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ABSTRACT OF THE DISSERTATION 

 

Engineering and Characterizing Dynamics in Crystalline Solids: Progress Towards Coupling 

Molecular Rotors via Mechanical or Electromagnetic Interactions 

 

by 

 

Marcus James Jellen 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2021 

Miguel A. Garcia-Garibay, Chair 

 

The early investigations of Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard J. 

Feringa into artificial molecular machines (AMMs) were recognized with the 2016 Nobel prize 

for the development of molecules with controllable movements, allowing them to perform various 

tasks when provided with energy. The first examples of AMMs mimicked the function of 

macroscope machines such as molecular motors, molecular gyroscopes, and a variety of other 

simple machines. Synthesizing these structures required connecting multiple molecular 

components such as a stator, axle, and rotator to create autonomous structures. These final 

ensembles minimize the number degrees of freedoms accessible to their molecular components, 

allowing them carry out a specific function when given an appropriate stimulus.  
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A new paradigm in the field has recently emerged whereby chemists consider the collective 

function of many molecules in concert, rather than the function of an individual machine. For 

example, the combination of many molecules into a crystalline array creates materials with 

functionalities that are related to the physicochemical properties of each molecule, but the 

ensemble also has opportunities to exhibit high-order, emergent properties. When the molecular 

components contain magnetic or electric dipoles, domains in these materials have potential to 

respond in a cohesive manner when interfaced with external stimuli. The magnitude of this 

response allows a user to transduce various forms of energy, such as mechanical work to 

electricity, encode memory in magnetically polarized states or to store charge on the macroscopic 

scale. Applying the principles above to current technologies allows the creation of higher-order 

function systems and the development of advanced (programmable) materials. However, the 

precise control of microscopic motions through macroscopic inputs has not yet been achieved. My 

doctoral research focuses on using molecular rotation to develop both autonomous- and collective 

function-type molecular machines. 

Chapter One is a perspective on strategies to develop crystalline molecular gears utilizing 

amphidynamic crystals. Chapter Two describes the synthesis and study of the first amphidynamic 

crystal containing a nitroxide-based paramagnetic rotor. Interestingly, a combination of SQUID 

magnetometry and EPR measurements revealed that this material has potential for developing 

ferromagnetic materials and has anisotropic interactions with impingent radiofrequency, 

demonstrating the potential of amphidynamic crystals to be utilized in quantum information 

science. Chapter Three is about the investigation of hydrogen bonded cocrystals containing 

molecular rotors and their ability to develop relaxor-type ferroelectric materials. Chapters Four 

establishes the importance of macrocyclization for enhancing gearing fidelity of molecular spur 
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gears utilizing a previously known spur gear example combined with a convenient approach 

cyclize the compound with a gold-phosphine complex. Using molecular simulations, we were able 

to show that this compound is the most efficient spur gear synthesized to date. Chapter Five is a 

study about the dynamics and viscosity of solvents within nanoconfined environments. Using a 

combination of various NMR techniques, we were able to use the ligands of two amphidynamic 

MOFs to measure the viscosity of six different solvents at different temperature ranges. We also 

used a combination of T1, T2 and diffusion measurements to understand the various dynamic 

processes of the solvent molecules and teased out the barriers to various processes leading to 

motion within the MOF. Using these measurements, we attempt to make a model for the behavior 

of solvent molecules going from a static environment to an intermediate regime and finally to a 

highly dynamic environment. 
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CHAPTER ONE 

 

Correlated Motion and Mechanical Gearing in Amphidynamic Crystalline Molecular 

Machines 

 

1.1 Introduction 

During the past couple of decades in the development of artificial molecular 

machines, efforts have been made to synthesize analogues of macroscopic machines or to 

emulate the function of biomolecular machines.[1,2] It has been shown that the synergistic 

and synchronized behaviour of molecular components performing sophisticated functions 

may lead to the development of molecular pumps,[3] unidirectional motors,[4,5a] and 

emergent dipolar rotary arrays[5a-5b] (Figure 1.1).  

 
Figure 1.1 a) A rotary motor powered by photochemical and thermal energy. The motor is 

coupled with a single bond to a passive rotor consisting of a naphthalene paddle. b) A 

molecular pump threads a ring on a dumbbell-shaped molecule (shown) and then repeats 

the process. Pluses and dots are oxidized and reduced forms of charged groups, 

respectively. c) Structure of a macroscopic gyroscope illustrating its stator, rotator, and 

axle, compared with the topologies and space-filling model of potential crystal-forming 

molecular rotors with closed and open topologies. The blue color is used to represent the 

stator, and the red color is used to highlight the axle and the rotator.  

 

Some of the earliest and most iconic structures in the realm of artificial molecular 

machines are molecular gears that transmit motion, forces and energy from one component 
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to another in a correlated manner. For example, two-component bevel gears consisting of 

meshed three-bladed triptycene rotators linked by a single atom or cis-alkene derivative 

were reported and thoroughly analysed in the mid-1980s (Figure 1.2a, left).[6] Despite the 

continued efforts to take advantage of various intermolecular forces, degrees of freedom 

and chemical processes to study correlated motion or gearing, there are relatively simple 

aspects of molecular gears that are still poorly understood. Namely, a relatively simple 

structural modification of the two triptycene gears along parallel axes in molecular 

analogues of macroscopic spur gear (Figure 1.2a, right) is yet to be demonstrated with high 

gearing fidelity (Fgear). Gearing fidelity is defined as the number of disrotatory, gearing 

rotations that occur per conrotatory, slipping rotations (kgear/kslippage), and is the primary 

figure of merit for determining the efficiency of a molecular gear.[7] Fgear is invariably 

determined by the relative energies of the slippage and gearing transition states compared 

to the ground state for two gearing rotators (Figure 1.2b). 

 
Figure 1.2 a) Bevel and spur gears. b) Transition states and trajectories for geared or 

slipping rotations, and c) multi-gear systems that illustrate parity laws for molecular gears. 
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Considering the symmetry requirements of gearing rotors, it can be shown that linear 

gear chains may have any number of intermeshed rotators, but cyclic arrangements of gears 

require an even parity of rotators to function. In cyclic systems containing an odd number 

of gears, one gear will ultimately interact with two others that have out of phase rotations 

and the triad will be unable to fulfill the requirement for disrotatory motion. This will lead 

to a frustrated gear that is unable to rotate (Figure 1.2c).[8] Utilizing these principles, recent 

work has led to the development of more complex multi-gear systems with cyclic arrays of 

four or six triptycenes, sometimes with tunable functionalities, suggesting that various 

structural solutions can be found.[9] Here we examine the potential of building molecular 

gears in the crystalline solid state, and the role that molecular gearing and correlated 

motions may play in the function of crystalline molecular machines. 

 

1.2 Amphidynamic Crystals 

Our group and others have shown the promise of the crystalline solid state as a 

platform for the development of functional smart materials and molecular machines.[10] 

Due to their long-range order and relatively strong mechanical and electronic molecular 

coupling, crystals are able to transduce different forms of energy across length scales that 

cover several orders of magnitude. Crystalline solids also offer opportunities to take 

advantage of emergent properties that can lead to complex functions, such as the 

modulation of mechanical,[10a] electric,[10b] magnetic,[10c] acoustic,[10d] and 

optical[10e] properties. A promising strategy to enable dynamics in the solid state involves 

the use of amphidynamic crystals, a condensed phase that combines crystalline order and 

liquid-like dynamics, built with lattice-forming elements linked to components that can 
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undergo fast motion. The position of amphidynamic crystals in a general phase order–

molecular motion phase diagram is illustrated in figure 1.3. They possess the periodicity 

and long-range order of crystals with elements that are as dynamic as liquids, but maintain 

well-defined trajectories. Amphidynamic crystals are the opposite of glasses, which lack 

order and motion, but display higher order and faster motion than those commonly seen in 

plastic crystals and liquid crystals. 

 
Figure 1.3 Phase order–molecular motion phase diagram illustrating possible forms of 

condensed-phase matter. Crystalline molecular machines would require architectures that 

warrant a combination of structurally encoded order and structurally encoded motion 

leading to desirable dynamic processes. 

 

1.3 Strategies for Engineering Motion in Crystalline Solids 

One of the most intuitive types of amphidynamic crystals is formed by arrays of 

molecular rotors based on rigid stators linked by an axle to rapidly moving or reorienting 

components that play the role of a rotator, as shown in Figure 1.1c.[2] In our previous work, 
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we proposed that the design of amphidynamic crystals relies on three general principles 

shown in Figure 1.4.  

 
Figure 1.4 The three main structural strategies for the design of amphidynamic crystals: a) 

free empty space around rotator, b) volume conserving motion, and c) correlated gearing. 

(adapted from ref. 2b) d) Newman projection depicting how a 3-fold symmetrical rotator 

mismatching with a 4-fold symmetrical stator creates a 12-fold potential well with 

vanishingly low barriers to rotation (adapted from ref. 12a). 
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The first is based on the availability of empty volume to accommodate rotary 

elements undergoing large angular displacements, as can be found in porous crystals.[11] 

We have shown that cavities with large free volumes in metal−organic frameworks (MOFs, 

Figure 1.4a pose no steric barriers, and that rotational dynamics under those conditions are 

limited by the intrinsic barriers of the bonds that link the stator and the rotator.[2b] The 

second principle applies in close-packed crystals and relies on the use of high symmetry, 

volume-conserving rotary elements that are able to move with minimal changes in shape. 

This principle is based on the fact that the energy difference between the rotational ground 

and transition states will become smaller in a close-packed environment as the two 

structures become more similar. As shown in Figure 1.4b, this occurs with molecular 

rotators with polygonal cross sections that approach the cross section of their own volume 

of revolution. An increase in the rotational symmetry also results in a larger number of 

degenerate ground states with shorter angular displacements between them. The effect of 

increasing volume conservation in the cross section of the rotator can be appreciated by 

comparing molecular rotors with the same triphenylsilyl stator and either a C2-symmetric 

para-phenylene, a C3-symmetric bicyclo[2.2.2]octane, or a C5-symmetric para-carborane, 

which have activation energies of 8.5 kcal·mol-1, 3.57 kcal·mol-1 and 2.92 kcal·mol-1, 

respectively. It was also shown by our group as well as Sozzani et. al. that if the symmetry 

of the rotator mismatches with the symmetry of the struts in metal-organic frameworks, 

frustrated rotational dynamics can be achieved resulting in hyperfast dynamics even at very 

low temperatures (figure 1.4d).[12] For example, the three-fold trigonal symmetry 

bicyclopentane rotor and the fourth-fold carboxylate arrangement in a Zn-MOF resulted in 

a shallow potential energy surface with a activation barrier to rotation of only 6.2 cal·mol-
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1 and no stable conformations allowing for continuous rotation exceeding rates of 1010 Hz, 

even at temperatures below 2 K.[12a] 

Furthermore, computational models suggests that small low-symmetry components, 

such as 1,4-disubstituted benzenes, undergo hindered rotation in closed-packed molecular 

crystals by taking advantage of “crystal fluidity”, which depends on the volume fluctuations 

that occur as the result of correlated displacement of neighboring molecules creating 

transient cavities.[8] Finally, and related to the concept of crystal fluidity, the third and 

more challenging principle relies on the implementation of correlated motions where the 

displacement of any one element depends on the displacement of its neighbors, such as it 

occurs in the case of molecular gears (Figure 1.4c). From a strict structural perspective, the 

design of crystalline molecular gears will require the placement of adjacent rotators in a 

manner that they give up their individual degrees of freedom to enter a regime where the 

velocity and direction of one rotator determines the velocity and direction of its neighbor(s). 

 

1.4 Correlated Motion in Crystalline Solids 

The correlated motion of two or more molecular rotors is entropically disfavored 

due to the reduction of microstates that occurs when they transition from being independent 

to acting as a geared ensemble. The entropy cost for molecular gears in solution is further 

amplified in the solid state where extended domains of molecular rotators must interact 

with one another within a crystal. Most notably, structural solutions that allow for adjacent 

rotators to remain in sterically meshed configurations while having the space needed for 

rotation will be challenging to achieve. As such, in addition to controlling the rotator 

position in the crystal lattice, full control of crystal density and mobility will be necessary 
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to engineer correlated motion in amphidynamic systems. Plausible strategies in the case of 

molecular crystal can be based on the use of supramolecular templates that align adjacent 

rotors, as shown by Setaka et al.,[13] and by the design of discrete molecular multirotor 

gears with shapes that are conducive to low packing densities, as suggested by Gould et 

al.[14] In essence, one would start with the design of a two, three, or larger gear train 

attached to bulky stators that can enable geared rotation of the discrete multirotor system, 

as shown with a triptycene dirotor gear in Figure 1.5a. One may expect that with a suitable 

lattice-forming stator this structural concept will lead to the formation of amphidynamic 

crystals with arrays of dual rotor molecular gears, as illustrated in Figure 1.5b. 

Alternatively, a promising solution for the construction of amphidynamic crystals with 

gearing moieties could be based on porous architectures such as MOFs, with functional 

rotators acting as struts linked by coordination bonds to secondary binding units (SBUs) 

composed of static metal clusters.[15] A schematic example in Figure 1.5b and Figure 1.5c 

involves chains of triptycene rotators linked to metal centers in a manner that their blades 

can act as interdigitated cogs. Variations can be envisioned by maintaining the same SBUs 

with ligands of different lengths to create isoreticular MOF cavities with different pore 

dimensions.[15] 
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Figure 1.5 Schematic representation of a) a di-triptycene dirotor gear in the form of a 

macrocycle with a shared stator and b) the corresponding molecular crystal. c) Side view 

of a MOF crystal with triptycene linkers aligned as extended gear chains and, d) a top 

indicating three stages of gearing with rotors from left to right moving clockwise, 

counterclockwise, and clockwise. 

 

For the design of molecular rotors with cogged rotators our group has utilized pillared 

paddlewheel metal organic frameworks with Zn2(CO2)4 clusters, as shown in Figure 1.6a. Our 

strategy to create the free volume necessary for triptycene gears to rotate relied on relatively long 

9,10-bis(2-(4-pyridyl))-ethynyltriptycene pillars and 9,10-triptycene dicarboxylate ligands, which 

form very dense layers that are known to prevent the formation of interpenetrating lattices.[15] We 

discovered that the distance between the center of adjacent triptycene rotators was ca. 11 Å, which 
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is just about the same length as its diameter of revolution, so that rotation of each unit is 

independent (Figure 1.6b). This was indeed shown to be the case even though the rotation was 

strongly affected by solvent, which increased its effective viscosity by about four orders of 

magnitude as compared to that in the bulk. Other similar studies explored how switchable 

rotational dynamics can be achieved by gas molecule absorption in porous coordination 

polymers,[16a] organosilica architectures,[16b,16c] porous aromatic frameworks,[16d] and 

molecular crystals.[16e,16f] In other MOF systems such as MIL-101(Cr), solvent absorption and 

subsequent coordination to the unsaturated Cr3O metal sites (CUS) changed the electronic state 

and the geometry of the phenylene linker that resulted in its enhanced rate of rotation. 

 
Figure 1.6 a) Amphidynamic crystals composed of spacer, metal cluster and rotor units; 

b) and c) spacer site can be modified by installing different dicarboxylates such as 

terephthalate, biphenyl-4,4′-dicarboxylate, and triptycene-9,10-dicaboxylate. 

 

Notably, this study performed by Stepanov and coworkers, showcased a strategy to 

control linker rotational dynamics via solvent molecules acting as molecular gear-

levers.[17] Shown in Figure 1.6c is a promising structural solution for the development of 

a molecular gear crystal. An increase in the length of the cogs from one benzene ring to 
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two in going from triptycene to tri-benzotriptycene enlarges the volume of revolution 

beyond the inter-rotor distance in the lattice, such that rotation can only occur in a correlated 

gearing motion. While it is easy to show that the proper gearing parity exists as one connects 

multiple four-fold circular gear trains, one may expect that the energetics of rotation will 

be highly demanding from both enthalpic and entropic perspectives. 

 

1.5 Experimental Methods to Study Rotational Dynamics in Crystalline Solids 

The experimental determination of molecular rotation relies on the observation of 

differences between the various rotational states.[18] When analyzed in an internal 

molecular frame of reference, rotational states must be structurally isomeric, such that they 

can be identified and their rates of exchange analyzed as a function of temperature. An 

example with a hypothetical 9-(ortho-tert-butyl-phenyl)-triptycene molecular rotor in 

Figure 1.7 illustrates a set of rotational states, 1.1a, 1.1b and 1.1c, which are degenerate 

and non-distinguishable in Set I where the three substituents are identical (X=Y=Z). 

 

Figure 1.7 Desymmetrization of 2,7,14‐trisubstituted-9‐triptycene achieved by 

introducing different substituents to the X, Y and Z positions, making them non‐

equivalent. Synthesis and dynamic studies have been done on similar triptycene 

derivatives.[19] 
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By contrast, rotational isomers 1.1a, 1.1b and 1.1c become distinguishable in Set II 

when the structure is de-symmetrized by making the three triptycene blades different, with 

X≠Y≠Z. Notably, such relatively small structural changes require the use of high-resolution 

dynamic NMR with each isomer being identified by a characteristic signal (or set of signals) 

with chemical shifts 𝛿a, 𝛿b, 𝛿c, such that changes in chemical shift (∆𝛿) as a function of 

temperature can be analyzed in terms of the various rotational site exchange rates (ka,b, kb,c, 

kc,a). The rate and temperature data can be used for the determination of rotational activation 

barriers (Ea) and pre-exponential factors (k0) by taking advantage of the Arrhenius equation 

(Eq. 1): 

𝑘𝑎,𝑏 = 𝑘𝑜𝑒
𝐸𝑎
𝑅𝑇     (1) 

Unfortunately, the dynamic range of the method relies on the difference in chemical 

shift between rotational states, which depends on the signal dispersion of the magnetic 

nucleus observed, which typically varies from ca. 0-100 Hz for 1H NMR to ca. 0-1000 Hz 

for 13C NMR. For that reason, rotational dynamics by variable temperature NMR in 

solution are only possible for very slow molecular rotors (rotational time constants slower 

than microseconds) with relatively high-energy barriers (ca. 10-20 kcal·mol-1).[20] 

Similarly, slow rotational dynamics in the solid state can be measured by performing 

variable temperature high-resolution cross polarization and magic angle spinning 

(CPMAS) NMR measurements, typically taking advantage of the 13C nuclei in the structure 

of the rotator (VT CPMAS 13C NMR). A key difference with solution measurements is that 

chemical shifts in the crystalline state are defined by the site symmetry of the lattice rather 

than by the time-averaged site symmetry of the molecular rotator. For example, the 13C 

CPMAS spectrum of bis(tritylethynyl)cubyl molecular rotor 1.2 measured at 263 K was 
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shown to have three signals assigned to the cubyl carbons a, b and c, which are equivalent 

in solution but not in the crystal.[21] Coincident molecular and crystal inversion centers 

demand that the top of the rotor is equivalent to the bottom, such that inversion-center-

related carbons a and a’ are crystallographically and magnetically equivalent, but different 

from carbon atoms b and c and their symmetry related signals. As shown in Figure 1.8, 

increasing the temperature in small increments up to 288 K causes the three signals to 

coalesce in a manner that depends on the rotational site exchange, which can be readily 

simulated with commercially available computer programs. An Arrhenius plot of the 

natural logarithm of the rotational exchange rate vs. the inverse temperature indicates a 

relatively high activation barrier Ea=12.6 kcal·mol-1 and a normal pre-exponential factor 

k0= 9.63x1011 s-1. 

 

Figure 1.8 a) Structure of bis(tritylethynyl)cubyl molecular rotor 1.2 and a projection of 

the 1,4-cubanediyl group along its rotational axis, along with b) the experimentally 

observed and simulated VT 13C CP-MAS spectra (superimposed), and c) the Arrhenius 

plot of the rotational exchange rate. (adapted from ref. 21) 

 

Considering that NMR measurements in single crystals and polycrystalline samples 

can be carried out without spinning, and at very low temperatures (e.g., 4 K), fast rotational 
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motion with very low barriers can be measured with confidence by doing measurements at 

cryogenic temperatures. Intermediate exchange rates on the order of 104-107 s-1 (10 kHz to 

10 MHz) can be readily determined by taking advantage of 2H-labeled samples and variable 

temperature quadrupolar echo 2H NMR followed by the simulation of the spectrum that 

considers the rates and trajectories of the rotational exchange process. While a detailed 

description of the method is beyond the scope of this review, there are excellent 

descriptions in the literature.[22] In very general terms, the method relies on changes in the 

direction of the C-2H bond vector in the laboratory frame of reference as determined by the 

external magnetic field. The example in Figure 1.9 illustrates the results obtained with a 

polycrystalline sample of 1,4-bis(2-triphenylsililethynyl)-d4-benzene 1.3 with 

measurements carried out between 207 K and 321 K (Figure 1.9b). In this case, the spectra 

were simulated with a model that considers Brownian rotation of the phenylene group with 

180o jumps between two degenerate minima at frequencies that range between ca. 103 s-1 

(or “static”) and ca. 2x107 s-1. The method is particularly powerful because chemical 

equivalence or non-equivalence within a local frame of reference are not important and 

spectral changes are only observed when the orientation of C-2H bond vector changes as a 

result of internal molecular rotation, even when macroscopic crystals are static.  An 

Arrhenius plot in Figure 1.9c revealed a solid state activation barrier Ea=8.5 kcal·mol-1 and 

pre-exponential factor A= 1.1x1013 s-1. 
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Figure 1.9 a) Structure of a 1,4-bis(2-triphenylsililethynyl)-d4-benzene molecular rotor, 

b) the corresponding experimental and simulated VT-quadrupolar echo 2H NMR spectra 

(superimposed), and c) the Arrhenius plot of the exchange data. (adapted from ref. 21) 

 

Extremely small rotational barriers leading to ultrafast rotational motion can be 

conveniently documented by taking advantage of variable temperature spin lattice 

relaxation due to the modulation of dipolar interactions by rotational motion, which reaches 

an optimal value when molecular Brownian rotational jumping rates (τc
-1) approach the 

Larmor frequency (ω0) of the nucleus being observed. In the case of molecular rotors 

bearing 1H nuclei, observations are commonly made with spectrometers operating at 

frequencies (𝜈𝐿 = 𝜔0/2𝜋) that vary from ca. 10 MHz to 600 MHz, which help determine 

rotations with time constants in the range of ca. 107 s-1 to 6x108 s-1. An example is shown 

in Figure 1.10 with two closely related halogen-bonded supramolecular rotors with 1,4-

dizabicyclo[2.2.2]octane (dabco) acting as the rotator and either 2-bromoethynyl-

triphenylmethane (1.4Br) or 2-iodoethynyl-triphenylmethane (1.4I) acting as the 

stator.[23] Measurements with 1.4Br were carried out between 40 K and 155 K (indicated 
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with rhombs) and measurements with 1.4I were in the range from 80 K to 165 K (marked 

with circles).  

 

Figure 1.10 a) Line formula and b) space-filling models of halogen-bonded 

supramolecular rotors of 1,4-dizabicyclo[2.2.2]octane (dabco) with 2-bromoethynyl-

triphenylmethane (1.4Br) and 2-iodoethynyl-triphenylmethane (1.4I). c) Variable 

temperature 1H T1 NMR spin-lattice relaxation data of 1.4Br between 40 K and 155 K 

and 1.4I between 80 K and 165 K with their corresponding Kubo-Tomita fits revealing 

activation energies Ea=0.71 kcal·mol-1 and 1.15 kcal·mol-1, respectively. (adapted from 

ref. 23) 

 

The experimental data can be fitted to the Kubo-Tomita relaxation expression (Eq. 

2),  

𝑇1
−1 = 𝐶[𝜏𝑐(1 +  𝜔𝑜

2𝜏𝑐
2)−1 + 4𝜏𝑐(1 +  4𝜔𝑜

2𝜏𝑐
2)−1 (2) 

τ𝑐
−1 =

𝑘𝑏𝑇

ℎ
𝑒𝑥 𝑝 (

∆𝑆≠

𝑅
) 𝑒𝑥𝑝 (

−∆𝐻≠

𝑅𝑇
)  (3) 

 

which relates the macroscopic relaxation times (T1
-1) to the molecular rotational dynamics 

(τc) with respect to spectrometer frequency (ω0), such that one is able to obtain activation 
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energy and pre-exponential values by assuming that τc follows an Arrhenius behavior (Eq. 

1). Alternatively, one can use the Eyring Equation (Eq. 3) to determine activation enthalpies 

and activation entropies. In the case of 1.4Br an 1.4I our group was able to establish that 

the activation entropy for rotation is small and negative (∆S≠ = -3.0 cal·mol-1·K-1) for both 

dynamic systems, while there is almost a 2-fold difference in activation enthalpies, with 

1.4I having a higher activation enthalpy (∆H≠ = 0.95 kcal·mol-1) than 1.4Br (∆H≠ = 0.54 

kcal·mol-1), which can be understood in terms of subtle differences in steric interactions.  

The activation energies (Ea) or enthalpies (∆H≠) obtained by the methods described 

above reflect the intrinsic electronic barriers and steric hindrance that a molecular rotor 

must overcome in order to go from one orientation to another. By contrast, the pre-

exponential factor of a Brownian rotor (k0), sometimes referred to as its ‘‘attempt 

frequency’’, reflects the upper limit for rotation between adjacent minima that a given 

molecule can undergo in a particular environment. Its value can be determined from the 

moment of inertia of a hypothetical free rotor, or from the frequency of the torsional mode 

that turns into rotations when sufficient thermal energy is provided. For small molecular 

rotors such as those analyzed in this review the theoretical pre-exponential factor takes 

values on the order of 1011-1013 s−1, which corresponds to the rate that would occur in the 

hypothetical scenario where there are no intrinsic steric or electronic barriers. 

 

1.6 Computational Methods to Study Rotational Dynamics in Amphidynamic Systems 

 Computational studies of artificial molecular machines can give an overview of the 

energy barriers associated with different dynamic processes, facilitate the interpretation of 

experimental results, or explore correlated dynamics for processes that are outside the 
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experimentally accessible time scales. Calculations rely on theoretical models that account 

for key intra- and inter-molecular interactions which determine the trajectories of motion 

as molecules overcome barriers between energy minima, or explore full multidimensional 

hypersurfaces. The cost of computational analyses scales with the size of the system, 

accuracy and sophistication of the theoretical models. They may range from relatively 

simple and inexpensive force field methods to more complex density functional theory and 

ab-initio quantum mechanical calculations.  

 

1.6.1 Intrinsic Rotational Barriers in Free-Volume MOFs 

 In the case of crystalline molecular rotors, theoretical insight may be gained from 

very simple models that address the intrinsic gas phase barriers along the rotational 

potential in free volume environments. For example, high level ab-initio gas phase 

calculations of a minimalistic model based on two Zn clusters, the bridging 1,4-

phenylenedicarboxylate rotator, and ten formate groups [Zn4O(O2CH)5O2C—C6H4—

CO2(O2CH)5Zn4O] help explain the slow rotation determined by 2H NMR in the spacious 

phenylene rotator of MOF-5 (Figure 1.4). The potential energy surface has two coplanar 

minima related by 180o rotation and connected through barriers located at an angular 

displacements of 90o.[24] While an experimental barrier of ca. 11 kcal·mol-1 is 

overestimated by computational values that range between ca. 14-16 kcal·mol-1 depending 

on the basis set and level of theory, calculations account well for the dynamic behavior of 

the rotator and help infer experimental trajectories that avoid a double transition state (or 

second order saddle point).[24c,25d] Similarly, a nearly barrierless 6-fold degenerate 

potential with activation energies of ca. 0.1-0.3 kcal·mol-1 was calculated for 1,4-
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bicyclo[2.2.2]octane dicarboxylate acting as a rotator in the Zn-paddle wheel BODCA-

MOF (Figure 1.4b).[12b] A minimalistic model using the hybrid functionals M062X/6-

311+G(d) and ωB97XD/6-311+G(d) in this case matched very well experimental values in 

the range of 0.12 and 0.29 kcal·mol-1. 

 

1.6.2 Rotational Barriers in Close-Packed Molecular Crystals Using Discrete Cluster 

Models 

Calculations of rotational barriers in molecular crystals have utilized models that 

consider crystal packing density, rigidity and periodicity based on structural parameters 

available from single crystal X-ray diffraction. Computational models may involve discrete 

molecular clusters where a central molecular rotor is surrounded by neighboring molecules 

(or fragments of molecules) that preserve all the van der Waals interactions between the 

rotator and its environment. Energies are calculated as the rotator is driven in steps of a few 

degrees to explore its entire rotational potential. Several works by Batail and co-workers 

and our group have employed this computational model approach.[25] One example from 

our group involves potential energy calculations as a function of the central phenylene 

rotation in crystals of 1,4-bis(3,3,3-triphenylpropynyl)benzene (1.5).[26] Our model was 

built with 3x3x3 clusters of molecules constructed directly from X-ray crystallographic 

data of a crystal with benzene (1.5B) and a solvent-free pseudopolymorph (1.5SF) (Figure 

1.11a). The two structures were studied assuming rigid and increasingly relaxed crystal 

lattices to evaluate the effect of rigidity on the changes in rotational energy. In the rigid 

lattice model, all atoms in the cluster were fixed, except for the six carbon and four 

hydrogen atoms of the central rotator. This simple approximation led to unrealistic 
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sawtooth potentials with large changes in energy (Figure 1.11b). Relaxed models allowed 

for an increased number of conformational degrees of freedom. It was shown that 

conformational oscillations of all the molecules in the two clusters reduced the height of 

the barriers to the experimental values of ca. 12 kcal·mol-1. The resulting computational 

data disclosed the role of correlated motion in molecular crystals, a phenomenon that we 

now refer to as “crystal fluidity.” Changes in atomic positions with respect to the 

equilibrium structure were observed for all molecules in the cluster as a function of rotator’s 

dihedral angle, with the largest displacement observed when the rotator was at its transition 

state (90° off the plane). Specifically, atomic displacements were dependent on the distance 

from the central rotator, with structural perturbations radiating outward from the rotary 

event. Additionally, in the solvated system (1.5B), the 180° flipping motion of the rotator 

is coupled to a 60° geared rotation of the solvent benzene molecules, suggesting a 

crystalline molecular gear.[27] 

 

Figure 1.11 a) Crystal packing structures of the benzene clathrate 1.5B (top) and 

desolvated form 1.5SF (bottom). The structures as shown are analogous to the schematic 

depiction of an idealized 3 × 3 × 3 lattice (right) constituting a 27-rotor molecule 
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assembly. b) Correlated motion in crystalline benzene clathrate that accounted for varying 

degrees of freedom within a crystal lattice and approximated rotational barriers in a rigid 

or flexible lattice, respectively. Calculations were performed using molecular dynamics 

simulations. (adapted from ref. 26) 

 

1.6.3 Molecular Dynamics and Periodic Boundary Conditions in Close-Packed Molecular 

Crystals 

While dynamics in crystalline solids may be approximated by means of a large 

molecular cluster, as discussed above, the size of the computational model can be 

significantly reduced to a primitive cell when combined with periodic boundary conditions 

(PBC). Periodic boundary conditions impose artificial periodicity repeated in all directions 

on the simulated cell to account for the continuum properties of the system. When PBC are 

employed, any atom or molecule that leaves the box through a particular face, reenters the 

system at the same point of the face directly opposite. One can anticipate that molecular 

dynamics simulations of amphidynamic systems based on PBC would describe a model of 

an infinite lattice of molecular rotors undergoing their motion in a coherent manner, in 

effect assuming a multicomponent geared system, rather than one susceptible to structural 

and dynamic fluctuations through the crystal lattice. An example of this computational 

model was reported by Kolomeisky et al. to study how intramolecular interactions between 

a triphenyl silyl stator and four different rotators, including phenylene (Phe 1.3), cubyl (Cub 

1.2), bicyclo[2.2.2]octane (BCO 1.6), and para-carborane (Carbor 1.7) (Figure 1.12a) 

affect rotational dynamics.[28] Each simulation cell contained 4 molecular rotors, with 124 

periodic images of the original cell. The impact of flexibility on the dynamic properties of 

the system was studied by considering four types of coarse-graining representations of 

molecular rotors that differed by the size of what was defined to be rigid, and included the 
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central rotator (Flex) and extended portions of the axle (Flex1, Flex2 and Rod, Figure 

1.12b). Results indicated that more flexible rotors were able to find the most energetically 

favorable packing configuration which resulted in the overall smaller free volume around 

the rotator unit. As a result, steric hindrance emerging from the rotator interactions with its 

neighbors contributed to high activation barriers and high attempt frequency (Figure 1.12c). 

