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We have studied the dynamics of nano- to picosecond proton transfer processes in the 15N labeled
polycrystalline TTAA molecule (1,8-dihydro-5,7,12,14-tetramethyldibenzo(b,i)-15N4-(1,4,8,11)-

by a combination of 9.12 MHz 15N relaxation timetetraazacyclotetra-deca-4,6,11,13-tetraene) T1
measurements under CPMAS conditions (CP4 cross polarization and MAS 4 magic angle spinning) and by
46 MHz 2H relaxation time measurements of a static sample of polycrystalline doubly deuteratedT1 TTAA-

By an analysis of the temperature dependent isotropic 15N chemical shifts of the four inequivalent 15Nd2 .
atoms in TTAA evidence was obtained for a network of proton transfer steps between two trans-tautomers 1
and 2 and two cis-tautomers 3 and 4 which interconvert by single proton transfers. However, in the
temperature range between 100 and 400 K tautomer 4 is not formed to an observable extent. Only a single
spin di†usion averaged 15N relaxation time for all nitrogen atoms was observed, whereas the two deuteronsT1
in give rise to two di†erent 2H relaxation times. An appropriate 15N and 2H relaxation theoryTTAA-15N4 T1
in the presence of the reaction sequence 1 ¢ 3 ¢ 2 was developed and used to convert the relaxation data into
the rate constants including the H/D isotope e†ects of the two reaction steps. Some 15N relaxation data
obtained for TTAA at natural 15N abundance allowed us to assign a larger barrier to the reaction step 1 ¢ 3
and a smaller barrier to the step 3 ¢ 2 which dominates the longitudinal 15N and 2H relaxation. The
Arrhenius diagram including the kinetic isotope e†ects showed that tunneling is operative at low temperatures.
The results are discussed in comparison to those obtained previously for related intramolecular proton
transfers in porphyrin, porphycene and the related DTAA molecule (1,8-dihydro-6,13-dimethyldibenzo(b,i)-

tetraene).15N4-(1,4,8,11)-tetraazacyclotetra-deca-4,6,11,13-

Introduction

For a number of years, longitudinal 1H and 2H NMR relaxo-
metry has been used to follow the kinetics of fast proton1h6
and deuteron transfer7h10 in organic solids. This is possible
because these processes modulate homonuclear proton
dipolar and deuteron quadrupolar interactions. In the sim-
plest cases, two tautomeric states 1 and 2 need to be con-
sidered, which interconvert by proton or deuteron transfer
rate processes characterized by the rate constants andk12 k21,where the equilibrium constant is given by InK12\ k12/k21.order to extract from the longitudinal relaxation timesk12 T1information about the equilibrium constant K is needed,
besides information about the magnetic interactions modu-
lated by the proton or deuteron transfer. In the case of single
crystal studies the latter as well as K can be extracted by ana-
lyzing the temperature dependent dipolar or quadrupolar
interactions.1,8 In the case of powdered crystals the determi-
nation of equilibrium constants and, therefore, of fromk12 T1measurements is more difficult. An additional difficulty arises,
if more than two tautomeric states are involved in the system.

Therefore, the combination with additional techniques such
as high resolution 15N solid state NMR spectroscopy under
the conditions of cross polarization (CP), magic angle spin-
ning (MAS) and high power proton decoupling is desirable.
Using this method it is possible to determine both equilibrium
and rate constants of proton transfer from and to nitrogen, as

long as this process modulates the isotropic 15N chemical
shifts.11h15 Thus, even kinetic hydrogen/deuterium isotope
e†ects of single and multiple solid state proton transfers could
be followed in a wide temperature range by lineshape analysis
and magnetization transfer experiments in the millisecond to
second timescale.11d,13a A considerable extension of the
method was the proposition to study and analyze longitudinal
15N solid state relaxation caused by the modulation of the
heteronuclear dipolar 1HÈ15N interaction during proton
transfer, in combination with the determination of the equi-
librium constants of proton transfer by analysis of the tem-
perature dependent 15N line positions.15a It was shown that
the relaxation times obtained under MAS conditions are very
close to the isotropic relaxation times for which the connec-
tion between the kinetics and relaxation is straightforward. As
a Ðrst case the method was applied to the tautomerism of
DTAA (dimethyldibenzotetraaza[14]annulene or 1,8-dihydro-
6,13-dimethyldibenzo(b,i)-15N -(1,4,8,11)-tetraazacyclotetra-4deca-4,6,11,13-tetraene) which exhibits a double proton trans-
fer in the solid state according to Fig. 1a.15a In the case of the
tautomerism of DTAA and as found recently also in the case
of porphycene,15c the observation of a 15N minimum madeT1it possible to obtain rate constants of the tautomerism in the
micro- to nanosecond timescale. Extrapolation of the data to
lower temperatures gave a good agreement with the rate con-
stants obtained for DTAA in the millisecond timescale by 15N
CPMAS lineshape analysis.15a
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Fig. 1 The solid state tautomerism of (a) DTAA and (b) TTAA. The
tautomeric states r, s are represented by arabic numbers and the
nuclei I, S of the two intramolecular hydrogen bonds by latin letters.
The equilibrium constants are labeled as whereK
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are the rate constants and the mole fractions. According tok
sr

x
s
, x

rref. 14(d), only states 1, 3 and 2 are populated between 80 and 400 K
to an observable extent.

It is clear that 15N NMR relaxometry is not suitable to
measure rate constants of the corresponding deuteron transfer
because of the much smaller dipolar 2HÈ15N interaction.
Therefore, we explore in this paper the possibility to combine
15N NMR measurements of rate and equilibrium constants of
proton transfer with 2H relaxation measurements. Moreover,
we consider also the more complex process of a stepwise
double proton transfer involving more than two states. As
an example, we study the tautomerism of TTAA (tetra-
methyldibenzotetraaza[14]annulene- or 1,8-dihydro-15N4)5,7,12,14-tetramethyldibenzo(b,i)- -(1,4,8,11)-tetraazacyclo-15N4tetra-deca-4,6,11,13-tetraene). The stepwise tautomerism of
this molecule depicted in Fig. 1b was established by observing
four inequivalent 15N nuclei whose average temperature
dependent proton densities leads to characteristic temperature
dependent signal positions.14 The four tautomers of the
TTAA exhibit di†erent temperature dependent mole-fractions,
however, at low temperatures only form 1 was populated, and
at higher temperatures also forms 2 and 3, to about a similar
extent.14d As a result, the proton tautomerism of poly-
crystalline TTAA molecule can be approximated by an inter-
conversion of three states 1 ¢ 3 ¢ 2, i.e. by a proton transfer
along a triple minimum potential. The changes observed are
so signiÐcant that TTAA is now used as a 15N chemical shift
NMR thermometer.13,14 The degeneracy of the various tauto-
mers is lifted by intermolecular interactions. This tautomerism
makes it very difficult to assign the proton locations by X-ray
di†raction. The crystal structure of TTAA according to
Goedken et al.16 and the geometries of the two intramolecular
hydrogen bonds established in this paper are depicted in Fig.
2.

