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The protonated form of 1,8-bis(dimethylamino)naphthalene (DMANH+) consists of a rigid, aromatic framework,
substituted by two amino groups that are connected by a strong, symmetric (on the NMR time-scale) hydrogen
bond bridge. The reorientational motion of the molecule in dimethylformamide-d7 solution was characterized
by T1 and NOE measurements for aromatic13C nuclei. Treating the reorientation of DMANH+ as anisotropic
rotational diffusion of a rigid body, the diffusion tensor was determined with good accuracy. Measurements
and interpretation of15N T1 and NOE indicate that the proton transfer between potential minima in the hydrogen
bond bridge is faster than the molecular reorientation.

1. Introduction

The title compound,N,N,N′,N′-tetramethyl-1,8-naphthalene-
diamine (DMAN) is often called a “proton sponge” because of
its extremely high basicity. Its pKa (12.1) is about seven units
larger compared to other aromatic amines such as, e.g., aniline
or 1,8-diaminonaphthalene.1,2 In a reaction with acids, DMAN
absorbs a proton into the space between the nitrogens, where a
very strong intramolecular hydrogen bond is formed.3-5 The
act of protonation leads to a remarkable rearrangement of the
electron density not only in vicinity of the nitrogen atoms but
also in the aromatic rings of the naphthalene fragment.6 This
can be easily deduced, e.g., by observing changes of13C NMR
signal positions, which for ortho and para carbons are shifted
by about 10 ppm downfield after protonation, compared to neat
amine. More direct insight into the molecular geometry changes
provided by neutron scattering methods6,7 reveals that proto-
nation, apart from slight shortening of C-C bonds and elonga-
tion of C(ar)-H bonds, causes substantial elongation of
C(ar)-N bonds and change of the N-N distance from 2.804
to 2.644 Å. Moreover, the DMAN molecules, significantly
twisted in the crystal, acquire after absorption of a protonC2V
symmetry. The [N-H-N] bridge seems to be stable not only
in the solid state but also in solution. The latter fact is suggested,
e.g., by the existence of a relatively large scalar coupling
between the nitrogen nuclei,2hJ(15N-15N) ) 8.7 Hz,8 which
follows with the presence of a proton in the bridge, but would
be absent otherwise. Proton-decoupled13C NMR spectra
acquired in solution over a broad temperature range contain only
one signal of all the methyl groups and six signals of the
naphthalene part.9,10This is a manifestation of a high symmetry
of the average liquid-state NMR Hamiltonian of DMANH+

(Figure 1), which belongs to theC2V point group. Such a
symmetry is not obvious. It may be a consequence of fast proton
jumps between double-well potential minima located at both
sides of the symmetry plane,σ′v, perpendicular to the planeσv

of the naphthalene ring, but also a proton localization in the

minimum of a single-well potential may not be a priori rejected.
In light of neutron scattering results, the latter picture seems to
be less probable but, in principle, the interaction with solvent
molecules might cause a collapse of the double-well potential
into a single minimum. However, the latter model of the
potential shape in solvated DMANH+ was in addition found11,12

inconsistent with the large positive first-order isotope effect,
(δH - δD) ) + 0.66. Therefore, we discard the possibility of a
proton localization in the middle of the bridge, and interpret
our experimental data assuming that the occurrence of seven
signals in the13C{1H} NMR spectrum may be explained in
terms of proton jumps fast enough to average chemical shift
differences of nuclei mutually related by theσ′v plane.

The frequency difference between the15N NMR signals in
the case when the proton is on one side of the double well was
estimated in the solid state to be about 7 ppm.13 At external
magnetic fields of magnitudes typical for modern NMR
spectrometers, such a small difference would be averaged out
at exchange rates much lower than 103 Hz, yielding a single
nitrogen signal. When the jump rate exceeds 104 - 105 Hz, the
residual line broadening caused by the exchange becomes
smaller than line shape effects introduced, e.g., by magnetic
field inhomogeneity. This renders details of the proton dynamics
undetectable not only for NMR methods such as exchange
spectroscopy (EXSY) but also in analysis of transverse relax-
ation times,T2, or longitudinal relaxation times measured in
the rotating frame,T1F. Motions that are faster than 105 Hz, but
still much slower than 108-109 Hz, are even more difficult to
follow by NMR. Usually, they neither remarkably influence
spectral line shapes nor cause measurable contributions to spin
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Figure 1. Directions of principal axes of the rotational diffusion tensor
in the DMANH+ molecule.
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relaxation. Their impact on the latter processes is at least
certainly masked by effects of molecular tumbling. Similar
problems arise for dynamics of rates much faster than the overall
molecular reorientation, i.e., 1011 Hz and higher- their spectral
densities are spread over an extremely wide frequency range,
so that components of the latter at particular frequencies relevant
for nuclear spin relaxation are negligibly small. This is in
contrast to relaxation studies in the solid state, where the absence
of overall molecular reorientation makes the fast motions a
significant source of relaxation.14,15Proton jumps of intermediate
frequencies, 109-1011 Hz, similar to the rates of molecular
tumbling, can play an important role for spin relaxation. The
separation of the global reorientational motion of the molecule
as a whole and the internal motion requires, however, the
knowledge of the rotational diffusion tensor of the molecule.