Indeed, the BCO 1.6 and Carbor 1.7 amphidynamic crystals with relatively large free 

volumes displayed high rotational speed because of lower activation barriers. While 

molecular dynamics simulations with PBC are able to give a reasonable picture of local 

environment of molecular rotors, such simulations might have to be coupled with additional 

approximations that may account for the stochastic nature of molecular machines. 

 

Figure 1.12 a) Molecular gyroscopes studied Phe, BCO, Cub, and Carbor. b) Various coarse-grain 

representations of the rotator part in Phe molecular gyroscope. These representations are labelled 

as: Flex, Flex1, Flex2, Rod, and they differ by the size of the central rotator rigid segment. The 

rigid segment is the smallest in Flex and the largest in Rod. c) Rotational activation energies for 
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different molecular rotors as a function of flexibility with nonbonded interactions in 1,4 pairs of 

terminal atoms involved in each dihedral angle. (adapted from ref. 28) 

 

 

1.6.4 Bias Sampling Via Metadynamics Simulations 

In instances were correlated motion can be defined with specific collective variables, 

an enhanced sampling technique called metadynamics could be utilized to construct 

potential energy hypersurfaces. Metadynamics allow for an efficient energy landscape 

sampling via an introduction of a time-dependent bias potential acting on the chosen 

variables and propagating the system on the potential energy surface in an accelerated 

fashion. This advanced molecular dynamics technique was utilized in studying crowded 

molecular media such as octafluoronaphthalene plastic crystals,[29a,29b] interdigitated 

metal–organic rotor {Li+
4(1

−)4(H2O)8}·2DMF crystals[29c] or systems that are 

characterized by dynamics of interconversion between gearing and slippage such as 

norbornane based molecular spur gear.[29d] Metadynamics simulations were shown 

support the interpretation of the experimental results, or provide evidence of correlated 

dynamics in instances where gearing time scales are outside the experimentally accessible 

range. For example, in the study by Batail et.al. DFT metadynamics studies[29c] revealed 

strongly interrelated series of rotational motions in a densely-packed crystalline 

environment of the metal–organic rotor, {Li+
4(1

−)4(H2O)8·2DMF and were in a great 

agreement with VT NMR results. On the other hand, in the study of norbornane 1.8 spur 

gears,[29d] VT NMR studies at temperatures as low as 213 K showed no phase isomer 

formation and thus 2D metadynamics calculations were performed to understand the 

gearing/slippage energetic profile. Defining a dihedral angle for each triptycene in an 

intermeshed gear system and repeatedly introducing the bias potential allowed for a good 
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estimation of the free energy of the process. A simultaneous increase in dihedral angle in 

both rotors (same direction) or independent rotation of one gear were attributed to slippage 

trajectories, while a decrease in dihedral angle for one rotator and an increase for the other 

(opposite directions) was associated with geared rotation (Figure 1.13). The results 

indicated that norbornane spur gear has a lower barrier for slippage (2 kcal·mol-1) than the 

barrier for gearing (5.4 kcal·mol-1), and therefore was undergoing predominantly slippage-

type dynamics. 

 

 

Figure 1.13 2D Metadynamics simulations for molecular spur gears with triptycene rotators and 

a norbornane-based stator. Top-left to bottom-right diagonals represent the lowest energy 

trajectory for gearing, with dihedral angles changing in positive and negative direction. (adapted 

from ref. 29d) 

 

 

1.7 Experimental Determination of Molecular Gearing in Crystalline Solids 

 

While the experimental determination of molecular gearing in the solid state can be 

based on analogous measurements, correlated motions with matched rotational frequencies 

and parity are expected to have characteristic dynamics. As mentioned earlier, gearing 

implies a reduction in entropy as the result of a reduction in the number of microstates as n 

rotors, each with m rotational states, independently give rise to mn degenerate states, which 

reduce to the same number of states as a single rotator, m1, when they become part of a 
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linear gear train. A very simple illustration of this is shown in Figure 1.14 with a single 

symmetric toothed rotor with n=3 (Figure 1.14a) a set of two independent rotors that would 

have mn = 32 = 9 independent rotational states (Figure 1.14b), and two geared rotators with 

m1 = 31 = 3 states (Figure 1.14c). The contribution to the change of activation entropy that 

occurs as a result of a reduction in the number of degrees of freedom connecting the various 

rotational states can be appreciated by considering the change in symmetry number (𝜎) 

from isolated (𝜎i) to geared systems (𝜎g). In the hypothetical case in Figure 1.14, the 

negative change in entropy ∆S≠ ≈ R ln (3/9) = -2.15 cal·mol-1·K-1, will be manifested in an 

Eyring plot by a reduction in the value of the intercept. Indeed, several literature examples 

for correlated motion and molecular gearing in solution have shown that gearing is 

characterized by a negative activation entropy, which is also manifested in the form of small 

values in the pre-exponential factor of an Arrhenius plot.[30] Notably, one example 

reporting activation parameters for a gear slipping process shows the activation entropy to 

be close to zero.[31] 

 
Figure 1.14 a) Illustration of an independent molecular rotor with three degenerate rotational states 

where each blade can occupy sites 1, 2 and 3, b) the nine degenerate states that can be occupied 
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by two independent rotators, and c) the three states of two geared rotors. d) Qualitative 

expectations of changes in intercept and slope of the Eyring plots of independent (i) and geared 

(g) molecular rotors. A smaller intercept is the result of a negative activation entropy due the 

reduction in the number of microstates in going from independent to gear rotors, and a steeper slop 

is the result of differences in activation enthalpies resulting from changes in the volume of 

independent and geared rotors. 

 

Furthermore, one may expect rotational barriers in molecular crystals to depend on 

the surface area of the rotator and the contacts it makes with its close neighbors. For that 

reason, the activation enthalpy needed for the correlated motion of two rotators will be 

greater than an equivalent system with free rotation, as illustrated in Figure 1.14d by the 

different slopes of the hypothetical independent and geared rotors. One can also appreciate 

that the activation enthalpy and entropy will grow increasingly unfavorable as the number 

of gears in a gear train increases. Similarly, one can expect that activation enthalpy will be 

greater and the activation entropy increasingly negative as the number of cogs increases in 

a particular gear. 

 

1.8 Studies of Correlated Dynamics in Crystalline Molecular Gears 

1.8.1 A Crystalline Slipping Gear Train. 

The observation of molecular gears in the solid state has been proposed in a small 

number of cases based on the spatial arrangement of rotating units. Supporting evidence 

generally comes from computational data and experimental measurements. An early 

example comes from the benzene-containing crystals of 1,4-bis(triphenylethynyl)benzene 

molecular rotor 1.5 discussed in Section 1.6.2. The dumbbell-shaped molecular rotor 1.5 

was shown to crystallize in parallel chains of tilted rotors with two benzene molecules 

occupying the space between adjacent neighbors (Figure 1.15).[27] Benzene molecules in 
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the crystal were shown to exist as parallel-displaced dimers, with their edges making van 

der Waals contacts with the phenylene rotators on each side. A simple mechanical model 

based on the crystal structure where phenylenes and benzene molecules can be seen as gears 

in a gear train (Figure 1.15, left), suggests that the clockwise rotation of the phenylene on 

the left, labeled with a C, should lead to the anticlockwise rotation of the closest benzene 

molecule to the right, indicated with the label A. In principle, this motion could be 

transmitted to the off-axis benzene molecule below, causing it to turn in the clockwise 

direction. This hypothetical gear chain would continue with anticlockwise rotation of the 

phenylene group leading to clockwise rotation of the next benzene molecule, and so on. 

Interestingly, the computational model based on a flexible cluster using classical 

force field methods as described above, confirmed that the 180o rotation of a phenylene 

group results in the concerted 60o rotation of the neighboring benzene molecules (Figure 

1.15). Experimental measurements showed that in-plane rotation of the benzene molecule 

occurs at frequencies that are greater than the upper limit of the quadrupolar echo 2H NMR 

experiment, krot >107 s-1. In contrast, rotation of the phenylene group in the benzene 

clathrate using VT 13C CPMAS NMR was shown to occur in the krot ≈ 103 s-1 regime, with 

an activation energy Ea=12.8 kcal·mol-1.[32] Given the difference of over four orders of 

magnitude between fast benzene and slow phenylene rotators, and considering the normal 

value of the pre-exponential factor for rotation of the phenylene group, we concluded that 

this particular array of molecular rotors behaves like a slipping gear train.  
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Figure 1.15 (Left) Space-filling model and (right) line formulas illustrating the packing 

arrangement of rotor 1.5 and the enclathrated benzene dimer. The angle formed by the phenylene 

1,4-axis and the benzene molecules 6-fold axes is 59.7°. Arrows and letter C and A indicate 

hypothetical clockwise and anticlockwise rotation, respectively. (adapted from ref. 27) 

 

1.8.2 Spiral Gear in a Supramolecular 12-Crown[4]ether Rotor Assembly. 

A recent study on the structure and dynamics of supramolecular salts of 12-crown-4-ether 

hosting a di-protonated salt of diazabicylo[2.2.2]octane (DABCO) with either tetrafluoroborate 

(2BF4
-) or perchlorate (2ClO4

-) anions, led the authors to suggest a network of geared 12-crown-

4-ethers.[33] A schematic representing the crystal structure in Figure 1.16a highlights the 

intermeshed zig-zag alignment of the (12-crown-4)2DABCOH2
2+, with the counterions 

surrounding DABCOH2
2+ omitted for clarity. VT solid state 2H NMR experiments confirmed the 

ultrafast independent rotational motion of the globular DABCOH2
2+ groups at the center of the 

complex, while VT 13C CPMAS showed a much slower rotational motion of the 12-crown-4. It 

was suggested that the slower process corresponds to rotational site exchange of the 12-crown-4 

methylene groups rather than a less likely crown inversion process. The authors also note that the 

adjacent 12-crown-4 molecules are locked and, therefore, must rotate in a concerted manner by 

transferring their instantaneous angular momentum to adjacent 12-crown-4 that are aligned in 

either parallel (Figure 1.16b) or perpendicular fashion (Figure 1.16c). 
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Figure 1.16 a) Crystal packing of the [(12-crown-4)2·DABCOH2]
2+ units. Schematics of the 

suggested geared motion between b) antiparallel and c) perpendicular ethers. (adapted from ref. 

33). 

 

 

1.8.3 Correlated Motion Between Pairs of Bicyclo[2.2.2]octane Rotors 

In an elegant study addressing an unusual polarizability leading to interesting non-

linear optical effects, Batail and coworkers proposed remarkable gearing dynamics in 

molecular dirotor 1.9, which entails a molecular rod with two outer pyridines and two three-

cogged 1,4-bis(ethynyl)-bicyclo[2.2.2]octane (BCO) paddle wheel-shaped gears spaced by 

a diyne linker (Figure 1.17a).[34] Monoclinic crystals in the space group C2/c were 

characterized by molecular rods forming infinite molecular chains, as shown in Figure 1.17. 

By performing variable-temperature 1H spin-lattice relaxation NMR experiments, Batail 

and coworkers observed two dynamic processes involving the same number of molecular 

rotors. Fitting the temperature dependence of the relaxation rate to the Kubo-Tomita 

relaxation expression (Eq. 2) revealed activation barriers of 1.85 kcal·mol-1 (pre-

exponential factor A = 1.82 × 1012 s−1) and 6.1 kcal·mol-1 (pre-exponential factor A = 8.3 

× 1012 s−1). Based on the crystal structure, it was suggested that the two barriers were 

associated with rotational motion emerging from two different equilibrium positions that 

differ by a 60° rotation of the BCO groups with an occupancy ratio of 88:12 at room 
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temperature. It was proposed that the lower energy barrier was associated with 

synchronized gearing motion between two adjacent BCOs, while the higher barrier was due 

to neighboring BCOs “rubbing” against each other in an asynchronous fashion. Support for 

this hypothesis was found in a computational model based on a cluster containing the 

molecular rod with two BCO units surrounded by neighboring molecules with H···H 

contacts shorter than 2.8 Å. DFT-based calculations indicated that having two rotors occupy 

minority sites (m m) is energetically unfavorable by 5.0 kcal·mol-1 as compared to having 

the two rotors in majority sites (M M). The mixed structure with one rotor in each site (m 

M or M m) was shown to have an energy penalty of only 1.5 kcal·mol-1. Noting that these 

values are close to the experimental barriers, the authors suggested that the low barrier 

rotation is likely to arise when rotors in the (M M) ground state follow a trajectory that goes 

through a barrier that is analogous to the structure of the (m M) pair, while the slower 

rotation with a higher energy barrier would occur in trajectories that pass through structures 

that resemble the (m m) rotor pair. Support for this hypothesis was obtained from DFT 

calculations simulating synchronous and asynchronous motion, which led to calculated 

barriers of 1.08 and 4.88 kcal·mol-1, respectively (not indicated in the figure). 
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Figure 1.17 Crystalline arrays of pairs of the rod-like molecules a) 1,4-

bis(ethylnyl)bicyclo[1.1.1]octane (BCO) and b) intermolecular interactions proposed to 

affect correlated rotational dynamics (adapted from ref. 34). 
 

It is expected that intermolecular interactions between pairs of BCO rotors along 

different trajectories should give rise to different barriers. However, given that the two 

trajectories start from a common ground state, the lower barrier trajectory for the 

synchronous gearing pathway would have to be functional at low temperatures, but become 

“disrupted” when the asynchronous rubbing process takes place at higher temperatures. The 

system would have to transition from a very efficient synchronous gear into one that slows 

down significantly at higher temperature as the asynchronous rotation begins. It is 
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interesting to also point out that the experimental pre-exponential factors of 1.8 x1012 s-1 

and 8.3x1012 s-1 are not consistent with a correlated process where independent degrees of 

rotational freedom are surrendered, but with internal dynamics determined by a simple site-

exchange process. It appears that more data will be needed in order to pin this process 

down. 

 

1.8.4 Gear Dynamics in a Crystalline 1D Helical Rotor Array 

 Substantial evidence of molecular gearing in a 1D crystalline rotor arrays was obtained by 

a combination of single crystal X-ray diffraction, solid state NMR, and the formation of mixed 

crystals as a simple strategy to probe for correlated dynamics. While investigating a set of 

molecular systems built with p-phenylene rotators and ethynyl-substituted steroids as the stator, 

we came across the molecular rotor 1.10 with a central p-phenylene rotator flanked by two 

mestranol moieties acting as the stator (Figure 1.18).[35] Single crystal X-ray diffraction analysis 

revealed that structure 1.10 adopts a U-shape conformation (Figure 1.18a) and packs as a nested 

1D-helical array of molecular rotors with each phenylene group having a center-to-center distance 

of 4.9 Å to its neighboring rotators (Figure 1.18b and 1.18c). Such distance is much longer than 

van der Waals contact, but not long enough to allow for free rotation. The orientation of the 

phenylenes was shown to be disordered over two positions related by an 85o/95o rotation (Figure 

1.18d). 
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Figure 1.18 a) Structure and solid-state conformation of mestranol molecular rotor 1.10. b) 

Packing motif in the form of 1D chains of nested molecular rotors. c) View long the axis 

of the 1D-chain highlighting a 120o rotation between adjacent rotors corresponding to the 

space group P6. d) Space filling model of the phenylene groups showing rotational disorder 

over two position related by 85o/96o. (adapted from ref. 35) 
 

Quadrupolar echo 2H NMR measurements carried out at 296 K to explore rotational 

motion in crystals of 1.10 resulted in a narrow spectrum consistent with fast dynamics and 

exchange between multiple sites (Figure 1.19a). Spectral simulations were obtained only 

when using a counterintuitive model that included 180° rotations in the fast exchange 

regime (>107 s-1) and a slower 85° tilting motion in ca. 106 s-1 regime. While the two-fold 

flipping (180° rotation) is consistent with the rotational C2 symmetry of the phenylene 

group, the slower 85° tilting process can be attributed to the exchange between the two 

equilibrium sites. The kinematics of this process can be understood in terms of the model 

shown in Figure 1.19b, where a rotator undergoes fast 180o rotations at a given site 
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(coordinate A), and after six or seven such rotations switches by an angle of 85o/95o 

degrees, before continuing the fast 180o rotations in the other site (coordinate B). Further 

VT NMR analysis at temperatures as low as 155 K revealed that the 180o rotations remain 

in the fast exchange regime, but the 85o/95o rotations can be slowed down because of a 

relatively low enthalpic barrier (2.2 kcal·mol-1) and a relatively unfavorable activation 

entropy of -23 cal·mol-1·K-1 (Figure 1.19c). These results are strong indication of a highly 

organized switching mechanism between the two sites in the 1D channel.  

 
Figure 1.19 a) Quadrupolar echo 2H NMR spectrum of molecular rotor 1.10 at 296 K and 

a simulated spectrum corresponding to a kinematic process that involves 180° rotations in 

the fast exchange regime ( >107 s-1) combined with 85°/95o jumps in the intermediate 

exchange regime (1.5x106 s-1). b) Representation of this process in terms of two coordinates 

that correspond to rotation in each of the two disordered sites, labelled as coordinate A and 

coordinate B. c) Variable temperature 2H NMR spectra corresponding to a process that 

retains fast 180° rotations and slow 85°/95o jumps varying from 2x104 s-1 at 155 K to 

1.2x106 s-1 at 296 K, which reveal a low activation enthalpy and large and negative 

activation entropy. (adapted from ref. 35) 
 

Considering that highly organized switching motion should involve several 

correlated molecular rotors, potentially in the form of highly organized domains, our group 

explored substitutional solid solutions of mestranol rotor 1.10 acting as host with a slightly 

larger 2,3-difluorophenylene rotator analog (F2Ph) added as a guest.[35b] Both the 



 35 

dynamics of the phenylene-d4 host and the difluorophenylene-d2 guest were explored with 

crystals having the guest in quantities varying from 1% to 20%, which were obtained by 

slow solvent evaporation. Solid solutions with as little as 1% to 5%, F2Ph seemed to 

facilitate the 85°/95° switching process, as shown by narrower spectra, a reduction of the 

activation enthalpies (1.4 or 1.6 kcal·mol-1), and an activation entropy that was slightly less 

negative (-19.0 cal·mol-1·K-1). This simple observation confirms a process where molecular 

rotation is influenced by long-range interactions in the channel, indicating that rotation at 

any given site is not an independent process. Notably, higher guest loadings with one of 

every five molecular rotors replaced by a larger difluorophenylene guest (20%) resulted in 

broader spectra and suggested that high loadings lead to jamming in the channel.  

Kinematics of this system changed and the NMR spectra for both phenylene and 

difluorophenylene broadened out at lower temperatures (Figure 1.20a). Line shape analysis 

for the labeled host showed that even though the rotations for the phenylene were slowed 

down at lower temperatures, the trajectories mapping out the fast 180° and the slow 85° 

processes were not affected by the 2,3-difluorophenylene guest. By contrast, spectral 

simulations for the deuterated difluorophenylene failed when the same mechanism was 

assumed. The key distinction was that the difluorophenylene rotator was unable to occupy 

one of the sites that had been otherwise available to the phenylene rotator. The dynamics 

of the difluorophenylene rotator could be qualitatively accounted for by an exchange 

process consisting of only three sites. Furthermore, the activation parameters for the 

difluorophenylene were dramatically altered with a small and positive activation entropy 

of ca. 1.0 cal·mol-1·K-1. 
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Figure 1.20 a) Quadrupolar echo 46 MHz 2H NMR spectra of the deuterated phenylene 

rotor recorded in a solid solution with 20% of the diflurophenylene guest between 196 K 

and 296 K. The black solid lines correspond to the experimental spectra and the red dotted 

lines to the simulation. The frequencies shown in the simulated spectra correspond to the 

85°/95o switch, as the 180° jumps remain in the fast exchange limit, above 10 MHz. b) 

Mechanism for the rotation of the difluorophenylene rotator in the 1D column of molecular 

rotor (adapted from ref. 35b). 
 

This result suggests that the difluorophenylene rotation is not correlated, but occurs 

independently. The experimental evidence available to date has been interpreted in terms 

of the model shown in Figure 1.20b, with a central phenylene rotator flanked by its two 

closest neighbors in the chain. A black dot in the space-filling model and on the red bars 

that represent the phenylene rotors indicates their orientation with respect to 180o rotation. 

The two structures at the top and bottom rows in Figure 1.20b represent a 180o flip of the 

central phenylene in the sites that have a different tilt. We hypothesize that the transition 

state associated with such rotation requires an oscillation of phenylenes above and below 

their plane. By contrast, changing the tilt of the central rotator requires a transition state 
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where the two nearby neighbors must align along the direction of the channel. Overall, the 

level of organization required for these two processes is quite different. Fast 180o rotation 

requires minimal motion of the neighboring molecules in the chain while the slow tilting 

requires a high level of order extended along the channel. To date, this work represents the 

strongest evidence for a solid-state gearing event.  

 

1.9 Conclusions and Future Perspective 

While elegant solutions have been found for the design of discrete, isolated 

molecular gears in solution, engineering isolated and extended gears in the crystalline state 

is in its infancy. We believe that the most viable approach towards realizing molecular gears 

in the solid state is by utilizing amphidynamic crystals. A new set of design strategies for 

bringing molecular gears to the solid state are outlined here with the special emphasis on 

the importance of intermolecular interactions that facilitate gearing dynamics and control 

framework flexibility. With these strategies and by the careful selection of the rotator and 

lattice elements, different dynamic regimes can be obtained. Energetic parameters for 

systems that display dynamic gearing can be obtained experimentally using variable 

temperature NMR. Computational approaches such as quantum mechanics and molecular 

dynamics simulations can be utilized to construct potential energy hypersurfaces that 

provide useful information on gearing mechanism. Future research approaches should 

address the main challenges associated with installing gears in the solid state such as 

achieving a fine balance between the lattice geometry and rotator position as well as 

creating favourable electrostatic interactions between each rotator. Building on the 

strategies of the previous attempts to design molecular gears in solution and utilizing 
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amphidynamic crystals as a flexible framework to accommodate gearing dynamics will 

allow researchers to synthesize systems with higher levels of dynamic complexity that rival 

macroscopic gear trains.  
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CHAPTER TWO 

 

2D Arrays of Organic Qubit Candidates Embedded into a Pillared-Paddlewheel Metal-

Organic Framework 

 

Adapted from: Marcus J. Jellen=, Mayokun J. Ayodele=, Annabelle L. Cantu, Malcolm D. E. 

Forbes*, Miguel A. Garcia-Garibay.* 2D Arrays of Organic Qubit Candidates Embedded into a 

Pillared-Paddlewheel Metal-Organic Framework. J. Am. Chem. Soc. 2020, 142, 18513–18521. 

DOI: 10.1021/jacs.0c07251 

 

2.1 Abstract 

The creation of ordered arrays of qubits that can be interfaced from the macroscopic world 

is an essential challenge for the development of quantum information science (QIS) currently being 

explored by chemists and physicists. Recently, porous metal-organic frameworks (MOFs) have 

arisen as a promising solution to this challenge as they allow for atomic-level spatial control of the 

molecular subunits that comprise their structures. To date, no organic qubit candidates have been 

installed in MOFs despite their structural variability and promise for creating systems with 

adjustable properties. With this in mind, we report the development of a pillared-paddlewheel-type 

MOF structure that contains 4,7–bis(2-(4-pyridyl)-ethynyl) isoindoline N-oxide and 1,4–bis(2-(4-

pyridyl)-ethynyl)-benzene pillars that connect 2D sheets of 9,10-dicarboxytriptycene struts and 

Zn2(CO2)4 secondary binding units.  The design allows for the formation of ordered arrays of 

reorienting isoindoline nitroxide spin centers with variable concentrations using mixed crystals 

containing the secondary 1,4-phenylene pillar. While solvent removal causes decomposition of the 
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MOF, magnetometry measurements of the MOF structure containing only N-oxide pillars 

demonstrated possible anti-ferromagnetic interactions at 30 K and below. We use variable-

temperature electron paramagnetic resonance (EPR) experiments to show that the nitroxides 

couple to one another at distances as long as 2 nm, but act independently at distances of 10 nm or 

more. We also use a specially designed resonance microwave cavity to measure the face-dependent 

EPR spectra of the crystal, demonstrating that it has anisotropic interactions with impingent 

electromagnetic radiation. 

 

2.2 Introduction 

Quantum information science (QIS) has the potential to revolutionize science and 

engineering by taking advantage of counterintuitive quantum phenomena, such as entanglements 

and superpositions of states, that will enable, for example, large-scale applications in quantum 

computing, quantum sensing, and quantum communications.[1] While current computers utilize 

classical bits existing in one of two states (0 or 1) to carry out computations, quantum bits (qubits) 

harness the nature of quantum particles, which allows them to exist in a coherent superposition of 

two or more states, and therefore are able to carry out multiple commands simultaneously.[2] Early 

examples of qubits include photons,[3] nuclear spins in nitrogen-doped diamonds,[4] and 

superconducting states in Josephson junctions.[5] The manipulation of electron spins on molecules 

using pulsed microwave pulses comprises a relatively new and promising pathway currently being 

explored in the QIS and magnetic materials’ fields.[6] Paramagnetic metal centers with “spin-free” 

ligands have already shown tremendous promise for the development of qubits with coherence 

times up to 150 μs.[7] However, stable organic radicals also comprise a useful subset of potential 

qubits due to their structural variability and synthetic accessibility, which makes it possible to 
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further engineer them into highly ordered crystalline meta-architectures with multiple functional 

features,[8] including the opportunity to develop multiscale platforms to transduce molecular a to 

develop multiscale platforms to transduce molecular and supramolecular properties into the 

macroscopic world.[9,10] 

The first challenge of the organic approach comes from the great difficulties related to the 

predictability and limited functionality of close-packed molecular crystals. Insight from reticular 

chemistry offers promising solutions toward the creation of ordered arrays of organic qubits using 

metal−organic frameworks (MOFs). MOFs are porous materials comprised of inorganic nodes 

connected by organic linkers. Careful selection of the metal and organic building blocks allows 

structures with variable geometries and engineered molecular dynamics to be constructed in a 

predictable fashion.[9] This control over structure will allow for the precise placement of qubits 

with predetermined distances and orientations with respect to one another, with additional degrees 

of freedom available by switching between alternative orientations.[10] Well-characterized MOF 

structures containing static qubits are reported in the literature, in particular those using 

tetracarboxy porphyrin linkers.[11] These studies show the power of reticular chemistry for the 

advancement of QIS by establishing a 50 Å coupling limit between neighboring qubits,[12] as well 

as developing qubits that maintain their coherence for up to 14 μs,[13] and the preservation of spin 

coherence at room temperature[14] using Cu(II), Co(II), or VO(IV) metal centers, respectively. 

However, relatively few examples of MOFs with paramagnetic centers on organic linkers are 

known in the literature as compared to their inorganic counterparts.[15] 

Here we describe the synthesis and characterization of UCLA-NO/Ph, a multicomponent 

pillared-paddlewheel metal organic framework (Scheme 2.1) with paramagnetic isoindoline N-

oxide rotors, 2.1, and diamagnetic 1,4-bis(2-(4-pyridyl)- ethynyl)-benzene, 2.2, linkers. These 
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ligands connect impenetrable 2D sheets composed of Zn2(CO2)4 secondary binding units (SBUs), 

2.3, which are made up of Zn2+ metal clusters and 9,10-dicarboxytriptycene struts, 2.4. The 

diamagnetic phenylene linker 2.2 was chosen as an isostructural ligand to prepare magnetically 

diluted mixed crystalline samples of UCLA-NO/ Ph, which maintain the original lattice geometry. 

 

Scheme 2.1 Cartoon Representation of UCLA-NO and UCLA-Ph and the various molecular 

components used to synthesize each MOF. 

 
 

 

Our design has a few key features worth noting. A lattice constant of ca. 10 Å can 

accommodate molecular rotors with a radius of revolution of ca. 7 Å, making it possible for a 

nitroxide radical to rotate and reorient without having to overcome steric barriers. Furthermore, 

the nitroxide-bearing moiety is suspended between two alkynes, which are known to have a 

vanishingly low intrinsic activation barrier for axial rotation.[9] In the absence of solvent, these 

features would allow the crystalline rotators to reorient, even at cryogenic temperatures (10 K or 

below),[16] such that it would be possible to use external electric fields to affect the macroscopic 

polarization[10,17] arising from the collective interactions of the nitroxide electric dipole 
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moments. Under these conditions, electric fields may be used to alter magnetic order and QIS 

properties, including the potential of encoding information within the shapes of standing 

microwave cavity modes and controlling the transmission of magnetic information along rotary 

dipole chains.[18] As a new class of organic multiferroic materials with tetragonal order, these 

systems would have the potential of undergoing spontaneous dipole−dipole-induced anti-

ferromagnetic (AF) transitions at the Néel temperature to create chains of spin-paired 

nitroxides.[19] Furthermore, the layered tetragonal nature of UCLA-NO not only insulates the 

nitroxide rotors between the 2D-nets formed by 2.3 and 2.4, but it also allows for the application 

of transverse magnetic fields along specific crystallographic faces of the MOF. Such features are 

vital for the transmission of classical information along well-defined crystal axes.[20] Finally, the 

formation of mixed crystals utilizing diamagnetic moiety 2.2 to dilute the spin concentration will 

make it possible to study temperature- and concentration-dependent anisotropic exchange 

interactions with electron paramagnetic resonance (EPR) spectroscopy. 

 

2.3 Results and Discussion 

2.3.1 Synthesis of Building Blocks and MOF Structures 

Nitroxide rotor 2.1 was synthesized via a modified procedure developed by Kitagawa and 

co-workers.[21] The synthesis began by brominating phthalic anhydride at the deactivated C3 and 

C5 positions with elemental bromine and iodine in the presence of fuming sulfuric acid. This 

reaction is generally done on a large scale in a sealed tube. Following bromination, the dibromo 

phthalic anhydride, 2.6, was converted into the imide 2.7 by reaction with benzylamine in refluxing 

acetic acid. Next, the imide was tetra-methylated using solid methyl magnesium bromide slurry in 

toluene to yield 2.8.  Deprotection of the benzyl group was conveniently carried out using 1M 
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bromine in acetic acid, followed by work up and treatment with hydrogen peroxide in basic 

methanol to yield 2.9. Oxidation with m-chloroperoxybenzoic acid will afford the desired 

isoindoline n-oxide, 2.10, which can be reacted under Sonogashira coupling conditions with 4-

ethynylpyridine. After much tribulation, we discovered that the coupling between 2.10 and 4-

ethynylpyridine hydrochloride only proceeds in pure tetramethylpyridine as the solvent. Single 

crystals, suitable for X-ray analysis, were grown from a supersaturated solution of 2.1 in ethanol.  

The other UCLA-NO components 2.2 and 2.4 were synthesized according to literature 

methods, with slight modifications.[22] The synthesis of 2.2 began with Sonogashira coupling 

between 1,4-diiodobenzene and trimethylsilylacetylene, which proceeded in 95% yield to give 

2.12. The diethynylbenzene product was then conveniently deprotected with TBAF in dry THF to 

yield 2.13, which was quickly purified with column chromatography and kept out of light to avoid 

decomposition of the product. Finally, Sonogashira coupling between 2.13 and 4-bromopyridine 

hydrochloride yield 2.2 in 85% yield over the three steps. 

Triptycene strut 2.4 was synthesized in five steps starting from chloromethylation of 

anthracene in the presence of paraformaldehyde and HCl in acetic acid to yield 2.15. Substitution 

with potassium acetate in boiling acetic acid followed by column chromatography and 

crystallization from 3:2 Acetone:CH2Cl2 yielded the diacetate 2.16.  Benzyne addition on the 

central ring of 2.16 utilizing the trimethylsilyl trifluoromethanesulfonate as a benzyne precursor 

in the presence of CsF with heat yielded the triptycene diacetate 2.17 in an unprecedented 90% 

yield. Finally, hydrolysis followed by Jone’s oxidation afforded the desired triptycene diacid 2.4. 
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Scheme 2.2 Synthetic routes to obtain all MOF components used to synthesize UCLA-NO/Ph. 
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With all MOF components in hand, samples of MOF UCLA-NO were prepared via a 

convenient solvothermal synthesis in DMF.[23] All MOF components were added to a 10 mL vial, 

covered in 3.0 mL of anhydrous DMF, and then placed in an oven overnight at 100 °C. Upon 

cooling, the samples were washed three times with fresh DMF and were initially checked for 

crystallinity with optical microscopy. 

Scheme 2.3 Key Solvothermal reaction to synthesize UCLA-NO and UCLA-Ph. 

