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A pulse scheme for phase sensitive detection of two-dimensional  experiment do not consist of simple cogy + wrt;)expiw,t,)
(2D) homonuclear correlation magic angle spinning (MAS) NMR  terms, leading to auto-cross peaks between the center and si
spectra is proposed. This scheme combines the time proportional  hands due to the chemical shift anisotropy, as well as nonpu
phase increment phase cycling scheme and the time reversal 2D absorptive lineshape4@). These cross peaks complicate the 2C
MASI ex'gerime.m' This approach enables the direct detec&ionh()f MAS spectra and cause unwanted signal intensity distributior
E:r:ﬁitaoi(i;pgi\gztle '\g':‘fk:%icgﬁ;ofgpt;:?r'ggtggoss:iﬂej S©t192: !owenng the spectral resolution. To eliminate the auto-cross pea

in 2D MAS exchange NMR measurements, De Jehgl. sug-
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Key Words: magic angle spinning NMR; phase sensitive; time ~9ested synchronizing the rnixing time with the sample.rotatiow
reversal; homonuclear correlation; spectroscopy; time propor- (11). To obtain pure absorption lines, Hagemegteal. combined
tional phase increment. 2D spectra measured using this synchronization with 2D spect

using a time reversal schem#0( 12—134.

In this article the time reversal experiment is combined witt
1. INTRODUCTION the TPPI method in order to detect directly in one single
experiment phase sensitive 2D MAS homonuclear correlatic

The introduction of the rotor frequency-driven dipolar reSPectra with absorption lineshapes of fuliC enriched solid
coupling (RFDR) sequence has provided a simple strategy f&fnpounds.
the detection of two-dimensional (2D) homonuclear dipolar
correlation spectra in magic angle spinning (MAS) NMR of 2. RESULTS AND DISCUSSION
uniformly enriched molecules in polycrystalline material}. _
This approach was extended by using a variety of new tech-The pulse scheme of the 2D MAS NMR correlation spec
niques, such as RIL and TOBSY, which have resulted [OSCOPY is presented in Fig. 1. All experiments were per
similar and improved result2{4). The analysis of the 2D formed on a crystalline [LJ1_—3C]L-tyr05|ne- HCI sample. In a
correlation spectra can assist in structure determination $fndard TPPI 2D correlation NMR experiment, the evolutiol
systems that are inaccessible by diffraction techniges)( time t, dependence of the signalt,, t;) components equals
Absorption lineshapes of the diagonal and cross peaks in &b the sum of time dependentt{) quantum coherences
spectra are a requirement for optimal resolution in these spg@*P(—i@1t;)} and (—1) quantum coherences {exp(; t;)}
tra. In 1D NMR, quadrature detection enables one to obtdhh the Spin system
pure absorption lineshapes by phase correction of the Fourier-
transformed spectraZ). In 2D NMR spectroscopy, the time cofw;t; + wrty)expliost,), (1]
proportional phase increment (TPPI) phase cycling scheme can
provide absorptive lineshapes in both dimensid)s I this while the (1) coherence is monitored during the detectior
procedure the, dependence of the 2D signal reflects itself gseriodt,. After the Fourier transformation these echo and th
an amplitude modulation of thig acquisition signal compo- anti-echo components are separated from each other by
nents, cosf,t; + wt))expiw,t,), with w, and w, resonance frequencyw, equal to half the Nyquist frequency)(
frequencies and a frequency shift equal to half the Nyquist In MAS NMR, the chemical shift anisotropies (CSA) of the
frequency. Fourier transformation separates the spectral liméserved spins complicate the spectra by generating sideba
of the echo and anti-echo signals by and results in the flanking the centerbands. The FID of a single spin, with a CS,
absorption lineshapeg§ (9. tensor with Euler anglesx( B, v) in the rotor frame, can be
When the TPPI approach is applied to solid samples rotatingmaitten asf*(y) f(y+w,t), with f(x) a function of the form
the magic angle, the signals in the 2D magic angle spinning NMRd.exp(inx) (13). In this expression the isotropic shift is
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2 where we used that
DC
H 1 2m ]
CpP f(x)f*(x) =1 and o dy exp(iny) = 8.
0 0,2 2 n 2 0
|
;-2 & T XY8 k¢ Addition of these signals, according to the TPPI procedure
4 T=l*(ntty) T =kT, L will not result in a sum of terms of the form of Eqg. [1] and
preparation evolution time-reversal ~ mixing acquisition therefore will not result in pure absorptive peaks in the 2L
spectrum. In Fig. 2 the 2D spectrum of this TPPI experiment i
+D . - .
—_ shown. As can be seen in this figure, some of the diagon

= © peaks do not exhibit absorption lineshapes. In addition aut
-1 =0~ \ (D cross peaks between center and sidebands are present that
not eliminated by the phase cycling. Only those centerbanc

FIG. 1.~ Schematic representation of the phase-sensitive RFDR pulse g6gioy haye CSA tensor values smaller than the spinning spee
quence used for the absorption mode 2D MAS dipolar correlation experiments.

