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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 schemestH— 3C and*H— !N double-resonance experiments below 60 K in a pure
y-picoline matrix and with 1.5 %"N-acetonitrile as a guest are reported at a field of 5.17
Tesla. © 2003 American Institute of Physic§DOI: 10.1063/1.1573635

A striking effect resulting from the strict correlation be- man signal at 4 K. Obviously, the coupling of the £spin-
tween the methyl rotational and nuclear spin states was disind rotational degrees of freedom results in a dramatic cool-
covered by Hauptwho demonstrated that a large dynamicing of the proton dipolar reservoir with spin temperatures as
polarization, or ordering, of the proton spins with respect tolow as 80 uK when taking into account the experimental
the local dipolar field can be obtained after a sudden changénewidth of &;,,m=40 kHz in y-picoline. Due to the com-
in temperature of the solid. The effect is largest for a com-paratively large splitting of the lowest rotational and E
pound with a low potential barrier to th@; rotation of its  levels (v,=130 GHz} the tunnel system has a much larger
methyl group and can be explained by the slow interconverheat capacity than the dipole system explaining the polariza-
sion of the tunnel-splitA (1=3/2) andE (1=1/2) methyl- tion enhancement after the temperature jump.
spin isomerg. The interconversion process is coupled to ro-
tational relaxation as a consequence of Pauli’s exclusion

principle restrictions on the CHrotor state functiord:> As (a)
such, Haupt's observation is somewhat related toRASA- CH3
DENAeffect since in both cases the enhanced nuclear align- > ¢
ment is ultimately caused by the spin statistics of indistin-
guishable proton particles. Q
In order to introdu_ce Fhe Haupt effect a_nd also to esti- N 0 /3 P o
mate the proton polarization enhancement in our 220 MHz o
NMR apparatus, a direct comparison of the tunneling-
induced dipolar and thermal Zeeman NMR signal in (b) ®

v-picoline [Fig. 1(a)] was made. The experiments were car-
ried out with a home-built cryogenic probe assembly fitted — ——-—/— ®
Re \

© 'H Dipolar order
+ "H Zeeman order

into a continuous-flow helium cryostat CF12Q@xford
Ltd.). Typical 7/2 pulse lengths of 5-6us were used. The 200 [
y-picoline sample(Aldrich, 99 % was purified by distilla- s 200 kHz ®
tion with lithium aluminum hydride, degassed by four so | & % Re Im
freeze-pump-thaw cycles, and sealed in a glass tube at 10 _ %
mPa. ER %
In Fig. 1 we show the dynamiéH magnetization in B :
y-picoline following a temperature jump fno 4 K to 55 K
after 40 min of thermal equilibration at 4 K. It is clearly seen
that a transient dipolar signal (90° phase shifted with respect
to the Zeeman signpis induced. About 3 min after the tem-
perature step it reaches a maximum and decays to zero there- time (sec)
aﬁer'_ The detailed shape of the Haupt curve depend_s on HEG. 1. (a) y-picoline including a simplified, schematic diagram of the,CH
amplitude and duration of the temperature step,ARE in-  potential.(b) H magnetization intensity traces yapicoline at 55 K follow-
terconversion timeT., and the dipolar relaxation time ing a temperature jump (455 K within 20 seg after 40 min of thermal
Tiq L2 ynder the present experimental conditidsse cap- equilibrat‘ion at 4 K. The transient signal was samplgd every 5 sec wi‘th
tion of Fig. 1) we obtain a maximum enhancement factor of 205" ti-angle pulses. The Zeeman order is proportional to the negative
e ; intensity of the imaginary componeftrosses and the tunneling-induced
~ 70 compared to the equilibrium Zeeman signal at 55 K andipolar order to the intensity of the real compon@itcles of the complex

an enhancement of 9 with respect to the equilibrium Zee- signal. The Zeeman polarization, initially asit K thermal equilibrium
value, relaxes independently to the new 55 K thermal equilibrium value. A
T, relaxation time of 250 sec is extracté# spectra at three different times
*Electronic address: mato@nmr.phys.chem.ethz.ch (1), (2) and(3) are shown in the corresponding insets.
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v (kHz) —55 K) and downward (55:4 K) temperature jumps sampled every 3 sec

and 20 sec, respectively. The multiple-contact CP experiments were per-
FIG. 2. (a) Single-shot'H— 3C Haupt-CP spectrum of-picoline for a 4  formed with the pulse sequence of FigaRusing identical parameters as
—55K temperature jumg40 min thermal equilibration at 4 ) Half- described in the caption of Fig. 2.
Gaussian’H ARRF and ADRF ramps(1 ms length with o= 0 aqr
=0.3 ms) were used to toggle between dipolar and Zeeman order. A tan-

gential APHH step(tangent depthA=30kHz and angular velocityx [see Fig. 20)]. We extract a signal-to-noisé&/N) enhance-

