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ABSTRACT OF THE DISSERTATION 

 

The Design, Synthesis, and Study of Solid-State Molecular Rotors: 

Structure/Function Relationships for Condensed-Phase Anisotropic Dynamics 

 

by 

 

Cortnie Sue Vogelsberg 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2012 

Professor Miguel A. Garcia-Garibay, Chair 

 

Amphidynamic crystals are an extremely promising platform for the development of artificial 

molecular machines and stimuli-responsive materials.  In analogy to skeletal muscle, their 

function will rely upon the collective operation of many densely packed molecular machines (i.e. 

actin-bound myosin) that are self-assembled in a highly organized anisotropic medium.  By 

choosing lattice-forming elements and moving “parts” with specific functionalities, individual 

molecular machines may be synthesized and self-assembled in order to carry out desirable 

functions.  In recent years, efforts in the design of amphidynamic materials based on molecular 

gyroscopes and compasses have shown that a certain amount of free volume is essential to 

facilitate internal rotation and reorientation within a crystal. 

In order to further establish structure/function relationships to advance the development of 

increasingly complex molecular machinery, molecular rotors and a molecular “spinning” top 

were synthesized and incorporated into a variety of solid-state architectures with different 

degrees of periodicity, dimensionality, and free volume. Specifically, lamellar molecular crystals, 

hierarchically ordered periodic mesoporous organosilicas, and metal-organic frameworks were 
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targeted for the development of solid-state molecular machines.  Using an array of solid-state 

nuclear magnetic resonance spectroscopy techniques, the dynamic properties of these novel 

molecular machine assemblies were determined and correlated with their corresponding 

structural features.  It was found that architecture type has a profound influence on functional 

dynamics.   

The study of layered molecular crystals, composed of either molecular rotors or “spinning” 

tops, probed functional dynamics within dense, highly organized environments.  From their 

study, it was discovered that: 1) crystallographically distinct sites may be utilized to differentiate 

machine function, 2) halogen bonding interactions are sufficiently strong to direct an assembly 

of molecular machines, 3) the relative flexibility of the crystal environment proximate to a 

dynamic component may have a significant effect on its function, and, 4) molecular machines, 

which possess both solid-state photochemical reactivity and dynamics may show complex 

reaction kinetics if the correlation time of the dynamic process and the lifetime of the excited 

state occur on the same time scale and the dynamic moiety inherently participates as a reaction 

intermediate. The study of periodic mesoporous organosilica with hierarchical order probed 

molecular dynamics within 2D layers of molecular rotors, organized in only one dimension and 

with ca. 50% exposed to the mesopore free volume.  From their study, it was discovered that: 1) 

molecular rotors, which comprise the layers of the mesopore walls, form a 2D rotational glass, 

2) rotator dynamics within the 2D rotational glass undergo a transition to a 2D rotational fluid, 

and, 3) a 2D rotational glass transition may be exploited to develop hyper-sensitive thermally 

activated molecular machines.  The study of a metal-organic framework assembled from 

molecular rotors probed dynamics in a periodic three-dimensional free-volume environment, 

without the presence of close contacts.  From the study of this solid-state material, it was 

determined that: 1) the intrinsic electronic barrier is one of the few factors, which may affect 

functional dynamics in a true free-volume environment, and, 2) molecular machines with 

dynamic barriers <<kbT may behave “inertially” in a free volume environment.   
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1.1.  INTRODUCTION 

 The last two decades have witnessed significant advances in the field of artificial 

molecular machines.1,2 Over the years, chemists have recognized appealing analogies between 

the structure of certain organic molecules and those of some machines and machine parts.  

Early examples include molecular propellers,3 gears,4 turnstiles,5 and ratchets,6 among many 

others.  While the proposed similarities may seem rudimentary, early on there was no justifiable 

reason to believe that the motion of molecules would in any way resemble the motion of 

macroscopic objects.  In landmark studies, while studying the dynamic stereochemistry of 

ditriptycyl methanes and ethers, Mislow and Iwamura showed that the motion of gearing 

triptycenes is remarkably fast and highly correlated, with phases and velocities that are a 

reasonably good approximation to macroscopic bevel gears (Fig. 1.1).  The resemblance 

between such molecular and macroscopic objects is not only structural, or iconic, but it is also 

functional, or analogic.7 

                                         

Figure 1.1.  Structural (iconic) and analogical similarities between a macroscopic bevel gear and a di-9-

triptycylether in solution, as suggested by Mislow and Iwamura. 