Relevant rotation angles are depicted on top of the corresponding pulse, wRE absorptive and do not show auto-cross peaks. To obtz
the RF phases are indicated beneath the pulses. The &dt#éC RAMP  pure absorption for all diagonal peaks and to eliminate th
preparation phasé, was varied following the TPPI scheme. An XY-8 train ofauto-cross peaks the anti-echo experiment must be combir
rotor-synchronizedr-pulses was applied during the mixing time. Coherencgith an echo time reversal experiment, in which the mixinc

transfer pathway selection, ring-down elimination, and time reversal w . )
attained by cycling of the phasés, ¢3, and$,.; and switching between theeﬁ?ne is reduced by an amoupt eqmgl as SqueSt.ed by H.age ’
non-time-reversed (= 0) and time-reversed & 1) experiments, as listed in meygret al. (13). The echo time reversal experiment gives ¢
Table 1.t, andt, indicate the evolution and acquisition time, respectively?D signal of the form

according to the standard convention.

f(y) P (y + ot) T*(y) f(y + oty), (6]

omitted and the coefficient, are functions of all parameters
defining the CSA tensor, except The signal of the anti-echo while the corresponding anti-echo experiment results in a sif
part of the 2D TPPI MAS NMR experiment on this spin has theal of the form

form
(Wl + ot ))(F(y + o) fly + oty + o t))  [2] =
204
and the echo signal becomes 7 y . ¢
60+ 0
F) Py + o) Py + o) f(y + ot + o ty),  [3] i i
80
\ f b
where the additional coefficients ekp{t,) and exptimtt,) 1004 { |
generated by the TPPI phase cycling, respectively, are omitted ., | ) @@ @% b
In these expressions it is assumed that the length of the mixing ¢ @@ 000
time is equal to an integer multiple of the spinning perix], 1o i ) J
according to De Jonegt al. (11). In these formulae no cross  1so-| TN
correlation and relaxation processes during this time are takenm_ | '“% M
into account. Integration ovey, needed to obtain the signal of T &05)
a powder sample, results in the anti-echo signal 200+ d / \
220+ @ @
3 d*d,explinw, (t, + t,)} [4] 200 ! /
" ZLIIO 22‘0 2(I)0 1;30 1‘60 liO léO l(I)O 8‘0 6IO 4I0 I ppm
. FIG. 2. Contour plot of a 2D MAS spectrum of [33C]Tyrosine- HCI
and the echo signal collected with the pulse sequence of Fig. 1, without time revetsal@) at a
" " . . spinning speedv, /27 = 8000 + 4 Hz with 7,, = 0. The circle indicates a
E dh-rndidnd.exp{—imew,t;}explinot,}, [5]  nonabsorption lineshape, while the arrows indicate the lines of auto-cro

I,mn peaks.
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ppm for the echo experiment and
8! . .
@) . 2 dhididndaexplimo, tiexpine o}, [9]
I,m,
50 a @ mn
_000 for the anti-echo experiment, respectively. The addition of th
@@@ anti-echo and echo signals in Eqgs. [4] and [8] yields
100 -
r > d*d,cognw,t;Jexplinw,t,)} [10]
¢ “
150+ @
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FIG. 3. Contour plots of absorption mode 2D MAS spectra of {éG]Ty- f | o°$ i {M B o
rosine- HCI collected with the pulse sequence of Fig. 1, witi27 = 6400+ @M @@0 i
3 Hz andr,,, = 0. For (a) the anti-echo experiment without time reversak{0 200
-1 —1=0—0— —1) is combined with the echo experiment with time ! ! it
reversal (0— +1—1=1—0— —1), and for (b) the anti-echo experiment A ]
with time reversal (0—» -1 —1| =1 — 0 — —1) is combined with the echo
X . : 250
experiment without time reversal @ +1 -1 =0—0— —1).
fx f fx f 7 300 T ; ] T T
(y) Fly + oty T*(y) f(y + ofty). [7] 300 250 200 150 100 50  ppm
) ) FIG. 4. Contour plots of absorption mode 2D MAS dipolar correlation
The y-integrated signals become spectra of [U23C]Tyrosine: HCI collected with the pulse sequence of Fig. 1
and the phase cycle shown in Table 1, with27 = 8000+ 4 Hz andr,, =
[8] 8r,. The contours (a) and (b) were obtained with and without time revers:

