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ABSTRACT: Based on rotational dynamics measurements
carried out with isomorphic co-crystals formed by halogen-
bonding (XB) between tritylacetylene halides (TrX) and
diazabicyclo[2.2.2]octane (dabco), we were able to distinguish
the sources of the enthalpic and entropic components in the
rotational free energy barrier. We describe the formation of the
1:1 co-crystals (TrX--N(R);N) obtained from 1 equiv of dabco
and 1 equiv of either TrI or TrBr, respectively, to give 4a and 4b
instead of the potential 2:1 complexes. The co-crystals were
prepared by solvent evaporation and mechanochemical syn-
thesis. No co-crystal with TrCl was obtained, reflecting the
weaker nature of the TrCl---NR; interaction. Single-crystal X-ray

= Trl-dabco = TrBr-dabco

ca

9N

i
i
I
i
@

Energy

.=Br,| T T T T T T

Angle (°)

diffraction confirmed structures that resemble a spinning top on a tripod and revealed that the two XB co-crystals are
isomorphous, with slightly different C—X--NR; (X = I, Br) distances and packing interactions. Quadrupolar-echo *H NMR
experiments with *H-labeled samples showed that fast rotation of dabco in these co-crystals follows a six-fold potential energy
surface with three lowest energy minima. Variable-temperature '"H NMR spin—lattice relaxation (VT 'H T,) data revealed
rotational dynamics with indistinguishable pre-exponential factors and small but distinguishable activation energies. The
activation energy of 4b (E, = 0.71 kcal mol™") is the lowest reported in the field of amphidynamic crystals. Using the Eyring
equation, we established that their activation entropy for rotation is small but negative (AS* = —3.0 cal mol™ K™"), while there is
almost a 2-fold difference in activation enthalpies, with 4a having a higher barrier (AH¥ = 0.95 kcal mol™!) than 4b (AH* =
0.54 kcal mol™"). Analysis of the rotator cavity in the two co-crystals revealed subtle differences in steric interactions that account

for their different activation energies.

B INTRODUCTION

Amphidynamic crystals are materials engineered with a com-
bination of static, lattice-forming components, linked to mobile
elements that are able to display rapid and large-amplitude
molecular motions." Amphidynamic crystals provide a promis-
ing platform for the design of smart functional materials” and a
distinct approach in the rapidly emergent field of molecular
machines.”” We and others have explored the design and
dynamics of crystalline molecular rotors* by making use of
covalent structures,’ metal coordination,’ Coulombic inter-
actions,’ hydrogen bonding,7b inclusion compounds,8 and 7—7n
stacking.” Some of these systems consist of bulky stators, such
as trityl (Tr) groups, that create a low-density region for the
motion of an axially linked rotator. Another general considera-
tion is that rotators with high axial symmetry order and globular
structure tend to have very rapid rotational motion in close-
packed crystals as a result of their cylindrical cavities and their
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small angular displacement between energy minima.'® Several
crystals with ultrafast dynamics have been prepared recently
with bicyclo[2.2.2]octane (BCO)"™'*7" and 1,4-diazabicyclo-
[2.2.2]octane (dabco)m’14 as rotators.

It has been shown that halogen bonding (XB)" is a reliable
tool for the realization of crystals displaying fast rotational
dynamics'""*'* (Figure 1). For example crystals of bis(1,4-
iodoethynyl)bicyclo[2.2.2]octane (BIBCO) 1 exhibit a XB
network involving iodine-acetylene interactions.'' Crystals of 1
display two simultaneous dynamic processes ascribed to two
crystallographically distinct BIBCO layers, i.e, an order layer
with an activation energy of E, = 2.75 kcal mol™" and a dis-
ordered one with E, = 1.48 kcal mol™'. We recently reported a
supramolecular approach for the preparation of amphidynamic
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Figure 1. Molecular structures of amphidynamic crystals based on
halogen bonding and photograph of the target system, a spinning top
on a tripod. Crystals of 1 and 2 were recently reported in the literature.
Co-crystals with stator:rotator ratio 2:1 (3) and 1:1 (4a—c) are
described in this work. Co-crystals 3 and 4c were not obtained.

crystals based on the self-assembly of five variously fluorinated
iodobenzenes (XB donors) serving as the stators, and dabco
(XB acceptor) serving as the supramolecular rotator in co-crystals
2, which were shown to display activation barriers ranging from
2.4 to 4.9 keal mol™ (Figure 1)."*

