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Phase modulated pulses for deuterium recoupling in *H-"C
REDOR NMR spectroscopy have been introduced to improve
dephasing of the detected C nuclei. The deuterium inversion
properties of phase modulated recoupling pulses have been stud-
ied experimentally on r-alanine-2-d, and theoretically using aver-
age Hamiltonian theory and exact simulations of the equation of
motion of the density matrix. The best *C dephasing was observed
when XYXYX (PM5) deuterium recoupling pulses were applied. A
comparison to the 90°-180°-90° (CPL) composite pulse scheme
revealed an improvement of recoupling on the order of 2.5. Simple
CW recoupling pulses of the same length of PM5 and CPL pulses
showed the weakest *C dephasing. Simulations have shown that
the ?H recoupling efficiency of PM5 REDOR experiments ap-
proach the very efficient REAPDOR results. However, in our case
a REAPDOR study of L-alanine-2-d;, resulted in a significant
decrease of the **C signal intensity due to pulse imperfections of
BC mr-pulses. The new PM5-REDOR technique has been employed
to study the torsion angle between C1/2 and C5 in ethylmalonic
acid-4-d2. © 2000 Academic Press

INTRODUCTION

Determining the positions of hydrogens in molecules

important for understanding structural and functional prope
ties of organic solids. Higher order biomolecular structures rel
on the existence of hydrogen bonds to support supramolecuﬁ
assemblagesl) and the folding of proteins and polypeptides
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sensitive to local dynamic properties, e.g., torsional oscillatior
(5), exchange processe8<9, and paramagnetic interactions
with ions in metal coordination complexe4Q-19. These
effects can assist in the characterization of deuterons in orgal
solids in terms of bond distances and angles. Further, tl
dipolar coupling strength between deuterium atoms and the
adjacent X nuclei (e.g., the spin-half = **C) can provide
direct geometrical information about intra- or intermolecula
distances between the coupled nucl3{18§.

Heteronuclear dipolafH-X NMR spectroscopy in combi
nation with magic angle spinning (MAS) enables the detectio
of a set of dipolar couplings between a deuterium and i
neighboringX nuclei, resulting in a collection of internuclear
distances. Such distances when spanning over several bo
can be evaluated in terms of dihedral angles, constrainir
molecular conformations. Some solid-state NMR technique
that reintroducéH—-X dipolar couplings toX-spin MAS spee
tra are rotational echo double resonance (REDQR)-2,
transfer of populations in double resonance (TRAPDOR)(
25), rotational echo adiabatic passage double resonan
gEAPDOR) @6-29, dipolar exchange assisted recoupling

29), and simultaneous frequency and amplitude modulation ¢
e ’H radiofrequency30, 31). Most applications ofH recou
ipg have been performed using REDOE3{18, 32-3%t
In REDOR spectroscopy dipolar recoupling in aX Apin

(2). Although determining the exact localization of hydrogeRair iS achieved when rotor synchronizeepulses are applied

atoms can provide essential information for understandifigth to the observed RF channelfind to the unobserved A
structural properties of macromolecules, it is still a sevef&annel. To elucidate molecular conformations via REDOJ
analytical challenge. The application of X-ray diffraction techrelatively large distances must be determined. Detection of tt
niques is in many cases not feasible because of insuffici@responding weak heteronuclear dipolar couplings requirt
X-ray scattering from the small hydrogen atoms. Scatteririgat the observeX signal must be detectable over a long
techniques are in particular restricted when studying amdEDOR evolution period. For example, dipolar couplings
phous or disordered powder samples. A possible alternativeaker than 100 Hz require that the signal is measurable o\
technique is solid-state NMR3( 4). an evolution time that exceeds 25 ms. During this evolutio
Solid-state NMR of deuterium-labeled samples enabléime the signal can decrease due to relaxation processes :
structural investigation of selected hydrogen positions, regafslilse imperfections. Thus the number of pulses on the ol
less of the morphology of the studied system. Deuterium NM& rved channel must be minimized and a strong signal-to-noi
signals are dominated by quadrupolar couplings and are Ves¥io is necessary in particular for experiments on low abunda
spins. Furthermore the dipolar recoupling and REDOR dec:
“To whom correspondence should be addressed. Fax: 972-8-93447§€S must be optimized. A strong REDOR decay rate shorte
the necessary REDOR evolution time and makes the detecti
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2H 2H THEORETICAL BACKGROUND
COOH Many triple-frequency MAS probes of commercial solid-
OH CH3 state NMR spectrometers do not provide sufficient RF power
COOH invert deuterium powder spectra. Although most of the

m-pulses in a°C detectedH-*C REDOR experiment could

have been applied on the carbon spins, we prefer not to do
L-alanine-2-d, EMA-4,4-d, to prevent dephasing of the signal intensities due to puls
imperfections and cross-polarization effects. Thus we ha
tried to improve the REDOR decay efficiency by modifying the
deuterium pulses. Two different concepts of RF pulse modi
lation have been investigated. In the first approach the stands

