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Proton tunnelling in the hydrogen bonds of two fluorine substituted benzoic acid dimers has been inves-
tigated using field-cycling NMR relaxometry. The close proximity of the 19F nuclei to the hydrogen bond
protons introduces heteronuclear 19F–1H dipolar interactions into the spin–lattice relaxation processes.
This renders the 1H magnetisation–recovery biexponential and introduces multiple spectral density com-
ponents into the relaxation matrix characterised by frequencies that are sums and differences of the 19F
and 1H Larmor frequencies. Using field-cycling NMR pulse sequences that measure the spin–lattice relax-
ation and cross-relaxation rates we demonstrate how some of these multiple spectral density compo-
nents can be separately resolved. This leads to an accurate determination of the correlation times that
characterise the proton tunnelling motion. A broad spectrum of relaxation behaviour is illustrated and
explored in the chosen samples and the investigation is used to explore the theory and practise of
field-cycling NMR relaxometry in cases where heteronuclear interactions are significant.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Proton transfer is important to many chemical and biological
processes including those important to maintaining life. It is also
one of the simplest chemical reactions and since it involves the dis-
placement of an atom with low mass the system is significant to
understanding the role of quantum tunnelling in chemical and bio-
logical kinetics. For example, in the area of enzyme catalysis, isoto-
pic substitution of the hydrogen provides insight into the influence
such quantum effects may have on the kinetics at ambient temper-
ature [1,2].

For fundamental investigations of the proton transfer process,
solid-state NMR is well-suited to characterising the hydrogen
dynamics [3–7]. The role of tunnelling can be a complex one so it
is important to investigate model systems to gain fundamental in-
sight into the proton transfer process as well as to provide a plat-
form for a deeper exploration of the experimental protocols used to
investigate the dynamics. One such model system is the concerted
double proton transfer in the hydrogen bonds of carboxylic acid di-
mers in the solid state [8–13], Fig. 1, where incoherent tunnelling
is shown to dominate at low temperature. Here, NMR relaxometry
has been particularly effective in characterising the dynamics and
when the frequency and magnetic field domain is exploited
through magnetic field-cycling, spin–lattice relaxation time mea-
ll rights reserved.
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surements can provide highly accurate measurements of molecular
correlation times and deep insight into the mechanisms of molec-
ular motion [7,14,15].

For homonuclear spin systems, the magnetic field dependence
of the spin–lattice relaxation rate, T�1

1 ðBÞ, maps out the spectral
density directly, comprising two components, one which samples
the spectral density at the Larmor frequency, xL, and the second
which samples at 2xL [8,16]. For proton transfer in the hydrogen
bond, the spectral density is shown to have Lorentzian form dem-
onstrating that the tunnelling motion of the hydrogen between the
two potential wells that characterise the hydrogen bond is a sto-
chastic process [11]. Accordingly, the correlation time for proton
transfer can be determined with an accuracy better than 5% from
the half-width of the T�1

1 ðBÞ profile. This has provided great insight
into our understanding of proton tunnelling in the hydrogen bond
and the smooth evolution from the regime of pure tunnelling at
low temperature to one of pseudo-classical barrier hopping at high
temperature [9,10,12,13,17–20].

When the samples contain additional magnetic nuclei and can
no longer be characterised as homonuclear, further spin–lattice
relaxation pathways are introduced. These arise from the modula-
tion of heteronuclear interactions between the multiple spins sys-
tems as the hydrogen atoms undergo their proton transfer motion.
The spin–lattice relaxation therefore acquires additional compo-
nents which sample the spectral density at sums and differences
of the Larmor frequencies of the spin systems [21]. This introduces
new challenges into the quantitative interpretation of spin–lattice
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Fig. 1. Double proton transfer interchanging the two tautomers that characterise
the fluoro-substituted benzoic acid dimers. Powder samples of 2,6-difluorobenzoic
acid and 2,3,5,6-tetrafluorobenzoic acid were investigated; the 19F substitution sites
are labelled on the phenyl ring.
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relaxation data and the determination of the proton transfer rates.
In a recent paper we showed how field-cycling measurements of
the cross-relaxation process linking two Zeeman systems can be
used to extract accurate correlation times [22]. In this present pa-
per we undertake a wider exploration of heteronuclear 19F–1H
spin–lattice relaxation including both diagonal and cross-relaxa-
tion components, showing how the multiple spectral density com-
ponents can be resolved from the field-dependence data.

