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Abstract

Concerted double proton transfer in the hydrogen bonds of a carboxylic acid dimer has been studied using '*C field-cycling
NMR relaxometry. Heteronuclear '*C—"H dipolar interactions dominate the '*C spin-lattice relaxation which is significantly influ-
enced by the polarisation state of the '"H Zeeman reservoir. The methodology of field-cycling experiments for such heteronuclear
spin-coupled systems is studied experimentally and theoretically, including an investigation of various saturation-recovery and
polarisation-recovery pulse sequence schemes. A theoretical model of the spin—lattice relaxation of this coupled system is presented
which is corroborated by experiment. Spectral density components with frequencies wc, wc + wy, and wc — oy are mapped out
experimentally from the magnetic field dependence of the '*C and 'H spin-lattice relaxation and the proton transfer rate at low
temperature is determined from their widths. Any dynamic isotope effect on the proton tunnelling in the hydrogen bond arising from
13C enrichment in the skeletal framework of the dimer is found to be smaller than experimental uncertainties (approximately 5%).
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Spin-lattice relaxation has long been established as
an effective and sensitive probe of molecular dynamics.
The majority of investigations are conducted at constant
magnetic field, monitoring changes in the relaxation effi-
ciency as a function of temperature. However, with the
advent of commercial magnetic field-cycling instruments
there are an increasing number of research groups who
are exploiting the benefits of studying the relaxation as
a function of magnetic field and frequency. Unlike con-
stant field measurements which sample the spectral
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density at a fixed frequency, field-cycling experiments
are able to plot out the spectral density function directly
[1-3].

In the solid state, particularly for systems exhibiting
the motion of 'H nuclei, it is common for the dominant
relaxation mechanism to arise from the modulation of
inter-nuclear dipolar interactions resulting from the rel-
ative motion of the nuclei as they are carried along with
the molecular motion. Invariably this is modelled as a
homonuclear interaction leading to terms which sample
the spectral density at one and two times the Larmor fre-
quency of the nucleus being investigated [4-6]. However,
when multiple magnetic nuclei are present in the sample,
heteronuclear dipolar interactions can provide relaxa-
tion pathways and the spectral density is sampled at
sums and differences of the Larmor frequencies of the
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participant nuclei [7]. Additionally, since two Zeeman
reservoirs become coupled, the magnetisation recoveries
of both sets of nuclei become bi-exponential.

In this paper, we have sought to explore the experi-
mental consequences of heteronuclear dipolar interac-
tions in spin-lattice relaxation, in particular with
regard to field-cycling NMR relaxometry. The paper
presents what we believe to be the first study of '*C
spin—lattice relaxation by field-cycling NMR. In con-
ducting the investigation, there was a strong motivation
to develop the techniques of field-cycling relaxometry
and the methodology of data analysis for cases where
heteronuclear dipolar interactions are present. Not only
do many samples naturally contain multiple magnetic
nuclei, but also this is relevant, for example, to the study
of complex systems of biological interest where isotopic
labelling and deuteration may be used to discriminate
different functional sites. Furthermore, in our long-
standing investigations of molecular tunnelling there is
a motivation to study quantum isotope effects associated
with isotopic substitution of the skeletal framework of a
molecule. When light atoms move, there is a commensu-
rate displacement of the heavy atoms of the molecular
skeleton. Motion of the system along the tunnelling
coordinate is in fact properly described as motion on a
multi-dimensional potential energy surface (PES) and
the quasi-particle contains admixtures of heavy atom
displacements including, in our case, '*C. This has the
potential to illuminate our understanding of the cou-
pling between small amplitude molecular vibrations
and large amplitude atomic motion.

The system chosen for this investigation is one which is
now very well characterised and understood, namely con-
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certed double proton transfer in benzoic acid (BA), a car-
boxylic acid dimer, Fig. 1. There are two energetically
non-equivalent tautomers labelled L and R with energy
asymmetry 4, which occupy potential wells in the PES
landscape. They interchange by double proton transfer
within the bridging hydrogen bonds of the dimer. The
mechanism underlying the motion is dominated by pho-
non-assisted tunnelling and this is well established as the
model system for translational molecular tunnelling [5,8—
25]. We have made 99% '3C substitution of the carboxy-
carbon which now acts as a ‘spy nucleus’ monitoring the
concerted motion of the two hydrogen atoms in the
hydrogen bonds that bridge the BA dimer. In fact this
arrangement represents a perceived advantage of study-
ing heteronuclear relaxation since the system is very
‘clean’; relaxation of the '*C is dominated by just two
symmetry related intra-dimer dipolar contacts with the
two dynamic protons. There are no homonuclear *C
interactions contributing to the relaxation, neither do in-
ter-dimer heteronuclear interactions feature promi-
nently. However, it will be shown that the polarisation
state of the 'H reservoir has a significant impact on the
13C relaxation and the methodology of conducting a
field-cycling experiment will be explored.