This paper is organized as follows. In the Theoretical
section we describe the appropriate theory of heteronuclear
dipolar 1HÈ15N and of quadrupolar 2H relaxation in theT1presence of proton and deuteron transfer along a non-

Fig. 2 (a) Chemical structure of TTAA, (b) and (c) crystal structure
of TTAA according to Goedken et al.16 and (d) geometries of the two
intramolecular hydrogen bonds in TTAA. where r, s \ 1 tohd \ h

rs
SI,

4, S \ a, c, d, f and I\ b, e represents the jump angle of the dipolar
15NÈ1H interaction. represents the corresponding jump anglehq\ h

rs
I

of quadrupole interaction experienced by deuteron I. rNN \ 2.675 A� ,
The proton locations are determined as describedrNN{ \ 2.699 A� .

below.

symmetric triple minimum potential following the stratagem
of Latanowicz et al.10 Then the results of the 15N and 2H T1relaxation time measurements on TTAA are reported and
analyzed. Thus, rate constants of the proton and deuteron
transfer are obtained in a wide temperature range. The data
exhibit a non-Arrhenius behavior which is discussed in terms
of a modiÐed Bell tunneling model. This model allows us to
address the question of how the formation of an intramolecu-
lar hydrogen bond inÑuences the proton transfer barrier
which is absent in the case of the thermal and IR-induced
tautomerism of porphyrin which was studied by Moore et
al.17

Theoretical section

Dipolar 15N and 2H relaxation theory of TTAA

The theory of nuclear spin relaxation in the presence of molec-
ular motions, in the liquid or solid state is well
established18h20 and does not need to be repeated here. In this
section, we focus on the e†ects of complex solid state proton
transfers typical for a situation in TTAA according to Fig. 1b
on the 15N relaxation and of the corresponding deuteron
relaxation on the solid state 2H relaxation characteristics. For
a more general formulation of the theory, we label the 15N
atoms a, c, d, f in Fig. 1b as spins S and the moving dipolar
coupled protons b and e as spins I.

As the dipolar interaction represents an interaction between
two spins S and I, it is characterized by the distance vector

between the latter, as depicted in Fig. 2b for proton b. TheR
r
SI

subscript refers to the tautomeric states r, s \ 1 to 4. When a
proton jumps from state r to state s, the distance vector
changes its length and its direction. The change of the direc-
tion is called the ““ jump angle ÏÏ h

rs
SI.

By contrast, the quadrupolar interaction of the deuteron
spins I\ b, e in the tautomeric state r can be described in
terms of the single spin quadrupolar coupling tensor Theqcc

r
I.

largest tensor components of the deuterons b and e in TTAA
are normally aligned parallel to the NÈD distance vector.
When the deuteron jumps, the tensors are rotated by the jump
angles as indicated for deuteron e in Fig. 2d.h

rs
I

The inverse longitudinal relaxation time of S in a single het-
eronuclear IS spin pair created by time-dependent Ñuctuations
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Fig. 3 InÑuence of a tautomeric interconversion 1 ¢ 3 ¢ 2 according
to Fig. 1b on the calculated spin di†usion averaged 15N relaxation
times at 9.12 MHz plotted in a logarithmic scale as a function ofT1the inverse temperature for di†erent barriers indicated at the bottom
for each reaction step. For the choice of the other parameters see text.

of the dipolar interaction is given by1,18h20
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where I and S denote the spin of the two nuclei, and theu
I

u
Sassociated Larmor frequencies, the magnetic Ðeld constant,k0and the Fourier intensities or spectral densities referringJ

m
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to the random Ñuctuations of the motion induced dipolar
hamiltonian.

The spinÈlattice relaxation of a nuclear spin I exhibiting an
electric quadrupole moment is dominated by the motion-
induced modulation of the electric Ðeld gradient at the
nucleus. For the case I\ 1 the resulting inverse spin lattice
relaxation time is given by8

1
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8
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In this case the Fourier intensities refer to the randomJ
m
(u)

Ñuctuations of the quadrupole interaction Hamiltonian.
As the spectral densities depend on the Ñuctuations ofJ

m
(u)

the dipolar or the quadrupolar hamiltonian during the
exchange processes, they depend in the case of a tautomeric
exchange network according to Fig. 1 on the rate constants k

rsof the interconversion between states r and s and on the
changes of the hamiltonians, i.e. in the case of a dipolar het-
eronuclear relaxation on the internuclear vectors and onR

r
SI

the jump angles and in the case of a quadrupolar relax-h
rs
SI

ation on the quadrupole coupling tensors and the associ-qcc
r
I

ated jump angle h
rs
I .

For the case of only two interconverting states the spectral
densities and 15N relaxation times leading to a dipolar relax-
ation mechanism involving 15N and 1H were calculated by
Hoelger et al.15a for a crystalline powder. The spectral den-

sities for the Ñuctuating part of the quadrupolar hamil-Jm(u
I
)

tonian of jumping deuterons between two tautomeric state
and the following deuteron relaxation times were calcu-T1lated by Latanowicz and Reynhardt.10e,f

In the case of TTAA, in principle, exchange between up to
four states has to be considered. However, as mentioned
above, in practice the tautomeric state 4 is not populated
within the margin of error.14d Therefore, we restrict the relax-
ation analysis to the case of three exchanging states. Both the
isotropic dipolar 15NÈ1H relaxation as well as 2H relaxation
are considered. The appropriate expressions for the spectral
densities of dipolar and quadrupolar Hamiltonians areJ

m
(u)

presented in the Appendix.
Once these expressions for the spectral densities in a given

exchange model are known it is possible to express the relax-
ation rate of a spin S caused by a Ñuctuation of the hetero-
nuclear dipolar interaction with spins I in terms of the
equation
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is the magnetic Ðeld constant and S the spin of thek0observed nucleus, here 1/2 for 15N.
In the case of TTAA, represents the number of theN
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In the case of quadrupole relaxation of spin I it follows that
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The correlation times and the geometrical factorsqb , qc X2and are functions of the rate constants of the reactionX3network of Fig. 1b (excluding state 4), q
i
\ f (k12 , k21, k13 ,

and explainedk31k23 , k32) X
i
\ f (k12 , k21, k13 , k31k23 , k32)in detail in Appendix 1.

Before the calculated relaxation times can be compared to
experimental relaxation times it is necessary to take the e†ects
of spin di†usion between nuclei exhibiting di†erent relaxation
times into account.18 Spin di†usion strongly depends on the
homonuclear dipolar interactions between the nuclei of inter-
est. In contrast to the case of abundant 1H spins, the dipolar
interaction between 2H spins is small so that we expect to
measure two di†erent relaxation times of the two deuterons b
and e in TTAA. By contrast, even under MAS conditions spin
di†usion between 15N atoms in multiple-labeled compounds
promoted via the heteronuclear dipolar interactions to 1H is
considerably fast.21 In this case we expect a spin di†usion
averaged 15N relaxation time given by

1

T1
\

1

4

A 1

T1a
]

1

T1c
]

1

T1d
]

1

T1f

B
. (7)

Only in the case of 15N measurements at naturalT1abundanceÈwhich is difficult in view of the small 15N
concentrationÈor at sufficiently low 15N enrichment can the
individual relaxation times be obtained.

Model calculations of dipolar 15N relaxation theory of TTAA

In this section we present in Fig. 3 some numerical calcu-
lations of 15N relaxation times as a function of the inverseT1
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temperature for a model system chosen as close as possible to
the situation in solid TTAA. The heteronuclear dipolar relax-
ation of the four inequivalent N atoms a to d arises from
proton transfer steps between the states 1 ¢ 3 ¢ 2 according
to Figs. 1 and 2.

A computer program was written based on the theory pre-
sented above and in Appendix 1, where the individual relax-
ation times of each 15N atoms a, c, d and e at 9.12 MHz and
the spin di†usion averaged values are calculated, based on the
hydrogen bond geometry of Fig. 2b. All short nitrogen atom
distances to the nearest proton were set to 1.03 and therNH A�
long distances to 1.94 and all dipolar jump angles torNÕÕÕH A� ,
hd \ 13.7¡. Arrhenius laws were assumed to describe the tem-
perature dependence of each reaction step 1¢ 3 and 3 ¢ 2,
where the pre-exponential factors A13 \ A31\ A23 \ A32were all set to the value of 2] 1012 s~1. Di†erent cases A, B,
C and D are considered involving di†erent activation energies
as indicated at the bottom of Fig. 3.