 

Diluted samples were prepared by using the appropriate molar ratio of 2.1:2.2 in the solvothermal 

synthesis. Samples of UCLA-NO showed decomposition when heated under vacuum to remove 

solvent (See Notes) and upon mechanical grinding. We attribute this sensitivity to the weak dative 

bond between pyridine and zinc, as well as the flexible alkyne linker, which is prone to 

displacement by water.[24] Flattened rectangular prismatic crystals amenable to pan-powder X-

ray diffraction (PXRD) were washed with fresh DMF before further investigation.  
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2.3.2 X-Ray Crystallography 

 

 
 

Figure 2.1 PXRD traces of (A) Zn-TDC crystals, (B) UCLA-NO, (C) UCLA-Ph, (D) 1:1 

diluted UCLA-NO. 

 

 

The PXRD analyses were carried out with Cu Kα1 radiation (1.5406 Å). Samples were 

placed on a zero-background plate at a fixed stage with a drop of DMF to prevent crystal collapse 

by desolvation. Data were collected from 2 theta angles of 5° to 50° at room temperature. The step 

width was 0.016 degrees, with the acquisition time being approximately 10 s at each step. We first 

analyzed crystals composed of only 2.3 and 2.4 as a control (Figure 2.1A) followed by analysis of 

crystals obtained with the addition of pillars 2.1 and/or 2.2. Crystals with 100% pillar 2.1 or 2.2 

are shown in Figure 2.1B and 2.1C, respectively, which confirm the formation of two isostructural 

crystal lattices. Crystals prepared with a 50:50 mixture of 2.1 and 2.2 demonstrated that the two 

pillars can form substitutional isoreticular solid solutions that make it possible to dilute the 

nitroxide radical (Figure 2.1D) throughout the MOF structure. Analysis of the crystal structure of 

UCLA-NO and UCLA-Ph shows that the distance between layers is slightly wider in the case of 
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UCLA-NO (20.493 Å vs 20.364 Å), explaining the slight shift to lower angles for UCLA-Ph 

(Figure 2.2). Additionally, the broad peak from 15° to 30° in Figure 2.1D and, to a lesser extent, 

in Figure 2.1C and 2.1B is attributed to the presence of included solvent. 

 

 

         
Figure 2.2 Crystal structure of UCLA-NO (Left) and UCLA-Ph (Right) with measured interlayer 

distance displayed. 

 



 52 

 
 

Figure 2.3 (A) Crystal structure of UCLA-NO displaying no nitroxide rotator. (B) Distance 

analysis between pillar agents in the MOF. (C) Distance between head-to-head nitroxide oxygen 

rotors (distances in angstroms). 

 

Single-crystal X-ray diffraction data measured with Cu Kα radiation (λ = 1.5046 Å) were 

obtained from a solvent containing yellow crystal of UCLA-NO. Diffraction patterns were 

collected at 200 K with an area detector, and the structure was solved and refined with the 

SHELXTL program. While all heavy atoms were refined anisotropically, the hydrogen atoms were 

placed at the calculated positions. The diffraction data were solved in the tetragonal space group 

p4/mbm with a modest Rf = 6.05%. Unit cell dimensions a = 15.3316(6) Å and b = 15.3316(6) Å 

are equivalent and shorter than c = 23.4500(13) Å by approximately 8.11 Å. All angles are equal 

to the expected tetragonal angle of 90°. Two notable features of the structure are (1) the rotationally 

disordered pyridyl groups occupying positions related by 90°, and (2) the “missing” nitroxide 

radical, indicating that it has no preferred orientation, as expected for a group that can undergo 

diffusional rotation (Figure 2.3A). Further analysis of the structure shows that neighboring pillars 
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are approximately 10.84 Å apart (Figure 2.3B) and using simple models and geometric 

considerations one can determine that the closest head-to-head distance between neighboring 

nitroxides would have oxygen−oxygen distances of ca. 1.58 Å (Figure 2.3C). While this distance 

is shorter than the van der Waal radii of the two oxygen atoms (3.04 Å), and on the order of a 

peroxide O−O single bond (ca. 1.45 Å), a bond is not expected in this case due to unfavorable 

energetics and steric interactions. However, this observation suggests the potential of reaching 

configurations where neighboring radicals may have strong magnetic dipole and exchange 

interactions (both terms are present in the dipolar tensor for such structures, and the exchange term 

may well be anisotropic). In fact, antiferromagnetic coupling of neighboring N−O functional 

groups has been observed in adamantyl nitroxide plastic crystals at temperatures as low as 1.48 K, 

when the N−O to N−O distances are ca. 4 Å apart,[18] and as high as 260 K when antiparallel 

N−O dimers can be formed with intermolecular N···O distances of ca. 2.2 Å.[25]  

2.3.3 SQUID Magnetometry 

The possibility of observing intermolecular magnetic interactions was examined by 

measuring the temperature dependence of the magnetic susceptibility (χ(T)) using a 

superconducting quantum interference device (SQUID) magnetometer. While paramagnetic 

samples display magnetic susceptibilities with a temperature dependence characterized by an 

Arrhenius behavior, a sharp increase at the Curie temperature is observed for ferromagnetic 

materials, and a sharp decrease for antiferromagnetic materials is observed at the analogous Néel 

temperature.[26] Samples of UCLA-NO were sealed in a quartz tube under a 700 Torr vacuum 

with a small amount of solvent to prevent MOF decomposition. 
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Figure 2.4 Zero-field cooling of UCLA-NO from 150 to 5 K illustrating the temperature 

dependence of χT. 

 

 

At first sight, Zero-field cooling (ZFC) results suggest a typical Arrhenius-type behavior at all 

temperatures ranging from 150 to 5 K (Figure 2.4A). However, a plot of χ(T)T versus T (Figure 

2.4B) shows that χ(T)T gradually increases until it reaches a maximum value at ca. 30 K. After 

this point, χ(T)T begins to decrease until 5 K, the lowest temperature in the measurement. While 

proper diamagnetic corrections were not feasible with this sample due to the included solvent, the 

observation that χ(T)T increases by 1.5 times its initial value before decreasing once again is 

indicative of weak high spin and pairing interactions between neighboring isoindoline 

nitroxides.[27]  

 

Figure 2.5 Field-Cooled measurements UCLA-NO from 150 to 5 K illustrating the temperature 

dependence of χT at 5000 oe. 
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Similar field-cooled (FC) measurements carried out at 5000 Oe exhibited a much more dramatic 

slope, due to the increased external field, but also show a slight curving below 30 K, demonstrating 

that these coupling interactions are not blocked by increased magnetic fields (Figure 2.5A). Field-

dependent measurements of 100% UCLA-NO run at 7 K exhibited no hysteresis, demonstrating 

that the interactions leading to this change in χ(T)T are either very weak or arise from very few 

interacting partners at this temperature (Figure 2.5B). EPR data below revealed traces of Cu(II) 

ions in sample, but we are currently unable to account for them in the magnetometry data.  

2.3.4 Variable-Temperature EPR Spectroscopy 

 

 

Figure 2.6  (A) EPR spectrum of 2.1 dissolved in toluene demonstrating the hyperfine coupling 

under conditions where little to no Heisenberg exchange is occurring. (B) EPR spectrum of 

crystalline 2.1 demonstrating the hyperfine coupling under conditions where Heisenberg exchange 

coalesces the three resonances. (C) EPR spectrum of crystalline UCLA–NO showing the hyperfine 

coupling for the fully saturated structure. 

 

Toluene dissolved 2.1 and crystalline 2.1 were placed into a quartz EPR tube before measurements 

while wet crystals of UCLA–NO were filtered and immediately inserted into a quartz capillary 

tube and sealed at both ends. The sealed tube was then placed into a JEOL EPR resonant cavity 

(TE011). Steady state electron paramagnetic resonance (SSEPR) experiments were carried out at in 

ambient conditions, using a sweep width of 10 mT and 20 mT for 2.1 and UCLA–NO, 

respectively. at 100 kHz modulation amplitude of 0.1mT and 1.0mT for 2.1 and UCLA–NO, 

respectively. These initial measurements demonstrated the expected three-line hyperfine coupling 
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of 2.1 (Figure 2.6A) for a nitroxide-radical in a dilute solution where no Heisenberg exchange 

occurs. Moving to the crystalline sample where nitroxide radicals are on average ~6 Å apart, a 

severely broadened spectrum is observed (Figure 2.6B). This is due to through-space interactions 

causing the electron spins to rapidly exchange and an average of the energy values centered around 

the 335.5 mT is observed. Finally, the measurement of UCLA-NO containing 100% 2.1 ligand 

returned a highly asymmetric three-line spectrum. These changes from the solution-phased 

spectrum are likely due to the anisotropic nature of the UCLA-NO, while still maintaining radical 

distances large enough to not allow the same broadening interactions present in the crystalline 

forms of 2.1. The hyperfine structure in these systems is discussed in more detail in the single-

crystal EPR section. 

 

Figure 2.7 Variable temperature EPR measurements of fully saturated UCLA–NO. Note: These 

measurements had approximately 4-5 crystallites and may not represent the full powder spectrum. 
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Figure 2.8 (A) Single crystal photos of the nitroxide MOFs in this study at ambient conditions. 

(B) Variable temperature EPR measurements ranging from –150 °C to 50 °C of UCLA–NO mixed 

crystals with various concentrations of 2.1:2.2. 

 

To characterize the temperature and concentration dependent properties of UCLA-NO, 

wet crystals of the nitroxide-containing MOF with various dilutions were filtered and immediately 

inserted into a quartz capillary tube and sealed at both ends. The sealed tube was then placed into 

a JEOL EPR resonant cavity (TE011) connected with a liquid nitrogen dewar system. Variable-

Temperature SSEPR experiments were carried out at different temperatures ranging from −150 to 

+50 °C using a sweep width of 50 mT and a 100 kHz modulation amplitude of 0.1 mT, except for 

the 1:99 diluted nitroxide MOF, for which 0.8 mT modulation amplitude was used. We first 

collected EPR data for UCLA-NO (Figure 2.7) and the following additional nitroxide MOFs with 

varying compositions of nitroxide to phenylene pillars (2.1:2.2) equaling 3:1, 1:1, 1:3, 1:9, and 

1:99, respectively (Figure 2.8B).  
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At 50 °C, only the most diluted nitroxide MOF 1:99 showed the complete three-line spectra 

expected for an isolated nitroxide radical as a result of hyperfine coupling interactions with the 14N 

nitrogen nucleus, which has a total nuclear spin I = 1. At this high temperature, the isoindoline 

nitroxide radical would have the freedom to rapidly reorient about its axis, with an activation 

barrier determined by the solvent occluded within the pores of MOF. As the temperature decreases 

from 50 to −150 °C, the nitroxide radical experiences increasingly slower rotation, with longer 

rotational correlation times that result in spectral broadening. In fact, an increase in line broadening 

is observed in the spectra for all of the MOF compositions. Two additional peaks observed at low 

field in the lower temperature spectra (−50 to −150 °C) for the 1:99 and 1:9 ratio samples are 

assigned to residual copper(II) ions, which are found as trace impurities in the synthesis.[28] These 

signals did not appear in the 3:1, 1:1, and 1:3 samples where the nitroxide radicals are present in 

much higher concentration. Moving from top to bottom in Figure 2.8B as the samples change from 

low to high nitroxide concentrations, the spectra become increasingly broadened. This broadening 

is due to Heisenberg spin exchange as neighboring electrons with identical spin states are close 

enough to swap their spin information at a rate that is much faster than the rate of the inverse of 

the hyperfine interactions.[29] In going from lower to higher temperatures at intermediate 

concentrations, the line shapes sharpen at higher temperatures because of motional narrowing.  
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Figure 2.9 Schematic representation of the MOF layer indicating the aver-age distances between 

a nitroxide pillar at the center for 2.1:2.2=1:9 (center square, dave≈2 nm) and 2.1:2.2=1:99 dilutions 

(outer square, dave ≈ 10 nm). 

 

The extent of through-space exchange and dipole−dipole radical−radical interactions 

between nitroxides in the layers will depend on their distance (dRR). Assuming the formation of a 

random solid solution, the average value dave should be statistically determined by the nitroxide 

concentration. For example, a nitroxide in a 1:99 sample (represented with a red dot in the 10 × 10 

array in Figure 2.9) will be surrounded by phenylene pillars, 2.2 (blue dots). One may expect that 

their nearest next neighbors will be on average ca. 10 nm away with others at shorter and longer 

distances with varying probabilities. However, at dilutions 1:9 and lower, there will be a significant 

fraction of nitroxides within the closest neighboring distances of ca. 1 and 1.4 nm. We assume that 

radical−radical interactions occurring among layers along the crystal c-axis will not be significant. 

Our results indicate that nitroxides begin to lose communication when they are on average ca. 2 

nm apart, and they behave as independent monoradicals at a separation of about 10 nm. Similar 

limits have been experimentally observed for both electron−nuclear spin dipolar interactions and 
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electron−electron exchange interactions.[30] This finding demonstrates that the nitroxide rotors in 

this structure may be sensitive to both environmental changes and to paramagnetic impurities. 

2.3.5 Single-Crystal EPR Spectroscopy 

 

Figure 2.10 Single–crystal EPR measurements of a 1:1 diluted crystal of UCLA–NO analyzing 

each orientation of the crystal from 0o to 330o in 30o increments. 

 

 

Figure 2.11 Rotational symmetry of crystal sample placed in the EPR cavity. 
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Further EPR analyses were carried out on a single crystal of the 1:1 diluted nitroxide using 

a specially designed microwave resonator that allowed for coarse crystal rotations, to explore the 

angular dependence of the applied external magnetic field. A 200 × 150 × 100 μm sized single 

crystal shaped as a flattened cuboid was selected, covered with mineral oil, and placed on a 

microscope slide that was inserted and held rigid in the center of an JEOL EPR wafer cavity 

(TM110), specially designed for solid and flat samples. The starting position for the crystal rotation 

was arbitrary, but to define a laboratory frame of reference, an arbitrary x-axis was chosen to lie 

along the longer side of the crystal and parallel to the surface of the sample holder, but 

perpendicular to the direction of the magnetic field that aligns with a relative z-axis of the crystal. 

The crystal was then flipped to an upright position making a new, relative, y-axis lie along the 

sample holder, while the initial x-axis was now perpendicular to both sample holder plane and 

magnetic field direction. Finally, the crystal was tilted sideways about the y-axis such that it 

remains parallel to the sample holder plane and places the arbitrary z-axis perpendicular to the 

magnetic field. Experiments were carried out at 30° rotation intervals over a 360° rotation with 

each axis aligned with the sample holder plane under ambient conditions. A sweep width of 20 

mT and a modulation amplitude of 1.0 mT were used for each 4 min scan. Close analyses of the 

data set in Figure 2.10 show that the spectra obtained by rotation along the y and z axes are similar, 

but inversed (starting with angle 30° of z is the same as starting at angle 330° of y). However, 

rotation about the x-axis yields distinct spectra, demonstrating that the crystal habit approaches the 

symmetry of the unit cell. On the basis of these data, we conclude that rotation about the x-axis of 

the laboratory frame reflects rotation about the approximate 4-fold symmetry axis of the crystal, 

which is a unique axis and lies along the shorter edge of the crystal as illustrated in Figure 2.11. 

This observation is confirmed as the spectra repeat at 90° intervals. Rotation along the y- and z-
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axes is similar, and their spectra repeat at 10° intervals, indicating that they are the crystallographic 

2-fold axes. These both lie along the longer edges of the crystal. As expected for a low density 

amphidynamic crystal with a static frame linked to axially rotating radicals, the EPR spectra of 

UCLA-NO were not characterized by a single sharp line due to exchange narrowing, as it is 

commonly observed in close-packed crystalline nitroxides such as crystals of pure pillar 2.1 

(Figure 2.6A). By contrast, one can see broadened three-line spectra determined of the hyperfine 

splitting of the radical with the 14N nucleus with I = 1. An additional set of peaks are apparent in 

both the low field and the mid field signals of all three axes at angles 0°, 30°, 90°, 150°, 180°, 

210°, 270°, 300°, and 330°, suggesting that there are two or more populations of nitroxides within 

the MOF cavity that have different chemical environments. Interestingly, the high field line of 

these signals shows a broadening effect are not present in the other two resonances, as expected 

from the cumulative effect of the field dependent g-factor and A (hyperfine coupling) anisotropies 

(tensors). These two non-equivalent nitroxide types might be due to the slight deviation from 

tetragonal packing in the crystal structure. This would cause different orientations of the 2pz orbital 

of the N atom to exist relative to the crystal frame, but not relative to the symmetric molecular 

backbone. It is good to bear in mind that we are dealing with pillared MOFs in which we have a 

2D framework joined together by an orthogonal pillar linker with the attached nitroxide (Figure 

2.11). This means that the molecular rotation is restricted to one degree of freedom and along one 

of the crystallographic axes. Along the x-axis data set, there is overlap of split peaks at 30°, 60°, 

120°, 150°, 210°, 240°, 300°, and 330°, which suggests the two inequivalent nitroxides might 

experience similar positioning at these angles.  

Furthermore, it can be observed in both the y and z data sets that the hyperfine splitting 

changes significantly, as judged by the spacing between the three lines. Spectra at 90° and 270° 
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show the smallest hyperfine splitting, while the largest splitting is observed at 0° and 180°. By 

contrast, the hyperfine splitting on the spectra along the x-axis is relatively constant, suggesting 

that internal rotation of the nitroxide partly averages its anisotropy by sampling all orientations 

along the y−z plane. With the molecular frame indicated in capital letters, we define the Z-axis 

along the 2pz orbital of the N−O bond. While it is common to define the molecular x-axis along 

the direction of the N−O bond vector, for convenience we will assume that the direction of the 

molecular X-axis coincides with that of the laboratory x-axis, which corresponds to the axis of 

rotation along C2 and C5 of the benzene ring (Figure 2.12). In this coordinate system, the N−O 

bond vector along the molecular Y-axis can occupy all possible orientations in the laboratory y− 

z plane.[31] 

 
Figure 2.12 (A) Nitroxide molecular coordinate and spherical coordinates defining the direction 

of external magnetic field. (B) The nitrox-ide ring with a defined molecular frame: z (green), x 

(orange) and y (blue). 

 

Having described the relation between molecular and laboratory frames of reference, we 

can analyze the spectra shown in Figure 6 and draw general conclusions on the anisotropy of the 

hyperfine splitting. We can see that rotation about the laboratory 4-fold x-axis leads to a relatively 

constant hyperfine interaction, as revealed by the spacing of the three lines and the spectral 

amplitude. This is consistent with the fact that the nitroxide bond vector along the molecular Y-

axis can occupy all possible orientations in the laboratory y−z plane. This causes the hyperfine 
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constant to become isotropic with respect to rotation about this axis. By contrast, rotation about 

the laboratory y- and z-axes modulates the orientation of the nitroxide p-orbital and the N−O bond 

vector between parallel and perpendicular orientations with respect to the direction of the magnetic 

field. On the basis of these observations, we propose that the smallest hyperfine splitting is 

obtained when the direction of the N−O bond vector (molecular Y-axis) is orthogonal to the 

external magnetic field, while the largest splitting is observed when the magnetic field is in the 

orthogonal direction. This is consistent with a hyperfine splitting tensor where the principal 

components have values in the order AYY > AXX ≈ AZZ, as the majority of the electron density is 

distributed in molecular orbitals parallel to the molecular Z-axis. Therefore, dipole−dipole 

interactions between the electrons and the proximate nuclei are greatest when the largest 

components of g and A tensors of the nitroxide are parallel to the N−O bond. Similar observations 

have been reported in inclusion crystals of di-tert-butyl-aminyloxyl (di-tert-butyl-nitroxide) and 

2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) in hexagonal channels of thiourea and tris(o-

pheneylenedioxy)cyclotriphosphazene (TPP).[32] Long needle-like crystals with hexagonal 1D 

channels hosting the non-bonded nitroxides were shown to support isotropic rotation about the 

channel direction in a molecular orientation that places the N−O bond orthogonal to the channel 

(i.e., rotation about the molecular Z-axis in the molecular frame in Figure 2.12). It was shown that 

hyperfine splitting measured with the magnetic field aligned with the needle axis (orthogonal to 

the N−O bond) was small and also isotropic as a result of fast rotation. Accordingly, hyperfine 

splitting measured with the magnetic field orthogonal to the needle axis (i.e., aligned with the N−O 

bond) is larger and angular dependent. Thus, in agreement with our conclusions, and with reference 

to the molecular frame defined in Figure 2.12, these studies indicate that AYY > AXX ≈ AZZ. 

Although complications to determine the rotational dynamics in the case of UCLA-NO arise from 
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the fact that the solvent causes the rotational motion to be diffusion-controlled, the amphidynamic 

MOF structure retains the properties of an ordered crystal. Furthermore, we observe significant 

spin−spin exchange interaction when the neighboring pillars are separated from each other by the 

lattice constant of ∼10.8 Å, especially when one considers rotational configurations leading to 

nitroxide O atoms separated from each other by as little as 1.56 Å, as seen in Figure 2.3. However, 

spin exchange decreases as the spins are placed farther away from each other in mixed crystals 

grown with the diamagnetic phenylene ligands (2.2). 

 

2.4 Conclusion 

We have described the preparation and characterization of a layered MOF structure built 

with nitroxide pillars as a starting point for the generation of crystalline arrays of organic qubits. 

SQUID magnetometry revealed that the MOF structure containing 100% N-oxide pillars 

experienced an effective increase in magnetic moment from 150 to 30 K, at which point it begun 

to decrease, suggesting the temperature-mediated population of high spin and pairing interactions 

between adjacent nitroxides. Using VT-EPR spectroscopy, we have shown that magnetic 

interactions display strong anisotropies with impingent electromagnetic radiation, while exchange 

interactions can be modulated by changes in the nitroxide concentration in diluted crystals 

prepared with a diamagnetic pillar analog. Our results suggest that these systems will be useful for 

future QIS applications that will require information to be passed along specific directions of a 

bulk material while providing a chemical interface for read/write actions. Studies in progress 

include spectral simulations to explore the dynamics of internal rotation and the development of 

structures where the solvent can be removed to explore the formation of magnetically ordered 

phases arising from rotationally ordered states. 
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2.5 Experimental Procedures 

2.5.1 General Experimental Procedures 

Materials and Instruments Unless otherwise notified all commercially available compounds 

were used as received without further purification. Thin-layer chromatography (TLC) plates pre-

coated with silica gel 60 F254 were purchased and were visualized using a UV lamp. Flash 

column chromatography was performed using silica gel (230−400 mesh) as the stationary phase. 

Anhydrous tetrahydrofuran (THF) was distilled from sodium-benzophenone in a continuous still 

under an atmosphere of argon. Melting points of solids were measured without calibration of the 

apparatus. 1H NMR and 13C NMR spectra in solution were recorded at 500 MHz and 125 MHz, 

respectively, unless otherwise noted. Chemical shifts are reported in ppm and the (residual) 

solvent signals of CDCl3 (
1H NMR: δ 7.26 ppm; 13C NMR: δ 77.0 ppm) were used as reference. 

Multiplicities of the peaks are reported as singlet (s), doublet (d), triplet (t), multiplet (m) or 

broad (b). Infrared spectra (IR) were recorded with a HATR-FTIR instrument. High-resolution 

mass spectra were acquired using ESI/APCI ionization methods and the signal was detected with 

a TOF detector. 

 

2.5.2 Synthetic procedures 

 

7-Dimethylamino flavylium heptamethine dye (2.3, Flav7); 4-((E)-2-((E)-2 

chloro-3-(2-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-

ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-7-(dimethylamino)-2-

phenylchromenylium perchlorate 24g (162 mmol) of phthalic anhydride, 2.5, was 

added to a 50 mL sealed tube flask followed by 153 mg of iodine (0.6 mmol). Subsequently, 40 

mL of fuming sulfuric acid 30% SO3 content was added to the flask. Finally, 11 mL of bromine 

(195 mmol, 1.2 eq) dropped into the solution slowly before the tube was sealed and heated to 60 
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OC for 24 hours. After which, the reaction was cooled to room temperature before being carefully 

added to a stirring slurry of sodium thiosulfate solution and ice. The mixture was then extracted 

with dichloromethane (3x150mL), dried over magnesium sulfate and concentrated. The crude 

mixture was recrystallized twice from acetic acid to yield 15.0 g of 8. Yield: 30 %. 1H NMR 

(CDCl3, 300 MHz): 7.85 (s, 2H). 

 

 7-Dimethylamino flavylium pentamethine dye (2.4, Flav5); 7-

(dimethylamino)-4-((1E,3E)-5-((E)-7-(dimethylamino)-2-phenyl-4H-

chromen-4-ylidene)penta-1,3-dien-1-yl)-2 phenylchromenylium perchlorate 

7.3 g (23.9 mmol) of 4,7-dibromophthalic anhydride, 8, was added to a round 

bottom flask and dissolved in 30mL acetic acid. 3.21 mL (29.35 mmol, 1.2 eq) benzylamine was 

then added to flask before being heated to reflux for 16 hours. Upon cooling, hexane was added to 

the reaction mixture to crash out the imide and then filtered through a Büchner funnel to yield 8.76 

g of product. Yield: 93%. 1H NMR (CDCl3, 300 MHz): 7.64 (s, 2H), 7.46 (q, 2H), 7.3 (m, 3H), 

4.85 (s, 2H). 

 

 7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-

(dimethylamino)-4-((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-

ylidene)prop-1-en-1-yl)-2-phenylchromenylium perchlorate 30 mL of methyl 

magnesium bromide dissolved in ether (88.6 mmol, 6 eq) was added to a flame 

dried flask and then heated to 70 oC under vacuum to remove all solvent. After which, 5 g (12.65 

mmol) of 9 was dissolved in 250mL of toluene and cannulated into an additional funnel. The 

phtalimide solution was then added slowly to the Grignard powder. After addition was complete, 
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the mixture as slowly heated to 100 oC and allowed to stir for 1 hr. After completion, the mixed 

was placed on ice and quenched with a saturated solution of ammonium chloride. The quenched 

reaction was then extracted with dichloromethane (3 x 100 mL) and concentrated in vacuo. The 

crude mixture was then purified with flash column chromatography using a silica stationary phase 

and hexane eluent to yield 1.6 g of 10 as a white crystalline compound. Yield: 30%. 1H NMR 

(CDCl3, 500 MHz): 7.46 (s, 2H), 7.44 (t, 2H), 7.25 (m, 3H), 4.03 (s, 2H), 1.49 (12H, s).  Note: 

Running the reaction for longer than 1 hr or at higher temperature resulted in the production of an 

inseparable side product. 

 

 7-Dimethylamino flavyliym trimethine dye (6, Flav1); (E)-7-(dimethylamino)-

4-((7-(dimethylamino)-2-phenyl-4H-chromen-4-ylidene)methyl)-2-

phenylchromenylium 2,2,2-trifluoroacetate (2.6) To a mixture of 650 mg of the 

10, 50 mL CH3CN, and 30 mL H2O, 6.15mL mL of 1M Br2 in acetic acid was added 

dropwise. After complete addition, the reaction mixture was allowed to stir for 30 minutes and 

then basified with 5 M NaOH at 0oC until the reaction mixture became basic. The solution was 

then extracted with dichloromethane. All organic layers were collected, dried over MgSO4, and 

concentrated in vacuo. The unpurified product was carried into the next step. 

The resultant yellow oil was then dissolved in 30 mL of MeOH and 15 mL of CH2Cl2. 387 mg of 

NaHCO3 (4.61 mmol) was then added and the mixture was cooled down to 0oC, after which, 0.31 

mL of 30% aq. H2O2 (3.08 mmol) was added. After stirring for 30 minutes, the reaction mixture 

was basified with 2M aq. Sodium hydroxide. The crude compound was extracted with diethyl ether 

3x (30 mL each), dried with MgSO4, and concentrated to a yellow oil. The crude compound was 
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columned using CH2Cl2/MeOH as an eluent to yield 465 mg of 11 as a clear crystalline compound. 

Yield: 90 %. 1H NMR (CDCl3, 500 MHz): 7.26 (s, 2H), 1.61 (12H, s). 

 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-

(dimethylamino)-4-((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-

ylidene)prop-1-en-1-yl)-2-phenylchromenylium perchlorate 195 mg of 11 

was dissolved in 10 mL of CH2Cl2 and was subjected to 197 mg of 77% m-

chloroperoxybenzoic (mCPBA). This mixture was stirred for 3 hours at room temperature before 

being treated with saturated NaHCO3. The mixture was then extracted 3x with 25 mL CH2Cl2, 

washed with brine, and concentrated to yield a yellow oil. After column purification with CH2Cl2 

as the eluent, 195 mg of yellow crystalline material was obtained. Yield: 95%. 1H NMR (CDCl3, 

500 MHz): 6.26 (broad s), 1.27 (broad s). 

 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-

(dimethylamino)-4-((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-

ylidene)prop-1-en-1-yl)-2-phenylchromenylium perchlorate 5 (100.0 mg, 

0.29 mmol), 4-ethynylpyridine hydrochloride (240.6 mg, 1.72 mmol), 

Pd(PPh3)2Cl2 (20.2 mg, 0.029 mmol), and CuI (5.5 mg, 0.029 mmol) were 

combined into a flame-dried Schlenk flask and placed under an argon atmosphere. 

3 mL of sparged tetramethylpiperidine was then added to the flask and the mixture 

was then added with stirring. The greenish-brown solution was then heated to 120 

oC for 24 hr. After reaction completion, the mixture was diluted with 15 mL of ethyl acetate and 

poured through a thick pad of celite and washed multiple times with additional solvent. The 
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mixture was then concentrated and subsequently purified with flash column chromatography using 

a silica stationary phase and a 1:2 mixture of EtOAc:hexane eluent. The resulting powder was then 

recrystallized from ethanol to yield 35 mg of 1 (30%). 1H NMR (500 MHz, CDCl3) δ 8.68 (broad), 

7.42 (broad), 6.0 (broad), 1.61 (broad). 

 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-(dimethylamino)-4-

((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-ylidene)prop-1-en-1-yl)-2-

phenylchromenylium perchlorate 1,4-diiodobenzene, 12 (1.5g, 4.5 mmol), 

Pd(PPh3)2Cl2 (315.3 mg, 0.45 mmol), and CuI (43 mg, 0.225 mmol) were added to a 

flame dried Schlenk flask and placed under an argon atmosphere. 20 mL of 1:1 sparged 

THF:TEA was then added to the flask followed by trimethylsilyl acetylene (1.7 mL, 13.5 

mmol). The reaction mixture was stirred for 5 hr and then extracted with a saturated solution of 

ammonium chloride and dichloromethane (3 x 25 mL). The resulting crude product was then 

purified with column chromatography (SiO2, hexane) to yield 1.2g of 13 (95%). 

 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-(dimethylamino)-4-

((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-ylidene)prop-1-en-1-yl)-2-

phenylchromenylium perchlorate 13 (1.2g, 4.55 mmol) was added to a round bottomed 

flask and placed under argon. 25 mL of still-dried THF was then added and the mixture 

was stirred. After completely dissolving, 11 mL of 1M tetrabutylammonium fluoride 

(TBAF) was then added to the flask. The addition of TBAF turned the mixture black and TLC 

revealed reaction completion after 15 minutes. The mixture was then extracted with CH2Cl2 and 
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ammonium chloride then concentrated in vacuo. The resulting crude product was then purified 

with column chromatography (SiO2, hexane) to yield 550 mg of 14 (95%). 

 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-(dimethylamino)-4-

((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-ylidene)prop-1-en-1-yl)-2-

phenylchromenylium perchlorate 1,4-diethynylbenzene, 14 (250 mg, 1.9 mmol), 4-

bromopyridine hydrochloride (1.12g, 5.76 mmol), Pd(PPh3)2Cl2 (270 mg, 0.38 mmol), and 

CuI (36.5 mg, 0.192 mmol) were added to a flame dried Schlenk flask and placed under 

an argon atmosphere. 20 mL of 1:1 sparged THF:TEA was then added to the flask followed 

by stirring. The reaction mixture was heated to 60 oC and stirred for 18 hr and then 

extracted with a saturated solution of ammonium chloride and ethyl acetate (3 x 25 mL). 

The resulting crude product was then purified with column chromatography (SiO2, 

CH2Cl2/MeOH) to yield 250 mg of 2 (95%). 1H NMR (500 MHz, CDCl3) δ 8.636 (d, 4H), 7.57 (s, 

4H), 7.44 (d, 4H). 

 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-

(dimethylamino)-4-((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-

4-ylidene)prop-1-en-1-yl)-2-phenylchromenylium perchlorate Anthracene, 

15, (5.0 g, 28.1 mmol), paraformaldehyde (4.2 g, 140.0 mmol), and conc. HCl 

(12.0 mL, 395.0 mmol) were combined with AcOH (60 mL) and heated to 60°C for 5 h. H2O (100 

mL) was added, and the reaction was allowed to stir for 30 min. The reaction was taken off heat 

and stirred until room temperature. The precipitate was filtered, washed with H2O and minimal 
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EtOH, and allowed to dry. Crude 2.15 was used in the next reaction without purification. Yield: 

7.1 g, 92%.  1H NMR (CDCl3, 500 MHz): 8.4 (q, 4H), 7.61 (q, 4H), 6.18 (s, 4H), 2.09 (s, 6H). 

