Thermally Activated Transient Dipoles and Rotational Dynamics
of Hydrogen-Bonded and Charge-Transferred Diazabicyclo
[2.2.2]octane Molecular Rotors
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ABSTRACT: We present here dielectric properties and rotational dynamics of cocrystals formed with either triphenylacetic acid
(cocrystal I) or 9,10-triptycene dicarboxylic acid (cocrystal II), as hydrogen bonding donors, and diazabicyclo[2.2.2]octane
(DABCO) as a ditopic hydrogen bond acceptor. While cocrystal I forms discrete 2:1 complexes with one nitrogen of DABCO hy-
drogen bonded and the other fully protonated, cocrystal II consists of 1:1 complexes forming infinite 1-D hydrogen bonded chains
capable of exhibiting thermally activated response in the form of a broad asymmetric peak at ca. 298 K that extends from ca. 200 K
to 375 K in both the real and imaginary parts of its complex dielectric. The state of protonation in cocrystal IT at 298 K and at 386 K
was established by CPMAS "N NMR, which showed signals typical of a neutral hydrogen bonded complex. Taken together, these
observations suggest a dielectric response that results from of a small population of transient dipoles thermally generated when
acidic protons are transiently transferred to either side of the DABCO base. A potential order-disorder transition explored by tak-
ing advantage of the highly sensitive rotational dynamics of the DABCO group using line shape analysis of solid state spin echo *H
NMR and 'H T\ spin lattice-relaxation showed no breaks in the Arrhenius plot or Kubo-Tomita 'H T, fittings, indicating that there
are no large changes in the structure. This was confirmed by VT single crystal X-ray diffraction analysis, which showed a fairly
symmetric hydrogen bond in cocrystal II, suggesting that both nitrogen atoms may be able to adopt a protonated state.
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strong acids*® with pKa values comparable to or lower than

that of [szabco]%. An interesting possibility arises when one
considers non-polar H-bonding complexes, i.e. weaker acids
and dabco, that can adopt local polarization by breaking the
symmetry of the H-bond, or by undergoing proton transfer
reactions. We reasoned that it might be possible to take ad-
vantage of transient dipoles generated and synthesize materials

with a relatively large dielectric response and potentially tran-
sient ferroelectric behavior. As illustrated in Scheme 1, for a
hypothetical model for a 2:1 complex with two neutral H-
bonds (2HB) at the ground state, thermal activation of the
ditopic structure would make it possible to access proton
transferred states (PT-L and PT-R), providing a mechanism to



generate large charges that can change direction in response to
local perturbations or external fields. Such thermally activated
proton-transferred states, also known as migrating protons,
have been previously reported in H-bonded systems.’ We fur-
ther propose that if properly aligned, correlation of transient,
yet switchable dipoles lead to dipolar order in the nanoscale
domain and relaxor-like behavior in the macroscale. In this
paper, we report experimental temperature- and field-response
results that support such a system. While changes in dipolar
order could be documented by dielectric measurements, the
lack of a phase transition was recognized by results from
thermal analyses and the rotational dynamics of the highly
symmetric dabco unit.

RESULTS AND DISCUSSION

Our initial design (Figure 1) was inspired by our experience in
the study of crystalline molecular rotors' such as 1 and 2. A
2:1 complex was expected for triphenylacetic acid 3 and dabco
5, whereas the bidentate H-bond donor triptycene-9,10-
dicarboxylic acid 4'' and dabco 5 would form infinite 1-D
chains. Solvent-free cocrystals, that are indefinitely stable at
ambient conditions, were obtained by layering a dabco solu-
tion in MeOH on top of a solution of acids 3 or 4 in a
MeOH/DCM mixture followed by slow solvent evaporation.
High quality single crystals obtained in this manner provided
excellent diffraction data, which was solved with Rf values of
3.82% for I and 3.86% for II. The positions of the acidic hy-
drogen atoms involved in H-bonds were determined based on
the electron density between the heavy atoms. The structure of
the trityl carboxylic acid system I was solved in the space
group P1-bar with the

Figure 1. Molecular rotor 1 and 2, and the supramolecular
synthons 3, 4, and 5 for H-bonded molecular rotors.