2. Theory

The '*C enriched BA dimer contains two species of
magnetic nuclei, '>C and 'H, both spin 1/2 and each
possesses a thermal reservoir associated with its Zeeman
energy. We shall use the symbols 7 and S to represent the
'"H and '>C spin systems, respectively. Mutual
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Fig. 1. The two tautomers of the BA dimer (labelled L and R). Some geometrical parameters that determine the dipolar interactions responsible for
driving the spin-lattice relaxation are defined; these include heteronuclear (*C—"H) and homonuclear ('"H-"H) dipolar contacts.
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interactions between the two give rise to a coupling of
the two reservoirs and their spin-lattice relaxation
behaviour is therefore interdependent.

It is well established that spin—lattice relaxation in BA
in the solid state is dominated by modulation of the in-
ter-nuclear dipolar interactions arising from proton
transfer in the bridging hydrogen bonds of the dimer.
Expressions for the spin—lattice relaxation arising from
both heteronuclear and homonuclear interactions with
the protons in the hydrogen bond have been given in
earlier papers for single crystal and powder samples
[6,8,10,16,18,26,27]. The differential equations govern-
ing the longitudinal polarisations {I.) and (S.) are given
by [7]

4L [ [ "

0 (52) o ps)LUS) —S0) )
Iy and S are the polarisations of 'H and "C, respec-
tively, at thermal equilibrium. Longitudinal polarisation
represents the population difference of the Zeeman lev-
els, proportional to the respective magnetogyric ratio
yu or yc. This is to be distinguished from the magnetisa-
tion measured in an NMR experiment which, although
also a measure of population difference, is proportional
to 2. The phrase ‘magnetisation’ will be used to refer to
the signal measured in an NMR experiment, however, in
computing the recovery curves (/. (¢)) and {S. (7)) it is the
polarisation which is the relevant quantity.

The elements of the relaxation matrix,

R — (P1 o > )
g Ps

are inverse spin—lattice relaxation times defined in terms
of spectral density contributions sampled at the Larmor
frequencies of the 'H and '*C spins (wy and wc, respec-
tively) and sums and differences of the two. For hetero-
nuclear interactions in a powder sample, the elements of
R have the form [7]:
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Here, L(w, 1) = 1./(1 + w?t?) is a Lorentzian with half-
width at half-maximum amplitude equal to the inverse
correlation time t,! and @ =exp(A/kgT) where A is
the energy asymmetry of the two tautomeric forms L
and R. Ccy is a lattice sum of dipolar interactions,
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The sum involves '*C nuclei (labelled /) interacting with
the "H nuclei (labelled j) which undergo proton transfer.
The geometrical parameters are defined in Fig. 1.

Homonuclear '"H-'H interactions also contribute to
prand for a powder sample,
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(5)
which is a lattice sum involving the dipolar contacts of
all protons (labelled k), including those on the phenyl
ring, with the hydrogen bond protons (labelled j) which
undergo proton transfer. N = 6 is the number of protons
in the BA molecule.

In deriving Egs. (2) and (4) from the spectral density
functions, it is assumed that the proton dynamics are
stochastic hops and therefore the correlation functions
are exponential decays. That this is so for concerted
double proton transfer in carboxylic acids in general,
and in BA in particular, has been established experimen-
tally to a high degree of precision in previous field-cy-
cling investigations [10,12,15,16].

Summing heteronuclear and homonuclear contribu-
tions, the overall relaxation may now be characterised
by the matrix,

. CH ,CH HH ()
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The general solutions of (1) describing the polarisation

recovery following a disturbance away from equilibrium
are a weighted sum of two exponentials:

<]z> = IO(CII exp(let) + Cé exp(ngt)) + ]o,

(S.) = So(ct exp(—Rut) + &S exp(—Raf)) + S, @)

where the weighting coefficients ¢ are functions of Rj,
R,, and R, determined by the polarisation state of each
reservoir at time ¢ = 0. The spin-lattice relaxation rates
R, and R, are eigenvalues of R, namely,

Riz =3((ps + ps) £/ (0 — ps)” +40?). (®)

The foregoing analysis highlights two consequences for
the spin-lattice relaxation of both '*C and 'H species:
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(a) the spectral density is sampled at multiple frequen-
cies, (b) in general, the magnetisation recovery curves
will be bi-exponential.