 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-

(dimethylamino)-4-((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-

4-ylidene)prop-1-en-1-yl)-2-phenylchromenylium perchlorate 2.15 (7.1 g, 

25.9 mmol) and KOAc (17.5 g, 178.0 mmol) were combined with AcOH (150 

mL) and refluxed at 120°C for 5 h. H2O (150 mL) was added, and the reaction was allowed to stir 

for 30 min. The reaction was taken off heat and stirred until room temperature. The precipitate was 

filtered, washed with H2O and minimal cold acetone, and allowed to dry. The solid was 

recrystallized in 3:2 acetone:CH2Cl2 (250 mL) and left in the -10°C freezer. After 2 days, the 

mixture was filtered and washed with minimal acetone to yield 3.0 g of 2.16. The filtrate was dry 

loaded onto silica chromatography column and run with 2:1, 1:1, 1:2 Hexanes:CH2Cl2 (1 L each). 

The resulting solid was evaporated to dryness and recrystallized in 50 mL acetone. After 2 days, 

the precipitate was filtered and washed with acetone to afford an additional 0.6 g product. Yield: 

3.6 g, 42.5%. 1H NMR (CDCl3, 500 MHz): 8.4 (q, 4H), 7.61 (q, 4H), 6.18 (s, 4H), 2.09 (s, 6H). 

 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-

(dimethylamino)-4-((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-

ylidene)prop-1-en-1-yl)-2-phenylchromenylium perchlorate 2.16 (1g, 3.1 mol) 

and CsF (5.65 g, 37.2 mmol) were added to a flame dried 200 mL round bottomed 

flask and placed under an argon atmosphere. 30 mL dried CH2Cl2 and 50 mL dry CH3CN were 

then added and the mixture was stirred. The temperature was brought to 50 oC and then 2-
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(Trimethylsilyl)phenyl trifluoromethanesulfonate (1.51 mL, 6.2 mmol) was added dropwise. The 

mixture was heated for 18 hr. After completion of the reaction, the mixture was filtered over a 

Büchner funnel and concentrated in vacuo. The crude solid was then purified with flash column 

chromatography using silica as a stationary phase and a 1:1 mixture of CH2Cl2:hexane as an eluent. 

1.1 g of 2.17 was obtained as a white powder (90% yield). 1H NMR (CDCl3, 500 MHz): 7.32 (q, 

6H), 7.05 (q, 6H), 5.67 (s, 4H), 2.45 (s, 6H). 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-

(dimethylamino)-4-((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-

ylidene)prop-1-en-1-yl)-2-phenylchromenylium perchlorate 18 (1.2 g, 2.9 

mmol) was and combined with KOH (0.9 g, 15.2 mmol) and MeOH:H2O (12 mL) 

in a small round bottomed flask. The reaction was heated at 80°C for 3 h. Subsequently, H2O (15 

mL) was added, and the reaction was allowed to stir for 30 additional minutes. The mixture was 

taken off heat and stirred until room temperature. The precipitate was filtered, washed with H2O 

and minimal CH2Cl2, and allowed to dry. Yield: 0.9 g, 99%. 1H NMR (DMSO-d6, 300 MHz): 7.85 

(q, 6H), 7.11 (q, 6H). 1H NMR (DMSO, 500 MHz): 7.52 (broad s, 6H), 7.00 (q, 6H), 5.53 (s, 2H), 

5.05 (d, 4H). 

 

7-Dimethylamino flavylium monomethine dye (2.5, Flav3); 7-

(dimethylamino)-4-((E)-3-((E)-7-(dimethylamino)-2-phenyl-4H-chromen-4-

ylidene)prop-1-en-1-yl)-2-phenylchromenylium perchlorate H2SO4 (1.0 mL, 

18.8 mmol), CrO3 (1.0 g, 10.3 mmol), and H2O (9 mL) mixture was added 

dropwise to 19 (0.9 g, 2.9 mmol) dissolved in acetone (10 mL). Then the reaction mixture was 

stirred at room temperature for 5 hr. The mixture turns from a reddish orange color to dark green 
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signifying reaction completion. Water was then added and the precipitate was filtered, washed 

with H2O, and collected by dissolving in acetone. The product was evaporated to dryness and 

dissolved in a KOH (20% Wt.) solution and filtered once again. Conc. HCl was added to the filtrate 

to cause precipitation, and the triptycene diacid was collected via a Büchner funnel. Yield: 0.784 

g, 80%. 1H NMR (DMSO-d6, 500 MHz): 7.84 (q, 6H), 7.11 (q, 6H). 

MOF Synthesis: 

 
 

Zn(NO3)2 (H2O)6 (15.16 mg, 0.051 mmol), 2.4 (17.7 mg, 0.051 mmol), and 2.1 (10 mg, 0.0255 

mmol) were combined in a 3 dram vial then covered in 3 mL of anhydrous DMF. The vial was 

then sealed and placed in a preheated oven at 100 oC overnight. After this period, the crystals were 

allowed to cool and then washed 3x with 2 mL anhydrous DMF. Mixed crystal of UCLA-NO 

were formed by adding the desired mixture of 2.1:2.2 totaling 0.0255 mmol.  

2.5.3 General Instrumentation Set-Up 

 

PXRD Diffractometer Set-Up The PXRD analyses were carried out with Cu–Kα1 radiation 

(1.5406 Å). Samples were placed on a zero–background plate at a fixed stage. Data was collected 
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from 2 theta angles of 5 to 50 degrees at room temperature. The step width was 0.016 degrees, 

with the acquisition time being approximately 10 s at each step. 

 

Single-Crystal Diffractometer Set-Up The diffractometer was equipped with Mo–Kα radiation 

(λ = 0.71073 Å), for 1, and Cu-Kα radiation (λ = 1.5406 Å) for MOF structures and an area 

detector. Diffraction patterns were collected at 100 K and the structures were solved and refined 

with the SHELXTL program. While all heavy atoms were refined anisotropically, the hydrogen 

atoms were placed at the calculated positions. 

 

SQUID Magnetometry Set-Up Magnetic analyses were conducted with a Quantum Design 

MPMS3 SQUID Magnetometer running in DC scan mode. All samples were loaded in custom 

quartz tubes (D & G Glassblowing Inc.) with a small amount of dimethyl formamide and sealed 

under static vacuum. DC susceptibility measurements were collected with HDC = 100 or 5000 oe. 

Isothermal magnetization data was collected at a sweep rate of Hdc = 100 Oe/s. No corrections for 

diamagnetic contributions were made for any of the measurements below. 

EPR Spectrometer Set-Up EPR parameters are fully described in the main-body of the text and 

will not be repeated here for brevity. 

2.6 Notes relevant to Chapter Two 

 

2.6.1 Characterization data for the synthesis of 2.1. 
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Figure 2.13 1H Spectrum of 2.1 at 500 MHz. Peaks have lost a significant amount of intensity and 

are broadened out due to the presence of the nitroxyl bond. Ethanol impurity peaks are present. 
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Figure 2.14 Thin-film IR spectrum of 2.1 obtained with ATR IR spectroscopy. 

 
Figure 2.15 Crystal structure of Pure 2.1 with the closest N-N distance being displayed (5.985 Å). 

 

2.6.2 PXRD data utilized to characterize UCLA-NO and derivatives. 
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Figure 2.16 Diffractogram of UCLA–NO containing a 3:1 ratio of 2.1:2.2. 

 
Figure 2.17 Diffractogram of UCLA–NO containing a 1:1 ratio of 2.1:2.2. 
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Figure 2.18 Diffractogram of UCLA–NO containing a 1:3 ratio of 2.1:2.2. 

 
Figure 2.19 Diffractogram of UCLA–NO containing a 1:9 ratio of 2.1:2.2. 
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Figure 2.20 Diffractogram of UCLA–NO containing a 1:19 ratio of 2.1:2.2. 

 
Figure 2.21 Diffractogram of UCLA–NO containing a 1:99 ratio of 2.1:2.2. 
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Figure 2.22 Diffractogram of UCLA–NO showing stability when: left in solvent at ambient 

condition for two weeks (bottom), mechanically ground in the presence of solvent (middle), and 

activated under vacuum with no additional heat (top). 

 
Figure 2.23 Diffractogram of UCLA–NO showing stability when dried for various time point. 

The same sample was used for each measurement after the number of hours listed on the right side 

of the graph. 
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Figure 2.24 Diffractogram of UCLA–NO comparing crystallinity of solvated (bottom), dried 

(middle) and an unsealed sample subjected to SQUID magnetometry measurements (top). 

 

 

 

2.7 Crystallographic Information Relevant to Chapter Two  

 

Table 2.1 Summary of crystallographic data for all structures relevant to chapter 2. 

 

Structure 2.1 UCLA-NO UCLA-Ph 

Crystal System monoclinic tetragonal tetragonal 

Space Group C2/c P4/mbm P4/mbm 

a/Å 26.9877(6) 15.3316(6) 15.2725(4) 

b/Å 9.3127(2) 15.3316(6) 15.2725(4) 

c/Å 17.0515(4) 23.4500(13) 23.3010(9) 

α/(°) 90 90 90 

β/(°) 102.6800(10) 90.094(4) 90 

γ/(°) 90 90 90 

V/Å3 4181.01(16) 5512.1(5) 5434.9(4) 

Z 8 4 4 

Z' 0 0 0 

reflections measured 9922 9935 9651 

Tmax/Tmin .964/.793 .926/.860 .925/.858 

T/K 100(2) 200(2) 150(2) 

Rf 3.42% 6.05% 9.37% 
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CHAPTER THREE 

 

Thermally Activated Transient Dipoles and Rotational Dynamics of Hydrogen-Bonded and 

Charge-Transferred Diazabicyclo[2.2.2]Octane Molecular Rotors 

 

Adapted from: Xing Jiang, Hai-Bao Duan*, Marcus J. Jellen, Yu Chen, Tim S. Chung, Yong 

Liang, and Miguel A. Garcia-Garibay* Thermally Activated Transient Dipoles and Rotational 

Dynamics of Hydrogen-Bonded and Charge-Transferred Diazabicyclo[2.2.2]Octane Molecular 

Rotors. J. Am. Chem Soc. 2019, 141, 16802-16809. DOI: 10.1021/jacs.9b07518 

 

3.1 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 hydrogen 

bonded and the other fully proton transferred, cocrystal II consists of 1:1 complexes forming 

infinite 1-D hydrogen-bonded chains capable of exhibiting a thermally activated response in the 

form of a broad asymmetric peak at ca. 298 K that extends from ca. 200 to 375 K in both the real 

and imaginary parts of its complex dielectric. The state of protonation in cocrystal II at 298 and 

386 K was established by CPMAS 15N NMR, which showed signals typical of a neutral hydrogen-

bonded complex. Taken together, these observations suggest a dielectric response that results from 

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 further 
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explored by taking advantage of the highly sensitive rotational dynamics of the DABCO group 

using line-shape analysis of solid-state spin echo 2H NMR and 1H NMR T1 spin− lattice relaxation 

showed no breaks in the Arrhenius plot or Kubo-Tomita 1H T1 fittings, indicating the absence of 

large structural changes. This was confirmed by variable-temperature single-crystal X-ray 

diffraction analysis, which showed a fairly symmetric hydrogen bond in cocrystal II at all 

temperatures, suggesting that both nitrogen atoms may be able to adopt a protonated state. 

 

3.2 Introduction 

Hydrogen bond (H-bond) donors and acceptors and their proton-transfer (H-transfer) 

derivatives are not only among the best understood and more versatile synthons in crystal 

engineering,[1] but structures possessing double donors and/or double acceptors provide 

interesting possibilities for the design of tailor-made dielectric materials.[2] In particular, a number 

of ferroelectric crystals involving dibasic 1,4-diazabicyclo[2.2.2]- octane (DABCO)3 complexes 

with strong organic[4,5] and inorganic,[6−8] acids have been reported. These examples share two 

common features: (1) a phase transition where the symmetry of the lattice changes from a high-

temperature paraelectric, nonpolar, centrosymmetric space group to a polar, noncentrosymmetric 

space group below the phase-transition temperature and (2) the polarizability of the ionic H-

transfer complex, which is made possible by the strong acids[4,5] with pKa values comparable to 

or lower than that of [H2DABCO]2+. An interesting scenario arises when one considers nonpolar 

H-bonding complexes of 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 advantage of the thermally generated dipoles and obtain materials with a 

relatively large dielectric response and potentially transient ferroelectric behavior.  
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Scheme 3.1 Diagram highlighting the ability for ditopic hydrogen bond acceptors/donors to create 

switchable, relaxor-type ferroelectrics. 

 

As illustrated in Scheme 3.1, a hypothetical 2:1 model with two neutral H-bonds (2HB) in 

the ground state can be thermally activated to access proton-transferred states (PT-L and PT-R, 

i.e., the proton transfer occurs with respect to the H-bonds shown to the left or the right of 

DABCO), providing a mechanism to generate dipoles that are responsive to local perturbations or 

external fields. Such thermally activated proton-transferred states, also known as migrating 

protons, have been previously reported in isolated H-bonded systems.[9] We further propose that, 

if properly aligned, the correlation of transient yet switchable dipoles leads to dipolar order in the 

nanoscale domain and relaxor-like behavior on the macroscale. In this article, we report 

experimental temperatureand field-response results that support such a system. The lack of a first-

order phase transition, evident from the results of thermal analyses and the rotational dynamics of 

the highly symmetric DABCO unit, indicates that the observed dipolar order occurs only on the 

nanoscale. 
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3.3 Results and Discussion 

3.3.1 Synthesis, Crystal Structures, and Thermal Analyses 

 
 

Figure 3.1 Molecular rotors 3.1 and 3.2 and supramolecular synthons 3.3-3.5 for H-bonded 

molecular rotors I and II. 

 

Our initial design (Figure 3.1) was inspired by our studies of crystalline molecular 

rotors[10] such as 3.1 and 3.2. A 2:1 complex was expected for triphenylacetic acid 3.3 and 

DABCO 3.5, whereas bidentate H-bond donor triptycene-9,10-dicarboxylic acid 3.4[11] and 

DABCO 3.5 would form infinite 1-D chains. Solvent-free cocrystals with indefinite stability under 

ambient conditions were obtained by layering a DABCO solution in methanol on top of a solution 

of acid 3.3 or 3.4 in a methanol/dichloromethane mixture followed by slow solvent evaporation. 
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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 hydrogen atoms 

involved in H-bonds were unambiguously determined on the basis of the electron density between 

the heavy atoms. The structure of I was solved in the space group P(-1) with the unit cell of a 

trimeric complex formed by two molecules of 3.3 and one molecule of DABCO 3.5 (Figure 3.2A). 

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. The protonated DABCO in 

cocrystal I resides in a pseudo-4-fold symmetric cavity formed by aromatic groups from 

surrounding triphenylacetates (Figure 3.2C). The mismatch between the intrinsic 3-fold symmetry 

of DABCO and the 4-fold symmetric cavity suggests that DABCO may occupy up to 12 quasi-

degenerate positions, which should result in a potential with relatively low rotational barriers. The 

crystal structure of complex II was also solved in triclinic space group P(-1) with the repeating 

unit consisting of one molecule of triptycene dicarboxylate (TCD) 3.4 and one molecule of 

DABCO 3.5. The expected 1-D H-bond chains were indeed observed, each surrounded by three 

neighboring chains. An analysis of the packing environment shows that DABCO resides in a cavity 

with pseudo-3-fold symmetry (Figure 3.2F), which matches its own rotational symmetry, 

suggesting a relatively simple 3-fold rotational potential. 
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Figure 3.2 Crystal structures of cocrystals (A−C) I and (D−F) II. (A) The unit cell, (B) the packing 

structure viewed along its a axis, and (C) the surroundings of DABCO in the crystals in cocrystal 

I. (D) Chain of hydrogen bonds with two unit cells along the c 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 3.1. 

 

The proton-transfer and neutral H-bonded sites in cocrystal I are characterized by typical N–H and 

O–H bonds that are both 0.98 Å long and H···O and H···N distances that are 1.66 and 1.72 Å, 

respectively. By contrast, crystal structure cocrystal II is consistent with two neutral H-bonds in 

both directions of the chain. The X–H and H···Y distances are averaged in an X–H···Y H-bond, 

and the distance between the heteroatoms (X and Y) is slightly shorter than a normal H-bond. The 

N–H and O–H bonds are 1.18 and 1.28 Å, and the H···O and H···N distances are 1.34 and 1.26 Å, 

respectively. Both H-bonds are almost linear (176 and 178°). Note that the position of H atoms 

described above is the equilibrium position, which is time averaged among configurations where 

H atoms are closer to either heavy atom.[9]  

Thermogravimetric analysis (TGA, Figure 3.3) of polycrystalline samples carefully 

characterized by PXRD (Figure 3.4) showed that both complexes are stable, with less than 1% 

weight loss observed below 446 and 558 K for I and II, respectively. No first-order transitions 
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were observed in the differential scanning calorimetry (DSC) traces between ca. 173 and 423 K, 

although a change in heat capacity can be inferred from a change in slope at ca. 223 K in the case 

of II (Figure 3.4).  

 

 

Figure 3.3 TGA traces of complexes I (orange) and II (blue). 

 

 

Figure 3.4 Calculated (lighter color) and experimental (darker color) diffraction pattern of 

complex I (A) and II (B). 
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Figure 3.5 Two DSC cycles (1st, red; 2nd, black) showing reversible glass-transition like signals in 

the temperature range of 270-320 K. 

 

3.3.2 Dielectric Measurements 

To probe the postulated 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 frequencies 

varying between 100 and 10 000 Hz in the temperature range of 175 to 375 K. A priori, we 

expected the dielectric response from cocrystal II to arise from changes in the local dipoles as a 

result of charge separation. The real (ε′) and imaginary (ε″) parts of the complex dielectric in the 

case of I showed no significant response, indicating that the sample cannot be polarized with the 

ac field frequencies and temperatures explored in this study (Figure 3.6). This suggests that 

switching the site of proton transfer in complex I from one triphenylacetic acid group to the other 

is energetically demanding. 
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Figure 3.6 Temperature-dependence of the real part of the dielectric response of (A) I, (B) I-d12, 

(C) II, and (D) II-d12 in the frequency range of 102 – 105 Hz. 

 

By contrast, analogous measurements in the case of II (Figure 3.7) revealed an interesting 

dielectric response. The values of ε′ in the case of II varied from ca. 26 to 35 with a nonsymmetric 

signal that extends between ca. 200 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 maximum with a baseline 

that starts at 26 and climbs up at ca. 28. The imaginary part of the dielectric (ε″), corresponding to 

the dielectric loss, changes as a function of temperature, as shown in Figure 3.7B. Notably, the 

behavior of ε″ parallels 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 105 and 102 Hz. 
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Figure 3.7 Temperature dependence of (A) the real (ε′) and (B) imaginary (ε″) parts of the complex 

dielectric for crystals II in the frequency range of 102 −105 Hz 

 

If we consider the intensity of ε′ in Figure 3.7A to be proportional to the number of dipoles 

that follow the ac field at the corresponding frequency and temperature, then the results are 

consistent with the hypothesis depicted in Scheme 3.1. First, the equilibrium concentration of 

charges, as well as their corresponding dipoles, is a function of temperature and of the energy 

difference between the neutral 2HB state and the charge-separated PT-L or PT-R state. 

Furthermore, the response rate of the transient dipoles is determined by the rates of charge 

separation (kCS) and recombination events (kR). As suggested in Scheme 3.1, dipolar switching 

requires (a) charge separation with a rate kCS to generate a dipole in one direction, followed by (b) 

charge recombination at a rate kR to form the neutral complex and (c) subsequent charge separation 

at a rate kCS to generate a dipole in the opposite direction. Considering that both the equilibrium 

concentration of dipoles and their rates of switching are expected to increase with temperature, 

one may speculate that the position of the maximum of ε′ as a function of temperature and 

frequency is a manifestation of the local dipole order, which is likely to be paraelectric at high 

temperatures and potentially ferroelectric at and below the maximum. The fact that one does not 

observe changes in the ε″ maxima as a function of frequency suggests that the dielectric behavior 
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is limited by local order while the intensity of the signal is dependent on thermally controlled 

proton-transfer dynamics. To explore these parameters, we turned our attention to solid-state 

NMR. 

3.3.3 Solid-State 15N CPMAS NMR Spectroscopy 

The relatively large chemical shift dispersion of the 15N nucleus and its high sensitivity to 

its electronic environment make it a valuable probe for determining the protonation state of 

nitrogen in cocrystals formed between carboxylic acids and amines. On the basis of a correlation 

of single-crystal X-ray diffraction and cross-polarized magic angle spinning (CPMAS) 15N NMR 

data, Gobetto and co-workers showed that the chemical shifts of free amines, hydrogen-bonded 

amines, and fully protonated quaternary ammonium nitrogen atoms are easily distinguishable with 

resonance frequencies of ca. 12, 20, and 30 ppm, respectively.[12] With that in mind, as shown in 

Figure 3.8A, we carried out high-resolution CPMAS 15N NMR experiments with natural 

abundance powdered samples of cocrystals of I and II. The results obtained with cocrystal I 

revealed two signals separated by ca. 15 ppm, with a neutral nitrogen signal at approximately 13.5 

ppm and the quaternary ammonium signal at a lower field of 29.0 ppm (Figure 3.8A, 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 structure 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 crystal II 

displayed no measurable change,[13] suggesting a relatively small concentration of charge-

separated species (Figure 3.9). 
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Figure 3.8 (A) 15N CPMAS NMR spectra of natural abundance samples of cocrystals of I and II 

and (B) 1H MAS NMR spectra of II at MAS frequencies of 10, 15, and 20 kHz. All experiments 

were conducted at ambient temperature. 
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Figure 3.9 Variable temperature 15N CP/MAS NMR of cocrystal II at 295 K (blue) and 386 K 

(red) exhibit nearly identical lineshapes at both temperatures. 

 

3.3.4 Solid-State 1H CPMAS NMR Spectroscopy 

 

We also explored the use of 1H MAS NMR spectroscopy to determine whether one can see 

changes in line shape as a function of temperature that may reveal the equilibrium and/or dynamics 

of cocrystal II.[14] A set of measurements carried out between 189 and 377 K at a 10 kHz spinning 

frequency revealed no significant changes in line shape (Figure 3.10), suggesting that the dynamics 

of proton transfer are very slow and/or that the populations of different proton-transferred sites are 

very small. Experiments carried out at ambient temperature with MAS frequencies of >15 kHz 

highlight a single carboxylic acid proton at 17.1 ppm, which is consistent with two similar 

hydrogen bonds that cannot be resolved into different signals potentially corresponding to the free 

acid and quaternary ammonium salt.[15] 
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Figure 3.10 VT 1H MAS spectra of II recorded from 189 to 377 K at 10 kHz spinning. 

 

3.3.5 Rotational Dynamics by 2H NMR Line-shape Analysis 

It has been previously demonstrated that solid-state rotational dynamics are highly 

sensitive to both physical and chemical changes in the solid phase.[16,17] We analyzed the 

dynamics of DABCO in crystals of I and II in an effort to characterize changes in the phase order 

of either system using line-shape analysis of solid-state 2H NMR spin−echo spectra, a powerful 

method for determining the dynamics of crystalline solids in the frequency range of 104 to 107 

Hz.[18] On the basis of our previous experience, we anticipated DABCO rotation to occur in the 

megahertz regime for both complexes.  
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Figure 3.11 Experimental solid-state quadrupolar echo 2H NMR spectra of (A) I-d12 and (B) II-

d12. (C) The simulated spectra of II-d12 and (D) the 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 × 1013 

s−1 for DABCO rotation in cocrystal II. 

 

Cocrystals of I-d12 and II-d12 were prepared with DABCO-d12, and their SS 2 H NMR 

spectra were obtained at a frequency of 46.07 MHz. The spectrum of I-d12 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 potential (Figure 3.11A). When the sample is cooled to lower 

temperatures, two new peaks appeared in the center of the spectra. Further lowering the 

temperature to 148 K, the lowest accessible temperature on our instrument, gave spectra with less 

pronounced central peaks but similar line shapes. Consequently, we could draw no conclusion 

other than DABCO rotates faster than ca. 107 s−1 in complex I, even at the lowest temperatures 

measured. In contrast, the SS 2H NMR spectra of II-d12 were more complex, with a pronounced 

temperature dependence. As shown in Figure 3.11B, the 293 K spectrum resembles that of 3-fold 

rotation at a relatively high rate (>106 s−1). 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 
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peaks split into doublets. Considering that DABCO is desymmetrized by differences in hydrogen 

bonding at the two nitrogen atoms, we reasoned that these doublets could be an indication of two 

quadrupolar coupling constants (QCCs).[19] In fact, the experimental spectra were reproduced 

with a simple 3-fold rotation model with QCC values of 110 and 135 kHz (See notes). 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. Assuming that DABCO rotation is an elementary 

process to which the Arrhenius theory could be applied, we concluded that the activation energy 

for rotation is 9.2 kcal/mol with a pre-exponential factor of 4.2 × 1013 s −1 (Figure 3.11D). 

Unfortunately, because DABCO rotation is in the fast exchange regime at room temperature, the 

method is not amenable to the determination of discontinuities in the Arrhenius plot, which may 

be indicative of an order−disorder phase transition. 

3.3.6 Rotational Dynamics by 1H NMR T1 Spin-Lattice Relaxation 

 

In a second attempt to detect potential changes in phase order using molecular rotation as 

a probe, we decided to explore the use of solid-state 1H NMR T1 spin−lattice relaxation.[20] The 

method takes advantage of the modulation of dipolar coupling interactions at the Larmor frequency 

(ω0) by the rotational motion of a group that bears the nucleus of interest. Variation in the measured 

spin−lattice relaxation values (1/T1) as a function of temperature can be related to changes in the 

rotational correlation times, τc, as indicated by the Kubo-Tomita relaxation expression (eq 1), 

𝑇1
−1 = 𝐶[𝜏𝑐(1 +  𝜔𝑜

2𝜏𝑐
2)−1 + 4𝜏𝑐(1 +  4𝜔𝑜

2𝜏𝑐
2)−1 (1) 

where C is a constant related to the strength of the 1H−1H dipolar coupling, and assuming that 

rotation follows Arrhenius behavior (eq 2), one can substitute the τc values in eq 1 with the 

activation energy (Ea) and the pre-exponential factor for rotation (τ0
−1) to characterize the dynamics 

of the DABCO rotor.  
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𝜏𝑐 = 𝜏𝑜𝑒𝑥𝑝 (
𝐸𝑎

𝑅𝑇
)  (2) 

The 1H T1 relaxation measurements were acquired with a saturation-recovery sequence at a Larmor 

frequency of 600.1 MHz for the samples of complexes I and II and their deuterated analogs I-d12 

and II-d12. 

 

Figure 3.12 Temperature dependence of the spin−lattice relaxation rate of I. Experimental data 

(blue squares) was fitted (red dashed curve) to the Kubo−Tomita equation to obtain energy 

parameters of the dynamic process. 

 

The saturation-recovery kinetics of both I and I-d12 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/T1) varied as shown in Figure 3.12 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 τ0
−1 of 1.8 × 1012 s−1. These values match well with 

previously reported 1H T1 results for DABCO in halogen-bonded crystals[16] and are consistent 

with the 2H NMR data in Figure 3.11A, showing that DABCO undergoes fast rotation with site-

exchange rates that are ∼106 s−1 at temperatures of as low as 163 K. It is inferred that DABCO 
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rotation is the relaxation mechanism because samples of I-d12 displayed T1 values that are more 

than 10 times longer than those of natural abundance I (Table 3.1), consistent with the degree of 

deuteration of DABCO of ca. 90%.  

Table 3.1 Summarized T1 data of I and I-d12. 

 

In the case of crystalline supramolecular rotor II, 1H T1 measurements revealed kinetics with a 

long-lived component, which accounts for 98−99% of the total intensity, varying from 36.6 s at 

300 K to 4.8 s at 370 K (Table 3.2).  

Table 3.2 Summary of the T1 Data of II and II-d12. 

 

a The weighted contribution for component i was obtained with the formula %(𝑖) = 𝐼𝑖𝑇1𝑖/ ∑ 𝐼𝑖𝑇1𝑖 
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Notably, a systematic decrease in the T1 values as a function of increasing temperature suggests 

that the frequency of the dynamic process responsible for relaxation approaches the Larmor 

frequency (600.1 MHz) as the temperature increases.  

 

Figure 3.13 Temperature dependence of T1 of cocrystal II and its fitting (dashed curve) to 

Kubo−Tomita equation. 

 

Once again, the role of DABCO rotation in the observed relaxation was confirmed by 1H 

T1 measurements of isotopically labeled II-d12, which displayed very long and complex relaxation 

kinetics. A plot of ln T1 vs 1/T from natural abundance II (Figure 3.13) 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 2H NMR line-shape analysis. Notably, the corresponding Arrhenius plot does not 

show a discontinuity at ca. 298 K, confirming the absence of first-order transitions and the limited 

domain size of structural features responsible for the dielectric signals.  

 

 

 



 107 

3.3.7 Variable-Temperature X-Ray Diffraction Measurements 

 

  

Figure 3.14 Variable-temperature XRD structures showing differences between the low-

temperature and high-temperature structure of I and II. (A, B) Space-filling model showing the 

positional disorder of DABCO (6% minor component, shown in green) occupying a new position 

at 300 K. The distance between H and heteroatoms in the hydrogen bonds of I at (C) 100, (D) 200, 

and (E) 300 K of II at (F) 100, (G) 300, and (H) 350 K. 

 

The last experimental test to probe changes in proton-transfer equilibrium and or/phase 

transitions was the 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 at 300 and 350 K for II (Figure 

3.15). No observable phase transition/symmetry breaking was observed in either structure. A 6% 
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positional disorder of DABCO in I was observed at 300 K, suggesting an asymmetrical 6-fold 

rotational potential that 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, confirming the 3-

fold rotational potential suggested by SS 2H 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 Å (100 K) to 1.00 Å (200 K) and 1.07 Å (300 K). Corresponding changes 

in the H···N bond include a decrease in the distance from 1.72 to 1.70 to 1.65 Å. The distance 

between O and N remains the same. Similarly, on the other end of DABCO, where proton-transfer 

occurs, the N−H distance increases and the H···O distance decreases with temperature. The 

changes are less significant for complex II because the hydrogen atoms are located much closer to 

the middle of two heteroatoms at 100 K to begin with. The only feature worth noticing is 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. 

 

3.3.8 Density-Functional Theory (DFT) Calculations 

DFT calculation was performed in vacuum using M06-2X/6-311+G**. For a segment of 

the 1D chain of complex II, i.e. a three-component complex of two molecules of 9-triptycene 

carboxylic acid and one molecule of DABCO, all atoms other than H-bond hydrogen atoms were 

fixed at their equilibrium positions as determined by XRD at 100 K (Scheme 3.2). Energy scans 

were done by systematically varying the H···O distance (Table 3.3) showed that the isolated 

structure is more stable with hydrogen atoms covalently linked to oxygen. The difference of energy 

minima in the crystal structure and the calculated structure could result from the unstable charge 
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separated structures in vacuum. This suggested that other than the linear alignment of H-bond 

donors and acceptors, electrostatic interactions among the neighboring groups were also important 

in the stabilization of LBHBs in the crystal structure. A scan of the energy profile revealed that in 

the isolate model the O–H···N configuration is favored over the equilibrium position (from the 

crystal structure) by 6–8 kcal/mol. The energy difference between the 2HB group state and the 

thermally activated PT state is estimated to be ca. 12 kcal/mol. 

 

Scheme 3.2 The three-component model used in the calculations highlighting the H···O bond 

distance. 

 

 

Table 3.3 Relative free energies of the model structures at different H···O distance. 

 

Given the relatively large difference in activation energy for proton-transferred (I, 4.5 

kcal/mol) and hydrogen-bonded cocrystals (II, ca. 9 kcal/ mol), we carried out DFT calculations 

for the rotational potential of a model system based on the coordinates of II, with structures that 

are either hydrogen-bonded or doubly proton-transferred (Figure 3.14). Nearly identical results 
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(ca. 13 ± 1 kcal/mol) suggest that differences in barrier heights are likely to have a steric origin 

rather than resulting from differences in the local charge and/or position of the proton. 

 

              
Figure 3.15 The change of free energy in a 360° rotation of the neutral or the doubly protonated 

DABCO. 