unit cell of a trimeric complex formed by two molecules of 3
and one molecule of dabco 5. The equilibrium structure of the
complex is distorted from linearity and suggests that dabco is
protonated on one side and hydrogen bonded on the other.
The 2:1 complex packs in a slip-stack fashion similar to that
observed with linear molecular rotors (Figure 2B). In the
crystal, the protonated dabco resides in a pseudo 4-fold sym-
metric cavity formed by aromatic groups from surrounding
triphenylacetate groups (Figure 2C). The mismatch between
the intrinsic 3-fold symmetry of dabco and the 4-fold symmet-
ric cavity suggest that dabco may occupy up to 12 nearly de-
generate positions, which should result in a potential with rela-
tively low rotational barriers. The crystal structure of complex
IT was also solved in the triclinic space group P1-bar with the
repeating unit consisting of one molecule of triptycene dicar-

boxylate (TCD) 4, and one molecule of dabco 5. The expected
1D H-bond chains were indeed observed, each surrounded by
3 neighboring chains. Analysis of the packing environment
shows that dabco resides in a cavity with a pseudo 3-fold
symmetry (Figure 2F), which matches its own rotational
symmetry, suggesting a relatively simple 3-fold rotational
potential. Thermogravimetric analysis (TGA, supporting in-
formation, S4) showed that both crystal complexes are stable,
with less than 1% weight loss observed below 446 K and
558 K, respectively, for I and II, and no phase transitions were
observed in the differential scanning calorimeter.

Figure 2. Crystal structures of cocrystals I and II showing (A) the
unit cell, (B) the packing structure viewed along its a axis, and (C)
the surrounding of dabco in the crystals in cocrystal I, (D) a chain
of hydrogen bonds with two unit cells along the ¢ axis, (E) the
packing structure viewed along the a axis, and (F) the packing
environment around dabco in cocrystal II. The dashed rectangle
outlines one 2HB unit depicted in Scheme 1.

The proton-transfer and neutral H-bonded sites in cocrystal I
are characterized by typical N-H and O—H bonds that are 0.98
A each, and H---O and H---N distances that are 1.66 and 1.72
A, respectively. By contrast, the crystal structure cocrystal 11
is consistent with two neutral H-bonds in both directions of the
chain. The X-H and H---Y distances are averaged in a X-—
H---Y H-bond while the distance between the heteroatoms is
slightly shorter than that of a normal H-bond. The N-H and
O-H bond are 1.18 and 1.28 A, and H---O and H---N distanc-
es are 1.34 and 1.26 A, respectively. Both H-bonds are almost
linear (176 and 178°). Note that the position of H atoms de-
scribed above is the equilibrium position, which is time aver-
aged among configurations where H atoms are closer to either
heavy atom.” A quick scan of the energy landscape of the out-
lined 2HB unit in vacuum was performed by locking all atoms
other than the two H atoms involved in the H-bonds. It was
found that the O—H---N configuration is still favored over the
equilibrium position in an isolated unit by 6-8 kcal/mol, an
energy barrier that is comparable to the thermal energy.

Dielectric Measurements. To probe the postulated presence
and/or generation of transient dipoles, as well as their response
to external electric fields, we measured the dielectric response
of polycrystalline samples of I and II with AC field frequen-
cies varying between 100 and 10,000 Hz in the temperature
range of 175 and 375 K (Figure 3 and SI). A priori, we ex-
pected the dielectric response from cocrystals II to arise from
changes of the local dipoles as a result of charge separation.
The real (¢’) and imaginary (¢’’) parts of the complex dielec-
tric in the case of I showed no significant response, indicating
that the sample cannot be polarized with the AC field frequen-



cies and temperatures explored in this study. This suggests
that switching the site of proton transfer in complex I from
one triphenylacetic acid group to the other must be energeti-
cally unfavorable. The corresponding data is included in the SI
section.