In case A we consider a symmetric energy reaction proÐle.
A single 15N minimum is obtained at low temperatures, asT1indicated at the top of Fig. 3. All relaxation times of the indi-
vidual nitrogen atoms are the same. Let us now consider case
B where state 1 is favoured over states 3 and 2. This implies
that the nitrogen atom a exhibits a higher average proton
density as compared to nitrogen d, and that nitrogen c
exhibits a smaller average proton density than nitrogen f. This
case is realized in TTAA as will be shown below. We assume
that the barrier height of the step 3 ¢ 2 was not changed as
compared to case A. We obtain a single spin di†usion aver-
aged 15N minimum as in case A, but the relaxation times inT1the minimum become longer. Because of the symmetrized
molecular structure the intrinsic relaxation times of the nitro-
gen atoms of a given hydrogen bridge are the same, but di†er-
ent for nitrogen atoms in di†erent hydrogen bridges. The
same is true for cases C and D where we did not change the
thermodynamics of each proton transfer step but only the
barrier heights. The two di†erent barriers lead to two spin
di†usion averaged 15N minima, one at low temperature forT1the step with the smaller barrier, and another at high tem-
peratures for the step involving the larger barrier. In case C
the fast process corresponds to the interconversion 1 ¢ 3
involving the jump of proton e between nitrogens d and f,
whereas the slow process corresponds to the interconversion
3 ¢ 2, where proton b jumps between nitrogen atoms a and c.
Hence, it is clear that at low temperatures the intrinsic relax-
ation times of the nitrogen atoms d and f will be shorter than
those of the nitrogen atoms a and c. In case D the situation is
reversed. If we compare the values in the low-temperatureT1minimum we observe that in case D these values are shorter
as compared to case C because the relaxation active proton
transfer step is energetically more symmetric. The same argu-
ment leads to shorter values in the high temperatureT1minium for case C.

As mentioned above, longitudinal quadrupolar 2H relax-
ation is much shorter than heteronuclear dipolar 15NÈ1H
relaxation, and 2H spin di†usion is normally not relevant.
Therefore, it follows that the two di†erent deuterons b and e
will exhibit di†erent relaxation times. In case C, deuteron e
will relax faster than deuteron b, whereas in case D the con-
trary will be realized. In conclusion, it is desirable to measure
the intrinsic 15N relaxation times in order to elucidate the
relative barrier heights of the two transfer steps.

Experimental section
Polycrystalline (tetramethyldibenzotetra-TTAAÈ15N4aza[14]annulene- was prepared as described previously.14N4)For the 2H NMR measurements the compound was deuter-
ated in the inner proton sites by recrystallizing it three times
from 98%, commercially available from DeuteroCH3OD

GmbH. The measurements of the 2H relaxation times forT1these deuterons were performed on a 7 T Bruker CXP300
spectrometer operating at a Larmor frequency of 46 MHz
equipped with a home built low temperature 2H probe. The
measurements were carried out employing a saturation
recovery pulse sequence follow by a quadrupolar echo
sequence and recording of the echo. The saturation part
involved a string of 90¡ pulses with non-equal spacing to
avoid any undesired echo formations. The sequence was fol-
lowed by Fourier transformation of the echo, allowing the
measurement of separate spectral lines from deuterons as well
as the evaluation of for individual lines in the spectrum.T1The 2H measurements were performed in the temperatureT1range from 90 to 300 K.

The 15N relaxation times of were measuredT1 TTAA-15N4between 128 and 366 K using a Bruker CXP 100 NMR
spectrometer at 2.1 T, corresponding to a Larmor frequency
of 9.12 MHz for 15N under CPMAS conditions. Some experi-
ments were performed at 30.41 MHz at natural 15N abun-
dance. The line positions of the TTAA are highly sensitive to
the temperature.14 The 15N measurements were recordedT1using the usual pulse sequence described by Torchia where no
proton decoupling is applied during the equilibration period
of time.22 In order to suppress artifacts arising from a dis-
torted base line and from acoustic ringing the scheme of Du
Bois Murphy was employed.23 The 90¡ pulse width was 3.6 ls
for 2H and 6 ls for 15N. The spinning frequency of 2 kHz was
sufficient to obtain spectra free of rotational sidebands. For
each 2H-spectrum, between 500 and 1000 scans were accumu-
lated ; for 15N between 24È200 scans were accumulated.

Results

15N CPMAS NMR spectroscopy of TTAA

The 9.12 MHz 15N CPMAS NMR spectra of polycrystalline
have been described in ref. 14. The spectra takenTTAA-15N4between 86 and 405 K are depicted in Fig. 4. As described

previously,14 four lines a to d are observed with strong
temperature-dependent line separations anddac \ daÈdc ddf\

Fig. 4 9.12 MHz 15N CPMAS NMR spectra of 95% 15N enriched
TTAA at 9.12 MHz as a function of temperature ; 6È10 ms cross-
polarization time, 7 kHz spectral width, 2.7 s repetition time, 100
scans on average, 2È2.8 kHz rotation frequency, single nitrogen gas
supply for sample bearing and driving. Adapted from ref. 14(d).
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15N spin-di†usion measurements showed that thisddÈdf .dependence is due to the fact that each TTAA molecule con-
tains four chemically inequivalent nitrogen atoms a, c, d and f
characterized by di†erent temperature-dependent average
proton densities.14 Finally, we note that deuteration of the
inner proton sites does not a†ect at all the line positions indi-
cating absence of equilibrium isotope e†ects on the proton
tautomerism of TTAA.

Thermodynamics of proton transfer in TTAA

The variation of the splittings between the lines mn\ acd
mnand df as a function of temperature were evaluated in a quan-

titative way on the basis of the reaction network shown in Fig.
1b as follows. Due to solid-state e†ects the gas-phase degener-
acies between the tautomeric states 1 and 2 as well as between
3 and 4 are lifted. The single reaction steps in Fig. 1b are
characterized by the equilibrium constants14d

K
rs

\ x
s
/x

r
\ exp([*H

rs
/RT ] *S

rs
/R) (8)

where are the mole fractions of the tautomeric states r andx
rss, T the absolute temperature and R the gas constant. *S

rsand are the molar entropy di†erences and molar enth-*H
rsalpy di†erences of the reaction step r to s. The equilibrium

constants can be obtaind as follows. From the temperature
dependent line separations the average proton densityd

mnratios can be calculated14 from

K
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\ (1[ d
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/D
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where is the intrinsic chemical shift di†erence of theD
mnhydrogen-bonded atoms m and n in obtained atN

m
ÈHÉ É ÉN

nlow temperature, where The proton density ratiosK
mn

B 0.
are given by

Kac \ (x2 ] x4)/(x1 ] x3)\ (K12 ] K14)/(1 ] K13) (10)

and

Kdf\ (x2] x3)/(x1 ] x4)\ (K12] K13)/(1 ] K14) (11)

where

K12\ K13 K32\ K14K42 . (12)

The line positions were analyzed as follows. First, the values
of and were calculated using eqn. (9) and the lowKac Kdftemperature splittings ppm and ppm.Dac \ 143.4 Ddf\ 140.5
Then, a simultaneous non-linear least-squares Ðt of the experi-
mental ln and ln values vs. 1/T was performed, whichKac Kdfallowed the determination of the parameters *H13 \ *E13 ,

and The*S13 , *H32\ *E32 , *S32 *H14\ *E14 , *S14 .
result of this Ðt is shown in Fig. 5 and the parameters
obtained are assembled in Table 1. The temperature depen-
dence of the important reactions 1 ¢ 3 ¢ 2 can also be
expressed as

K13\ k13/k31\ 1.21 exp([560/T ),

K32\ k32/k32\ 1.66 exp([ 34T ),

K14\ k14/k41B 0, 100 K \ T \ 400 K. (13)

This result can be interpreted in terms of the temperature
dependent mole fractions of the various forms, depicted inx

rFig. 6. The most stable form is the trans form 1 in Fig. 1b ; due
to solid-state e†ects the second trans form 2 has a higher
energy than 1. The energy of the cis form 3 has approximately

Table 1 Equilibrium parameters of the TTAA tautomerism accord-
ing to ref. 14(d)a

*H13 \ *E13 *S13 *H32\ *E32 *S32 *H14\ *E14 *S14
4.65 2.25 0.29 4.22 A0 È

a Energies in kJ mol~1, entropies in J K~1 mol~1.

