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A general method to analyze NVIR slow motional lineshapes is extended to 7 = 1 nuclei and iliustrated on 2H N\IR line-
shapes of a clathrate hydrate of tetrahydrofuran (THF-dg). It is shown that *ring puckering™ could be the dominant mode
of motion for the enclathrated THF-dg molecule, whereas several other models are inconsistent with experiment

The development of techniques for obtaining high
resolution NMR spectra of magnetically diluted spins
in crystalline and related types of samples 1] stimu-
lated a considerable number of studies on static probe
nuclei. focusing mainly on information of a structural
nature [2]. The dvnamical aspects, in particular the
study of slow motions occurring on time scales de-
fined by the various magnetic interactions, have also
been considered in several cases, usually by using the
technique of broad line proton NMR [3,4] . However,
lineshape analyses of isolated nuclear spins have only
been performed in a few special cases¥.

We have recently developed [6] a general method
to analyze slow motional lineshapes of 7 = 1/2 nuclei,
where the main anisotropic term in the hamiltonian
is due to the secular part of an asymmetric chemical
shift tensor. That work generalized the slow motional
ESR analysis of Freed et al. {7] to generate lineshapes
for “very anisotropic’ reorientation [8], i.e. relative-
ly more rapid rotation about a particular axis in a
rigid molecule or a particular axis (or axes) of internal
rotation in a non-rigid molecule which is, in general,
tilted relative to the principal magnetic axes. The vari-
ous motions may be treated by brownian and/or by
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I Pines et al. {5] studied modulation of the 13C chemical
shift tensor in hexamethylbenzene by jumps about the six-
fold symmetry axis.

jump diffusion and include a variety of possible com-
binations of models [6] . In the present note we ex-
tend this lineshape analysis to the case of 7 = 1 nuclei,
where the main anisotropic term in the hamiltonian
is the secular part of an asymmetric quadrupole in-
teraction. This work may also be considered as a gen-
eralization of the earlier treatment by Freed et al. [9]
of slow-tumbling triplet ESR spectra, which they
point out is equivalent to the /= I NMR case with

a quadrupole tensor (except in the present case non-
secular terms are negligible) [10].

These methods of spectral analysis provide, we be-
lieve, an indispensible tool for the study of such phe-
nomena as: molecular reorientation in low-tempera-
ture uniaxial and biaxial smectic liquid crystals [11—
13}, chain reptation and kink diffusion in polymers
[3.,4] , dynamic characteristics of particular function-
al side groups in biological macromolecules [14],
anisotropic reorientation of guest molecules in or-
ganic clathrates [15] and the relationship between
the dynamic behavior of the guest and its seiective
reactivity with the host [16}, various problems re-
lated to the dynamic state of molecules in colloid and
interface science [17], etc.

By using the formal equivalence between the qua-
drupole interaction in NMR for /=1 and the ESR
S =1 zero field splitting [9] it follows from a compa-
rison of refs. [6,7,9] that the resuits of ref. {6] may
be used for 7 = 1 nuclei, provided the definitions used
for I = 1/2 nuclei:
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Fo =30 — Moy —0, )],
E-"—2 =6- lll(on - Uy},)‘YN

are replaced by Fy =FDand %, = ?(%)”21:‘, corre-
sponding to the two allowed transitions for /=1 (or
S=1).(Here o, Oyy, 0 are the principal compo-
nents of the shielding tensor with D=32D, and £ =
2D, - D), with D, D,, and D, denoting the prin-
cipal ecomponents of the quadrupole tensor. (In usual
notation $ D = ¢2qQ.)

In this analysis, the reorientation of the entire
molecule is represented by the diffusive eigenvalues
f6,18]:

By IR, LIL+ 1) +(Ry — R)K?],

where Ry and R, are the parallel (relatively fast) and
perpendicular components of the rotational diffusion
tensor, while B, is the “model parameter” ranging
from B; = 1 for brownian motion to B, = [L(L+1)] 1
for L > 0 for strong jump diffusion. The eigenvalues
for internal rotational diffusion are: R;K2/(1 +

R7 K?), where Ry is the diffusion coefficient for

the internal rotation and 7y is the mean time between
diffusion jumps (R;7; is then proportional to the size
of a mean diffusive step).