 

 While functional analogies between macroscopic objects and molecules continue to 

guide chemists’ efforts in the field of dynamic stereochemistry, the field of artificial molecular 

O
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machinery has incorporated properties into specially designed systems that may help control 

the behavior of molecules by taking advantage of external stimuli.8   Balzani and coworkers 

have shown that precisely constructed chromophore assemblies may be used to control the 

absorption and flow of excitation energy in solution by exploiting changes in redox and 

protonation states.  Antennas, wires, switches, plug-sockets and other energy transporting and 

controlling devices were designed with high expectations for functional performance, rather than 

just structural analogies. A point in case is a molecular “plug” and “socket” system based on a 

binaphthyl crown ether host and a benzyl-methylanthryl amine guest (Fig. 1.2).9    

                                                                       

 

Figure 1.2.  According to the suggested analogic similarity, the binaphthyl moiety acts as a socket by 

(temporarily) containing energy captured by the absorption of a photon, and the methyl-anthracene 

ammonium ion acts as a plug by behaving as a guest and energy acceptor.  Reprinted with permission 

from reference 9.  Copyright © 2001 American Chemical Society. 

 

Another example of this approach comes from the work of Feringa, who has designed a 

sophisticated photochemically-driven molecular motor.10  Other well-known small-molecule 

machines include “molecular shuttles”, generally consisting of rotaxanes characterized by a 

thread that has two redox or protonation-active binding sites, which can be modulated to 
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determine a favored position of the translationally mobile component. Excellent reviews can be 

found on these and other systems.11 

 Although it is unlikely that any one of the aforementioned “artificial molecular machines” 

will find applications analogous to those of their macroscopic namesakes, the suggested 

resemblances have stimulated a deeper understanding of molecular kinematics,12 molecular 

association, energy capture, and energy and electron transfer. Complex Newtonian machines 

have challenged chemists to synthesize molecules that mimic macroscopic dynamic and 

functional behaviors, yet the physical mechanics at the macroscopic and molecular regimes 

vary widely.  While the function of macroscopic machines is largely based on the relation 

between inertial forces and friction, the function of molecular machines in viscous environments 

is strongly influenced by thermal forces. Therefore, artificial molecular machines are more likely 

to be useful when they incorporate design elements, which define and control function such as 

those in biomolecular machines.  Examples of biomolecular machine functions at the cellular 

level and below range from solar energy capture and transduction (photosynthesis), ion 

pumping and energy storage (ATPase), internal transport (kinesin and dyenin on microtubule 

tracks), to sensory functions (vision), etc.13,14 Based on these examples from biology, it seems 

reasonable to expect that artificial molecular machines must become significantly more complex 

than isolated molecules tumbling around in solution if they are expected to be truly useful.  

 We believe that the development of artificial molecular machines should parallel our 

knowledge regarding the structure and dynamics of self-assembling supramolecular systems, 

with increasingly higher levels of complexity over a wide range of compositions and dimensions.  

As discussed below, we view the crystalline solid state as an ideal starting point to: (1) address 

the relationship between molecular structure and aggregation; (2) determine the relationship 

between aggregate structure and internal dynamics; and (3) develop strategies to control 

aggregate function. 
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1.2. DESIGNING A MOLECULAR MACHINE: SUGGESTIONS FROM THE MACROSCOPIC 

WORLD  

 The Webster New Collegiate dictionary defines a machine as an assemblage of parts 

that transmits force, motion, or energy from one component to another.15 The complexity of a 

machine is related to the number and type of parts, the materials used, the shapes of the 

components, their sizes, and how they fit together. Compared to the individual components, a 

machine has a large reduction of entropy, manifested by a considerable change in the number 

of degrees of freedom.16  A simple wristwatch (Fig. 1.3), for example, is a macroscopic structure 

made of of ca. 200 parts (N=200) that are designed to work collectively as one.  While the 

separate parts have ca. 6N = 1200 independent degrees of freedom, they are put together in 

such a manner where the entire assembly has only one or a few internal degrees of freedom.  

Its function is achieved by combining a large number of components within a structurally 

complex and dense assembly. The trajectory and dynamics of a machine’s internal components 

can be described in terms of a potential energy surface. In a wristwatch, the kinetics of the 

surface are designed to isomerize the structure every second under the influence of a driving 

potential (a wound spring, in this example). A large amount of structural information is conveyed 

in the dynamics of a macroscopic machine.  From the function of the wristwatch, one can 

determine that inertial forces and friction, which may be properly described by deterministic 

models, govern it.  

 Borrowing from the design principles of macroscopic machines, an artificial molecular 

machine could be described and built by making use of the information contained in its 

blueprints, which describe the composition and structure of all the components (atoms and 

molecules) and the instructions for their assembly (chemical synthesis, self assembly and 

hierarchical organization).  In analogy with macroscopic systems, useful molecular machines 

should be dense, multicomponent assemblies that display a function under the influence of a 

suitable driving potential.  However, unlike macroscopic systems, they will not possess a resting 
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state and they cannot have functions based on inertial motion. Molecular machines have 3N-6 

internal degrees of freedom for every conformation, binding state, etc., and many of those 

degrees of freedom will contain a large number of quanta.  Their behavior is subject to Brownian 

dynamics and their motion occurs along a distribution of internal and external trajectories that 

can only be described in a probabilistic manner.17,18 In other words, since acting forces dissipate 

very rapidly through many degrees of freedom, the function of molecular machines will depend 

on periodic structural changes between states with different physical properties.  