We can determine analytical expressions for the
weighting coefficients under certain idealised initial con-
ditions for the polarisation states of the two spin species.
In an experiment in which the '*C nuclei are irradiated
but the "H are not, a conventional saturation-recovery
sequence would prepare the system in the initial state,
(8.)—0 =0, {I.),—o = Iy; in this case, we find the weight-
ing coefficients characterising the '*C polarisation recov-
ery to be

s (ps —Ra)

= S=—1-c.
o R —R)) and ¢ ) 9)

Similarly in a saturation-recovery experiment on 'H
which establishes the initial conditions, {I.),—o=0,
(S.)—0 = So, then the weighting coefficients characteris-
ing the "H polarisation recovery are
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Fig. 2. Two outlooks on the spectral density function: (A) plotted as a
function of frequency, w, where the half-width at half-maximum is
equal to the correlation rate, 7, !, In a spin-lattice relaxation
experiment, this curve is sampled at the three frequencies wc,
oy + wc, and oy — o, (B) plotted as a function of B-field, as
applicable to field-cycling NMR. The proton transfer dynamics are
determined by 1! but the observed spin-lattice relaxation is deter-
mined by the sum of three Lorentzian components with widths . /7c,

'/ (ru +7¢), and 7./ (v — 7¢)-

)

_ I 1 _
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2.1. Implications for field-cycling relaxometry

The spin-lattice relaxation rate constants are
weighted sums of various Lorentzian lineshapes, Egs.
(2) and (4). There are two outlooks on an experiment
to study molecular dynamics by NMR relaxometry. In
the first, plotting 7' as a function of frequency, Fig.
2A, the width of the spectral density curve is determined
by 7.! and the experiment samples this function at the
specified frequencies. In the second, relevant to a field-
cycling study of spin-lattice relaxation, plotting 7' as
a function of magnetic field, Fig. 2B, the observed relax-
ation is a sum of Lorentzians with different width.
Therefore, it is to be expected that, in interpreting such
experimental data, information on the amplitudes of the
various Lorentzian components would be required to
unambiguously determine an accurate value for the cor-
relation rate.

Additionally, the spin-—lattice relaxation rate con-
stants R, and R, are molecular properties, independent
of the experimental procedures, but the weighting coef-
ficients, ¢, depend on the initial polarisation states of
both Zeeman reservoirs. Therefore, to obtain magnetisa-
tion recovery curves from which molecular parameters
can be reliably recovered, the preparation of the initial
states need to be rigorously systematic. This may need
special procedures in the case of field-cycling relaxome-
try. We shall return to a discussion of these issues in the
light of experimental data.

3. Experimental details

The custom built field-cycling NMR spectrometer has
been described elsewhere [3]. The magnetic field was
provided by a superconducting solenoid with low induc-
tance (0.023 henry) and at the maximum operating
current of 150 A, the B-field at the sample was 2.5 T.
The B-field was accurately proportional to the instanta-
neous current and the maximum field-switching rate was
10 Ts™!, although a rate of 8 Ts~' was routinely em-
ployed in most experiments. The Apollo digital NMR
console was supplied by Tecmag and the control signals
defining the magnetic field were derived from a ‘gradient
field’ controller supplied with the instrument. The field
cycling profiles were therefore straightforwardly inte-
grated into the NMR pulse sequence using the software
provided with this instrument. Automation was
achieved using a Visual Basic script.

A variety of pulse sequences were employed to study
the spin-lattice relaxation. These are described in Sec-
tions 4.2 and 5.2, Fig. 5. In all cases, saturation was
achieved using a comb of six m/2 pulses and the
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longitudinal polarisation of the nucleus of interest was
measured with a single pulse. Using logarithmic incre-
ments in 7, magnetisation recovery curves were recorded
from which the spin-lattice relaxation parameters were
obtained.

The enriched (99 atom %) [carboxy-'C]benzoic acid
(C¢Hs'>’COOH) was obtained commercially and used
without further purification. The sample temperature
was controlled by a variable flow helium cryostat that
was incorporated into the cryostat of the superconduc-
ting magnet (supplied by Cryogenic Ltd). Sample tem-
peratures in the range 4-300 K were measured with a
calibrated Cernox resistance thermometer; the long-
term stability and accuracy of the temperature in the re-
gion 20 K was better than 0.01 K.

4. Results and discussion
4.1. °C and 'H spin-lattice relaxation at constant field

3C and 'H magnetisation recovery curves were re-
corded as a function of temperature using a satura-
tion-recovery pulse sequence at fixed magnetic field,
0.8878 T (37.8 MHz) for 'H and 2.428 T (26 MHz) for
13C. In these experiments, at time 7 = 0, the magnetisa-
tion of the nuclear species under investigation was satu-
rated while the polarisation of the second nuclear species
was established close to its thermal equilibrium
value (i.e., for °C: (S.),_0 =0, (I.),—o = I, and for 'H:
(8.)—0 = So, {I.);—o =0). The magnetisation recovery
curves for both nuclei were well represented by a single
exponential with a single time constant, T §eff>, within
experimental error. The relaxation time data are plotted
in Fig. 3 as a function of inverse temperature.