To illustrate the use of the method, we considered
recently published experimental 2H spectra of the
structure Il clathrate hvdrate of perdeuterated tetia-
hydrofuran (THF-dg) as a function of temperature
[15]. These lineshapes were interpreted (without the
aid of any simulation) in terms of the onset of mo-
tion at about 20 K. assuming rapid “very anisotropic™
reorieniation about the preferred ditfusion axis; how-
ever. the qualitative features of the spectra could on-
ly be understood assuming a relatively wide static
distribution of diffusion axes, implying a distribu-
tion in cage configurations of the clathrate structure.
In general, the assumption of a broad distribution
of reorientational correlation times has often been
used in previous studies on clathrate structures (see
ref. [15] and references cited therein) to interpret
results of physical measurements on guest molecules.

We wish to suggest an alternative interpretation:
the guest molecule reorients about a unique axis, de-
termined by the molecular symmetry and by the sym-
metry of a well-defined cage configuration; however,
instead of assuming that the motion about the diffu-
sion axis has attained the limit of fast “verv aniso-
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tropic™ reorientation (i.e. rapid motion about the
main diffusion axis and very slow recrientation per-
pendicular to it) we allow for both of these dynamic
rates to assume arbitrary values.

Although the structure of the structure I clath-
rate hydrate of THF has been solved by X-rays [19],
no direct information regarding the configuration of
the guest THF molecule could be obtained since the
oxygen atom just gave rise to a diffuse electron den-
sity, which has been related to dynamic disorder rath-
er than to a static distribution of orientations. By
analogy with other derivatives of cyclopentane [20],
it was assumed [19,20] that THF assumes a C, half-
chair configuration, rather than a C; envelope con-
figuration.

To generate a series of dynamic 2H NMR line-
shapes, one has to specify the orientation of the main
diffusion axis relative to the local frame of the deu-
teron quadrupole tensor. Should the molecule con-
tain more than one deuterium atom, the overall spec-
trum will be given by the superimposed spectra of
the various deuterons in the molecule. The lineshapes
will differ from site to site, according to the relative
orientation 8 of the main diffusion axis and the vari-
ous C—-D bonds which lie along the principal axis of
the axially symmetric quadrupole tensor [21]; from
rigid limit simulations the quadrupole tensor in THF-
dg was found to be axially symmetric with $D =~
178 kHz. Thus, in order to simulate theoretically the
overall 2H NMR lineshape, one has to assume a par-
ticular molecular conformation so as to be able to
associate particular angles 8 with the various deu-
terons. As mentioned above, our method is general
in imposing no restrictions on the orientation of the
main diffusion axis; it will be shown shortly that the
lineshapes are very sensitive to this orientation which,
for an axially symmetric quadrupole tensor is defined
by one angle 6. Thus, although the spectral resolution
might be lowered by having different angles @ for the
various deuterons (L.e. several superimposed lineshapes),
our method enables one to differentiate between vari-
ous possible conformations. This unique feature, i.e.
the possibility of determining molecular geometry
from lineshape analysis is of considerable importance
in the example considered here, since, as we have al-
ready noted, X-ray studies in the THF-dg hydrate in-
clusion compound could not provide information re-
garding the molecular geometry of the guest molecule.
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We refer now to the THF-dg molecule which is a
five membered ring. By analogy with other cyclo-
pentane derivatives THF-dyg is expected to assume
either a C, half-chair conformation or a C envelope
conformation: Mak and McMullan [19] assume a C,
conformation although the difference in energy be-
tween these two is expected to be relatively small
[20]. On this basis the following models shall be con-
sidered:

(a) An approximately planar conformation and
“very anisotropic™ reorientation about one of the
symmetry axes x y’z" of the quasi-planar molecule
defined so that x’ lies within the molecular plane pass-
ing through the oxygen atom, ' is perpendicular to
x’ within the same plane and z’ is perpendicular to
both.