of weak dipolar interactions more feasible. Thus, improv leuteriumm-pulses were replaced by composite pulses. It we

ments of the recoupling pulses have tg .be employed when wn (6) that the 90-90,-90, and 90-180,-90, pulse
standard REDORr-pulses are not sufficient. __schemes improve thEC-REDOR decay considerably. Evalu
If one of the AX spins is deuterium its signal detection igsion of an average Hamiltonian for these experiments led
complicated by the quadrupole interaction. THEMAS spee  the conclusion that these composite pulses reduce the size
tra can display 20-40 rotational sidebands at a moderg{@ gouble-quantum matrix elements and cause an increase
spinning frequency of~5 kHz. Thus, when deuteriumhe REDOR decay rate of powder samples.
7-pulses are applied duringH-X REDOR experiments the  The second approach, presented in this publication, op
intensity of these spectra diminishes and phase distortiafgzes the REDOR decay by fast amplitude and phase mod
occur. Moreover the presence of the quadrupole interactipftion of the deuterium pulses. It has been shown that douk
makes it complicated to simulattH-MAS spectra that are sideband modulation36—39 of an on-resonance pulse can
excited by proton—deuterium CPMASS). excite and invert spin-1 quadrupolar spins in single crystals at
With these considerations in mind we prefer to detect thmwder samples. Such pulses excite the two quadrupolar s
X-spin signal, while applying most recoupling pulses to thellite lines of single crystallites simultaneously. Selective in
deuterium channel. Thus, improved inversion efficiency of theersion can be achieved by matching the frequency sidebar
pulses on the deuterium spins is needed since the broad c@faa pulse to the transition frequencies of the deuterons |
drupolar spectrum limits the frequency range of inversion #onspinning powders. In rotating solids the quadrupole inte
standardm-pulses of moderate RF power (30—40 kHz fofctions become time dependent and the effective quadrupo
commercial triple tune probes). frequencies of all crystallites change during the pulse. Thi
Improvement of the inversion characteristics of deuteriuRf€vents a constant match condition of the pulse modulatic
recoupling pulses was achieved recently by the introductifigquency to particular quadrupolar interactions and compl
of composite pulse schemes§]. It was demonstrated thatcates the spin eyolutlon (_junng the_ RF |rrad|at|0n_. In som
by replacing them-pulses in?H-X REDOR experiments C2S€S t_he evolution of spin-1 nuclei can bg descrl_bed by «
with (m/2)(m)—(m/2) composite pulses the REDOR deca diabatic process26, 27, 39. However, that is certainly not

of the X-signals was significantly increased. This enabld@€ case for those deuterons in a powder that have effecti
iadrupole frequency of the same order of magnitude as t

FIG. 1. Deuterated sites of alanine and ethylmalonic acid (EMA).

detection of weaker dipolar couplings and longer distanc% intensity. For spins with large quadrupole frequencie

e.g., spanning over three single bonds for the detection 0 . .
(€., sp g 9 adiabatic population and coherence transfer processes dur

a dihedral angle). MAS experiments have led to a variety of techniques, such

Here we presemtH-"*C REDOR experiments that employ e TRAPDOR, REAPDOR, RIACT-, and FAM-MQMAS ex-
phase modulated recoupling pulses on the deuterium spins. Q X ' '

advantage of phase modulated REDOR is compared Wthﬁments 23,26,40.41

REAPDOR which relies on the adiabatic inversion of deute- o

rium spins £6). In the following section we first derive a Th€ Average REDOR Hamiltonian

zero-order average REDOR Hamiltonian and define a set ofy investigate the effect of the modulated RF pulses on tf
parameters that measures the efficiency of a REDOR expgfiyterium spins we calculate the average dipolar Hamiltonic
ment. Then in conjunction with a numerical study &&-"C st one rotor period in 8H-*C REDOR experiment, as shown
REDOR experiment is optimized by adjusting the pulse lengff Fig. 2. During this period a deuterium spin wigh= 1 and

and modulation periOd of the deuterium reCOUpIing pulses. -Bjcarbon Sp|n = % experience a Hamiltonian of the form
demonstrate the advantage of the modulation approach REDOR

results ofL-alanine-2¢e;, and ethylmalonic acid-4 (EMA)
are shown (Fig. 1). H(t) = wp(t)21;S, + 3wo(t)(3S5 — 2) + Het), [1]
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. effect thel-spin signal. Thus thé-signal at timesNTg, with
H | cp decoupling \ Tr = 27wy, Wherews, is the spinning frequency arid is an
‘ p integer, is proportional to
3G | CP H aca.
. WWN SFEPORNTR) = 2/3 THUR(TALO (TR} [4]
@ b @ o © @ b @

" with
ANEENEEE
M | MTR Op(Te) = exp{ —i f ’ dtHD(t)}- 5]
)‘ 0

@ X x|y |x Xy [xiy|x

The transformation o8, in Eq. [2] can generate all possible
; time-dependent bilinear tern&S,, and the interaction frame

® y vyl x |y y[x|yix|y Hamiltonian can therefore contain terms that are proportion
‘ to trilinear operator$,S,S,, with p, g = X, y, z. To estimate
the influence of the quadrupole interaction on the effect of th

FIG. 2. Pulse sequence used f6C-H REDOR experiments. All three .RF F.)UIS?S we can r‘?p"'?‘ce the time-dependent inter.actic.)n Ha
pulse schemes were applied irX&-4 phase alternation with an overall pulse'ltom""‘rl in Eq. [2] with its zero-order average Hamiltonian
length of 28us.

