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The orientation and temperature dependences of the deute-
rium NMR spectrum and spin-lattice relaxation time of the
hydroxyl deuterons in single crystals of tropolone-d; are re-
ported. The results are interpreted in terms of a dynamic hydro-
gen disorder model in which the hydrogen nuclei move in an
asymmetric double well potential. According to this model, the
hydrogen-bonded dimer structure as determined by X-ray dif-
fraction constitutes a majority species in the tropolone crystal,
comprising more than 98% of the molecules at room tempera-
ture. However, there also exists a tautomeric minority species
formed by a concerted back and forth shifting of the hydroxyl
hydrogens (deuterons) along the hydrogen bonds to the nearby
carbonyl oxygens. This process results in a modulation of the
electric field gradient tensor at the site of the deuterons, thus
providing an efficient relaxation mechanism. The concentration
of the minority species is too low and its lifetime is too short to
make its direct observation possible. Still, structural informa-
tion about this species and kinetic and thermodynamic parame-
ters of the hydrogen shift process can be derived by fitting the

measured T, values to the above model. © 1997 Academic Press

INTRODUCTION

The X-ray structure of the tropolone (C,0,H¢) shows that
the molecules are arranged as centrosymmetric hydrogen-
bonded dimers (1, 2). The lattice is well ordered and, in
particular, no disorder in the position of the hydroxyl hydro-
gens is observed. The compound crystallizes in the mono-
clinic space group P2;/c with two crystallographicaly re-
lated dimers per unit cell, aligned almost parallel to the
a*b* plane of the reciprocal lattice. The high crystal order
is reflected by three facts: a definite peak is observed in the
difference synthesis map of the X-ray data that corresponds
to the hydrogen atom attached to only one oxygen; the C-O
bond length is significantly shorter for one of the oxygen
atoms than for the other; and bond length alternation is
observed in the seven-membered ring. Each hydroxyl group
participatesin a bifurcated hydrogen bond with two carbonyl
oxygens, one of which belongs to the same molecule,
whereas the other is part of the partner molecule in the dimer.

It therefore came as a surprise when Szeverenyi et al.
(3, 4) discovered by MAS **C 2D-exchange NMR that tauto-
meric hydrogen shifts between the hydroxyl and carbonyl
oxygens take place in crystalline tropolone:

O HO OH O

Such a process by itself must lead to hydrogen disorder.
To conform with the crystallographic results, the authors
proposed that the hydrogen shift proceeds in concert with a
« flip of the entire molecule (or dimer), thus preserving the
lattice order. Later experiments indicated that the hydrogen
shift is, in fact, a secondary reaction that occurs after a self-
diffusion jJump whenever the carbonyl and hydroxyl oxygens
end up inverted in their new lattice sites (5—7). The correla-
tion time for these self-diffusion processes is approximately
20 sat room temperature and varies as afunction of tempera-
ture with an activation energy of about 100 kJ- mol ~* (4).

On substituting the hydroxyl proton of the tropolone mole-
cule with a deuteron (we will henceforth refer to such a
molecule as tropolone-d,), essentially the same rate con-
stants for the hydrogen shift process are observed (8). This
lack of isotope effect on the reaction rate confirms the pro-
posed self-diffusion mechanism for the exchange reaction:
if its rate was governed by the hydrogen shift process, a
significant slowdown would result on deuteration of the sys-
tem (9).

However, preliminary deuteron NMR measurements on a
powder sample of tropolone-d; (10) revealed an unexpect-
edly short spin—lattice relaxation time of the hydroxyl deu-
terons, of the order of 30 ms at room temperature. This
observation is surprising because from the above considera-
tions the deuterons are expected to be essentially static, the
self-diffusion process being too slow to provide for an effi-
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FIG. 1.

Projection of the majority (left) and minority (right) species
of the tropolone dimer along the crystal axis c. The rate constants of the
exchange of the two species are denoted by k; and k.

cient relaxation mechanism. The main purpose of this paper
isto show that this short T, of the hydroxyl deuteronsreflects
the occurrence of another dynamic process in crystaline
tropolone that consists of rapid concerted hydrogen shifts
within the dimer. The model is similar to that of Benz et al.
(11), who studied the anisotropy of T, in single crystals of
KDCO;. We present deuteron T, measurements in single
crystals of tropolone-d; as a function of the crystal orienta-
tion in the magnetic field and as a function of the tempera-
ture. We show that the results can be explained in terms of
partial hydrogen disorder involving a majority, long-lived,
low-energy species and a minority, short-lived, high-energy
species. The model is introduced in the following section,
where also a summary of the basic equations necessary to
interpret the relaxation results is given. Following Experi-
mental, the relaxation data are presented and analyzed. We
conclude with a summary and a comparison with related
systems.

