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A recent analysis of rotational resonance lineshapes (M. Helmle et
al., J. Magn. Reson. 140, 379-403, 1999) predicted the existence of
coherence transfer signals, which are generated by mechanically
induced coherence transfer during the detection process. These sig-
nals correspond to the generation of observable coherences at spin
sites that have no magnetization at the beginning of the observation
interval but which acquire coherence while the detection is underway.
The coherence transfer signals disappear for powder samples in
conventional magic-angle-spinning solid-state NMR experiments. In
this Communication, we report the successful detection of coherence
transfer signals in rotor-synchronized experiments performed on a
single crystal of [1,2-C,]glycine. © 2000 Academic Press

Key Words: CP/MAS *C NMR; single crystal; rotational reso-
nance; coherence transfer signals.

ferent coherence decay rate constants, and (ii) the existence
coherence transfer signalat rotational resonance, caused by
mechanically driven coherence transfer during the signal acquis
tion. The first prediction of the extended theory (the nontrivial
relaxation effects) has been well-tested by experim@ntThe
second prediction (the coherence transfer signals) has never be
experimentally verified, to our knowledge. These signals corre
spond to the generation of observable coherences at spin sites t
are not directly excited by the radiofrequency pulse sequence. Tt
signals may also be predicted using the original theory of rota
tional resonance spectra, but were overlooked in the origing
papers on the subject<5). In this Communication we present a

first experimental observation of rotational resonance coherenc
transfer signals for a single crystal 61C,]glycine mounted in the
Rotational resonance experimentis-§) are now routinely magic-angle-spinning rotor.
used for internuclear accurate distance measurements in a widéonsider a solid containing isolated homonuclear spin pair
range of biologically relevant systems which cannot be cryef spins-1/2 in site§ and k. Suppose that the spin density
tallized for X-ray diffraction studies and which are inaccessiblgperator at the beginning of the detection period (defined a
to liquid-state NMR. Examples include biomembranes= 0) is given byp(0) ~ —S,,, which implies that only sites
(10, 11, amyloid (12, 13 and prion (4) peptides, protein— are initially magnetized. This initial state may be prepared by
drug complexes 1(5), and membrane proteind, 17. For either selective cross-polarization or frequency-selective exci
isolated homonuclear spin-1/2 pairs, spin transitions are drivgftion of the spins in siteg. The NMR signal at rotational
mechanically by adjusting the spinning frequengyto match resonance consists of four components: two “direct” signal:
the rotational resonance conditian;’ = nNggrw,, Wherewy® is i~ ands}™, and two coherence transfer signsis* ands}™.
The expressions for these signals are given by Eqgs. [74]-[81

the isotropic shift frequency difference amgg is a small
integer. At this condition, one observes spectral broadeningsgrret. ©), which are reproduced here:
splittings which are proportional to the through-space dipole—
dipole coupling between the sping, 6. The dipole couplings
may also be estimated by measuring the exchange of Zeeman
magnetization between the sites §). The dipole—dipole cou-
pling constantb;, is a simple function of the interspin dis
tance,r;: by = —(wo/8m?) (y*hiry), and may be used to
estimate both intra- and intermolecular distances.

Recently, an extended theory of rotational resonance spectra
was developedd). This theory predicted two main effects: (i) the
nontrivial influence of transverse relaxation on the rotational res-
onance lineshapes, in the case that the involved spins have dif-

1 |
SL() = 5 expli(@ + m)t - 7}

X {cos)’(i Rt) — % sin!-(i Rt)] [1a]

shi(t) = % expli(w* — wJt — Ft}
1 fa . 1
X [cosl’(2 Rt) - R sml-(2 Rtﬂ [1b]
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_ ioM* _ 1 ap.. Condition (i) may be satisfied by a suitable choice of
SiH0) = 5 p expli(w® + )t — Ft}sin)—(z Rt) [1c] sample and spectrometer conditions; condition (i) may be
satisfied by choosing a suitable initial pulse sequence; cond

tion (iii) may be satisfied by using a spinning sample with

) : orientational order, such as a spinning single crystal. Conditiol
(iv) may be satisfied by synchronizing the pulse sequence wit
the sample rotation. For the case of a spinning single crystal i