The study has been undertaken on two fluorine substituted
derivatives of benzoic acid dimers which exhibit concerted double
proton transfer (C6H5 � xFxCOOH: x = 2,4). The proton transfer pro-
cess mediates the interchange between the two tautomer configu-
rations of the dimer, Fig. 1. The fluorine atoms are substituted on
the phenyl ring so with 19F nuclei in close proximity to the dynam-
ical 1H nuclei, the investigated materials enable an exploration of a
range of spin–lattice relaxation behaviour arising from heteronu-
clear interactions and the experimental protocols required to ex-
tract accurate data on the 1H dynamics. This provides an
additional motivation for this investigation; to explore and opti-
mise the efficacy of field-cycling NMR relaxometry in cases where
heteronuclear interactions are significant.

2. Theory

2.1. Spin–lattice relaxation

The spin–lattice relaxation equations appropriate to proton
transfer in the hydrogen bond have been described in the litera-
ture. These have been reviewed in [7] so we shall only summarise
the main results here. Consider two nuclear spin systems, labelled I
and S, both with spin ½. In this paper the 1H spins will be assigned
to spins I and the 19F nuclei to spins S. If the equilibrium polarisa-
tions are designated as I0 and S0 then the time evolution of the spin
polarisations, hIzi, hSzi is governed by spin–lattice relaxation within
this manifold of interacting spins as follows [21],

d
dt hIzi
d
dt hSzi

" #
¼ �

qI r
r qS

� � ðhIzi � I0Þ
ðhSzi � S0Þ

� �
ð1Þ

Cross-relaxation between the Zeeman reservoirs of I and S has
relaxation rate r while the diagonal elements qI and qS define
the spin–lattice relaxation rates of each Zeeman reservoir. Efficient
spin diffusion within each reservoir is implicitly assumed in Eq. (1).

The relaxation is dominated by the modulation of the homonu-
clear and heteronuclear dipolar interactions and the elements of

the relaxation matrix R ¼ qI r
r qS

� �
are defined by correlation
functions and spectral density functions given elsewhere [8,21].
Evaluating these for double proton transfer in the hydrogen bond
we obtain for powder samples [7,13,23,24],

qI ¼ CFH
4a

ð1þaÞ2
ðLðxH �xF ; scÞ þ 3LðxH; scÞ þ 6LðxH þxF ; scÞÞ

þCHH
4a

ð1þaÞ2
ðLðxH; scÞ þ 4Lð2xH; scÞÞ

ð2Þ

r ¼ CFH
4a

ð1þ aÞ2
ð�LðxH �xF ; scÞ þ 6LðxH þxF ; scÞÞ ð3Þ

qS ¼ CFH
4a

ð1þ aÞ2
ðLðxF �xH; scÞ þ 3LðxF ; scÞ þ 6LðxF þxH; scÞÞ

ð4Þ

where a ¼ expðA=kBTÞ and A is the energy asymmetry (Gibbs free
energy) of the double well potential that characterises the proton
transfer in the hydrogen bonds. The Lorentzian relaxation line-
shapes, Lðx; scÞ ¼ sc=ð1þx2s2

c Þ arise from the stochastic nature
of the barrier crossing process in both quantum tunnelling (low-
temperature) and pseudo-classical (high-temperature) regimes
[9,11]. CFH and CHH are dipolar constants determined by lattice sums
of heteronuclear 1H–19F and homonuclear 1H interactions, respec-
tively. Since the dipole–dipole interactions dominate, the spin–lat-
tice relaxation is dependent on the orientation of the B-field with
respect to the unit cell axes. The expressions for single crystal sam-
ples have been given in [13], however, it is well established that an
average over all possible orientations of the B-field [7,8] describes
well the spin–lattice relaxation time for a powder sample; explicit
powder average expressions for the dipolar constants in terms of
the molecular geometry and the dipolar contact distances have
been given in [23].

As will become apparent, a significant feature of 1H–19F systems
is the similarity of the respective magnetogyric ratios cH and cF

which means the Larmor frequencies of the two spin systems differ
by only 5.9%.