THE HYDROGEN DISORDER MODEL

To invoke a relaxation mechanism for the hydroxyl deu-
terons in tropolone-d;, in terms of hydrogen disorder, we
must assume the presence of at least two interconverting
species, the exchange between these providing the mecha-
nism for the relaxation. Specificaly, we assume that in addi-
tion to the majority dimer structure shown on the left-hand
side of Fig. 1, there also exists a less favorable minority
structure in which the hydroxyl hydrogens have switched
to the neighboring carbonyl oxygens with a concomitant
electronic rearrangement in the seven-membered rings, see
right-hand side of Fig. 1. In principle, two pathways for the
hydrogen shift within the dimer can be imagined, as shown
schematically in Fig. 2. In part (a) of this figure, the hydro-
gen shift from 1to 2 (1’ to 2') is intramolecular, whereas
in part (b) it is intermolecular. NMR, however, cannot dis-
tinguish between the two aternatives because the inversion

symmetry of the dimer renders the two end configurations
equivalent.

Both parts (a) and (b) of Fig. 2 imply aready the follow-
ing natural model of the minority species. We assume that
the double hydrogen shift process, in concert with the elec-
tronic bond rearrangement, results in slight shifts of all the
tropolone nuclei in order to restore their equilibrium posi-
tions with respect to the new electronic configuration. This
assumption seems well justified because the time scale of
the concerted hydrogen shift process (see below) is long
compared with typical vibrational relaxation rates of the mol-
ecule. We further assume that the so-rearranged minority
species is congruent with the original majority species, but
appears as if flipped by 180° around the line connecting the
centers of mass of the two tropolone moleculesin the dimer.
Part (¢) of Fig. 2 illustrates what happens to the O—D bond
direction during the hydrogen shift process: the bond direc-
tion jumps by 2, and the model predicts that this angle is
72°. Nevertheless, we will treat 2¢9 as afree parameter which
we will determine from the analysis of our T, data. In this
way, the model will be subjected to an experimental test.

Energetically, the exchange between the mgjority and mi-
nority species can be described by jumps between two in-

FIG. 2. Superposition of the majority (black circles, full lines) and
minority (shaded circles, dashed lines) species of the tropolone dimer. The
minority species is drawn according to the model described in the text. In
(a), the hydrogen shift is intramolecular, whereas it is intermolecular in
(b). Note that NMR cannot distinguish between the two aternatives. (c)
illustrates the effect of the hydrogen shift on the direction of the O—D bond
and introduces the molecular axes system X, Ym, Zn: Ym IS perpendicular
to the plane of the dimer, and z, is the bisector of the O—D bond directions
in the majority and minority species. A transition from the magjority to the
minority species, and vice versa, causes the bond angle to jump through
an angle of 29.
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FIG. 3. Sketch of the potential of the tropolone dimer. Minimum 1
corresponds to the nuclear and electronic equilibrium configuration of the
majority species, minimum 2 to that of the minority species. The difference
between the lowest vibrational levelsin the two minimais denoted by AE,
the distance to the top of the barrier by E; and E,, respectively.

equivaent potential wells with an energy difference AE and
an average energy barrier E;, = (E; + E;)/2, where E;, =

+ AE/2 are the energy differences between the lowest-
lying states in the respective potential wells and the top of
the barrier, see Fig. 3. A jump between the two sites results
in a change of the electric field gradient at the site of the
deuteron, thus providing a mechanism for spin—lattice relax-
ation. Itsrate will depend on the electric field gradient (EFG)
tensors V,; and V, at the deuteron site in species 1 and 2,
respectively, on the fractional populations p, and p, = 1 —
p, of the two species, and on the correlation time 7. of the
jump process, where

i:k]_“l‘kz [1]

Tc

is the sum of the forward and backward jump rate constants,
see Fig. 3. For such a situation, Benz et al. (11) gave an
expression for T1* that reads, when expressed in terms of

quadrupole coupling (QC) tensors Q = 3eQ/h-V, as fol-
lows:
1 272 ( 2r )
T—l=?{m[(Q)+(Q)]
2 fl \2 fl \2
m [(Qx w)" + 4(Qy) ]} :

