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Tunneling spectroscopy by matching energy levels in the spin-rotating frame
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Tunneling spectra of strongly hindered € methylmalonic acid, dimethyl sulfide, propionic acid, and
hexane are reported. The Zeeman-tunneling level-matching resonances are detegted@at, n= %, % %
%, 1, and 2 when the level matching is maintained for 10 ms in the 54.7° tilted proton spin-rotating frame. A
ground-state manifold of two noninteracting but equivalent methyl groups accounts for these spectra. All the
transitions, which bring about the population equalization whenever a matching resonance occurs, are driven
by time-independent dipole-dipole interactions. The resonance peaks=a§ w and w;=2wy, Which are
observed in a tilted rotating frame only, indicate that pairs of methyl groups undergo a symmetry conversion
simultaneously. The calculated magnetization changes, which are the consequence of population equilibration,
reproduce the observed resonance peaks intensities[#@163-182@07)04934-5

[. INTRODUCTION which depends on the potential barrier hindering the reorien-
tation of the group, is the energy difference betweenEhe

It has been shown recentliyhat level-matching NMR in  andA states, Fig. 1.
the spin-rotating frame is a good technique for tunneling When torsional coupling between methyl groups becomes
studies of strongly hindered Ghgroups at low temperatures. non-negligible, the ground torsional states split further.
The transfer of polarization occurs as a result of matching aVeak and stronf torsional interactions were investigated to
precooled nuclear Zeeman state to a tunneling state at latti@xplain the observation in dimethyl sulfide. A straightfor-
temperature. After this step the rotating frame is removedyward explanation of the spectra was obtained when pairs of
only to reintroduce the same level matching a few ms latenoninteracting Cklgroups were introducetdin such a situ-
with all Zeeman states equally populated. In the second-levedtion the torsional energies for group | and group Il satisfy
matching pulse the tunneling states are still strongly polarf H(I) + H(I) 1%, ¥, =(E,+ E;,)¥,¥,,. The 2 nuclear
ized and are used to polarize the saturated nuclear spinspin functions of a methyl pair are reduced under the direct
Following this tunneling to Zeeman polarization transfer aproduct group according to [8A)+8(|AE?)+|AEP)
considerable nuclear spin magnetization is detected. The |E3A)+ |EPA))+4(|E?E?)+ |E2EP)+ |EPE?) + |EPEP)).
magnetization monitored as a function of Zeeman splittingThe maximum spin of the product states is 3 [faA), 2 for
gives the level-matching tunneling spectrum. EstablishmenftAE), and 1 for|EE). The energy differences between the
of a level-matching resonance for a long time enables even
the weak second-order transitions to bring about a measur- E (4) .
able polarization transfer. (1=1/2) EE (16)

The dipolar Hamiltonian which drives the transitions be- =1 |24
tween matched levels can be manipulated experimentally by

tilting the effective field in the rotating frame? If the ef- E .
fective field is tilted from 90° to 45° with respect to the main AE (32)
magnetic fieldH the form of the dipolar interaction changes A (4) =2 A
considerably. In this way the particular quantum number (1=3/2)

changeAm can be established for all transitions. The even
quantum-number transitionsXm|=2,4, ...) aredriven in
the normal rotating frame witl#=90°. If the effective field

is less tilted, the odd quantum-number transitions single CH two CH
(JAm|=1,3,...) areinduced as well. In addition, at : :
=54.7° the secular dipolar interaction is removed. In this
tited frame the level-matching lines are expected to be
broadened by the underlying tunneling linewidths.

—————————
AA (16)
(I=3)

NO
TUNNELING TUNNELING

At low t t i thv h thei d FIG. 1. The torsional ground-state manifolds of a single rotator
owtemperatures the methyl groups have their groun ‘CHj; and of two noninteracting Cy+otators. Due to tunneling, the