Considering its modularity and ease of preparation, we
decided to explore the XB motif used in 1 (ie, -C=C-X,
where X is halogen) to target the formation of new supra-
molecular amphidynamic co-crystals employing a more bulky
XB donor, namely the trityl group. As mentioned above, the
trityl group is a well-known molecular unit in the construction
of molecular rotors that is extensively used as a stator.'®'” The
desired 3,3,3-triphenyl-1-iodopropyne (Trl), 3,3,3-triphenyl-1-
bromopropyne (TtBr) or 3,3,3-triphenyl-1-chloropropyne
(TrCl) are readily available. The Lewis base diazabicyclo[2.2.2]-
octane (dabco) molecule was selected as the XB acceptor
because of its average Dy, point group symmetry and globular
shape, both of which ensure high mobility.'” Considering the
ditopic nature of the dabco rotator,'® one can recognize that
the formation of trimeric (3) and dimeric (4) adducts could be
possible in a crystallization experiment (Figure 1). However,
experiments revealed that supramolecular co-crystals of Trl-
dabco (4a) and TrBr-dabco (4b) are readily formed by slow
solvent evaporation or by mechanical mixing, while co-crystals of
TrCl-dabco (4¢) could not be obtained. The final stoichiometry
of the complexes is independent from the stator:rotator ratios
used during the crystallization process.

One of the appealing features of dimer 4 is that substitution
of a single halogen atom in an otherwise identical structure is
expected to form isomorphous crystals, with subtle packing
differences affecting near-neighbor distances, normal modes,
and lattice phonons. A priori, one may expect that geometric
changes will have an effect on the activation enthalpy while
changes in molecular and lattice vibrations should have an
effect on the activation entropy. As described in detail below,
variable-temperature “H line shape analysis and "H T, spin—
lattice relaxation measurements revealed ultrafast dabco rotation
in a 6-fold potential with the two co-crystals having the same
activation entrogy (AS*) but clearly distinguishable activation
enthalpies (AH¥)

B RESULTS AND DISCUSSION

Samples of iodo-, bromo-, and chlorotritylacetylene XB donors
were prepared as reported in the literature (see Supporting
Information (SI)). Co-crystallizations were carried out by slow
evaporation from acetone solutions of the corresponding trityl
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halide and dabco. While several conditions afforded good
quality co-crystals containing TrI (4a) or TrBr (4b) and dabco,
no co-crystals were formed with TrCl (4c). The behavior of
TrCl molecule was expected and could be explained by the
poor XB donor ability of chlorine.'” It is known that the
interaction strength of a XB contact is strictly correlated to the
polarizability of the halogen atom involved in the interaction.”
Chlorine is less polarizable than iodine or bromine and thus
its halogen bond with the “rotating” dabco is very weak, so
weak that is not able to drive the formation of the target
co-crystal.

Co-crystals 4a and 4b were diffracted at 100 K and at 298 K
and their crystal structures were solved in the monoclinic space
group P2,/c at both temperatures, and a detailed comparison
demonstrated their isomorphic relationship. The expected
supramolecular complexes engage the I and Br atoms of
TrX and one nitrogen atom of dabco (C—X---NR;) in halogen
bonding (XB) in a way that they resemble supramolecular
spinning tops on a tripod (Figure 2a). As anticipated, the XB

b)
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100K

Figure 2. (a) Structures of co-crystals 4a and 4b obtained at 100 K
and (b) a top-down view along the N—N axis of dabco within 4a
crystal lattice at 298 K and at 100 K displaying the presence and
absence of disorder, respectively. At 298 K the two splitted positions of
the dabco alkyl chains are highlighted in red (0.69 occupancy) and red
brick (0.31 occupancy). Color code: stator C, blue; rotator C, red and
red brick; N, light blue; H, white; I, magenta; Br, orange.

interaction in 4a is stronger and more linear than in complex 4b
as demonstrated by shorter N---X contacts and N---X—C angles
that are closer to the ideal 180° (see Table 1).

Table 1. Geometrical Features Present in Co-crystals 4a and
4b at Two Different Temperatures

complex N--X (Ng)“ N---X—C angle (deg)
4a (298 K) 0.78 17521 (7)
4a (100 K) 0.78 173.88 (9)
4b (298 K) 0.83 173.73 (8)
4b (100 K) 0.82 172.17 (6)

“XB distances are expressed as normalized contacts (N¢) according
to ref 15.

One of the most interesting features in the structure of
co-crystals 4a and 4b is that the molecular structure of dabco at
100 K does not present disorder, while the structure solution at
298 K requires two positions with occupancies of 69:31 in 4a
and 62:38 in 4b (Figure 2b and Table S2 in the SI). It is worth
noting that the TrX stators are not disordered at these two
temperatures. The disorder of dabco was interpreted and later
on confirmed to be dynamic in nature. From analysis of the
atomic displacement parameters (ADPs), one can also infer
that rotation occurs along the N—N axis of dabco, as the
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ADPs display elongations on the plane perpendicular to the
rotational axis.