Fig. 5 Logarithmic simultaneous non-linear least-squares Ðt of the
proton density ratios and in the hydrogen bonds abc and defKac Kdfaccording to eqns. (14) and (15) as a function of the inverse tem-
perature from which the equilibrium constants andK13 , K32[ 0

are determined.K32B 0

the same energy as form 2; the cis-tautomer 4 is not populated
to an observable extent. This situation corresponds to the
relative locations of the energy minima at the bottom of Fig.
3, where, however, a distinction between cases C and D is not
yet possible.

Hydrogen bond structure of crystalline TTAA

For the interpretation of the 15N relaxation data in the forth-
coming section we needed information on the proton loca-
tions in the hydrogen bonds of TTAA. Since X-ray
crystallography can not provide these locations
accurately24Èa task which is particularly difficult in the case
of TTAA because of the proton tautomerismÈand since no
neutron structure was available we used the hydrogen bond
structure depicted in Fig. 2d which was derived as follows.

We assumed that hydrogen atoms are located in the molec-
ular plane, and that the short NH distances and the longrNHNH distances are the same for all hydrogen bonds inrNÕ Õ ÕHeach of the four tautomers. First we set which isrNH \ 1.03 A�
within the margin of error identical with the value of 1.04 A�
obtained by dipolar relaxometry and dipolar ND-coupling for
the related DTAA molecule.15a,25 The slightly smaller value
was later justiÐed by least squares Ðt of the relaxation data.
Knowing the short NÈH distance, we made use of the well-
known correlation between and of NHNÈH bondsrNH rHÕÕÕNestablished by neutron di†raction,26 NMR and theoretical
calculations27a

rHÕÕÕN\ r0 [ l ln[1[ expM[(rNH [ r0)/bN], (14)

where and b \ 0.404 Using eqn. (14) wer0 \ 0.99 A� A� .27a
obtained a long NÉ É ÉH distance of 1.94 Taking intoA� .

Fig. 6 Calculated mole fractions of the tautomers 1, 2 and 3 ofx
rpolycrystalline TTAA as a function of the inverse temperature.
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Fig. 7 Temperature dependence of the spin di†usion averaged 15N
relaxation time of polycrystalline TTAA at 9.12 MHz. The solidT1line was calculated according to eqn. (3) using the Ðxed ratios

and derived in eqn. (17) and param-A31/A13\ 1.31 A32/A23\ 1.66
eter Ðt of s~1, kJ mol~1, kJA13\ 1.6] 1012 E23\ 14 E31\ 41
mol~1, and the NH bond length 1.04 (see text). The dashed linesA�
correspond to the intrinsic relaxation times of the nitrogen pairs
Na/Nb and Nc/Nd. The values of the two nitrogen atoms in eachT1pair are identical.

account the crystallographic distance of rNN \ 2.675 A�
between the two nitrogen atoms of a given hydrogen bond
and of between closest nitrogen neighbors inrNN{\ 2.699 A�
di†erent hydrogen bonds,16 we thus derived the proton posi-
tions of Fig. 2d. We obtain pronounced non-linear hydrogen
bonds exhibiting a hydrogen bond angle of a \ 134¡. Now, it
follows that during a proton jump the distance to a given
nitrogen atom changes from 1.03 to 1.94 involving aA� ,
dipolar jump angle of hd \ 13.7¡. For the quadrupolar jump
angle it follows that hd \ 104¡.

Fig. 8 15N CPMAS inversion recovery spectra of TTAA at natural
15N abundance for delay times of 1 ms and 20 s.

15N measurements and analysisT
1

15N experiments at 9.12 MHz were performed onT1 in the temperature range between 128 and 366TTAAÈ15N4K. All signals a, c, d and f of Fig. 4 exhibited a common expo-
nential longitudinal relaxation described by a single relaxation
time averaged by spin di†usion. The values obtained are
assembled in Table 2 and plotted in Fig. 7 in a logarithmic
scale as a function of the inverse temperature. decreasesT1slightly when temperature is decreased, reaching a minimum
near 170 K. A calculation of the slope of ln vs. 1/T leads toT1a suspiciously small activation energy in a large temperature
range less than 14 kJ mol~1 found usually only in the neigh-
borhood of a minimum or for extremely fast proton trans-T1fers at low temperature. For a long time we were puzzled by
this result, until we realized that this feature can easily be
explained in terms of cases C and D in Fig. 3.

In order to distinguish between both cases we tried to
perform 15N experiments on TTAA at natural 15N abun-T1dance. In this case practically only singly 15N labeled TTAA
molecules are observed, where the label is located with equal
probability in the four atomic sites a, c, d and f. A natural
abundance 15N experiment should then lead to the individ-T1ual non-spin di†usion averaged relaxation times. Unfor-
tunately, because of sensitivity problems our attempts to
measure these data at 9.12 MHz were not successful. In addi-
tion, a corresponding experiment at 30.41 MHz was also diffi-
cult. Nevertheless, an outcome of such an experiment is
depicted in Fig. 8, where two spectra are shown, one at a
relaxation delay of 1 ms and the other of 20 s. Although the
signal to noise ratio is poor, we have a good indication that
the outer lines arising from nitrogen atoms a and c exhibit the
shorter relaxation times. As already discussed in the Theoreti-
cal section, this qualitative result indicates that case D is rea-
lized, otherwise the inner nitrogen lines would have the
shorter relaxation time. The analysis in terms of case D leads
in Fig. 7 to the dashed lines for the individual relaxation times
of nitrogen atoms a, c and of d, e, and to the solid line corre-
sponding to the spin di†usion averaged relaxation times cal-
culated from the individual times according to eqn. (3). An
idea to obtain the individual 15N times for each nitrogenT1with a better signal to noise ratio was to measure a 10% 15N-
labeled compound mixed 1 : 1 with unlabeled TTAA, but it
turned out, that even in this sample the spin di†usion is still
present, leading to an average value for all signals. Fig. 9aT1and 9b show the and spin di†usion measurements for bothT1samples at 300 MHz. It is obvious, that spin di†usion is
slower in the case of 14N/15N TTAA than for fully labeled
TTAA, but still much faster than the spin lattice relaxation
time. The parameters used to calculate the lines in Fig. 7 are
assembled in Table 3 and will be discussed in the following.