state manifold dominated by rotational tunneling. In mOStA-Symmetry state of a single rotator is shifted downward By 2
cases, the tunneling energy splitting can be successfully,m £, and theE symmetry state B2 E?) upward byA. The
modeled by a single-particle Hamiltonian with an effective spjitting 2 is defined as the tunneling splittiigoy . The numbers
potential of threefold symmetf/Due to the coherent tunnel- in brackets next to the symmetry symbol denote the degeneracy of
ing the threefold-degenerate torsional ground state is splihe torsional states. The energy of two Chtates is the sum of
into anA state of sping and a degenerate pair Bf symme- energies of a single C}tate. If the magnetic field is switched on
try states of spirs (E? andEP). The tunneling splittingoy, the Zeeman states split. The multiplicity i$21, see Fig. 5.
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AA andAE states and th&E andEE states are both equal where #!)"™ is the proton dipolar energy within a GH
to Zwt, Fig. 1. group and the spatidll; and the spinV, operators are de-
In this work spectra of strongly hindered methyl groups infined for the point grougC;. To symmetrize the intergroup
four different lattices are shown, which demonstrate that thalipolar Hamiltonian, the symmetries of the two methyl
CHjs groups do not interact. The matrix elements of the di-groups have to be taken into account. It may be written as
polar Hamiltonian are employed to second order. With the
dependence of the spectra on the tilt angle the nature of the inter_ mter M —
population transfer transitions is easily identified. It was Tto Mzz( b 2 ‘55" a0 @
showrf that, assuming that the populations of the matchethereﬁ inter
levels equalize and that spin diffusion among methyl groups: “D
is negligible, the calculated magnetization changes for iso
lated CH groups are in good agreement with the experiment.

is the intergroup proton dipolar energy and

K denotes the complex conjugate &f. The operators
Uge andV,, are writter?*°in the standard form

The calculated magnetization changes in level matchings in- 3 6
volving two noninteracting Cklgroups reproduce the obser- X ¢ :2 2 S:iSe i Xij » (3
vation well. However, the origin of the larger linewidth of ==

level-matching peaks which involve thBE states—this \yhere the transformation matriis defined for a Chigroup
most likely indicates a weak torsion-torsion coupling— and the subscripts and j label the protons of group | and

remains unexplained. group Il, respectively. In evaluating the matrix elements of
Hp, the spin- and space-dependent matrix elements may be
Il. TRANSITION PROBABILITY calculated separately, since the spatial and spin degrees of

) , ) , freedom are separable. Symmetry arguments may be em-
For two noninteracting equivalent GHgroups in a mag-  pjoved to identify which matrix elements do not vanish. The
netic field, the energies of the ground torsional staées) symmetry ofHp which drives transitions between two spin-
with symmetry¢ and magnetic quantum numberareE.,  tgrsional states is selected by the symmetry multiplication
=—-h(hwt+MmMwz), where# is Planck’s constant, and rules: EaPA=E2b gnd EBEP=A.
takes on values-1, 0, and 1 for th¢AA), |AE), and|EE) The|Am|=1 and|Am|=2 level-matching transitions are

states, respectively. The symmetry-adapted eigensétt®s firqt order. The transition rate between the inifig] £2m;)
are products of torsional and Zeeman vectors. They are USed  final  state |§ &2 m) is proportional to
f &t

ally written as|(&&,) T(&&,)“m), where¢, denotes the sym- Tz
metry of groupk. HereT andZ denote torsional states and (& €7my|H:PHD| &l ¢7m;)|2. The selection rules for the
Zeeman states, which are the complex conjugate of eac$ymmetry and the magnetic quantum number &fe &)
other. X &, =X g8, and Img—m;|=0,1,2. In first order,
The dipolar Hamiltoniarf{ is a sum of intragroup and HIO'a and 1" induce, respectively, single-group and two-
mtergroup operatorsHp "+ H3*®. The symmetry-adapted group sSymmetry-conversion transitions. For example,

form® of the intragroup d'DO|af Hamiltonian is consider the transition between the single-group states
2 |AA—3) and|E3EP+3) due to the terms withe=2 in Eq.
. ; ; ; +
Hlntra hw::r;tra 2 (—1)M[U;Mvg+ug;‘v“b+ugg‘vga] (1). These contain spin operators I|l{r{a*lj a_nd connect
u=-2 states whose magnetic quantum numbers differ by 2. Sym-