. . ] ) ] ] ) a rotor-synchronized experiment, both angjgs andag, are

Here o™ and w,” are isotropic chemical shift frequencies ofixeq  and the coherence transfer signals may be observe
sitesj andk, respectively.J; is the ;sotrog)ch-couplmg,r = provided that additional crystal symmetries do not cause addi
(r; + 1d/2, 1y = (r; = 1), andR* = r{ — |of’[* With 1, tional destructive interference. The latter might occur if the

andr, equal to the transverse relaxation rate constants of t@f‘?/stal space group contains several molecules in the unit ce
sites, andwy’ is the resonant Fourier component of the hema,nd if the crystal orientation is unfavorable.

nuclear spin-spin coupling, defined by Egs. [12]-{14] in Ref. o the experimental demonstration of the coherence tran:

(9). Although these equations take into account the lineshape signals, a single crystal of*C,]glycine, of approximate

anomalies caused by differential transverse relaxation, githensions 4< 4 X 3 mm and mass 23.8 mg, was grown by
should be emphasized that the coherence transfer sigfials slow evaporation of an aqueous solution of 99% [1,2-

ik . . .
ands;, ™ also appear when relaxation is not taken into accountx glycine (obtained from Cambridge Isotope Laboratories,
over, MA, and used without further purification). The

The direct signals are generated by coherences that are excig

at the beginning of the detection period, while the coherengﬁlstm was surrounded by Teflon tape and packed into -
transfer signals contain frequencies close to the precessigiingard zirconium dioxide double-bearing 6-mm rotor (Che-
frequency of spink which arenotmagnetized at the beginningyagnetics). All experiments were performed on a Chemagne:
of signal apquisition. The latter signals are gen_erate;d by mes Infinity CMX-400 B, = 9.4 T) spectrometer using cross-
chanically induced transfer of coherence from sjtessitesk ,,)arization from the protons together with proton decoupling
during the detection period. The two indirect signals, and (20). The **C Larmor frequency was-100.83 MHz @1, 2.
s, *, have frequencies which differ by tilecoupling and have The protonm/2 pulse duration was 4.fs and the nutation
opposite amplitudes. As a result, these signals cancel out ifW@quencies of protons and carbons during cross-polarizatio

J-coupling is unresolved. In addition, the phase of the cohefny decoupling werecs(*H)/27 = we(°C)/2m = 55 kHz and
ence transfer signals depends strongly on the molecular origﬂéc(lH)/zw — 90 kHz.

tation angleyy: and the initial sample rotation angleq,
according to Eq. [82] of Ref.9):

i (N)%
B

i L (1
syt = — SR expli(wg® — mp)t — rt}sml’(2 Rt

[1d]

The required initial condition for the spin density operator at
the beginning of the detection perigel0) ~ —S,,, in which
only one set of spin sites is initially magnetized, was achievec
by selective cross-polarization from the proto@§)( In gly-
cine it is possible to create a predominant magnetization o
only CH,-carbons by using a short Hartmann—Hahn contac
Here, the standard notion for Euler angles is usgdQ.s = interval. Carboxyl carbons cross-polarize slowly since they dc
{awr, Bur: Ywr} Characterizes the orientation of the moleculanot have directly bonded protons. Aliphatic carbons, on the
reference frame M with respect to the rotor reference frame &her hand, are relatively well-magnetized even at short contac
andQg = {ap. — ot, Br. = Arccos(li\/g), 0} describes the intervals of the order of 0.01-0.1 ms. Signals deriving from
relative orientation of M and the laboratory reference frame hon-cross-polarized®C magnetization are removed by phase
which is fixed with respect to the external magnetic field. Theycling of the initial protonw/2 pulse.
angle ap, defines the initial rotor position at time = 0 Figure 1 shows™C NMR spectra of the [1,23C,]glycine
(defined as the start of signal acquisition) and is under experystal at a spinning frequency ai/27 = 5720 Hz, which is
imental control by synchronizing the radiofrequency pulsgpproximately midway between the = 2 and 3 rotational
sequence with the optical tachometer sigi#, (19. Equation resonance conditionsof%/2m = 13.440 kHz). The CP-contact
[2] implies that the coherence transfer signals disappear faterval was set to 0.02 ms. Under these cross-polarizatio
finely divided powders (averaging oves) and for unsyn conditions the signal from aliphatic carbon sites dominates
chronized experiments on spinning oriented samples providede carboxyl peak is very weak. The rotor-synchronized (Fig
that extensive signal averaging is performed (averaging oviea) and unsynchronized (Fig. 1b) spectra are qualitatively ver
). similar. A splitting of approximately 50 Hz, due to tf€—°C

