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Cross polarization (CP)® is the most extensively applied solid-

state NMR technique to enhance the sensitivity of low gyromag-
netic ratio and low natural abundance nuclei in chemical,
biological, and polymer systems. A stringent requirement for CP

is to achieve the HartmanrHahn (HHf match,w;' = w45, where

w* = yxB/X. In an experiment, it is achieved by adjusting the

ratio of RF field (in Gauss) generated in the sample &i¥/B,',
equal to the ratio of gyromagnetic ratioslodnd S nuclei, y\/ys.
However, since RF power is proportional #8,%)%, any power
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Figure 1. (A) A pulse sequence to reduce the required RF power in
cross polarization experiments. An RF offsat, generated during the
contact time on thé& channel effectively reduces the magnitude of the
RF power required to achieve the Hartmarttehn condition to transfer
the magnetization frorhto Snuclei. (B) An effective fieldBet, generated

by an RF pulse applied at an offsét

loss due to the nature of the sample demands more RF power to

generate the same RF field strength. In addition to being and the direction of the RF field (assumed to bexis). A
technically demanding, the use of high RF power leads to standard CF? experiment hasA = 0 kHz and@ = 0°. For
significant heat dissipation in the sample. In particular, a CP simplicity, we consider offset on only one of the RF channels
experiment on a hyd_rated phos_phpllpld bilayer sample containing (Schannel). To compensate a HH-mismat8a:> < Bg¢, the

a membrane-associated protein is power lossy due to the highRF carrier frequency on th®channel during the CP is offset by
water content, and at the same time, the dissipated heat dehydrates to satisfy the conditiorB.> = Bge. Since the effective fields

the bilayer and can denature the saniplEnese concerns are

during the CP period on both the RF channels are the same, the

especially important for long-duration solid-state NMR experi- transverse magnetization bfiuclei is transferred t& nuclei via

ments (typically a few day$pas most biological samples are not

thel—Sdipolar interaction. Following the CP period, a post-pulse,

abundantly available and extensive signal averaging is unavoid-gy, tips the S magnetization locked along tH&S direction to
able. Also, the benefit of higher magnetic fields to increase the the transverse plane-éxis). Thus, the HH-mismatch deliberately

signal-to-noise ratio (8l) and resolution comes with the price

generated by reducing the RF power in one of the channels can

of requiring higher RF power for solid-state NMR experiments. pe compensated with the offset to achieve efficient CP.
Therefore, there is a critica! need for technique_s th_at employ I(_)w All spectra were acquired using2hemagnetics/Varian Infinity-
RF power pulses for solid-state NMR applications. In this 400 spectrometer and a double-resona@emagneticsVAS
communication, we demonstrate the use of resonance-offset toprobe operating at 400.139 MHz (9.4 T) fét and 40.551 MHz

significantly reduce the required RF power in CP experiments.

The proposed pulse sequence is given in Figure 1A. A-spin
echo sequencer—180°—rt, is used to circumvent the dead time
problem of the receiver; only the second-half of 8wpin—echo
is acquired. In Figure 1, offseny, is the difference between the
resonance frequency &fnuclei and the RF carrier frequency on
theSchannel, and is the angle between the effective fielBLf)
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for 1N at room temperature. Proton-decoupled chemical shift
spectrum of a powder sample Bfacetyl+-'°N-valine (NAV) is
shown in Figure 2. The spectrum shown in Figure 2A was
obtained using the standard CP sequémdth A = 0 kHz and

6 = 0° in the pulse sequence shown in Figure 1A. An RF field
strength of 41.7 kHz was used i and >N channels during
CP. Figure 2B represents theN chemical shift spectrum that
was obtained by deliberately missetting tid RF field strength
during CP to 20.8 kHz from the HH-match (HH-mismatch of
20.9 kHz); all other parameters were the same as Figure 2A. Itis
obvious that the 8\ in Figure 2B is close to zero and it is solely
due to the HH-mismatch.