Ccw CPL 90°-180°-90° PM5

TR

Hp = 1/Tx f dtHp(t). [6]
where wp(t) and we(t) are the time-dependent frequency co 0
efficients of the heteronuclear dipolar and quadrupolar tensors,
respectively. These coefficients are a function of the magni-This time-independent Hamiltonian can be represented as
tudes and orientations of the tensor components of the ingi-x 6 matrix in the manifold of spin stategrfmg)}, with
vidual crystallites in the sample. Explicit expressions for they, = 1, 0, —1 andm, = «, B, with a general form
time-dependent coefficientsy(t) as well as forwp(t) can be
found elsewhere4@). The magnitude ob,(t) is given by the ~ 1/2h 0
quadrupolar coupling constant. Thg(t) coefficients are de Hp = ( 0 _1/25),
termined by the dipolar interaction that is inversely propor-

tional to the third power of the interatomic distaneg). The whereh is a 3% 3 matrix, according téi, = hl,. Diagonal

orientational dependence af(t) and wo(t) is @ function of ;- 4u0n off results in a diagonal matrix = d‘hd with three
the Euler anglesd| B, y) of the quadrupole tensor and the o

. . . elementsy;, i = 1, 2, 3, and
polar anglesf, ¢p) of the dipolar vector, defined with respect

to a frame fixed to the sample rotd@, ©). The Hgx(t) term in

[7]

Eq. [1] represents the two modulated pulses (Fig. 2) applied to E by 0

the S-spin during the rotor period. D-HD = A = 2 _ 8]
The response of thkespin to this Hamiltonian can be eval- 0o — } by

uated by transforming it to an interaction representation, de- 2

fined by theS-spin part of the Hamiltonian,
The I-signal in Eq. [4] can now be approximated, relying

Fo(t) = 2wp(t)1,U s (H)SULt), [2] solely on the zero-order average Hamiltonian, by
with SREPORNTR) = 2/3 Trexp{—i ANTRH, expliANTLH 7}
= 1/3(cogA;NTg) + cOgA,NTR)
t
Ugt) =T exp{ —i f d7(1/3wo(7)(3S2 — 2) + Heel(7)) }. + CcogA3NTg)), [l
0

where we replaced Eq. [5] with exp{—iATg} D ' and used
[3] the fact thatD commutes with the components of The
diagonal matrix elements afarei,, A,, A;. Thus the REDOR
This transformation operates only on &spin and does not decay signal of a single crystallite is determined by the eigel



DEUTERIUM-CARBON REDOR NMR SPECTROSCOPY 55

values of the average Hamiltoni&h,. For idealm-pulsesk, = ical shift anisotropy terms in the Hamiltonian were neglecte
0 and A, = —A\; for all crystallites, resulting in a powder during the simulations. Fitting of the experimental data to a s
I-signal that decays th For all other types of pulses this is notof optimal parameters, such as the magnitude of the dipol
the case and an increase of one of the thrgmrameters, by vector and its polar angles, was accomplished by requiring
modification of the RF pulse shapes, improves thepin least 70% of the data to be confined between two extren
REDOR decay. Evaluation of thg's for the different crys simulated results for two sets of parameters. These paramet
tallites, with orientations defined by the Euler anglesf, v), determine the error bars of fitting parameters.

can give us an overall picture of the efficiency of the REDOR

dephasing. One way of representing the efficiency of a RED@ase Modulated RF Pulses

pulse sequence is to calculate numerically, following Egs. [2]

to [8], the powder averaged values of the eigenvaluek: of Amplitude modulation (AM) of theB, field on the deuterons

can be accomplished by periodically alternating the phase of
RF pulse of constant intensity. Such an AM pulse mimics
sinusoidal modulated RF field with a typical modulation fre-
guency equal ta,, = /T, with 7, the length of each pulse

segment with constant amplitude. Fourier transformation

, ) such an AM KX) pulse has frequency componentsnai,,,
as a function of the angl@, with A; < A, < As for €ach iy n = =1, + 2, ... Addition of a central frequency