> dd.explinw, (—t; + t,)}

(0— *1—1=0—0— —1), respectively.
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TABLE 1

Step 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
by 0 0 0 0 T T oy T /2 72 /2 72 3ml2 3nl/2 3ml2 3ml2
bs 0 72 T 37/2 0 /2 oy 3m/2 72 T 3m/2 0 72 T 3m/2 0
bret 0 /2 T 3ml2 T 3m/2 0 /2 0 /2 T 3m/2 T 3ml2 0 /2
Step 17 18 19 20 21 22 23 24 25 26 27 28 29 31 30 32
| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
b, 0 0 0 0 T T T T /2 /2 /2 /2 3m/2 3m/2 3m/2 3m/2
bs 0 72 T 3m/2 0 72 oy 3m/2 3ml2 0 /2 T 3m/2 /2 0 T
Dret 0 72 T 372 T 372 0 72 0 72 T 37/2 T 0 3ml2 72

Note.This 32-step phase cycle is used to obtain absorption mode 2D MAS dipolar correlation spectra. The phase angles correspond to those depict
1. ¢, takes care of the TPPI scheme. For each incremetjttbfs phase, representing the phases of pulses in the entire preparation period, is increment
/2. ¢, is used for ring-down elimination, whilé; and ¢, are used for zero quantum filtratioth, and ¢ are also used to select first the anti-eche+40-1
— 0 — —1), and in the second part of the cycle the eche£0+1 — 0 — —1) signals 7). The value of 1 represents the non-time-reversal experimenrts (
0) with 7,,, = kr, and the time reversal experiments<( 1) with =, = kr, — t,.

and of Egs. [5] and [9] gives
> d¥ . .did,d,codine, t; lexplinw,t,} .

I,mn

[11]

probe. The tyrosine was packed in a 4-mm rotor, using 2.5-mi
spacers to reduce the effective RF inhomogeneity over the samy
Spectra were collected with a sweep width of 50 kHz at a spinnir

speed of 6.2 KH& w, /27 < 8 kHz. The'*C nutation frequency
Was 60 kHz. RAMP cross polarization with a contact time of 2 m:
as used1b). The cycle time between scans was typicals and
ta were acquired under TPPM heteronuclear dipolar decou-
'%Iing with a phase-modulation angle of 18°, while the flip pulse
length of 6.2us was adjusted to yield optim&iC resolution 16).
E(_a offset between the cross polarization and decoupling pow
3 dB. During the mixing timer-pulses were applied in the

Both of these signals are equal to a sum of cosine-expon
terms, resulting in pure absorption lines, but only Eq. [10] do
not result in any auto-cross peaks. The time reversal T
MAS experiments corresponding to Eqgs. [10] and [11] a
shown in Fig. 3. Only the combination of the anti-echo with th
time-reversed echo signals results in a pure absorption sp

f f - ks. The 32-ph le of th L X .
trum free of auto-cross peaks. The 32-phase cycle of the pro ddle of the rotor period in order to recouple the dipolar inter

time reversal TPPI experiment is presented in Table 1. ThIS .
phase cycling scheme is used to obtain the homonuclear ﬁﬁ'ons between the carbons and X.Y'S phase gycllng was us
relation spectrum shown in Fig. 4a. For comparison, the sp 1_17).'The FI[.)S were recorded withk2iata points and 12.8
trum obtained by a standard TPPI MAS experiment is shown RQINts in thal dlmen5|on were recordeq. The 'data was zero fille
Fig. 4b. upto a 2( in bqth dimensions. In thg cﬁmensmn a sine-square
h%%odlzatlon, shifted by/2, was used prior to Fourier transforma-

From these spectra it can be concluded that with the met . ; : . .
presented in this paper, one can obtain pure absorption gon and in thd, dimension a Lorentzian broadening of 10 Hz was

correlation spectra in a single experiment by combining TPBPp"ed'
with the time reversal experiment. The resulting 2D spectra
exhibit cross peaks only between the diagonal peaks of corre-
lated spins as well as center and sideband signals that are as research was supported by the Netherlands Organisation for Scienti
purely absorptive. Therefore, this strategy enhances the sprRé&search (N\WO). We thank Professor Z. Luz for stimulating discussions ¢
tral resolution and sensitivity, which helps to improve thie subject of time reversal MAS NMR.

strategy of structure elucidation using 2D MAS NMR correla-
tion spectra.
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