(1) metry multiplication rules show that matrix elements such as

3
<EaEb+ ‘(u12+su23+s U )(I715 +e* I2I3+8I3I1)AA—§> (4

are rgonlzero. Consequently, when the staimA_— 3) and U,;blEbZ U+ eUt+e* Uid+eUst+e* U+ Usd
|E2E°+ 3) become degenerate at a level-matching resonance
the matrix element4) determines the transition probability +e*Ug+ Uz +eUgd, (6a)

which drives the population equilibration.
We may also investigate the dipolar terms witk-1 and
consider  transitions between two-group states VEaEa—V +s*V +sV +s*V +sV +V
[(E2E?)T(EPEP)2—1) and |(AA)T(AA)2—2). These states
: + : +eViltuae+e*Vig (6b)
are coupled by the spin operatdt?:%j . One of the contrib- 34 TUss 36 -
uting matrix elements is
In this transition the spin and spatial wave functions of group
I and also those of group Il are converted frérto E sym-
) metry. Since two groups are involved in the transition it must
where the torsional and spin operators are, see(3gq. be driven by The transition rate is therefore weaker

((E*E)T(EPEP)?— 1|U ompV pawal (AA) T(AA)Z = 2),
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than the single group transitions by{'®/ w22, This ratio A®)
depends on lattice geometry and could be as small as.10

For the|Am|=3 and|Am|=4 transitions which are for-
bidden in first-order, second-order perturbation theory has to |
be employed. Consider §Am|=3 transition from |a) @) 0
=|(AA)T(AA)?-2) to |B)=|(E*E?)T(EPE)?+1). To — T —> — T —

first order thela) state may be written as | B | | c | ?1 o0°

o+ S (&&)T(&&) M HE™ ) @ o 0, ®
a
050 EamEgg)Tggpzm

X[(&&) T (&&)*m)°, (7 1 Mg

where the superscript 0 indicates the zero-order state and the ®) )
symbol ¢ ¢ O denotes the constraints; i.€,#A, & #A, A M'=Mgcos’e
EF#A, £+ A, andm# — 2. The off-diagonal terms df(3"
add the|(§&)) T(&&)“m) states toa). The transition from
|@) to |B) is now possible. The admixture of, for example, rotation
[(AA)T(AA)?0) to |a) enablesHT® to induce thea) to |B) of M, by 6
transition. Since the admixture is approximately proportional Hig————— H,

to w;g‘ef/wz, second-order transitions are weaker than first- (c)

order transitions by~ (w3®7w;)2, which is typically
<10 2. Therefore, to induce measurable level-matching
transitions, the duration of the level matching has to be H® o Ho
longer by=1(?. Since thela) to |B) transitions are induced M, cos(180°-26)
by H5® at w,= 3wy, the transition rate is smaller than the
first-order single-group transition by FIG. 2. (_a) T_he rf pulse_ sequence used for Zeeman-tunneling
(wgterléw_r)z(wgter/wgtra)2. It can be shown that the third- level matching in the rotating frame. The 0° and 90° refer to the
- - . phases. Th&-degree pulsé and thew/2-pulse comb are on reso-
order |Am|=5 transiton rate is smaller by . _
inter1 . 4, inter, intra 2 o \ nance frequency,, while the pulse® andC of durationr and of
(0p Ts07)(wp 1wp %)%, which is expected ab;= 5w+ . magnitudeH, are off resonance. The time delay between #i2
pulses of the comb was set at 326. (b) The magnetizations aris-
ing when the comb is not applied in the tilted frame experiment.
. EXPERIMENT Mg represents the magnetization at the end of the fBildBecause
of the longT,, the projection oM g onto thez axis,M,, remains
essentially unchanged during the delay time betwBeand C. In

n/2 comb

The ABC rf pulse sequence for the level matching in the

rotating  frame IS Ag+(0) —Boo:(7) - (77/% pulse C?mm" such a situation, thi$/, results in a magnetizatiok!’ already at
— Cooe7, Shown Fig. 2a). The subscripts 0° and 90° refer to o pheginning of the puls€. (c) After the pulseA(6) rotates the
the phase of the pulse. The puls€f) on exact resonance magnetizationM,, it becomes spin locked along the effective field
rotates the high-field equilibrium magnetizatibh, by 6 de- HZ % (which is a vector sum ol and the off fieldhz). How-
grees off thez axis. After the pulseA is turned off, the ever, if the fieldH, is applied along the negative axis only a
frequency of the transmitter is switched from the Larmorsmaller Zeeman polarizatioM ,cos(180%26) is projected along
frequencyw, to a predetermined off-resonance valuén a  the corresponding effective field, ° at the beginning of the pulse
few us, so that the slightly off-resonance puBgwhich is  B.
phase shifted by 90° with respect to the puls®) generates
an effective fieldH, along which the rotated magnetization t(>T,), the x component oMy is phased out while itz
is spin locked. After the pulsB is turned off, the frequency componentM, remains unchanged, since the spin-lattice re-
is switched back taw,. The comb ofm/2 pulses which fol- laxation time is very long. After the pulgg is switched on,
lows is on resonance and the delay betweensti®epulses is  the magnetization component perpendiculaHtodecays to
set at~10T,. The frequency is switched back to the off- zero due to the spin-spin relaxation in the rotating frame. The
resonance value before the puls€ is turned on. The pulse magnetization,M’=Mgcosd, which is the projection of
C generates the same effective fi¢ld as the pulseB. Fi- M, onto the effective fielH., characterizes a Zeeman po-
nally, the frequency is switched again to the resonant valuéarization at the beginning of the pul€a At §=54.7°, for
wg to allow on-resonance detection of the signal followingexampleM’ is equal to~0.33Myg, which is very larggun-
the pulseC. lessMg is small compared tiM ). In this case the tunneling