The crystal packings of 4a and 4b can be described as pairs of
columns of dabco and TrX molecules that propagate in the
direction of the a axis by translation along the same axis and a
180° rotation along the b axis that runs parallel to the column
(Figure 3). It is interesting to observe that the trityl halide

Figure 3. (a) Columnar arrays of TrBr and dabco molecules in the
structure of co-crystal 4b and (b) a dabco rotator in a cavity
surrounded by six molecules of TrBr and one dabco.

molecules, within the column and with adjacent columns, are
engaged in edge-to-face interactions.'” Two adjacent columns
of dabco molecules sit in cavities composed of three adjacent
trityl halide columns (Figure 3), which generate some free
volume around the rotator. A parameter indirectly related to
this free volume is the packing coefficient (), defined as the
ratio between the van der Waals volume of the molecules in the
unit cell in relation to the total volume of the unit cell.'”*!
Interestingly, the packing coeflicients for 4a and 4b are exactly
the same, C, = 0.66 at 100 K, which in the context of molecular
crystals is quite small (ca. Gy = 0.65—0.77)""*" and comparable
to crystalline molecular rotors showing high dynamics (C, =
0.68*** and 0.697°"°). Another sign of the structural and
dynamic similarities between the two co-crystals comes from
their nearly identical IR spectra (see SI), which provide infor-
mation related to normal modes and lattice phonons, which
may be expected to result in similar rotational dynamics.

Pure phase crystalline bulk materials of 4a and 4b were also
obtained by solvent assisted mechanochemical crystallization.*
The crystalline phases of the bulk materials were analyzed by
powder X-ray diffraction analysis, which showed that the
patterns of 4a and 4b matched the calculated patterns from the
single-crystal X-ray diffraction analyses and were congruent
between them; this confirmed that these materials are iso-
morphic. The thermal stabilities of both materials were deter-
mined by melting point, thermal gravimetric analysis (TGA)
and differential scanning calorimetry (DSC). Visual melting
point analyses showed that 4a and 4b co-crystals melt with
decomposition in the ranges of 140—146 °C and 157—-160 °C,
respectively. Additionally, TGA and DSC analyses showed
that both samples start to decompose before melting at ca.
120 °C.

With crystallographic and thermal stability information
available we were able to evaluate the dynamic performance
of isomorphic co-crystals 4a and 4b. As a first glance into the
dynamics of dabco, we decided to use quadrupolar-echo *H
NMR, as the line shape of the spectra are sensitive to the
magnitude and rate of the angular displacement of the mobile
element resulting from the dynamic modulation of electric
field gradient (EFG) interaction with the electric quadrupole
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moment (eQ) in the C—D bond.”* Simulation of the 2H
spectrum provides the site exchange rate and the jump angle.”*"
With this in mind, we prepared a sample of 4b with isotopically
enriched dabco-d;, (4b-d;;). Quadrupolar-echo *H NMR
experiments were recorded at 462 MHz and at 296 K,
210 K, and 150 K, with the latter being the lowest temperature
attainable with our instrument. Comparison of the three spectra
showed no significant line-shape differences. All three spectra
were satisfactorily simulated using a model that considers either
120° or 60° jump angles (see SI) in the fast exchange limit of
10% s7'. This result is in agreement with the dynamic disorder
and thermal ellipsoids of the dabco rotator observed in the
single-crystal X-ray structure. It should also be pointed out that
in the fast exchange regime there is no difference in line shape
between 3-fold (120°) and 6-fold (60°) rotational symmetry
orders.

In order to calculate the activation parameters (E,, 7,"", AHF,
AS*) for the rotation of dabco rotator in the XB co-crystals, 4a
and 4b, we needed a probe that covers a larger dynamic range.
In this scenario, we turned our attention to 'H spin—lattice
relaxation ('H T)). This technique is ideal for the character-
ization of dynamic processes that modulate magnetic
interactions near the Larmor frequency (w, = 2mv,) of the
observed nucleus.” For a thermally activated process, i.e.,
dabco rotation, that takes place with a correlation time (z.), its
dependence with the temperature is given by the Arrhenius
(eq 1) and the Eyring (eq 2) equations. On the other hand, the
dependence of the characteristic time constant T, for the
recovery of the magnetization on the z axis with 7_ is given by
the Kubo—Tomita equation” (eq 3). Therefore, the behavior
of experimental T data as a function of the temperature can be
described combining eqs 1 and 2 with eq 3. Even though eq 3 is
valid for isotropic motions, it describes well the relaxation in
powdered crystalline samples where a random distribution of
rotational axes makes it possible to apply an averaging proce-
dure. Additionally, efficient spin diffusion and simple and well-
defined dynamic processes where the relaxation is dominated
by intramolecular dipolar interactions make it possible to