The observation of coherence transfer signals therefore deeoupling, is visible for both carbon peaks in the unsynchro-
quires four conditions to be satisfied: (i) resolvkdouplings; nized spectrum shown in Fig. 1b. There are some minor dif
(ii) selective polarization of one of the coupled spin sites; (iiflerences of detail between the two spectra, such as the diffe
incomplete averaging oves,g; (iv) incomplete averaging over ence of the phases and intensities of the spinning sideban

arg{w (g, Burs YwR)*} = N(ymr + gL [2]
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peaks of the coherence transfer signals (this shape is describ
by the anti-symmetric sinh(Rt/2) function in Eq. [1c]), while
the other two lines of the coherence transfer signals are give
by s, in Eq. [1d]. s;™ and s, ™ have opposite sign and are
shifted with respect to each other By ~ 50 Hz as is readily
seen in Fig. 2a.

The coherence transfer signals in Fig. 2a are approximatel
as intense as the “conventional” NMR signals on the right-han
side of the spectra in Fig. 2. Remarkably, the appearance of tt
large coherence transfer signals does not deplete the amplitu
of the conventional signals. In some circumstances it may b
possible to exploit these additional signals to enhance th
sensitivity of NMR spectra acquired at rotational resonance. It
the limit, it may be possible to recover the loss in signal
strength associated with the splitting of the NMR peaks a

rotational resonance.

The phase of the coherence transfer signals given in Eq. [Z
depends on the synchronization anglk, which defines the
rotor position at the time poirt= 0, according tap, where

b n is the order of rotational resonance. It is possible to choos!
L - %,/J L_

L e . I S B L A B B S B B |

-5 0 5 10

FIG. 1. ™C CP/MAS spectra of a [1,2C;]glycine single crystal spun at
a rotor frequencyw,/2m = 5720 Hz which is well off then = 2 and 3
rotational resonance conditions. A short contact interval of 0.02 ms was used
for the selective cross-polarization of methylene carbon sites. (a) Synchronize%
and (b) unsynchronized CP/MAS spectra. Sixty-four transients were used in

both cases. Spinning sidebands are marked with “s.” j \,

(which are slightly more intense in the synchronized experi-
ments, as expected for oriented systef®)(and the absence
of one of the doublet components of the CO peak in the
synchronized spectrum of Fig. 1a. The latter small discrepan-
cies are not fully understood, but may be due to weak rotor-
driven coherence transfer signals in the coupled spin system,
giving rise to small peak shape perturbations even far from
rotational resonance.

At the n = 2 rotational resonance condition, which was b
achieved by spinning ab /27 = 6720 Hz, an additional

A -

splitting of approximately 400 Hz is observed for the methyl- l
ene carbon peak. In the rotor-synchronized experiment (Fig.

2a), strong antiphase signals also appear close to the frequeney————r—

of the carboxyl *C site. These are the coherence transfer
signals (indicated by “CTS” in Fig. 2a). As predicted, these

T

L S O I B O S B B B B

w/2r [kHz]

signals average out when the synchronization is removed angiG. 2. As in Fig. 1 but with a spinning frequency satisfying the= 2
many transients are added together (Fig. 2b). rotational resonance conditiom{27w = 6720 Hz). (a) Rotor-synchronized

The shape of the coherence transfer signals qualitativé[y
. : . ... Slte
follows the predicted pattern of peaks with alternating positive,

ctrum. Strong coherence transfer signals are detected as the carboxyl cart
s (indicated by “CTS"). (b) Unsynchronized spectrum. The coherence
nsfer signals are canceled by signal averaging over the synchronizatic

. . CEE :
and negative amplitudes. Signal™ is represented in the anglea?,. Sixty-four transients were used in both cases. “s” Denotes spinninc

spectrum by the second left (negative) and fourth (positiveijlebands.
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frequency (spectra not shown). The properties of these signa
were also in agreement with Eqgs. [1] and [2].