As in the model calculations of Fig. 3, we assumed Arrhe-
nius laws to describe the temperature dependence of the
rate constants, i.e. andk13\ A13exp([Ea13/RT ) k32\

The equilibrium constants of each reac-A32exp([Ea23/RT ).
tion step were already given in eqn. (13). Furthermore, we set

and varied in the non-linear least squares ÐttingA13 \ A32

Table 2 15N relaxation times for TTAA at 9.12 MHz in the solid state and proton transfer rate constants of the TTAA tautomerism in theT1solid state (* Arrhenius behaviour assumed)

T /K T1/s k23H /s~1 k31H /s~1 T /K T1/s k23H /s~1 k31H /s~1

366 80 1.36] 1010 5.44] 106 222 38 1.43] 109 746.6*
346 86 1.29] 1010 2.57] 106 203 31.5 8.03] 108 84.50*
338 94 1.23] 1010 1.71] 106 190 28 5.16] 108 16.03*
316 89 9.97] 109 7.02] 105 182 22 3.66] 108 5.94*
312 112 9.26] 109 5.01] 105 169 20 2.12] 108 0.45*
291 91 4.44] 109 2.18] 105* 150 28 8.03] 107 0.03*
273 77 3.61] 109 4.29] 104* 140 26 4.36] 107 0.0032*
251 45 2.14] 109 1.03] 104* 128 32 4.04] 107 0.000 24*
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Fig. 9 (a) Spin di†usion (1) and 15N measurement (2) for fully 15N-labelled TTAA after di†erent delay times q. (b) Spin di†usion (1) and 15NT1measurement (2) for 10% 15N-labeled TTAA after di†erent delay times q.T1
routine only and The geometrical parameters wereEa13 Ea32 .
those described in the previous section.

By adapting the short distance to 1.03 we obtain theA� ,
solid line in Fig. 7, which compares very well with the experi-

Fig. 10 Superposed experimental and simulated 2H-NMR spectrum
of at 100 K. For further explanation see text.TTAA-d2

mental data points. At high temperatures the values are both
determined by and leading to the almost horizontalk13 k32 ,
curve. By contast, at low temperatures the relaxation is promi-
nantly determined by the values of We note a substantialk32 .
deviation between the calculated and experimental valuesT1in this temperature region which we ascribe to tunneling.

In order to obtain tunneling model independent rate con-
stants at each temperature we wrote a computer programk32which allowed us to convert each 15N value into a value ofT1As the relaxation data are not inÑuenced much at lowk32 .
temperature by we kept the assumption of an Arrheniusk13type dependence of this quantity. All rate constants obtained
are included in Table 2. Note, however, that the low-
temperature values of are not corrected for tunneling.k13

2H NMR spectroscopy of TTAA

Fig. 10 shows the 2H NMR spectrum of the TTAA recorded
at 100 K. While there are two deuterons b and e present in the
TTAA, only a single signal is visible, exhibiting the typical
Pake pattern. This observation indicates that the two deu-

Table 3 Parameters of the 9.12 MHz 15N analysis of TTAAaT1
rNH/A� rNN/A� rNN{/A� rNÕÕÕH/A� a/¡ hd/¡ Ea23/kJ mol~1 A23/s~1 Ea31/k J mol~1 A31/s~1

1.03 2.675 2.699 1.94 134 13.7 14.0 0.8] 1012 41.0 0.8] 1012

short NH distances in all tautomers, extrapolated from dipolar NMR data of DTTA according to refs. 15(a) and 25. and NÉÉÉNa rNH : rNN rNN{ :distances within and between the two hydrogen bridges according to the X-ray structure of TTAA (see Fig. 2b).16 long NH distancesrNÕÕÕH :
calculated using the hydrogen bond correlation (eqn. (18)) from and a : hydrogen bond angle calculated from and hdrNH rNN . rNH , rNÕÕÕH rNN .
dipolar proton jump angle (Fig. 2b). The other parameters were obtained by non-linear least squares Ðt to the experimental data taking into
account eqn. (11), leading to the solid line in Fig. 7.
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Fig. 11 Results of a 46 MHz deuteron spinÈlattice relaxation time
experiment performed on at 298 K. From a bi-exponentialTTAA-d2Ðtting procedure the values of 31 ms and 5.6 s were obtained forT1deuterons b and e.

values of deuterons b and e in TTAA plotted in aFig. 12 T 1logarithmic scale as a function of the inverse temperature. The Ðt
parameters are listed in Tables 5 and 6.

Table 4 2H relaxation times and deuteron transfer rate constantsT1in solid TTAA

T /K T1b/s T1e/s k32D /s~1 a k13D /s~1a

300 0.031 5.6 3] 109 7.9] 108
278 0.0196 È 1.7] 109 4.7] 108
259 0.0147 È 1.1] 109 2.8] 108
240 0.0109 È 6.3] 108 1.3] 108
220 0.0095 È 4.3] 108 5.7] 107
187 0.0149 È 1.3] 108 2.0] 107
175 0.021 È 8.8] 107 1.2] 107
161 0.035 È 4.9] 107 7.0] 106
150 0.057 È 3.3] 107 4.2] 106
137 0.0123 È 1.8] 107 1.7] 106
128 0.0180 È 1.2] 107 1.1] 106
118 0.3 È 8.3] 106 6.6] 105
100 0.88 È 3.8] 106 2.3] 105
90 1.94 È 1.7] 106 1.1] 105

a Either ork32 k13 .

Fig. 13 Arrhenius diagram of the relaxation active proton and deu-
teron transfer step 3 ¢ 2 of the solid state tautomerism of TTAA. The
solid lines were calculated using a modiÐed Bell tunneling model as
described in the text.

terons exhibit similar quadrupole coupling tensors. A line
shape analysis was performed and the calculated spectrum is
included in Fig. 10, leading to the parameters kHz,q

xx
\ [78

kHz, kHz. The results can also beq
yy

\ [53 q
zz

\ 131
expressed in terms of the quadrupole coupling constant qcc\

kHz for both deuterons, and the asymmetry4/3q
zz

\ 175
parameter is assumed to coin-g \ (q

yy
[ q

xx
)/q

zz
\ 0.19. q

zzcide with the directions of the NÈD bonds as indicated in Fig.
2d.

When the deuterons jump their quadrupole interaction is
modulated which could lead to line shape changes. For TTAA
we were, however, not able to observe any changes in line-
shape in the measured temperature range.

Longitudinal 2H relaxation analysis

In Fig. 11 we have depicted the results of a room temperature
2H saturation relaxation experiment on doubly deuteratedT1TTAA. We observe a bi-exponential dependence of the inte-
grated magnetization M as a function of time t which can be
described in terms of the equation

M \ [M=b(1 [ exp([t/T1b))] M=e(1 [ exp([t/T1e))], (15)

where represents the integrated intensities ofM=b \ M=edeuterons b and e at inÐnite times between saturation pulses
and and the corresponding relaxation times. As theT1b T1etwo relaxation times were very di†erent we use log t as the
abscissa in Fig. 11. We assign the longer relaxation time of 5.6
s to deuteron e and the short time of 31 ms to deuteron b.

Table 5 Parameters of the 46 MHz 2H analysis of TTAAT1
q
zz
/kHz g

zz
hq/¡ Ea23/kJ mol~1 A23/s~1 Ea31/kJ mol~1 A31/s~1

175a 0.19a 104.2b 17.3 1.2] 1012 42 1.2] 1012

a Line shape analysis of Fig. 10. b hq : quadrupolar jump angle according to Fig. 2d. The other parameters were determined as described in the
text, leading to the dashed lines in Fig. 12.
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Further relaxation experiments were performed at lower tem-
peratures, however, only the short time was measured.T1bThe results of the deuterium NMR measurements areT1assembled in Table 4 and are plotted in Fig. 12 in a logarith-
mic way as a function of 1/T . A minimum of is observedT1baround 220 K. Thus, at this temperature the rate constant k23of the jump of deuteron b which modulates its quadrupole
interaction is given approximately by the 2H Larmor fre-
quency of 46 MHz. The calculated curve predicts a second
minimum around 500 K which is experimentally not acces-
sible. The activation energies and pre-exponential factors in
Table 5 were Ðtted to the data in the temperature region
between 300 and 220 K, taking into account eqn. (5), and
keeping the quadrupolar jump angles constant. Note, that we
performed a simultaneous data Ðt both of and whichT1b T1ereproduces well the high temperature data. At low tem-
peratures, we observe again a deviation from the calculated
data which indicates again that the apparent activation energy

decreases due to tunneling.Ea23As in the nitrogen case, in the last step of the analysis we
converted the relaxation times into rate constants of thek32transfer of deuteron b. The results obtained are included in
Table 4. Again, we assumed that at low temperatures the
neglect of the tunnel contribution for does not a†ect sub-k13stantially the results. Finally, we plot in Fig. 13 the rate con-
stants in a logarithmic way as a function of the inversek32temperature. A pronounced non-Arrhenius behavior with a
concave curvature is observed both for the proton and the
deuteron transfer which is indicative of tunneling.