employ eq 3.7
7. = 7, exp(E,/RT) (1)
7. = h/kT exp(—AS¥/R) exp(AHY/RT) @)
T = Cle(1 + w,"7 )" + 47(1 + 4w,°7°) '] 3)
C = (n/N)(9/40)(uy/4n)y "1 /1° )

In the Arrhenius equation, 7, (eq 1) represents the inverse of
the attempt frequency. In the Kubo—Tomita equation (eq 3),
the constant C (eq 4) represents the strength of the dipolar
interactions involved in the relaxation process, which depends
on the ratio of the mobile nuclei responsible for the relaxation
(n) to the total number of nuclei that need to be relaxed (N),
Ho is the permeability of free space, y is the gyromagnetic ratio,
7 is the reduced Plank constant, and r is the internuclei
distance.

Using microcrystalline samples of 4a and 4b we performed
variable-temperature 'H T, experiments at a frequency v, =
@y/27 of 359.9 MHz for proton and a saturation recovery pulse
sequence. Individual relaxation curves were properly described
by single exponential functions (see SI). Experiments with 4a
were recorded in the range of 80—165 K with a minimum in T
found at 100 K. In the case of 4b, '"H T, experiments were
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recorded in the range of 40—1S5S K presenting a minimum in
T, at 65 K (see SI). Although crystal X-ray diffraction data at
room temperature and quadrupolar-echo *H NMR experiments
suggested 3-fold and 6-fold rotations, only one relaxation
mechanism was observed. Considering that the corresponding
trajectories are not independent, it seems reasonable that the
slower 3-fold rotation is relaxation rate-limiting at the tem-
peratures studied. An excellent fit of the ex;perimental relaxation
data (T,) to the Kubo—Tomita equation > was obtained with
the data presented in Table 2 (Figure 4). Given the fact that the

Table 2. Activation Parameters for the Rotation of dabco in
Co-crystals 4a (TrI-dabco) and 4b (TrBr-dabco)

4a 4b
space group (Z) P2,/c (4) P2,/c (4)
E, (kcal mol™) 1.15 + 0.04 0.71 + 0.04
7,7 (x10" s7Y) 1.3+ 03 12 + 04
C (x10° s7%) 2.55 + 04 2.6 +0.7
AH¥ (kcal mol™") 0.95 + 0.06 0.54 + 0.06
AS* (cal mol™! K1) -3.0 + 0.7 -3.0+ 08
1 -
0.5 1 .’ \ = == KT_Fitting
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Figure 4. 'H T experiments as a function of the temperature plotted
as In (T,™") vs 1000*T~". 'H T, was measured at 359.9 MHz in the
range of 80—165 K and 40—155 K on co-crystals 4a (solid circles) and
4b (solid diamonds), respectively. 'H T, Minima occurred at
approximately 100 K for 4a and 65 K for 4b. The red dotted lines
correspond to the Kubo—Tomita fittings of the experimental data.

