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Dipolar recoupling techniques of homonuclear spin pairs are
commonly used for distance or orientation measurements in solids.
Accurate measurements are interfered with by broadening mech-
anisms. In this publication narrowband RF-driven dipolar recou-
pling magnetization exchange experiments are performed as a
function of the spinning frequency to reduce the effect of zero-
quantum T, relaxation. To enhance the exchange of magnetization
between the coupled spins, a fixed number of rotor-synchronous
ar-pulses are applied at spinning frequencies approaching the
rotational resonance (R?) conditions. The analysis of the powder
averaged dipolar decay curves of the spin magnetizations as a
function of the spinning frequency provides a quantitative mea-
sure of the dipolar coupling. An effective Hamiltonian for this
experiment is derived, taking into account all chemical shift pa-
rameters of the spins. The length of the nbRFDR mixing time and
the number of rotor cycles per ar-pulse are optimized by numerical
simulations for sensitive probing of the dipolar coupling strength.
The zero-quantum T, relaxation time can easily be taken into
account in the data analysis, because the overall exchange time is
almost constant in these experiments. Spinning-frequency-depen-
dent nbRFDR experiments near the m = 1 and m = 2 R? condition
are shown for doubly *C-labeled hydroxybutyric acid. e 2000
Academic Press

Key Words: magic angle spinning; rf-driven dipolar recoupling;
distance measurement; rotational resonance; spinning frequency
dependence.

INTRODUCTION

flip-flop terms of the homonuclear dipolar interaction betweer
the spins are not averaged out5(. Thus MAS rotational
echoes of a homonuclear coupled spin system decay accordi
to an effective dipolar interaction that is strongly dependent ol
the isotropic chemical shift difference between the interactin
spins. Matching this chemical shift difference to a multiple
integer of the spinning frequency enhances the dipolar dec:
significantly (L6) and can be used to determine internuclea
distances g, 17). This rotational resonance {Rexperiment
has been extensively used to obtain valuable structural info
mation for biological moleculesl®). Increased spin diffusion
in natural abundant®C spins has also been observed at the
rotational resonance criterid9).

R? experiments on homonuclear spin pairs can be describe
by a spin evolution in the zero-quantum subspace. A zerc
guantum relaxation time must be introduced to represent e
fects on the spin pair that are not directly correlated to the
chemical shift or the dipolar interaction8,20. The dipolar
decay of the signals during the magnetization exchange F
experiment is affected by the chemical shift anisotropy (CSA
interactions of the coupled spins as well. Hence, accurate da
analysis of this experiment is fairly complicated.

Other experiments for measuring distances in homonucle:
spins have been introduced. In the SEDF}\ RFDR ), and
RIL (9) experiments the zero-quantum decay is extended b
yond the stringent Rcondition while in other experiments
(4,10-12 the dipolar decay occurs in the double-quantun

Nuclear dipole—dipole interaction plays an important role igPace where this resonance condition is irrelevant. All expe

structural investigations by solid-state NMR studies. Thigients use rf irradiation fields in the form of short synchro-
spin—spin interaction consists of bilinear terms that are ifRously applied pulses or phase-modulated continuous way
versely proportional to the cube of the distance between t{feW) irradiation fields. In the latter, the chemical shift influ-
nuclei. A large variety of radio frequency (rf) schemes hawnces on the dipolar decays are minimized, while in the puls
been developed to obtain internuclear distances in static ae@goupling experiments the effect of the chemical shift anisot
rotating polycrystalline samplesl€13. In the last decade ropy is retained. In the SEDRA and RFDR pulse experiment
almost all distance measurements have been performed urléet of synchronously applied pulses on a rotating sample
magic angle spinning (MAS) condition2{13. MAS averages induces dipolar decay of signal. These pulses on coupled spi
out the chemical shift anisotropy and the secular dipolar intgelieve the strict R condition and broaden the range of spin-
action of spin3 nuclei by producing rotational echoes anding frequencies over which dipolar recoupling occurs. The
consequently narrowing spectral lind<l( 15. The nonsecular interpretation of the experimental data in these experiments c:
be somewhat more complicated than in other experiment

! present address: ID-Lelystad, P.O. Box 65, 8200 AB Lelystad, The NefiOWever, they do not require intense rf power, are tolerant t
erlands. pulse imperfections2(l), and impose no limiting criterion on
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the ratio between the rf power and the spinning rate. Selectiveagnetizations is induced by the recoupled dipolar interactiot
polarization exchange between spin pairs is possible vialtacan be measured as an attenuation of the magnetizatic
modified RFDR experiment2@, 23. By extending the time difference and analyzed in terms of a nuclear distance. Eluc
between consecutive pulses to integer multiples of the rotation of the dipolar coupling strength from the decay of the
period, N7g, instead of one rotor period, the bandwidth ofmagnetizations can be complicated by the dependence of t
recoupling is narrowed. These narrowband RFDR (nbRFDRifective interaction on the chemical shift parameters of botl
experiments were described both theoretically and experimepins. However, this fact can also be utilized to obtain addi
tally elsewhere 22, 23. tional conformational information. For example, the mutual

All these recoupling techniques still suffer from interferencerientation of the CSA tensors of the spins can be deduce
by the zero-quantum (ZQ) relaxation process as ire®peri  when prior knowledge of the distance separating the spins
ments. Short relaxation times can mask measurements of waskilable 21). RFDR experiments can, therefore, provide
dipolar interactions. Quantifying the ZQ relaxation parametessructural information about the interacting spins and can b
is not a trivial task, and only lately have experiments bearsed as an alternative or complementary avenue for the mal
devised to measure the homogeneous and inhomogeneousax@ilable techniques used in structural MAS NMR.
broadening in homonuclear spin systen2®,(25, 26. New The 1D RFDR pulse sequence starts with preparation of th
variations of established techniques that are aimed at meassm@ns in opposite polarizations and is followed by a setrof
ments of the dipolar decay independent of other attenuatipglses that are applied synchronously with the rotor cycle
factors have emerged recently. Costa and co-worlZ#ishave These pulses induce spin exchange that is promoted by tl
suggested rotational resonance ticklingRto recouple the dipolar interaction. The time dependence of the polarizatiol
dipolar interaction with reduced dependence on ZQ relaxatiatifference is measured by transferring the longitudinal magne
Constant-time homonuclear dipolar recoupling by Bengétt tization to observable signals and following their intensities a
al. (21) was introduced to enable relaxation-free measuremeatsunction of the length of the dipolar-mixing period. The
of dipolar dephasing. Balazt al. have used constant-time’ R dependence of the RFDR dipolar recoupling on the isotropi
to eliminate variable rf heating at long decoupling tim2g)( chemical shift differenceAw, is rather broad and efficient

We have used the spinning frequency dependence of thagnetization exchange is expected over a range of freque
longitudinal exchange in nbRFDR experiments to measwes crudely defined bwr < Aw < 2wg, Where wy is the
distances and conformations of two nonequivalé@tnuclei. spinning frequency@d). Outside this range, less pronounced
The experiment is performed without variation of the time or xchange is expected around the rotational resonance con
fields in order to minimize the effect of the ZQ relaxatioriions 3, 13, 1§, i.e., in the vicinity ofAw = 0 andAw = Mwg
mechanism and other experimental factors on the data analykis.integerm = 3. The broadband nature of the recoupling
The selectivity of the pulse cycle is preserved; therefore, onpermits observation of exchange between several spin pal
pairs with chemical shift differences that are in the nbRFDBmultaneously. This is advantageous for correlation spectro
recoupling bandwidth will exhibit strong magnetization exeopy of multiple spins &, 28, but not for accurate distance
change. measurements20).