[2]

In Eq. [2], the Q{ are the components of a fluctuation quad-
rupole coupling tensor Q" in the laboratory coordinate frame

in which z is paradlel to the magnetic field B,. The (time-
independent) tensor Q" incorporates the effects of the fluc-
tuations of the EFG tensor felt by the deuteron during its
hopping process and is given by (11)

Q" = Vpips (Q1 — Qo) [3]

We assume that Q, and Q, are congruent (i.e., possess
identical principal values), that the perpendicular to the di-
mer plane is a common principal direction of both Q, and
Q., and that the O—D bond direction in each species is
another principal direction (in fact that corresponding to the
largest principal component) of Q, and Q,, respectively.
In Fig. 2¢, we introduce a molecular axes system X, Ym, Zm
as follows: z, is the bisector of the O—D bonds of the two
species, and y,, is the perpendicular to both these bonds, i.e.,
the perpendicular to the dimer plane. Note that we know the
direction of the O—D bond in the minority species, and
therefore the direction of z,,, only within the model described
in connection with Fig. 2. Determining this direction experi-
mentally is one of the main goals of thiswork. In the molecu-
lar axes system, the fluctuation tensor acquires the form

0 01
= Vpup, Sin 20(Qzz — Qxx) [o 0 0] . 4]
1 00
where 29 is the angle between the O—D bonds in the major-
ity and minority species, respectively, and Q,, and Qxx are
the in-plane principal components of either Q; or Q,. The
fluctuation tensor Q" is thus ‘‘flat,”” with a zero principal
component along Y., and two other principal components of
equal magnitude

Q" = Vpip2 Sin 29(Qzz — Qxx) [5]

and opposite signs.* The angle between the associated princi-

pal axes of Q" and x,,, respectively z,,, is =45°.
In the molecular axes system X, Ym, Zn, EQ. [2] becomes

1 2r a4\ Te
- (5o

+ cos%,, sinep,,) +

(cos?29,, cospnm,

Tc
1+ 4wir?

X (sin?26,, cos’p, + 4 sin®d,, Sin2¢>m)} , [6]

with 6, and ¢, the polar and azimuthal angles of By in this

% In the equations of Ref. (11) corresponding to Egs. [4] and [5], there
isan error of afactor of 2. Consequently, the result for p, at the temperature
(253.7 K) at which T, was measured in that paper is too low by a factor
of 4. Appropriate corrections must also be applied to the dynamic parame-
ters AE and E,.
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axes system. For the case of an axially symmetric QC ten-
sor, Eq. [ 6] reducesto Eq. [ 36] of Ref. (12). By measuring
the orientational dependence of 1/T,, we may hope to con-
firm the proposed dynamic model and to derive kinetic and
structural parameters related to the dynamic disorder in the
tropolone dimers. Let us therefore briefly discuss the type
of behavior we expect for 1/T, for different orientations
of By. The parameter which influences this dependence
most strongly is woere. If were < 1, it follows that 1/T; is
equal to (27Q"/3)?r, when By is in the Xz, plane and
equal to (47Q"/3)2r. when B, is along y,,. No anisotropy
in T, should therefore be observed if the magnetic field
scans the plane perpendicular to y,,, while a change by a
factor of four in T, is expected when B, movesin any plane
that includes y,,. If, on the other hand, wqr. > 1, the relax-
ation rate 1/T, is constant with a value of (27Q"/3)?/
(w3T.) when B, moves in the X, Ym or Yz, plane, but aniso-
tropic in the X.z, plane with a minimum value of
(7Q"/3)%/(wir,) at =45° from X, or z,. Finally, if wor,
~ 1, as happens to be the case in the tropolone-d, system
at around room temperature, the behavior is more compli-
cated, and specia care is required in the analysis of the
experimental results.

To derive values for E, and AE, the temperature depen-
dence of T, must be measured. We assume that the hydrogen
shift process is thermally activated with the correlation time
7. given by Eq. [1], where the forward and backward jump
rate constants k; , are

1 E
kl,2 = — eXp<— _12> .

To

[7]

Also, we assume that the ratio of the populations of the two
species is given by the Boltzmann factor

(8l

According to Egs. [2] and [ 3], both 7. and p,/p, influence
the temperature dependence of the relaxation rate. Specifi-
cally, assuming p, < p, a temperatures where wqr, > 1,
the logarithm of the relaxation rate should be proportional
to the inverse absolute temperature with a negative slope of
—(Ea + 3AE)/R, wheress for wor, < 1 the corresponding
dope is (E. — 3AE)/R, which can be either positive or
negative. When wor. = 1, the slope will in general change
with temperature.