That the magnetisation recovery for both nuclei is
single exponential is a significant observation. This sug-
gests that the off-diagonal elements of the relaxation ma-
trix, g, are small by comparison with the diagonal terms
prand pg. Simulations also show that the effects of the
off-diagonal terms are further minimised by preparing
the polarisation of the ‘second’ nucleus close to its ther-
mal equilibrium value, Eq. (1). This being the case, the
two observed relaxation times 7 (Sm and T ECS“) should clo-
sely approximate p;! and pg!, respectively, under the
measured conditions of magnetic field and temperature,
Eq. (1). To assess the validity of this assertion, the values
of the relaxation matrix have been calculated using the
following procedure:

(1) Determination of the dipolar relaxation constants:
the value of Ccy was calculated from Eq. (3) given
the atomic coordinates determined at low temper-
ature by single crystal neutron diffraction [20]. For
this purpose, it was sufficient to include only intra-
dimer contributions since, for '>*C-'H interactions,
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Fig. 3. The inverse temperature dependence of the effective '*C and 'H

spin-lattice relaxation time parameters T(fsm and T recorded at

constant field in each case. ('*C: 26 MHz, B=2.428 T. 'H: 37.8 MHz,
B =0.8878 T). The solid lines are calculated with dipolar constants
Cen = 1.36x107 s™2 and Cpyyy =6.3%x10"s72.

these dominate over inter-dimer contributions. In
performing this calculation, as in [15], the atomic
coordinates of the energetically less favourable
dimer were determined by rotating the dimer
about its central axis. The calculated value is
Cl9 — 136 x 107 s2. The value Cyy=6.3x
10”572 was obtained from the field-cycling 'H

NMR relaxometry study of BA in natural isotopic
abundance [16].

(i1) Simulation of proton transfer rate: for the purposes
of analysing the temperature dependence data, the
correlation rate, 7', was modelled using the
dynamical parameters determined in earlier inves-
tigations of proton transfer in benzoic acid
[10,14,16]

A
1! =122 x 10°coth <kB—T> +1x10"

X eXp <_1T80> +5x10" exp <_6T00> (11)

The first term on the right-hand side is a contribu-
tion from proton tunnelling in the ground state,
the second term is due to tunnelling in an interme-
diate state and the final term is an Arrhenius law
to accommodate the Boltzmann weighted average
of through barrier processes via states higher up
the barrier (pseudo-classical dynamics). The reader
is referred to [9,14,16] for further details.

In Fig. 4, the calculated values of the relaxation time
constants R,' and R,' (dashed lines) and the weighting
coefficients ¢y and ¢ are presented as a function of
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Fig. 4. Calculations as a function of inverse temperature of the relaxation time constants R, ' and R, ' (dashed lines) and the weighting coefficients cé‘s
(solid line) and C/],s (dashed line): (A) B=2.428 T and (B) B = 0.8878 T. The weighted means of R;' and R;" correspond closely with the respective

-1

inverse diagonal elements of the relaxation matrix p;' and pg' (solid lines).

temperature for two values of magnetic field: (A)
B=2.428 T, appropriate to the '*C saturation-recovery
experiments, and (B) B=0.8878 T, appropriate to the
'H saturation-recovery experiments. Inspection of the
calculated weighting coefficients shows that across a
wide temperature range, the '>C relaxation, Fig. 4A, is
indeed dominated by one exponential component. Only
in a narrow temperature region do the weighting coeffi-
cients adopt values significantly different from 0 and 1,
however, in this region R; and R, have similar values,
so it is doubtful that the observed magnetisation recov-
ery will deviate significantly from a single exponential
function. Therefore, the calculated behaviour shows that
in practice the '*C magnetisation recovery over the
whole temperature range will be characterised by a sin-
gle relaxation time constant, in agreement with observa-
tion. Similarly for the 'H relaxation represented in Fig.
4B; there is bi-exponential character revealed in the val-
ues of the weighting coefficients at low temperature, but
the values of R; and R, are insufficiently different for the
'"H relaxation to be distinguished from a single
exponential.

To compare the calculated behaviour with the '*C
experiment, we equate the effective 7| at B=2.428 T
with the weighted mean of the two spin-lattice relaxa-
tion time constants,

T(lsz) :C“f/R;‘i‘Cg/Rz (12)
c+

Similarly, using the same parameter set but at

B =0.8878 T we have evaluated the effective T for the

'H NMR constant field spin-lattice relaxation

experiments,

L/R) + 5 /Ry
pem _i/Ri+ /Ry 13
17 C{—I—C‘é ( )

These functions are plotted in Fig. 3 (solid lines) and re-
veal good agreement with both the 'H and the "*C
experimental data. Neither values Ccy or Cyy reported
in (i) above were adjusted in calculating these curves.
The best fit value of the energy asymmetry, A/
kg =80+ 2K, is consistent with the value reported
for the sample with natural isotopic abundance [10,16].

It is notable and significant that the calculated val-
ues of T Eim and T §§ff correspond very closely with
the respective inverse diagonal elements p;' and pj'
of the relaxation matrix; the latter are plotted in Fig.
4 (solid lines). This confirms the assertion made earlier
and will facilitate the interpretation of the field-depen-
dent T, data in later sections, including the extraction
of accurate values of the correlation rate for proton
transfer.