In general, the coupled differential Eq. (1) have bi-exponential
solutions,

hIzi ¼ I0ðcI
1 expð�R1tÞ þ cI

2 expð�R2tÞÞ þ I0

hSzi ¼ S0ðcS
1 expð�R1tÞ þ cS

2 expð�R2tÞÞ þ S0
ð5Þ

with time-evolution defined by the relaxation rates R1 and R2 which
are eigenvalues of R,

R1;2 ¼
1
2
ððqI þ qSÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðqI � qSÞ

2 þ 4r2

q
Þ ð6Þ

The weighting coefficients cI;S
1;2 depend on the polarisation states

at time t ¼ 0 [24,25]. Although in Eq. (1) it is the spin polarisations
that equilibrate, experimentally measurements are made of the
nuclear magnetisations which are proportional to the polarisations.

2.2. Double proton transfer

Adapting the theory of Skinner and Trommsdorff [17] we may
write the temperature dependence of the inverse correlation time
for double proton transfer as [11,26],

s�1
c ¼ k0 coth

A
2kBT

� �
þ s�1

exc exp
�DEexc

kBT

� �
þ s�1

0 exp
�DEact

kBT

� �
ð7Þ

Here, the first term on the right hand side describes phonon as-
sisted tunnelling in the ground state with tunnelling rate k0. The
third term is an Arrhenius law describing pseudo-classical barrier
hopping with activation energy DEact and attempt frequency s�1

0 .
The second term defines the contribution made to the proton
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transfer rate by through barrier tunnelling via an excited state that
has energy approximately DEexc above the ground state; this path-
way has an effective tunnelling rate s�1

exc . The model is discussed in
more detail in Refs. [11,12,17,19,26].
b

Fig. 2. Field-cycling NMR pulse sequences for measurement of spin–lattice
relaxation in heteronuclear systems: (a) a saturation–recovery pulse sequence
where the initial state of the system is prepared as hIzit¼0 ¼ 0, hSzit¼0 ¼ 0; (b) a
cross-relaxation pulse sequence where the initial state of the system is prepared as
hIzit¼0 ¼ IðBr Þ

0 , hSzit¼0 ¼ 0. Measurements of the 1H magnetisation are made using a
p=2 -pulse.
3. Experimental details

Two fluorine substituted carboxylic acid samples were obtained
from Aldrich and their spin–lattice relaxation properties investi-
gated in the powdered state. The molecular structures of 2,6-diflu-
orobenzoic acid (C6H3F2COOH) and 2,3,5,6-tetrafluorobenzoic acid
(C6HF4COOH) are illustrated in Fig. 1 along with the labelling
scheme for fluorine substitution on the phenyl ring. These benzoic
acid derivatives form dimers connected by a pair of bridging
hydrogen bonds. The two particular samples were chosen to exhi-
bit a range of relaxation behaviour which we shall later refer to as
‘diagonal’ and ‘cross-relaxation’, thereby facilitating a full explora-
tion of field-cycling NMR relaxometry in the context of heteronu-
clear interactions.

The 1H spin–lattice relaxation was investigated as a function of
magnetic field and temperature using the Nottingham field-cycling
NMR spectrometer and experimental procedures described in the
literature [7,27]. Two field-cycling NMR pulse sequences were em-
ployed, illustrated in Fig. 2. One is a field-cycling adaptation of a
saturation–recovery sequence, Fig. 2a. This was used to record
the magnetisation–recovery curves from which the relaxation
rates R1 and R2 were extracted by fitting to Eq. (5). In order that
a systematic sequence of data is obtained, when making measure-
ments of 1H magnetisation–recovery it is essential for the initial
state of the 19F Zeeman reservoir to be the same at the beginning
of each recovery period. This can be achieved by either saturating
the 19F spins or by preparing the 19F polarisation to be at equilib-
rium. In field-cycling sequences it was usually more time efficient
to saturate the 19F spins as in Fig. 2a. The resonant frequency of the
NMR spectrometer was 36.35 MHz so that measurements of the 1H
magnetisation were recorded at the field B ¼ 0:853T .

1H–19F cross–relaxation was measured using the sequence
shown in Fig. 2b. The procedures are discussed in Ref. [22]; follow-
ing polarisation of the 1H spins, the 19F spins are saturated and the
subsequent evolution of the 1H spins is monitored as a function of
time as energy flows between the two Zeeman reservoirs. The
polarisation period, spol, and polarisation field, Bpol, are chosen so
that the initial 1H polarisation is equal to its equilibrium polarisa-
tion at the recovery field Br .