Evaluations of the full rotational diffusion tensor for aniso-
tropic tumblers are relatively common in the extreme narrowing
regime16-19 but are scarce outside of this range.20 In the first
part of this work, we show how standard13C NMR relaxation
investigations of high accuracy, supported by solid-state NMR
methods and quantum mechanical computations of NMR
parameters at the DFT level, can provide the principal compo-
nents of the diffusion tensor. In the second part, we turn to15N,
exploit a novel idea concerning deconvolution of interfering
motions, and try to draw conclusions concerning the nature of
the proton motion within the intramolecular hydrogen bond in
DMANH+.

2. Theory

In a molecule undergoing rotational Brownian motions in
isotropic liquids, the nuclear spin relaxation is caused by time-
dependent interactions with the environment. For spin-1/2 nuclei,
such as13C and15N (S spins) with their low natural abundances,
the most important interactions of this type involve dipole-
dipole (DD) couplings with neighboring protons (I spins) and
the anisotropic part of the chemical shielding tensor (chemical
shielding anisotropy, CSA). The broadband decoupling of
protons results in a simple monoexponential spin-lattice
relaxation of the S spins, characterized by the rate (T1S)-1, and
in the heteronuclear Overhauser enhancement (NOE) of the
S-spin signals. Including the DD and CSA mechanisms, the
commonly used expression for the spin-lattice relaxation rate
is given by21

while the expression for NOE reads

The expression

occurring on the rhs of eq 2 is called the cross-relaxation rate.
The spin-lattice relaxation rate depends on the dipolar and CSA
spectral densities,JDD(ω) andJCSA(ω), respectively, evaluated
at various angular frequencies characterizing the energy levels
of the spin system. The NOE depends in addition on the ratio
of the magnetogyric ratios,γ, for the two species. The spectral

densities can in general be related to the dipolar and CSA
interaction strengths and to dynamics. The exact form of the
relations depends on the situation. We can differentiate between
two cases: reorientation of molecules treated as rigid bodies
and more complex rotational dynamics, allowing for internal
motions. For the rigid-body case, the situation is rather simple.
We can write

Here,ê is a measure of the dipole-dipole interaction strength
andJ̃(ω) are reduced spectral densities. The indicesx, z, andxz
appear in cases of CSA tensors lacking axial symmetry (see ref
24 for details). The symbolµ0 in the dipolar interaction strength
is the permeability of vacuum, andrIS is the internuclear
distance. The dipolar coupling strength can thus be ap-
proximately calculated from internuclear distances obtained from
neutron diffraction data.∆σ and εCSA in eq 5 are called the
chemical shielding anisotropy and asymmetry, respectively. Both
quantities can be expressed in terms of the principal components
σii of the shielding tensor:

where we use the convention|σ11| e |σ22| e |σ33|. In the case
of an axially symmetric CSA tensor, eq 5 reduces to

whereø denotes the CSA interaction strength. The chemical
shielding tensors can be determined by solid-state NMR, either
in a single crystal, where magnitudes of principal components
can be extracted together with the principal axis orientation, or
in powders using magic-angle spinning (MAS) techniques, if
the information about alignment of the tensors with respect to
the molecular skeleton can be dispensed with. Quantum me-
chanical methods can also be helpful.