Concluding this section on the constant field experi-
ments: using an estimate for the proton transfer correla-
tion rate based on the behaviour of BA in natural
isotopic abundance, Eq. (11), good agreement between
the relaxation model and the experimental spin-lattice
relaxation data is obtained. Clearly, the heteronuclear
interactions play an important role in the relaxation
processes. Indeed, it is the modulation of the '*C-'H
interactions arising from the proton motion that drives
the spin-lattice relaxation of the '>C nuclei. However,
for both nuclei the magnetisation recovery appears sin-
gle exponential to within experimental error. This char-
acteristic will be further explored in the context of
variable field measurements in the next section.
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4.2. Field cycling: >C and ' H spin-lattice relaxation
as a function of B-field

In a constant field experiment, it is relatively straight-
forward to prepare the system in a systematic state
where, for example, one nuclear spin system is saturated
while the second has its equilibrium polarisation. In a
field-cycling experiment, where the nature of the experi-
ment is such that the magnetic field is switched rapidly
across a wide range of values this is less easy and it is
evident that particular care must be taken to establish
consistent polarisation states before each measurement.

First, we consider the results of a series of saturation-
recovery experiments on °C. Three field-cycling
sequences were employed as illustrated in Fig. 5, each
designed to prepare the "H magnetisation differently.

Seq. A. Beginning from zero, the field was switched
rapidly to the resonance condition for '*C
(Bisc =2.026 T, visc = 21.7 MHz) where it remained
for a period tg to create a pre-determined polarisa-
tion of the 'H nuclei. The '*C nuclei were then satu-
rated with a burst of ©/2 pulses before the field was
rapidly switched to the field of interest, B,, where

A
130 ﬂ O R
z .
D5 -pulse train t
07 -pulse
B
Bisc
B
o >4
“« s> — T, —>
| SATURATION I RECOVERY MEASUREMENT
c 5C [ ul
t
B
Bsc
By if
B; ,
0 3T, ot
« > o
| wc | |
SATURATION RECOVERY MEASUREMENT
H

POLARISATION

the nuclei were allowed to relax for a time interval
7. A rapid field switch then took the field back to res-
onance with the >C nuclei and the '*C magnetisation
was measured with a w/2 pulse before the field
reverted to zero.

Seq. B. In a variant to sequence A, a short pause
at the resonance field of the 'H nuclei (B =
0.5092 T, vig = 21.7 MHz) was introduced into the
field switch immediately following '*C saturation;
here, the 'H nuclei were saturated with a burst of
/2 pulses.

Seq. C. In a third sequence, the sample was prepared
at B, for at least three times the proton 7 before the
13C magnetisation was saturated. This prepared the
"H polarisation close to its thermal equilibrium value
at the field the '*C relaxation was to be recorded. It
was expected that this experiment would minimise
the effects of cross-relaxation between the two nuclear
species.

4.2.1. Magnetisation recovery curves
Magnetisation recovery curves were recorded using
the three field-cycling sequences. In Fig. 6, the

B 0 H O R
H [ )
B
Bisc
By
0 B, >y
“« s> — 7, —>

|SATURATION| RECOVERY | MEASUREMENT

D g 1 0
t
H l R
B
B730
B1H
B S
0 > ¢
« Tg>e— T, —P— [ —>
POLARISATION RECOVERY " e ASUREMENT

Fig. 5. The field-cycling pulse sequences used in this investigation. (A-C) Saturation-recovery experiments utilising different preparation regimes for
the 'H polarisation. (D) is a polarisation-recovery experiment. See text for details.
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Fig. 6. '*C magnetisation recovery curves recorded using saturation-
recovery pulse sequences A4 (filled circles) and C (open squares):
B=12T, T=20K. The simulations, representing the solutions of the
coupled equations (1), are shown with dashed lines. The differences
arise from the different initial polarisation states of the 'H reservoir.

magnetisation recovery of '*C arising from pulse se-
quences A and C is plotted; B,=12T, 14=10s,
T =20 K. A single exponential recovery law fitted well
to each set of data and a relaxation time constant,
T (ICS“), was extracted. Within experimental uncertainties,
no significant improvement was gained by fitting with
a bi-exponential function. We observe a systematic dif-
ference between the two recovery curves leading to dif-
ferent T\ values. As with constant field experiments,
in no field-cycling experiment was it possible to defini-
tively resolve two exponential components in any mag-
netisation recovery curve. The systematic differences
arise from the preparation of the initial polarisation
states and the resulting effects on the weighting coeffi-
cients, ¢} ,.