The measurements were conducted in the solid state where di-
pole–dipole interactions dominate the NMR lineshape. Therefore, a
single broad line with half-width of order 25 kHz is observed in the
1H NMR spectrum; this masks any differences in chemical shift
that characterise the different protons. Due to the strong dipolar
coupling, spin diffusion is efficient within the 1H and 19F Zeeman
systems so that each nuclear species is characterised by a single
temperature.

For all spin–lattice relaxation sequences the magnetisation–
recovery curves were sampled using equal steps in the logarithm
of recovery time, sr . To accurately extract two relaxation rates from
fits to bi-exponential data it was necessary to record 30–40 data
points for each curve.
4. Experimental results

For the purposes of presenting the results we shall classify the
behaviour according to whether cross relaxation is significant or
not. If significant, then the polarisation–recovery is observed to
be bi-exponential and disturbing the spin state of one group of
spins, for example by r.f. irradiation of 19F, leads to a measurable
perturbation of the polarisation state of the second spin system,
in this case 1H. If there is no significant cross-relaxation then the
relaxation is dominated by the diagonal terms in Eq. (1) and a sin-
gle exponential function fits well to the observed polarisation–
recovery.

4.1. Diagonal relaxation behaviour

4.1.1. 2,6-Difluorobenzoic acid (2,6-DFBA)
At all temperatures the 1H magnetisation–recovery curves were

observed to be single exponential functions within experimental
uncertainties. The temperature dependence of the 1H spin–lattice
relaxation rate, T�1

1 , recorded at Br ¼ 0:853T is plotted as a function
of inverse temperature in Fig. 3. In this fixed field mode where no
field-cycling was involved, the 19F spins were prepared at equilib-
rium. The curve has a shape characteristic of many carboxylic acid
dimers. There is a maximum in T�1

1 at approximately 90 K and the
curve has a smaller gradient on the low temperature side of the
relaxation rate maximum compared with that at high temperature.
As with similar systems, the slope on the high temperature side is



Fig. 3. The 1H spin–lattice relaxation rate T�1
1 in 2,6-DFBA as a function of inverse

temperature. The solid line is the fit assuming the correlation rate has the analytical
form given in Eq. (7) where tunnelling dominates at low temperature; see text for
details.
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determined by the Arrhenius law governing pseudo-classical bar-
rier hopping whereas at low temperature the correlation time is
temperature independent and the slope is determined by the
Boltzmann factor, 4a=ð1þ aÞ2, (Eq. (2)) arising from the energy
asymmetry of the double well potential.

The magnetic field dependence of the 1H spin–lattice relaxation
rate has been plotted in Fig. 4 for 8 temperatures in the range
30 6 T 6 115K. The data have been reflected in the B ¼ 0 axis to
accentuate the Lorentzian character of the spectral density compo-
nents. Since the magnetisation–recovery curves are single expo-
nential we can infer that the off-diagonal elements of the
relaxation matrix are small compared with the diagonal elements.
The corollary is that the homonuclear spectral density terms dom-
inate over the heteronuclear ones, CHH > CFH . To examine the valid-
ity of this approximation the function
Fig. 4. The magnetic field dependence of the 1H spin–lattice relaxation rate
measured in 2,6-DFBA at a variety of temperatures. The normalised function
T�1

1 =KHH is plotted. The curves for each temperature are successively offset by
1:5� 108s. The solid lines are the fits with Eq. (8) assuming the homonuclear
spectral density functions dominate. The inverse correlation times, s�1

c , for proton
transfer are determined from the widths of the Lorentzian lineshapes.
T�1
1 ¼ KHHðLðxH; scÞ þ 4Lð2xH; scÞÞ ð8Þ

which is the homonuclear part of qI in Eq. (2), has been fitted to the
data in Fig. 4. The amplitude

KHH ¼ CHH
4a

ð1þ aÞ2
ð9Þ

incorporates the dipolar constant and the Boltzmann factor. These
provide a direct plot of the spectral density functions, Eq. (2). For
presentational purposes and to normalise the effects of temperature
on the spectral density amplitude, the function T�1

1 =KHH has been
plotted in Fig. 4. Fits to the data with Eq. (8) are shown in Fig. 4 with
solid lines and represent the data very well. In Fig. 5 the tempera-
ture dependence of the fitted values of KHH are plotted together
with the best fit using Eq. (9); the best fit parameters are
CHH ¼ ð2:2� 0:2Þ � 108s�2, A=kB ¼ 224� 4K . The latter is the free
enthalpy and any entropy contributions are not significant within
experimental error (�0.05 J mol�1 K�1).