A comb of 7/2 pulses, applied before the pul€g satu- to Zeeman polarization transfer during the pulsés not as
rates the Zeeman states. The magnetizations during®@  efficient as expected even when a level matching is perfectly
sequence without the comBB-t-C, are shown in Fig. @).  fulfilled. Therefore, removingV, by applying the comb is
Mg represents the magnetization along the tilted effectiveessential for any tilted-frame level-matching experiments.
field H, at the end of the pulsdd. During the delay The Larmor condition was established by setting the pa-
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rameters which result in a null signal following a single rf by ~wq/w, than the tunneling polarization. In such a situ-
pulse. If the effective fieldH., which is large compared to ation, when two or more spin-torsional states with different
the local field in the rotating framil| , is maintained much populations are matched experimentally their populations be-
longer than the spin-spin relaxation time in the rotatingcome equal after a sufficiently long time is allowed for mix-
frameT,, the magnetization becomes paralleHg and the  ing, thereby resulting in a magnetization change.
magnitude is proportional to the off-field=(wy— w)/y, The ground torsional state manifold of two methyl groups
where y is the proton gyromagnetic ratio. This off-field de- in @ progressively larger magnetic field is shown in Fig. 5.
pendence of the magnetization provides a reliable method d$even level-matching resonances are predicted wat
determining the resonance condition precisely. =nor, withn=%¢, %, 3, 3, %, 1, and 2. When the Zeeman

Maximizing the signal following a spin-locking pulse se- splitting during the pulseB satisfies, for example, the;
quence is not sufficient for the phase setup of the pulses = 5w resonance, two level matchings occur: one between
and C in a tilted-frame experiment, in which the pulse |EEO) and|AA—3) (LM1) and another betweefEE+ 1)
rotates the magnetization by 6 degrees as shown in Fig. and [AA—2) (LM2). When the full equilibration of their
2(c). To obtain an effective fielti °* parallel to the rotated Populations is achieved the populations are
magnetizationH, should be along the positiveaxis withh

in the positivez direction. This is indicated ad; %", If H, PLmi(€0)= 5 [8P|eeoy T Plaa—3)] = a3 (1~ 36),

is in the negativex direction, however, the magnetization (109
along the resulting effective fieldH;% will be

Mc0s(180%26), which is much smaller thaM,. There- PLmz(€0) = [4pjee+1)T2Pan-2)]= &, (10D

fore it has to be determined whethidy is in the positivex _ _ _
direction or in the negative direction. The signal following With 6=fiwz/kgTz . Itis assumed that the population trans-
an rf pulse with strengtii,>H, and durationr>T,, was fer is an exponential function of mixing timewith a char-

used to determine the phase. First, the phase of the pulse 3§teristic Zeeman-tunneling coupling time consteg, ,"**
set between 0° and 180° by adjusting it to give a positive

signal whenwy>w and a negative one whan,<w. Next PJ&m)(7) = Pyem)(0) + [P ¢m)(€0) — Plem)(0) ]

the signal following the spin-locking pulse sequence is maxi- X[1—exp(— mlTzr,)], (11)

mized to have théd, along the positivex direction.
where p;;my(0) is the initial population, Eq.(8), and