We have simulated the solutions to Eq. (1) using the
calculated relaxation matrix defined by the parameters
Cen=1.36x10" s> and Cyy = 6.3 % 10" s> employed
in the previous section. Computed '*C magnetisation
recoveries, subject to the initial conditions defined for
sequences A and C, are superimposed on the experimen-
tal curves in Fig. 6 (dashed lines). In these calculations,
we estimate that the initial proton polarisation for field
cycling sequence A4 is approximately 10% of I at 1 T.
The model successfully simulates the apparent shorten-
ing of the effective 7'y when the initial proton polarisa-
tion differs from equilibrium. Close inspection of the
simulation curve for sequence 4 reveals some bi-expo-
nential character culminating in a very small nuclear
Overhauser effect (NOE) enhancement of the '*C polar-
isation during the approach to equilibrium. An NOE
enhancement is not evident in this particular set of
experimental data, but the predicted effect is not large
compared with experimental uncertainties. Small NOE
enhancements were observed in some experimental data
sets. The agreement between the experimental and com-

puted recovery curves is generally very good given: (i)
the manner in which spin-diffusion is accommodated
in the model, (i) effects arising from relaxation during
the field switches, and (iii) systematic uncertainties in
our knowledge of the actual initial magnetisation states.
The latter, may be a relevant issue, particularly for se-
quence A, since polarisation can be preserved for ex-
tended periods via the dipolar order, even if the field is
switched to zero. An enhancement to Eq. (1) may indeed
be required to incorporate such effects of dipolar order
but, for the moment at least, to the level of approxima-
tion considered, this is beyond the scope of this present

paper.

4.2.2. Magnetic field dependence: mapping the spectral
density

Using the three saturation-recovery field-cycling se-
quences, the magnetic field dependence of the '*C
spin-lattice relaxation time, T 5‘;”), was measured at
20 K in the field range 0.4 < B, < 2.3 T. Measurements
at fields lower than 0.4 T were impractical due to the
small '°C signal amplitude. The results are plotted in
Fig. 7 as (Tﬁe;f))‘l vs. B, on log-log axes. Systematic dif-
ferences in the measured values of T(lcsff) of the kind illus-
trated in Fig. 6 are reflected in this graph. The band
encompassing the three sets of data has a range of order
40%. However, significantly, the three curves are parallel
to each other meaning that the information content
regarding the proton transfer correlation rate is identical
for the three sequences. Free-fits to the three relaxation
curves separately provide correlation rates that agree to
within 5%.

For sequences 4 and B, since the proton polarisation
is far removed from equilibrium, the effects of cross-
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Fig. 7. The magnetic field dependence of the '*C inverse spin-lattice
relaxation time, (T(l‘f))’l, recorded at 7'= 20 K using pulse sequences
A, B, and C. The solid lines represent free-fits to Eq. (15). The initial
'H polarisation states are different for the three sets of data but the
curves are parallel indicating that the information content regarding
the correlation rate, 7 ! is same for all three.
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Fig. 8. The magnetic field dependence of the inverse spin—lattice relaxation times (A) 'H: T(Sﬁ-) (T'=20K), (B) *C: Tiesm (T=20K), and (C) '*C:
T sesff) (T'= 15 K) where the proton transfer dynamics are dominated by phonon-assisted tunnelling. The data have been reflected in the B-axis to
emphasise the Lorentzian character. Solid lines are fits to Egs. (14) and (15), respectively. The dashed lines in (A) represent the heteronuclear (p$;
long dash) and homonuclear (pH"; short dash) components of Eq. (14). The dashed lines in (B) and (C) represent the three Lorentzian components of
Eq. (15) (L(wyg + wc), long dash; L(wc), dash-dot; L(wy — wc), short dash).

relaxation and the off-diagonal elements of the relaxa-
tion matrix influence the measured relaxation rates.
Only for sequence C is cross-relaxation minimised. The
disadvantage of this sequence, however, is the prepara-
tion time required. Since each data point on the magne-
tisation curve requires establishment of thermal
equilibrium within the proton Zeeman reservoir, given
the very long 7 values, the measurement of a '*C T}
can become excessively time consuming, especially if
full-field dependence is required. Fortunately, as is
evident from the fits to the experimental data in Fig. 7
and the simulations, where the off-diagonal elements
of R are small then to a good approximation only the
amplitude and not the shape of the T §§ff> vs. B curve is
affected by the preparation of the 'H Zeeman reservoir.

The field dependence of the effective "H spin-lattice
relaxation rate (T\")™" was also measured using field-
cycling sequence A. These measurements were found
to be independent of the initial polarisation state of
the '*C spins, consistent with the small heat capacity
of the *C Zeeman reservoir. The 'H data are plotted
in Fig. 8A together with the '*C data recorded using se-
quence «a at two temperatures, 20 and 15 K (Figs. 8B and
C, respectively). The data are plotted with log-linear
axes and are reflected about the B = 0 axis to emphasise
the Lorentzian lineshapes. It is noticeable that the width
of the relaxation peak appears broader for the '*C data
than the 'H data; this reflects not a difference in correla-
tion rate but a difference in the frequencies at which the
spectral density is sampled.