By contrast, analogous measurements in the case of I (Figure
3) revealed an interesting dielectric response. The values of €’
in the case of II varied from ca. 26 to 35 with a non-symmetric
signal that extends between ca. 200 K to 375 K and a peak
value at ca. 298 K. The signal intensity is a function of the
AC field frequency and increases from ca. 30 to 32 at the max-
imum with a baseline that starts at 26 and climbs up at ca. 28.
The imaginary part of the dielectric (¢’”), corresponding to the
dielectric loss changes as a function of temperature, as shown
in the bottom of Figure 3. Notably, the behavior of ¢’ paral-
lels the behavior of the dielectric constant, with (1) a very
broad peak as a function of temperature, (2) no changes in the
position of the maximum, and (3) a signal that increases with
decreasing frequency between 10° Hz and 10° Hz.

364

—=—1x10° Hz

34

324

. 30_
284
264
150 200 250 300 350 400
T/K
—=—1x10°Hz
] —e—5x10° Hz
——1x10°Hz
—v—5x10° Hz
3 —+—1x10"Hz
——5x10"Hz
2 ——1x10° Hz
:OJ
14
0_
150 200 250 300 350 400
T/K

Figure 3. Temperature-dependence of (top) the real (¢’) and (bot-
tom) imaginary (¢’) parts of the complex dielectric for crystals II
in the frequency range of 10> - 10° Hz.

If we consider the intensity of €’ in Figure 3a to be proportion-
al to the number of dipoles that follow the AC field at the cor-
responding frequency and temperature, the results are con-
sistent with the hypothesis depicted in Scheme 1. First of all,
the equilibrium concentration of charges and their correspond-
ing dipoles is a function of temperature and of the energy dif-
ference between the neutral complex (2HB) and the charge
separated state (PT-L or PT-R). More interestingly, the re-
sponse rate of the transient dipoles should be determined by
the rates of charge separation (kcg) and charge recombination
(kg) events. As suggested in the Scheme 1, dipolar switching
will require (a) charge separation with a rate kcg to generate a

dipole in one direction, followed by (b) charge recombination
with a rate kg to form the neutral complex, and (c) a subse-
quent charge separation with a rate kcg to generate a dipole in
the opposite direction. Considering that the equilibrium con-
centration of dipoles and their rates of switching are expected
to increase with temperature, one may speculate that the posi-
tion of the maximum observed in the signal of € as a function
of temperature and frequency is a manifestation of the local
dipole order, which is likely to be paraelectric at high tempera-
tures and potentially ferroelectric at and below the maximum.
The fact that one does not observe changes in the £’ maxima
as a function of frequency, suggests that the dielectric behav-
ior is limited by local order while the intensity of the signal is
dependent by thermally controlled proton transfer dynamics.
To explore these parameters, we turned our attention to solid-
state NMR.

High Resolution Solid-State CPMAS N NMR. As previ-
ously shown by Gobetto and coworkers,'? the relatively large
chemical shift dispersion of the "N nucleus and its high sensi-
tivity to its electronic environment makes it a valuable probe
to determine the protonation state of nitrogen in cocrystals
formed between carboxylic acids and amines. Based on a cor-
relation of single crystal X-ray diffraction and CPMAS "N
NMR data, they showed that the chemical shifts of free
amines, hydrogen bonded amines, and fully protonated qua-
ternary ammonium nitrogen atoms are easily distinguishable
with resonance frequencies (15NH3 at 0 ppm) of at ca. 12 ppm,
20 ppm, and 30 ppm, respectively. With that in mind, as
shown in Figure 4, we carried out high resolution CPMAS "N
NMR experiments with samples of cocrystals of I and II.
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Figure 4. High resolution natural abundance CPMAS "N NMR
experiments with samples of cocrystals of I and II showing evi-

dence of neutral and proton transferred sites for dabco in I, and
two hydrogen-bonded sites for dabco in II.