Of course, no molecules are “real” rigid bodies but, under
certain assumptions, the effects of vibrational motions can be
limited to small modifications (scaling) of the interactions
strengths.22,23 We assume that the aromatic13C nuclei and
protons in DMAN can, in that sense, be considered to form a
rigid framework. The reduced spectral densities characterize the
reorientational dynamics of various molecule-fixed axes. In a
general rigid-body case, the reduced spectral densities depend
on six parameters: three principal components of the diffusion
tensor, DX, DY, DZ, and three Euler angles specifying the
orientation of the principal diffusion frame with respect to an
arbitrary molecule-fixed frame (e.g., the principal frame of the
moment of inertia tensor).16 In the notation of Canet24 (µ,µ′ label
interfering relaxation mechanisms;θ,æ are polar angles specify-
ing the orientation of the principal axes of the interactionµ
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with respect to the diffusion tensor frame), the reduced spectral
densities are given by

where

and

with

We note that if the motions are so fast that the ratios (ω2/λ2)
are small at all relevant frequencies (extreme narrowing regime),
eq 9 simplifies to

i.e. the spectral densities become independent of frequency,
dipolar relaxation rates become independent of the magnetic
field, and the field-dependence of the CSA relaxation is only
caused by the interaction strength. The effective correlation time,
τc

eff, describes the reorientation of a molecule-fixed axis and
depends on its orientation in the diffusion frame and on the
diffusion tensor principal components. In the limit of isotropic
rotation of a rigid, sphere-like object, the effective correlation
time is equal to the unique rotational correlation time. In the
extreme narrowing regime, it is impossible to determine the
interaction strengths and the dynamic parameters separately.

If a sufficiently large number of independent relaxation rates
are measured in a molecule, then the determination of compo-
nents of the rotational diffusion tensor and its orientation is
possible. For DMANH+, the C2V symmetry of the molecule
unequivocally determines directions of the rotational diffusion
tensor axes (see Figure 1). We tacitly assume that the motion
of the bridging proton does not cause any significant rearrange-
ment of the solvation sphere of the molecule, which might be
a significant complication. With six nonequivalent aromatic
carbons, we have a sufficient number of relaxation sites to
determine the three unknown parameters of the diffusion tensor.
We note that all the carbon-proton dipolar interaction principal

axes lie in one plane, which makes the dipolar relaxation
insufficient to derive DX, DY, DZ. Fortunately, the CSA
mechanism which dominates relaxation of carbons 9 and 10,
with its principal axis perpendicular to the ring plane, can resolve
this difficulty.25

A more complicated situation arises in the presence of internal
motions. In the DMANH+ molecule with perdeuterated methyl
groups, the longitudinal relaxation of15N magnetization is to a
large extent dominated by the dipole-dipole interaction with
the proton of the bridge. If it were localized in the middle of a
single-well minimum, then eqs 1 and 2 would apply in a
straightforward way. If the proton jumps between two potential
minima with a rateλi, then its motion within the bridge
influences the15N relaxation and the spectral densities given
by eqs 4 and 5 no longer describe such a system.

Starting with the formulation of Hubbard,26 we have derived
the following equation describing, without approximations, the
dipolar relaxation in a general case involving two-site local
dynamics accompanying totally anisotropic molecular reorienta-
tion. The details of the derivation are beyond the scope of this
work. This issue will be the subject of a forthcoming paper.
The dipolar spectral density in such a case reads

with êl andêr labeling dipolar couplings of15N to protons in
local and remote positions, respectively, andλmi ) λm + 2λi.
One should note the lack of factorization of the spectral
densities,J(ω), into a product of a single interaction strength
squared,ê2, and reduced spectral densities,J̃(ω), which simpli-
fies eq 4 for a rigid body. Equations 1, 2, and 3 are still valid.
Using the rotational tumbling of the molecule as a reference,
with which we compare the intramolecular rates, we can
differentiate between three possible cases:

1. Slow jumps,λm . λi. As discussed in the Introduction, all
the available experimental evidence is consistent with a proton
motion in DMANH+ being fast on the chemical shift time scale,
i.e., faster than about 103 s-1. If it remains, at the same time,
much slower than the rotational tumbling (λm), then the role of
the internal motion is to average the nitrogen relaxation rates
of the two sites. This becomes obvious when one notes thatλm

. λi implies λmi ≈ λm, which further leads to the following
simplification of eq 13

The interpretation of this expression is as follows: on the
average, half of the nitrogens would be relaxed by the dipolar
interaction,êr, with protons occupying remote position, while
the other half would be relaxed by the interaction with the local
protons,êl.