10x10%

8 =55°
R, =10x103

=

Ry =10 x 107

\
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(b) Either a C, or a C; stable conformation and
very anisotropic motion about an arbitrary axis.

(c) A C;5 or C; conformation at low temperatures
and the onset of “ring puckering™ upon increasing
the temperature.

(a) We assume that the THF-dg molecule is ap-
proximately planar and the diffusion axis z"” lies
along z'; in this case all C—D bonds make an angle
0 = 35°44" with z'"’ assuming that DCD is a perfect
tetrahedral angle. The only free parameters are now
Ry, the motional rate along z"”’ and R, the rate per-
pendicular to z™”’. We illusirate in fig. 1a a series of
theoretical lineshapes for R, = 1.0 X 103 s—1 and
Ry varying from 103 at low temperatures to 108 at
high temperatures (further increase in Ry dges not
affect the spectra). The fit between these lineshapes
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Fig. 1. 2H N\MR lineshapes for a quadrupole tensor with

%D = 178 kHz, E = 0; the intninsic linewidth 751 = 2.4 kHz;
L =22 for slower rates and L = 8 for faster rates were used
in the calculation; (21 9 = 34°44", R, = 1.0 x 103 s~ and
Ry asdenoted; (b) = 34°44', R; = 1.0 x 103 s~! and R,
as denoted; (c) 8 =55°, R, = 1.0 X 103 s and Ry as de-
noted.
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-
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and the experimental spectra {cf. fig. 2b) is poor, the
main feature present in the simulated spectra and
absent in the higher temperature experimental pat-
terns is the doublet splitting persisting up to the limit
of fast “‘very anisotropic™ motion about z””’. We then
increased R, from its value of 103 s—1_which is ac-
tually close to the rigid limit value for R . The effect
of increasing R; on the Ry = 1.0 X 108 s~! spectrum
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Fig. 2. () Same as fig. 1 for @ = 0° and R, as denoted:; Ry
can assune any walue since for an axiolly sy maretric quadro-
pole tensor motion about the principal avis does not atfect
the spectrum. The spectrum at the top s the rigid limt pat-
tern, obtamed with R, = 5 X 102 s~ (b) Deuterium NMR
hneshapes of THI-dg-17 HaO at various temperstures (re-
printed from ret. [I3]).
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is illustrated in fig. 1b and it can be easily seen that
R, has to be increased to 6.0 X 10* s—! to wash out
the doublet splitting but at this value of R, the line-
width is about 30% too narrow as compared to the
experimental spectrum in fig. 2b_. We could not im-
prove the overall {it by further variations in Ry and
R, _ (Related arguments easily show that overall iso-
tropic motion is inconsistent with experiment as
already pointed out ref. [15].)

Forz"" =Xx’, two angles @ = 80° and ¢ = 26° must
be considered, since relative to this position of the
diffuston axis the two pairs of CD bonds ortho and
meta to the oxygen atom assume different orienta-
tions. Again, we followed the procedure described
for # = 35°144" and found both for 8 = 80° and for
8 = 26° that by the time the doublet splitting vanish-
es upon increasing R, , the line becomes too narrow.

Finally, =" =y, two values 8 = 54° and ¢ = 56.5°
must be considered and for these orientations the
averaging process is especially efficient since both
values are very close to the magic angle of 54°44°.

Fig. 1c ¥ illustrates a series of lineshapes obtained for
0 =55 R, =1.0X% 103 s~! and Ry ranging from
103 to 108 s~ 1

The doublet splitting vanishes for R; in the neigh-
borhood of 5 X 105 s~1. We have not tried to simu-
late the higher temperature broad structureless lines
by varying R, by smull steps about 3 X 105 s—1_since
even if a reasonable fit would have been obtained,
there is no physical reason to assume that after having
steadily increased the temperature from 19.5 to 56 K.
R, suddenly assumes a constant value at 56 K and does
not increase upon further increasing the temperature
(otherwise the lines quickly become extremely nar-
row}. Should a sudden change occur in the structure
of the clathrate at 36 K, it would have been detected
during the various physical experiments [15] used to
study this compound.