Discussion
We have reported in the previous sections a study of the step-
wise proton transfer in TTAA. Both information about the
thermodynamics and the kinetics of the proton transfer was
obtained. We note that at the highest temperature where the
rate constant could be measured, values are about 1010 s~1
which corresponds to 100 ps. This is surely a signiÐcant
progress as NMR is usually regarded as a slow kinetic tool.

Let us Ðrst discuss the thermodynamic results. The 15N
CPMAS spectra showed four inequivalent nitrogen atoms
which were consistent only with a stepwise reaction network
of Fig. 1b. In the absence of intermolecular interactions, states
1 and 2 as well as states 3 and 4 would be pairwise equivalent,
leading to the same average proton densities of 0.5 on all
nitrogen atoms. However, in the solid state these degeneracies
are lifted by intermolecular interactions, and the two hydro-
gen bonds in solid TTAA become non-equivalent, i.e. one
nitrogen atom of a hydrogen bond exhibits a larger and the
other a smaller average proton density. The nitrogen atom
pair a and c is the one exhibiting the larger di†erence in
proton densities. Unfortunately, we were not able to localize
the two hydrogen bridges in the unit cell. By a careful chemi-

cal shift analysis we showed that state 4 is not formed in the
temperature range covered, that the reaction step 1 ¢ 3 is
quite asymmetric and that the reaction step 3 ¢ 2 is quasi-
symmetric with respect to energy. Thus, we could restrict our
relaxation analyses to the reaction sequence 1¢ 3 ¢ 2. An
appropriate theory both for 15N relaxation from which the
dynamics of the proton transfer was derived and of 2H relax-
ation was formulated in order to convert the longitudinal
relaxation times into rate constants. In Fig. 3 we discussed for
this sequence four di†erent reaction mechanisms where only
cases C and D were in agreement with the thermodynamic
results. By 15N relaxation we were able to distinguish between
both possibilities. In case C the Ðrst asymmetric reaction step
where proton e is transfered exhibits a smaller barrier than the
second step where proton b is transferred. At low tem-
peratures, proton e relaxes then its nitrogen neighbors d and f
via step 1 ¢ 3 more efficiently than proton b and its neighbors
a and c in step 3¢ 2. On the other hand, in case D proton b
moves fast in step 3 ¢ 2, and the relaxation of nitrogen atoms
a and c is more efficient than the relaxation of nitrogen atoms
d and f. Unfortunately, 1H mediated spin di†usion averages
out these relaxation di†erences in the fully 15N labeled TTAA
sample on which most experiments were performed because of
the very good signal to noise ratio the isotopic enrichment
provides. Nevertheless, one experiment was performed on
TTAA at natural 15N abundance where spin di†usion is not
operative. This experiment whose results were reported in Fig.
8 provided good evidence that the outer lines arising from
nitrogen atoms a and c relax faster than the inner lines arising
from nitrogen atoms d and f. Thus, evidence was provided
that case D in Fig. 3 is realized.

By contrast, in the case of 2H relaxation two di†erent relax-
ation times were observed, where the longer time could now
be assigned to deuteron e and the shorter time to deuteron b.
This analysis allowed us now to convert the relaxation data
into rate constants and of the second reaction stepk32H k32D2 ¢ 3 in Fig. 1b, without assuming a particular model for the
dependence of these rate constants on temperature. By con-
trast, the rate constants and could be obtained fromk13H k13Dthe relaxation data only assuming the validity of the Arrhe-
nius law.

The values of and are plotted in the Arrheniusk32H k32Ddiagram of Fig. 12 in a logarithmic way as a function of the
inverse temperature. We observe strong deviations from an
Arrhenius behavior in the sense that the rate constants at
lower temperatures are larger than expected leading to a
concave curvature of the Arrhenius curves. This behavior is
typical for tunneling pathways at low temperatures, as already
pointed out by Bell.28 It also generally leads to anomalous
kinetic H/D-isotope e†ects. In the past we have observed such
phenomena in a number of cases involving single or double11
intramolecular proton transfers11,15a,15c or intermolecular
triple proton transfers.13 Tunneling phenomena have also

Table 6 Parameter of the modiÐed Bell model of the tautomerism of porphyrin, the porphyrin anion, porphycene and TTAAa

kH (250 K) kH/kD (250 K) Ed Em Ed ] Em log A 2a mH mD *m *e

Porphyrin11e 820 24 28.7 22.7 51.4 12.6 0.68 1 2 1.5 1.5
Porphyrin 20 760 106 34.3 10.0 44.3 12.6 0.78 1 2 1.5 1.5

anion11e
Porphycene 1.2] 107 È 25.9 5.9 31.8 12.6 0.64 1 2 1.5 È

stepwise single
H transfer15c

Porphycene 1.2] 107 È 25.9 5.9 31.8 12.6 0.56 2 4 1.5 È
correlated HH
transfer15c

DTAA15a 2.7] 105 È È È 33.5 12.1 È È È È È
TTAA 2.14] 109 3.3 14.2 2.9 17.1 12.4 0.50 1 2 3 3

a Barrier height and minimum energy for tunneling in kJ mol~1, additional barrier energy for the deuteron motion *e in kJ mol~1, barrierEd Em
width 2a in frequency factor A in s~1. Tunneling masses L\ H, D.A� , meffL \ mL] *m,
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been observed in other systems such as the tautomerism of
benzoic acid dimers in the solid state.1h10 Whereas the purely
physical approach consists of formulating an appropriate
relaxation theory in the presence of proton and deuteron tun-
neling we converted our relaxtion data without assuming a
particular tunneling model into rate constants, as mentioned
above. This procedure leaves room in the future for more
sophisticated tunneling models which will then not need to
include the theory of relaxation, but only an appropriate
theory of rate processes.

Here, we will restrict ourselves to rationalize our data in
terms of a simple one-dimensional modiÐed Bell tunneling
model as indicated in Fig. 13. This model has been described
in detail.11 The model contains the following adjustable
parameters : (i) represents the minimum energy for tunnel-Eming to occur ; (ii) is the barrier height for the proton trans-EdHfer at the energy (iii) the D transfer involves the additionalEm ;
barrier energy (iv) 2a is the barrier width of*eD \EdD [EdH ;
the H transfer in at the energy (v) a single frequencyA� Em ;
factor A in s~1 is used for all isotopic reactions, i.e. a possible
mass dependence Bell AH : AD B 1~1@2 : 2~1@2 is assumed to
be negligible within the margin of error ; (vi) the tunneling
masses are assumed to be given by with themeffL \mL ] *m,
Ðxed values mH \ 1, mD \ 2. *m takes into account the possi-
bility of small heavy atom displacements during the tunnel
process.