2. Rapid jumps,λm , λi. If the jumps occur with a rate
constant much larger than the tumbling rate, the proton transfer
acts as a fast vibration-like motion, averaging the dipolar
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interaction strength itself.23,27The conditionλm , λi means that
the second term on the rhs of eq 13 can be neglected, which
leads to

where the second approximate equality comes from fact that
the nitrogen dipolar interactions with local and remote protons
are almost collinear, which renders all the coefficientsam

ll , am
lr ,

am
rl , am

rr almost equal to each other. In the case of CSA
relaxation, one can obtain expressions analogous to eqs 14 and
15 and containing the average of the square of the shielding
tensor anisotropy or the square of the average anisotropy itself.

3. Intermediate jumps,λm ∼ λi. Unlike the previous cases,
eq 13 cannot be further simplified here, and nitrogen dipolar
relaxation is therefore dependent not only on the overall
molecular tumbling but also on the behavior of the bridging
proton itself. The case of jump motion in this motional regime
has been considered for spherical and symmetric top molecules,
e.g., by Woessner,28 Tropp,29 and Latanowicz,30 under the
assumption of uncorrelated global and local motions. We note
that the motions might become correlated if the proton transfer
in the hydrogen bond causes significant rearrangement of the
solvation sphere of the molecule.

3. Experimental Details

N,N,N′,N′-tetramethyl-1,8-naphthalenediamine was purchased
from Fluka and purified by 2-fold recrystallization from pentane
at 248 K. Nitrate and perchlorate of DMANH+ were prepared
following ref 22 in the paper by Pietrzak et al.8 The salts were
recrystallized from acetonitrile and dried under vacuum for
several hours. The nitrate salt was used to prepare a 0.15 M
solution in DMF-d7, which was afterward sealed in a 5 mm
NMR sample tube under an atmosphere of inert gas. All the
solution state13C NMR measurements described in this article
were performed on this sample, while all the15N NMR
measurements were performed on the analogous sample of
N,N,N′,N′-tetramethyl-d12-1,8-naphthalenediamine with isotopic
enrichment of 99% of deuterium. This deuterated analogue of
DMANH+ was prepared following the procedure of Quast et
al.31 1,8-Diaminonaphthalene used in the synthesis was pur-
chased from Fluka, while dimethyl-d6-sulfate (99 atom % D)
was obtained from Acros Organics. The deuteration of the
methyl groups is not expected to influence the13C relaxation
rates of the aromatic carbons. To confirm this assumption, the
spin-lattice relaxation rates measured at two different temper-
atures were compared for the two samples and the consistency
was better than 2%.

The 13C and 15N relaxation rates were measured at three
magnetic fields, 14.1, 11.7, and 9.4 T, at temperatures of 323,
303, 293, 283, 273, 263, 243, 228, and 213 K, using Varian
Unity Inova 600 MHz, Bruker Avance DRX 500 MHz, and
Bruker Avance DRX 400 MHz spectrometers. The direct proton-
decoupled carbon-detected, fast inversion-recovery experi-
ments32 were performed for13C. Typical parameters were as
follows: 64 scans for each of the 16 incremented delays, spectral

widths between 110 and 135 ppm, acquisition times between
1.5 and 2.5 s, and 90° pulses between 7 and 10µs. The
Z-gradient version of indirect detection experiments33 was
applied for15N. Typical parameters were as follows: 16 scans
for each of the 16 incremented delays, spectral widths about 5
ppm, acquisition times about 0.5 s, and 90° pulses 10-12 (30-
40) µs for 1H(15N). For the13C case, the recycle delay was
always longer than two times the longestT1, while for 15N
measurements it was longer than five times theT1 of the bridging
proton, which was used for the polarization transfer. For the
15N isotope, also the NOE from the bridging proton was
measured at a field of 9.4 T in the same temperature range,
using indirect detection,33 with a recycle delay longer than ten
times15N T1. The NOE for13C was measured at a field of 11.7
T with standard procedures based on comparison of intensities
in 13C spectra acquired with and without broadband (Waltz
modulation) preirradiation of the1H frequency. All the experi-
ments were repeated at least twice. We judge the overall
accuracy of the measured spin-lattice relaxation rates to be
3-5%, while the accuracy of the NOE factor, (1+ η), is better
than 0.1 unit.