In the following, an average Hamiltonian for the nbRFDR The bandwidth of frequencies over which recoupling take:
experiments is derived, and a relaxation model that takes iqlace can be narrowed by extending the number of rotc
account zero-quantum relaxation together with relaxatigreriodsN7, between consecutive pulses. Boendest al. (24)
mechanisms induced by the rf pulses is discussed. A methadd Bennettet al. (23) have separately shown that such a
ology for obtaining internuclear distances from nbRFDR exnodification creates frequency-selective exchange that can ¢
periments as a function of the spinning frequency is thesist in measuring weak dipolar couplings in the presence c
suggested. Finally, after presenting some details about theger dipolar couplings.
materials and the experiments, the results of spinning-fre-
quency-dependent nbRFDR experiments, analyzed in termsipt. Narrowband REDR Average Hamiltonian
spin—spin distance and relative CSA orientation, are shown.

The nbRFDR pulse sequence is shown in Fig. 1. The bas
cycle time of the nbRFDR experiment idN2x, during which
both the isotropic and the anisotropic chemical shift interac
The RFDR Experiment tions are refocused. _An effectiye spin Hamilton.ian for these

experiments was derived by using average Hamiltonian theol

In a one-dimensional RFDR6) experiment on a rotating (AHT) (22), while taking into account only isotropic chemical
polycrystalline sample the weak dipolar interaction betweeshifts, and by means of Floquet theo®g), including chemical
two dipolar coupled homonuclear spins, otherwise averageddhift anisotropy (CSA) contributions. The spin evolution is
MAS, is recovered by means of their chemical shift differenagoverned by the action of this Hamiltonian during the nbRFDR
modulated by rf irradiation. The equilibration of the spimmixing time, ,, = | - 2N7g, with | an integer number. In the

NARROWBAND RFDR RECOUPLING
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A spin-1. The dipolar interaction coefficientg,?, are propor
tional to the dipole—dipole coupling strengtyy*4 /4= and
depend on the polar angle®{ ¢} of the internuclear dis
tance vector ,, with respect to the PAS of spin-1 and &n =
I {a,, B:, v} (13). The rf HamiltonianH(t) describes the
‘ H H H H H presence of twar pulses that are applied at times (1N,
\
|

L~ Decoupling Decoupling

CP

DANTE inversion ty Num

7

3¢ ]
CP

and (3/2)Ntg, making the whole Hamiltonian periodic with a
nv“v“v cycle time of Nrx.
To obtain the zero-order average HamiltoniarHgt), it is
FIG.1. The narrowband RFDR pulse sequence: An inversion of one oftﬁpnvenient to transform the Hamiltonian first to the toggling
spins using the DANTE sequence is followed by a delay without decouplinffame (T) of the rf pulses and then to the interaction represer
t.. Then, a set ofr pulses is applied, each pulse in the middiélabtor cycles  tation (1) of the chemical shift terms of the Hamiltonian. The
of lengthrz. A secondn/2 pulse is used to transfer longitudinal magnetizatiorthemicaj shift and the dipoIar terms in the toggling frame, in

into detectable signal. The standard RFDR experiment is a private cas . .
N L GH& limit of very shorta pulses, are given by

Ntr Nz N

M) = HD )
following, the zero-order average Hamiltonian calculation will 1 (1) = Hes(t) + Hp (1)

be extended to include CSA terms. This derivation illustrates ( 1

the contribution of the CSA interactions to the nbRFDR mag- Higt) + H24t) 0<t=3Nmg

netization exchange mechanism. Although it resembles the

Floquet derivation already presented elsewhe?8),(the HOQt) = | —HEL) — H24(t) E Nrg <t = § N7g

present calculation is more general and provides new insights 2 2

into the physical origin of the effective dipolar interaction HLi(t) + H241) §NT <t< 2Nt

recovered by this pulse experiment. s s 2 R R
The total MAS Hamiltonian of a homonuclear spin pair has

the form HY'(t) = HE() 0 <t< 2N [3]

H(t) = Heg(t) + HE(t) + HE(t) + Heglt 1
®) et et 5 (1) relt) g The dipolar term is unaffected by the pulses but does nc

commute with the chemical shift terms.

with The interaction frame Hamiltonian consists merely of the
) } transformed dipolar term
1 2 .
He) = | —5 Ao+ X Zge™™ |1}
L n=-2 i t
r 1 5 T HO(t) = ex;{i J dt’(H(CTg(t’))}
Het) = | +5 00+ X Zie™ |1} 0
L n=-2 i t
) 1 X H%,Z(t)exp[—i J dt'(Hgg(t'))}. 4]
H2t = > Zﬁzei”‘“Rt<2I§I§ 5 (O e e ) 0

n=-2,n#0

[2] Both transformations are cyclic i

yclic in the AHT sen86,(3). The
The first two terms represent the chemical shift interactions wansformation to the toggling frame is cyclic because the r
the two spins, and the third term represents the dipolar intétamiltonian is periodic with R, and expfi [3VF
action. The isotropic chemical shifts are assumed to be eqdéllHz(t')} = 1. The chemical shift interaction frame trans
with opposite signs;(1/2)Aw, without loss of generality. The formation is cyclic because the chemical shift interactions ar
Z:, 7% are complex coefficientsl8, 23 that depend on the refocused at the end of each nbRFDR cycle and expfs"™
CSA anisotropy {vcsa, wasa}, the asymmetry parameters){, dt'HZ(t")} = 1. Therefore, calculation of the evolution-op
1.}, and the Euler angle®, = { «,, B, v.}, transforming the erator in the original frame can be reduced to calculation of th
CSA tensor of spin-1 from its principal axis system (PAS) toperator in the interaction frame3).
the rotor frame, and),, = {ai,, B, Y12}, transforming the The chemical shift unitary operators can be written as
PAS of the CSA tensor of spin-2 to the PAS of the CSA dfimple product of exponents
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¢ with
Ucs(t) = exl{_i j dt’ (Heg(t') + Hés(t,))]
.
0
1 AQ(t) — Awt I
= —1 _ 1 1
exp{ |(Ql(t) 2 Awt) I z} (b(t) — 2AQ<2 NTR) —AQ(1) — Aw- (NTR — t) I
1 AQ(t) — Aw- (t — 2N [l
x exp{ —i(Qz(t) +5 Awt) | 2} [5] (1)~ A )
\
with Q,(t) the accumulated phases of the anisotropic chemical I 0<t< 2 N7g
shift interactions, 1 3
Il; 5 NrR<t <5 Nrg, [11]

t 2
Qi(t)zf dt’ > Zlexplinwgt'}

0 n=-2
and

Q;(t + N7g) = Qi(t).
Then it follows that

Ucsl312Ucs= 1317
Ughil12Ucs = expliAQ(t) lexpl—iAwtH 112
Ucdlt12Ucs = expl—iAQ(t)lexpliAwt} 112

(6]

(7]

(8]

3
I EN’TR<t<2N’TR

where the equalitdA Q(t + N7g) = AQ(t) has been used. In
order to calculate the zero-order average Hamiltonian, we writ
the CSA part of the unitary operator as a sum of Fourie
components:

expliAQ(t)} = > C.explimogt}). [12]

m=—ow

The C-coefficients define the strength of the difference be
tween the CSA tensors. They could be considered as the MA
center and sideband amplitudes of a spin with a CSA tens
equal to this difference.