EXPERIMENTAL

Tropolone-d; (m.p. 51-52°C) was prepared from the iso-
topically normal compound by repeated exchange with
CH,0D. After ditilling off the remaining methanol, the tro-
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polone-d; was purified by sublimation. Single crystals of
tropolone-d;, were grown in aflat, cylindrical via (diameter
10 cm, height 2.5 cm) evacuated to 10~° torr. The vial was
kept under a small (~2 K) temperature gradient at ambient
environment. After afew days, seeds appeared on the upper
(colder) flat wall. The vial was turned over and the process
repeated several times until square shaped crystals of typical
dimensions 3 X 3 X 1.5 mm with well—developed growth
planes appeared. The flat side of the crystals corresponds to
the crystallographic ac plane.

The crystals were oriented with an optical two-circle goni-
ometer, glued to a PVC rod, and machined on a lathe to fit
into standard 5 mm NMR sample tubes that could be rotated
in the NMR probe around an axis perpendicular to the mag-
netic field By. To prevent the crystals from contact with air
and humidity, which would lead to loss of deuterium and to
rapid deterioration, they were covered with PTFE (Teflon)
spray and embedded in epoxy. Even with this precaution,
several crystals deteriorated severely in the course of crystal
handling and some preliminary experiments.

As the axes of the standard orthogonal system (SOS) in
which we carry out all calculations of our data analysis, we
choose the crystallographic axes a, b, and c*. Directionsin
the SOS will be specified by the polar angles 6 and ¢.
Because the crystal is monoclinic and there are two crystallo-
graphically related, but magnetically inequivalent sitesin the
unit cell, asingle rotation of the crystal in the magnetic field
B, around a suitably chosen axis would suffice, in principle,
to fully determine any traceless second-rank tensor such as
a deuteron quadrupole coupling tensor. Tesche et al. (13)
considered the accuracy of such measurements and proposed
choices of the rotation axisfor which the measurement errors
due to uncertainties in the orientation of this axis are mini-
mized. Nevertheless, we chose two crystals for our measure-
ments on tropolone-d;. Following the considerations of
Tesche et al., one of them was prepared with an angle of
~22° between the monaoclinic plane and the rotation axis
whose polar angles were chosen as § = 106.5° and ¢ =
203.5°. We refer to this specimen as crystal |. Some addi-
tional measurements were performed on a crystal mounted
in such away that the rotation axis coincides with the b axis
(0 = 90°, ¢ = 90°). We refer to this specimen as crysta
I. The accuracy of the crystal orientation is estimated to be
better than 1°.

Deuteron NMR measurements were performed on a
Bruker CXP300 spectrometer operating at 46.07 MHz, using
a variable temperature probe equipped with a homemade
goniometer for crystal rotation around an axis perpendicular
to By. Spectra were recorded using the quadrupole echo
seguence with a time interval of 20 us between the pulses.
The 90° pulse length was 2.5 us. Spin—lattice relaxation
measurements were performed by inversion recovery using
a composite pulse for inversion and a quadrupole echo se-
guence for detection.
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FIG. 4. Rotation pattern of the deuteron NMR doublet splittings Av of
the crystals | and Il of tropolone-d, recorded at 294 K. For crystal |1, the
magnetic field B, moves in the monoclinic plane; hence only one doublet
is observed. The curves fitted to the experimental data correspond to the
deuteron quadrupole coupling tensor Q (294 K) in Table 1. The inset shows

the spectrum of crystal | for the rotation angle y = 24°; acquisition with
200 scans, 500 ms repetition time.