 

3.4 Conclusion 

Cocrystals formed with DABCO and either triphenylacetic acid 3.3 (cocrystal I) or 

triptycene-9,10-dicarboxylate 3.4 (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 15N NMR. Although low-frequency dielectric measurements carried out between 

150 and 400 K in the case of complex I revealed no significant response, cocrystal II showed a 

very broad peak with a maximum at ca. 298 K. The dielectric signals were characterized by having 

a peak maximum with a position that is independent of both temperature and ac field frequencies, 

although the size of the signal was shown to increase from 105 to 102 Hz. Rotational dynamics 

measurements in the solid state carried out using quadrupolar echo 2H NMR and 1H NMR 

spin−lattice relaxation measurements 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 
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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 there is a lack of proton-transfer signals in the 15N 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 maximum at lower temperatures. Finally, 

an increase in the intensity of the signal as a function of decreasing ac field frequency is consistent 

with a process that occurs with a relatively high barrier, as would be expected from the proton 

transfer in cocrystal I. Further dielectric and polarization measurements with cocrystals I and II 

and substituted analogs will help shed light on this interesting behavior. 
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3.5 Experimental Procedures  

3.5.1 General Experimental Procedures 

Deuterated solvents were purchased from Cambridge Isotope, and all other chemicals were 

obtained from Sigma-Aldrich. Both triphenylacetic acid 3.3 and DABCO 3.5 were used as 

received without further purification. Triptycene dicarboxylic acid 4 was synthesized following 

literature procedures.[21] Deuterated DABCO 3.5-d12 (90 % deuterium content, determined by 

MS) was prepared following a literature procedure.[22] An orbitrap mass spectrometer equipped 

with direct analysis in real time (DART) ionization was used to assess the degree of DABCO 

deuteration. Solution NMR spectra were acquired on a 500 MHz (Lamor frequency, 1H, CHCl3, 

7.26 ppm) instrument with a cryo probe. Solid-state NMR (SS NMR) spectra were acquired on a 

300 (SS 2H NMR) or 600 (SS 1H/15N NMR) MHz instrument. Variable temperature (VT) SS NMR 

spectroscopy was realized with a nitrogen gas stream cooled by liquid nitrogen and/or warmed 

with a heater. Temperature and frequency dependent dielectric spectra were carried out employing 

a Concept 80 system. 

3.5.2 Crystallization Procedures 

Crystallization of cocrystal I While a range of variations in the initial ratio of hydrogen-

bond donors and acceptors were explored, crystals were consistently formed only with a 2:1 ratio 

of 3.3 and 3.5, and a 1:1 ratio of 3.4 and 3.5, as expected for their available H-bond sites. 

Triphenylacetic acid (86.4 mg, 0.30 mmol) was dissolved in a CH2Cl2-MeOH mixture (ca. 5 mL, 

1:1, v/v) in a vial, and to the top of the solution was carefully added a thin layer of MeOH without 

disturbing the bottom solution, and subsequently a solution of DABCO (16.8 mg, 0.15 mmol) in 

MeOH (ca. 2 mL). The vial was capped for 2 days to avoid the loss of DABCO before the cap was 

pierced a few times to allow the slow evaporation of solvents. The supernatant was removed by 
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pipet after 3 days and the crystals were quickly rinsed with a CH2Cl2-MeOH mixture (0.5 mL, 1:1, 

v/v). On average about 70 mg of the desired complex could be obtained.  

Crystallization of cocrystal II 9,10-Triptycene-dicarboxylic acid (73.2 mg, 0.2 mmol) 

was dissolved in a CH2Cl2-MeOH mixture (ca. 5 mL, 1:1, v/v) in a vial, and to the top of the 

solution was carefully added a thin layer of MeOH without disturbing the bottom solution, and 

subsequently a solution of DABCO (22.4 mg, 0.2 mmol) in MeOH (ca. 2 mL). The vial was capped 

for 2 days and the crystals started to grow at the interface of two layers. The cap was pierced a few 

times to allow the slow evaporation of solvents. The supernatant was removed by pipet after 3 

days and the crystals were rinsed with a CH2Cl2-MeOH mixture (0.5 mL, 1:1, v/v). On average 

about 76 mg of the desired complex could be obtained. Powder samples were obtained by carefully 

grinding single crystals with pestle and mortar. We characterized the bulk powder samples of I 

and II before the dynamic property characterization of the crystals with VT SS NMR. Solution 

state 1H NMR spectroscopy (DMSO-d6 solution) and PXRD verified the composition and crystal 

packing of the samples. 

3.5.3 Calorimetry Measurements 

TGA and DSC Thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) were performed under inert gas atmosphere with a heating/cooling rate of 10 ºC/min. No 

phase transition was observed in DSC analysis. TGA showed that both crystals are rather stable 

and less than 1% weight loss of complexes I and II were observed at 446 and 558 K, respectively. 

3.5.4 X-Ray Diffraction Measurements 

SC-XRD Single crystals were picked and mounted onto a diffractometer with Mo-Kα 

radiation (λ = 0.71073 Å) and a liquid N2 temperature control unit. Diffraction data was collected 

with an area detector at different temperatures and the structures were all solved and refined with 
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SHELXTL. All heavy atoms were refined anisotropically. The positions of H-bond protons were 

determined by the electron density distribution, and the other protons were placed at calculated 

positions. Mercury was used to visualize the packing structures of the crystals.  

PXRD Thin layers of powder samples were placed on a SiO2 zero diffraction plate (MTI). 

Cu-Kα1 radiation (λ = 1.540598 Å) was used for the analysis, and data collection (step size of 

0.0167º, step time 25−50 s) was done at room temperature. 

3.5.4 Dielectric Measurements 

The dielectric measurements were performed with powder samples that were pressed into 

thin pallets of uniform thickness (ca. 0.40 mm) under a static 6 MPa pressure. The pellet was 

sandwiched between two copper electrodes, and AC frequencies in the range of 102 Hz to 105 Hz 

were scanned as the temperature was varied from -100 to 100 °C. 

3.5.5 SS 1H NMR T1 Measurements 

 T1 experiments were performed with a saturation-recovery pulse sequence featuring a delay 

time t between two 90º pulses. The intensity of wideline 1H NMR spectrum was monitored, and a 

set of delay time was used for each sample at different temperatures to ensure the sufficient 

recovery of spectrum intensity (approximately 5 × T1). Crystalline powder of the samples was 

placed in a 38-mm borosilicate tube (cut from a regular 5-mm NMR tube) capped with Teflon 

plugs at both ends. T1 data was obtained from exponential fitting of the spectrum intensity change 

as a function of t. 

𝑰𝒕 =  𝑰𝒐 [𝟏 − 𝒆
−

𝟏
𝑻𝟏] 

3.5.6 SS 2H NMR Spin-echo Measurements 

A 4-mm wideline probe was used in the 2H spin-echo experiment with a quadrupolar-

echo sequence and phase recycling. 90º pulses of 2.5 µs were used, with a 42-µs refocusing 
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delay, a 50-µs echo delay, and a 10 s recycle delay between transients. Data acquisition was 

continued until good signal-to-noise ratio was achieved. All spectra were processed with lb = 3 

kHz. To reproduce the experimental spectra of II-d12, particularly the shoulder peaks, different 

rotation modes were explored. However, we found that with a fix QCC, neither simple 3/6-fold 

rotation, nor their combinations could account for the experimental features. Instead, 3-fold 

rotation with a combination of different QCCs gave spectra with similar line shape as the 

experimental ones (see main text). 

3.5.7 SS 15N CPMAS NMR Measurements 

The spectra were recorded with natural abundance 15N 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 acquire the ambient 

temperature spectra. The 15N NMR chemical shifts were referenced using the resonance of solid 

glycine at 33.4 ppm. Temperature readings were calibrated with 207Pb CPMAS NMR of 

Pb(NO3)2 at various temperatures. 

3.6 Notes Relevant to Chapter Three 

3.6.1 Characterization data for the synthesis of 3.5-d12 
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Figure 3.16 MS of dabco-d12 with [MH]+ peak highlighted. Degree of deuteration determined by 

relative intensity of signals. 

 

3.6.2 Characterization data for the synthesis of cocrystals I and II. 
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Figure 3.17 1H NMR spectrum of complexes I powder sample dissolved in DMSO-d6 (500 MHz). 
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Figure 3.18 1H NMR spectrum of complexes II powder sample dissolved in DMSO-d6 (500 

MHz). 
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3.6.3 2H NMR simulations for cocrystal II-d12 

 

Figure 3.19 Simulated SS 2H NMR spectra of different dynamic models to determine possible 

combination of 3-fold and 6-fold rotational modes of DABCO in II-d12. 

 

 
Figure 3.20 Experimental and simulated SS 2H NMR spectra of DABCO in II-d12 using different 

of QCCs: (A) 105-135 kHz, (B) 110-135 kHz, and (C) 115-140 kHz. 
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3.6.4 1H T1 Saturation Curves for all cocrystals 

 
Figure 3.21 1H spin-lattice relaxation of complex I at 250 K. 
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Figure 3.22 1H spin-lattice relaxation of complex I at 260 K. 

 
Figure 3.23 1H spin-lattice relaxation of complex I at 270 K. 
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Figure 3.24 1H spin-lattice relaxation of complex I at 280 K. 

 
Figure 3.25 1H spin-lattice relaxation of complex I at 290 K. 
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Figure 3.26 1H spin-lattice relaxation of complex I at 295 K. 

 
Figure 3.27 1H spin-lattice relaxation of complex I at 300 K. 
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Figure 3.28 1H spin-lattice relaxation of complex I at 305 K. 

 
Figure 3.29 1H spin-lattice relaxation of complex I at 310 K. 
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Figure 3.30 1H spin-lattice relaxation of complex I at 315 K. 

 
Figure 3.31 1H spin-lattice relaxation of complex I at 320 K. 
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Figure 3.32 1H spin-lattice relaxation of complex I at 330 K. 

 
Figure 3.33 1H spin-lattice relaxation of complex I at 340 K. 
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Figure 3.34 1H spin-lattice relaxation of complex I-d12 at 300 K. 

 
Figure 3.35 1H spin-lattice relaxation of complex I-d12 at 310 K. 
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Figure 3.36 1H spin-lattice relaxation of complex I-d12 at 320 K. 

 
Figure 3.37 1H spin-lattice relaxation of complex I-d12 at 330 K. 
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Figure 3.38 1H spin-lattice relaxation of complex I-d12 at 340 K. 

 
Figure 3.39 1H spin-lattice relaxation of complex II at 300 K. 
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Figure 3.40 1H spin-lattice relaxation of complex II at 310 K. 

 
Figure 3.41 1H spin-lattice relaxation of complex II at 320 K. 
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Figure 3.42 1H spin-lattice relaxation of complex II at 330 K. 

 
Figure 3.43 1H spin-lattice relaxation of complex II at 340 K. 
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Figure 3.44 1H spin-lattice relaxation of complex II at 350 K. 

 
Figure 3.45 1H spin-lattice relaxation of complex II at 370 K. 
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Figure 3.46 1H spin-lattice relaxation of complex II-d12 at 300 K. 

 
Figure 3.47 1H spin-lattice relaxation of complex II-d12 at 320 K. 
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Figure 3.48 1H spin-lattice relaxation of complex II-d12 at 350 K. 
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CHAPTER FOUR 

 

Enhanced Gearing Fidelity Achieved Through Macrocyclization of a Solvated Molecular 

Spur Gear 

 

Work in this chapter is adapted from Marcus J. Jellen,‡ Ieva Liepuoniute,‡ Mingoo Jin, 

Christopher G. Jones, Song Yang, Xing Jiang, Hosea M. Nelson*, K. N. Houk*, Miguel A. 

Garcia-Garibay* Enhanced Gearing Fidelity Achieved Through Macrocyclization of a Solvated 

Molecular Spur Gear. J. Am. Chem. Soc. 2021, 10.1021/jacs.1c01885 

 

 

4.1 Abstract  

Molecular spur gear dynamics with high gearing fidelity can be achieved through a careful 

selection of constituent molecular components that favorably position and maintain the two gears 

in a meshed configuration.  Here we report the synthesis of a new macrocyclic molecular spur gear 

with a bibenzimidazole stator combined with a second naphthyl bis-gold-phosphine gold complex 

stator to place two three-fold symmetric 9,10-diethynyl triptycene cogs at the optimal distance of 

8.1 Å for gearing.  Micro electron diffraction (μED) analysis confirmed the formation of the 

macrocyclic structure and the proper alignment of the triptycene cogs. Gearing dynamics are 

predicted to be extremely fast, and in fact, were too fast to be observed with variable-temperature 

1H NMR using CD2Cl2 as the solvent. A combination of molecular dynamics and metady-namics 

simulations predict that the barriers for gearing and slippage are ca. 4 kcal mol-1 and ca. 9 kcal 

mol-1, respectively. This system is characterized by enhanced gearing fidelity compared to the 
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acyclic analog. This is achieved by rigidification of the structure, locking the two triptycenes in 

the preferred gearing distance and orientation. 

4.2 Introduction  

The beginning of nanoscience and nanotechnology can be traced back to 1959 when 

Richard Feynman gave his famous lecture, There’s Plenty of Room at the Bottom, during which 

he challenged scientists and engineers to make a (1/64)3 in3 operational electric motor.[1]  Present 

day synthetic chemists are involved in making molecular and supramolecular entities with both 

structural and functional analogies to the macroscopic objects, including gears, pumps, and 

switches.[2]  Early examples of molecular gears were published by Iwamura[3]  and Mislow[4]  

in the 1980s, when they reported molecular bevel gear 4.1 (Figure 4.1), with two triptycenes 

covalently linked to a methylene group or an oxygen atom, respectively. In these landmark studies, 

they were able to show that the two triptycenes display fast and correlated dynamics, resembling 

those of macroscopic bevel gears. Since these pioneering studies, many triptycene-based bevel 

gears have been developed, including systems with three linear triptycenes[5] or six cyclic 

triptycenes,[6]  switchable two-gear systems[7]  and a four-gear system with tunable dynamics.[8]   

The study of molecular spur gears (MSG), with two gearing cogs arranged in parallel, has seen 

remarkably less success than its off-parallel counter-parts.  
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Figure 4.1 Representative triptycene-based bevel (4.1), spur (4.2-4.5) and macrocyclic (4.6-4.7) 

gears. All spur gears arrange triptycenes in parallel while bevel gears position cogs at an off-

parallel orientation. 

 

Similar to the macroscopic objects, molecular gearing occurs when the two triptycenes 

undergo concerted, disrotatory motion, while slippage occurs either by conrotatory motion or 

independent rotation. As suggested by Siegel, the primary figure of merit for determining a gear’s 

quality is gearing fidelity, which is defined as the number of geared rotations per slippage events 

(Fgear = kgear/kslip).[9] Bevel gears with high gearing fidelity were developed utilizing tightly 

meshed systems in which the transition state leading to slippage was much higher in energy than 

the one leading to gearing (>30 kcal mol-1 vs. 1-2 kcal mol-1). On the other hand, spur gears 

utilizing triptycene have strict geometric requirements to function properly and there are no 

examples of structures shown to displayed high gearing fidelity.  As discussed by Siegel and 

coworkers, the optimal distance for triptycene gearing is 8.1 Å, while the slippage transition state 

occurs at a distance of 7.2 Å between the rotational axes of the two gears. From this, the difficulty 
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with achieving high-functioning spur gears becomes apparent, the transition state leading to 

slippage occurs at a shorter distance than does the one for gearing. This means that in order to have 

a properly functioning spur gear, stabilizing, enthalpic interactions must lower the energy of the 

gearing transition state to cause it to be favored over slippage. This issue is only exacerbated by 

the entropic penalty that arises as there are many rotational processes that can lead to slippage, 

while there is only one gearing trajectory.  

 

Using a combination of molecular dynamics (MD) and quantum mechanical (QM) 

calculations, we recently explored the gearing and slippage trajectories in MSGs 4.2-4.5 (Figure 

4.1).[10]  In this study, we discovered that diyne-linked gears 4.2 and 4.4[11] have calculated 

barriers of 5 kcal mol-1 for gearing and of 1-2 kcal mol-1 for slippage, respectively.  Interestingly, 

the monoalkyne-linked gear 4.3 shows the inverse preference for gearing over slippage, which we 

attribute to the reduction in flexibility of 4.3 over 4.4 by having only a single alkynyl linker rather 

than two. Our calculations also showed that the flexibility of 4.5 might reduce its gearing 

efficiency, dropping the gearing barrier to 2.4 kcal mol-1, which is quite close to that of slippage 

at 3.5 kcal mol-1 (down from 3.4 and 7.6 kcal mol-1, respectively, when calculated with DFT). 

Clearly, when one considers the many different vibrational and torsional modes accessible to 

various MSGs rather than simply the transition state (TS) energies, a more complicated picture of 

gearing emerges. From this vein, the design of MSGs requires not only careful engineering of 

gearing and slippage barriers, but also designing highly rigid structures where torsional degrees of 

freedom are limited to gearing processes.[12] 
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Figure 4.2 Design of new macrocyclic MSG built with intermeshed triptycene blades held in place 

by a stator consisting of a bibenzimidazole and a gold-phosphine capping group. 

 

One method to reduce the number of degrees of freedom present in a linear or branched 

molecule is to convert it into a cyclic structure. This is particularly true for macrocyclization 

reactions, as evidenced by the need for templating agents to overcome the high entropic penalties 

present in their syntheses.[13] While macrocyclic MSGs such as 4.6 and 4.7 from the Bryan[14]  

and Toyota[15]  labs, respectively, have been developed, there was no systematic study of how the 

macrocyclization affects gearing efficiency in either case. We envisioned that locking the 

triptycene cogs into the proper orientation for gearing using a cyclic structure would restrict high 

amplitude bending modes that might reduce gearing efficiency or facilitate independent rotation 

of either triptycene, and ultimately enhance gearing fidelity. From this understanding, we sought 

to synthesize a new macrocyclic MSG and characterize its dynamics using a combination of 

molecular dynamics (MD) simulations and density functional theory (DFT) calculations. Our 

design utilizes 4.5, the bibenzimidazole stator developed by Siegel and coworkers, which places 

two triptycenes in parallel, 8 Å apart (Figure 4.2). We prepared 4.8a and its deuterated analogue 
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4.8b[16] with two parallel ethynyl groups to form the desired macrocycle by linking 4.8a/b and 

digold complex 4.9.[17] The use of deuterated gears was envisioned as a tool to simplify the 2H 

NMR spectrum by removing potential overlapping aromatic signals from the two components of 

the stator. Our group's experience with gold complexes inspired us to bond the naphthyl 

diphosphine 4.9 to 4.8 via an Au+1 coordination bond.[18] Compound 4.9 was chosen as the 2,7-

napthyl substitution pattern to place the two phosphine groups 8.07 Å apart, a close fit for the 

idealized bibenzimidazole stator. Complexation with Au(I) conveniently coordinates alkyne and 

phosphine ligands at an angle of 180o, allowing for the construction of MSG 4.10a/b with the two 

triptycenes oriented in parallel and separated by ~8.1 Å. 

 

4.3 Results and Discussion 

Scheme 4.1 Synthesis of macrocyclic MSGs 4.10a and 4.10b. 

 

4.3.1 Synthesis and Electron Diffraction Structure 
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With the above design principles in mind, we set out to synthesize MSG 4.10a (Scheme 

4.1). Synthesis for 4.10a started with 9,10-diethynyltriptycene 4.11a, which was treated with 1 

equivalent of n-BuLi followed by 1.15 equivalents of triisopropylsilyl chloride at -78 oC. 

Subsequent overnight reflux followed by chromatographic separation resulted in the isolation of 

4.12a in 40% yield with the double protected and unprotected compounds recollected and used in 
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proceeding reactions. Compound 4.12a was then reacted with the boc-protected bibenzimidazole 

stator 4.13 using standard Sonogashira conditions to afford 4.14a in 60% yield. Both boc-

protecting groups could then be removed by treatment with a 1:10 mixture of trifluoroacetic acid 

(TFA). This crude mixture was reacted with an excess of 1-bromo-2-chloroethane in the presence 

of Cs2CO3 and THF at elevated temperatures. A short silica column was run on this mixture to 

remove any excess 1-bromo-2-chloroethane before reaction with TBAF in THF to yield 

macrocyclization precursor 4.8a. 

We discovered that removal of the boc- groups before TBAF was critical for maintaining 

a yield of 40% for these reactions. Presumably, the bibenzimidazole stator decomposed by the 

presence of ammonium hydroxide in our TBAF solution if we attempted to deprotect the alkynes 

first. Finally, 4.8a was dissolved in CH2Cl2 with a single drop of triethyl amine (TEA) and treated 

with 2 equivalents of (dimethyl-thiol)gold(I) chloride to forge a covalently linked organogold 

template for macrocyclization.[19]  Dropwise addition of 4.9 dissolved in CH2Cl2 produced the 

macrocyclic MSG 4.10a in 60% yield after subsequent workup and trituration of the crude product.  

Molecular spur gear 4.10b was synthesized using the same procedure with deuterated samples of 

4.11b, which proceeded with similar yields. 
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Figure 4.3 Crystal structure of 4.10a A) face on with key distances measured, B) side on showing 

the effects of utilizing tetrahedral phosphines as stators, and C) space-filling model with the 

phosphine ligand and alkynes hidden to show alignment of the triptycenes. D) Crystal packing of 

4.10a with phenylenes on four intermeshed triptycenes highlighted. 

 

 

Once the solvent had been removed, the solubility of 4.10a or 4.10b became severely 

limited in all explored solvents, even at elevated temperatures. Despite their very low solubility, 

spectral characterization was possible by 1H NMR, FTIR and HRMS, but we were not able to 

obtain 2H and 13C NMR data within reasonable acquisition times as a result of sensitivity 
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differences of 9.65x10-3 (assuming 100% labeling) and 1.76x10-4 (at natural abundance), 

respectively.[20] Although large enough single crystals for X-ray diffraction could not be 

obtained, we were able to grow micro-crystals suitable for electron diffraction by slow evaporation 

of 4.10a from bromobenzene. Using continuous-rotation electron diffraction, the structure was 

solved at 1.10 Å in space group P21/n.[21]  Analysis of the crystal structure (Figure 4.3A) reveals 

that the bibenzimidazole stator takes on a somewhat puckered and twisted shape that forces two 

connecting points for each alkyne to be ca. 7.74 Å apart rather than the expected ca. 8.10 Å for the 

planar structure. Gratifyingly, the distance between each triptycene bridgehead carbons are ca. 

7.90 and 7.73 Å apart for the bibenzimidazole and phosphine side of the molecular, respectively. 

The two phosphines on the coordinated stator are approximately ca. 7.58 Å apart, and 0.15 Å closer 

together than on the bibenzimidazole stator. This short distance may account for the puckering 

observed on the bibenzimidazole. Interestingly, the tetrahedral geometry of the phosphines causes 

substantial stator twisting on the gold-coordinated side of the molecule (Figure 4.3B), which brings 

the two triptycenes slightly out of parallel alignment. Closer inspection of the triptycene cogs 

(Figure 4.3C) shows that one blade of the first triptycene neatly packs into the fold of the second 

one in a Cs symmetric arrangement, indicating that the two triptycenes can engage in 

configurations conducive to gearing. Additionally, analysis of the crystal packing revealed that 

multiple molecules of 4.10a arrange to intermesh their triptycene cogs (figure 4.3D). This finding 

would likely preclude any solid-state dynamics and prompted us to focus solely on the solution-

phased properties of 4.10a. 

 

4.3.2 Variable Temperature NMR 
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Figure 4.4 Distinct sets of rotational gearing cycles (I, II and III) of labeled triptycenes following 

the disrotatory interconversion of isomers by a gearing mechanism. Slippage requires conrotation 

and interconverts among isomers of the three sets. Three possible slippage transitions are shown. 

Enantiomeric conformers are denoted with prime symbols.  Figure adapted from Ref. 10. 

 

Labeling both triptycenes of the molecular spur gear with a suitable substituent, as 

indicated by a dot in two of the blades in Figure 4.4 results in desymmetrized rotators that lead to 

the formation of eighteen different conformers (a-i’) distributed in three distinct, isomeric cycles 

(I, II, and III).[22]   Close analysis of these cycles reveals that gearing cycles I and II are related 

by a mirror plane, and thus can be classified as dl isomers, while gearing cycle III has an internal 

mirror plane, leading to its classification as the meso cycle. Conformers within a single cycle can 

interconvert via a concerted, disrotatory (gearing) motion of each triptycene, while conrotatory 

rotation or independent rotation leads to slippage, interconverting the cycles. If gearing occurs 
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with high fidelity, the time average NMR spectrum of an ideally labeled gear will reveal two sets 

of signals for each of the four triptycene protons in a 2:1 ratio that corresponds to isomers a-f and 

a’-f’, and conformers g-i’ in the meso cycle. In a situation where gearing fidelity is low, these 

isomeric cycles will interconvert, leading to a single set of four proton signals that represent the 

time-averaged spectrum of all the individual conformers a-i’. The first experimental test of our 

design was aimed at exploring the dynamics of the blades by variable temperature 1H NMR, 

knowing that without proper labeling we can only ascertain whether rotational exchange between 

the three non-equivalent blade site occurs faster or slower than the NMR time scale. We expected 

to gain an additional insight into the energetics of the gearing and slippage processes by taking 

advantage of computational methods, which could eventually be used to decide the type(s) of 

substituents that could make the two cycles experimentally observable.  
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Figure 4.5 Variable-temperature 1H spectra of MSG 4.10b at temperatures ranging from 295 K to 

187 K. The α- and β-protons are marked with blue and red arrows, respectively.  Signals indicated 

by the black arrow correspond to the phosphine ligand. 
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Figure 4.6 Variable-temperature 1H spectra of MSG 4.10a at temperatures ranging from 298 K to 

218 K. 

 

As shown in Figure 4.5, VT 1H NMR measurements with MSG 10b were carried out in 

CD2Cl2 with temperatures ranging from 295 K to 187 K, which is close to the freezing point of the 

solvent and the limit for our spectrometer. Similar results obtained with 4.10a between 298 and 

218 K are shown included Figure 4.6. Triptycene protons parallel to the axis of rotation and ortho- 

to the bridgehead carbon (α-protons) are labelled with blue arrows while protons meta- to the 

bridgehead carbon (β-protons) are indicated with red arrows. While the spectra are relatively 

complicated, chemical shift changes of both the triptycene α- and β-protons are easy to follow. 

The β-protons are highly shielded due to interactions with the neighboring triptycene blades and 

are easily identified by their coupling pattern as two sets of apparent triplets between 6.9 and 6.5 

ppm. By comparison, the α-protons pointing towards the two different stator components occur as 

apparent doublets between 8.1 and 7.75 ppm. A number of changes were observed for the four 
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triptycene blade signals. The β-protons observed at 6.60 ppm at 295 K shifted upfield by 32 Hz, 

while the signal at 6.87 ppm shifted upfield by only 8.7 Hz. In contrast to this asymmetric change, 

both α-protons shifted upfield by approximately 40 Hz as the temperature was lowered within the 

same range. As the temperature is lowered, the downfield signal experiences a 40 Hz upfield shift, 

similar to the two α-protons and the upfield β-proton. Notably, the phosphine phenyl groups that 

are marked with a black arrow start as two sets of complex signals, one at approximately 7.55 ppm 

and another around 7.65 ppm, and they both shift upfield and merge as the temperature reaches 

187 K. A similar broadening for all signals suggests that there are no internal dynamic processes 

in the 1H NMR time scale indicative of signal coalescence resulting from a slow site exchange. In 

fact, chemical shift changes might arise due to changes in the macrocycle structure, potentially 

mediated by hydrogen-bonding interaction between the bibenzidimazole stator and the α-protons 

in the triptycene gear with broadening caused by an increase in the viscosity of CD2Cl2 as it nears 

its freezing point (Figure 4.7). 

 

 

Figure 4.7 Key hydrogen-bonding interaction in the crystal structure may stabilize the transition 

state for gearing. 
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One may conclude from the above experimental observations that the rotational dynamics 

of MSG 4.10, whether gearing or slippage, are determined by free energy barriers that are easy to 

surmount even at 187 K. However, it is possible that differences in chemical shifts in the three 

non-equivalent blade position of each triptycene gear are not enough to elicit a noticeable effect in 

the NMR spectra. A simple estimate of the conditions that are needed to make rotational dynamics 

observable by VT NMR can be obtained by analyzing the combined effect of the activation energy 

(ΔG‡) and the difference in chemical shift between different exchange sites (Δ𝜈), on the observed 

coalescence temperature (TC), as determined by the following equation:[23]  

∆𝐺‡ = 4.55 ∗  10−3 ∗  𝑇𝑐 ∗ (9.97 ∗ 𝑙𝑜𝑔𝑇𝑐 − log(500 ∗  ∆𝜐)) 

For coalescence to be experimentally observable near the temperature limit of ca. Tc≈180 K of 

CD2Cl2, gearing dynamics would require activation free energy values (ΔG‡) in the range of ca. 

8.5 to 5.5 kcal mol-1 for chemical shift differences between exchange sites (Δ𝜈) that differ from 

ca. 200 to 1500 Hz, respectively. This suggests that in addition to high barriers, different sites 

would require substantially different shielding environments (Δ𝜈) for gearing cycles to be 

unambiguously detected by VT NMR.  With this information at hand, we turned to density 

functional theory (DFT) and performed NMR calculations to obtain the isotropic shift values for 

hydrogen atoms of the three different triptycene blades (Figure 4.8). Calculated isotropic shielding 

values of the most stable gear structure revealed frequency variations in the range of 500 to 1500 

Hz at a spectrometer frequency of 500 MHz, as the one used in our experiments (Table 4.1).  
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Figure 4.8. Hydrogen and carbon atom ID numbers on triptycene gears from DFT NMR 

calculations.  

 

Table 4.1. Hydrogen atom ID numbers and isotropic shift values (ppm) from DFT NMR 

calculations of triptycene spur gears. Isotropic shift values were scaled using TMS as a reference. 

Several hydrogen atom pairs are highlighted in green (H80 and H186) and yellow (H82 and H184) 

for comparison. 

 

 
 

Based on these values, we can conclude that an experimentally measurable rotational 

barrier at or above 187 K would need activation free energies greater than ca. 7-8 kcal mol-1.  

However, it should be noted that this result is not an indication of gearing and/or slippage, as both 

can occur with high exchange rates over low barriers. In fact, for distinct gearing cycles to be 

experimentally observed by VT 1H NMR, it is not enough to have optimal gearing barriers, but it 

would be also essential that slippage has a barrier that is substantially higher than 7-8 kcal mol-1 
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as lower values will interconvert structures of the two types of cycles with corresponding NMR 

time scale.  

4.3.3 Computational Studies 

To analyze gearing dynamics by computational methods,[24] we sought to assess how well 

the two triptycenes stay intermeshed in the macrocyclic architecture as compared to the half-open 

gear with a bibenzimidazole stator previously reported by Siegel et al.[9] We performed molecular 

dynamics (MD) simulations at 300 K for 1 µs for the two molecular gear systems immersed in a 

DCM solvent box and tracked the distances between the bridgehead carbons in intermeshed 

triptycenes. MD simulations were performed using the GPU code (pmemd.cuda)[25] of the 

AMBER 16 package.[26] Parameters for all non-metal atoms were generated within the 

antechamber module using the general AMBER forcefield (gaff).[27] Parameters for the Au+1 ions 

were generated using metal center parameter builder (MCPB.py).[28] Further computational 

details are described in the SI section and in a recent publication from our group.[24]  

 

Figure 4.9 Inter-axle distances between bridgehead carbons in intermeshed triptycenes for half-

open gear (green) and locked macrocyclic gear (blue) as simulated in DCM at 300 K. The 

distribution of inter-axle distances is wider for the half-open gear systems. 
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Figure 4.9 depicts the range of distances that the intermeshed triptycenes are able to explore 

while undergoing their correlated motion. Triptycenes in the half-open gear (colored in green) 

spanned the range of ca. 7.0 to 9.5 Å with two broad peaks observed at ca. 7.4 Å and ca. 8.2 Å 

consistent with distances that are favorable for the slippage and gearing transition states, 

respectively. Notably, more conformations were found at distances suitable for the slippage 

transition state than for gearing. On the other hand, the distance range between triptycenes in the 

macrocyclic gear (colored in blue) was smaller varying from ca. 7.0 Å to ca. 8.6 Å with the highest 

probability density observed at ca. 8.1 Å, which suggests that triptycenes undergo their dynamics 

at a distance that is expected to favor the transition state for gearing. These theoretical observations 

support the use of macrocyclization in order to keep triptycene gears tightly intermeshed, as a 

strategy to enhance the gearing fidelity. 