The average Hamiltonian can now be deduced by simpl
substitution of boundaries and integration over a whole

with NbRFDR cycle using the following integral:
1 N7r/ 2
AQ(t) = Qu(t) — Qy(1) J expli(m + n)wgt — iAwt}dt
ZNTR
t 2 —N7r/ 2
= [ dt’ D (ZL— Z)explinwgt'}. [9] 1 (N#((m+ nowg — Aw)
0 n=-2 =55 on . [13]

This difference phase is the parameter that solely represents tHE resultant zero-order average Hamiltonian is given by
CSA contributions to the Hamiltonian, indicating that only the
difference between the CSA tensor components affects the
nbRFDR dipolar dephasing. The interaction frame Hamilto-

nian can now be evaluated by insertion of Eq. [8] into Eq. [4], . _ .
and the result can be written as with an effective dipolar frequency,

- 1
A= =D [dHQ)IH12 + d®(@)12] [14]

N[ -

2 d*(Q,) =
HO®M) = > ZRexplinwgt}

n=-2

2 o
2 2 (CugZ?+ eMatwacy  7i¥)
n=—-2 m=-w

X sinc{Nw(m— i::)} [15]

1 :
x(22- 5 e v ety o
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FIG. 2. Numerical calculations showing the spinning frequency dependence of the exchange between coupled spins in RFDR and nbRFDR expe
The normalized difference signal of a coupled spin pair is plotted as a function of the isotropic chemical shift difference scaled by the spiremog,&&oy.
Simulations of NbRFDR wittN = 8 (dash-dotted line), nbRFDR witd = 16 (unbroken line), and RFDR with = 1 (dashed line) were carried out varying
the chemical shift difference instead of the spinning frequency, for convenience. A dipolar interaction of 450:t9£,18 kHz, and a mixing time of 6.4 ms
were used in the simulation.

A similar expression was derived by Boenasral. (24) for The sinc-function maximizes at the rotational resonanc
evenN values. The effective dipolar frequena/}’(Q2,), of a conditionwr = (1/m)Aw and vanishes when its argument is
spin pair in a crystallite depends, through the dependence b#r, i.e.,wg = (N/(Nm = 1))Aw. Thus, the span of spinning
the Z,, Z}* coefficients, on the Euler anglé3, = {«,, B,, frequencies over which the dipolar recoupling is effective
v.}. Different crystallites in a powder will, hence, experiencaround each resonance condition is approximately given by
a different effective frequency. The interaction parameters that

govern the dipolar frequency are the spinning frequency, the

dipolar interaction parameters, the isotropic chemical shift 2

differenceAw, and the CSA tensor parameters defined by the
C,, coefficients.

The dependence on the CSA parameters is very intricate and
becomes significant when the spinning frequency is not muEor RFDR (N = 1), the sinc-functions for differermt values
stronger than the CSA difference of the spins. Bjécoeffi overlap, and a complicated exchange response as a function
cients are directly proportional to the dipolar interactiothe spinning frequency can be expected. For higher values
strength and are used to deduce the distance between the Mythe sinc-functions become narrow, and efficient magnetize
nuclei. As was previously derive® (13, the spin part of the tion exchange can be expected only close to the rotation
Hamiltonian contains only the zero-quantum dipolar flip-flopesonance conditions. The efficacy of the nbRFDR recouplin
termsl ;1% and1*1%. The dynamics of the spin system undeis shown in Fig. 2 as the normalized residual signal plotted v
such a Hamiltonian therefore takes place in the zero-quanttime chemical shift difference scaled by the spinning frequenc

Aw. [17]

subspace. The reciprocal dependence of the bandwidthNonauses the
In a 1D nbRFDR experiment the magnetization exchangeagperiment to become more frequency selective at higher ve
monitored by the time dependence(df — 12)(2IN7g), ues ofN. Without any significant overlap of the sinc-functions,

the value ofd**(Q2,) at the R conditions becomes independent
of N (for evenN),

(1= 12)(2INTg) :81172f dQ,cod|d*2(Q,)|2IN e} [16]

2 ®
For everN values, the constant phase shift in Eq. [15] vanishes d?(Q,) = > > ReCnZi3. [18]
and thed™(Q,) coefficients become real. n=—2 m=—x
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This result can be compared to the dipolar coefficient in &n Rith d*? = |d"|exp{i8'}, and can be represented by an
experiment, effective magnetic field™ of strengthd*?| in thex—y plane of
the zero-quantum frame. The magnitude of this vector depent
2 = on the spinning frequency and on the seledtedalue of the
di2(Q,) = > > Cn.Zi [19] nbRFDR experiment. During the nbRFDR mixing time the
n=——2 m=—c m(Qx; t) vector rotates around tha*-field and itsz-compe
nentm,(Q,; 7,,) at the end of this timer,,, is proportional to
which can be deduced following a derivation similar to thahe difference signalS,(r.,) — S,(7.), that is obtained from
above. TheC-coefficients define the amplitude of the sincthe signalsS,(r,) = (I1:)(r.) and Sy(t.,) = {I2)(r.,) of the
modulation. When the spinning frequency is larger than theo nuclei. The interference of the oscillating,(Q,; 7.)
CSA tensor strengths, these coefficients become zero, exagghponents gives rise to a decaying signal in the powder th
Co, = 1. This same condition is encountered when all tensgy equal t0S,(7.) — S.(7m) = (1/87?) - [ dQ,m,(Q,; ).
parameters of the two spins are equal. In these cases efficiehis signal can be analyzed in terms of the dipolar tensc
nbRFDR exchange may only be expected around thedR  components in order to deduce the dipolar coupling strengt
ditonsm = 1, 2. If these conditions do not hold, maximahng  from it, the internuclear distance. This analysis ma:

values ofd™(€,) are also encountered at = 0 andm > 2. require preliminary knowledge of the chemical shift parame
This is also shown in Fig. 2, for nbRFDR simulations usingy,s in the cases mentioned above.

N = 8, 16.

he ab derivati h h i 44 q In addition to the dipolar field, thén-vectors react to a
T e above derivation shows the complicated dependencs, Fiety of other mechanisms that influence the overall powde
the dipolar coefficients on all spin parameters. For simplicity

. : i ) %cay. In the case of an isolated carbon spin pair, perhaps t
discussion, the experimental properties of the rf pulses an ; . . . .
most important effect causing additional signal attenuatior

h|gher_ order correcuo_ns to the average Hamiltonian were n(?lﬁring the nbRFDR pulse experiment, is the residual interac
taken into account. It is therefore preferable for the analysis 0

experimental nbRFDR data to measure all available CSA F)t}iqns with the protons in the sampl21 22, 23. While pulse

rameters of the two-spin system and to use a simulation prqj’:grameters cgn bg tgken into acc':oun.t in numerical simulat?on
gram that takes into account all interaction parameters, as waf effects of inefficient decoupling fields and cross-polariza
as pulse parameters, and calculates the exact spin dynamic89ff during the pulses are hard to predict. .

