but intensity
perimental conditions included a 2-ms 50-kHZ-'H matched ratios with no scaling, could have been used with equal effective
CP transfer, 50-kHB; fields for the'*C and®N r pulses, and ness. The curves in Fig. 3 were generated using Egs. [12]-[1¢4
80-kHz proton decoupling. Th& and S spectra represent thewith ap = 27°, Bp = 80°, and the other parameters as stated
reference (without®N pulses) and dephased (witPN pulses) previously.

spectra, respectivel3p). The CSA parameters,andn, for the The contour plots in Fig. 4 illustrate the sideband dephasing
carboxyl carbon were obtained from a slow-spinning spectruas a function ofap and gp for Ap =175 which corres-
(wr/27 = 1000 Hz, not shown) and found to be 5265 Hz anpgonds to the 9.6-ms data in Fig. 3. The plots show g
0.79, respectively3l, 33, 33. From the REDOR spectra with symmetry of the relative CSA-dipolar orientations where

a)R/er = 1667 Hz,D was found to be 182 H236) {(XD, ﬁD} = {—ap, ,BD} = {7‘[ — op, ,BD} = {(XD, T — ,BD} =
{r —ap, 7 — Bo} = {7 +ap, 7 — Bp} = {—ap, 7 — Bp} =
RESULTS {m + ap Bp}, which results from an assumed symmetric CSA

tensor. Figure 5 is a contour plot of the0 ap, fp < 90° region

Typical REDOR spectra of diluted[1-13C >N]alanine are of the error functiony?, as a function of orientation using the
shown in Fig. 2. The differences in the sideband dephasing rate8- and 9.6-ms data withgr/27 = 5000 Hz.x? is defined as
aremostapparentinthe 1667-Hz spectra andthsidebands of
the 5000-Hz spectra. Figure 3 shows the experimental (symbols) xap, Bo, Aol
and calculated (curves) centerband atidsideband dephasing,
AS/S), whereAS=(S — ), as a function of the REDOR evo- _ _ , )2
lution time for wg/27r = 5000 Hz. Differences in dephasing ;(1 STrolenq)/Sleo. fo. Aolea)’. [13]
rates are obvious. To account for experimental factors such as
finite pulses, incomplete decoupling, etc., and to allow fora more ) ) ] ] ]
accurate visual comparison of the experimental and calculat¥heres' is the integrated (scaled) intensity of tketr sideband
sideband dephasing rates, the data were scaled so that the &um —1--- + 1) andex(j) andcalq(j) denote experimen-
of the sideband and centerband dephasing, i.e., the total depifdls(Scaled) and calculated values, respectively, for jtte
ing, matched the corresponding theoretical values for a 182-AgPhasing time.

coupling. This scaling predominantly affected the data around™igureé 6 shows the scaled REDOR data (symbols) and cor
responding calculations for the upper sidebands and centerbal

with wr/27 = 1667 Hz. The analysis was performed as de-
scribed for the 5000-Hz data. Figure 7 shows the lower side

124 A bands and corresponding calculation for the 1667-Hz data. Fic
A ’,;,;‘i"-'l'::;___ ure 8 shows thg? plot that results from the 4.8 and 9.6 ms data
Lo e \‘"\‘;A~ with wr/27 = 1667 Hz ank = —3... 4+ 3.
054 A e DISCUSSION
u k4
3 06 /' Compared to density matrix simulatioris3}, Eqs. [12]-[14]
7 allow for a quicker, less tedious analysis of sideband data. Fror
] A A AT o a data-processing perspective, this approach does not require
0.4 » [-1] ) X
K o [0] — mult|t_ude_of simulated spectra to analyze. Althogght_he_contouw
s m [+1]----- plots in Fig. 4, or complimentary plots of the ratios8f §, to
27 e/ S/S), could be used in a graphical analysis, such as that used k
A Herzfeld and Berger3Q), to determine the relative orientation,
00 S S A A the REDOR sideband analysis is more practical, efficient, an
Evolution Time [ms] automated ify? is used in either a search procedure, as we

have done, or in a minimization routind@). Additionally, the
FIG.3. Experimental (symbols) and calculated (curves) REDOR sidebaggror function can be easily manipulated to include data ant

dephasing 45/ as a function of the dipolar evolution time fak/27 = ¢a|cylations from multiple REDOR evolution times (i.e., varying
5000 Hz. The experimental values have been scaled so that the total dephaggf sideband ratios. etc
at each evolution time equals that of the calculation. The calculations are baset’ . ! o . . .

on a CSA-dipolar orientation afp = 27 and fp — 80° and CSA parameters 1N the analysis of the relative CSA-dipolar orientation for the