The best fit values of the inverse correlation time, s�1
c , are plot-

ted in Fig. 6 (closed symbols); these data display the behaviour
characteristic of tunnelling, namely the tendency for s�1

c to become
temperature independent in the limit of low temperature.

4.2. Cross-relaxation behaviour

4.2.1. 2,3,5,6-Tetrafluorobenzoic acid (2,3,5,6-TFBA)
The inverse temperature dependence of the 1H spin–lattice

relaxation is presented in Fig. 7. The data were recorded at con-
stant magnetic field Br ¼ 0:853 T (xH ¼ 36:35 MHz) using a satura-
tion–recovery pulse sequence. The 1H polarisation–recovery was
bi-exponential for temperatures below approximately 100 K and
the spin–lattice relaxation rates, R1; R2, are plotted. The ratio of
the two rates was typically a factor of order ten for temperatures
below 30 K. The bi-exponential behaviour is attributed to the pres-
ence of cross-relaxation pathways linking the 19F and 1H Zeeman
systems.

The data exhibit a relaxation rate maximum at approximately
100 K with a secondary shoulder at approximately 35 K. Consider-
ing the spectral density functions Eqs. (2)–(4), the high tempera-
ture maximum can be attributed to a peak in relaxivity where
xHsc � 1 whereas the shoulder corresponds to a correlation time
where ðxH �xFÞsc � 1. The latter is significantly offset in temper-
Fig. 5. The inverse temperature dependence of the amplitude of the spectral
density in 2,6-DFBA, Eq. (9) determined from fits to the data in Fig. 4. The solid line
is the fit from which the energy asymmetry is determined, A=kB ¼ 224� 4K.



Fig. 6. The inverse correlation time s�1
c in 2,6-DFBA as a function of inverse

temperature. Closed data points; determined from the fits to the spectral density
data in Fig. 4. Open data points determined from inversion of Eq. (8) using the data
in Fig. 3. Solid line; fit with Eq. (7).
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ature from the former because the 1H and 19F Larmor frequencies
are so similar, rendering the difference frequency ðxH �xFÞ much
smaller than xH .

As for samples exhibiting diagonal relaxation behaviour, the
low temperature gradient of the logðR1; R2Þ vs. 1=T plot provides
a preliminary estimate of the energy asymmetry; the best fit value
is found to be A=kB ¼ 80� 3K.

Further insight into the proton transfer dynamics and the relax-
ation behaviour was sought by recording the magnetic field depen-
dence through field-cycling. In reference [22] we have shown how
the correlation time for proton transfer may be measured directly
from the magnetic field dependence of the cross relaxation rate, r.
The latter was measured in 2,3,5,6-TFBA at a variety of magnetic
field values using the cross-relaxation pulse sequence Fig 2b where
the initial polarisation states of the two spin species are
Fig. 7. The bi-exponential spin–lattice relaxation rates R1 and R2 in 2,3,5,6-TFBA
recorded as a function of inverse temperature. The solid lines are the fit assuming
the correlation rate has the analytical form given in Eq. (7) where tunnelling
dominates at low temperature; see text for details.
hIzit¼0 ¼ IðBr Þ
0 , hSzit¼0 ¼ 0. In Fig. 8 a comparison is made between

the 1H magnetisation–recovery curves recorded using the cross-
relaxation pulse sequence and the saturation–recovery pulse se-
quence; the data were recorded at B ¼ 0:75T and T ¼ 18K . For
the cross-relaxation experiment, the 19F spins are saturated at time
t ¼ 0 and the 1H spins, which begin with equilibrium populations,
relax with rate R2 as they respond to the change in the 19F polari-
sation. This leads to a decline of approximately 40% in the 1H polar-
isation before the 1H spins begin to relax back towards equilibrium
with rate R1. In the cross-relaxation sequence the recovery of hIzi is
governed by Eq. (5) with coefficients [22]

cI
1 ¼

r
R2 � R1

� �
cF

cH
; cI

2 ¼ �cI
1 ð10Þ

The magnetisation–recovery observed with the saturation–
recovery pulse sequence at the same temperature and field is also
characterised by Eq. (5) with the same two relaxation times,
R�1