=34° ms'! assuming a coupling constant dfs=20 kHz) was used for ;
ment factor of~40 and~5 per shotwith respect to the
polarization transfer £.,=4 ms). The'H locking field for CP and decou- P P

pling had an amplitude of 50 kH#b) Thermal*H— %C CP spectra at 55 K thermal CP experiments at 55_ K ?‘nd 4 K: r(_aSpeCtlv_ely'
and 4 K obtained with a single shot using pulse-timing diagram shown in the ~ TO estimate the S/N amplificatiqrer unit timemultiple-
figure. Identical'H locking and APHH parameters were used agan contact CP experiments were performed with the pulse se-
quences of Fig. 2. The transient Haupt-CP curves, for both
upward temperature step{455 K within 20 se¢ and down-
The subject of this Communication is the transfer of theward temperature step (554 K within 2 min), are shown in
Haupt-inducedH dipolar order to the Zeeman order of rare Fig. 3. The positive and negative intensity traces demonstrate
spin species, such dSC and®N of matrix-isolated guest the inversion of the NMR signal occurring when the direc-
molecules, constituting a potential approach of sensitivitytion of the temperature jump is changédmphasized by the
enhancement for solid-state NMR. Thermal contact amongbsorptive and emissiv€C spectra at the maxima of the
the different spins is thereby accomplished by making use oflaupt-CP transients as insets in Fig. Bhe population in-
an adiabatic variation of the cross-polarizati@P) schemes version may be interpreted as a reversal in sign of the proton
introduced by Pines, Gibby, and Waugln Fig. 2 single-  dipolar spin temperature caused by the different initial popu-
shot 'H—'3C cross-polarization spectra of-picoline are lation imbalance among the GH\- andE levels[see inset
compared. The tunneling-enhancEg spectrun|Fig. 2a)] in Fig. 3]. The different shape of the multiple-contact CP
was obtained after a temperature jumpnfrd K to 55 K and  transients is mainly caused by the temperature dependence of
sampled at the maximum of the Haupt-curve. Cross polarizathe methyl interconversion time, i.€[>°=100 sec and
tion is induced by an adiabatic proton magnetization periodr's“=1000 sec-? Signal integration leads to the Haupt-
(ARRF)® followed by an adiabatic passage Hartmann-Hahrenhanced CP spectra shown in Figa)4vhich can be com-
(APHH) step’ After *3C signal acquisition the proton spins pared to the'3C spectra at 55 K ah4 K obtained with
are demagnetized again to dipolar ord8dDRF)® allowing  multiple-contact cross polarization from therntal Zeeman
also for multiple-contact type experimeritee pulse-timing order using the same total measurement f{iFig. 4(b)]. The
diagram as an inset in Fig.(&]. Evidently, alternative CP effective S/N enhancement per unit time 450 and ~7
schemes applying BC ARRF ramp durin(_:y-cp5*8 are equally  over thermal CP experiments at 55 K and 4 K, respectiVely.
feasible. The Haupt-CP spectrum can be compared to the We note here that, although the tunneling-induced dipo-
single-shot'3C spectra at 55 K ah4 K obtained with cross lar order originates only at the GHsites in+y-picoline, both
polarization from'H Zeeman order at thermal equilibrium methyl- and aromati¢*C resonances are equally amplified
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FIG. 4. (a) Integrated Haupt-CP spectra ofpicoline for the 'H—3C FIG. 5. (a) Single-shot'H— >N Haupt-CP spectrum of-picoline doped
multiple-contact traces displayed in Fig. 8) Thermal*H—*C multiple-  \yith 1.5 wt.%!*N-acetonitrile(see sketch as ingefor a 4—55 K tempera-
contact CP spectra at 55 K@# K oltained with the pulse sequence of Fig. ,re jump sampled at the maximum of the Haupt cuf#@ min thermal
2(b) using identical parameters as described in the caption of Fig. 2. Foéquilibration at 4 K. The spectrum was obtained with the pulse-timing
optimal S/N eight successive CP contacts per experiment were accumulat%ﬁlagram displayed in Fig.(d) using half-Gaussian ARRF and ADRF ramps
and signal averaged with a repetition delayrpf1.3X T, using the same (1 ms length Witho = oag=0.3 ms). The APHH parameters were
total measurement time as {8) [ T;>*=T1“=5 min]. =15KkHz, @=42° ms* (assumed coupling constadts=1.5 kHz), and

Tep=4 ms. The'H locking field had an amplitude of 25 kHz for CP and 50

kHz for decoupling. The solid line represents a fit of the theoretical CSA
by the polarization transfer. Hence, proton spin diffuion lineshape to the experimental spectrfide=—345(10) ppm, 7.s=0].