The solid lines in Fig. 13 were calculated in terms of this
model via a simultaneous non-linear least squares Ðt of both
Arrhenius curves, by freely varying all parameters. The agree-
ment between the experimental and calculated data is satisfac-
tory. The resulting parameter values are listed in Table 6.
Because of the unrealistic simplicity of the one-dimensional
tunneling model one should not attribute too much physical
signiÐcance to these parameters although they seem reason-
able. The barrier width is of the order expected for the hydro-
gen bonds of TTAA. The tunneling masses had to be
substantially increased as compared to the simple proton or
deuteron masses in order to reproduce the experimental
kinetic H/D isotope e†ects. The barrier height is the most rea-
listic parameter as it comes essentially from the high tem-
perature slopes of the Arrhenius curves. In this region, we Ðnd
a somewhat higher e†ective barrier for the deuteron transfer
indicating as usual a loss of zero point energy in the transition
state as predicted by Bell.28

In Table 6 the barrier parameters are compared to those of
related intramolecular proton transfers studied previously in
our group. The most interesting observation is the very small
barrier of proton transfer in TTAA. This barrier is much
smaller than for the related DTAA molecule studied in ref.
15(a), where we had o†ered already a qualitative explanation
for this di†erence. In the case of DTAA the two hydrogen
bonds are thermodynamically coupled in the sense that
proton transfer in one bond favors proton transfer in the
other. This means that in DTAA only the diagonal tautomers
1 and 2 are populated to an observable extent as indicated in
Fig. 1a, and that the vicinal tautomers 3 and 4 represent high-
energy intermediates of the stepwise proton transfer. This
coupling occurs because the two H-chelate units of DTTA are
probably located in a single molecular plane, in contrast to
TTAA where this arrangement is not possible because of steric
interactions between the methyl groups and the aromatic
hydrogen atoms. This di†erence has been discussed already a
long time ago,14,15a supported by the observation of a red
color of DTAA and yellow color of TTAA. In TTAA, the cis-
tautomers are, therefore, drastically reduced in energy as com-
pared to DTAA, leading also to a smaller barrier for the
proton transfer processes.

The smaller proton transfer barrier in TTAA as compared
to the stepwise proton transfer in porphycene15c is less easily
explained, in view of the fact that this molecule contains

stronger hydrogen bonds than TTAA, which is supported by
the Ðnding of an NÈH distance of 1.1 as compared to theA�
1.03 in TTAA. The faster process in TTAA leads already toA�
a 15N minimum at 170 K as compared to a 15NT1 T1minimum for porphycene at 280 K and 9.12 MHz caused by
the moving proton. In ref. 15(c) we were, however, not able to
distinguish whether the double proton transfer observed in
porphycene is stepwise or concerted, which leads to the two
entries in Table 6. As generally concerted quasi-degenerate
double proton transfers imply the weakening or breaking of
two hydrogen-heavy atom bonds instead of one bond, they
exhibit generally higher barriers than quasi-degenerate single
proton transfers. Therefore, the Ðnding of a smaller barrier in
TTAA can be rationalized if we assume a concerted double
proton transfer in porphycene, so that the two cases can no
longer easily be compared.

Conclusions
In conclusion, we have presented 15N and 2H NMR relax-
ation data of TTAA which are dominated by dipolar 15NÈ1H
and quadrupolar 2H relaxation mechanisms caused by ultra-
fast proton and deuteron transfer processes. Thus, we were
able for the Ðrst time to study kinetic H/D isotope e†ects of
an ultrafast intramolecular proton transfer in the nano- to
picosecond time scale by NMR-relaxometry. By a careful
analysis of the isotropic 15N NMR chemical shifts as a func-
tion of temperature we provided evidence for the reaction
scheme of Fig. 1b. The gas phase degeneracy between the two
trans-tautomers 1 and 2 and the two cis-tautomers 3 and 4 is
lifted in the solid state by a combination of intra- and inter-
molecular interactions. An appropriate dipolar and quadru-
polar relaxation theory was developed and used to convert the
relaxation data into rate constants. Thus, evidence was
obtained that the reaction step which inÑuences most the
relaxation corresponds to step 3 ¢ 2. Furthermore, evidence
was obtained that at low temperatures tunneling is the domi-
nant reaction pathway of proton transfer in TTAA. The
kinetic data obtained are analyzed in a preliminary way in
terms of a modiÐed one-dimensional Bell tunneling model, but
may serve in the future for the development of better more
dimensional reaction models.
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Appendix
Firstly, we consider the relaxation of 15N nuclei in TTAA
exhibiting a reaction network depicted in Fig. 1b. We conÐne
the treatment to a three-state case as form 4 cannot be
observed experimentally. In particular, we focus on the case of
an isotropic dipolar 15NÈ1H relaxation mechanism. For both
types of nuclei, the spectral density functions can be calculated
as

Jm(ui) \
P
~=

`=SFm(t)FmR(t ] q)Texp([iu
i
q)dq (16)

where m\ 0, 1 or 2 labels the multiple quantum order.
The quantities of autocorrelation functions SFm(t)FmR(t

] q)T can be found as a sum of nine components :

SFm(t)FmR(t ] q)T \ ;
i

;
f

F
i
m f

f
mRP[ f, i, (t)]P(i) (17)

Here m means the multiple quantum order of correlation func-
tions 0, 1 and 2, i is the initial states 1, 2 and 3 and f the Ðnal
states 1, 2 or 3. After powder averaging the products oF

i
mF

f
mR o
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can be expressed as :

oF
i
mF

f
mR o\ Sm(R)(i)R( f )0.5(3 cos2 H

if
[ 1), (18)

where Sm \ 4/5, 2/15, 8/15 for zero, Ðrst and second order. R(i)
and R( f ) equals the dipolar coupling constant in the initial
and Ðnal state given as

D\ c
I
c
S
+r

SI
~3(t) (19)

for two spin 1/2 nuclei at a distance and is the angler
SI

, H
ifbetween the major axis of the dipolar tensor in the initial and

Ðnal state. P(i) in eqn. (17) stands for the probability of being
in state m at initial time t, the population of each state in
thermal equilibrium given as

P(1)\ (K13] K12] 1)~1 (20)

P(2)\ (K12~1 ]K23] 1)~1 (21)

P(3)\ (K13~1] K23~1 ] 1)~1 (22)

assuming that P(1)] P(2)] P(3)\ 1 and that the system
does not leave the equilibrium during the experiment. For cal-
culation of the probabilities of being in state f at time t ] q
after being in state i at time t the following equation can be
introduced :

1P(1)

P(2)

P(3)

2
\
1a11 a12 a13
a21 a22 a23
a31 a32 a33

21P(1)

P(2)

P(3)

2
(23)

d

dt

using the following simpliÐcations :

a11\([k12[k13), a12\k21 a13\k31,

a21\k12 , a22\([k21[k23), a23\k32 ,

a31\k13 , a32\k23 , a33\([k31[k32).