the following sections we show how we obtained internuclear N the case of Rit is common to assemble the decaying
distances using nbRFDR experiments in cases where the C&fects, which are independent of the pulse parameters, as
dependence of the data is not negligible. But beforehand, #@axation parametef;°, influencingm(€,; t). Its magni

discuss the influence of broadening mechanisms on the mii4fle has been discussed extensively in the pa:

netization exchange and construct a model that is then used(®r20, 25, 29, and its orientation dependence has been for

analysis of experimental data. malized @6). In most cases a single isotropi¢® relaxation
time is used to reflect all mechanisms that diminms}{(2,,
ZERO-QUANTUM AND DOUBLE-QUANTUM t) andmy(Q,, t) for all 2, (13, 23. If in addition to this

SPIN RELAXATION relaxation and the standard spin-lattice relaxation of th

spins, the magnitude ah((},; t) is reduced during the rf
The nbRFDR exchange between the longitudinal magnegiulses, by cross-polarization or pulse imperfections, thi
zation components of a spin pair in an individual crystallite cagffective overall relaxation mechanism in the zero-quantun
be described, as in the’Rxperiment 8, 20, by the motion of gyhspace becomes complicated. Because only the expec
a magnetization vector (fl.; t) in the zero-quantum subspacgjon, values of the diagonal elementsl) and(12), in the spin

of the spins with components density operator are monitored in an nbRFDR experiment,
is assumed that they decay exponentially with some tim
m(Qp; 1) = (1112 + 1112)(1) constantsT: and T2, respectively. Furthermore, it is as
my(Q; 1) = (1112 — 1112)(1) s_umed that these relaxati_on mechanisms change the effe
tive zero-quantum relaxation tim&,;°, by some unknown
m(Q; 1) = (17 = 15(1). [20]  amount. A rigorous analysis of the spin evolution requires «

spin density calculation, using the Liouville spin-operator
The Hamiltonian of Eq. [14], governing the motion of thiormalism @0, 26. However, here we will restrict our treat-
vector, has the general form ment to a simple Bloch equation approach.
The spin pair evolution can then be described by the follow
ing set of rate equations, settigf* = 0 in Eq. [21] for

_ 1
— 12 112 HENN S 112 _is1
H=>5 |d*2[(1112exp{io™ + 1112exp{—i8'%), [21] simplicity,
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m, -r* 0 0 0 \/m, where the normalized nbRFDR decay curve is defined by
d|m, 0 -I*® d? o0 |[m
a m, = 0 _d12 _1'*+ -~ m, ’ [22] 1
M, 0 0 I -T'*/\Mm, -t .
fo(T) gm2- m,(Q,;0) J‘ dQ,m,(Q,; 1), [27]

introducing thez-component of a double quantum magnetiza- _ o
tion wherem, (Q,; 0) is the normalization factor df, (r,,). These

expressions cannot be used in cases where the dipolar deph

L ) ing is weak and the pulse and decoupling effects influence tf

Mo(Tm) = {122 (Tm) + {12} (7 signals significantly. Then this simple relaxation model is
= S,(,) + Sy(7,) [23] invalid and exact soluti_on of the rate equation in Eq. [22] mus

be used for the analysis of the data. However, here we restri

ourselves to the approximate solution in Eq. [25] and in future

and the relaxation parameters work a more generalized treatment will be discussed an
applied.
1 In the range of dipolar interactions and relaxation deca
r#e= T parameters, where Eq. [26] is valid, experimental nbRFDF
2 data can be fit to simulated data based on the theoréti@al)
£+ = 1 ( 1 N 1) functions. The powder decay signals must, therefore, be co
T 2\TH T2 rected by introducing two independent effective decaying func

tions. In practice the relaxation decay functioR$¥(r,,) and
o1 (1 B 1) 24] R*(r.), are not necessarily simple exponential functions, an
S2\TE TR they cannot be measured easily and independently. Therefo
we suggest measuring nbRFDR exchange at variable spinnil
equency, instead of measuring it as a function of the ex

The general solution of these rate equations is quite comgl] ’ X
g i, , l{;hﬁmge time. The powder decay signals can then be measul

cated. However, here we only consider cases where the ove N )
at mixing timesr,, that change only slightly, and the data can
be fitted plainly by introducing two fixed parametd®8§°(r,,)
andR™(7,,). In the next section the spinning-frequency-depen
dent nbRFDR approach is introduced and an experiment
procedure that suits different ranges of dipolar interactions i

M) = My(0)cosd**r,- R*¥(7py) suggested.

M(7) = My(0) - R™(75), [25]

dipolar oscillations are larger than the relaxation ra@$| >
'*?, T*, I'". The approximate solution of Eq. [22] fon,(7,,)
andM,(r,) is then

SPINNING-FREQUENCY-DEPENDENT nbRFDR

with R™(t) = exp{—T""t) andR*(t) = exp{—(I'** + ')t/ |n nbRFDR experiments the functidiy(r,) strongly de
2}. As long as the dipolar frequencies are larger than thgands on the offset of the spinning frequency from tHe R
relaxation rates, the-components of the magnetizations argondition, Awg = Mwg — Aw, and onN. The narrowband
independent of the difference between the individual decg@paracter of these experiments makes it possible to modify tt
processes of both spins. Moreover, when the orientation dggue of this function significantly by small changes to the
pendence of the relaxation paramete26) (s also neglected, spinning frequency. By choosing a fixed value forand! in
the powder signals of the two spins can be written as 7w = | + 2N7x and allowing only small changes:Awg,
around some averageg, the mixing time varies by a factor
1 approximately given by Rwg/wg. If this time variation is
Si(tm) = 5 (Si(0) = S(0)) fo(7m) R*(7y) much shorter than the relaxation times of the experiment, it i
reasonable to assume tHRi° = R*%(r,) andR" = R*(r,,)

1 are constant throughout the experiment. To utilize this fact, w
+ 2 (S:(0) + S(0)) R™(7) first normalize the experimental sign&@g ., wg), which are
dependent on both the spinning frequency and the valubk of
Sy(r,) = — % (S,(0) — S,(0)) fy(70) RZ(7,,) andl, and define the experimental function as follows:

! : Fi(wg) = RISICD) i,j=1,2 [28
+ E(Sl(o) + S,(0)) R*(7y), [26] i\wr) = (1/2)(S(0, wg) — $(0, ) v =1,2.[28]
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These functions account for the dependence of the signalon a 11
the initial state of the two spins. The signal of the inverted line
will change its values from negative to positive by the action of
this normalization. The mixing time,, is changing according
to the value of the spinning frequency, but the intedérmmsnd
| are kept fixed. Using Eq. [26], the nbRFDR function can now
be rewritten as

09+

0.5+

Falve)

03+
fa(wr) = C4[Fi(wgr) — Cr(wr)]

fio(wr) = Ci[Fa(wr) + Cx(wr)] [29]

01+

-0.1

1500 1200 900 600 300 0

with AS—vy (Hz)

1 b 11
C, = @
(S:(0, wr) + S,(0, wg))

D = (5,0, 00 - S0 0 K B i

09 1

0.5 1+

fd(VR)