The spectra were recorded with natural abundance N powdered
samples spun at 10 kHz on an AV600 solid-state spectrometer
utilizing 3.2 mm HXY CP/MAS probe at 60.82 MHz. A contact
time of 5 ms and a delay of 25 s between pulses were used to ac-
quire the ambient temperature spectra. The N NMR chemical
shifts were referenced using the resonance of solid glycine at 33.4
ppm. Temperature readings were calibrated with *’Pb CPMAS
NMR of Pb(NO:s); at various temperatures.13 The results obtained
with cocrystal I revealed two signals separated by ca. 15 ppm, with
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Figure 5. Experimental solid-state quadrupolar echo *H NMR spectra of (A) I-di; and (B) II-di.. (C) The simulated spectra of II-di» and
(D) corresponding Arrhenius plot where one can draw an activation energy for rotation of 9.2 kcal/mol and a pre-exponential factor of 4.2

x 10" s7! for dabco rotation in cocrystal II.

a neutral nitrogen signal at approximately 13.5 ppm and the
quaternary ammonium signal at a lower field of 29 ppm (Fig-
ure 4, top). By contrast, cocrystal II displays two overlapping
signals at ca. 19.5 and 18.0 ppm, which are in agreement with
the single crystal stricture and is indicative of very two similar
hydrogen bonding interactions present in the 1:1 infinite chain
complex. A spectrum acquired at 386 K in the case of crystals
II displayed no measurable change, suggesting that the con-
centration of charge separated species must be relatively
small, which would also be consistent with a slow charge sep-
aration rate (kcs) values.

Rotational Dynamics by ’H NMR Line Shape Analysis.
Our group has previously demonstrated that solid-state rota-
tional dynamics can be highly sensitive to both physical and
chemical changes in the solid phase.'*"* We analyzed the dy-
namics of dabco in crystals of I and II in an effort to charac-
terize changes in phase order of either system using line shape
analysis of solid-state ’H NMR spin-echo spectra.'® It is well
established that line shape analysis is a powerful method to
determine the dynamics of crystalline solids in the frequency
range that varies from ca. 10* to 10’ Hz and based on our pre-
vious experience, we anticipated dabco rotation to occur in the
megahertz regime for both complexes.

Cocrystals of I-d), and II-d|, were prepared with dabco-d;,
and their SS *H NMR spectra were obtained at a frequency of
46.07 MHz. The spectrum of I-d}, featured a relatively narrow
spectrum of dabco at 293 K with two peaks separated by ca.
33 kHz, suggesting fast dynamics with a high symmetry po-
tential (Figure 5A). When the sample is cooled to lower tem-
peratures, two new peaks appeared at the center of the spectra.
Further lowering the temperature to 148 K, the lowest possible
temperature on our instrument, gave spectra with less pro-
nounced central peaks but similar lineshape. Consequently, we
could draw no conclusion other than dabco rotates faster than
ca. 107 s in complex I, even at the lowest temperatures
measured.

In contrast, the SS ’H NMR spectra of II-d}, were more com-
plex, with a pronounced temperature dependence. As shown in
Figure 5B, the 293 K spectrum resembles that of a 3-fold rota-
tion at a relatively high rate (>106 sfl). There are, however,
some features at the shoulders that could not be reproduced by

simulation with simple 3-fold or 6-fold rotational models. The
same was true for spectra collected in the temperature range
from 283 to 243 K, where the evolving side peaks split into
doublets. Considering that dabco is desymmetrized due to
differences in hydrogen bonding at the two nitrogen atoms, we
reasoned that these doublets could be an indication of two
QCCs'7 values. In fact, the experimental spectra were repro-
duced with a simple 3-fold rotation model with QCCs values
of 110 and 135 kHz. The rate of rotation was estimated to be
5.0 MHz, 3.0 MHz, 1.9 MHz, 850 kHz, 420 kHz, and 200
kHz, at 293, 283, 273, 263, 253, and 243 K, respectively. As-
suming dabco rotation is an elementary process to which the
Arrhenius theory could be applied, we concluded that the acti-
vation energy for rotation is 9.2 kcal/mol with a pre-
exponential factor of 4.2 x 10°s™ (Figure 5D). Unfortunate-
ly, being in the fast exchange regime at room temperature, the
method is not amenable for the determination of discontinui-
ties in the Arrhenius plot that may be indicative of an order-
disorder phase transition.