IV. PROTON MAGNETIZATION CHANGES DUE Pl¢,m)(€0) is the equilibrium populations, respectively. Equa-
TO POPULATION EQUILIBRATION OF MATCHED tion (11) gives the populations of the matched states as a
ZEEMAN-TUNNELING ENERGY LEVELS function of mixing time,
Consider a pair of noninteracting equivalent oups
p 9eq £otoup Peeoy(7e)= & [1- 3 81-0)], (124

in a magnetic fieldHy, in equilibrium with the lattice. The
populations of spin-torsional statédgm), in the high-

temperature approximation, should meet the following con- Plee+1)(78) = &3 (1+6Q), (12b
straints:(i) the total population of the states is unityi,) the
ratio of two adjacent Zeeman level populations is d,, and Plan-3)(78)= & [1— § 8(1+8Q)], (129

(iii ) the ratio of two adjacent tunneling level populations is
1_51', Where 50=ﬁw0/kBT|_, 5-|—=ﬁw-|—/kBT|_, and wqo 1
=yH,. HereT, andkg are the lattice temperature and the Plaa-2)(78) = 52 (1—26Q), (12d

e e oPaton o unereq —exp(- 7/Tsr,) andrs isthe duraton of the pulse
1'néy). As oy is small compared ta,, the third termns; B. The states which are not matched retain their initial popu

is negligible. The population is then lations g|ve2n by Eq(8). Due to the popu_lathn equilibration
at the wy= 5wt resonance, the magnetization reduces from

Plemy =& (1+M8p). @ Moto

The magnetization is calculated from Mg(7g)= 2 (19+5Q)M,. (13

The population has been transferred from the highly popu-

MZ?’h% D 1m) Pymy M, ©)  jated |EEO) and |[EE+1) states, respectively, to the
|AA—3) and|AA—2) states. This implies that a fraction of

whereD |, is the degeneracy of thgm) state. Equations methyl pairs have undergone tB& to AA symmetry con-

(8) and (9) give the initial equilibrium magnetizatioM, version. When a sufficient mixing time is allowed to com-

=3yh 8,. Since the magnetization is conserved during spirplete the population equilibration, the Zeeman polarization

locking the Zeeman temperaturd, is lowered by of %M, will be transferred to the tunneling states.

~ wz/wq, while the tunneling system remains in equiliborium  Before the pulseC is turned on, the Zeeman system is

with the lattice. The Zeeman splitting, in the rotating prepared at an infinite temperature so that when the same

frame is of the same magnitude as. Therefore, immedi- level-matching resonance is reestablished during the pulse

ately after the spin locking the Zeeman polarization is largelC, the polarization transfer runs in the reverse direction. The
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FIG. 3. Spectra at 30 K of dimethyl sulfide obtained without  F|G, 4. Plot of the magnetizatiod ¢ in dimethy! sulfide at 30 K
(empty circleg and with (filled circles a comb ofr/2 pulses. The a5 a function of mixing timer in the rotating frame with§=290°.
observed peaks are labeled by arrows with the underlying matchingach growth pattern dfl ¢ (at a particula,) is labeled with the
resonance. The mixing time and the tilt anglet were 1 ms and  matching resonance at which the Zeeman to tunnépatseB) and
90°, respectively. At the first stage of the polarization transferthe following tunneling to ZeematpulseC) polarization transfers
(pulseB) there is some loss of order to the dipolar reservoir whichpaye peen measured. In pulBeof duration 7 the transfer is pro-
is then destroyed by the/2 pulse comb. During the reverse trans- portional to[ 1— exp(— 7T,7,)] and the same applies in pul€eof
fer (pulseC) some order is again lost to the dipolar reservoir. Thesegyration 7. For this reason the data were fitted Kf1—exp
losses are negligible at large magnetic field, i.e gt wp . (—Tz1,)1% with adjustable parametets and Ty, , see Table .

sa_ltu_ration of spins is equivalent_to averaging th_e p_opulationﬁ the pulsesB and C are both longer thanByy,, Mc is
within a symmetry. The populations at the beginning of thec|cylated to be 5.8% dil,. The magnetization detected in
pulseC are then the experiment is the projection dflc onto thex axis,
M sin 6, which is for §=54.7° only 4.7% ofM,.
Peem(7c=0)=5 [1— % 8(1-Q)], (149

V. RESULTS AND DISCUSSION

1
PlaEm(7c=0)= 64" (140 In the low-field NMR in solids, the energy splittings due
to local dipolar fields are comparable to the Zeeman split-
1 5 ting. The polarization transfer between Zeeman and dipolar
Plaam(7c=0)=5 [1+ 3 8(1-Q)]. (140 systems therefore has to be considered in level matching in