RESULTS AND DISCUSSION

Quadrupole Coupling Tensors

In a general orientation of By, the spectrum of a single
crystal of tropolone-d; consists of two pairs of lines arising
from the two symmetry-related, but magnetically inequiva-
lent dimers in the unit cell, see insert in Fig. 4. The lines
have a nearly Gaussian shape with full-width at half-maxi-
mum height of about 1.2 kHz. For T = 294 K, the depen-
dence of the quadrupole splitting Av on the rotation angle
v is plotted in Fig. 4 for both crystals | and Il. For crystal
I1, the magnetic field moves in the monoclinic plane; hence
both dimers in the unit cell are magnetically equivalent, and
only one doublet is observed. Because the O—D bonds of
the magjority species are approximately parallel to the b axis
(1), the observed splittings for this crystal are almost inde-
pendent of the rotation angle y. The origin of the angle v
is defined (arbitrarily) in such a way that at y = 21.2° the
magnetic field B, is paralel to the c* axis. For crystal |,
two doublets are observed in most orientations. Here, v =
55.4° corresponds to the rotation angle where B, crosses the
monoclinic plane. Thisoccurs at § = 17.8°, ¢ = 180°. Simi-
lar measurements were performed at 236 K. The deuteron
quadrupole coupling tensors Q (294 K) and Q (236 K) de-
rived from the data at both temperatures are listed in Table
1. The principal axes are given for that dimer which is de-
noted A—B by Shimanouchi and Sasada (2). In Fig. 4, the
splittings of this dimer observed in crystal | are marked with
squares. The polar angles of the principal axes for the other
dimer can be obtained through the monoclinic symmetry by
replacing § — 180° — 6, ¢ — 180° — ¢. The assignment of
the coupling tensors to the corresponding dimers is based

on the assumption that the principal directions e, lie in the
dimer plane. In practice, for one of the possible assignments
these directions were found to lie in the dimer planes as
determined by X-rays within less than 1°, while the reverse
assignment would place them 5° off these planes.

We note that there is only a very slight change in the
magnitude of the principal components of the QC tensor on
decreasing the temperature from 294 to 236 K and that there
is no significant effect on the orientation of the principal
directions. The high accuracy in the determination of the
QC tensors is demonstrated by the fact that, despite the
smallness of the asymmetry parameter 7, essentialy the
same orientations were found for the principal directions ey
and e, at both temperatures. In both cases, the principal
direction ey is nearly perpendicular to the dimer plane, asis
expected from the local symmetry of the system.

Anisotropy of T,

The orientation dependence of 1/T, for crystal | was mea-
sured at two temperatures, 294 and 267 K. The results for
the two dimers in the unit cell are plotted in Fig. 5, using
the same symbols asin Fig. 4. The data exhibit a pronounced
anisotropy with almost afactor of four between the minimum
and maximum values.

We first discuss the room temperature results. As ex-
plained in the previous section, we require that the fluctua-
tion tensor Q" be ‘‘flat,”’ i.e., traceless with one principal
component being zero and the two others having values
+Q". Furthermore, the principal direction with the zero prin-

TABLE 1
The Various Quadrupole Coupling Tensors
of the Hydroxyl Deuterons in Tropolone-d;

Principal
direction®
Principal Principal value
Tensor component (kHz) 0 ¢
Q (294 K) 7z 301.9 88.3° R7
(n = 0.097) YY —165.6 164.5° 8.7
XX —136.3 74.6° 22
Q (236 K) (=Qy) 7z 311.2 88.6° 92.9°
(n = 0.078) Yy -167.7 164.0° 8.0°
XX —1435 74.00 25
Q. zz 311.2 75.8° 18.1°
YY —167.7 165.3° 29
XX —1435 86.3° 287.2°
Q" (294 K) 7z 54 90° 100°
XX -54 75° 10°

2The angles # and ¢ denote polar angles in the standard orthogonal
system with axes parallel to a, b, and c*. Principal directions are given for
the dimer denoted A—B by Shimanouchi and Sasada (2). The symbol
denotes the asymmetry parameter defined as n = (Qux — Qw)/Qz -
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FIG. 5. Rotation patterns of the spin—lattice relaxation rates 1/T, of

the two magnetically distinct deuterons in the crystal | of tropolone-d,,
recorded at T = 294 K and T = 267 K. Open squares correspond to the
dimer A—B in the notation of Ref. (2), asterisks to the glide symmetry-
related dimer. The full curves in the 294 K patterns are fits to Eq. [6]. In
the 267 K patterns, the full (dashed) curves were cal culated with the fluctu-
ation tensor extracted from the 294 K data and the thermodynamic parame-
ters extracted from the temperature dependence of 1/T, shown in Fig. 6,
without (with) invoking an entropy term.

cipal component should be perpendicular to the dimer plane
(6 = 165.5°, ¢ = 9.0°). Using these restrictions, Eq. [6]
was fitted to the experimental data in Fig. 5 with Q", wqr.
and the direction of z, in the plane of the dimer (one addi-
tional parameter) being the fitting parameters. The full lines
in the upper part of Fig. 5 were obtained by this procedure.
The good fit of the experimental data with just three adjust-
able parameters lends strong support to the underlying as-
sumptions, specifically the assumed orthogonality of y,,, the
direction corresponding to the zero principal component, to
the dimer plane. We find wyr(294 K) = 1.0, Q" = 54 kHz
and 6§ = 80.0°, ¢ = 55.9° for the direction of z,. The princi-
pal directions of Q" (that are at angles of +45° from z,
within the dimer plane) are also given in Table 1.