crystallite. Ma>§im.izayi0n of these parameters can prOVidec%mponent ah = 0 can be accomplished by adding a constar
method for optimization of the REDOR pulses. value to the time-dependent amplitude of the pulse. If thi
addition has the same phas€) (@s the rest of the pulse and its
strength is equal to the amplitude of tKepulse segments we
The A-parameters as well as the REDOR decay functiombtain an AM pulse of the fornX_X, consisting of short
were simulated by using a computer program that takes infepulses with delays of zero intensity between them. Howeve
account all experimental parameters, such asthend*C RF  if the addition points in ther-direction of the rotating frame
field strengths, pulse lengths and phases, the deuterium quak gets a pulse that successively makes an angt#doand
rupole tensor parameters, the spinning speed, and the strengti4 with the X-direction. A rotation of this pulse byr/4
and orientation of the dipolar tensor. For theparameters in results in a phase modulated (PM) pul$€Y], consisting of
Eq. [10] the interaction Hamiltonians (Eq. [2]) and their zeropulse segments pointing in the and y-direction. All three
order averages (Eq. [6]) were calculated for each single crymilsesXX, X_X, and XY with equal pulse segments, have
tallite of the powder by a stepwise integration of Egs. [3] anlourier components,, that act on the deuterium spins. Ex
[6] with constant time stepAr = 0.25 us. For the REDOR perimental and numerical studies of the effect of these pulse
signals a similar stepwise integration was performed to calowith intensities varying between 30 and 50 kHz, have show
late the spin evolution operatots,(TR). Insertion in Eq. [4] that theXY pulses result in the best REDOR decay curves. Fc
resulted in the REDOR signals of each crystallite and powderost of the crystallites the experimental RF field strength is ne
decay curves were obtained by the addition of these signaldficiently weak for the spins to undergo population inver
from 300 (for fitting of data) or 1154 (for the representation afions during the level crossings whep(t) ~ o, andwg(t) ~
the final results) crystalliteg8, 44. Off-resonance and chem-0. Furthermore these studies indicate that the pulses contain

1

M(B) = |42 sinp f f dadyhi(a, B, )|,  [10]

Numerical Simulations
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FIG. 3. Left: simulated dependence of the REDOR effect after 4.8 msec on the number of phase segments in a PMn-REDOR experiment. Calculatic
performed with a 28s overall pulse length, B, of 35 kHz and a spinning speed of 5 kHz. Since the strongest dipolar dephasing is found for five phase seg!
PM5 recoupling pulses were applied in subsequent experiments. Right: simulated dipolar decay curves corresponding to differentquilteed
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FIG. 4. Simulated dependence of the phase modulation period on the RF field strength available for the deuterium spins during PM5-REDOR expe
(left). The simulated points® fz = 5 kHz; O fr = 10 kHz) refer to the setup of PM5 recoupling pulses, which provide the strongest REDOR effect. Ri
magnitude of the REDOR effecE(S,) for the same RF field dependence after 2-ms evolution.

both x- and y-components perform better than single phagghase cycling scheme is applied. Thus in the case of the P\
pulses, just as in the case of the composite pulse (CRilses the first pulse in each rotor cycle has the faftXY X
schemesX6). Thus in the following we restrict our discussiorand the second pulséXYXY The XX and X_X pulses are
to PM pulses. thereforeXXXXX and YYYYY, andX_X_X andY_Y_Y, re-
To accomplish sufficient REDOR dephasing by applyingpectively.
two deuterium pulses per rotor cycle the PM pulses must beThe optimization of the PM5 pulses can be done experime
significantly shorter than half the rotor period. To do so for Rfally or numerically by changing the length, of the pulse
amplitudes that are less than 50 kHz we have chosen five tisegments and the RF intensitigs For v, values between 20
segments per pulse (PM5). Pulses of the typenPMth n  and 60 kHz the maximal REDOR decay functio®)/S,(t)
values different from 5 were considered but did not give betteave been found by changing. The results of a calculation
results on our spectrometer. To demonstrate this some typifmal a 1° = %27 value equal to 125 kHz and for spinning
PMn REDOR decay curveS(t)/S,(t) were calculated for an frequencies 5 and 10 kHz are shown in Fig. 4. The optims
RF intensity of 35 kHz and a spinning frequency equal to BM5 pulse lengths vary from 45 to 16& for increasing;. The
kHz and are shown in Fig. 3. Heg§t) andS,(t) are theS-spin REDOR curves decay to 0.75 and 0.5 a 2 ms forv, equal
signals as a function of the length of the REDOR sequencetm20 and 60 kHz. The dependence of the optimaand 7,
Fig. 2 with and without deuterium pulses, respectively. Thesalues on the quadrupolar frequengy is shown in Fig. 5.
calculations for pulses with an overall length of 28 reveal Here it can be seen that far, = 50 kHz the bestr, is
that odd numbers of phase segments induces a stronigsensitive to changes in the quadrupolar frequency. F
REDOR decay than even numbers. In .F&ya comparison smaller values of the RF amplitude optimizationmgfcan help
between’H-*C REDOR experiments withkX, X_X, andXY to improve REDOR dephasing. It is therefore advisable t
pulses is also shown. In all REDOR experiments ¥'¢4 maximize the RF field intensity and to adjust the length of th