8 = 5265 Hz andy = 0.79. intramolecular interaction in alanine, there are five variables
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o 150
Q "
=,
o 100 (Eq. [14]). The only parameters external to the REDOR
3 experiment are the CSA anisotropic and asymmetry values
50 which are relatively straightforward to determirgd( 33. The
dipolar coupling can be derived from the REDOR data in-
0 s dependently from the orientatior83%), leaving onlyap and
Bp, the angles describing the relative CSA—dipolar orientation
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FIG. 4. S/S contour plots of the-1, 0, and+1 sidebands as a function Evolution Time [ms]

of polar anglesxp and gp. For the plotsip = 1.75 andwr/27 = 5000 Hz.

The contours divide the range between the minimum and maximum calculate®IG. 6. Experimental (symbols) and calculated (curves) REDOR sidebanc
values (shown on the plots) into 10 equally spaced intervals with the darkdsphasing 4S/S) as a function of evolution time for the upper sidebands at
region corresponding to the small&tS, or greatest dephasing. wr/2m = 1667 Hz. The scaling and calculation are similar to that of Fig. 3.
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5000-Hz data shows that even limited data can significantly
reduce the parameter space of the probable orientations. Tht
if sensitivity is limiting, significant orientation information may
be derived from fast-spinning experiments. Of course, spinning
slower results in more distinguishab®&\[<2, §, n]s and, con-
sequently, the range of probable orientations will be reduced
The x? plot in Fig. 8 shows that spinning[1-1C,*>N] alanine

at 1667 Hz reduced the probable orientations significantly fror
the 5000-Hz data to a narrow region centeredzat, 80°}.

In a single crystal study, the orientation was reported to be
(23,79} (37).

Although not pertinent to alanine, a simple and important
aspect of sideband dephasing is that for an isotropic distribu
tion of CSA—dipolar orientations, all sidebands will dephase
at the same rate. This assertion seems intuitively clear, bt
we confirmed it by numerically integrating Eq. [14] over an
isotropic distribution of orientations. Thus, without further anal-
Xgis, sideband dephasing plots such as those of Figs. 3, |
and 7 indicate whether there are preferred CSA-dipolar ori
entations in powder samples. For intermolecular interactions i
seemingly amorphous systems such as polymer glasses, su
plots, or even a single REDOR dephased spectrum, may &

to be derived from the sideband data. Of course, to relate thgry useful for determining the presence of microscopic local
dipolar orientation to the molecular frame, the orientation @frder.
the CSA principal axis would also have to be known in this

frame.

The orientations that reproduce the experimental dephasing
rates are shown iy? plots of Figs. 5 and 8. The plot for the

90
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U . . . . .
0 30 60 90

Bp [degrees]

FIG. 8. Contour plot of the minimuny? values for the 1667-Hz REDOR

APPENDIX

Q=a By Br=Tan '[v2]  wo=—yBo
OT:O—XX+O'yy+UZZ 5ZGZZ—OT n:ny_Uxx
3 )
AT = —wod ASHS = —wpdn /6 AT =0
Yinyanh D
T 2nrd A =D Ap = nT?Al?l]

V2 .

Adle, B, 8, 1] = %Sm%(%Cost + 1) [A2]

F) .

Agla, B, 8, 1] = y <%(Co§ﬁ +1)Cos 2 — Sir? ﬁ) [A3]
V2 . .

Bi[a, 8,8, 1] = gw{Sm 2¢ Sing [A4]
én .

Bolw, 8,8, 1] = 6—wRS|n2a Cosp [A5]

ch[Ol, ﬁv Vs 3, T]]
= wo(Adle, B, 8, n]Sin[y] + Azle, B, 8, n]Sin[2y]
+ Bl[av /37 87 W]COS[J/] + BZ[a’ :Bv 57 W]COS[Z)’])

data as a function of the angleg and gp. Each contour represents a 50%

increase in error, with the darkest region representing the best fit.

[A6]
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Cile, 8, ap, Bp, Ap]

= ADx/E<ZSin 28p Cos B Cos f — ap)

+ Sir? Bp Sin 28 Cos 2¢ —ap) — %(1+3Cos Pp)Sin 23)

[A7]

Da[a, B, ap. Bo. Aol = Ap2+v/2(Sirf Bp SinB Sin 2@ — ap)

17.

+ Sin 28p CosB Sin (@ —ap))  [A8]

18.

®pla, B, v, ap, o, Ap] = Ci[a, B, ap, Bp, Ap]Cosy

+ D]_[Ol, B, ap, Bp, AD]Siny
[A9]
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