In Fig. 2¢, weintroduced the angle ¥ as the angle between
the z, axis and the O—D bond direction in the majority
species. ldentifying this latter direction with the principal
direction e, of Q at 236 K, we find 9 = 37.5°, yidlding a
total jump angle 2¢ of 75°. From this, we find the O-D
bond direction in the minority species to have the polar
angles § = 75.8° and ¢ = 18.1°. The result for 29 compares
favorably with the prediction from the model introduced in
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connection with Fig. 2, from which a value of 29 = 72° is
expected. In thismodel, slight shift motions also of the heavy
nuclei in the tropolone molecule were assumed as a result
of the electronic rearrangement caused by the hydrogen shift
process. The good agreement of the predicted and measured
values of 29 provides strong evidence for such motions of
al atoms in the tropolone molecule.

Thermodynamic Parameters for the Equilibrium and for
the Exchange of the Two Species

Now that Q" and ¥ are known, we can use Eq. [4] to
calculate the value of \/@ or, equivalently, the ratio of
the occupation probabilities p,/p,. We find p,/p; = 1.56 X
102 at 294 K, from which number we obtain AE = —RT
In (p./p.) = 10.2 kJ- mol ~* for the asymmetry of the double
well potential. To obtain the average activation energy E, of
the jump process, we must take into account the temperature
dependence of 1/T,. We measured this dependence for one
fixed orientation of the crystal, given by v = 74° in Fig. 5
which corresponds to B, having the orientation 6§ = 35.2°,
¢ = 138.2° in the SOS. The results are shown in Fig. 6.
Assuming that the temperature dependence of . is given by
Egs. [1] and [ 7], we fitted Eq. [ 6] to the data of Fig. 6 with
the fitting parameters now being just 7, and E,. The result of
this procedure isthe solid line in Fig. 6. The thermodynamic
parameters obtained in this way are given in the first row
of Table 2.

We now turn to the orientation dependence of 1/T, at 267
K, see lower part of Fig. 5. From the above, we should be
able to simulate these results with no additional parameters.
The solid line in the lower part of Fig. 5 was indeed calcu-
lated using only the parameters obtained so far. The fit is

100 <

T{‘ /st

0.1 ! : :
3 3.5 4 4.5

1000K/T

—_——

FIG. 6. Temperature dependence of the spin—lattice relaxation rate
1/T, of the deuterons in the A—B dimer of crystal | for the rotation angle
y = 74°. The full (dashed) curves are fits to Egs. [6], [7], and [8]
(respectively [9]), i.e., without (with) invoking an entropy term.
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TABLE 2
Kinetic and Thermodynamic Parameters for the Concerted
Deuteron Shifts in Solid Tropolone-d,

Vo E. AE

(s (kJ-mol™)  (kJ-mol™?)  ASR
No entropy term® 5.0 x 10% 29.0 10.2 —
With entropy term 3.8 x 10% 23.0 22.2 4.9

2 See text.

quite reasonable and reproduces faithfully not only the gen-
eral angular dependence of 1/T4, but also, for most orienta
tions, the actual values to within a few percent. It appears,
however, that the ratio between the maximum and the mini-
mum values of 1/T; as a function of the crystal orientation
isdlightly smaller for the calculated curve than for the exper-
imental values. The fit can be improved considerably by
introducing an entropy factor to the equilibrium population

ratio,
P (_ AE AS)
P =P rT )P\ R )

[9]
When this relation is used and the overal analysis of the
data is repeated, taking AS as an additional independent
parameter, the results shown in the second row of Table 2
are obtained. The dashed lines in Figs. 5 and 6 were calcu-
lated using these parameters. They show asmall, but definite
improvement of the fit both for the orientation dependence
of 1/T, at 267 K and for the temperature dependence of 1/
T,. Note that by introducing the entropy term, the values
for both E, and AE change significantly, making an error
estimation for these parameters questionable. We fed that
this problem is by no means unique to tropolone. The result
for AS (4.9R) may reflect the disorder and hence higher
entropy induced in the crystal by the formation of the minor-
ity species in an otherwise well-ordered environment.