T T T 1.0 T T T T
10 ] 0.9r
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A 08 A a—
- 8 A . /A/ - e
3 . @ 0.7 a /() /.
2 ° ° A %) PRI —
= 6F ° 1 0.6 e b n
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05 g—"" .
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04r
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FIG.5. Dependence of the PM5-modulation period on the strength dHrguadrupolar coupling foB, = 20 kHz (&), 35 kHz @), and 50 kHz &) with
5 kHz spinning speed ar, = 35 kHz () with 10 kHz spinning speed. The right hand side of the figure shows the REDOR effggis: & 2 ms) for the
same experimental parameter of RF intensity and spinning speed as a function of the quadrupolar coupling.
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FIG. 6. The elements\;(B8) (Eq. [10]) for CW, 90°-180°-90° CPL and PM5 recoupling.

segments accordingly. Small changesrjndo not change the REDOR recoupling experiments were performed by applyin
REDOR curves much, thus it is not necessary to set this tirtveo pulses per rotor cycle, either as rectangular CW pulse
with a precision of less thans. The triple tuned probe of our 90°-~180°-90° composite pulses, or PM5 pulses in a mirrc
spectrometer can sustain a maximum RF power level on tsygmmetric XY alternation as shown in Fig. 2. In the
deuterium channel corresponding tovavalue of about 40 REAPDOR experiment twor-pulses per rotor cycle were
kHz. Thus the experimental PM5 pulse segments were chosgplied in the'*C channel with aXY-4 phase cycling scheme.

between 5 and @s. These were followed by an additionatpulse in the middle of
the rotor cycle with a phase equal to the phase of the CP mixir
CW and CPL versus PM REDOR pulse on the carbons. After these pulses the adiabatic inversi

To compare the REDOR efficiency of the new PM5 recolpulse on the.deuterium channel with a length of h.alf a rotc
pling pulses with the 90°~180°~90° CPL and CW pulses/_\thecyc',e_ was given to the sample around the rotational ect
parameters in Eq. [10] were calculated for the three schenR@Sition, and another-pulse followed by arXY-4 sequence
shown in Fig. 2 with identical overall pulse lengths of g8 Was applied Z7). For the reference REAPDOR signals the
and amplitudes of 35 kHz. The orientation of the dipolar vectG€uterium pulse was omitted from the pulse sequence.
was set collinear to the main axis of the quadrupole tensor. I\l MAS recoupling experiments have been accomplishe
Fig. 6 the three\, parameters of the three REDOR experimenf@'th, a.rotat|'on frequengy of 5 kHz. During the experiments th
are shown as a function of the Euler angle. In all cases all deviations in the rotation frequency were below 3 Hz. Th
three parameters are different from zero, resulting in a tof#fadrupolar frequencies of ethylmalonic acid andlanine
REDOR decay beloweven for the finite intensity CW pulses.Veé"® determinated both by static powder measurements, us
The figure reveals further that the parameters of the PM5(7/2)x = (m/2), solid echo sequence, and by detecting
recoupling pulses are larger than those of the other pulsg§ldle FID deuterium MAS signals at a spinning frequency
Whereas in the CW and CPL case the three parameters 2réHZ- The “H quadrupolar parameters were evaluated b
similar, the PM5 pulses show a significant increase ofa. 1ting simulated spectra to the experimental ones.

In particular the increase of the smallest parameter indicate¢ Alanine-2d, was purchased from Cambridge Isotope Lab
that in actual PM5-REDOR experiments tSt)/Sq(t) will oratories and investigated without further treatment.

decay far beyond th&level. This is in agreement with exper-

imental observations discussed in the next sections. RESULTS

EXPERIMENTAL ’H-3C REDOR of.-Alanine

All experiments were performed on a Bruker DSX 300-MHz To compare the effect of the phase modulated recouplir
machine using a Bruker standard 7-mm triple-resonance lgRlses (PM5) in"H-*C REDOR experiments with CW and
probe with an insert forC/’H observation and irradiation. CPL (90°-180°-90°) pulses tH&t)/S,(t) *C signals of nat
Variable amplitude CPMAS was used to excite the carbamal abundant ¢ in singly deuterated-alanine (2d;) are
spins with a ramped proton-locking field, changing from 100 tshown in Fig. 7 for all three pulse schemes. The deuterium
50% maximum intensity within 1.5 ms, and a rectangulahe C, position displays a typical quadrupolar coupling
constant field on thé’C spins. After the CP mixing time the strength of 125 kHz. The corresponding dipolar decay curve
protons were decoupled by a CW RF field. In the CW-, CPLfgr the C1 carbon (not shown) gave similar results. Because v
and PM5-REDOR experiments one singtepulse of 10us are mainly interested in largéfC—H distances, the REDOR
was applied to th&C spins in the middle of the pulse sequencsignals of the directly bonded, @re not discussed here. These
as indicated in Fig. 2. For the reference REDOR sig®g{t) signals were completely dephased after 4 ms of REDOR ev
no deuterium pulses were applied to the spin system. Thaion.
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1.0 : and spins nuclei 6 -29. This technique combines a standarc
REDOR experiment with the adiabatic TRAPDOR dephasin
(23-29. In the *C—H REAPDOR experiment ali-pulses are