Having gained insight into the positive impact of macrocyclization on the gearing process, 

we performed MD simulations in the temperature range used in the VT-NMR experiments in 

dichloromethane, from 207 K to 300 K. The simulations were run for 1 µs to allow the system to 

visit all the energetically relevant configurations. Rotational trajectories were analyzed by tracing 

the motion of each triptycene gear via dihedral angle changes that vary from −180 to 180°. The 

dihedral angle for each triptycene is defined as the angle between the plane of the bibenzimidazole 

stator and the plane of one of the triptycene blades. For a meshed triptycene system undergoing 

correlated rotation, gearing is observed when dihedral angles associated with different triptycenes 

turn in opposite directions by 60°. The MD trajectories performed at 207 K for 1 µs showed 

multiple gearing events (Figure 4.10A). Plotting the dihedral angle evolution in time shows that 

as one triptycene gear is changing its dihedral angle in one direction by 60°, the other 

simultaneously responds in the opposite direction, as required for geared rotation. As shown in the 
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bottom frames in Figure 4.10, the extent of correlated behavior between the two gears can be 

appreciated by plotting one dihedral as a function of the other. At 207 K the occupied sites are 

consistent with the three symmetry-related ground state configurations achieved via gearing 

(Figure 4.10A, bottom frame). As the MD simulations temperature increases, more gearing events 

are observed. At 247 K (Figure 4.10B) and 300 K (Figure 4.10C) multiple symmetry-related 

gearing trajectories each offset by a ca. 60° are populated. Configurations outside the diagonal 

gearing trajectories indicate slippage events.   

 

Figure 4.10 Dynamic simulations of triptycene gearing carried out for 1 μs at (A) 207 K; (B) 247 

K and (C) at 300 K in a locked macrocyclic gear immersed in DCM solvent box. Different colors 

in each plot represent dihedral angle values for the two intermeshed triptycene gears. A gearing 

event is observed when a dihedral angle for each gear is changing by 60° in opposite directions. 

Correlated maps show how the two dihedral angles are simultaneously changing in opposite 

directions – as one dihedral is increasing, the other is simultaneously decreasing. As the simulation 

temperature increases more correlated motion events are observed and more symmetry-related 

gearing trajectories are generated. 

 

In order to evaluate the activation barrier to gearing and map the energy landscape, we 

utilized an accelerated sampling technique via well-tempered metadynamics simulations. 

Metadynamics simulation were performed using NAMD 3.0 program.[29] The free energy surface 
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was reconstructed as a function of the dihedral angles describing each triptycene (Figure 4.11A). 

By introducing a bias potential (or force) that acts on the selected variables, the potential mean 

force (PMF) plot along the chosen coordinates was generated (Figure 4.11B). The lowest energy 

trajectories match the ones obtained with MD simulations (Figure 4.10C) and indicate efficient 

gearing. The energy barriers for gearing and slippage were calculated to be ca. 4 kcal mol−1 and 

ca. 9 kcal mol-1, respectively. Notably, the energy barrier for gearing is smaller than the 7.3 kcal 

mol-1 barrier calculated by Siegel et al. for the half-open gear with bibenzimidazole stator in the 

gas phase.[9] The slight asymmetry in the PMF plot is attributed to the asymmetric structure of 

the molecular spur gear and its twisted framework.  

 

 

Figure 4.11 (A) Dihedral angles (atoms circled in red and blue) used to define triptycene rotation 

in the macrocyclic gear. (B) Potential mean force plot for triptycene rotation generated using 

well-tempered metadynamics simulations. The top-left to bottom-right diagonals represent the 

lowest energy trajectory for gearing, with dihedral angles changing in opposite directions. 

Energy scale is in kcal mol-1. 

 

Similar metadynamics studies were previously done by our group on Siegel’s half-open 

molecular spur gear with an ethenyl bridged bibenzimidazole stator. For that system, we confirmed 

low rotational barriers for gearing and slippage (2.4 and 3.5 kcal mol-1, respectively) and showed 



 159 

perfectly symmetric PMF plot.[10] We believe that locking triptycenes in a meshed configuration 

at suitable inter-axle distance for gearing, stabilizes the gearing transition state and allows the 

system to efficiently undergo gearing dynamics. These computational observations suggest that 

gearing dynamics are outside the experimental NMR timescales, and the calculated barriers for 

gearing and slippage are too low for the motion to be observed experimentally via phase isomer 

formation. 

4.4 Conclusions 

Our results suggest that macrocyclization is a valuable strategy for enhancing gearing 

fidelity in molecular spur gear systems by locking the triptycene cogs into the correct position and 

orientation for gearing. Using a convenient convergent synthesis, we were able to create a rigid 

organogold complex with triptycenes aligned in parallel and at a proper gearing distance. The MD 

simulations showed that macrocyclization prevents 4.10a from accessing slippage transition states 

and reverses the preference for slippage observed with MSG 4.5 by limiting the bending modes 

that would otherwise be accessible to the gear. Metadynamics simulations of the energetic profile 

for gearing indicated that macrocyclization did not change the relative barriers of 4.10a 

significantly as compared to those of the half-open gear 4.5.  In the macrocyclic gear the barriers 

for gearing and slippage were ca. 4 kcal mol-1 and ca. 9 kcal mol-1, respectively, while in the half-

open gear 4.5, as previously studied by Siegel et al., they were ca. 7.3 kcal mol-1 and ca. 11.6 kcal 

mol-1, respectively.  While bevel gears only required tight meshing to create experimentally visible 

dynamics, spur gears also require finely tuned energy barriers that bring the barrier to slippage 

above 11 kcal mol-1 such that the gearing dynamics will be observable using variable-temperature 

NMR.  
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Figure 4.12 Ground state and key transition states for 4.10a, and other triptycene-based spur 

gears, as well as key intermolecular inter-actions for tuning energetic barriers. 

 
These findings suggest that future iterations of triptycene-based spur gears should utilize 

macrocyclic stators that position triptycenes ca. 8.1 Å apart in a rigid structure to prevent slippage, 

and then alter the slippage barrier using asymmetric triptycenes containing a combination of 

electron poor and electron rich phenylenes. In this system, favorable orbital interactions would 

stabilize the ground state and gearing transition state, but would be lost in the slippage transition 

state (Figure 4.12), widening the energetic gap between gearing and slipping. 

 

4.5 Experimental procedures  

4.5.1 General experimental procedures  

Unless otherwise notified all commercially available compounds were used as received without 

further purification. 9,10-diethynyl triptycene, 4.11a, 9,10-diethynyl triptycene-d8, 11b, and 

naphthalene-2,7-ditriflyl were prepared as reported in the literature.[30,31] Thin-layer 

chromatography (TLC) plates pre-coated with silica gel 60 F254 were purchased and were 

visualized using a UV lamp. Flash column chromatography was performed using silica gel 

(230−400 mesh) as the stationary phase. Anhydrous tetrahydrofuran (THF) was distilled from 
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sodium-benzophenone in a continuous still under an atmosphere of argon. Melting points of solids 

were measured without calibration of the apparatus. 1H NMR and 13C NMR spectra in solution 

were recorded at 500 MHz and 126 MHz, respectively. Chemical shifts are reported in ppm and 

the (residual) solvent signals of CDCl3 (
1H NMR: δ 7.26 ppm; 13C NMR: δ 77.0 ppm) or CD2Cl2  

(1H NMR: δ 5.32 ppm; 13C NMR: δ 53.8 ppm) were used as reference. Multiplicities of the peaks 

are reported as singlet (s), doublet (d), triplet (t), or multiplet (m). The coupling constants J are 

reported in Hz. Infrared spectra (IR) were recorded with a HATR-FTIR instrument. High-

resolution mass spectra were acquired using APCI/MALDI ionization methods and the signal was 

detected with a TOF detector.  

 

4.5.2 Synthetic Procedures 

 

((10-ethynyl-9,10-[1,2]benzenoanthracen-9(10H)-yl)ethynyl)triisopropylsilane 

(4.12a): 3 A 50 mL round bottom flask was charged with dialkyne 4.11a (300 mg, 

0.99 mmol) and placed under an inert argon atmosphere. 15 mL of THF were then 

added and the solution was cooled to -78 oC. n-butyllithium (0.6 mL, 0.99 mmol) 

was then added to the flask and the mixture was stirred for 30 minutes. Triisopropylsilyl chloride 

(0.24 mL, 1.14 mmol) was then added to the flask and the reaction mixture was first warmed to 

room temperature and then brought to reflux overnight. The mixture was then cooled to room 

temperature and quenched with saturated ammonium chloride solution. The resultant solution 

was extracted three times with DCM (10 mL), dried over MgSO4, and concentrated to yield a 

white powder. Purification of the crude mixture was accomplished by flash chromatography 

(SiO2, Hexanes) to yield 200 mg of pure monoprotected product (44% yield) as a white solid. 

Diprotected and unprotected products were combined, deprotected with tetrabutylammonium 
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fluoride and purified with a hexane column to be reused in subsequent reactions. Rf  0.37 (SiO2, 

Hexane); 1H NMR (500 MHz, CDCl3) δ 7.83 – 7.79 (m, 3H), 7.79 – 7.74 (m, 3H), 7.20 – 7.07 

(m, 6H), 3.31 (s, 1H), 1.43 – 1.26 (m, 21H); 13C NMR (126 MHz, CDCl3) δ 143.56, 143.20, 

125.97, 125.87, 122.53, 122.23, 101.25, 94.28, 81.04, 78.27, 53.51, 52.34, 19.02, 11.59; IR 

(Film)  3285.72, 2943.08, 2865.07, 2175.53, 1453.33, 1302.91, 1219.17, 1032.29, 881.61, 

751.82, 745, 696.4, 674.13, 657.22, 639.94, 489.35 cm-1; HRMS (APCI) Calcd for C33H34Si 

(M+1) 458.24298, found 459.24859. 

 

Di-tert-butyl-6,6'-di-tert-butyl-4,4'-bis((10-

((triisopropylsilyl)ethynyl)-9,10-[1,2]benzenoanthracen-9(10H)-

yl)ethynyl)-1H,1'H-[2,2'-bibenzo[d]imidazole]-1,1'-dicarboxylate 

(4.14a): To an argon-flushed solid mixture of 4.12a (400 mg, 0.872 

mmol), 4.13 (292.5 mg, 0.415 mmol), CuI (15.8 mg, 83 µmol), and 

Pd(PPh3)2Cl2 (29.2 mg, 41.5 µmol) were added. The flask was then charged with degassed, dry 

THF (10 mL) and degassed triethylamine (10 mL). The reaction mixture was stirred and heated to 

70 ºC. After 18 h, the solvents were removed from the reaction mixture and the remaining solid 

was subjected to column chromatography (alumina, hexane/CH2Cl2 = 9.5:0.5 - 9:1), giving 4.14a 

as a white solid (360 mg, 60%). Rf 0.6 (alumina, 2:8 CH2Cl2:Hexane); 1H NMR (500 MHz, CDCl3) 

δ 8.27 (d, J = 1.8 Hz, 2H), 8.06 – 8.00 (m, 6H), 7.95 (d, J = 1.8 Hz, 2H), 7.77 – 7.72 (m, 6H), 7.06 

– 7.00 (m, 12H), 1.54 (s, 18H), 1.45 (s, 18H), 1.36 – 1.27 (m, 42H); 13C NMR (126 MHz, CDCl3) 

δ 149.77, 148.02, 144.60, 143.76, 143.54, 142.21, 133.13, 126.72, 125.89, 125.68, 122.97, 122.25, 

114.98, 112.71, 101.61, 93.89, 89.67, 88.19, 85.80, 53.54, 53.37, 35.61, 31.95, 27.95, 19.01, 11.59; 

IR (Film)  2952.09, 2864.88, 1750.49, 1606.98, 1454.51, 1403.52, 1357.15, 1305.99, 1293.24, 
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1250.44, 1234.33, 1129.21, 1048.77, 1031.73, 907.89, 878.92, 843.52, 752.16, 731.88, 697.08, 

677.22, 667.15, 639.77, 582.03, 488.75 cm-1; HRMS (MALDI) Calcd for C98H106N4O4Si2 with 

loss of 2 x Boc + Na+ (1281.6602) Found: 1281.6366. 

 

3,10-di-tert-butyl-1,12-bis((10-ethynyl-9,10-

[1,2]benzenoanthracen-9(10H)-yl)ethynyl)-6,7-

dihydrobenzo[4,5]imidazo[1,2-a]benzo[4,5]imidazo[2,1-

c]pyrazine (4.8a): To a solution of 4.14a (300 mg, 0.205 mmol) in 

CH2Cl2 (4 mL) under air was added trifluoroacetic acid (0.45 mL). 

The reaction mixture was stirred at room temperature for 3 h, after which water, sat. NaHCO3 

solution was added until the solution was neutralized. The layers were separated and the aqueous 

phase was extracted with CH2Cl2. The combined organic phases were washed with saturated 

NaCl solution and dried over MgSO4, and concentrated, affording crude 4,4’- bis(triptycen-9-

ylethynyl)-6,6’-di-tert-butyl-2,2’-bibenzimidazole as a white solid (258 mg), which was used 

directly in the next step. 

 

Crude 4,4’-bis(triptycen-9-ylethynyl)-6,6’-di-tertbutyl-2,2’-bibenzimidazole (260. mg, 21 

µmol) was dissolved in THF (5 mL). To this solution, Cs2CO3 (201. mg, 617 µmol) and excess 1-

bromo-2-chloroethane (5 mL) were added. The reaction mixture was stirred for 17 h at 60 ºC. 

Water and CH2Cl2 were added and the layers were separated. The aqueous phase was extracted 

with CH2Cl2 and the combined organic phases were washed with sat. NaCl, dried with MgSO4 and 

concentrated in vacuo. The resulting residue was subjected to column chromatography (SiO2, 

hexane/EtOAc = 7:3 – 1:1) giving 156 mg of white powder. 
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135 mg of the resultant compound was added to a 50 mL round bottom flask and placed under 

argon. 25 mL of dry THF was then added to the solution and the mixture was cooled to -78 oC. 

Subsequently, 0.22 mL of 1M TBAF in THF was added to the solution and then the mixture was 

allowed to warm to 0 oC. The mixture then stirred for 15 minutes before being quenched with a 

saturated NH4Cl solution. The mixture was then extracted 3 times with 20 mL CH2Cl2 and the 

organic phase was dried over MgSO4 and concentrated. The crude mixture was purified with 

column chromatography (SiO2, hexane/EtOAc 1:1) to yield 75 mg of 4.8a as a white, crystalline 

powder (44% yield over three steps). Rf 0.38 (SiO2, 1:2 EtOAc:Hexane); 1H NMR (500 MHz, 

CDCl3) δ 8.11 (d, J = 7.3 Hz, 6H), 7.85 (d, J = 1.5 Hz, 2H), 7.68 (d, J = 7.3 Hz, 6H), 7.50 (d, J = 

1.5 Hz, 2H), 6.98 (td, J = 7.4, 0.8 Hz, 6H), 6.78 (td, J = 7.4, 0.8 Hz, 6H), 4.73 (s, 4H), 3.29 (s, 

2H), 1.53 (s, 18H); 13C NMR (126 MHz, CDCl3) δ 148.11, 143.74, 143.70, 143.02, 142.19, 134.46, 

126.14, 126.01, 125.62, 123.04, 121.93, 115.27, 106.59, 90.01, 88.18, 80.76, 78.60, 53.45, 52.37, 

40.93, 35.45, 31.98; IR (film)  3298.91, 3067.63, 2959.62, 2925.25, 2866.75, 1727.8, 1608.51, 

1454.17, 1420.65, 1379.59, 1363.8, 1337.83, 1326.83, 1306.01, 1255.35, 1233.56, 1202.06, 

1155.91, 1079.35, 1031.93, 908.13, 879.05, 849.32, 803.65, 753.62, 732.48, 654.81, 640.02, 

576.94, 486.8 cm-1; HRMS (APCI) Calcd for C72H52N4 (M+1) 973.42647, found 973.4275. 

 
 2,7-bis(diphenylphosphaneyl)naphthalene (4.9a): A 25 mL 

Schlenk flask was charged with dppf (33.17 mg, 0.077 mmol), 

Pd(OAc)2 (15.9 mg, 0.071 mmol) and placed under an argon 

atmosphere. Subsequently, 3 mL of argon sparged DMF and 2 mL of argon sparged DIPEA were 

added to the flask and the solution was stirred for 1 hr. HPPh2 (0.492 mL, 2.83 mmol) was then 

added and the mixture was stirred for an additional 5 minutes. Finally, naphthalene-2,7-ditriflyl 

(300 mg, 0.71 mmol) dissolved in 2 mL of argon sparged DMF was slowly syringed into the 
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mixture and the mixture was stirred overnight at 100 oC. After this time, the crude solution was 

cooled to room temperature and 10mL of water was added. This mixture was then extracted 3 

times with CH2Cl2 (20 mL), and the combined organic layers were dried over MgSO4 then 

concentrated in vacuo. The crude compound was columned using silica as the stationary phase and 

a 1:2 mixture of CH2Cl2:Hexane to yield 300 mg of 4.9 (85% yield). Rf 0.33 (SiO2, 1:1 

CH2Cl2:Hexane); 1H NMR (500 MHz, CDCl3) δ 7.78 (t, J = 7.5 Hz, 4H), 7.43 – 7.40 (m, 2H), 7.39 

– 7.34 (m, 20H); 13C NMR (126 MHz, CDCl3) δ 136.98, 136.90, 135.46, 135.37, 134.66, 134.46, 

133.96, 133.81, 133.40, 133.25, 133.18, 131.03, 130.90, 128.98, 128.73, 128.68, 127.93, 127.88; 

IR (film)  3050.95, 1584.51, 1477.6, 1433, 1316.28, 1272.23, 1183.22, 1087.18, 1069.26, 1026.36, 

999.36, 946.92, 907.56, 842.81, 738.61, 694.06, 651.48, 565, 491.16, 477.2 cm-1; HRMS (APCI) 

Calcd for C34H26P2 (M+1) 497.15996, found 497.15825. 

 
 

Golden Macrocyclic Spur Gear (4.10a): 4.8a (10 mg, 0.010 mmol) 

was dissolved in 5 mL of CH2Cl2 and added to a 25 mL round bottomed 

flask. (SMe2)AuCl (6.05 mg, 0.020 mmol) dissolved in 5 mL CH2Cl2 

was then added followed by 1 drop of triethylamine. This mixture was 

stirred for 15 min to allow complexation to occur, which can be 

convenient monitored by the disappearance of 4.8a on TLC. After this, 

4.9 (5.10 mg, 0.01 mmol) dissolved in 5 mL of CH2Cl2 was added 

dropwise and the final mixture was stirred for 3 hrs. Additional 4.9 could be titrated into the 

mixture if complete conversion of 4.8a into 4.10a did not proceed efficiently. After completion of 

the reaction, the mixture was run through a small silica plug and rinsed multiple times with CH2Cl2. 

This mixture was then concentrated in vacuo to yield a crude yellow colored paste. This paste was 
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then dissolved in 3 mL CH2Cl2 and then 5 mL of hexane and 1 mL of MeOH was added to crashed 

4.10a out of solution. This heterogeneous mixture was then centrifuged and the solvent mixture 

was removed. This powder was then washed with 3 mL of CH2Cl2 and 6 mL of hexane 3 more 

times with centrifugation between each step. After completion of these purifications, the white 

powder was dried to yield 11.6 mg of 4.10a (60% yield). Rf 0.25 (SiO2, 4:1 CH2Cl2:Hexane); mp 

420°C (decomposition); 1H NMR (500 MHz, CD2Cl2) δ 9.23 (d, J = 17.0 Hz, 2H), 8.06 (d, J = 7.3 

Hz, 6H), 8.01 (d, J = 8.4 Hz, 2H), 7.92 (s, 2H), 7.88 (d, J = 7.3 Hz, 6H), 7.72 (dd, J = 11.8, 7.4 

Hz, 8H), 7.61 (s, 2H), 7.58 (m, J = 7.6 Hz, 12H), 7.47 (t, J = 8.6 Hz, 2H), 6.87 (t, J = 7.3 Hz, 6H), 

6.59 (t, J = 7.4 Hz, 6H), 4.80 (s, 4H), 1.55 (s, 18H); IR (film) 2957.37, 1708.72, 1607.37, 1454.16, 

1436.85, 1419.51  1379.36, 1362.69, 1332.35, 1253.49, 1155.56, 1099.04, 1029.69, 998.79, 

916.45, 877.64, 845.43, 749.41, 692.21, 659.93, 639.66, 621.71, 565.91, 537.91, 489.27 cm-1; 

HRMS (ESI) Calcd for C106H76Au2N4P2 (M+H) 1861.4955, found 1861.4944. 

 

((10-ethynyl-9,10-[1,2]benzenoanthracen-9(10H)-yl)ethynyl)triisopropylsilane-d8 (4.12b): A 

50 mL round bottom flask was charged with dialkyne 4.11b (600 mg, 1.93 mmol) 

and placed under an inert argon atmosphere. 15 mL of THF were then added and 

the solution was cooled to -78 oC. n-butyllithium (0.775 mL, 1.93 mmol) was 

then added to the flask and the mixture was stirred for 30 minutes. 

Triisopropylsilyl chloride (0.42 mL, 2.20 mmol) was then added to the flask and the reaction 

mixture was first warmed to room temperature and then brought to reflux overnight. The mixture 

was then cooled to room temperature and quenched with saturated ammonium chloride solution. 

The resultant solution was extracted three times with DCM (10 mL), dried over MgSO4, and 

concentrated to yield a white powder. Purification of the crude mixture was accomplished by flash 
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chromatography (SiO2, Hexanes) to yield 430 mg of pure monoprotected product (44% yield) as 

a white solid. Diprotected and unprotected products were combined, deprotected with 

tetrabutylammonium fluoride and purified with a hexane column to be reused in subsequent 

reactions. Rf 0.37 (Silica, Hexane);  1H NMR (500 MHz, CDCl3) δ 8.62 (dd, J = 9.5, 5.4 Hz, 2H), 

8.20 (dd, J = 10.5, 2.5 Hz, 2H), 7.43 (ddd, J = 10.0, 7.8, 2.5 Hz, 2H), 1.36 – 1.21 (m, 42H); 13C 

NMR (126 MHz, CDCl3) 143.58, 143.50, 143.22, 143.14, 125.96, 125.86, 125.74, 125.64, 125.54, 

125.45, 125.35, 125.26, 125.16, 122.52, 122.41, 122.32, 122.22, 122.13, 122.03, 121.94, 121.84, 

121.64, 101.28, 94.17, 80.95, 78.29, 53.44, 52.27, 19.01, 11.59; IR (Film) 3285.72, 2943.08, 

2890.66, 2865.08, 2277.2, 2172.2, 1601.37, 1578.39, 1467.68, 1387.81, 1358.9, 1289.62, 1229.19, 

1058.76, 1016.05, 992.16, 917.8, 882.46, 810.28, 744.47, 674.17, 657.05, 621.2, 583.76, 577, 

509.82, 478.7, 455.83 cm-1; HRMS (APCI) Calcd for C33H26D8Si (M) 466.29341, found 

466.29264. 

 
 Di-tert-butyl-6,6'-di-tert-butyl-4,4'-bis((10-

((triisopropylsilyl)ethynyl)-9,10-[1,2]benzenoanthracen-

9(10H)-yl)ethynyl)-1H,1'H-[2,2'-bibenzo[d]imidazole]-1,1'-

dicarboxylate-d16 (4.14b): To an argon-flushed solid mixture of 

4.12b (275 mg, 0.590 mmol), 4.13 (197.6 mg, 0.28 mmol), CuI 

(10.70 mg, 56.11 µmol), and Pd(PPh3)2Cl2 (19.7 mg, 28.06 µmol) were added. The flask was 

then charged with degassed, dry THF (8 mL) and degassed triethylamine (8 mL). The reaction 

mixture was stirred and heated to 70 ºC. After 18 h, the solvents were removed from the reaction 

mixture and the remaining solid was subjected to column chromatography (alumina, 

hexane/CH2Cl2 = 9.5:0.5 - 9:1), giving 4.14b as a white solid (248 mg, 60%). Rf 0.6 (alumina, 

2:8 CH2Cl2:Hexane); 1H NMR (500 MHz, CDCl3) δ 8.25 (d, J = 1.7 Hz, 2H), 8.01 (dd, J = 5.6, 
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3.1 Hz, 2H), 7.93 (d, J = 1.7 Hz, 2H), 7.73 (dd, J = 5.6, 3.1 Hz, 2H), 7.09 – 6.94 (m, 2H), 1.53 (s, 

16H), 1.44 (s, 16H), 1.28 (d, J = 5.3 Hz, 42H); 13C NMR (126 MHz, CDCl3) δ 149.77, 148.02, 

144.60, 143.78, 143.70, 143.56, 143.48, 142.20, 133.13, 126.73, 126.56, 125.88, 125.67, 125.37, 

124.39, 122.96, 122.88, 122.60, 122.24, 122.08, 121.86, 114.98, 112.71, 101.64, 93.79, 89.57, 

88.21, 85.80, 53.47, 53.30, 35.61, 31.95, 29.85, 28.66, 27.95, 19.01, 11.59; IR (Film) 2959.33, 

2942.81, 2865.17, 2287.75, 2173.48, 1751.44, 1692.74, 1601.62, 1462.37, 1404.16, 1352.17, 

1300.61, 1247.94, 1233.78, 1206.86, 1144.19, 1121.33, 1056, 1005.14, 996.02, 974.64, 908.85, 

881.99, 843.53, 810.17, 749.2, 735.78, 677.87, 661.16, 621.23, 582, 529.48, 500.67, 478.9 cm-1; 

HRMS (MALDI) Calcd for C98H90D16N4O4Si2 with loss of 2 x Boc + Na+ (1297.7606) Found: 

1297.7253. 

 
3,10-di-tert-butyl-1,12-bis((10-ethynyl-9,10-[1,2]benzenoanthracen-9(10H)-yl)ethynyl)-6,7-

dihydrobenzo[4,5]imidazo[1,2-a]benzo[4,5]imidazo[2,1-

c]pyrazine-d16 (4.8b): To a solution of 4.14b (160 mg, 0.108 mmol) 

in CH2Cl2 (4 mL) under air was added trifluoroacetic acid (0.45 

mL). The reaction mixture was stirred at room temperature for 3 h, 

after which water, sat. NaHCO3 solution was added until the 

solution was neutralized. The layers were separated and the aqueous phase was extracted with 

CH2Cl2. The combined organic phases were washed with saturated NaCl solution and dried over 

MgSO4, and concentrated, affording crude 4,4’- bis(triptycen-9-ylethynyl)-6,6’-di-tert-butyl-

2,2’-bibenzimidazole-d16 as a white solid (138 mg), which was used directly in the next step. 

 

Crude 4,4’-bis(triptycen-9-ylethynyl)-6,6’-di-tertbutyl-2,2’-bibenzimidazole-d16 (138 mg, 108 

µmol) was dissolved in THF (5 mL). To this solution, Cs2CO3 (104.5 mg, 320 µmol) and excess 
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1-bromo-2-chloroethane (3 mL) were added. The reaction mixture was stirred for 17 h at 60 ºC. 

Water and CH2Cl2 were added and the layers were separated. The aqueous phase was extracted 

with CH2Cl2 and the combined organic phases were washed with sat. NaCl, dried with MgSO4 and 

concentrated in vacuo. The resulting residue was subjected to column chromatography (SiO2, 

hexane/EtOAc = 7:3 – 1:1) giving 120 mg of white powder. 

 

120 mg (0.085 mmol) of the resultant compound was added to a 25 mL round bottom flask and 

placed under argon. 10 mL of dry THF was then added to the solution and the mixture was cooled 

to -78 oC. Subsequently, 0.2 mL (.186 mmol) of 1M TBAF in THF was added to the solution and 

then the mixture was allowed to warm to 0 oC. The mixture then stirred for 15 minutes before 

being quenched with a saturated NH4Cl solution. The mixture was then extracted 3 times with 20 

mL CH2Cl2 and the organic phase was dried over MgSO4 and concentrated. The crude mixture 

was purified with column chromatography (SiO2, hexane/EtOAc 1:1) to yield 45 mg of 4.8b as a 

white, crystalline powder (44% yield over three steps). Rf 0.38 (SiO2, 1:2 EtOAc:Hexane);  1H 

NMR (600 MHz, CD2Cl2) δ 8.08 (dd, J = 7.5, 0.8 Hz, 1H), 7.89 (d, J = 1.7 Hz, 1H), 7.68 (dd, J = 

7.5, 0.8 Hz, 1H), 7.52 (d, J = 1.7 Hz, 1H), 6.98 (td, J = 7.5, 1.2 Hz, 1H), 6.79 (td, J = 7.5, 1.2 Hz, 

1H), 4.77 (s, 2H), 3.28 (s, 1H), 1.54 (s, 8H); 13C NMR (126 MHz, CD2Cl2) δ 148.78, 148.73, 

144.24, 144.20, 144.11, 144.08, 143.50, 143.42, 143.39, 142.86, 135.04, 131.48, 129.29, 126.58, 

126.19, 126.15, 123.24, 122.36, 121.98, 115.11, 107.64, 90.56, 88.07, 81.44, 78.51, 52.70, 41.53, 

35.82, 32.09, 30.25; IR (Film) 3282.11, 2964.29, 1602.83, 1466.91, 1417.54, 1376.49, 1355.6, 

1337.45, 1323.24, 1266.59, 1156.76, 1031.03, 870, 857.1, 843.34, 811.6, 749.54, 664.99, 621.24, 

580.88, 528.32, 477.16 cm-1; HRMS (APCI) Calcd for C72H36D16N4 (M+1) 989.52690, found 

989.52785. 
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 Golden Macrocyclic Spur Gear-d16 (4.10a): 4.8b (10 mg, 0.010 

mmol) was dissolved in 5 mL of CH2Cl2 and added to a 25 mL round 

bottomed flask. (SMe2)AuCl (6.05 mg, 0.020 mmol) dissolved in 5 

mL CH2Cl2 was then added followed by 1 drop of triethylamine. 

This mixture was stirred for 15 min to allow complexation to occur, 

which can be convenient monitored by the disappearance of 4.8b on 

TLC. After this, 4.9 (5.10 mg, 0.01 mmol) dissolved in 5 mL of 

CH2Cl2 was added dropwise and the final mixture was stirred for 3 hrs. Additional 4.9 could be 

titrated into the mixture if complete conversion of 4.8b into 4.10b did not proceed efficiently. After 

completion of the reaction, the mixture was run through a small silica plug and rinsed multiple 

times with CH2Cl2. This mixture was then concentrated in vacuo to yield a crude yellow colored 

paste. This paste was then dissolved in 3 mL CH2Cl2 and then 5 mL of hexane and 1 mL of MeOH 

was added to crashed 4.10b out of solution. This heterogeneous mixture was then centrifuged and 

the solvent mixture was removed. This powder was then washed with 3 mL of CH2Cl2 and 6 mL 

of hexane 3 more times with centrifugation between each step. After completion of these 

purifications, the white powder was dried to yield 11.6 mg of 4.10b (60% yield). Rf 0.25 (SiO2, 

4:1 CH2Cl2:Hexane);  mp 420°C (decomposition); 1H NMR (500 MHz, CD2Cl2) δ 9.23 (d, J = 

17.2 Hz, 2H), 8.06 (dd, J = 7.5, 0.7 Hz, 2H), 8.01 (d, J = 7.0 Hz, 2H), 7.92 (d, J = 1.7 Hz, 2H), 

7.88 (dd, J = 7.5, 0.8 Hz, 2H), 7.79 – 7.67 (m, 2H), 7.58 (dddd, J = 11.2, 6.5, 5.6, 2.0 Hz, 1H), 7.47 

(td, J = 8.4, 1.5 Hz, 1H), 6.87 (td, J = 7.4, 1.2 Hz, 1H), 6.60 (td, J = 7.4, 1.2 Hz, 1H), 4.80 (s, 1H), 

1.55 (s, 1H); IR (Film) 2956.95, 1601, 1454.78, 1436.33, 1356.86, 1249.43, 1156.54, 1098.37, 

1027.36, 998.52, 915.56, 880.56, 844.93, 808.54, 745.26, 692.18, 659.71, 621.48, 583.03, 565.71, 
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537.65, 493.64, 476.48 cm-1; HRMS (MALDI) Calcd for C106H60D16Au2N4P2 [M+Na]+ 

1899.5778, found 1899.4804. 

4.5.3 Micro-Electron Diffraction Set-Up  

Sample Preparation for Electron Diffraction Samples were prepared using Quantifoil TEM 

grids. To prepare sample grids, a new TEM grid was placed in a vial with the sample as a dry 

powder and gently shaken. TEM grids were then placed in a standard single-tilt TEM holder at 

room temperature. 

