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Haupt magnetic double resonance
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The coupling of the tunneling- and proton dipolar reservoirs of a weakly hindered methyl group is
used to dynamically polarize the rare-spin nuclei by combination with suitable radio-frequency
irradiation schemes.1H→13C and1H→15N double-resonance experiments below 60 K in a pure
g-picoline matrix and with 1.5 %15N-acetonitrile as a guest are reported at a field of 5.17
Tesla. © 2003 American Institute of Physics.@DOI: 10.1063/1.1573635#
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A striking effect resulting from the strict correlation be
tween the methyl rotational and nuclear spin states was
covered by Haupt1 who demonstrated that a large dynam
polarization, or ordering, of the proton spins with respect
the local dipolar field can be obtained after a sudden cha
in temperature of the solid. The effect is largest for a co
pound with a low potential barrier to theC3 rotation of its
methyl group and can be explained by the slow interconv
sion of the tunnel-splitA (I 53/2) andE (I 51/2) methyl-
spin isomers.2 The interconversion process is coupled to
tational relaxation as a consequence of Pauli’s exclus
principle restrictions on the CH3-rotor state function.2,3 As
such, Haupt’s observation is somewhat related to thePASA-
DENAeffect4 since in both cases the enhanced nuclear al
ment is ultimately caused by the spin statistics of indist
guishable proton particles.

In order to introduce the Haupt effect and also to e
mate the proton polarization enhancement in our 220 M
NMR apparatus, a direct comparison of the tunnelin
induced dipolar and thermal Zeeman NMR signal
g-picoline @Fig. 1~a!# was made. The experiments were c
ried out with a home-built cryogenic probe assembly fitt
into a continuous-flow helium cryostat CF1200~Oxford
Ltd.!. Typical p/2 pulse lengths of 5-6ms were used. The
g-picoline sample~Aldrich, 99 %! was purified by distilla-
tion with lithium aluminum hydride, degassed by fo
freeze-pump-thaw cycles, and sealed in a glass tube a
mPa.

In Fig. 1 we show the dynamic1H magnetization in
g-picoline following a temperature jump from 4 K to 55 K
after 40 min of thermal equilibration at 4 K. It is clearly see
that a transient dipolar signal (90° phase shifted with resp
to the Zeeman signal! is induced. About 3 min after the tem
perature step it reaches a maximum and decays to zero t
after. The detailed shape of the Haupt curve depends on
amplitude and duration of the temperature step, theA-E in-
terconversion timeTc , and the dipolar relaxation time
T1d .1,2 Under the present experimental conditions~see cap-
tion of Fig. 1! we obtain a maximum enhancement factor
;70 compared to the equilibrium Zeeman signal at 55 K a
an enhancement of;9 with respect to the equilibrium Zee
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man signal at 4 K. Obviously, the coupling of the CH3 spin-
and rotational degrees of freedom results in a dramatic c
ing of the proton dipolar reservoir with spin temperatures
low as 80mK when taking into account the experiment
linewidth of d fwhm.40 kHz in g-picoline. Due to the com-
paratively large splitting of the lowest rotationalA- and E
levels (n t.130 GHz)2 the tunnel system has a much larg
heat capacity than the dipole system explaining the polar
tion enhancement after the temperature jump.

FIG. 1. ~a! g-picoline including a simplified, schematic diagram of the CH3

potential.~b! 1H magnetization intensity traces ing-picoline at 55 K follow-
ing a temperature jump (4→55 K within 20 sec! after 40 min of thermal
equilibration at 4 K. The transient signal was sampled every 5 sec w
;0.05° tip-angle pulses. The Zeeman order is proportional to the nega
intensity of the imaginary component~crosses! and the tunneling-induced
dipolar order to the intensity of the real component~circles! of the complex
signal. The Zeeman polarization, initially at its 4 K thermal equilibrium
value, relaxes independently to the new 55 K thermal equilibrium value
T1 relaxation time of 250 sec is extracted.1H spectra at three different time
~1!, ~2! and ~3! are shown in the corresponding insets.
9 © 2003 American Institute of Physics
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The subject of this Communication is the transfer of t
Haupt-induced1H dipolar order to the Zeeman order of ra
spin species, such as13C and 15N of matrix-isolated gues
molecules, constituting a potential approach of sensitiv
enhancement for solid-state NMR. Thermal contact am
the different spins is thereby accomplished by making us
an adiabatic variation of the cross-polarization~CP! schemes
introduced by Pines, Gibby, and Waugh.5 In Fig. 2 single-
shot 1H→13C cross-polarization spectra ofg-picoline are
compared. The tunneling-enhanced13C spectrum@Fig. 2~a!#
was obtained after a temperature jump from 4 K to 55 K and
sampled at the maximum of the Haupt-curve. Cross polar
tion is induced by an adiabatic proton magnetization per
~ARRF!6 followed by an adiabatic passage Hartmann-Ha
~APHH! step.7 After 13C signal acquisition the proton spin
are demagnetized again to dipolar order~ADRF!6 allowing
also for multiple-contact type experiments@see pulse-timing
diagram as an inset in Fig. 2~a!#. Evidently, alternative CP
schemes applying a13C ARRF ramp duringtcp