applied on the carbon nucleus except for a long RF pulse on t

* CWREDOR

08 - 8
= 90°-180°-90° CPL REDOR |

L 06 F * phase modulation PM5 | deuteron in the middle of the pulse sequence. Here we show
g comparison between a REAPDOR and a PM5-REDOR expe
04 L / iment on the**C,~°H spin pair inL-alanine-2d,. While in the

] REAPDOR case ali--pulses are applied on the carbon chan
02 - 4 nel, in PM5-REDOR only onemr-pulse is applied on this
} channel.
0.0 - i In Fig. 8 the natural abundance metfig, reference signals

l ; So(t)/S,(0) of the REAPDOR and PM5-REDOR experiments
0 10 20 msec are shown, together with tigt)/S,(t) REAPDOR results. The
FIG. 7. Experimental and simulated (line graphs) dipolar decay curves fEAPDOR reference 3eXpe”ment consists of rotor synchre
the different®C—"H REDOR experiments for £of alanine. The pulse time for Nized m-pulses on the”C channel, following arXY-4 cycle
deuterium irradiation was identical in all three cases (28per recoupling scheme, without the presence of the adiabatic deuterium pul
pulse). The REAPDORS,(t)/S,(0) decays within 5 ms toward a value
that is less than 0.2, much faster than the simple Hahn-ecl

PM5-REDOR reference signal. This significant difference i

To compare the effects of CW, CPL (90°-180°-90°), ang,e 1o the imperfections of the finite-pulses in the observa-
PMS recoupling pulses on REDOR intensities the overall pul§g, channel and possible cross-polarization effects durir

length of each pulse in thid channel was made equal for allyese pylses. Whereas the PM5-REDOR reference signal
three sshemes. A recoupling pulse length oj@8vas chosen. mainyy influenced by, relaxation, which is about 100 ms for
The 90° pulse condition was adjusted tp.3, ensuring that the e methy| carbon, the REAPDOR reference signal complete
overall length of CPL 90°-180°-90° pulses was 28 The | anishes after 12-15 ms. Although the REAPDOR sign:
|ntenS|ty_ of all pulses was 35.6 kHz. For_the PM5 recoupling,hipits a stronger decay than the PM5-REDOR signal, tt
pulses five segments of 5/ were combined. We found anyeasyrements of the latter can be extended to longer time
improvement in the CW-REDOR decay when the deuteriuffyis aqvantage is particularly significant when simulations ar
pulses were longer than the length ofgpulse. For that reason e rtormed to obtain weak dipolar interactions corresponding |
the pulses in the CW-REDOR experiment were also equal Iffhg internuclear distances.

28 ps, corresponding to amZpulse. » The experimental REAPDOR(t)/S,(t) data in Fig. 8 are

_ Figure 7 shows large differences in the efficiency of deutgympared with simulated results from a straightforward calct
rium pulses among the three REDOR experiments. The wegkton which takes into account the dipolar parameters deduc
est dipolar decay belongs to the REDOR experiment With) i, the PM5-REDOR experiments.

simple rectangular CW pulses. The CPL recoupling of deute-
rium causes a stronger signal decay, which can be attributed to

a combined effect of reduction of double quantum terms and ,

the appearance of single quantum terms in the average toggling .’;”00‘0000‘...
frame Hamiltonian, according td.). However, the strongest o | ° s ’""“No....n..
dipolar recoupling is achieved using PM5 pulses. ' A o teeea,
The results in Fig. 7 were fitted to simulated REDOR decay | -
curves taking into account the quadrupolar interaction and the ° e ¢ SolliSo(0) PMS
dipolar coupling strength. A best fit for all dipolar dephasing 04 b * o S,(1)/S,(0) REAPDOR
curves was found for a dipolar coupling strength of (50@0) ' X ° & S(t)/S,(t) REAPDOR
Hz, corresponding to afH-"*C, distance of (2.1 0.05) A. ozl 5 ° . calc
The *H-**C, distance obtained from the REDOR NMR is in  — & o 0
good agreement with known crystal da#b), The angleb, o=
between the main principal axis of the quadrupolar tensor and 0.0
the dipolar vector ¢, ., was not relevant within the error range 6 g ‘ 1'0
of our simulations. msec
FIG. 8. REAPDOR experiment on alanine flCNormalized experimental
C—"H REAPDOR of-Alanine data points 4) and simulation (*). The reference REAPDOR experimedy (