All spectrometers were equipped with variable temperature
units allowing for temperature control with an accuracy of 0.1
K. Temperature calibration was carefully performed using
methanol34 within the range 303-213 K and ethylene glycol35

at 323 K, respectively. Both the gas flow and decoupling power
were also carefully controlled,36 in order to diminish temperature
gradients in the sample. Spectrometers were stabilized for at
least 2 h before the measurements were commenced.

Components of the rotational diffusion tensor of DMANH+

in the whole temperature range of interest were obtained from
a least-squares iterative analysis of the relaxation and NOE data,
which was performed using a Fortran routine, based on the
Newton-Raphson algorithm, written in-house.

The13C chemical shielding tensors needed for the relaxation
analysis were obtained from solid-state experiments performed
on a solid DMAN perchlorate at a field of 9.4 T on a
Chemagnetics Infinity 400 MHz spectrometer, using a 6 mm
double-resonance MAS probe. The1H decoupling field strength
corresponded to a nutation frequency of 75 kHz. The recycle
delay and1H-13C cross-polarization (CP) contact time were 4
s and 3 ms, respectively. The mass of the powder sample for
the solid-state NMR experiments was approximately 150 mg.
The principal elements of the13C chemical shielding tensors
were determined from spinning-sideband intensities using the

TABLE 1: Experimental 13C Chemical Shielding Tensorsa

atom number
σ11

[ppm]
σ22

[ppm]
σ33

[ppm]
θ33, æ33

b

[deg]
θ11, æ11
[deg]

1,8c 4 ( 1 80( 3 -84 ( 3 3, 8 91, 25
10 69( 3 70( 3 -139( 6 0,- -, -
4,5 11( 2 96( 4 -107( 3 0,- 90, 99
3,6 17( 3 102( 1 -119( 3 0,- 90, 143
2,7 21( 1 94( 1 -115( 2 0,- 90, 39
9 59( 7 66( 4 -125( 5 0,- -, -
CH3

c,d 17.9( 0.4 19.2( 0.7 -37.1( 0.8 -, - -, -
17.8( 0.6 18.7( 0.9 -36.5( 0.9 -, - -, -

a The principal components were extracted from solid-state MAS
measurements of DMAN perchlorate powder. The polar angles with
respect to the rotational diffusion tensor reference frame were calculated
on the DFT level. Standard errors are given.b θ denotes the polar angle
with respect to theZ axis of rotational diffusion tensor, whileæ denotes
the azimuthal angle with respect to theX axis of this tensor.c Relaxation
rates of these nuclei were neglected in the course of rotational diffusion
tensor estimation.d There are two resonances from methyl carbons in
the solid state.
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two-dimensional (2D) PASS technique,37 operating under slow
MAS conditions. In this method, the overlapping spinning-
sideband manifolds are separated by order. Further details of
the 2D PASS sequence can be found elsewhere.37,38 The
elements of the symmetric part of the shielding tensors were
extracted by a Herzfeld-Berger analysis39 of the spinning-
sideband intensities using the HBA software package.40 The
analysis yields traceless shielding tensors, which is sufficient
for our purposes.

Directions of the principal axes of the13C CSA tensors cannot
be determined using the 2D PASS experiments performed on
powder samples. Therefore, they were obtained from quantum-
mechanical calculations on the DFT41 level. Molecular geometry
for the calculations was taken from neutron diffraction,7 the basis
sets for carbon and hydrogen were IGLO-II,42 while the IGLO-
III basis was used for the nitrogen atom. The exchange-
correlation potential was PW91.43,44 The CSA tensors for15N
were taken from the paper by Lopez et al.13

4. Results and Discussion

The full set of spin-lattice relaxation rates and NOE factors
for all carbons, measured at three magnetic fields and nine
temperatures, is available in the Supporting Information. Here,
we present the results of the analysis of this extensive data set.