5,8 are equally
feasible. The Haupt-CP spectrum can be compared to
single-shot13C spectra at 55 K and 4 K obtained with cross
polarization from1H Zeeman order at thermal equilibrium

FIG. 2. ~a! Single-shot1H→13C Haupt-CP spectrum ofg-picoline for a 4
→55 K temperature jump~40 min thermal equilibration at 4 K!. Half-
Gaussian1H ARRF and ADRF ramps~1 ms length with sarrf5sadrf

50.3 ms) were used to toggle between dipolar and Zeeman order. A
gential APHH step~tangent depthD530 kHz and angular velocitya
534° ms21 assuming a coupling constant ofdIS.20 kHz) was used for
polarization transfer (tcp54 ms). The1H locking field for CP and decou-
pling had an amplitude of 50 kHz.~b! Thermal1H→13C CP spectra at 55 K
and 4 K obtained with a single shot using pulse-timing diagram shown in
figure. Identical1H locking and APHH parameters were used as in~a!.
Downloaded 15 May 2006 to 198.4.83.52. Redistribution subject to AIP
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@see Fig. 2~b!#. We extract a signal-to-noise~S/N! enhance-
ment factor of;40 and;5 per shotwith respect to the
thermal CP experiments at 55 K and 4 K, respectively.

To estimate the S/N amplificationper unit timemultiple-
contact CP experiments were performed with the pulse
quences of Fig. 2. The transient Haupt-CP curves, for b
upward temperature step (4→55 K within 20 sec! and down-
ward temperature step (55→4 K within 2 min!, are shown in
Fig. 3. The positive and negative intensity traces demonst
the inversion of the NMR signal occurring when the dire
tion of the temperature jump is changed1 ~emphasized by the
absorptive and emissive13C spectra at the maxima of th
Haupt-CP transients as insets in Fig. 3!. The population in-
version may be interpreted as a reversal in sign of the pro
dipolar spin temperature caused by the different initial po
lation imbalance among the CH3 A- andE levels @see inset
in Fig. 3#. The different shape of the multiple-contact C
transients is mainly caused by the temperature dependen
the methyl interconversion time, i.e.Tc

55K.100 sec and
Tc

4K.1000 sec.1,2 Signal integration leads to the Haup
enhanced CP spectra shown in Fig. 4~a! which can be com-
pared to the13C spectra at 55 K and 4 K obtained with
multiple-contact cross polarization from thermal1H Zeeman
order using the same total measurement time@Fig. 4~b!#. The
effective S/N enhancement per unit time is;50 and;7
over thermal CP experiments at 55 K and 4 K, respective9

We note here that, although the tunneling-induced di
lar order originates only at the CH3 sites ing-picoline, both
methyl- and aromatic13C resonances are equally amplifie

n-

e

FIG. 3. Transient1H→13C Haupt-CP curves ing-picoline for upward (4
→55 K) and downward (55→4 K) temperature jumps sampled every 3 s
and 20 sec, respectively. The multiple-contact CP experiments were
formed with the pulse sequence of Fig. 2~a! using identical parameters a
described in the caption of Fig. 2.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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8561J. Chem. Phys., Vol. 118, No. 19, 15 May 2003 Haupt magnetic double resonance
by the polarization transfer. Hence, proton spin diffusio6

~although symmetry restricted for the CH3 groups!3 is effi-
cient in establishing a uniform dipolar spin temperatu
throughout the lattice. Moreover, the1H dipolar polarization
at the rare-spin sites is rapidly refreshed after every cro
polarization step in the course of a multiple-contact exp
ment. Both features suggest the possibility of cross polar
tion also to a molecular guest species embedded in a ‘H
matrix,’ provided that no proton relaxation sinks~i.e. T1 ,
T1d!Tc) are present in the vicinity of the guest molecule

One example for such a system is described in Fig
where1H→15N cross-polarization experiments are shown
g-picoline doped with 1.5 wt.%15N-acetonitrile ~99 %
CH3C15N, Isotec Inc.!. The solid mixture for the NMR ex-
periments was prepared by rapid quenching of the liq
g-picoline ~containing 5 mg of15N-acetonitrile) at 77 K and
subsequently transferring the sample to the precooled
ostat at 50 K. No special measures were taken to confirm
a homogeneous matrix was formed. The sensitivity-enhan
15N spectrum appears in Fig. 5~a!, obtained with a single-
shot CP experiment 300 sec after a temperature jump fro
K to 55 K. The15N chemical-shift anisotropy~CSA! of the
acetonitrile guest is clearly visible while the15N natural
abundance contribution of theg-picoline matrix is too low in
intensity to be discernible in a single scan. The measu

FIG. 4. ~a! Integrated Haupt-CP spectra ofg-picoline for the 1H→13C
multiple-contact traces displayed in Fig. 3.~b! Thermal1H→13C multiple-
contact CP spectra at 55 K and 4 K obtained with the pulse sequence of Fi
2~b! using identical parameters as described in the caption of Fig. 2.
optimal S/N eight successive CP contacts per experiment were accumu
and signal averaged with a repetition delay oft r51.33T1 using the same
total measurement time as in~a! @T1

55K.T1
4K55 min#.
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anisotropydcsa52345(10) ppm for the axially symmetric
CSA differs slightly from the value ofdcsa52326(6) ppm
obtained in pure CH3C15N at 110 K.10 A S/N enhancemen
factor of ;25 and;3 is estimated by comparison with th
single-shot15N spectra obtained by thermal cross polariz
tion at 55 K and 4 K, respectively@see Fig. 5~b!#. The results
are in reasonable agreement with the1H→13C Haupt CP en-
hancement obtained for undopedg-picoline.