5. Discussion
5.1. Interpretation of the spectral densities

The experimental data in Fig. 8 represent a weighted
mean of the spin—lattice relaxation rates R; and R», Egs.

(8), (12), and (13). Our objective is to interpret these
data in terms of the various Lorentzian components that

constitute the relaxation matrix and to extract the corre-
lation time for proton transfer. Our approach will be
necessarily pragmatic. Independent experimental infor-
mation on the elements of R are unavailable to us,
although the agreement with the temperature depen-
dence data, the simulations of magnetisation recovery,
and our knowledge of the proton transfer behaviour in
samples with natural isotopic abundance, give us confi-
dence that these can be calculated reliably in this partic-
ular material. Calculations confirm that at low
temperature the values of (Tg‘;ff))f1 and (T(gf))f1 closely
match the diagonal elements of R, p;, and pg, consistent
with the off-diagonal elements being small. This being
the case we are able to write:

(177 (B) " = pM + pj
= Ken(L((yy — 7¢)B, Tc)
+ 3L(yuB, te) + 6L((7u + 7¢)B, 7))
+ Kun (L(yyB, tc) + 4L(2yyB, 1¢)) (14)

and
ff —
(13" (B) " = pH

= Keu(L((ye — yu)B; )
+ 3L(ycB, 1) + 6L((vc + vu)B, Te)),  (15)

where the functions are expressed in terms of the mag-
netic field B. The K’s are the dipolar constants incorpo-
rating the temperature dependence factor associated
with the energy asymmetry (see Egs. (2) and (4)).

We have independently fitted the functions (14) and
(15) above to the 'Hand '*C T data in Fig. 8, respectively,
and the best fits are shown as solid lines; good agreement
is observed. The dashed line curves depict the different
Lorentzian components comprising the net spectral den-
sity. The proton transfer correlation rate values deter-
mined from the '*C and 'H data sets, 7;! = 1.24 +
0.04s! (*C: 20K),7;' =1.33£0.08s7" (BC:15K),
and 1.25 4 0.05 s~ ! (*H: 20 K), agree within experimental
uncertainties.
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5.2. Polarisation-recovery experiments

At low field, in this case defined as B, < 0.4 T, the 1*C
NMR signal is too small to make possible saturation-re-
covery experiments to measure the '*C relaxation. In
such cases in homonuclear field-cycling relaxometry it
is customary practise to employ polarisation-recovery
pulse sequences to record the relaxation properties. We
have investigated the '*C magnetisation recovery in such
experiments on this heteronuclear material. Here, the
spin systems are first polarised at high field before the
field is switched to the low relaxation field, B,, where
the return to thermal equilibrium of the spins is moni-
tored. The polarisation-recovery pulse sequence is illus-
trated in Fig. 5D and two variants were employed: in a
first experiment the initial states of both "H and '*C
spins were polarised, whereas in a second experiment
the 'H polarisation was destroyed with a resonant pulse
during the switch from the polarisation field to the low
relaxation field. The magnetisation-recovery curves for
these two experiments are depicted in Fig. 9 where the
relaxation field was B, = 0.3 T and the polarisation field
was Bpo = 1.5 T. There is a considerable systematic dif-
ference in the recovery curves, reflecting the different ini-
tial polarisation states. A single exponential function
can be fitted satisfactorily to both recovery curves (solid
lines) but clearly there is underlying a significant bi-ex-
ponential character. As earlier with the saturation-re-
covery experiments, we have simulated the solutions of
the coupled relaxation equations (1) with Ccy =
1.36x10"s> and Cup=6.3x10"s"%  Simulated
curves are superimposed on the experimental data in
Fig. 9 (dashed lines) and there is good agreement.

1.5 T T T 1111 T T 11111 T T T 1111 L

13C magnetisation / arb. units

0 Ll
0.1 1 10 100

tls

Fig. 9. '3C magnetisation recovery curves recorded using polarisation-
recovery pulse sequence D with and without initial polarisation of the
'H reservoir. Filled circles, protons polarised. Filled circles, protons
saturated. The simulations, representing the solutions of the coupled
equations (1), are shown with dashed lines.

Clearly, the relaxation model is corroborated but
where does this leave our experiment to measure the
low field relaxation behaviour? It is difficult to see how
such a polarisation-recovery experiment can indepen-
dently lead to a measurement of a relaxation rate that
can be plotted as a function of field to map out the spec-
tral density. We are no longer in a regime where the ef-
fects of the off-diagonal elements of the relaxation
matrix are negligible and where the observed relaxation
rate corresponds closely with a diagonal element. Unless
the '*C signal-to-noise ratio is sufficiently good to facil-
itate an accurate bi-exponential analysis, no indepen-
dent reduction of the polarisation-recovery data can
lead to a relaxation rate that can be assimilated into
the magnetic field dependent data of Figs. 7 and 8. Only
if additional information from a model is input into the
analysis can the polarisation-recovery curves be inter-
preted. Therefore, these polarisation-recovery data, to-
gether with the simulations, provide corroboration of
the dynamical model for proton transfer and the relaxa-
tion model but it does not provide independent informa-
tion on the correlation rate.