. . displays a strong signal decay due to pulse imperfections i@hebservation
Recently the REAPDOR method was introduced to impro@annel unlike the reference of PM5 REDO® (vhich shows solely a normal

the methodology for measuring distances between quadrupdladecay (the reference signaiis are normalized to be comparable).
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MW C-1
o ) T ~.3 COOH
5 2 2
1 COOH H H
3 5
. ¢ (C-1)
kw\w—‘\/\ H C-2
A | WPV
, , 0 (C-2)
< ™ L % ppm [TMS] CH,
178 174
L ] FIG. 11. Conformations of EMA elucidated b§H-PM5-REDOR corre

13 ¢ ethvimaloni id ith sponding to a torsion angle(C2) = —60°. The REDOR distance constraints
FIG. 9. “C-CPMAS spectrum of ethylmalonic acid (EMA) with reso do not distinguish betweep(C2) = —60° and¢(C2) = +60°, whereas the

nance assignments. The dipolar decay of the carbonyl signals (C1,2) has tyg_e;gy analysis predicts the depicted structure
observed in the course of a PM5-REDOR experiment in order to evaluate the ’

torsion anglep (C1/2-C3-C4-CH).

similar toL-alanine-2d,. The significant molecular parameter
PM5-REDOR on Ethyl Malonic Acid of C1,2-%H, distances and polar angles’ were deduced
s ) _ ~ keeping the C42H, moiety fixed with the two quadrupolar
C—"H REDOR experiments employing PMS recouplingensors pointing in the C4H directions. The torsion angle
pulses were also applied to ethylmalonic a@gd-d,), doubly \as stepwise varied as a molecular degree of freedom, th
deuterated at the C4 position (Fig. 1). In Fig. 9 the naturghnstraining the C1,2H, distances and the polar angleis?.
abundance’C CPMAS spectrum of EMA is displayed with anjn this way ¢ could be determined relative to C1 and C2 with
enlarged sector showing the two resonance lines of the cgfc1) = 180° + 20° and¢(C2) = +70° + 20° (Fig. 11).
bonyl carbons (C1,2). PM5-REDOR data of these two carboggrresponding dipolar couplings, distances, and polar ang|
were detected. Their analysis should provide all necessgy are summarized in Table 1.
information to determine the molecular conformation of EMA
by means of the dihedral angle(C1,2-C3-C4-C5). DISCUSSION
The PM5-REDOR results of the C1 and C2 carbonyl car-
bons are shown in Fig. 10. The pulse segments of the PM5Carbon detecteH-"°C REDOR experiments on molecules
pulse were like in the previous experiments equaligs6The |abeled only at specific proton positions require an accura
stronger REDOR decay belongs to the carbonyl carbon (Cdgcumulation of the weak natural abundance carbon signa
that is low field shifted with respect to C2. The numericator that reason it is desirable to minimize the number of pulse
analysis of these REDOR decay functions have been achiewedthe carbon channel of the spectrometer. We therefore &
by employing a three-spin modefC—"H,). The quadrupolar plied all pulses for dipolar recoupling on the deuterium chann
coupling strength of the two deuterium labels equals 125 kHand gave only one refocusingpulse to the*C spins. We have
shown in this publication that the use of phase modulate
recoupling pulses (PN) on the deuteriums provides a dipolar
decay that approaches the efficient REAPDOR dephasing |

1O T sult. While REAPDOR could cause a serious decrease of tl
08 - « C-2 ] °C signal intensity when the carbon pulses are relatively wea
. C-1
- 0.6 | ]
2 | TABLE 1
04 L ] Molecular Parameter Used in Simulations of the *H-"*C REDOR