We conclude that model (a) can be ruled out.

(b) For stable configurations C5 or C, and an ar-
bitrary axis one has 8 inequivalently oriented CD

* 1t iy of interest to emphasize that 2 single narrow hine musht
be interpreted in a misleading fashion as reflecting isotropic
reorientation, although the motion nught be anisotropic to
some extent (see fig. 1b) or even at the limit of the *very
anwsotrepic”™ model {see fig. 1c). The main point is that 2
complete lineshape analy sis of an entire series of dynamic
spectra is usually necessary for unambiguous interpretation.
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bonds; a particular choice of the diffusion axis, re-
lated to molecular symmetry could reduce this num-
ber to four groups of two.

In any case, although the spectrum is expected to
be complex, the features outlined above prevail; the
doublet splitting appears as long as the motion is re-
latively anisotropic (i.e. Ry/R, is relatively large) and
by the time this anisotropy is small enough to wash
out that splitting, the lines are already too narrow to
fit the experimental spectra. On this basis, we con-
sider model (b) to be inadequate in explaining the ex-
perimental resulis.

(c) The process of “ring puckering™ can be visual-
ized as a “‘rocking™ motion of the CD bond at a cer-
tain rate R, . The exact range of angles 8§ spanned by
this motion is difficult to estimate. although the up-
per limit of the vertex angle of the cone within which
each CD bond is moving would be 36° for the C; con-
figuration and 24° for the C, configuration (these val-
ues were obtained assuming that the angle between
the COC plane and the CD bond adjacent to the oxy-
gen is 51°16' for a perfectly planar structure. 90° and
18° for a C configuration, and 78° and 30° fora C,
configuration {19]). However, this upper limit might
be increased assuming that the *“rning puckering” is
associated with a swinging motion of the molecule
about its center of mass about an axis perpendicular
to the planar transition state thus increasing the effi-
ciency in averaging.

We roughly approximated the dynamic model just
described by taking the main diffusion axis as lying
slong the principal axis of the quadrupole tensor for
each C—D bond, and let R, represent the rate of
“ring puckering” which leads to the partial averaging
of each C—D bond axis. We did not attempt, in the
present analysis, to restrict this averaging (e.g. to
[01 < 35°44 for C, configurations). Instead we mere-
ly limited the range of R, to the small values: 5 X
102 s~ <R, < 1.6 X 10° s~1, which guaranteed in-
complete averaging because of the slow motion.

The fit between the theoretical spectra in fig. 2a
and the experimental spectra in fig. 2b is good and
significantly better than for the models considered
previously. We therefore conclude that while models
{a) and (b) are inconsistent with experiment it is pos-
sible that the “ring puckering’” process (c) is the pro-
cess which is affecting the ZH NMR lineshapes and
may therefore be the dominant mode of motion for
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the enclathrated THF-dg molecule ¥

Of course further theoretical analysis including
better modeling of the ring puckering motion would
be advisable. A general approach for dealing with re-
stricted internal modes of motion in terms of ap-
propriate potential functions for the motion was
briefly outlined in ref. [6] and would be the proper
way to proceed. Also, the experimental study of the
dynamic behavior of THF-dg could be pursued fur-
ther. e.g. by specific deuteration instead of perdeu-
teration or by specific 13C enrichment yielding NMR
lineshapes to be analyzed as we have outlined. In the
present note our main objective has been to illustrate
the manner in which the theory can be used in the

determination of molecular conformations and mo-

tional modes.

We wish to thank Dr. R.F. Campbell for his ex-
tensive help with the computer programming.

* It must be pointed out thatin principle the intrinsic linewidth
1/7> is an additional free parameter to be varied in the sim-
ulation procedure. For all the theoretical spectma we used
1/7> = 2.4 LHz obtained from rigid limit simulations. which
1s therefore an upper limat for this parameter for all motion-
ally affected spectra. Thus the intrinsic hnewidth should
probably be even narrower at higher temperatures smce the
various relaxation processes will become more efficient. Con-
sequently, the doublet resolution would increase, reinforcing
our argument in favoring model (¢) over both (4) and (b).
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