1 ¼ 247� 3s and R�1
2 ¼ 19:1� 0:8s but different coefficients cI

i

which in this case have the same sign.
Using the procedures described in [22] the magnetic field

dependence of the off-diagonal element of the relaxation matrix,
rðBÞ, was determined from experiments using the cross-relaxation
pulse sequence at T ¼ 18K . The results are presented in Fig. 9.
According to Eq. (3), the magnetic field-dependence of r is deter-
mined by the spectral density components LðxH �xFÞ and
LðxH þxFÞ which contribute with amplitude ratios �1 and 6,
respectively. Therefore, the function determining rðBÞ is well-de-
fined and by fitting Eq. (3) to the data in Fig. 9, the inverse corre-
lation time has been determined;

s�1
c ð18KÞ ¼ ð9:8� 0:1Þ � 106s�1

In Fig. 9 the best-fit is shown with a solid line. rðBÞ exhibits a min-
imum at the field Br ’ 0:2T and in the measured range the behav-
iour is dominated by the spectral density component LðxH �xFÞ,
meaning rðBÞ is negative, Eq. (3). This situation arises for the
1H–19F system because the Larmor frequencies of the two nuclei
differ by only 5.9% so that LðxH �xFÞ, when plotted as a function
of magnetic field, appears as a broad negative component while
LðxH þxFÞ contributes to rðBÞ as a very much narrower, positive
component [22,23].The magnetic field dependence of the spin–lat-
tice relaxation rates R1 and R2 at 18 K were also recorded using
the saturation–recovery pulse sequence; these were measured in
Fig. 8. 1H magnetisation–recovery curves in 2,3,5,6-TFBA recorded at Br ¼ 0:75T ,
T ¼ 18K. Closed squares: using cross-relaxation pulse sequence Fig. 2b. Open
circles: using the saturation–recovery pulse sequence Fig. 2a. Solid lines: fits with
the bi-exponential function Eq. (5).



Fig. 9. The magnetic field dependence of the cross-relaxation rate r measured at
T ¼ 18K in 2,3,5,6-TFBA. The solid line is the fit with the spectral density functions
defined in Eq. (3) leading to s�1

c ð18KÞ ¼ ð9:8� 0:1Þ � 106s�1. In the field region
studied the behaviour is dominated by the spectral density component
LðxH �xF ; scÞ which is negative and appears very much broader than the positive
component LðxH þxF ; scÞ that dominates at very low field.
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the magnetic field range 0:02 6 Br 6 1:4T and are presented in
Fig. 10. As roots of a quadratic equation involving the various spec-
tral density functions, Eq. (6), the field dependence of the rates R1

and R2 is relatively complex and cannot easily be written as an ana-
lytical function, particularly as the dipolar constants CFH and CHH are
not known a priori. We shall return to an analysis of Fig. 10 in the
discussion.
5. Discussion

5.1. 2,6-Difluorobenzoic acid

Given the 1H spin–lattice relaxation time agrees well with Eq.
(8) and accurate values of CHH and A have been determined, values
of s�1

c as a function of temperature have been determined from the
fixed field T�1

1 data in Fig. 3 by inversion using Eq. (8). These have
Fig. 10. The magnetic field dependence of the bi-exponential spin–lattice relaxa-
tion rates R1 and R2 in 2,3,5,6-TFBA recorded at T ¼ 18K. The solid lines are
simultaneous fits to R1 and R2 using Eqs. (2), (3), (4), and (6) leading to
s�1

c ð18KÞ ¼ ð9:8� 0:1Þ � 106s�1. The broader spectral density component arises
from LðxH �xF ; scÞ while the narrower component derives from the other spectral
density terms defined in Eqs. (2)–(4).
been plotted with open symbols in Fig. 6. In the overlap region,
good agreement is obtained with the values measured from the
magnetic field dependent, spectral density plots.