In summary, we have shown that the tunnel polarizat
of a weakly hindered methyl group can be transferred t
rare nuclear spin species by making use of the dipolar Ha
effect. ARRF/ADRF ramps combined with cross polarizati
were used to achieve the transfer, yielding anisotropic13C
and 15N chemical-shift spectra which are significantly e
hanced in sensitivity over those obtained by thermal cro
polarization experiments at a field of 5.17 T~220 MHz pro-
ton frequency!.

Haupt cross polarization is strongly favored in com
pounds possessing low-barrier methyl groups. The pre

or
ted

FIG. 5. ~a! Single-shot1H→15N Haupt-CP spectrum ofg-picoline doped
with 1.5 wt.%15N-acetonitrile~see sketch as inset! for a 4→55 K tempera-
ture jump sampled at the maximum of the Haupt curve~40 min thermal
equilibration at 4 K!. The spectrum was obtained with the pulse-timin
diagram displayed in Fig. 2~a! using half-Gaussian ARRF and ADRF ramp
~1 ms length withsarrf5sadrf50.3 ms). The APHH parameters wereD
515 kHz, a542° ms21 ~assumed coupling constantdIS.1.5 kHz), and
tcp54 ms. The1H locking field had an amplitude of 25 kHz for CP and 5
kHz for decoupling. The solid line represents a fit of the theoretical C
lineshape to the experimental spectrum@dcsa52345(10) ppm,hcsa50].
~b! Thermal1H→15N CP spectra at 55 K and 4 K obtained with a single sh
using the pulse-timing diagram shown in Fig. 2~b!. Identical1H locking and
APHH parameters were used as in~a!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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experiments have all been performed ong-picoline which
contains one of the freeest methyl rotors known in the so
state (n t.130 GHz). Although this molecule has an intrin
sically low barrier of methyl rotation in the gas phase,11 the
crystal packing in the solid affects the hindering poten
substantially: In fact, we have observed experimentally t
the presence of guests in theg-picoline matrix~acetonitrile
and other dopant molecules! can destroy the Haupt effec
completely and/or introduce protonT1 and T1d relaxation
sinks which inhibit a Haupt-CP transfer. In this case t
methyl-group matrix acts more like a non-paramagnetic
laxation agent and sensitivity enhancement at low temp
ture can still be achieved by signal averaging compared
the undoped case. Nevertheless, an alternative matrix m
rial containing low-barrier methyl groups which are not
much less sensitive to intermolecular packing effects mi
be beneficial. Hitherto, only about 100 methyl groups ha
been investigated in detail with respect to their tunnel
characteristics in the solid state.12 It is conceivable that suit-
able ‘Haupt CH3 rotors’ can be found or even designed wi
the help of systematic molecular dynamics andab initio cal-
culation procedures.

An interesting aspect is whether Haupt cross polariza
can be combined with magic-angle spinning for hig
resolution applications.8 Sample rotation with frequencie
well below the proton dipolar linewidth~i.e. n r!d fwhm) has
been shown13 to considerably speed up the decay of dipo
order and as a result, also the tunneling-induced polariza
is expected to be continuously saturated in this case. Fon r

*d fwhm, however, the relaxation of the average dipolar e
ergy will be equal again to that of the static sample14 and
Haupt cross polarization should be feasible. The latter c
requires spinning speeds of;30 kHz or higher which is ex-
perimentally challenging at cryogenic temperatures. Alter
tively, switched-angle spinning or stop-and-go strategie15

could also be envisioned in the low-speed regime. No
tempts in combining the Haupt effect with sample rotati
have been reported so far.

Finally, it should also be pointed out that in contrast
the Zeeman polarization the tunneling-induced16 polarization
does not scale with magnetic-field strength. Hence, o
Downloaded 15 May 2006 to 198.4.83.52. Redistribution subject to AIP
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;1/5 of the enhancement reported in this study is expec
at a field of 23.5 T~1 GHz proton frequency!. In this respect,
further extensions making use of the Haupt effect might
more attractive at low or even zero field. An exciting pos
bility is the combination of the tunneling-induced spin alig
ment with alternative NMR detection schemes~e.g.
dc-SQUIDS!16 or with alternative line-narrowing technique
such as magic-angle rotation of the external magnetic fiel17

enabling one to perform measurements over a range of
low frequencies.

The authors thank M.H. Levitt for directing their atten
tion towards the Haupt effect.
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