Two fg(wg) functions are introduced for the two spins. They
are calculated numerically and can differ slightly due to dif- 03+
ferences in the CS parameters and the effect of the pulses. The
c, term is independent ofvy and can be introduced as a 017
constant parameter in data analysis. Thigor) term is depen
dent on the signals at zero mixing time. In most cases we 1200 500 500 200 .
expect this term to be small, because the signal preparation is AS-2vg (H2)

aimed at obtaining the conditid®, (0, wg) = —S,(0, wg). It

. . . . FIG. 3. Theoretical decay curves ofk-dependent nbRFDR experiments
is also expected that this term will exhibit a weak dependengﬁa spin pair with dipolar couplings ranging between 300 and 550 Hz ar

on the spinning frequency caused by slight broadening gsited as a function of the proximity to the rotational resonancy ¢Bndi
rotational resonance is approached. This dependence is simiphs. In (a) calculations using am( |) pair of (12, 2) near then = 1 R?
accounted for by measuring the signal at zero mixing time. Thendition are shown, and in (b) calculations using Bnl() pair of (8, 2) near
wR—dependence dfj(wR) is modified by particular choices bf the m = 2 R _condition are‘shown_. The Qiﬁerence betv_veen the dipol_ar
andN. Depending on the approximate dipolar coupling, theéﬁ_uphngs of adjacent_ curves in the flgures is 59 Hz. The isotropic chemice
) . _SHift difference used in these calculations wss = 14.6 kHz, and the CSA
integers must be chosen to make the measurements sensitiygdgctions were set to zero.
small variations in the dipolar parameters.

In Figs. 3 and 4, examples &f(wg) decay curves are shown
for a set of dipolar interactions, ranging from 50 to 550 Hz, We have shown above that tlig(vg) functions are also
corresponding td°C—"*C distances of 5.34 to 2.40 A, respecdependent on the CSA parameters of the coupled spins and
tively. All frequency parameters in the calculations are conthe direction of the dipolar vector with respect to these tensor
puted, for convenience, in units of Hz. Therefore, we redefiieis therefore necessary to take these parameters into accol
the isotropic chemical shift difference and the spinning fréa data analysis. In most instances the values of the chemic
quency asAd = Aw/27 and vy = wg/2m, respectively. The shift anisotropy and asymmetry parameters can be obtaine
fq(vg) functions are calculated faké = 14.6 kHz and with from independent measuremen3®), However, the Euler an-
zero CSA tensor parameters. Close torthe: 1 R? resonance gles transforming one CSA tensor to the other and the polz
condition, we have choselN( |) pairs that are equal to (16, 2)angles of the dipolar vector in one of the CSA tensor PAS
and (12, 2) for the ranges 50-350 Hz and 300-550 Hzames are in general not known. The angular dependen
respectively. In the vicinity of the secomd = 2 R? condition, disappears when the nbRFDR dipolar coefficietit§(),) in
these values are (12, 2) and (8, 2) for the same coupling randeg, [15] become independent of the CSA parameters. Th
respectively. As can be seen, the differences between tteppens when the spinning frequency is larger than the CS
functions are significant and indicate that it should be possibigeractions and th€ -coefficients forn # 0 become nedli
to fit experimentaF,(vg) data to theoretical,(vs) functions, gible. The dipolar coefficients depend then only on #@
with the appropriate choice af, and c, parameters, and to parameters in the spin Hamiltonian, and the data rely exclt
obtain the magnitude of the dipolar interaction. sively on the interatomic distances. When possible it is
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a a simple off-R CPMAS experiment at low spinning frequen

T cies.

(i) When the isotropic chemical shift difference between
the spins is known, a range of spinning frequencies is chose
close to them = 1 or m = 2 resonance condition. When
possible, nbRFDR experiments around both conditions shou
be performed. For eaah, a pair of integer& andl is chosen
that satisfyr,, = | - 2N1g, according to the expected magni
tude of the dipolar interaction, as was shown in Figs. 3 and ¢

(i) Inthe next step the nbRFDR experiment is set up. After
00 : : : initial CPMAS excitation of the spins and a/2 flip-back
1200 900 600 300 0 pulse, a method for selective inversion of one of the spins i
A8-vg (Hz) chosen. The initial longitudinal magnetizations of the nbRFDF
experiment are measured by setting the mixing time to zerc
10l The initial valuesS,(0, wg) andS,(0, wg) for each spinning
rate are used to correct for the broadening of the signal ar
osd changes in CP transfer efficiency aSiRapproached. After the
CPMAS excitation and the inversion, the signals are unlikely
064 to satisfy S,(0, wg) = — S,(0, wg). This condition is not
crucial for the analysis of the data; however, maximiz8(0,
04t wgr) — S,(0, wg) Will improve the quality of the data. At this
stage two experiments are performed at a far dfsRinning
024 frequency, where no dipolar dephasing occurs; a paid § is
chosen and two experiments, similar to the nbRFDR exper
: ¢ t ment, with and without pulses in the mixing time are per-
800 600 7“°° 200 0 formed. These experiments are used to render the effecti

£5-2vq (Hz) relaxation parameters and enable us to ascertain the validity

FIG. 4. Theoretical decay curves of-dependent nbRFDR experimentsEq. [30]. If the relaxation processes cause a reduction i
on a spin pair with dipolar couplings ranging between 50 and 350 Hz ag(+ /S (0) values that are comparable to the effective dipola
plotted as a functlon_ of the _prOX|m|ty to the rotational resonanc® ¢Bndi frequency, our model fails to predict the experimental result
tions. In (a) calculations using amN( 1) pair of (16, 2) near then = 1 R 7! .
condition are shown, and in (b) calculations usindNal() pair of (12, 2) near and a rigorous treatment must be undertaken to include &
the R m = 2 condition are shown. The difference between the dipoldl€caying effects in the spin dynamics simulatioR8)(
couplings of adjacent curves in the figures is 50 Hz. The isotropic chemical (iv) At this stage a set of nbRFDR measurements are pe
_shift difference used in the calculation wa$ = 14.6 kHz, and the CSA formed as a function of the spinning rate and the signals of th
Interactions were set to zero. two spins are acquired and normalized according to Eq. [28

This results in two wg-dependent experimental functions

. . . F1(wg) andFy(wg).

therefore advisable to perform experiments at the highest POSTy) These data are analyzed in two stages. First they al
sible spinning rate, i.e., around the= 1 rotational resonance shifted, according to Eq. [29]. The shift parametsfws) is
condition. When fom = 1 the CSA effects can be neglecte¢gnsidered constant unless the initial signals exhibit spinnin
and the internuclear distance can be determined, addition@buency dependence. In that case the individual ratios of tr
experiments arounch = 2, with the condition|Z; — Z| = initial signals for each spinning frequency are included in the
2wg, can yield angular information. shift procedure. A shift parameter is chosen that minimize

Based on these considerations, the following experimen{# ,(wz) — F,(wr) — 2¢,(wg)} and the resulting two shifted
methodology for obtaining dipolar interactions, and from themtata sets F(wg) * c,(wg)} are stored together with the
internuclear distances by spinning-frequency-dependenterage data set
nbRFDR, is proposed. For clarification we assert that we focus
on the distance between two nonequivaléi@-nuclei. The F(wg) = (1/2)(Fy(wg) + Fo(wg)). [31]
following steps are suggested to implement this approach:

0.8 4+

0.6 T

fy(vi)

04 ¢

0.2 +

Falv.)