Experiments and Comparison to X-Ray Diffraction Data

0'2__ T ®Csitt Deo(H2) reo(®) 6() @ ()NMR ¢ (°) X-ray*

0.0 F T e Breee e T 1 250 2.64 65 180 (20) 180
L ! 1 250 2.74 65
0 10 20 msec 2 270 2.67 70 +70 (20) 60
2 120 3.33 25

FIG. 10. Experimental and simulated (solid linés}-PM5-REDOR decay
curves of the carbonyl carbons (C1/2) of EMA. @ Reference47).
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due to lack of RF power in the triple tuned probe, therPM measure a rotation around the C3—-C4 bond the direction
REDOR experiments are not disturbed by these recouplingtation is ambiguous. However, in the caseo¢€1) a unique
pulses. In oufH-"C REDOR experiments the dipolar dephassolution was obtained because of the extreme value of the tre
ing could be monitored during an evolution period of 25 ms. leonformation. Forg(C2) the direction of rotation cannot be
contrast, with the same NMR probe the REAPDOR evolutiatietermined by NMR alone. From the crystal structure of EM/
period could not be longer than 7 ms wh&(t) became (47) it follows that¢(C1) equals 180° and thaiC2) is —60°
almost zero (Fig. 8). This observation has been confirmed flowing a counterclockwise rotation. This agrees well with
calculations of theSy(t)-REAPDOR signals, which were our 2H-*C REDOR NMR results.
dephased by thEC-pulses in the same experimental order. It Further, PM5-REDOR on EMA allowed an assignment o
should be mentioned, however, that for the recoupling @ie isotropic chemical shifts to molecular conformations. Fig
carbon—deuterium interactions with strong quadrupolar frgre 10 depicts a stronger dipolar interaction for C1, whicl
quencies 120 kHz) and very weaB, field strengths {20 exhibits a low field shift, than for C2. Thus C1 must be close
kHz), the dipolar dephasing is stronger for REAPDOR than f@é the deuterons, placing the low field shifted carbon in a trar
any PVh experiment. As soon as the experimental setup alloygsition relative to the methyl group and the more shielde
the application of multipléH pulses of the order of 25-305  carbon (C2) is in a gauche positiort§0°). This agrees with
with RF power around 30-40 kHz the REAPDOR and thge y-gauche effect which has long been known as an influen
PM5 REDOR experiments become comparable. Under thesi@he position of ay-neighbored heavy atom to the chemical
conditions, the latter should be preferred to enable the detggift of a °C nucleus 48). While the y-gauche effect predicts
tion of long REDOR decays making it possible to observg o field shift of the carbon with a gauche conformation ir
weaker interactions and longer distances. the order of 5 ppm, the C2 in EMA exhibits a weaker shift of
The efficiency of PM5-REDOR compared to other dephagynroximately 2 ppm. This may be attributed to the relativel

ing techniques was shown by presenting results from-an g shielding of a carbonyl carbon causing less sensitivity t
alanine sample singly deuterated at thegosition. REDOR  nformational features.

decay curves of the methyl carbon were fit to simulated data
and gave good agreement with experimental results. These
calculations were sensitive to thEC—H distance while CONCLUSION
changes of the polar angly had only a small effect on the
REDOR decay. For example, a variationéffrom 0° to 90° o ) P
caused a slightly stronger calculated dephasing curve whicef® Néw way of efficient deuterium recoupling itH-"C
could be compensated by a reduction of the dipolar coupliffFPOR NMR has been reported. It has been shown that d
from 0.52 to 0.48 kHz. These values are within the error ran{y€€ ©f phase mpdulateZtH-l pulses, including five phase seg
of +0.04 kHz found for a 0.50-kHz dipolar coupling strength€nts (PM5), gives stronger dipolar dephasing than CW-r
The corresponding distance of (2.10 0.05) A agrees well coupling, amplitude modulateXXXX, andX_X_X, as well
with earlier reported X-ray crystal dat45). as 90°-180°-90° CPL REDOR pulses. It was further show
The new PM5-REDOR technique resulted also in valuabiBeoretically and experimentally, using singly deuterated
structural information of a three-splfC—H, system in doubly alanine, that careful setup of th€Y deuterium pulses, includ-
deuterated EMA. The torsion angles(C1,2) between the ing the length of their phase segments and the RF fie
C1-C3 and C2—C3 bond and the C4—C5 bond directions (F&jrength, provides a REDOR dipolar recoupling that af
11) were determined by means of the dipolar decay curvesRspaches the efficient REAPDOR dephasing results for qua
C1 and C2. Figure 10 shows the experimental and simulatétpole interactions in the range of 80 to 200 kHz. While ir
PM5-REDOR data for these two carbons. To calculate tfREAPDOR experiments the reference signal can dephase f
three-spin REDOR decay curves as a functiopgdll molec- due to*°C pulse imperfection and CP processes, PM5-REDO
ular simulation parameters, i.e., distances and polar afigle does not cause any unnecessary decay of the reference sig
were deduced a priori from the torsional constraint. The CThis allows measurements over long REDOR evolution per
2—-C3-C4-C5 single bond lengths as well as fixed bond anghs, needed for the detection of weak dipolar couplings. Tr
were taken from related crystal data of diethylmalonic acidM5-REDOR dephasing signal of singly deuteratealanine
(46). This strategy might be applied t6l-°C REDOR exper was observed for 25 ms. For doubly deuterated EMA w
iments on G-deuterated peptides to determine the dihedrdemonstrated the use of the PM5-method to measure torsi
anglese and ¥ based on expected bond lengths in pepticengles. In the three-spin REDOR case of EMA the torsio
backbones. An exact fit of the three-spin PM5-REDOR data afigle ¢ was verified by an evaluation of individual dipolar
EMA using torsional constraints resulted in dihedral angletecays for both carbonyl carbons. The detection of relativel
¢(C1) = 180° + 20° andp(C2) = +70° + 20°. Figure 11 weak’H-"C dipolar interactions by PM5-REDOR, combined
displays the conformation of EMA following from NMR ex- with the distance and torsional constraints of the molecul:
periments. Since through-space distances are employedpamameters, can also be extended to investigate peptide foldil
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