The population of theAA states is now larger than theE

stateppgpulation. This is as expected s?nce the tunneling TABLE |. Listed are the Zeeman-tunneling coupling times
states became polarized during the plB;eThe three popu- QZT" obtained from fitting the functiofl - exp(—/Tz,)]* to the
lations in Eq.(14) show a Boltzmann distribution in the magnetizationd -, in dimethyl sulfide, which evolves as a func-

. ; . . L tion of the mixing timer in the rotating frames witl§=90° and
h|gh-t§mperature_ approximation. Such a distribution of tthith 6=54.7°. Note that the value fy, at w,=2aw- is for the
tunnellng populat|.on'alsc') appears in ?bg:z“’T resonance. CH; in methylmalonic acid. The quoted accuracy is the standard
This Boltzmann distribution is maintained during the pulse jeyiation.
if level matchings occur only between tA&A andEE states.
The populations of thé& A and EE states then decrease and ), 0 Tzr, (M9
increase, respectively, by the same magnitude, whileAtee

states maintain the populationszat=0. In other resonances, 7 @7 90° 2801
e.g.,n=4%, 3, 3, and 1 the tunneling populations at=0 are 54.7° 6.2+0.4
not described by the Boltzmann statistics. Since no spin dif3 ot 90° Not observed
fusion is allowed for in the calculation, the occurrence of the 54.7° 1.6+0.1
Boltzmann distribution of the tunneling populations during 3 w 90° 0.10:0.01
the pulseC in the w,=2wr and w,=2wr resonances is 54.7° 0.21-0.01
solely due to the double-symmetry conversion between thé ., 90° Not observed
AA andEE states. 54.7° 1.9 +0.02
When the level matchings LM1 and LM2 are reintroduced,, 90° 0.45-0.02
during the pulseC with durationr equal torg, the magne- 54.7° 0.310.03
tization growth along the effective field will be 207 90° Not observed
54.7° 3.130.2

Mc(7)= 55 [1—exp(— 7/Tzr,) M. (19



TUNNELING SPECTROSCOPY

EE .
=n Jo, =
AE

=2y lo

AA

a=3)

methylmalomc i

acid j V V

i ™emaa ak

dimethyl
sulfide

propionic
acid

hexane

FIG. 5. At the top is the energy level diagram of two noninter-
acting equivalent Cklgroups with the matching resonanceswst

=neorforn=% % 1 % 2 1 and 2 shown. Vertical dotted lines are

drawn at the observed resonances; 3, , 1 2 1, and 2. Squares
indicate the level matchings at which tA&\-EE transitions occur.
Spectra at 30 K of methylmalonic acid, dimethyl sulfide, propionic
acid, and hexane in the tilted rotating frame wifl+=54.7° are
shown. The mixing times were all 10 ms. Note that thid, axes

for all the spectra are adapted so thataa}l coincide.
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FIG. 6. (& A model spectrum for a pair of noninteracting
equivalent methyl groups. Equal populations of matched energy
levels were assumed. The areas under the peaks were adjusted to
represent the calculated intensities. The line shapes were modeled
to be Gaussian with widths selected to match the observed spec-
trum. (b) The experimental spectrum of methylmalonic acid
(HOOCCHCHCOOH). Both in(a) and (b), the area under the
each peak is normalized with respect to the entire area.

sitions become measurable if mixing times beyond 5 ms are
employed.
The growth of the magnetizatiod - in dimethyl sulfide
is presented as a function of mixing time in Fig. 4. It
was shown in Sec. IV thaM. is proportional to[1
—exp(— ﬂTZTp)]2 which allows determination of the
Zeeman-tunneling polarization transfer raTegT For dim-
ethyl sulfide theTy, values obtained from the magnetiza-
tion growth patterns are listed in Table I.

the rotating frame. Since the dipolar energy levels are polar- The second-order level-matching transitions, for example,

ized during the puls®, the signal following the puls€ (at

low H,) is due to the polarization transfer from the dipolar
system as well as from the tunneling system. To make th
small tunneling peaks observable the dipolar polarization h
to be erased by applying @/2-pulse comb before the pulse
C. The effect of them/2 comb on the level-matching spec-
trum is shown in Fig. 3. Without the comb, the dipolar signal

is of nearly the same amplitude as the strongest tunneling

peak atw;=3wr.