So far, we have assumed for the analysis of the relaxation
data that Q, equals the measured value of the average QC
tensor Q at 236 K. From the thermodynamic data in Table
2, the fractional population of the minority site, p,, is esti-
mated to be 0.5% at 236 K for the parameters without the
entropy term and 0.16% for those with the entropy term.
Recalling that the measured value of Q isthe weighted aver-
age of the two species, Q = p,Q: + p.Q,, it is clear that
the approximation made is indeed valid.

According to Eq. [ 7] and the parameters in Table 2, the
lifetime of the minority speciesis 1.1 X 10 ®sat T = 236
K (entropy term taken into account). It is even shorter at T
> 236 K. This short lifetime of the minority species at 236
K and above prevents the direct NMR observation of this
species in this temperature range. Although cooling will in-
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creasethislifetime, it will aso reduce p,, rendering it highly
unlikely that the NMR signal of the minority species can be
seen at any temperature.

SUMMARY AND CONCLUSIONS

We have shown that the short relaxation time of the hy-
droxyl deuteronsin crystals of tropolone-d, can be quantita-
tively accounted for in terms of dynamic hydrogen disorder
within the dimer units that constitute the building blocks of
the lattice. The disorder is brought about by a concerted
double hydrogen shift within the dimer, resulting in aminor-
ity species which is not well accommodated in the lattice of
the majority species. It is therefore short lived and rapidly
reverts to the ground state species. The process is accompa:
nied by dlight displacements of all atoms of the tropolone
molecules which may be responsible for the thermal reorien-
tational motion observed in the X-ray studies (1, 2). The
occurrence of aminority species may correlate with the high
vapor pressure of tropolone and its low melting point of
~50°C, at which temperature the concentration of the minor-
ity species is estimated to be about 2%.

Our results complement the earlier dynamic studies of
solid tropolone, where the slow exchange process detected
in 2D C experiments was attributed to self-diffusion.
This process is associated with a much higher activation
energy and is orders of magnitude slower than the con-
certed hydrogen shifts investigated in the present work.
A self-diffusion step will also be accompanied by a con-
certed hydrogen shift whenever the molecule ends up with
a ‘‘wrong’’ position of the carbonyl and hydroxyl oxy-
gens, but the concerted hydrogen shift is not the rate-
determining step in this process.

It is interesting to compare the results for the hydrogen
dynamics in the tropolone dimer with that occurring in solid
carboxylic acid dimers. Scheubel et al. (14) investigated
the hydrogen dynamic disorder in dimethylmalonic acid
(DMMA) and summarized results for the activation energy
E. obtained in a number of other carboxylic acid dimers (a
total of 16). They showed that the list can be divided into
two groups depending on whether E, is ‘‘smal’’ (6 = 3
kJ-mol ~*) or “‘large”’ (60 + 6 kJ- mol ) and argued that in
the first group the compound undergoes a simple concerted
hydrogen shift in an asymmetric double well potential,
whereas in the second group the process most likely (and
certainly in DMMA) involves a flip of the whole dimeric
unit followed by a rapid hydrogen shift. In tropolone, both
types of processes take place. The slow tautomeric hydrogen
shifts studied by the *C magnetization transfer techniques
(3-7) belong to the second class of reaction in which a
dlow diffusional jump (or flip) is followed by a rapid hydro-
gen shift. The fact that motions of whole molecules are
involved is reflected in the high activation energy (~100
kJ- mol ~*) associated with these jumps in tropolone (4). In
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the present work, we studied fast concerted hydrogen shifts
within an asymmetric double well potential. The activation
energy found for this process (~25 kJ- mol ~*) is consider-
ably lower than for the self-diffusional jumps, but still sig-
nificantly higher than the typical value of 6 kJ- mol ~* found
in the dicarboxylic acid dimers for this type of process. The
reason might be found in the fact that in the dicarboxylic
acid dimers, the electronic bond rearrangement caused by
the hydrogen shifts and the associated atomic displacements
are essentially restricted to the carboxyl groups, whereas in
tropolone al the heavy atoms of the molecule are forced
to shift their positions in the course of the hydrogen shift
process.
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