The first issue to discuss are the interaction strength param-
eters. Magnitudes of the principal components of the13C
shielding tensors measured in the powder of DMAN perchlorate
are listed in Table 1. They were exploited to determine the
interaction strengths,ø, according to eqs 5-7, in order to
calculate the contribution of this mechanism to13C relaxation.
The DFT calculated tensors (not shown) agreed in all cases
reasonably well (within 15 ppm) with the experimental ones.
Each of the nonaxially symmetric tensors was decomposed into
two axially symmetric tensors, following the procedure given
by Werbelow and Canet.24,45

The interaction strengths for the dipolar interactions were
calculated from the geometry in the crystal.7 For the sake of
accuracy, we took into account couplings not only to the directly
bonded protons but also to remote ones. This is necessary,
especially for the nonprotonated carbons 9 and 10, because the
dipolar mechanism is much more effective than CSA (cf.
coefficients multiplying the spectral densities in eq 1), and long-
range dipolar couplings constitute an important relaxation source
for these carbon nuclei. Relaxation of the carbons 1 and 8 were
excluded from our procedure, because we were not able to
describe accurately their dipolar couplings to protons of nearby
methyl groups, whose fast local dynamics causes the difficulty.
The other carbons are relatively far away from the methyl
groups, and the effects of the methyl protons motion can safely

be neglected, which allows us to include only approximate
average couplings to these protons. Knowing the paramaters of
relaxation interactions, we employed a numerical Newton-
Raphson routine to iteratively change the rotational diffusion

TABLE 2: Rotational Diffusion Tensor Components DX, DY, DZ and One-bond Dipolar Couplings Delivered by the
Newton-Raphson Fitting Routinea

T [K] DX[109s-1] DY[109s-1] DZ[109s-1] êC2 [kHz] êC3 [kHz] êC4 [kHz]

323b 7.321( 0.257 3.277( 0.193 5.934( 0.294 21.1c 21.1c 20.4c

303 5.487( 0.146 2.564( 0.108 3.669( 0.143 21.1c 21.1c 20.4c

293 4.603( 0.109 2.188( 0.081 2.948( 0.104 21.1c 21.1c 20.4c

283 3.822( 0.105 1.773( 0.077 2.388( 0.100 21.1c 21.1c 20.4c

273 3.211( 0.081 1.489( 0.059 1.803( 0.073 21.1c 21.1c 20.4c

263 2.465( 0.049 1.168( 0.037 1.185( 0.043 20.6( 0.3 20.6( 0.3 19.9( 0.3
243 1.377( 0.044 0.602( 0.034 0.695( 0.044 20.8( 0.3 20.8( 0.3 20.1( 0.3
228 0.840( 0.036 0.328( 0.028 0.388( 0.037 21.5( 0.2 21.5( 0.2 20.7( 0.2
213 0.500( 0.033 0.130( 0.047 0.161( 0.035 21.6( 0.2 21.6( 0.2 20.8( 0.2

a The dipolar coupling constants in eq 4 are divided by 2π. b The relaxation rates at this temperature bear nonnegligible contribution from the
spin-rotation mechanism. Therefore, results of this analysis were not taken into account neither when Arrhenius plots were performed, nor when
activation energies were calculated.c Arithmetic mean from values of appropriate dipolar couplings fitted in temperature range 213-263 K. See
text for explanation.

TABLE 3: Results of the 15N Measurements in
Deuterium-labeled DMANH+ Compared to Respective
Simulations Performed under Assumption of Slow and Fast
Proton Jumpsa

experimental slow jumps fast jumps

T ) 303 K
(T1)-1 (9.4 T) [s-1] 0.0600 0.0684 (1.14) 0.0545 (0.91)
(T1)-1 (11.7 T) [s-1] 0.0590 0.0686 (1.16) 0.0547 (0.93)
(T1)-1 (14.1 T) [s-1] 0.0582 0.0688 (1.18) 0.0550 (0.95)
FS

b(9.4 T) [s-1] 0.0286 0.0336 (1.17) 0.0266 (0.93)

T ) 293 K
(T1)-1 (9.4 T) [s-1] 0.0727 0.0830 (1.14) 0.0661 (0.91)
(T1)-1 (11.7 T) [s-1] 0.0706 0.0831 (1.18) 0.0663 (0.94)
(T1)-1 (14.1 T) [s-1] 0.0674 0.0832 (1.23) 0.0666 (0.99)
FS (9.4 T) [s-1] 0.0353 0.0407 (1.15) 0.0323 (0.91)

T ) 283 K
(T1)-1 (9.4 T) [s-1] 0.0834 0.1008 (1.21) 0.0803 (0.96)
(T1)-1 (11.7 T) [s-1] 0.0846 0.1007 (1.19) 0.0804 (0.95)
(T1)-1 (14.1 T) [s-1] 0.0852 0.1006 (1.18) 0.0805 (0.94)
FS (9.4 T) [s-1] 0.0395 0.0494 (1.25) 0.0392 (0.99)