The temperature dependence of the correlation rate s�1
c exhibits

the characteristic features of double proton transfer in carboxylic
acid dimers: at low temperature s�1

c is independent of tempera-
ture, indicating the motion is dominated by phonon assisted tun-
nelling in the ground state; at elevated temperatures additional
through barrier tunnelling pathways become available as higher
states become populated and in a high temperature limit the
behaviour can be written as an Arrhenius law. At all temperatures
the motion is stochastic mediated by various barrier penetration
pathways. At the highest observed temperatures where the behav-
iour is Arrhenius the proton transfer motion may be described as
‘pseudo-classical’ [7]; this is characterised by an apparent activa-
tion energy that is determined by a Boltzmann average of popu-
lated well-states. However, it is known that the barrier height is
much larger than this so that a formal description of classical mo-
tion characterised by over-barrier hopping is not significant even
at ambient temperature (300 K) [7,12,17,19,28]. Using Eq. (7) the
best fit to the data in Fig. 6 is determined as follows,

s�1
c ð1=TÞ ¼ 1:9� 108 cothð224=2kBTÞ þ 1� 109

� expð�200=kBTÞ þ 1� 1012 expð�730=kBTÞ ð11Þ

Substituting Eq. (11) in Eq. (8) with CHH ¼ ð2:2� 0:2Þ � 108s�2

and A=kB ¼ 224� 4K the modelled temperature dependence of
the spin–lattice relaxation rate T�1

1 ð1=TÞ is obtained and is shown
with a solid line in Fig. 3. The modelled behaviour of T�1

1 ð1=TÞ
and s�1

c ð1=TÞ gives good agreement with experimental data; the
T�1

1 ð1=TÞ simulation is good to within approx 5%, corresponding
to the uncertainty in the dipolar constant CHH. The approximation
implied in the use of Eq. (8), namely CHH > CFH , appears to be
justified.

5.2. 2,3,5,6-Tetrafluorobenzoic acid

The cross-relaxation experiment provides a very effective tech-
nique for accurately measuring the inverse correlation time for
proton transfer. However, as was noted earlier, by contrast with
2,6-DFBA which exhibits diagonal relaxation behaviour, to extract
s�1

c from the plot of R1 and R2, Fig. 10, is much more problematic. A
numerical procedure was developed using the least squares fitting
algorithm ‘lsqnonlin’ that is incorporated in the MATLAB software
package [29]. The values of R1 and R2 are determined by Eqs. (2),
(3), (4), and (6) which are governed by the parameters CHH , CFH ,
sc and A. Good values of the correlation rate and the energy asym-
metry are known from experiment, s�1

c ð18KÞ ¼ ð9:8� 0:1Þ � 106s�1

(Fig. 9) and A=kB ¼ 80� 3K (Fig. 7). Therefore CHH and CFH were
treated as fitting parameters in a non-linear fitting procedure to
the data in Fig. 10 where Eqs. (2), (3), (4), and (6) were fitted to
two sets of data, R1ðBÞ and R2ðBÞ, simultaneously. The following
best fit parameters were obtained;

CFH ¼ ð1:1� 0:2Þ � 107s�2; CHH ¼ ð4:1� 0:8Þ � 108s�2

The best fits are shown as solid lines in Fig. 10 which show good
correspondence with the data. Visual inspection identifies broad
and narrow spectral density components; the former is evidently
associated with the spectral density component LðxH �xFÞ while
the narrow component relates to a superposition of LðxH þxFÞ,
LðxHÞ and Lð2xHÞ.

The temperature dependence of the bi-exponential spin–lattice
relaxation rates R1 and R2 has been modelled using a reduced form
of Eq. (7) for s�1

c ð1=TÞwhich omits the intermediate term involving
a particular excited state. At 18 K the temperature is sufficiently
low that the proton transfer rate is in the ‘plateau’ region and
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the earlier measurement provides a good estimate of the ground
state tunnelling rate, k0 ’ s�1

c ð18KÞ ¼ ð9:8� 0:1Þ � 106s�1. The va-
lue of the energy asymmetry A=kB ¼ 80K is also known from exper-
iment so that only values of s�1

0 and DEact are required in Eq. (7) to
provide a model for the proton transfer rate as a function of tem-
perature as the motion evolves between quantum and pseudo-
classical regimes. Assuming the intermediate term in Eq. (7) is neg-
ligible (s�1

exc ¼ 0), s�1
c ð1=TÞ has been modelled to provide R1ð1=TÞ

and R2ð1=TÞ from Eqs. (2), (3), (4), and (6). The values of the Arrhe-
nius rate parameters were chosen to be equal to the values deter-
mined for benzoic acid (s�1