The reduction of 20.9 kHz RF power, from the HH-match, on
the 15N channel can be compensated by seting= 36.1 kHz
during the CP as illustrated in Figure 1B. This procedure generates
a 41.7 kHz RF field along a vector that makes @@grees from
the x-axis. The!®N chemical shift spectrum acquired under this
condition is shown in Figure 2C; all other conditions were the
same as used to obtain Figure 2B. Thi $ias significantly
improved in Figure 2C, as compared to Figure 2B, despite 20.9
kHz HH-mismatch. This is because the magnitudesdf
effective field (see Figure 1B) arith RF field during CP are the
same, and thus the transferéf magnetization td°N increases
the SN of N spectrum. However, the/lS in Figure 2C is lower
than that in Figure 2A. This is due to the fact that the transferred

© 2001 American Chemical Society

Published on Web 07/10/2001



7468 J. Am. Chem. Soc., Vol. 123, No. 30, 2001

A)

B

<

(0}

[ [ I [ |
300 200 100

15N Chernical Shift (pprm)

Figure 2. 15N spectra of a powder sample df-acetylt-1>N-valine
obtained using the pulse sequence given in Figure 1A. (A) At the
Hartmanr-Hahn match with 41.7 kH2°N RF during CPA = 0 kHz
and § = 0°. (B) At a Hartmanr-Hahn mismatch condition with 20.8
kHz 15N RF during CPA = 0 kHz andd = 0°. (C) All the conditions
were the same as in (B) but with = 36 kHz and® = 0°. (D) All the
conditions were the same as in (B) but with= 36 kHz and6 = 60°.

It is important to note that an RF power of 418 W was used to generate
41.7 kHz in A, whereas only 82 W was used to generate 20.8 kHz RF
field in C and D on thé>N channel during the CP. Other experimental
parameters used to obtain these spectra are 41.2KHF during CP

and 77 kHz duringH decoupling, 3 ms contact time,= 60 us, 560
scans, and 5s recycle delay.

15N magnetization is along the effective field direction, and
therefore only the projection of the magnetization on toxtais

(M cos#) contributes to théN SN in Figure 2C unlike in Figure
2A. As explained earlier, the/S can be further enhanced by
setting the flip angle of the postpulsg, The spectrum in Figure
2D was obtained witl9 = 60°, and all other parameters were
the same as those used to obtain Figure 2C. It is gratifying to
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the required®N RF power by a factor of 5.1. Our experimental
results suggest that the pulse sequence also performs well for
various magnitudes of HH-mismatch. It was observed that the
use of 30.7 kHz RFA = 28.2 kHz, andd = 42.6, instead of

the required 41.7 kH2°N RF during the CP, reduces the RF
power by a factor ofwo.

The SN for powder samples, in general, increases with the
contact time until it reaches a steady sfa&@nce the offset during
CP in the pulse sequence scalestHe-*>N dipolar coupling, a
relatively longer contact time is needed to reach this steady state
in powder samples. On the other hand, in the case of uniaxially
oriented samples, the contact time needed to obtain the maximum
S/N depends on the sample orientation relative to the external
magnetic fieldt® It is important to note that the usage of offset
on the!H channel can also reduce the required RF power during
CP. This would be of great advantage, especially at higher
magnetic fields, as théH RF frequency approaching the
microwave region, at higher RF power, leads to considerable
sample heating. However, care must be taken if the large offset
creates an effective field at the magic angle as it suppresses the
IH—1H dipolar interaction and causing slower spin diffustgn.

We have also successfully performed this experiment on single-
crystal samples of peptides and other powder samples under static
and MAS conditions. The proposed experiment is very efficient
in compensating the HH-mismatch. The extent of HH-mismatch
compensation depends on the strength of the RF field used on
theH RF channel during CP and also @y, of the sample. The
pulse sequence shown in Figure 1 is easy to set up on most solid-
state NMR spectrometers, home-built or commercial, but it is
important to have a frequency switch capability during the pulse
sequence. The offset can be set at the beginning or during the
recycle delay, and can be switched to zero (or on-resonance)
before the post-pulse in Figure 1A. The idea of using offset to
reduce the power of an RF pulse can be employed in the
development of new solid-state NMR methods as only a fraction
of a microsecond is needed to switch the frequency. Therefore,
we believe that this method can be used for various applications
of NMR spectroscopy to investigate molecules in the solid state.
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