T ) 273 K
(T1)-1 (9.4 T) [s-1] 0.0981 0.1252 (1.28) 0.0998 (1.02)
(T1)-1 (11.7 T) [s-1] 0.1004 0.1246 (1.24) 0.0995 (0.99)
(T1)-1 (14.1 T) [s-1] 0.1010 0.1239 (1.23) 0.0992 (0.98)
FS (9.4 T) [s-1] 0.0457 0.0613 (1.34) 0.0486 (1.06)

T ) 263 K
(T1)-1 (9.4 T) [s-1] 0.1239 0.1715 (1.38) 0.1367 (1.10)
(T1)-1 (11.7 T) [s-1] 0.1233 0.1689 (1.37) 0.1349 (1.09)
(T1)-1 (14.1 T) [s-1] 0.1221 0.1662 (1.36) 0.1330 (1.09)
FS (9.4 T) [s-1] 0.0586 0.0835 (1.42) 0.0663 (1.13)

T ) 243 K
(T1)-1 (9.4 T) [s-1] 0.1897 0.2801 (1.48) 0.2234 (1.18)
(T1)-1 (11.7 T) [s-1] 0.1892 0.2679 (1.42) 0.2141 (1.13)
(T1)-1 (14.1 T) [s-1] 0.1945 0.2560 (1.32) 0.2052 (1.05)
FS (9.4 T) [s-1] 0.0907 0.1333 (1.47) 0.1058 (1.17)

T ) 228 K
(T1)-1 (9.4 T) [s-1] 0.2904 0.4095 (1.41) 0.3270 (1.13)
(T1)-1 (11.7 T) [s-1] 0.2705 0.3756 (1.39) 0.3010 (1.11)
(T1)-1 (14.1 T) [s-1] 0.2663 0.3475 (1.30) 0.2797 (1.05)
FS (9.4 T) [s-1] 0.1237 0.1812 (1.46) 0.1439 (1.16)

T ) 213 K
(T1)-1 (9.4 T) [s-1] 0.4549 0.5773 (1.27) 0.4632 (1.02)
(T1)-1 (11.7 T) [s-1] 0.3818 0.5170 (1.35) 0.4167 (1.09)
(T1)-1 (14.1 T) [s-1] 0.3423 0.4750 (1.39) 0.3847 (1.12)
FS (9.4 T) [s-1] 0.1410 0.1916 (1.36) 0.1527 (1.08)

a Ratios of the calculated to experimental values are given in brackets.
b The cross-relaxation rate,FS, is obtained from NOE,η, by the relation
FS (ηγS)/(T1SγI).
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tensor components of DMANH+ in order to fit the13C T1 and
NOE data, separately at each temperature of interest. In this
procedure, we had to include somehow the vibrational correc-
tions of the dipolar couplings.23 We did this only for one-bond
couplings. Different procedures were used in the low temper-
ature range and at higher temperatures. At low temperatures,
where the data are clearly outside of the extreme narrowing
regime, we treated one of the directly bonded dipolar couplings
as a fitted variable, while ratios of the others to the fitted one
were fixed at the values calculated from the solid-state geometry.
At high temperatures, we used fixed values of the vibrationally
corrected one-bond dipolar coupling, obtained by taking average
values over the low-temperature results. Table 2 contains results
delivered by this procedure, while Figure 2 shows Arrhenius
plots for DX, DY, and DZ. The fitted dipolar couplings are
somewhat lower than the value of about 23 kHz often reported
in the solid state for aromatic compounds.46,47One should note
that the relative standard errors of the estimated diffusion tensor

components grow rapidly at temperatures 228 and 213 K. This
happens because the carbon longitudinal relaxation is there in
the flat region in the vicinity of theT1 minimum, so that even
large changes in molecular reorientation rates have diminished
impact on the measuredT1’s, compared to higher temperatures.
The accuracy of the dipolar coupling estimation is, on the other
hand, much better at lower temperatures. The explanation lies
in the fact that at higher temperatures13C relaxation approaches
extreme narrowing. Before leaving the carbon relaxation, we
wish to comment on the relative importance of the DD and CSA
mechanisms for the aromatic carbons in protonated DMAN. The
percentage shares of the dipolar terms according to the analysis
above in the total spin-lattice relaxation rates are listed in the
Supporting Information, together with the experimental data.
Here, we state only that the dipolar relaxation is dominant for
the proton-bearing carbons, where the dipolar rates constitute
between 66 and 91% of the total rates. For the quaternary
carbons 9 and 10, the DD contributions are less important,
ranging between 4 and 29% and reaching a maximum at the
lowest field and temperature of 263 K.