Instrument Parameters Data was acquired on an FEI Tecnai TF-30 electron microscope 

operating at ambient temperature with and operating voltage of 300 KeV, corresponding to a 

wavelength of 0.0196 Å. Screening of the TEM grids for micro crystals was done by operating 

the microscope in over focused diffraction mode to minimize diffraction and hysteresis between 

screening and diffraction operational modes. 

Electron Diffraction Data Collection Procedure Electron diffraction data was collected using 

a TVIPS TemCam-XF416 CMOS 4k x 4k camera. Images were collected in a movie format as 

crystals were continuously rotated in the electron beam. Typical data collection was performed 

using a constant tilt rate of 0.3°/s between the minimum and maximum tilt ranges of -72° to 

+72°, respectively. During continuous rotation the camera integrated frames continuously at a 

rate of 3 seconds per frame. The dose rate was calibrated to <0.03 e-/Å2
 s. Crystals selected for 

data collection were isolated by a selected area aperture to reduce the background noise 

contributions and calibrated to eucentric height to stay in the aperture over the entire tilt range. 

4.6 Notes related to Chapter Four 

4.6.1 NMR Data Relevant to Chapter Four 
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Figure 4.13 1H NMR spectrum of compound 4.12a at 500 MHz in CDCl3. 
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Figure 4.14 13C NMR spectrum of compound 4.12a at 500 MHz in CDCl3 
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Figure 4.15 1H NMR spectrum of compound 4.14a at 500 MHz in CDCl3. 
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Figure 4.16 13C NMR spectrum of compound 4.14a at 500 MHz in CDCl3. 
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Figure 4.17 1H NMR spectrum of compound 4.8a at 500 MHz in CDCl3. 
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Figure 4.18 13C NMR spectrum of compound 4.8a at 500 MHz in CDCl3. 
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Figure 4.19 1H NMR spectrum of compound 4.9 at 500 MHz in CDCl3. 
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Figure 4.20 13C NMR spectrum of compound 4.9 at 500 MHz in CDCl3. 
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Figure 4.21 1H NMR spectrum of compound 4.10a at 500 MHz in CDCl3. 
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Figure 4.22 1H NMR spectrum of compound 4.12b at 500 MHz in CDCl3. 
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Figure 4.23 13C NMR spectrum of compound 4.12b at 500 MHz in CDCl3. 
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Figure 4.24 1H NMR spectrum of compound 4.14b at 500 MHz in CDCl3. 
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Figure 4.25 13C NMR spectrum of compound 4.14b at 500 MHz in CDCl3. 
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Figure 4.26 1H NMR spectrum of compound 4.8b at 500 MHz in CDCl3. 
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Figure 4.27 13C NMR spectrum of compound 4.8b at 500 MHz in CDCl3. 
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Figure 4.28 1H NMR spectrum of compound 4.10b at 500 MHz in CDCl3. 
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4.6.2 FTIR Data Relevant to Chapter Four 

 

 
Figure 4.29 FTIR spectrum of compound 4.12a taken as a powder. 

 

 

 

 
Figure 4.30 FTIR spectrum of compound 4.14a taken as a powder. 
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Figure 4.31 FTIR spectrum of compound 4.8a taken as a powder. 

 

 

 

 
Figure 4.32 FTIR spectrum of compound 4.9 taken as a powder. 
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Figure 4.33 FTIR spectrum of compound 4.10a taken as a powder. 

 

 

 

 
Figure 4.34 FTIR spectrum of compound 4.12b taken as a powder. 
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Figure 4.35 FTIR spectrum of compound 4.14b taken as a powder. 

 

 

 

 
Figure 4.36 FTIR spectrum of compound 4.8b taken as a powder. 
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Figure 4.37 FTIR spectrum of compound 4.10b taken as a powder. 

 

 

4.7 Crystallographic Information Relevant to Chapter Four  

Table 4.2 Crystallographic data for the solved structure of 4.10a. 

Empirical formula C106H76N4P2Au2 

Formula weight (g/mol) 1861.68 

Crystal system Monoclinic 

Space group P2(1)/n (14) 

Point group 2 

Laue symmetry 2/m 

Temperature (K) 293 

Unit cell lengths a, b, c (Å) 15.240(5), 30.41(1), 23.080(16) 

Unit cell angles α, β, γ (°) 90.000, 88.04(6), 90.000 

Unit cell volume (Å3) 10690 

F(000) 3711.2 

Z 4 

Density (calculated) (g/cm3) 1.157 

Radiation source, wavelength (Å) electron, 0.01969 

Resolution (Å) 1.10 

Measured reflections 27672 

Unique reflections 6521 

Reflections with I > 2σ(I) 4262 

Completeness 77.6% (3 merged datasets) 

I/ σ 4.68 

Θmax, Θmin (°) 0.513, 0.071 

Index ranges -13 ≤ h ≤ 13, -27 ≤ k ≤ 27, 

-18 ≤ l ≤ 18 

 

Refinement method Full-matrix least-squares on F2 

H-atom treatment H-atom parameters constrained 
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R[F2 > 2σ(F2)] 0.131 

wR(F2) 0.369 

Goodness-of-fit on F2 1.120 

Δρmax, Δρmin (e/Å3) 0.12, -0.15 
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CHAPTER FIVE 

 

The Slip/Stick Viscosity Models of Nanoconfined Liquids: Solvent-Dependent Rotation in 

Metal-Organic Frameworks 

 

Work in this chapter is incorporated into a unsubmitted manuscript with authors Marcus J. Jellen, 

Xing Jiang, Stefan Benders, Alina Adams*, Miguel A. Garcia-Garibay* 

 

 

5.1 Abstract  

Artificial molecular machines (AMMs) are expected to operate in environments where 

interfacial viscous forces impact molecules significantly. With that, it has been long known that 

solvent behaviors are dramatically different when they are confined to limited spaces as compared 

to those of the bulk solvents. Currently, most widely techniques available to probe the dynamic 

properties of liquids in 3D nanoconfined space are fluorescence spectroscopy and scattering 

experiments. However, the dynamics of liquids trapped in mesopores, which feature much slower 

movements and consequently much higher effective viscosities, do not fit into this time frame 

these techniques can probe. In this study, we demonstrate the utility of NMR to probe the behavior 

of DMF, DEF, 2-octanone, bromobenzene, o-dichlorobenzene, and benzonitrile occluded in a 

multicomponent amphidynamic metal-organic framework utilizing a combination of 1D and 2D 

relaxation, diffusion, and spectroscopy techniques. 2H spin echo measurements reveal that 

triptycene and phenylene rotators can act as viscosity probes in environments with viscosity values 

that are approximately ~100 – 102 pa s and ~100 – 103 pa s, respectively. MAS assisted T2 
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measurements of occluded solvents demonstrated relaxation rates of approximately 100 – 1000 ms 

over the explore temperature ranges. MAS assisted T1 measurements of occluded solvents 

demonstrated much lower energy rotational dynamics than observed from 2H measurements for 

all solvents while diffusion measurements of DMF gave intermediate dynamics for the 

translational motion in MOFs. 

5.2 Introduction  

It has been long known that solvent behaviors are dramatically altered when they are 

confined to limited spaces as compared to those of bulk solvents.[1] Pioneering research has been 

done in the past three decades by physicists to examine 2D-confined solvents to understand friction 

and lubrication with aid from advanced microscopy techniques and supercomputers.[2] 1D 

confinement and 1D transportation processes have also been explored lately.[3] 3D confined 

solvents are of increasing interest with the development of various porous materials, which offer 

a wide variety of opportunities in gas storage and separation, catalysis, and energy transformation. 

Currently, the most widely utilized techniques available to probe the dynamic properties of liquids 

in 3D space are fluorescence spectroscopy and scattering experiments.[4] Both techniques, 

however, are more suitable for fast events in picosecond and nanosecond timescale. While the 

dynamics of liquids in the bulk form and those trapped in mesopores does fit into the time 

framework, nanoconfined solvent molecules feature much slower movements and consequently 

much higher effective viscosity.[5] However, effective methods have been underdeveloped for the 

investigation of such behaviors, especially considering the important roles of porous materials as 

platforms for gas storage or catalysis.[6] 

The Garcia-Garibay research group has pioneered the development of solid-state molecular 

machines.[7] Along with many other researchers, we explored the molecular design for internal 
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rotatory motions in close-packed crystals.[8] In those crystals, the inherent barriers for dynamics 

are typically low and most of the hindrance is imposed by neighboring molecules within the 

crystals. However, in complex systems where multiple interdependent dynamic units are packed 

closely, the resultant crystals demonstrate internal dynamic properties similar to those of liquids, 

i.e. crystal fluidity.[9] This phenomenon is more pronounced in rigid frameworks with low inherent 

activation barriers and ones where the only existing interactions are weak Van der Waals forces 

between rotators and solvent molecules filling the voids in the structure.[10] While the solvent 

molecules in nanometer-sized void structures feature similar packing efficiency as those in their 

bulk form, the confinement usually leads to higher effective viscosity.  

Scheme 5.1 Outline of the two MOFs, UCLA-Tp and UCLA-Ph, and occluded solvents utilized 

in this study. 
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Recently, we reported that the diffusion-controlled rotation of triptycene groups in a MOF 

serves as a probe of local viscosity of DMF molecules trapped in the voids of the framework.[11]   

In that study we discovered that the viscosity of the occluded DMF was four orders of magnitude 

higher than in the bulk, demonstrating how dramatically solvent properties can be changed upon 

adsorption into a nanopore. Because of this, we were interested in utilizing this method to further 

understand the behavior of a variety of solvents with a range of physical and chemical properties. 

Here we describe the synthesis and characterization of UCLA-Tp/Ph (Scheme 5.1), a multi-

component pillared paddlewheel metal organic framework with either deuterared triptycene pillar, 

5.1, or deuterated phenylene pillar, 5.2, linkers in the presence of other representative solvents: 

N,N-dimethylformamide (DMF), N,N-diethylformamide (DEF), bromobenzene (PhBr), 

benzonitrile (PhCN), ortho-dichlorobenzene (o-PhCl2), and 2-octanone (2-Oct). These ligands 

connect densely packed 2–D sheets composed of Zn2(CO2)4 secondary binding units (SBUs), 5.3, 

which are composed of Zn2+ metal clusters and dicarboxy struts, 5.4. Within this nanoconfined 

viscous environment, the two rotators have no interactions with neighboring rotors and thus, 

behave differently due to interactions with occluded solvents and ambient temperature. 

Triptycenes carry the surrounding solvent molecules as they rotate due to its propeller-like shape, 

and their interaction can be best described with a “stick” model. Meanwhile, phenylene has a more 

compact structure, and only a small solvent reorganization is required for its rotation; hence, a 

“slip” model is a better fit for their interactions. With that, we used a series of relaxometry and 

diffusion measurements to better understand the solvent dynamics within UCLA-Tp. These results 

support the notion that the triptycene rotation requires the collective rotation of neighboring 

molecules, while the solvent is still capable of undergoing independent dynamics. 
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5.3 Results and Discussion 

5.3.1 Synthesis and Digestion Experiments 

Frameworks UCLA-Tp and UCLA-Ph were prepared by solvothermal synthesis from zinc 

nitrate hexahydrate, triptycene-9,10-dicarboxylic acid, and the corresponding deuterated ligands 

5.1 and 5.2 (prepared by Sonogashira reactions of different partners)[11,12] in DMF at 100 ˚C. 

Following the MOF synthesis, the mother liquor was removed and the resultant crystals were 

washed with fresh DMF several times. To obtain MOFs with other solvents encapsulated, the 

desired solvent was added to the reaction vial after most of the DMF was removed. The solids 

were then allowed to settle before the solvent mixture was replaced by fresh solvent. The exchange 

was performed for at least 5 times, and the crystals were immersed in fresh solvents overnight 

prior to carrying out any measurements. Because the pillared MOFs were known to lose 

crystallinity upon solvent loss, we focused our study on the higher boiling point solvents.[13] The 

crystallinity of each MOF was confirmed by comparing the PXRD pattern of the solvent-

exchanged MOF to the original pattern (See Notes). After excluding a few solvents in which the 

frameworks were not sufficiently stable, our investigation is limited to the solvents mentioned 

above.   

Table 5.1 Outline of the two MOFs, UCLA-Tp and UCLA-Ph, and occluded solvents utilized in 

this study. 

 

 

DMF 8.90 ± 0.09 9.50 ± 0.1 64.8 575/617 45%/40%

DEF 4.30 ± 0.18 9.10 ± 0.41 92 395/839 31%/54%

2-Oct 3.50 ± 0.07 6.10 ± 0.08 115 401/702 32%/45%

o -PhCl2 6.90 ± 0.20 8.10 ± 0.01 105 722/843 56%/55%

PhBr 7.00 ± 0.08 8.01 ± 0.07 87.4 613/700 48%/45%

PhCN 7.50 ± 0.29 9.00 ± 0.03 89.5 672/804 53%/52%

Solvent Ph Average
Packing 

Density
Tp Average

Solvent 

Volume/Å
3

 Overall Solvent 

Volume/Å
3
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Our investigation started from the understanding of integration of different solvents into 

the framework voids. After the solvent exchange, digestion experiments were performed by drying 

the surface solvent off the MOF crystals, and then breaking them down in a 5:1 mixture of DMSO-

d6:DCl with sonication. By comparing the integration of the triptycene and solvent signals, we 

obtained the number of solvent molecules per unit cell (See Notes), these results are summarized 

in table 5.1. Both UCLA-Tp and UCLA-Ph showed similar numbers of solvent molecules per 

unit cell, but UCLA-Ph predictably occluded additional solvent molecules for the aromatic 

solvents. The starkest difference is seen in the case of DEF and 2-octanone where UCLA-Tp 

occluded 3-4 molecules of solvent per unit cell, while UCLA-Ph was able to contain 9 and 6 

molecules per unit cell, respectively. 2-octanone is a tubular shaped molecule, which makes it 

difficult to pack efficiently in the confined spaces afforded by the triptycenes in UCLA-Tp. Rebek 

and coworkers reported that the packing efficiency of most solvents in the nanometer-size voids 

of container molecules is about 55%, which is similar to that of bulk solvents.[14] The volume of 

the unit cell for UCLA-Tp is 9927 Å3, which gives a free volume of 5090 Å3 or 1272 Å3 per pore. 

Calculating the total volume for each encapsulated solvent demonstrates that each one roughly 

pack to 55% of the total free volume in the MOF, with only 2-octanone packing less efficiently. 

The unit cell volume for UCLA-Ph is 10870 Å3, which gives a free volume of 4686 Å3 or 1545 

Å3 per pore. However, it shows relatively similar packing efficiency with all solvents nearing the 

expected 55% packing volume. The largest difference for UCLA-Ph is observed in the case of 2-

octanone, which packs much more efficiently in this MOF than it did in UCLA-Tp. Presumably, 

this is because the DEF and 2-octanone prefers to self-solvate rather than interact with the pore 

walls in the MOF interior. In this situation, having larger empty cavities that can accommodate 
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additional solvent molecules would increase the total amount of solvent to MOF surface area, 

allowing more molecules to be occluded into the interior. 

 

5.3.2 Variable Temperature 2H NMR Line-Shape Analysis 

As previously reported, rotational dynamics investigated using solid-state quadrupolar 

echo 2H NMR spectroscopy offer unique insights of both the mode and the frequency of internal 

dynamics at molecular level.[15] The method is based on how the orientation of the C−D vector 

changes relative to the external magnetic field as the rotatory group experiences motion.[16] For 

an orientated single crystal with all C-D bond vectors aligned, a doublet will be observed in the 

spectrum and difference in frequency ∆ν could be calculated with the following equation: 

∆𝑣 =
3

4ℎ
(𝑒2𝑞𝑧𝑧𝑄)(3𝑐𝑜𝑠

2𝛽 − 1) = 𝑄𝐶𝐶(3𝑐𝑜𝑠2𝛽 − 1) 

in which e is the electric charge, h is Plank’s constant, qzz is the magnitude of the principal 

component of the electric field gradient tensor, Q is the electric quadrupolar moment, and β 

represents the angle between the C−D vector and the external magnetic field. It is expected that 

the quadrupolar coupling constant (QCC) will be identical for all C−D bonds of the same chemical 

environment. However, for powdery samples consisting of a large amount of small single crystals, 

it is expected that all orientations relative to the external fields will be occupied. These will be 

reflected by different β values and the overall spectrum would be broadened, also known as a Pake 

pattern. Such patterns will experience line-shape changes when the C−D bond containing groups 

undergo rotation or site-exchange events. The frequency of dynamics is realized by comparing the 

line-shape of the experimental and simulated spectrum. Relatively high accuracy could be 

achieved for certain dynamic modes, usually within the frequency range of 100 kHz and 100 MHz. 

It should be noticed that the deuterons two of the ligands explored here are chemically equivalent. 
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In ligand 5.1, the C−D bonds ortho to the bridgehead carbons are parallel to the rotational axis, 

while those meta to the bridgehead carbons make a 60˚ angle with the rotational axis. As a result, 

the angle β would not change with rotation for the ortho-deuterons and they contribute to the same 

overall spectrum as the static components. The angle β would be changing with rotation for the 

meta-deuterons so long as the ligand is not perfectly aligned with the external field. These changes 

would be reflected by the line-shapes of spectra at different temperatures.  

 

 

Figure 5.1 2H NMR spectra for UCLA-Tp in the presence of DMF (A), DEF (B), 2-octanone (C), 

o-dichlorobenzene (D), bromobenzene (E) and benzonitrile (F). Experimental spectra are 

displayed as black lines while the simulated spectra are displayed with dashed green lines. 

Temperatures are listed in black text to the left of each spectrum while the simulated rotational 

dynamics are on the right with green text. 
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Figure 5.2 2H NMR spectra for UCLA-Ph in the presence of DMF (A), DEF (B), 2-octanone (C), 

o-dichlorobenzene (D), bromobenzene (E) and benzonitrile (F). Experimental spectra are 

displayed as black lines while the simulated spectra are displayed with dashed green lines. 

Temperatures are listed in black text to the left of each spectrum while the simulated rotational 

dynamics are on the right with green text. 

 

Our investigation into the solvent behavior began with reproducing the data in our previous 

publication for DMF saturated UCLA-Tp. The spectra resemble a 3-fold rotation and are 

simulated with a combination of a three-fold spectrum and static spectrum with a variable 

reduction factor (Figure 5.1). The two spectra are necessary to account for the two orientations of 

C-D bond vectors on the triptycene, one aligned parallel (α-deuterons) and the other aligned 60⁰ 

off the rotational axis (β-deuterons). At 303 K the rotation is relatively slow, but the rotational 

frequency rose from 1.2 MHz to 18 MHz over 30 K, reaching the fast exchange limit at 333 K.  

DEF had similar dynamic behavior, but the rotational frequency increased at a slower rate, 
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reaching only 8.3 MHz at 343 K. 2-Octanone and o-dichlorobenzene experienced similar 

dynamics, but had their rotational frequencies or temperature range slightly shifted. For 

bromobenzene and benzonitrile, we observed relatively fast rotation around ambient temperature 

and had to cool down to 263 K and 283 K, respectively, to bring the dynamics into a slow exchange 

regime. Consistent dynamics were also observed in a similar example probing the solvent-

dependent rotation of an amphidynamic MOF containing rotaxane rotors.[17] In this case, the 

rotation of a ([24]-crown-6) was probed with 2H NMR in the presence of DMF and a variety of 

alcohol or ethereal solvents and compared to the system with no occluded solvent molecules. The 

dynamic modes and temperature ranges remained almost entirely unchanged demonstrating that 

the large macrocycle received little influence from the surrounding solvent molecules. 

We then turned our attention towards UCLA-Ph. There are several differences between these two 

structures and spectra (Figure 5.2). First, UCLA-Ph is a higher symmetry MOF, with a tetragonal 

lattice, which allowed the C-D bond vectors on the phenylene rotator to be aligned 60⁰ off the 

rotational axis for the simulations. It is interesting to point out that while the triptycene spectra all 

resembled a 3-fold rotation, characteristic of the rotator’s symmetry, the phenylene rotator has an 

undefined volume of rotation and without the presence of external steric factors, should be 

perfectly cylindrical. Any interactions posing symmetry constraints on the rotation of the 

phenylene will have to be due to surrounding solvent molecules. Unlike the spectra for UCLA-

Tp, all spectra for the phenylene rotator showed unique differences for each solvent. DMF, 2-

octanone and o-dichlorobenzene all display 2-fold symmetric patterns, which begin narrow at high 

temperature, and in some cases become 6-fold like.  

 For DMF and o-dichlorobenzene the rotator is exchanging at approximately 10 MHz near 

the solvents freezing point then rapidly drops to 1.5 MHz, and 100 kHz, respectively. For 2-
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octanone, the reduction in fast exchange dynamics occurs at about 212.5K, going from 10 MHz to 

750 kHz approximately 40K below the bulk solvents freezing point. Bromobenzene and 

benzonitrile displayed 2-fold like dynamics at high temperatures, but as the temperature was 

lowered into an exchange regime that could be probed with simulations, the spectra became 

complicated and could not be replicated by simulation. However, it should be noted that the 

dynamic changes occur approximately 50 K below the solvents freezing point in both cases. DEF 

occluded MOFs displayed the most unique dynamics, which appear almost as an isotropic signal 

in the spectra around 225 K. The dynamics of all three of these solvents could not be replicated 

with simulation, which we hypothesize is because they are the combination of many rotational 

modes that are arising due to the undefined rotational cavity for the phenylene in these systems. 

These results suggest that the rotational modes of the phenylene rotator are influenced greatly by 

interactions with the solvent and local environment, but the magnitude of the dynamics appear 

largely unchanged from one solvent to another. The interesting spectral changes observed for the 

DEF trials might be due to a lack of interaction between the solvent and MOF, while the remaining 

solvents had rotational cavities defined by neighboring solvent molecules within the pores of the 

MOF. With that, the magnitude of the dynamics are determined by the physical properties of the 

solvent, and in some cases correlate with the melting point of the solvent. This is in stark contrast 

to the triptycene rotator in UCLA-Tp, which had relatively uniform dynamics that were in a 

medium exchange-regime well above the melting point of each solvent. For triptycene rotators, 

the symmetry and magnitude of the rotational dynamics appear to be largely determined by the 

inherent inertia and symmetry of the molecule but can be tuned by interactions with the 

surrounding solvent molecules.  
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Figure 5.3 Arrhenius plots of the UCLA-Tp rotational dynamics in the presence of A) DMF, B) 

DEF, C) 2-octanone, D) o-dichlorobenzene, E) bromobenzene, and F) benzonitrile obtained from 
2H NMR. Linear fittings are displayed in dashed black lines and extracted activation parameters 

are displayed next to each line. 

 

Arrhenius plots of UCLA-Tp dynamics data are displayed in figure 5.3. The plots for DMF and 

bromobenzene were linear within the explored temperature region, but all other Arrhenius plots 

showed a slight curvature, that became more pronounced as the temperature was lowered to the 

slow exchange regime for each sample. The plot for o-dichlorobenzene has the greatest extent of 

curvature, and similarly experiences the large change in dynamics upon heating from 303 K. This 

curvature is indicative of a non-elementary process leading to the rotation of each triptycene. The 

triptycene rotors activation barriers range from 10 kcal mol-1 to about 40 kcal mol-1. Benzonitrile 

and o-dichlorobenzene had the largest activation barriers at 26.4 and 40.9 kcal mol-1, respectively, 
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which can be related to the solvent molecules geometric shape and rigidity. However, these 

extremely high activation barriers were also accompanied by large pre-exponential factors, 

demonstrating that simple Arrhenius behavior does not accurately describe this system. Non-linear 

Arrhenius dynamics have been observed for the conduction of Ag+ ions in glasses and the behavior 

was attributed to a two step process leading to ion motion.[18] The first process was a dissociation 

from the surrounding matrix and the second was the translational motion of the ion. Such a 

situation is feasible for the motion of molecules within the pores of MOFs assuming that the 

occluded solvent is adsorbed to the interior surface of the pore. From this perspective, rotation of 

the triptycene would require the dissociation of the surrounding solvent molecules before 

occurring, creating correlated dynamics between the triptycene, neighboring solvent molecules, 

and possibly neighboring triptycenes. This coupled system could lead to non-Arrhenius dynamics 

and possibly the high energy barriers observed for rotation from the Arrhenius plots. 

 
 

Figure 5.4 Arrhenius plots of the UCLA-Ph rotational dynamics in the presence of A) DMF, B) 

2-octanone, and C) o-dichlorobenzene obtained from 2H NMR. Linear fittings are displayed in 

dashed black lines and extracted activation parameters are displayed next to each line. 

 

We then completed an Arrhenius analysis for the simulated UCLA-Ph data in figure 5.4. 

Interestingly, only the results for DMF showed the non-linear curvature observed previously for 
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the triptycene sample. However, in this case the activation barrier was only 4.8 kcal mol-1 with a 

normal pre-exponential factor of 4.4 x 1011 s-1. In the case of 2-octanone and o-dichlorobenzene, a 

sharp drop off, resembling a phase transition, occurs when the temperature reaches 200 K and 

237.5 K, respectively, after which a linear dependence on temperature is observed. Fitting these 

low temperature data points reveal an activation barrier of 2.5 kcal mol-1 and 1.90 kcal mol-1 for 

the two solvents, showing that the actual barrier was not altered much by the different properties 

of each solvent. In both cases, a drastic reduction in the pre-exponential factor compared to the 

DMF sample was observed, lowering to 4.3 x 108 s-1 for 2-octanone and 5.5 x 106 s-1 for o-

dichlorobenzene. Taking these results together, it appears that the phenylene rotator is influenced 

over a wider temperature range than it is for the other two solvents, and only a gradual phase 

change towards a frozen state is observed. On the other hand, 2-octanone and o-dichlorobenzene 

both seem to have weaker interactions with the phenylene rotator until below their respective 

freezing points. At this point, the system might resemble a glassy, sterically congested state in 

which the rotation of any one unit must engage with the correlated motion of other solvent 

molecules or rotators inside the pores of the MOF. Qualitatively comparing the spectral data for 

the remaining solvents reveals that the symmetry of the phenylene rotation is greatly influenced 

by the freezing of the surrounding solvent molecules as evidenced by spectral changes occurring 

around the melting point of each solvent. From this view, the phenylene rotator appears to be 

largely uninfluenced by surrounding solvent molecules until their motion is frozen out and creates 

static, steric barriers that can influence the motion of the rotors. This is in stark contrast to the 

behavior observed for the triptycene rotator, where the rotational symmetry was nearly identical 

for each solvent explored, but the rotational barrier and temperature range of dynamics varied 

depending on the chosen solvent. A simple hypothesis for this trend is that the triptycene with its 
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three-fold, cog like structure forces it to interact with and stick to surrounding solvent molecule 

while it undergoes rotation. On the other hand, the phenylene rotator will oscillate in its rotational 

cavity and slip by the surrounding solvent molecules as they explore their local environments.  

5.3.3 MOF-Occluded Solvent Viscosity Calculations 

By assuming that hydrodynamic theory can describe the behavior of a molecular rotor 

pinned in nanoconfined solvent, the following equation can be used to describe the dynamic 

viscosity of the liquid within UCLA-Tp: 

𝜂𝑀𝑂𝐹 =
𝜏𝑟𝑜𝑡𝑘𝐵𝑇

𝑉𝑚𝑜𝑙
 

where τrot is the inverse of the rotational frequency at a given temperature and Vmol = 2.3 × 10−28 

m3, the calculated molecular volume of triptycene. The results of these calculations are 

summarized below in figure 5.5, demonstrating the relationship between dynamic viscosity and 

temperature for all studied solvents. 

 

Figure 5.5 Plots of the natural log of the viscosity values versus temperature for UCLA-Tp (A) 

and UCLA-Ph (B). 
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The viscosity values of the solvents are similar for DMF, DEF, and 2-octanone, all display 

a gradual decrease in viscosity from about 15-18 Pa s to 1-2 Pa s over the explored temperature 

range (Figure 5.5A). As was shown in our previous work for DMF, each solvent experiences an 

approximately 4 order of magnitude increase in viscosity from its value for the bulk liquid at room 

temperature. Interesting differences are observed for the aromatic solvents, which all show 

measurable viscosity changes at different temperature ranges and with different slopes. Both o-

dichlorobenzene and benzonitrile have sharp decrease in viscosity after 303 K and 283 K, 

respectively, in a process that resembles melting, which is typically characterized as an asymptotic 

decreasing in viscosity at a materials melting point. However, the viscosity values for 

bromobenzene decrease gradually at lower temperature range than any other explored solvent. 

Considering that the viscosity values are related to the interactions of the occluded solvent 

molecules with the triptycene rotators, these differences give a qualitative description of the 

environment inside the MOF over the studied temperature range. For o-dichlorobenzene and 

benzonitrile, there must be a strongly interacting network of solvent molecules and triptycene 

rotators at low temperature, which causes rotation to slow due to necessity of correlated motion to 

allow the movement of any one molecule. As the temperature is increased, the solvent molecules 

obtain enough thermal energy to break free of these networks and begin to act independently of 

one another in a process that resembles melting. The geometric shape of these molecules and 

intermolecular interactions tunes the temperatures at which these processes happen, but the net 

behavior remains similar. Curiously, bromobenzene has starkly different behavior from the other 

two aromatic solvents, which might be reflective of the molecules polarizability that either allows 

it to interact more strongly with itself, in a self-solvation like process, or with other regions of the 

MOF pores. This behavior might explain the low-temperature dynamics observed for the 
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triptycene rotors in the bromobenzene occluded MOF. Additionally, we compared the encapsulated 

viscosity values obtained from 2H NMR to a variety of bulk and molecular properties for the 

solvents (Figure 5.6). In particular, this analysis failed to reveal any trends with the bulk viscosity 

values of the solvents at room temperature other than a 104 mPa s increase upon encapsulation for 

all solvents. While the list of properties we compared to was not exhaustive (melting/boiling point, 

density, surface tension, dielectric constant, dipole moment, and molecular volume), the lack of 

trend might mean that viscosity within nanoscale confinement is better defined by the steric shape 

of the solvent molecules and whether molecule rotation requires correlated motion of neighboring 

molecules. If this were the case, highly correlated systems would be viewed as “high viscosity,” 

while uncorrelated systems would be liquid-like, low viscosity systems. 
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Figure 5.6 Plots of the encapsulated viscosity values obtained from 2H NMR analysis of UCLA-

Tp compared to various bulk and molecular properties. Bulk viscosity values are the room 

temperature values and compared to the closest temperature obtained from 2H NMR. 
 

Applying hydrodynamic theory once again and using a Vmol = 7.63 x 10-29 m3 for the 

phenylene rotator, we were able to study the viscosity for DMF, 2-octanone, and o-dichlorobenzene 

occluded in UCLA-Ph (Figure 5.5B). All three solvents exhibit similar viscosity behavior, starting 

at approximately 3 Pa s at the highest measurable temperature and then increasing to 666 Pa s, 333 

Pa s, and 1110 Pa s, respectively, for the three solvents. Both 2-octanone and DMF display 

extremely similar behavior, becoming more viscous at 212.5 K, but the data for o-dichlorobenzene 

shows a much higher spike in viscosity between the two initial temperature points and begins at 
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250 K. Interestingly, these dynamic changes happen very closely to o-dichlorobenzene’s freezing 

point (256 K) and DMF’s freezing point (212 K), but much lower in the case of 2-octanone (247 

K). The sharp increase in viscosity for o-dichlorobenzene is indicative of the solvent freezing 

within the pores of the MOF, which creates steric barriers and creates a semi-crystalline 

environment inside the solid. This picture would require correlated motion to occur between 

neighboring rotors and lattice components. However, the viscosity observed for the DMF occluded 

system does not exhibit a sharp freezing event. Rather, the solvent molecules might not be able to 

take on the proper conformations to freeze and thus the increased viscosity reflects the general 

slowing of molecule motion within the MOF pores. In this system, DMF molecules may begin to 

find static arrangements, maximizing electrostatic interactions by adsorbing to the interior surface 

of the MOF and gradually increase the barrier to rotation for the phenylene.  

5.3.4 Spin-Spin Relaxation Measurements 

 To further explore this model, we decided to explore the proton spectra of each solvent 

occluded UCLA-Tp sample under magic angle spinning conditions (MAS). Microcrystalline 

samples of solvent occluded UCLA-Tp with each sample were dried to remove any surface 

solvent and then loaded in to a 3.2 mm rotor. Samples were measured on a Bruker AV III 700 MHz 

NMR spectrometer with a 20 kHz spinning rate. All spectra had their chemical shift calibrated 

using the static liquid solvent spectrum, which was calibrated using the solvent’s chemical shift in 

CDCl3. The proton NMRs are summarized in the supporting info (See Notes), but a few 

generalities are summarized here. In all cases, the solvent signals broadened and experienced an 

up-field shift of approximately 1 ppm upon MOF inclusion. Signals associated with the MOF 

framework showed varying levels of intensity, possibly due to changes in dynamics and relaxation 

behavior of those components, but in general had little change in chemical shift values. Samples 
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of DEF occluded UCLA-Tp had a doubling of solvent signals, possibly due to the solvent existing 

in two separate sites within the MOF pores over the course of the measurements. 

