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Cross polarization (CP)1-5 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 Hartmann-Hahn (HH)6 match,ω1

I ) ω1
S, where

ω1
X ) γXB1

X. In an experiment, it is achieved by adjusting the
ratio of RF field (in Gauss) generated in the sample coil,B1

S/B1
I,

equal to the ratio of gyromagnetic ratios ofI andSnuclei,γI/γS.
However, since RF power is proportional to (B1

X)2, any power
loss due to the nature of the sample demands more RF power to
generate the same RF field strength. In addition to being
technically demanding, the use of high RF power leads to
significant heat dissipation in the sample. In particular, a CP
experiment on a hydrated phospholipid bilayer sample containing
a membrane-associated protein is power lossy due to the high
water content, and at the same time, the dissipated heat dehydrates
the bilayer and can denature the sample.7 These concerns are
especially important for long-duration solid-state NMR experi-
ments (typically a few days)8 as most biological samples are not
abundantly available and extensive signal averaging is unavoid-
able. Also, the benefit of higher magnetic fields to increase the
signal-to-noise ratio (S/N) and resolution comes with the price
of requiring higher RF power for solid-state NMR experiments.
Therefore, there is a critical need for techniques that employ low
RF power pulses for solid-state NMR applications. In this
communication, we demonstrate the use of resonance-offset to
significantly reduce the required RF power in CP experiments.

The proposed pulse sequence is given in Figure 1A. A spin-
echo sequence,9 τ-180°-τ, is used to circumvent the dead time
problem of the receiver; only the second-half of theSspin-echo
is acquired. In Figure 1, offset,∆, is the difference between the
resonance frequency ofSnuclei and the RF carrier frequency on
theSchannel, andθ is the angle between the effective field (Beff)

and the direction of the RF field (assumed to bex-axis). A
standard CP1,2 experiment has∆ ) 0 kHz and θ ) 0°. For
simplicity, we consider offset on only one of the RF channels
(S-channel). To compensate a HH-mismatch,BRF

S < BRF
I, the

RF carrier frequency on theS-channel during the CP is offset by
∆ to satisfy the conditionBeff

S ) BRF
I. Since the effective fields

during the CP period on both the RF channels are the same, the
transverse magnetization ofI nuclei is transferred toSnuclei via
theI-Sdipolar interaction. Following the CP period, a post-pulse,
θy, tips theS magnetization locked along theBeff

S direction to
the transverse plane (x-axis). Thus, the HH-mismatch deliberately
generated by reducing the RF power in one of the channels can
be compensated with the offset to achieve efficient CP.

All spectra were acquired using aChemagnetics/Varian Infinity-
400 spectrometer and a double-resonanceChemagneticsMAS
probe operating at 400.139 MHz (9.4 T) for1H and 40.551 MHz
for 15N at room temperature. Proton-decoupled15N chemical shift
spectrum of a powder sample ofN-acetyl-L-15N-valine (NAV) is
shown in Figure 2. The spectrum shown in Figure 2A was
obtained using the standard CP sequence1 with ∆ ) 0 kHz and
θ ) 0° in the pulse sequence shown in Figure 1A. An RF field
strength of 41.7 kHz was used in1H and 15N channels during
CP. Figure 2B represents the15N chemical shift spectrum that
was obtained by deliberately missetting the15N 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. It is
obvious that the S/N 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 setting∆ ) 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 60° degrees from
the x-axis. The15N chemical shift spectrum acquired under this
condition is shown in Figure 2C; all other conditions were the
same as used to obtain Figure 2B. The S/N has significantly
improved in Figure 2C, as compared to Figure 2B, despite 20.9
kHz HH-mismatch. This is because the magnitudes of15N
effective field (see Figure 1B) and1H RF field during CP are the
same, and thus the transfer of1H magnetization to15N increases
the S/N of 15N spectrum. However, the S/N in Figure 2C is lower
than that in Figure 2A. This is due to the fact that the transferred
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Figure 1. (A) A pulse sequence to reduce the required RF power in
cross polarization experiments. An RF offset,4, generated during the
contact time on theS channel effectively reduces the magnitude of the
RF power required to achieve the Hartmann-Hahn condition to transfer
the magnetization fromI to Snuclei. (B) An effective field,Beff, generated
by an RF pulse applied at an offset∆.
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15N magnetization is along the effective field direction, and
therefore only the projection of the magnetization on to thex-axis
(M cosθ) contributes to the15N S/N in Figure 2C unlike in Figure
2A. As explained earlier, the S/N can be further enhanced by
setting the flip angle of the postpulse,θ. The spectrum in Figure
2D was obtained withθ ) 60°, and all other parameters were
the same as those used to obtain Figure 2C. It is gratifying to
note that the line shapes in Figure 2, A and D, are well preserved
and 86% of the S/N is recovered in Figure 2D. This experimental
result suggests that a deliberate mismatch of 20.9 kHz on the
15N RF channel was successfully compensated, using the pulse
sequence in Figure 1A with 36.1 kHz of offset on the15N RF
channel during the CP. Most importantly, this procedure reduces

the required15N 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 RF,∆ ) 28.2 kHz, andθ ) 42.6°, instead of
the required 41.7 kHz15N RF during the CP, reduces the RF
power by a factor oftwo.

The S/N for powder samples, in general, increases with the
contact time until it reaches a steady state.5 Since the offset during
CP in the pulse sequence scales the1H-15N 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 field.10 It is important to note that the usage of offset
on the1H channel can also reduce the required RF power during
CP. This would be of great advantage, especially at higher
magnetic fields, as the1H 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
1H-1H dipolar interaction and causing slower spin diffusion.5,7

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
the1H RF channel during CP and also onT1F 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.

Acknowledgment. This research was supported by NSF through Grant
MCB-9875756 (CAREER Development Award to A.R.). We thank Kevin
Hallock for useful discussions.

JA016212T

(10) Taylor, D. M.; Ramamoorthy, A.J. Magn. Reson.1999, 141, 18-28.

Figure 2. 15N spectra of a powder sample ofN-acetyl-L-15N-valine
obtained using the pulse sequence given in Figure 1A. (A) At the
Hartmann-Hahn match with 41.7 kHz15N RF during CP,∆ ) 0 kHz
and θ ) 0°. (B) At a Hartmann-Hahn mismatch condition with 20.8
kHz 15N RF during CP,∆ ) 0 kHz andθ ) 0°. (C) All the conditions
were the same as in (B) but with∆ ) 36 kHz andθ ) 0°. (D) All the
conditions were the same as in (B) but with∆ ) 36 kHz andθ ) 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 the15N channel during the CP. Other experimental
parameters used to obtain these spectra are 41.7 kHz1H RF during CP
and 77 kHz during1H decoupling, 3 ms contact time,τ ) 60 µs, 560
scans, and 5s recycle delay.
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