Rotational Dynamics by '"H NMR T, Spin-Lattice Relaxa-
tion. In a second attempt to detect potential changes in phase
order using molecular rotation as a probe we decided to ex-
plore the use of solid-state '"H NMR T, spin-lattice relaxa-
tion.'® The method takes advantage of the modulation of dipo-
lar coupling interactions at the Larmor frequency (wg) by rota-
tional motion of a group that bears the nucleus of interest.
Variation in the measured spin lattice relaxation values (1/T)
as a function of temperature can be related to changes in the
rotational correlation times, 7., as indicated by the Kubo-
Tomita relaxation expression (Eq. 1),

T = Clel + 0 7o) ' +4r(1 + 4wy’ 70) '] Eq. 1

where C is a constant related to the strength of the 'H-'H di-
polar coupling and, assuming that rotation follows an Arrheni-
us behavior (Eq. 2), one can substitute the 7, values in Eq. 1
with activation energy (E,) and the pre-exponential factor for
rotation (7, ') to characterize the dynamics of the dabco rotor.

. '=1, ' exp(—EJ/RT) Eq.2



The 'H T, relaxation measurements were acquired with a satu-
ration-recovery sequence at a Larmor frequency of 600.1 MHz
for the samples of complexes I and II, as well as their deuter-
ated analogs I-d|, and II-d|, (supporting information, S34)

The saturation-recovery kinetics of both I and I-d, could be
described well with a single exponential function, indicating
that a single dynamic process is responsible for the relaxation
of the sample. For complex I, relaxation rates (1/T;) varied as
shown in Figure 5 with a maximum at ca. 305 K and a fit to
the Kubo—Tomita equation (Eq.1) suggesting an activation
energy of 4.5 kcal/mol and a pre-exponential factor 7 ' of 1.8
x 10" s7'. These values match well with previously reported
'H T, results for dabco in halogen bonded crystals,®" Bookmark
not defined 5 nd are consistent with the *H NMR data in Figure
4A, showing that dabco undergoes fast rotation with site ex-
change rates that are = 10°s™" at temperatures as low as 163 K.
It could be shown that dabco rotation is the relaxation mecha-
nism when deuterated dabco in samples of I-d}, displayed 'H
T, values that are more than ten times longer than those of
natural abundance I, consistent with the degree of deuteration
of dabco of ca. 90%.
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Figure 6. Temperature dependence of spin-lattice relaxation rate
of I. Experimental data (blue squares) was fitted (red dashed
curve) to Kubo—Tomita equation to obtain energetic parameters
of the dynamic process.

In the case of crystalline supramolecular rotor II, 'H T,
measurements revealed kinetics with a long-lived component,
that accounts for 98-99% of the total intensity, varying from
36.6 s at 300 K to 4.8 s at 370 K (Table 1). Notably, a system-
atic decrease in the T, values as a function of increasing tem-
perature suggest that the frequency of the dynamic process
responsible for relaxation approaches the Larmor frequency
(600.1 MHz) as the temperature is higher.

Once again, the process that is responsible for the observed
relaxation is rotation of the dabco group could be confirmed
by 'H T, measurements of isotopically labeled II-d,, which
displayed very long and complex relaxation kinetics. A plot
of the Ln T, vs /T from natural abundance II is expected
to have a slope that corresponding to Ea/R, which gives an
activation of ca. 8 = 2 kcal/mol, and is consistent with the
results from H NMR line shape analysis (Figure 4). Nota-
bly, the corresponding Arrhenius plot does not show a dis-
continuity at ca. 298 K, confirming the absence of first-
order transitions, and the limited domain size of structural
features responsible for the dielectric signals.

Table 1. Summary of the T, data of II, and II-d;5.

Sample /K (weighted cgrlif’ibution, %)

I 300 36.6 (99), 1.2 (1)

I 310 28.6 (99), 1.2 (1)

I 320 21.2(99), 1.1 (1)

I 330 15.6(99), 1.0 (1)

I 340 11.5 (98), 1.0 (2)

I 350 8.4 (98), 0.87 (2)

I 370 4.8 (98),0.61 (2)
-di, 300 500.1 (42.8), 100.0 (39.4), 1.7 (17.8)
II-di 320 285.8 (51.3), 72.5 (31.7), 1.6 (17.1)
-di, 350 115.0 (72.5),19.1 (13.1), 1.3 (14.2)

“The weighted contribution for component i, was obtained with
the formula %(i) = IiTi / 2 LT