 

 

Figure 5.7 T2 values obtained for A) DMF, B) DEF, C) 2-octanone, D) o-dichlorobenzene, E) 

bromobenzene, and F) benzonitrile occluded in UCLA-Tp versus temperature. Minor components 

are displayed in red where applicable. 

 
Having determined adequate conditions for MAS proton measurements, we turned our 

Having determined adequate conditions for MAS proton measurements, we turned our attention 

towards measuring the spin-spin relaxation rates for UCLA-Tp. It is well known that the 

transverse-relaxation time, T2, is highly dependent on both the molecular dynamics and overall 

stiffness of a material.[19] T2 measurements rely on echo methods which refocuses the dephasing 

magnetization components transverse to the magnetic field direction. By using a CPMG modified 
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Hahn-echo pulse sequence, which simultaneously refocuses the field inhomogeneities, and spin 

interactions such as the chemical shift and heteronuclear dipole-dipole coupling, under magic 

angle spin conditions, we were able to separately analyze solvent behavior from the MOF 

framework. The method utilizes 90⁰ and multiple 180⁰ pulses separated by a variable delay equal 

to half the echo time, τ, to obtain a decay curve that is a function of the echo time. These decay 

curves can then be fit with an exponential function to obtain T2 values for each temperature 

explored. Figure 5.7 summarizes the data for each solvent occluded in UCLA-Tp ranging from 

303 K to 343 K. The 1D spectra and decay curves are available in the supporting information (See 

Notes). DMF and DEF occluded MOFs displayed the largest increase in T2 times over the course 

of the measurement, rising linearly from about 300 ms to 1160 ms and 980 ms, respectively. 2-

octanone also displayed a linear increase in T2, albeit only changing from about 100 ms to 500 ms 

over the temperature range. These changes correlate well with the increase in dynamics for the 

triptycene rotator, going from values typically associated with gelatin-like materials to liquid. Such 

a change would describe a stiff material when the rotational rate of triptycene is sub 1 MHz then 

becomes liquid-like when the rotational rate increases above 10 MHz. Interestingly, the T2 values 

for the o-dichlorobenzene remained relatively constant over the course of the measurements, 

sitting around 450 ms at every temperature explored. However, there was a dip from 500 ms at 

low temperature which cannot be fully understood at this time. Bromobenzene showed the largest 

increase in T2 relaxation rates for the aromatic solvents, going from about 100 ms to 360 ms over 

the temperatures explored. Benzonitrile stayed relatively constant around 450 ms, like the results 

for o-dichlorobenzene. Each aromatic solvent was fit using a two-component function, with a 50 

ms second component that was approximately constant over the course of the experiment. We 

attribute this to static components of the MOF that were overlapping with the solvent signals 
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during the data processing. Interestingly, the T2 for all three aromatic solvents were relatively 

similar, but only the rotational dynamics of triptycene in the presence of bromobenzene and 

benzonitrile were similar. 

 

5.3.5 Spin-Lattice Relaxation Measurements 

 Considering that the rotation of the solvent molecules in these systems are a thermally 

activated process and possibly independent of the motion of the framework, we carried out spin-

lattice relaxation measurements under MAS conditions. This technique is ideal for characterizing 

dynamic processes that modulate the magnetic interactions of nuclear spins near their respective 

Larmor frequencies (𝜔𝑜 = 2𝜋𝑣𝑜).[20] 

𝜏𝑐 = 𝜏𝑜𝑒𝑥𝑝(
𝐸𝑎
𝑅𝑇

) 

𝑇1
−1 = 𝐶[𝜏𝑐(1 +𝜔𝑜

2𝜏𝑐
2)−1 + 4𝜏𝑐(1 +4𝜔𝑜

2𝜏𝑐
2)−1 

The rotation of the solvent molecules will occur with a correlation time (𝜏𝑐) and its 

temperature dependence can be described by the Arrhenius equation. With that, the characteristic 

time constant T1 for the recovery of the magnetization vector along the z axis, as it relates to 𝜏𝑐, is 

given by the Kubo-Tomita equation. Combining these two equations can describe the average 

dynamic behavior of spins in which the primary relaxation processes occur from molecular 

rotation. With this method, a parabolic temperature dependence for T1
 is expected where the 

minimum value is observed when the rotational rate of the occluded solvent molecule matches the 

Larmor frequency of the proton nucleus.[21] 
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Figure 5.8 Kubo-Tomita plots of the T1 values obtained for A) DMF, B) DEF, C) 2-octanone, D) 

o-dichlorobenzene, E) bromobenzene, and F) benzonitrile occluded in UCLA-Tp versus 

temperature. Linear fittings and extracted dynamic parameters are displayed in black. 

 
Using microcrystalline samples of UCLA-Tp and UCLA-Ph, we carried out variable 

temperature 1H spin-lattice relaxation measurements using a 16.4 T NMR, which gives a 

corresponding Larmor frequency of 700 MHz for the proton nuclei, at the same temperature range 

as the spin-spin relaxation measurements to correlate dynamic parameters with the changes in 

material properties previously mentioned. 1D Spectra and saturation curves are summarized in the 

supporting information (See Notes). In all solvent cases, a minimum for the T1 was not observed 

above 303 K, signifying that solvent rotational dynamics must be above 700 MHz at higher 

temperatures (Figure 5.8). The DMF and benzonitrile occluded MOFs showed linear behavior in 

the explored temperature range and could be fit to obtain approximate activation barriers for 
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rotation of 1.80 and 0.5 kcal mol-1. DEF and 2-octanone occluded MOFs demonstrate non-Kubo-

Tomita like behavior in the explored temperature range. Both solvents appear to have a high 

temperature and low temperature phase change that is more dramatic in the case of 2-octanone but 

fitting the 3 linear points ranging from 313 to 333 K provided activation barriers of 2.20 kcal mol-

1 for DEF and 1.10 kcal mol-1 for 2-octanone. O-dichlorobenzene occluded samples showed a 

similar high temperature phase change at 343 K but was then linear from 333 to 303 K and could 

be fit to give an activation barrier of 0.57 kcal mol-1. Finally, in contrast to all other samples, the 

fitting for bromobenzene occluded MOFs was linear from 343 K to 313 K, and then broke from 

linearity at 303 K, and fitting the high temperature values in this case gave an activation barrier of 

0.50 kcal mol-1 for solvent rotation. In all cases the values obtained for the rotation of the solvent 

molecules were substantially lower than those obtained for the rotation of the triptycene rotor. 

Presumably, the 1H measurements can observe the averaged rotational dynamics of individual 

solvent molecules, while the rotational barrier of the triptycene measured in the 2H measurements 

is the result of the collective rotation of the triptycene and its surrounding solvent molecules. As 

of now, the lack of linearity in the Kubo-Tomita plots cannot be fully explained, but in the case of 

DEF, o-dichlorobenzene, and bromobenzene, the sharp break appears to coincide well with the 

triptycene rotor entering the fast exchange regime. This point could describe the moment when the 

solvent molecules obtain enough thermal energy to begin to act independently of their neighbors, 

entering a new dynamic regime. The picture that is beginning to develop is one where the solvent 

molecules at low temperature are creating semi-crystalline networks within the pores of the MOF, 

in which they maximize their stabilizing electrostatic interactions and require a certain level of 

crystal fluidity to allow rotation to occur. Then as the temperature of the system is raised, the 

molecules can break free of these networks and the interior of the MOF resembles a plastic-
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crystalline or liquid-like environment where individual molecules and framework components are 

able to rotate independently of one another. 

 

5.3.6 Pulsed-Field Gradient NMR Analysis 

Finally, we were interested in exploring how the amphidynamic nature of UCLA-Tp might 

influence the self-diffusion of solvent molecules within the pores of the framework. Previous 

studies on molecular self-diffusion in MOFs demonstrated that both the size ratio of solvent 

molecule to pore volume and intermolecular interactions played a significant role on the self-

diffusion coefficients of the solvents.[23] However, no studies have been completed with an 

amphidynamic MOF. Samples of UCLA-Tp were prepared with occluded DMF, 2-octanone, and 

bromobenzene, had excess solvent removed, and then sealed into borosilicate tubes. Samples were 

then measured using a 1H PFG NMR probe between the temperatures of 300 to 335 K. Self-

diffusion coefficients were obtained by fitting the exponential attention of the signal as a function 

of increasing gradient strength with a modified Stejskal-Tanner equation: 

𝐸(𝑔, ∆∗) = 𝑒𝑥𝑝(−𝐷(
𝛾𝑔𝛿∗

𝜋
)2(4∆∗ − 𝛿∗)) 

where D is the self-diffusion coefficient, γ is the nuclear gyromagnetic ratio, g is the gradient 

strength, δ* is the gradient pulse width in units of time and Δ* is the diffusion interval. Taking the 

natural log of this equation yields linear attenuation curves with the slope being D.[23] 
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Figure 5.9 Natural log plots of the diffusion coefficients versus temperature for DMF occluded in 

UCLA-Tp. RMSD values the diffusion of DMF molecules at each point are displayed on the right 

axis of the plot. 

 
By assuming self-diffusion in these systems to be a thermally activated process that can 

follows Arrhenius-type behavior, we were able to take the natural log of these diffusion 

coefficients vs. 1000/T to obtain activation parameters for self-diffusion in UCLA-Tp. Only the 

DMF occluded MOF produced reproducible results, which are summarized in figure 5.9. An 

interesting sigmoidal dependence on temperature was observed for the diffusion of DMF in these 

systems. The results begin initially with a flat slope that has a diffusion rate of 9.36 x 10-13 m2 s-1, 

and then experiences a sharp rise at 305 K, which becomes linear between 310 K and 328 K before 

beginning to flatten out once again. Comparing these results to the data obtained for DMF using 

2H measurements, these regions correlate well with the ones observed in the Arrhenius plot for 

DMF rotation. It seems that diffusion is initially slow when the rotation of triptycene rotor is in 

the slow exchange regime and increases linearly during the observable rate changes for the 
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triptycene rotor. Fitting this linear region of the curve gives an activation barrier of 8.3 kcal mol-1 

and a pre-exponential factor of 5.2 x 10-6 m2 s-1. These values reflect the energy required for the 

solvent to undergo translation motion, which is about three times the energy required for the DMF 

molecule to rotate (as obtained from T1 data). Interestingly, this value is also about one half the 

rotational barrier for triptycene units obtained from 2H measurements. At 328 K the self-diffusion 

data begins to flatten simultaneously with the triptycene entering the fast exchange regime, which 

may reflect thermal jamming for the dynamics in this system.[24] This behavior supports the 

notion that the solvent molecules are strongly interacting with the pore interior of the MOF at low 

temperature, creating networks that slow both diffusion and the rotation of triptycene molecules. 

As the temperature is increased, the solvent molecules begin to gain more thermal energy and can 

escape from their semi-crystalline networks and diffuse freely, as predicted by Arrhenius theory. 

At the highest temperature, diffusion likely becomes limited by both the pore metrics and 

occupancy, preventing the solvent molecules from diffusing faster than 1.84 x 10-12 m2 s-1.  

Because the triptycene dicarboxylate linkages create an impenetrable layer, the occluded 

DMF molecules will only be able to diffuse in two directions. Thus, the root mean squared 

displacement (RMSD) of a DMF molecule in this system should be described by: 

𝑅𝑀𝑆𝐷 = √4𝐷∆ 

with Δ = 5 ms, we can calculate the RMSD for DMF molecules at various temperature points to 

understand how the far the solvent molecules diffuse in response to triptycene dynamics.[25] 

These values are shown on the right axis of figure 5.9. At low temperatures, the DMF molecules 

diffuse approximately 0.14 μm and rise to 0.19 μm at the highest temperatures explored. 

Considering at the average pore size in UCLA-Tp is 21 nm2, the solvent molecules are exploring 

upwards of 5-10 pores during the measurement. Interestingly, for the large dimensions observed 



 224 

for UCLA-Tp, these diffusion values are much lower than similar MOFs with smaller pore 

metrics, suggesting that the steric congestion within the MOF pores also must be considered 

alongside the size to garner an accurate depiction of diffusion within these systems. While we had 

expected the amphidynamic nature of these systems to enhance diffusion, it appears that the tight 

steric pockets created by neighboring triptycene reduces diffusion and any effect related to the 

rotation of the triptycene cannot be ascertained from these measurements.  

 

5.4 Conclusions 

Understanding the behavior of molecules in nanoconfined environments is becoming 

increasingly important as metal-organic frameworks find utility in the fields of gas storage, 

heterogeneous catalysis, and artificial molecular-machines. Previous work from our group and 

others have demonstrated that the viscosity of nanopore occluded solvent molecules is extremely 

different from that of bulk solvents. Here, we expanded on previous work in the field by studying 

the behavior of DMF, DEF, 2-octanone, o-dichlorobenzene, bromobenzene, and benzonitrile 

utilizing diffusion controlled triptycene and phenylene rotors in metal-organic frameworks. We 

discovered the triptycene displayed rotational symmetries that were rotator dependent, but 

dynamic parameters showed large variances from solvent to solvent. On the other hand, the 

phenylene rotator displayed rotational symmetries and dynamic modes that varied from solvent to 

solvent, but relatively constant activation parameters. We believe these results indicate that the 

rotational dynamics of triptycenes in this system require the cooperative rotation of both 

neighboring solvent molecules and possibly other triptycene rotators to occur, in a highly 

correlated system. On the other hand, the phenylene rotators are able to undergo independent 

rotation and slip by neighboring solvent molecules, but have their rotational symmetries defined 

by the surrounding solvent molecules when the local viscosity of the system increases. By studying 
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the viscosity values of the MOF occluded solvents, we determined that diffusion-controlled 

triptycene rotators are able to probe the behavior of systems where the local viscosity is on the 

order of ~0.1 – 100 pa s, which are similar to liquids like honey, while the phenylene rotator is 

able to probe environments with local viscosity values of 1 to 1000 pa s, similar to liquids with 

viscosity values similar to that of peanut butter.  

Utilizing spin-spin relaxation measurements, we determined that the physical properties of 

the MOF pore resemble those of a gelatinous material when the triptycene rotors are in the slow 

exchange regime and become liquid-like when the rotators enter a fast-exchange regime. 

Additionally, spin-lattice relaxation measurements demonstrated that the occluded solvent 

molecules had much lower barriers to rotation than were found for the triptycene rotation from 2H 

NMR in all cases. Finally, pulsed-field gradient measurements of UCLA-Tp in the presence of 

DMF demonstrated that the occluded solvent had lower barriers for translational motion than was 

found the for rotation of triptycene rotators. With that, an interesting sigmoidal temperature 

dependence was found for the diffusion coefficient of the solvent that reflected the changing 

dynamics of the triptycene rotators, but RMSD calculations of the distance traveled for the solvent 

molecules revealed the rotation of the MOF components did not enhance diffusion. Taken together, 

these studies demonstrate that solvent molecules and smaller rotators such as phenylenes can 

undergo independent dynamics, displaying “slip” behavior. However, larger rotators such as 

triptycenes “stick” to neighboring solvent molecules and require the collective motion of many 

components to undergo rotation within the pores of the MOF. This study details the value of NMR 

for understanding the behavior of nanoconfined liquids and how multiple NMR techniques can be 

combined to characterize the dramatic differences of physical properties upon confining a liquid. 
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5.5 Experimental procedures  

5.5.1 General experimental procedures  

Unless otherwise notified all commercially available compounds were used as received without 

further purification. 5.1, 5.2, 5.4 were all synthesized with methods discussed previously in this 

thesis.Thin-layer chromatography (TLC) plates pre-coated with silica gel 60 F254 were purchased 

and were visualized using a UV lamp. Flash column chromatography was performed using silica 

gel (230−400 mesh) as the stationary phase. Anhydrous tetrahydrofuran (THF) was distilled from 

sodium-benzophenone in a continuous still under an atmosphere of argon. Melting points of solids 

were measured without calibration of the apparatus. 1H NMR and 13C NMR spectra in solution 

were recorded at 500 MHz and 126 MHz, respectively. Chemical shifts are reported in ppm and 

the (residual) solvent signals of CDCl3 (
1H NMR: δ 7.26 ppm; 13C NMR: δ 77.0 ppm) or CD2Cl2  

(1H NMR: δ 5.32 ppm; 13C NMR: δ 53.8 ppm) were used as reference. Multiplicities of the peaks 

are reported as singlet (s), doublet (d), triplet (t), or multiplet (m). The coupling constants J are 

reported in Hz. Infrared spectra (IR) were recorded with a HATR-FTIR instrument. High-

resolution mass spectra were acquired using APCI/MALDI ionization methods and the signal was 

detected with a TOF detector.  

 

5.5.2 Synthetic Procedures 

MOF Synthesis: 
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Zn(NO3)2 (H2O)6 (15.16 mg, 0.051 mmol), 5.4 (17.7 mg, 0.051 mmol), and 5.1/5.2 (11.6 mg, 

0.0255 mmol)/(7.15 mg, 0.0255 mmol) were combined in a 3 dram vial then covered in 3 mL of 

anhydrous DMF. The vial was then sealed and placed in a preheated oven at 100 oC overnight. 

After this period, the crystals were allowed to cool and then washed 3x with 2 mL anhydrous DMF.  

 

5.5.3 X-Ray Diffraction Procedures 

Powder X-Ray Diffraction (PXRD): 

Samples of UCLA-Tp and UCLA-Ph were analyzed using a Panalytical X’Pert Pro X-ray 

Powder Diffractometer. The PXRD analyses were carried out with Cu–Kα1 radiation (1.5406 Å). 

Samples were placed on a zero–background plate at a fixed stage. Data was collected from 2 

theta angles of 5 to 50 degrees at room temperature. The step width was 0.016 degrees, with the 

acquisition time being approximately 10 s at each step using 40mV x-rays.  
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Figure 5.10 Diffractogram of UCLA–Tp with occluded DMF. 

 

 
Figure 5.11 Diffractogram of UCLA– Tp with occluded DEF. 
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Figure 5.12 Diffractogram of UCLA–Tp with occluded 2-octanone. 

 
Figure 5.13 Diffractogram of UCLA–Tp with occluded o-dichlorobenzene. 
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Figure 5.14 Diffractogram of UCLA–Tp with occluded bromobenzene. 

 
Figure 5.15 Diffractogram of UCLA–Tp with occluded benzonitrile. 
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Figure 5.16 Diffractogram of UCLA–Ph with occluded DMF. 

 
Figure 5.17 Diffractogram of UCLA–Ph with occluded DEF. 
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Figure 5.18 Diffractogram of UCLA–Ph with occluded 2-octanone. 

 
Figure 5.19 Diffractogram of UCLA–Ph with occluded o-dichlorobenzene. 
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Figure 5.20 Diffractogram of UCLA–Ph with occluded bromobenzene. 

 

 

 
Figure 5.21 Diffractogram of UCLA–Ph with occluded benzonitrile. 
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5.5.4 MOF Crystallite Digestion 

 

1mL of desired solvent was added to 50 mg of UCLA-Tp/Ph suspended in 2 mL of DMF and 

mixed. After the mixture has equilibrated for about 1 minute, the solvent was removed and another 

1 mL of the desired solvent was added in. This process was repeated 3–5 times before the crystals 

were allowed to sit in the fresh solvent overnight for complete exchange to occur. PXRD of the 

crystals after solvent exchange was measured to ensure that crystal integrity was retained. The 

samples were then dried with filter paper and broken down a 5:1 DMSO-d6:DCl mixture, which 

acted as the solvent for NMR analysis. Solvent/unit cell calculations were done by comparing the 

signals from the triptycene dicarboxylate strut to characteristic solvent signals. 
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Figure 5.22 1H NMR of dried UCLA-Tp with occluded DMF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, first trial. 
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Figure 5.23 1H NMR of dried UCLA-Tp with occluded DMF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, second trial. 
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Figure 5.24 1H NMR of dried UCLA-Tp with occluded DMF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, third trial. 
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Figure 5.25 1H NMR of dried UCLA-Tp with occluded DEF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, first trial. Diethylamine signals included with integration. 
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Figure 5.26 1H NMR of dried UCLA-Tp with occluded DEF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, second trial. Diethylamine signals included with integration. 
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Figure 5.27 1H NMR of dried UCLA-Tp with occluded DEF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, third trial. Diethylamine signals included with integration. 
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Figure 5.28 1H NMR of dried UCLA-Tp with occluded 2-octanone dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.29 1H NMR of dried UCLA-Tp with occluded 2-octanone dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, second trial. 
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Figure 5.30 1H NMR of dried UCLA-Tp with occluded 2-octanone dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, third trial.  
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Figure 5.31 1H NMR of dried UCLA-Tp with occluded o-dichlorobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.32 1H NMR of dried UCLA-Tp with occluded o-dichlorobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, second trial.  
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Figure 5.33 1H NMR of dried UCLA-Tp with occluded o-dichlorobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, third trial.  
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Figure 5.34 1H NMR of dried UCLA-Tp with occluded bromobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.35 1H NMR of dried UCLA-Tp with occluded bromobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, second trial.  
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Figure 5.36 1H NMR of dried UCLA-Tp with occluded bromobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, third trial.  
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Figure 5.37 1H NMR of dried UCLA-Tp with occluded benzonitrile dissolved in a 5:1 mixture 

of DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.38 1H NMR of dried UCLA-Tp with occluded benzonitrile dissolved in a 5:1 mixture 

of DMSO-d6:DCl at 500 MHz, second trial.  
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Figure 5.39 1H NMR of dried UCLA-Tp with occluded benzonitrile dissolved in a 5:1 mixture 

of DMSO-d6:DCl at 500 MHz, third trial. 
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Figure 5.40 1H NMR of dried UCLA-Ph with occluded DMF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.41 1H NMR of dried UCLA-Ph with occluded DMF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, second trial.  
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Figure 5.42 1H NMR of dried UCLA-Ph with occluded DMF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, third trial.  
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Figure 5.43 1H NMR of dried UCLA-Ph with occluded DEF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.44 1H NMR of dried UCLA-Ph with occluded DEF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, second trial.  
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Figure 5.45 1H NMR of dried UCLA-Ph with occluded DEF dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, third trial.  
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Figure 5.46 1H NMR of dried UCLA-Ph with occluded 2-octanone dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.47 1H NMR of dried UCLA-Ph with occluded 2-octanone dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, second trial. 
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Figure 5.48 1H NMR of dried UCLA-Ph with occluded 2-octanone dissolved in a 5:1 mixture of 

DMSO-d6:DCl at 500 MHz, third trial. 
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Figure 5.49 1H NMR of dried UCLA-Ph with occluded o-dichlorobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.50 1H NMR of dried UCLA-Ph with occluded o-dichlorobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, second trial.  
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Figure 5.51 1H NMR of dried UCLA-Ph with occluded o-dichlorobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, third trial.  
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Figure 5.52 1H NMR of dried UCLA-Ph with occluded bromobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.53 1H NMR of dried UCLA-Ph with occluded bromobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, second trial. 
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Figure 5.54 1H NMR of dried UCLA-Ph with occluded bromobenzene dissolved in a 5:1 

mixture of DMSO-d6:DCl at 500 MHz, third trial.  
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Figure 5.55 1H NMR of dried UCLA-Ph with occluded benzonitrile dissolved in a 5:1 mixture 

of DMSO-d6:DCl at 500 MHz, first trial.  
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Figure 5.56 1H NMR of dried UCLA-Ph with occluded benzonitrile dissolved in a 5:1 mixture 

of DMSO-d6:DCl at 500 MHz, second trial.  
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Figure 5.57 1H NMR of dried UCLA-Ph with occluded benzonitrile dissolved in a 5:1 mixture 

of DMSO-d6:DCl at 500 MHz, third trial.  
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5.5.5 General Methods of Solid-State 2H NMR Spin-Echo Experiments 

 

The solid-state 2 H NMR (SS 2H NMR) spin-echo experiments in this work were performed on a 

Bruker AV300 instrument at 46.0 (deuterium resonance frequency) MHz for UCLA-Tp and a 

AV600 instrument at 92.1 MHz for UCLA-Ph with a 5 mm wideline probe and 90-degree pulse 

of 2.9 µs. To suppress the undesired artifacts, a quadrupolar-echo sequence with phase recycling 

was used. An echo delay of 50 µs was used after the refocusing delay of 46 µs, and the recycle 

delay between pulses was 15s. In the experiment, about 50 mg of sample was placed in a short 

borosilicate glass NMR tube. All spectra in this work were obtained using a line broadening of 

3.0 kHz in data processing.  

 

5.5.6 General Methods of Solid-State 1H CPMAS NMR Experiments 

 

CP/MAS 1H NMR experiments were performed on a Bruker AV700-SS operating at 700 MHz 

with a 3.2 mm HXY CP/MAS probe. Samples were packed in a 3.2 mm zirconia rotor, fitted with 

a Kel-F cap and a 2 ms contact time was used for all experiments unless otherwise stated. Samples 

were spun at 10 or 20 kHz and 2048 scans were applied for characterization experiments. Specified 

temperatures were calibrated using lead nitrate as temperature probe. A 45 kHz line broadening 

was applied to all spectra. 
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Figure 5.58 1H CPMAS NMR of pure DMF (Top) and dried UCLA-Tp with occluded DMF 

(bottom) at 700 MHz. Samples spun at 10 kHz. 
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Figure 5.59 1H CPMAS NMR of pure DEF (Top) and dried UCLA-Tp with occluded DEF 

(bottom) at 700 MHz. Samples spun at 20 kHz. 
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Figure 5.60 1H CPMAS NMR of pure 2-octanone (Top) and dried UCLA-Tp with occluded 2-

octanone (bottom) at 700 MHz. Samples spun at 10 kHz. 
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Figure 5.61 1H CPMAS NMR of pure o-dichlorobenzene (Top) and dried UCLA-Tp with 

occluded o-dichlorobenzene (bottom) at 700 MHz.  Samples spun at 20 kHz. 
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Figure 5.62 1H CPMAS NMR of pure bromobenzene (Top) and dried UCLA-Tp with occluded 

bromobenzene (bottom) at 700 MHz.  Samples spun at 10 kHz. 
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Figure 5.63 1H CPMAS NMR of pure benzonitrile (Top) and dried UCLA-Tp with occluded 

benzonitrile (bottom) at 700 MHz.  Samples spun at 20 kHz. 
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Figure 5.64 VT-1H CPMAS NMR of dried UCLA-Tp with occluded DMF from 303 K to 343 K 

at 700 MHz. Samples spun at 10 kHz. 
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Figure 5.65 VT-1H CPMAS NMR of dried UCLA-Tp with occluded DEF from 303 K to 343 K 

at 700 MHz. Samples spun at 20 kHz. 
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Figure 5.66 VT-1H CPMAS NMR of dried UCLA-Tp with occluded 2-octanone from 303 K to 

343 K at 700 MHz. Samples spun at 10 kHz. 
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Figure 5.67 VT-1H CPMAS NMR of dried UCLA-Tp with occluded o-dichlorobenzene from 

303 K to 343 K at 700 MHz. Samples spun at 20 kHz. 
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Figure 5.68 VT-1H CPMAS NMR of dried UCLA-Tp with occluded bromobenzene from 303 K 

to 343 K at 700 MHz. Samples spun at 10 kHz. 
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Figure 5.69 VT-1H CPMAS NMR of dried UCLA-Tp with occluded benzonitrile from 303 K to 

343 K at 700 MHz. Samples spun at 20 kHz. 
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5.5.7 VT-1H spin-spin relaxation time (T2) Experimental Methods 

1H T2 measurements were carried out using a commercial magnet set at a magnetic field strength 

Bo of 16.4 T, at which the proton frequency (ν0 = ω0/2π) is 700.0 MHz. A tank circuit was built for 

this purpose using an inductor made of bare copper wire wound in a coil form. Polycrystalline 

sample of the co-crystal was packed in a 3.2 mm zirconia rotor capped with a Kel-F fitting and 

placed in the copper coil. 1H T2 experiments were recorded using a CPMG pulse sequence 

combined with a spin-echo. The method utilizes 90⁰ and multiple 180⁰ pulses separated by a 

variable delay equal to half the echo time, τ, to obtain a decay curve that is a function of the echo 

time. These decay curves can then be fit with an exponential function to obtain T2 values for each 

temperature explored. 1H T2 experiments were recorded in the range of 303 – 343 K. 

 
 

 

 
Figure 5.70 VT-1H decay curves of solvent signals for dried UCLA-Tp with occluded DMF 

from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to right), bottom 

row is 343 K, 353 K and a graph of T2 values vs. temperature (left to right). 
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Figure 5.71 VT-1H decay curves of solvent signals for dried UCLA-Tp with occluded DEF 

from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to right), bottom 

row is 343 K, 353 K and a graph of T2 values vs. temperature (left to right). 
 

 

 
Figure 5.72 VT-1H decay curves of solvent signals for dried UCLA-Tp with occluded 2-

octanone from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to 

right), bottom row is 343 K, 353 K and a graph of T2 values vs. temperature (left to right). 
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Figure 5.73 VT-1H decay curves of solvent signals for dried UCLA-Tp with occluded o-

dichlorobenzene from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left 

to right), bottom row is 343 K, 353 K and a graph of T2 values vs. temperature (left to right). 
 

 
Figure 5.74 VT-1H decay curves of solvent signals for dried UCLA-Tp with occluded 

bromobenzene from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to 

right), bottom row is 343 K, 353 K and a graph of T2 values vs. temperature (left to right). 
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Figure 5.75 VT-1H decay curves of solvent signals for dried UCLA-Tp with occluded 

benzonitrile from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to 

right), bottom row is 343 K, 353 K and a graph of T2 values vs. temperature (left to right). 

 

5.5.8 VT-1H spin-lattice relaxation time (T1) Experimental Methods 

1H T1 measurements were carried out using a commercial magnet set at a magnetic field strength 

Bo of 16.4 T, at which the proton frequency (ν0 = ω0/2π) is 700.0 MHz. A tank circuit was built for 

this purpose using an inductor made of bare copper wire wound in a coil form. Polycrystalline 

sample of the co-crystal was packed in a 3.2 mm zirconia rotor capped with a Kel-F fitting and 

placed in the copper coil. 1H T1 experiments were recorded using a saturation recovery pulse 

sequence combined with a spin-echo, the saturation state was attained with a pulse comb (3*π/2) 

which was followed by a time recovery τ. The spectra at different τs were integrated to then build 

saturation recovery traces that were fitted to a single exponential function. 1H T1 experiments were 

recorded in the range of 303 – 343 K. 
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Figure 5.76 VT-1H saturation curves of solvent signals for dried UCLA-Tp with occluded DMF 

from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to right), bottom 

row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
 

 
Figure 5.77 VT-1H saturation curves of MOF signals for dried UCLA-Tp with occluded DMF 

from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to right), bottom 

row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
 



 289 

 
Figure 5.78 VT-1H saturation curves of solvent signals for dried UCLA-Tp with occluded DEF 

from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to right), bottom 

row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
 

 

 
Figure 5.79 VT-1H saturation curves of MOF signals for dried UCLA-Tp with occluded DEF 

from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to right), bottom 

row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 



 290 

 

 
Figure 5.80 VT-1H saturation curves of solvent signals for dried UCLA-Tp with occluded 2-

octanone from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to 

right), bottom row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
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Figure 5.81 VT-1H saturation curves of MOF signals for dried UCLA-Tp with occluded 2-

octanone from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to 

right), bottom row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
 

 
Figure 5.82 VT-1H saturation curves of solvent signals for dried UCLA-Tp with occluded o-

dichlorobenzene from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left 

to right), bottom row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
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Figure 5.83 VT-1H saturation curves of MOF signals for dried UCLA-Tp with occluded o-

dichlorobenzene from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left 

to right), bottom row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
 

 
Figure 5.84 VT-1H saturation curves of solvent signals for dried UCLA-Tp with occluded 

bromobenzene from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to 

right), bottom row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
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Figure 5.85 VT-1H saturation curves of MOF signals for dried UCLA-Tp with occluded 

bromobenzene from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to 

right), bottom row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
 

 
Figure 5.86 VT-1H saturation curves of solvent signals for dried UCLA-Tp with occluded 

benzonitrile from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to 

right), bottom row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
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Figure 5.87 VT-1H saturation curves of MOF signals for dried UCLA-Tp with occluded 

benzonitrile from 303 K to 343 K at 700 MHz. Top row graphs are 303 K, 313 K, 33 K (left to 

right), bottom row is 343 K, 353 K and a Kubo-Tomita fit of the data (left to right). 
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