wp
e

a;

the w,=3wr resonance are weaker by
intery 1 T)Z(w'”ler "2 than the first-order transitions at

at

wz= w7 resonance driven b{)". Hence, the ratio of
e two rates is

-1
(TZTp)(l/4)wT

intra\ 2
X ) . (16)

— 1674 2
w

=
(Tz7p) (1207 T

In all the studied materials, the measurement with a mix- inter intra intra
ing time 7 of ~0.1 ms reveals level-matching resonances afvheref=wp~/wp ™. The ratiowp “/wr in d|methyl S“”'qe
w,=wr and atw,=wr, Fig. 3. These transitions are 1S ~0.10, Fig. 3. As the r""t'o-l(ZTp)(1/4)wT/(-I—ZTp)(1/2)wT
driven by the intragroup dipolar interaction in first order. 0.035, Table I, the ratio of the intergroup to the intragroup
This observation manifests the single-particle picture for thedipolar energy,f, equals 0.68 0.06. Since the dipolar en-
rotational tunneling of methyl groups. Since the magnetizaergy is inversely proportional to the cube of the proton-
tion changes are the direct results of the population equiliproton distance, the average distance between two protons
bration, the magnetizations following the puls@sand C belonging to adjacent methyl groups turns out to be 2.0
depend onr strongly. When the mixing time is increased 0.2 A; the intragroup proton-proton distance was taken to
further so that the weaker transitions bring about a measube 1.78 A. Such a small distan¢2.0 A) would be possible
able polarization transfer as well, a second-order peak ainly when two CH groups under consideration belong to
w;= 1w becomes observable. Generally second-order traradjacent CHSCH; molecules.
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In the tilted rotating frame, the dipolar Hamiltonian which the polarization transfer. Therefore the magnetization growth
couples energy states with magnetic quantum numbers div; has to be compared to the fractionMt, which is due to
fering by 1 is proportional to siicosd, while the interaction methyl protons only. In dimethyl sulfide, the published
driving the|Am|= 2 transitions is proportional to it The  result§?indicate that the two methyl groups in a molecule
same argument can be extended to second-order transitiorae in different hindering potentials, havirg of 100 KHz
The |[Am|=4 transition peak ab,= jwt then decreases as and 750 KHz. Thew,=%w; resonance peak, detected at
the effective field is tilted away from the'y plane, while the H.=15.6 G, Fig. 5, demonstrates that two groups involved
|[Am|=3 transition lines atv,;= 3wt andw;= 3wy increase. in the transitions both have /27 =100 KHz. This observa-
Level-matching spectra of methyl groups in four polycrystal-tion is in accord with the small intergroup proton-proton dis-
line materials, recorded in the rotating frame with tance(obtained from theT,r, measurements
=54.7°, are shown in Fig. 5, together with the energy level In conclusion, applying a comb ef/2 pulses between the
diagram of two equivalent noninteracting gigroups. The B andC pulses improves the level matching in a tilted ro-
mixing times were all 10 ms during which the level- tating frame significantly. Tilting the effective field in the
matching peaks brought about by second-order processestating frame makes it possible to identify the change of the
grew substantially. The resonances @=nwy, with n magnetic quantum number during a level-matching transi-
=3, % 3, % 1, and 2 were observed, however, the=tw;  tion. Most spectra of strongly hindered ggroups so far are
resonance peak due to th&m|=5 transitions between the consistent with the existence of a two-equivalent-
|AE+2) and|AA—3) states, has not been observed. Thesaoninteracting-Chtgroup manifold. Among the observed
third-order transitions are too weak to cause a measurabl@sonances the,= o and thew,= 2w+ resonances dem-
polarization transfer even with the mixing time of 100 ms. onstrate that two Cklgroups undergo symmetry conversion

If the |EE) states are split by the presence of methyl-simultaneously. The magnetization changes calculated using
methyl coupling, the resonances involving these states coulthe population equilibration assumption reproduce the obser-
be broader than the resonances occurring bety&@h and  vations well. Furthermore, the magnetization change as a
|AE) states. When the linewidths at, = 3wt and 207 reso-  function of mixing time gives the Zeeman-tunneling cou-
nances are compared with other linewidths, no systematipling time Ty, from which the average intergroup proton-
difference is found, as expected of “noninteracting,” or in- proton distance can be estimated.
deed very weakly interacting methyl groups.
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