Variable Temperature X-Ray Diffraction Measurements
The last experimental test to probe changes in proton trans-
ferred equilibrium and or/phase transitions was based on VT
single crystal XRD of cocrystals I and II. In addition to the
original 100 K data, diffraction data was collected at 200 and
300 K for I, and 300 and 350 K for IT (Figure 7).
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Figure 7. Variable temperature XRD structures showing differ-
ences between the low temp and high temp structure of I and IIL.
(A, B) Space-filling model of showing the positional disorder of
dabco (6%, shown in green) occupying a new position at 300 K.
The distance between H and heteroatoms in the hydrogen bonds
of I at 100 (C), 200 (D), and 300 K (E); of II at 100 (F), 300 (G),
and 350 K (H).

No observable phase transition/symmetry breaking was ob-
served in either structure. A 6% positional disorder of dabco in
I was observed at 300 K, suggesting an asymmetrical 6-fold
rotational potential, which is in good agreement with the
symmetry mismatch of dabco (3-fold) and the cavity (4-fold)



where it resides. Such disorder was not observed for II, con-
firming the 3-fold rotational potential suggested by SS ’H
NMR experiments.

We next focused on the temperature dependence of H-bond
parameters. For complex I, the O—H distance in the normal H-
bond increases from 0.98 A (100 K) to 1.00 A (200 K) and
1.07 A (300 K). Corresponding changes in the H---N bond
include a decrease in distance from 1.72 to 1.70 to 1.65 A at
the corresponding temperatures. The distance between O and
N remains the same. Similarly, on the other end of dabco,
where proton-transferred occurs, the N—H distance increases
and H---O distance decreases with temperature. The changes
are less significant for complex II as the hydrogen atoms are
located much closer to the middle of two heteroatoms to begin
with. The only feature worth noticing was that at 300 and
350 K, both hydrogen atoms in the hydrogen bonds are rather
close to the nitrogen atom, rendering the overall equilibrium
structure reminiscent of a complex where two sides are able to
explore proton-transferred states.’

CONCLUSIONS

Cocrystals formed with dabco and either tritylcarboxylic acid
3 (cocrystal I) or triptycene-9,10-dicarboxylate 4 (cocrystal II)
were shown to display charge transfer and neutral hydrogen
bonding interactions that were documented by single crystal
X-ray diffraction and solid-state CPMAS N NMR. While
low frequency measurements of the real and imaginary part of
the complex dielectric carried between 150 K and 400 K in the
case of complex I reveal no significant response, cocrystal II
showed a very broad peak with a maximum at ca. 275 K. The
dielectric signals were characterized by having a peak maxi-
mum with a position that is independent of both temperature
and AC field frequencies, although the size of the signal was
shown to increase from 10° to 10> Hz. Rotational dynamics
measurements in the solid state carried out using quadrupolar
echo ’H NMR and 'H NMR spin lattice relaxation measure-
ments revealed fast rotational motion but no indications of a
phase transition or structural changes that could help account
for the dielectric behavior. We interpret the dielectric data in
terms of a model that requires thermally activated proton
transfer events to generate and switch the dipoles responsible
for the sample polarization. The fact that there are no changes
in the crystal structure and the lack of proton transferred sig-
nals in the "N NMR suggests that the charge transfer dipoles
are transient and occur at a very low concentration, perhaps
localized within very small domains. The characteristics of the
dielectric peak can be interpreted in terms of a paraelectric
state at high temperature that changes to one where the dipoles
are ordered, potentially in a ferroelectric state below the max-
imum at lower temperatures. Finally, an increase in the inten-
sity of the signal as a function of decreasing AC field frequen-
cy is consistent with a process that occurs with a relatively
high barrier, as it would be expected from the proton transfer
in cocrystal I. Further dielectric and polarization measure-
ments with cocrystals I and II and substituted analogs will
help shed light on this interesting behavior.
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Single crystal structures for co-crystals I and II have been deposit-
ed, respectively, as CCDC 1938953-1938958. Sample preparation,

instruments, and sample characterization (pdf). This material is
available free of charge via the Internet at http://pubs.acs.org.
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