For the time dependent Ñuctuation between the di†erent
states the following exponential expressions holds :

P[ f, i, (t)]\ ;
i/1

3
C

i
s
f
ji exp(j

i
t) (24)

with i, f\ 1, 2 and 3 as the initial and Ðnal states and j1, j2 ,
and as the eigenvalues of the matrix in eqn. (23). The valuesj3of the value for the Ðrst, second and third eigenvalues

f
(j), s

fare given as :

s1(j)\ 1 (25)

s2(j)\

K k12] k13] j
n

[k12

k31
k32

K

K k21
[k21 [ k23 [ j

n

k31
k32

K , (26)

s3(j)\

K k21
[k21 [ k23 [ j

n

k13] k12] j
n

[k12

K

K k21
[k21[ k23 [ j

n

k31
k32

K , (27)

The prefactors in eqn. (24) can be calculated as
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0

0
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s2(2)
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/W ,
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t t
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(31)

C2(2)\
s1(1)
s1(2)
s1(3)

0

1

0

s3(1)
s3(2)
s3(3)

/W ,

t t

t t

t t

t t

(32)

C2(3)\
s1(1)
s1(2)
s1(3)

s2(1)
s2(2)
s2(3)

0

1

0

/W ,

t t

t t

t t

t t

(33)

C3(1)\
0

0

1

s2(1)
s2(2)
s2(3)

s3(1)
s3(2)
s3(3)

/W ,

t t

t t

t t

t t

(34)

C3(2)\
s1(1)
s1(2)
s1(3)

0

0

1

s3(1)
s3(2)
s3(3)

/W ,

t t

t t

t t

t t

(35)

C3(3)\
s1(1)
s1(2)
s1(3)

s2(1)
s2(2)
s2(3)

0

0

1

/W ,

t t

t t

t t

t t

(36)

with

W \
s1(1)
s1(2)
s1(3)

s2(1)
s2(2)
s2(3)

X3(1)
s3(2)
s3(3)

/W ,

t t

t t

t t

t t

(37)

Putting things together leads to the overall correlation func-
tion for a triple minimum potential :

SFm(t)FmR(t ] q)T \

F1mF1m[C1(1)s1(j1)exp(j1t) ] C2(1)s1(j2)exp)j2t)

] C3(1)s1(j3)exp(j3t)]P(1)] F1mF2m[C1(1)s2(j1)exp(j1t)

] C2(1)s2(j2)exp(j2t) ] C3(1)s2(j3)exp(j3t)]P(1)

] F1mF3m[C1(1)s3(j1)exp(j1t) ] C2(1)s3(j2)exp(j2t)

] C3(1)s3(j3)exp(j3t)]P(1)] F2mF1m[C1(2)s1(j1)exp(j1t)

] C2(2)s1(j2)exp(j2t) ] C3(2)s1(j3)exp(j3t)]P(2)

] F2mF2m[C1(2)s2(j1)exp(j1t) ] C2(2)s2(j2)exp(j2t)

] C3(2)s2(j3)exp(j3t)]P(2)] F2mF3m[C1(2)s3(j1)exp(j1t)

] C2(2)s3(j2)exp(j2t) ] C3(2)s3(j3)exp(j3t)]P(2)

] F3mF1m[C1(3)s1(j1)exp(j1t) ] C2(3)s1(j2)exp(j2t)

] C3(3)s1(j3)exp(j3t)]P(3)] F3mF2m[C1(3)s2(j1)exp(j1t)

] C2(3)s2(j2)exp(j2t) ] C3(3)s2(j3)exp(j3t)]P(3)

] F3mF3m[C1(3)s3(j1)exp(j1t) ] C2(3)s3(j2)exp(j2t)

] C3(3)s3(j3)exp(j3t)]P(3). (38)

or rewritten as

SFm(t)FmR(t ] q)T \

Am exp(j1t) ] Bm exp(j2 t) ] Cm exp(j3 t) (39)
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with

Am \ P(1)(F1mF1mC1(1)s1(j1)

] F1mF2mC1(1)s2(j1)] F1mF3mC1(1)s3(j1))

] P(2)(F2mF1mC1(2)s1(j1)] F2mF2mC1(2)s2(j1)

] F2mF3mC1(2)s3(j1))] P(3)(F3mF1mC1(3)s1(j1)

] F3mF2mC1(3)s2(j1)] F3mF3mC1(3)s3(j1)) (40)

Bm \ P(1)(F1mF1mC1(1)s1(j2)

] F1mF2mC1(1)s2(j2)] F1mF3mC1(1)s3(j2))

] P(2)(F2mF1mC1(2)s1(j2)] F2mF2mC1(2)s2(j2)

] F2mF3mC1(2)s3(j2))] P(3)(F3mF1mC1(3)s1(j2)

] F3mF2mC1(3)s2(j2 ] F3mF3mC1(3)s3(j2)) (41)

Cm \ P(1)(F1mF1mC1(1)s1(j3)

] F1mF2mC1(1)s2(j3)] F1mF3m(C1(1)s3(j3))

] P(2)(F2mF1mC1(2)s1(j3)] F2mF2mC1(2)s2(j3)

] F2mF3mC1(2)s3(j3))] P(3)(F3mF1mC1(3)s1(j3)

] F3mF2mC1(3)s2(j3)] F3mF3mC1(3)s3(j3)) (42)

Because the spectral densities for a triple minimumj1 \ 0,
potential can be expressed by the Fourier transform of the
correlation function :

Jm(u
I
)\ Bm

2qb
1 ] u

I
2qb2

] Cm
2qc

1 ] u
I
2qc2

(43)

introducing the two correlation times

1

qb
\ [ j2 , (44)

1

qc
\ [ j3 (45)

For the isotropic relaxation time of a spin S caused by dipolar
interaction to a moving (during relaxation period non-
radiated) nucleus I, the following master equation was devel-
oped elsewhere1,18h20 (compare eqn. (1) in text)

1

T1S
\ (k0/4p)2S(S ] 1)

] [ 112J(0)(u1 [ u
S
)] 32J(1)(u

S
)] 34J(2)(u

I
] u

S
)] (46)

which can be transformed for our case using eqn. (43) into

1

T1S
\ (k0/4p)2

2

15
S(S ] 1)

N
I

N
S
2

] ;
S

;
I

M[X2 g(qb)] X3 g(qc)]N (47)

where represents the number of spins S (for example 15N)N
Sand the number of spins I belonging to vector partici-N

I
r
SIpating in motion (usually 1H). The prefactors and areX2 X3the sums over Bm and Cm for the di†erent quantum orders

m\ 1, 2, and 3. The functions g(q) are given as

g(q)\
q

1](u
I
[u

S
)2q2

]
3q

1]u
S
2q2

]
6q

1](u
I
]u

S
)2q2

(48)

For easier computation the correlation times can be calcu-
lated according to Latanowicz et al.10 using

qb \ (J ] Q)/2 (49)

qc \ (J [ Q)/2 (50)

with

J \ k13 ] k31] k23 ] k32] k12] k21, (51)

Q\[J2[ 4(k13k32]k23k31]k13k23]k23k12
]k21k31]k21k32]k21k13]k12k31]k12k32)]1@2 (52)

The factors and can be expressed byX2 X3
X2\ C2(1)P(1)G1 ] C2(2)P(2)G2] C2(3)P(3)G3 (53)

X3\ C3(1)P(1)G1 ] C3(2)P(2)G2] C3(3)P(3)G3 , (54)

introducing three geometrical factors and includingG1, G2 G3the geometric dependencies of the dipolar (or quadrupolar, in
the case of 2H) coupling. The factors can be represented by

G1 \ s1(1)R(1)R(1)] 0.5s2(1)R(1)R(2)(3 cos2 h12 [ 1)

]0.5s3(1)R(1)R(3)(3 cos2 h13 [ 1), (55)

G2 \ 0.5s1(2)R(2)(3 cos2 h12[ 1) ] s2(2)R(2)R(2)

] 0.5s3(2)R(2)R(3)(3 cos2 h23[ 1), (56)

G3 \ 0.5s1(3)R(1)R(3)(3 cos2 h13[ 1)

] 0.5s3(3)R(2)R(3)(3 cos2 h23[ 1) ] s2(3)R(3)R(3). (57)

R(1), R(2) and R(3) equal the dipolar coupling constant D of
eqn. (3) at di†erent states 1, 2 and 3, and are theh12 , h13 h23jump angles between the direction of D in the two conÐgu-
rations shown in Fig. 2 as jump angle a. For the case of quad-
rupolar relaxation R(1), R(2) and R(3) equals the quadrupolar
coupling tensor qcc and the jump angle between the twoh

rsmain axes of the quadrupolar coupling tensor.
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