5.3. Effects of "> C substitution on the proton transfer rate

At temperatures of 20 K and below, the proton trans-
fer dynamics are dominated by ground state phonon-as-
sisted tunnelling and the correlation rate is in the
temperature-independent ‘plateau’ region [9,10,14,16].
We designate this as the ‘tunnelling rate’ and our exper-
iments show that this value is the same within experi-
mental error for '*C-BA and BA in natural isotopic
abundance [10,16]. Given the multi-dimensional charac-
ter of the PES and the significant changes in bonding
which occur as the protons move this result might be
viewed as somewhat disappointing, especially as the tun-
nelling matrix element is an exponential function of the
particle mass and the barrier properties. However, it is
demonstrated how field-cycling experiments provide
impressive accuracy (approximately 2% for homonu-
clear systems [10,16] and 5% for heteronuclear) in the
determination of correlation rates and now that ab initio
calculations of multi-dimensional tunnelling [28-31] are
becoming tractable on systems of the size of BA it will
provide a useful result against which to evaluate the the-
oretical framework and the efficacy of contemporary
quantum chemistry computations.

6. Concluding remarks

Even though the '*C abundance was enriched at the
carboxyl site, the measurement of the '*C relaxation
properties was still a challenging one due to the small
NMR signal amplitude arising from its small magneto-
gyric ratio and small mole fraction. Additionally, the
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very long relaxation times often precluded the possibility
of extensive signal averaging. Nonetheless, a very satis-
factory account of the relaxation properties of a hetero-
nuclear system has emerged from this investigation.

There is a sense in which the study of the '*C relaxa-
tion in this material provides a very well-defined system
with the '*C nucleus acting as a ‘spy’ on the proton
transfer dynamics; just two '*C-'H dipolar contacts
dominate. The advantages are familiar in the guise of
isotopic labelling but no spin system can act in isolation
and the disadvantage is the additional complexity in the
spectral density components. The study benefited from
prior knowledge and experience of the BA system and
the relaxation theory has been validated to a highly sat-
isfactory degree of precision.

The relaxation theory for heteronuclear, coupled sys-
tems is long established but relatively few experimental
investigations have been undertaken as a function of
magnetic field. This study has confronted some interest-
ing practical issues regarding the methodology of field-
cycling relaxometry in heteronuclear spin systems.
Clearly, the initial polarisation of the spin systems is
an important factor and must not be overlooked as
experiments on isotopically labelled samples become
more prevalent, neither must spectral density compo-
nents that characterise the heteronuclear interactions
be ignored if accurate values of the correlation times
are to emerge. Systematic effects influencing the inter-
pretation of single-spin relaxation data are readily ob-
servable and must be accommodated in any model
used to interpret the data. Furthermore, as strategies
to enhance NMR signals from traditionally unreceptive
systems via polarisation transfer become more preva-
lent, investigations such as this to quantify the coupling
between spin reservoirs are likely to become more
important.

The use of polarisation-recovery pulse sequences, of-
ten used in field-cycling, presents its own challenges for
heteronuclear systems. Usually such schemes are neces-
sary to obtain an adequate signal amplitude at low field
but it is difficult to envisage a methodology that pro-
vides a systematic idealised polarisation state where
the second spin system, in this case 'H, is close to its
equilibrium value for the relaxation field B,. It should
be possible with carefully manicured 'H pulses and
preparation periods but it would present a significant
experimental challenge.

A field-cycling investigation is confronted with diffi-
culties in multi-spin systems, however, as this example
shows, if the preparation of the initial polarisations is
systematic then all of the advantages of the field-cycling
technique can be realised in providing accurate values
for the correlation times and information on the mech-
anism driving the dynamics. This particular system ben-
efited from relaxation processes that were dominated by
the diagonal elements of the relaxation matrix, facilitat-

ing the analysis of the spectral density components and
widths; the '*C relaxation was often mono-exponential
and the bi-exponential character was usually revealed
only when the 'H spin reservoir was far from equilib-
rium. In systems where the off-diagonal elements play
a more significant role and bi-exponential behaviour is
more apparent, as for example in 'H-'’F heteronuclear
systems [26], then alternative field-cycling methodolo-
gies must be adopted to determine all elements of the
relaxation matrix individually. Only then can the relax-
ation data be reduced in such a way as to permit the
spectral density components to be resolved with suffi-
cient accuracy; such an investigation has been conducted
on proton transfer in tetrafluoroterephthalic acid in
our laboratory and will be the subject of a separate
publication [32].
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