In conclusion, we have demonstrated experimentally the
existence of coherence transfer signals, by recording rotol
synchronized spectra of a [1/42,]glycine single crystal at
CTS rotational resonance. These signals are caused by mechanica
induced coherence transfer between two sets of spins durir
the signal detection period. The mechanical coherence transf

a s process leads to the appearance of NMR signal in spectr:
J regions which were not directly excited by the pulse sequence

M The amplitudes, frequencies, and phases of the coheren

b\\ transfer signals are in qualitative agreement with the predic

tions of Ref. 0).
The coherence transfer signals in rotational resonance NMI
are related to the phenomenon of coherent Raman beats (CRE

b observed in optical and microwave spectroscapy—-29, as
J s k well as in ordinary NMR 29). In the CRB phenomenon, the
k J\ﬁ\ existence of a coherence between two closely spaced ener
eigenstates is revealed as the modulation of the transitio
N amplitude between one of these levels and a distant level. It |

possible to use this effect to detect nuclear or electronic suk

level coherences indirectly through modulations of the optica
c and microwave emissior24—28. In the rotational resonance

s L case, the twavl = O states of the four-level system represent
the “closely spaced” levels, whileld = *+1 state represents

\\ F the distant level. The radiofrequency signal associated with th

coherence betweenM = 0 state and one of th®l = =1
T B o L A e A states is modulated by the rotor-driven oscillations between th
-5 0 ° 1 two M = 0O states.

w2m [kHz] As mentioned above, the coherence transfer signals might k

FIG. 3. 3C CP/MAS rotor-synchronized spectra of a [£3]glycine  useful in some circumstances for enhancing the sensitivity o

single crystal using different synchronization delays. The delays correspongdgstational resonance NMR. In addition, these signals coulc

the following values ofa?, (relative to the spectrum shown in Fig. 2a): (@allow one to obtain molecular angular information from or-

270°, (b) 180°, and (c) 90°. The same phase correction was applied to all . . .
spectra, including those in Figs. 1 and 2. Note the strong dependence of@?ered biomolecular sample80(-33. As demonstrated in Fig.

phase of the coherence transfer signals on the synchronizationa@hgle 3 th_e_ phases of the coherence t.ransf.er signals are high
sensitive to one of the molecular orientational angles. In prin.

ciple, such spectra could be used to orient the directions ¢

13 13 : H

an arbitrary value for the synchronization angfk by chang Cc-"C vectqrs with respect tq an external order axis. It may
ing the delay between the synchronization time point at tfdso be possible to detect rotational resonance coherence tra
start of the pulse sequence. Figure 3 shows rotor—synchronii%S'gngls_ in powders by using orientation-dependent excita
spectra of the [1,23C,]glycine crystal with different values of tion techniques33).
ap, (relative to that used in Fig. 2a): 270° (Fig. 3a); 180° (Fig.
3b), and 90° (Fig. 3c). The phases of the coherence transfer
Slgnals dePend Onoz'-’ as e>'(pected for the = 2 rotauqnal We thank Dr. R. Tycko for instrument time and Dr. Y. Ishii for advice on
resonance. Note that the direct Ckignals are almost inée growing a large single crystal of glycine, M. H. L. was supported by the
pendent of the synchronization anglg (see Figs. 2 and 3) as Swedish Natural Science Research Council and by theiGGustafsson
predicted by Egs. [1a] and [1b]. The slight phase depended:(%'”da“o” for Research in the Natural Sciences and Medicine.
of the CH, signals onag, is probably due to chemical shift
anisotropy. REFERENCES
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