0.0

(vi) After this procedure the shifted data sets or the resultin
(i) First it is necessary to determine the isotropic chemicalerage data set are fitted to one of the simulated sets
shifts, the CSA interactions, and the asymmetry parametersffictions f;(wg) and f.,(wg) for different dipolar and CSA
the spins. This can be done using the Herzfeld—Ber88) ( parameters. These functions are calculated taking into accou
sideband pattern analysis of tH€ MAS spectra measured byall known parameters, such as spinning frequencies, isotrop



SPINNING-SPEED-DEPENDENT nbRFDR 213

and anisotropic chemical shift parameteny, () values, and TABLE 1
pulse lengths. The fitting is ideally done using a numerical ~Chemical Shift Anisotropy Values of the Hydroxyl and
least-square procedure with two unknown parametgrand Carboxy! Carbons in 3-Hydroxybutyric Acid (HBA)
d,s, minimizing
Biso S 82 833
C-OH" 62.0 4.4 27.7 -32.1
= fo(wh) — cF (0k)]3 32] C-OH? 65.5 7.8 24.1 -31.9
X=2 E[ a(@R) — &iFi(ob)] 32] COOH 180.5 17.8 61.4 -79.2

i=1 |

Note. All values are given in units of ppm, averaged from CPMAS mea-

where the sum is over all values of the spinning frequenﬁy, surements at spinning frequencies of 0.6, 2.0, and 2.5 kHz.
However, when the number of variable CSA parameters is
large or the signal-to-noise ratio of the data is low, it is more
efficient to fit the data by optimizing the agreement betwedfixing  pulses of 30 and 90 kHz were used in two separat
fu(wr) andc.{F,(ws) * C,} using a proper choice of param €xperiments. Experiments near the = 2 condition were
eters in the simulation. During this minimization procedurBerformed at spinning frequencies of 4444 to 4800 Hz stab
only experimental points that correspondsfigws) < 1 are lized within =1 Hz. Mixing 7 pulses of 90 kHz were used in
considered. This ensures that the dipolar dephasing is expedfi&fe experiments. The pulses were phase cycled according
to be stronger than the relaxation effectcef When a good fit the XY-4 phase cycle3d).
is achieved, the dipolar interaction strength can be extractedhll simulations were carried out using the K&3) spin
and from that a distance can be obtained. The accuracy of h@amics program and the SIMPSON simulation package fc
experiment is determined by the value yfind by the devia- Solid-state NMR 86) that take into account CSA parameters
tions between the values Bf(wr) = C,. The whole procedure @nd angles, dipolar coupling and polar angles, isotropic shift;
is repeated when data are obtained close to bota 1 and and finite length pulses. Chemical shift anisotropy paramete
m = 2 R? conditions. Agreement between the two experimeng the hydroxyl and COOH carbons in HBA are summarized ir
is, of course, required. Depending on the relative sizes of thable 1. They were deduced from the sideband pattern
CSA tensors, orientational information can also be obtaine@low-spinning CPMAS experiments using the Bruker Xedplo

(vii) By writing the expressions for the signals of the twdoftware. This program is based on the Herfeld—Berger proc:
spins separately, the determination of distances between a f@Hye for extraction of CSA values from the sideband manifold
labeled spin and a natural abundant spin could also be accom-
plished when the isotope abundances are known and the initial RESULTS AND DISCUSSION
signals S;(0, wg) are measured. Both, and c, parameters

must then_ be dete_rmine_d d_uring the fitting procedure. ThiSNbRFDR measurements were carried out on a doti@ly
approach is under investigation at the moment. labeled sample of 3-hydroxybutyric acid (HBA), shown in Fig.
5. The HBA molecule is labeled at the hydroxyl and carboxyl
MATERIALS AND EXPERIMENTAL METHODS carbons. The crystal structure of this compound is not avalil
able; however, the structure of an HBA derivative, where the
pL-3-Hydroxybutyric acid (HBA) 1,3%C, sodium salt was methyl hydrogens are replaced by chlorine atoms, namel
purchased from Isotec Inc., Matheson, USA. Experiments dm,4-trichloro-3-hydroxybutyric acid (CI-HBA), has been de-
the HBA sample were carried out on a Bruker 300DSX spetermined 83). The distance between the hydroxyl and carboxy
trometer equipped with a 4-mm WB MAS probe tuned'tb carbons in this derivative is 2.48 A. Assuming that the molec
and®C frequencies. Continuous wave decoupling was appliethr structure of the hydroxybutyric acid is the same in the tw
during preparation and mixing periods with an rf power of 92.6ompounds, we expect to measure a similar distance, corr
kHz, and TPPM decoupling was applied in the acquisitiosponding to a dipolar interaction of 485 Hz. The carbon MAS
period with the same rf power. Cross polarization to carbohNMR spectrum of the enriched HBA sample consists of thret
was achieved using &C rf power of 65 kHz. The DANTE dominant peaks. The carboxyl carbon has an isotropic cherr
inversion employed 32 pulses of 0.35 (5°) at a power level cal shift of 180.5 ppm and the hydroxyl carbon shows twc
of 60 kHz. The total DANTE time was adjusted to be amell-resolved resonances at 62.0 ppm and 64.6 ppm. The ma
integer multiple ofrz. The nondecoupled period was set to 8hielded hydroxyl resonance is denoted by CLO&hd the

ms to remove residual transverse magnetization. Preparatiess shielded one by C—C# The isotropic shift differences
and detectionr/2 pulses were applied at an rf power of 90 kHzbetween the carboxyl line and the two hydroxyl lines are

Experiments near then = 1 condition were performed atA8" = 118.5 ppm andAs® = 115.9 ppm, respectively,
spinning frequencies of 7800 to 8500 Hz stabilized wittih  corresponding to 8933 and 8747 Hz on our 300-MHz spec
Hz. trometer. The CSA parameters corresponding to the three lin
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smaller effective interaction and therefore a correspondin
decrease of its line intensity by only 15%.

Distance Measurements near the=m1 Rotational
Resonance

Them = 1 nbRFDR experiments were carried out with an
(N, I) pair of (8, 2), i.e., with fourm-pulses applied over 32
rotor cycles. The carboxyl line intensity is decomposed intc
two contributions, one experiencing coupling to the COH

carbon and the other to the C—Gttarbon. The experimental
functions given in Eq. [28] are calculated as follows:
= (v0) SC—O}—(i)(Tmy VR)
o (VR) =
Wﬁ COHDRTRT ™ 0.5(Se_omi(0, vr) — 0.55¢00H(0, vR))
* S
= () 0.5ScooH( Tm» VR)
o) =
COOHL TR O-S(SCOOH(Oy VR) - Sc-om)(oi VR))
I 0.5Sc00H( Tm» VR) [33]
O-S(SCOOH(Ox VR) - SC—OF(Z)(Oa VR)) '
a 1.0 a
2.
* o0 E f ..
e ¢ o m
% * 08+ ™ ¢ 2
] @ ¢ g
B
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FIG. 5. The 3-hydroxybutyric acid (HBA) molecule is drawn together 0.0 : N
with **C nbRFDR spectra of a doub/C-labeled HBA sample. The COOH 7800 8000 8200 8400
sideband at-70 ppm and the C-OH and C-OH sidebands at-170 ppm Ve (H2)
are marked with stars. Spectrum (a) was recorded at @f 7874 Hz,
corresponding ta8® — v = 870 Hz of the C—-O¥ line andAs™ — vg = b 10
1060 Hz of the C-OHMline. Spectrum (b) was recorded ataof 8130 Hz, 6 O o
corresponding taA\6® — vg = 620 Hz andAs™ — vz = 800 Hz. A shift of 08T © © o
the spinning frequency by 250 Hz toward time= 1 R® condition causes an m) M ° °
increased exchange between the carboxyl and C-OH lines and, consequently, 08T o ° o
a significant attenuation of their line intensities. In the drawing of the HBA  —~ o ° o
molecule the torsion angles are indicated by round arrows. = T o ° o
(o O
]
024 o AN o 9
. . . . [}
are summarized in Table 1. The decaying signals of the car- | 5
boxyl and the two hydroxyl lines were collected close to the oooof®
m = 1 and them = 2 R? condition, with spinning frequencies 0.2 + '
around 8100 and 4550 Hz, respectively. To demonstrate the 4700 4600 Ha) 4500 4400
Vg (Hz