To investigate the bridging proton behavior we decided to
exploit 15N longitudinal relaxation and cross-relaxation as
probes. Selective substitution of the2H isotope instead of1H in
the methyl groups of DMANH+ diminished significantly the
contribution of dipolar relaxation with other nuclei than the
bridging proton itself, rendering the dipolar coupling to the latter
one the main relaxation mechanism for15N. However, such a
substitution changes the mass distribution of the DMANH+

molecule, which results in a peril that regular DMANH+ and
its deuterium-labeled form have different rotational diffusion
tensors under the same experimental conditions. To exclude such
a possibility we decided to perform13C T1 measurements at
two temperatures on a sample of the deuterium-labeled form.
Since the results were practically identical to those of regular
DMANH+, we assume that we can safely interchange the
information about the dynamics between both molecules.

The results of15N measurements for DMANH+ are shown
in Table 3, while they are visualized in Figure 3. The results of

Figure 2. Arrhenius plot for components of the rotational diffusion
tensor of DMANH+. The activation energies extracted form the slopes
of these lines are 14.5( 0.2, 17.4( 0.8, and 18.3( 0.5 kJ/mol for
tumbling aboutX, Y, andZ axes, respectively.

Figure 3. Visualization of15N longitudinal relaxation data obtained at fields of 9.4, 11.7, and 14.1 T, and cross-relaxation data taken at 9.4 T. For
numerical values c.f. Table 3.
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simulations within frames of rapid and slow proton jump
approximations (eqs 14 and 15) are inserted nearby the
experimental values. The simulations were performed under
assumptions that the proton bridge geometry obtained from
neutron diffraction (N-H distances 1.106 and 1.608 Å, the N-N
distance 2.644 Å and N-N-H angles 15.7° and 10.7°,
respectively7) is conserved also in solution. For the sake of
accuracy, the contribution from the CSA mechanism and long-
range dipolar couplings were also taken into account. The
contributions from the CSA mechanism constitute between 2
and 8% of the measured rates, while the DD interaction with
aromatic protons and methyl deuterons contribute about 2-3%.
Analysis of the data leads to the conclusion that the model of
rapid jumps remains in much better agreement with experimental
results than the model of slow jumps. It means thatλi . λm,
which impliesλi g 1010 s-1. Attempts of iterative fitting ofλi

were also performed, but failed, probably because of the
negligible sensivity of relaxation rates to this parameter in the
regime of very fast jumps. Therefore, the obtained “best fit”
values bore extremely large standard errors and are not shown.

Such a high proton jump rate is similar to the value
determined by Jenkinson et al.48 for dimers of benzoic acid in
the solid state. Since the proton transfer in the latter system
involves a tunneling mechanism,49 we conclude that our result
does not exclude such a mechanism also in the present case.

Finally, we would like to note that the rotational diffusion
tensor of DMANH+ may be dependent on sample concentration,
kind of counteranion, and solvent. We believe, however, that
our semiquantitative conclusions concerning the dynamics of
proton jumps remain valid also under changes of these
experimental conditions.

5. Conclusions

The rotational diffusion tensor of protonatedN,N,N′,N′-
tetramethyl-1,8-naphthalenediamine (DMAN) in isotropic solu-
tion was estimated over a wide range of temperatures, by use
of 13C NMR relaxation methods. The accuracy of this estimation
was very high within, as well as outside, the extreme narrowing
regime, while it was slightly worse (but still acceptable) near
the 13C T1 minimum. To the best of our knowledge, this is the
first study where a totally anisotropic rotational diffusion was
successfully investigated with high accuracy outside of the
extreme narrowing regime.

New expressions for relaxation rates in systems involving
anisotropic reorientation, accompanied by two-site internal
dynamics, were applied for the analysis of15N relaxation in
DMANH+. The analysis showed that proton jumps within the
double-well shaped potential are much faster than the molecular
reorientation. This is, again to the best of our knowledge, the
first case where ultrafast proton jumps were successfully
investigated by NMR methods in isotropic liquids.
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