0 ¼ 5� 1011s�1, DEact ¼ 600K [7,11,26])
and the modelled behaviour is shown with solid lines in Fig. 7.
No parameters have been adjusted in this analysis but the mod-
elled behaviour represents the main features of the experimental
data qualitatively well: the slope at low temperature, the position
and depth of the high temperature minimum, the appearance of
the low temperature shoulder, the ratio R1=R2 and the temperature
above which the relaxation behaviour becomes mono-exponential.
In detail there are some deviations between the modelled behav-
iour and experiment in the temperature region where the system
is undergoing the transition from bi-exponential to mono-expo-
nential behaviour. However, this is also the region where the inter-
mediate term in the proton transfer rate, Eq. (7), would have
greatest effect. Therefore, the models for heteronuclear spin–lat-
tice relaxation and proton transfer dynamics provide generally
good agreement with experimental observations.
6. Concluding remarks

For the earliest days of magnetic resonance, fixed-field NMR
relaxation experiments have successfully been employed to inves-
tigate molecular dynamics. However, the interpretation of fixed-
field data requires detailed theoretical models for the dynamics
which is necessarily a source of systematic uncertainty, particu-
larly where quantum mechanical effects are present. With the ad-
vent of field-cycling NMR it has become possible to directly map
out the spectral density so that, for homonuclear systems at least,
a (dynamical) model-free interpretation of the data provides accu-
rate values of the correlation times and magnetic coupling con-
stants. For heteronuclear spin systems, additional spectral
density components are present. These are characterised by the
same correlation times but appear with different widths when
plotted as a function of B-field [23]. This introduces some complex-
ity into the analysis of heteronuclear spin–lattice relaxation data
but in this paper we have explored the variety of ways the multiple
spectral density components can manifest themselves and some
experimental protocols that can be used to resolve them. In so
doing we have shown it is still possible to extract the molecular
dynamical rates without imposing a theoretical model for the
dynamics on the analysis so long as the B-field dimension is fully
exploited.

In this investigation the two samples have been chosen to pro-
vide exemplars of a broad spectrum of heteronuclear relaxation
behaviour. One important characteristic of a 19F–1H system is the
similarity between the Larmor frequencies of the two spin species;
the outcome is that the spectral density component LðxH �xFÞ ap-
pears as much the broadest constituent in a plot of relaxation rate
versus magnetic field. By contrast, the component LðxH þxFÞ is
much less conspicuous in saturation–recovery experiments since
in practise it is indistinguishable from Lð2xHÞ.

In the case of 2,3-DFBA the relaxation was observed to be single
exponential within experimental error and a satisfactory analysis
was obtained by assuming the relaxation was dominated by the
1H homonuclear contributions to qI; this facilitated an effective
determination of the molecular dynamics. However, it is undoubt-
edly the case that the 19F–1H interactions do contribute to the
experimentally observed dipolar constant. In this example, which
seems to be common to some other heteronuclear systems
[13,23], the magnitude of r is insufficient to incur observable bi-
exponential relaxation behaviour. Nevertheless, the term in CFH

does makes a finite contribution to qI but it is evident from Eq.
(2) that since the dominant heteronuclear spectral density terms
are LðxHÞ and LðxH þxFÞ � Lð2xHÞ these cannot be separately
identified from the homonuclear terms. Furthermore, in this limit
the term LðxH �xFÞ cannot be separately identified from the T�1

1

vs. B profile within experimental error. There is therefore, a small
systematic uncertainty in the measured correlation rate values
but given the dominance of the homonuclear terms and the simi-
larity in the effective T�1

1 vs. B profiles, simulations show this is
no more than the random statistical uncertainty in the
measurements.

In the case where cross-relaxation is detectable our experi-
ments on 2,3,5,6-TFBA have shown that plotting r vs. B provides
a very effective and accurate technique for determining the molec-
ular correlation rates. Since the spectral density components are
simply known in this case, and determined solely by heteronuclear
terms, this technique seems to be superior to magnetisation–
recovery measurements of the diagonal relaxation elements.
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