dramatic effect of spinning frequency on the extent of dipolar
exchange, them = 1 nbRFDR spectrum of HBA at two FIG.6. The normalized experimental nbRFDR data of HBA are plotted as
adjacent spinning frequencies is plotted in Fig. 5. A shift of thefunction of the spinning frequency (a) close to the= 1 R* condition and
spinning frequency by about 250 Hz results in substanti@? close_ to them = 2 R? condition. Open sy_mbols on both plots correspond
dipolar exchange between the COOH and C-%4rbons and to e_xp_erlments withr-pulses of 5.5us. The f|||ed_symb0|s in (a) correspond

) . . to similar nbRFDR measurements carried out witpulses of 16us. Squares,
a decrease of 40% of the C-GHine intensity forr,, = 4 ms circles, and diamonds correspond to the experimental results of the &-OH

and (N, 1) = (8, 2). The C-OH carbon experiences ac-oH?, and COOH lines, respectively.



SPINNING-SPEED-DEPENDENT nbRFDR 215

1.0 +

0.8 1+

F(ve)

0.4+

0.2 +

0.0 +

1000

800
Ad-vg (Hz)

600

400

0.8 + ©

0.6 1+

044

F(va)

0.2+

-0.2 t

-700 -500

-300
A8 -2v, (Hz)

100

0.5F conaf(¥r) + Feone(vr), were compared withrcoon(ve),
since the carboxyl line decays due to the exchange with bo
hydroxyl lines. The initial signal intensitieS(0, wg) as a
function of wg varied by less than 8%, justifying the use of Eq.
[29] with a constant, value. As a result a constaot = 0.04
was necessary to fit the decay curves of the carboxyl an
hydroxyl carbons.

The last step in the data analysis involved fitting of the
shifted data of the two hydroxyl-carbons to theoreticéb )
curves, resulting in dipolar interaction strength and a nuclec
distance. In Fig. 8 the normalized and corrected nbRFDF
decay curves of the C-GMand the C-OI9 carbon lines are
shown. Theoretical solid curves correspond to dipolar cou
plings between 300 and 550 Hz. These curves were calculat
ignoring the CSA parameters of the interacting carbons. Tak
ing these CSA parameters into account resulted in shifts of tf
theoretical curves that were less than 6%. Thus omission ¢

1.0 + Q
0.8 T

0.6 1+

fy(ve)

044

FIG. 7. The normalized experimental nbRFDR data of the C0&hd
C—OH? lines of HBA are plotted as a function of (A" — vz andA8® —
vg Close to them = 1 R? condition and of (bAS® — 2vz andA8? — 2y
close to them = 2 R? condition, respectively. The decay curves of the two 0.0
hydroxyl resonances in (a) exhibit identical dipolar decay character and dis- 1000 800 800 700 600 500
similar dipolar decay behavior in (b). A8-ve (Hz)

0.2 4

+

TheseF(vg) are shown in Fig. 6éopen symbols) as a function
of the spinning frequency. The spinning frequency was varied
by 460 Hz, corresponding to a change of less than 6%,jn
between 3.84 and 4.064 ms. Similar experiments, depicted by
the filled symbols in Fig. 6, were performed with 16
m-pulses. These experiments produced similar values for the
dipolar interaction and the effective relaxation parameters.
This result confirms that a carbon power as low as 30 kHz is
sufficient to drive the exchange between the carbons effi-
ciently. Experiments far off-Rand without nbRFDR pulses
showed that th@ , values of the*C-nuclei are larger than 400 0.0 ; ' , ;
ms, and that the pulses alone produce a signal decay36f 1000 900 800 700 600 500
msec. These time parameters are both much longer than the A5-vs (Hz)
lengths of the nbRFDR mixing. _ FIG. 8. The corrected experimental results (open circles) of HBA, accord:
In Fig. 7a the experimental decay curves of the two CYOHing to Eq. [28] withc, = 1.1 andc, = 0.04, close to them = 1 R? condition
lines are plotted as a function afs® — Vg, Withi = 1, 2. are depicted together with simulated decay curves for dipolar couplings b
These curves show overlapping decay curves, implying that Mgen 300 and 550 Hz. The experimental curves of the COOH line (a) and tf

. . . sum of the C—OH lines (b), as well as the theoretical lines, are plotted as
hydroxyl carbons associated with these resonances experie{j¢g. ., ofas — Ve With A8 = 0.5(A6% + A6@). The vertical dashed lines

the same Qipolar. inter_aCtion_- _TO obtam the average Of mark the point where the theoretical model does not hold anymore and tt
the normalized signal intensities of the twiC—OH lines, experimental data can deviate from the relaxation-independent calculation.
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CSA interactions of—2400 and—6000 Hz is justified for ~ The structure of the HBA molecule can be defined by twc
spinning frequencies ranging between 7800 and 8500 Harsion angles around carbon—carbon bond directions, assu
Good agreement with one of the theoretical curves is obtainieg that the bond lengths and angles are fixed and the meth
for a value ofc, = 1.1. Forboth carbons the dipolar couplinggroup performs a fast threefold jump motion. The two torsior
of the best fit was 45@ 50 Hz, corresponding to an internu-angles that can affect the relative orientation of the hydroxy
clear distance of 2.5 0.1 A. This distance is thus comparablend carboxyl CSA tensors are

to the reported result for the CI-HBA derivativgd). The value

of 1.1 for the c,-parameter corresponds to an effective Z(g

. . L ound the carboxyl-methine carbon bond, and
relaxation time of about 40 ms. This is of the same order 0 :
. . . ¢, the torsion angle of the bond between the carbon and tt
magnitude as the effective relaxation parameter of 30 ms

measured above. At spinning frequencies corresponding gt?r/gg: t());ntge hydroxyl group around the methine—hydroxy