(although symmetry restricted for the @}groupgg is effi- (b) Thermal*H— 5N CP spectra at 55 K and 4 K obtained with a single shot
cient in establishing a uniform dipolar spin temperatureusing the pulse-timing diagram sh_own in FigbR Identical*H locking and
throughout the lattice. Moreover, thel dipolar polarization APHH parameters were used as(.
at the rare-spin sites is rapidly refreshed after every cross-
polarization step in the course of a multiple-contact experi-
ment. Both features suggest the possibility of cross polarizaanisotropy 6.s;= —345(10) ppm for the axially symmetric
tion also to a molecular guest species embedded in a ‘Hau@SA differs slightly from the value ob.;= —326(6) ppm
matrix,” provided that no proton relaxation sinkise. T,, obtained in pure CEC™N at 110 K A S/N enhancement
T.19q<<T,) are present in the vicinity of the guest molecules. factor of ~25 and~3 is estimated by comparison with the
One example for such a system is described in Fig. 5single-shot'®N spectra obtained by thermal cross polariza-
where'H— N cross-polarization experiments are shown fortion at 55 K and 4 K, respective[gee Fig. H)]. The results
y-picoline doped with 1.5 wt.%"N-acetonitrile (99 %  are in reasonable agreement with the—13C Haupt CP en-
CH,C™N, Isotec Inc). The solid mixture for the NMR ex- hancement obtained for undopeepicoline.
periments was prepared by rapid quenching of the liquid In summary, we have shown that the tunnel polarization
y-picoline (containing 5 mg of°N-acetonitrile) at 77 K and of a weakly hindered methyl group can be transferred to a
subsequently transferring the sample to the precooled cryrare nuclear spin species by making use of the dipolar Haupt
ostat at 50 K. No special measures were taken to confirm thaffect. ARRF/ADRF ramps combined with cross polarization
a homogeneous matrix was formed. The sensitivity-enhancedere used to achieve the transfer, yielding anisotrdp@
15N spectrum appears in Fig(&, obtained with a single- and °N chemical-shift spectra which are significantly en-
shot CP experiment 300 sec after a temperature jump from Banced in sensitivity over those obtained by thermal cross-
K to 55 K. The®N chemical-shift anisotropyCSA) of the  polarization experiments at a field of 5.17(220 MHz pro-
acetonitrile guest is clearly visible while theN natural  ton frequency.
abundance contribution of thgpicoline matrix is too low in Haupt cross polarization is strongly favored in com-
intensity to be discernible in a single scan. The measuredounds possessing low-barrier methyl groups. The present

Downloaded 15 May 2006 to 198.4.83.52. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



8562 J. Chem. Phys., Vol. 118, No. 19, 15 May 2003 Tomaselli, Degen, and Meier

experiments have all been performed gipicoline which  ~1/5 of the enhancement reported in this study is expected
contains one of the freeest methyl rotors known in the solicht a field of 23.5 T(1 GHz proton frequengy In this respect,
state (;=130 GHz). Although this molecule has an intrin- further extensions making use of the Haupt effect might be
sically low barrier of methyl rotation in the gas phdséhe  more attractive at low or even zero field. An exciting possi-
crystal packing in the solid affects the hindering potentialbility is the combination of the tunneling-induced spin align-
substantially: In fact, we have observed experimentally thamment with alternative NMR detection schemdg.g.

the presence of guests in thepicoline matrix (acetonitrile  dc-SQUIDS® or with alternative line-narrowing techniques,
and other dopant moleculesan destroy the Haupt effect such as magic-angle rotation of the external magnetic ffeld,
completely and/or introduce protoh; and T4 relaxation enabling one to perform measurements over a range of very
sinks which inhibit a Haupt-CP transfer. In this case thelow frequencies.

methyl-group matrix acts more like a non-paramagnetic re-
laxation agent and sensitivity enhancement at low tempera-
ture can still be achieved by signal averaging compared t§on towards the Haupt effect.

the undoped case. Nevertheless, an alternative matrix mate-

rial containing low-barrier methyl groups which are not or | .

much less sensitive to intermolecular packing effects might fi;‘g“pt' Phys. LetB8A, 389(1972; J. Haupt, Z. NaturforsciesA, 98
be beneficial. Hitherto, only about 100 methyl groups havezp geckmann, S. Clough, J. W. Hennel, and J. R. Hill, J. Phys0,0729
been investigated in detail with respect to their tunneling (1977.

characteristics in the solid staf@lt is conceivable that suit- °S:- Emid and J. Smidt, Chem. Phys. Létr, 318 (1983; S. Emid and R.
able ‘Haupt CH rOtorls, can be found or even d(—?s?gned with 4?:'. \Il?v.lngémclgrzr,nbl.pn)./s\iol_neetsa,7i\f]|-:)2.(iazt?r', J. A. Labinger, M. G. Pravica,
the help of systematic molecular dynamics atfidinitio cal- and D. P. Weitekamp, Adv. Magn. Resdid, 269 (1990).

culation procedures. SA. Pines, M. G. Gibby, and J. S. Waugh, J. Chem. PB@s569 (1973.

An interesting aspect is whether Haupt cross poIarizationGM- Goldman,Spin Temperature and Nuclear Magnetic Resonance in Sol-
ids (Clarendon, Oxford, 1970
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