crystal structures of 4a and 4b are isomorphic, it is interesting
to observe that there are almost no differences in the C
constants and pre-exponential factors (z,7'), although they
have small but clearly distinguishable energy barriers. As
expected for structures with the same number of protons
involved in the relaxation mechanism, the C constant for both
co-crystals has almost the same value, 2.55(+0.4) X 10° and
2.6(+0.7) X 10° s for 4a and 4b, respectively (Table 2).
Related to the frequency of torsional oscillations of the dabco
rotator within its potential energy well, we found that the pre-
exponential factors (7,7') are almost the same for the two
halogen bonbed co-crystals, 1.3(+0.3) X 10'* and 1.2(+0.4) X
10" s7*. This observation is in line with a mechanism where
normal modes and lattice phonons combine to produce
essentially identical librations, as expected for the isomorphic
crystal structures. However, we found an activation energy of
E, = 0.71(£0.04) kcal mol™" for 4b, which is 38% lower as
compared to the E, = 1.15(+0.04) kcal mol™" of 4a, with the
former being the lowest reported in the field of amphidynamic
crystals. We propose that such a low activation energies are in
line with the low packing coefficients of 4a and 4b co-crystals,
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Cy = 0.66, which means that the crystals are loosely packed
and have enough empty space for the rotation of dabco. We
propose that in isomorphic crystal structures 4a and 4b, with
the only difference being the strength of the C—X--NR;
interaction, the small differences in E, could come from small
differences in the cavity of the rotator. As previously noted, the
strength of the XB is reflected in the length and directionality of
the C—X---NR; interaction, where, as predicted, this distance is
shorter in 4a than in 4b. As a consequence, we could foresee
that the dabco makes different contacts with the neighboring
molecules. We found that, as a result of dabco being closer to
the iodine atom, the close contact interactions of the unbound
nitrogen with two hydrogen atoms of two different TrX
molecules are longer (2.71 A, 2.91 A) in 4a as compared to the
same ones in 4b (2.68 A, 2.88 A) (Figure 5). Furthermore, in
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Figure S. Close up of the crystal structures of 4a (left) and 4b (right)
where weak hydrogen bonds between the unbound nitrogen and two
different aromatic hydrogen atoms are highlighted. Contacts and
distances (in A) are in green. Color code: C, gray; N, light blue; H,
white; I, magenta; Br, orange.
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the more loosely bound co-crystal 4b the rotator alkyl chains
present longer close contact interactions with neighboring aryl
groups than those in 4a. We found that the rotator cavity is
larger in 4b than in 4a, 169.6 A® and 162.8 A%, respectively at
100 K. We reasoned that smaller rotator cavity creates a more
crowded environment for the rotation of dabco in 4a, thus
raising the activation energy.

We reasoned that the thermodynamic parameters of
activation, enthalpy (AH¥) and entropy (AS¥), would reflect
these steric interactions. As expected from their similar
pre-exponential factor, rotation of dabco in crystals of 4a
and 4b takes place with the same activation entropy, AS* =
—3.0 cal mol™" K. A relatively small but negative value sug-
gests that lattice vibrations correlate to generate a highly
ordered transition state for dabco to jump from one energy well
to the other. On the other hand, we observed that AH¥ in 4a is
almost twice as large, 0.95 + 0.06 kcal mol ™", as that of 4b, 0.54 +
0.06 kcal mol™', suggesting that relatively subtle differences
in steric interactions are responsible for the higher enthalpic
barrier of 4b.

Based on crystallographic data, quadrupolar-echo *H NMR
and activation parameters (E,, 7, AH¥ and AS¥) obtained by
"H T, relaxometry experiments, we proposed a 6-fold potential
energy surface with three lowest energy minima. We inferred by
crystallographic data that the second equilibrium position
observed by X-ray diffraction analysis is of lower activation
energy and occurs at a higher potential energy level, which
explains why it is the less populated at low temperatures
(Figure 6). The potential energy surface diagram also shows
that the rotational barrier for dabco in 4b is lower than in 4a.
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Figure 6. Potential energy surface for the rotation of dabco in co-
crystals of 4a (black trace) and 4b (blue trace).

B CONCLUSIONS

We have successfully designed and realized two new halogen-
bonded supramolecular spinning tops on a tripod, 4a and 4b,
which show isomorphic crystal structures at 100 K and room
temperature. In agreement with the strength of the halogen
bonding, we observed that the C—X---NR; distance is shorter
when jodine is present, as in the case of 4a, as compared to the
case when a bromine atom is the XB donor in 4b. Solvent-
assisted mechanochemical crystallization allowed us to prepare
pure crystalline phase samples of 4a and 4b, which were
evaluated by 'H T, relaxometry experiments. We observed a
good correlation between their loose crystal packing, C, = 0.66 at
100 K, and the small barriers of 1.15(+0.04) and 0.71(+0.04)
keal mol™", respectively, for dabco rotation in co-crystals 4a and
4b. It was also shown that pre-exponential factors for dabco
rotation in 4a and 4b are almost identical, with values of 7,' =
1.3(£0.3) X 10" and 1.2(+0.4) X 10'* 572, respectively. Taking
advantage of isomorphic co-crystals with nearly identical crystal
structures with similar normal vibrational modes and lattice
phonons we were able to sort out the origin of the enthalpy and
entropy of activation. Accordingly, fitting 'H T, data to the
Eyring and Kubo-Tomita equations, we unveiled essentially iden-
tical negative activation entropies (AS* = —3.0 cal mol™" K™")
and clearly distinguishable activation enthalpies. Thus, the
enthalpic barrier for dabco rotation in co-crystal 4a (AH* =
0.95 + 0.06 kcal mol™") is almost twice as large as that of 4b
(AH* = 0.54 + 0.06 kcal mol™"). This difference can be assigned
to subtle differences in their crystal structures, which result in a
more hindered environment for the dabco cavity in 4a.
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