|AS — wvg| values that are larger than 800 Hz, the effectivé
dipolar frequency becomes smaller than 30 Hz. In this regidm investigate thej- and p-dependence of the nbRFDR decay
the simplified relaxation model is no longer valid and we mus$tinctions, we assume that the structural parameters of tt
not expect an agreement between theory and experimentspiatons, oxygens, and carbons in HBA and in its derivative
Fig. 8 this boundary value is represented by the vertical dott€tHBA are the same. These parameters are knd@®@h gnd
line, indicating the positions where the deviations betweeme assigned to th¢ = ¢ = 0 conformation of HBA.
experimental and calculated data become significant. To continue we must determine the CSA tensor direction
with respect to the local structure of the carboxyl and hydroxy
carbons. Examples of the relative directions of the principa
axes of these CSA tensors can be found in the literature, at
NbRFDR experiments on HBA were repeated close to tlvee have chosen tensor orientations that are about consiste
m = 2 R? condition with (N, 1) values equal to (8, 2). The with reported directions37—39. In the case of the carboxyl
normalizedF(vg) curves of the three carbon lines, shown iarbon, the tensor was fixed with its -axis perpendicular to
Fig. 6b, were again computed from the experimental carbéme sp® plane and ther,,-axis in the direction of the methine—
signals as a function of the spinning frequency andrfpr= 0, carboxyl bond. The CSA tensor of the hydroxyl carbon was
as given in Eqg. [33]. The dipolar decays of the two hydroxydriented with itso,, in the direction of the C—OH bond arnxd,
resonances are replotted in Fig. 7b as a function of thgierpendicular to the plane defined by the methyl—hydroxy
A8" — 2v, values. As can immediately be seen from thedmsnd and the C-OH bond. The directions of these tensc
results, the two hydroxyl lines do not follow the same dipolazomponents are of course not exact, but we expect that they
decay function and therefore do not experience the same bt deviate significantly £15°) with respect to their real
fective dipolar interaction. The divergence of the two functiondirections 87—-39. The relative orientations of these tensors
can not stem from a difference between the carbon distanegs expressed by the Euler angles = { a1, B12, 12} defining
COOH <> C-OH® and COOH«> C-OH?, since them = 1 the transformation of a vector in the PAS of the hydroxyl CSA
nbRFDR measurements indicated that they are equal. We ntoghe PAS of the carboxyl CSA. Calculating these Euler angle
therefore conclude that in thhe = 2 nbRFDR experiments, thefor ¢y = ¢ = 0, while using the atomic coordinates of CI-HBA
CSA tensor parameters influence the dipolar decay substanRef. 33), gave the values (220, 167, 305). The polar angle
tially. Additionally, the large deviation between the two datéf,, ¢p) of the carboxyl—hydroxyl carbon—carbon vector in the
sets in Fig. 7b can not be resolved by taking into account tRAS of the carboxyl carbon were also computedior ¢ =
small differences in the principal values of the CSA tensors 6fand resulted in (102, 124). For each pair of torsion angles w
the two hydroxyl carbons. Thus it must be a result of thealculated the correspondif®,, and (0, ¢p) angles and the
presence of two types of HBA molecules in the sample havimgpected nbRFDR decay curigvg) for a C—OH line as a
two unique conformations. Since the carboxyl carbons exhilfitnction of the off-R value, A8 — 2wvy), taking into the
a single line in the carbon spectrum and the hydroxyl carbaacount the experimentalN( | ) values. In addition, a contour
two lines, we expect that the NMR data can be explained byp#ot of the value of ;(v) for a fixed spinning frequency, 4587
change in the relative orientation of the hydroxyl moiety in thelz, as a function of thes and ¢ has been constructed and is
molecule. As discussed in the theoretical section the dipokttown in Fig. 9. Because the,-axis of the carboxyl CSA
decay curves of two interacting carbons are indeed dependéemsor is aligned along thé¢ rotation axis, only half of the
besides the dipolar coupling strength, the isotropic chemiaantour plot between & s < 180 is shown. The experimental
shift difference, and the rf pulse parameters, on the differenealues off,(vy) for the C-OH" and C-OHf’ carbons are 0.19
between the CSA tensors. Their principal values are detard 0.38, respectively. These values do not correspond to
mined experimentally, but the directions of the principal axasique pair of angles)( ¢). We therefore compared thg vg)
are not known. Thus the data must be compared to simulatadve for the torsion anglesy( ¢) = (0, 0) with the experi-
decay curves for different relative CSA tensor orientations. mental data and found that the dd&&&’(vs) of C-OH® are

, the torsion angle of the methine—hydroxyl carbon bonc

CSA Orientation by Measurements near=n2 Rotational
Resonance
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FIG. 9. Contour plot showing the calculated decay of hydroxyl carbons in HBA at a spinning frequency of 4587 Hz, as a function of the torsign anc
and¢. On aAs® — 2wy, scale, this spinning frequency corresponds to an fédue of —425 Hz for the C—-OK carbon and-241 Hz for the C-OK carbon.
Contour levels increase in units of 0.04. Experimental results for the &-roon, depicted by a filled circle, and for the C-®-arbon, depicted by a filled
rectangle, are overlaid on the plot. The C-®¥holecule can reside in either a (10575) conformation or a (140, 150) conformation. The C®Hrolecule
can be in many possible conformations; however, its experimental value is marked at thelB)5conformation which is closest to the crystal structure
conformation of CI-HBA.

very close to this curve. A best fit close to this zero torsiofined structural features of homonuclear spin pairs. It can be us
angles resulted in a set of angles in the range#18, —15*  at high magnetic fields, employs a small numbetrgfulses, and
30). The spread of this range of possible angles is due to d@es not require strong rf fields. It has the frequency selectivity
insensitivity offy(vg) to changes iny, ¢) in the neighborhood RFDR and can be used to monitor specific interacting spin pai
of (0, 0). The result of this fitting procedure is shown in Fig22, 23. The nbRFDR results are influenced by relaxation mech
10a. It conforms to the structural assumption and shows thgfisms in a fashion similar to other recoupling techniqéeg4).
only C-OH? satisfies the CI-HBA conformation. The fitting of A simple relaxation model that includes contributions from zero
the C-OH" data is shown in Fig. 10b and corresponds to a Sgfiantum relaxation phenomena, spin-lattice relaxation times, a
of torsion angles (15 5, —140 =+ 15). Other pairs of angles, e imperfections has been suggested. Because in our exp
which have nbRFDR curves close to the curve of this pair, 8ignts the lengths of the dipolar mixing times are about constar
located on the contour plot at (105;75) and (140, 150). e effects of relaxation processes, which are slower than tt
Plottlng the comple_te Qecay curves for these cor_wformanons_ olar dephasing, can be conveniently eliminated by simple da
a(fzt)mctlon of the spinning frequency and comparing them W'ggnipulation.

Fa’(ve) showed that the (105-75) conformation can be The nbRFDR approach is demonstrated on a doubly labele

rejected. The remaining angles are possible, but it is mar . . . . |
likely that the first pair describes the data. The main differenq_gBA’ setting up a methodology and displaying the difference;

- > 2 o
between the conformations of C—GHand C—OH in the U can be expected fan = =1 andm = *2 R" conditions,

HBA molecules corresponds then to a rotation of the hydrox gu:] case thz g:St f;(.:?nd'tlon ?Y(;VIded .ahnU(lzlelar d|§tance
carbon around the methine—hydroxyl carbon bond of abo the secon ondition supplied us with relative orienta

—120°. This rotation interchanges the proton, methyl, aﬁ[&)ns of the CSA tensors and molecular conformations.

hydroxyl bond directions in C—O#H with those in C—OKP. Applying the spinning-dependent nbRFDR approach fo
measuring large distances betwed@ nuclei could require a
CONCLUSIONS modification of the simple relaxation model for the data anal

ysis. Exact solutions of the rate equation in Eq. [22] and th
We have shown that spinning-frequency-dependent nbRFD®Roduction of orientational dependent relaxation parametel
experiments provide an alternative method for measuring cawould be necessary when the dipolar interactions become of tl
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