 

                  

Figure 1.3.  A machine may be viewed as a dense, multicomponent assembly of precisely built units that 

are designed to assemble in a way that results in a limited number of internal degrees of freedom.  The 

function of the machine is defined by one (or few) of those internal degrees of freedom. Reprinted with 

permission from reference 21. Copyright © 2006 American Chemical Society. 

 

 

1.3. GUIDELINES FROM BIOMOLECULAR MACHINES: DIRECTED MECHANICAL 

FUNCTIONS IN DENSE MULTICOMPONENT ASSEMBLIES        

Before describing the challenges involved in the construction of artificial crystalline 

molecular machines, it is worth analysing a few noteworthy aspects of the structure and function 

of model biomolecular systems.  For example, the membrane-bound flagellar motor displayed in 
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Fig. 1.4a is a complex molecular machine that contains over 30 different proteins assembled 

together to form the components that enable its function.19  The flagellum’s helical structure, 

which alone consists of 11 protofilaments of the protein flagellin, allows the cell to change 

swimming modes between running and tumbling.  Incredibly, as shown by X-ray fiber diffraction 

and in agreement with simple mechanical simulations, this two-state device derives its function 

by switching between left- and right- handed supercoiled forms that differ in protofilament repeat 

distance by only 0.8 Ångstroms.20  Therefore, the structure and function of the bacterial 

flagellum attests to the fact that multiple components must function with exact, even sub-

Ångstrom precision in order to execute sophisticated tasks on the molecular scale.  Many other 

biomolecular machines, including ATP synthase, myosin, etc., also contain a remarkable 

number of building blocks that undergo well-defined function.14 

 The function of biomolecular machines based upon hierarchical structures composed of 

close-packed, repeating units is similarly complex and elegant, as illustrated by skeletal muscle 

(Fig. 1.4b).  At the molecular scale, one can view the myosin motor (shown as a purple 

rectangle) as a machine that is constrained to move unidirectionally along actin filaments 

(shown in red).  When assembled together with associated proteins (shown in black and blue), 

the myosin/actin machine forms a functional building block that is repeated in three dimensions 

to form sarcomeres. The sarcomeres may be recognized as a complex multilayer structure19 

that translates along the direction of the layers to form myofibrils.  The myofibrils bunch together 

to form sarcolemma. The sarcolemma combine to form muscle fibers, which become muscle 

bundles, until they ultimately reach the level of macroscopic tissue.  The hierarchical structure of 

skeletal muscle results in a bulk functional material with degrees of crystallinity and periodicity 

that span several orders of magnitude in a complex and densely-packed 3D system.  It is 

important to note that, regardless of their nature, dimensions, and operating environments, 

biomolecular machines are all arranged in densely-packed, anisotropic media such as tissues, 
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membranes, and nanotubular filaments.  These supporting structures define the frame of 

reference for their function and localize the machine where it is needed. 

 

 

 

 

 

 

Figure 1.4.  Schematic representations of the structures of (a) bacterial flagellum and (b) skeletal muscle 

as densely packed, multicomponent assemblies, which suggest that artificial molecular machines are a 

promising platform for the development of stimuli-responsive, bulk materials. Images adapted from: (a) 

Xing, J.; Bai, F.; Berry, R.; Oster, G. Proc. Natl. Acad. Sci. USA, 2006, 103, 1260.  (b) Yonekura, K.; 

Maki-Yonekura, S.; Namba, K. Nature, 2003, 424, 643.  (c) 

http://www.vetlearn.com/Media/images/vt/03_05/VT_0305_174.png.  (d) Sanger, J. W.; Wang, J.; Fan, Y.; 

White, J.; Sanger, J. M. J. Biomed. Biotech. 2010, 2010, 1. 
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1.3.1. DIMENSIONALITY, PERIODICITY, AND SYMMETRY  

 The examples described above highlight the importance of structural precision and 

control in multicomponent biomolecular machines.  However, while biomolecular machinery is 

extremely structurally complex, it exploits periodicity and symmetry to form its sophisticated 

architectures via assembly of more simple building blocks.  Though it may appear that many 

molecular machines like the bacterial flagellum are zero-dimensional systems with overall low 

symmetry and without periodicity, their subunits often display remarkable symmetries and 

periodicities that are inspiring to molecular and crystal engineering.  For example, while the 

flagellum in Fig. 1.4a may be viewed as a single complex operational unit, its stator and rotator 

are made up of structures with rotational symmetries that vary from 26 to 36-fold to make the 

assorted rings in the assembly (Fig. 1.4a, C-ring, M-ring, S-ring, etc.). Furthermore, the flagellar 

filament may be viewed as a periodic 1D structure with 11-fold helical symmetry.  It should be 

noted that the flagellum could not display its function if it were not embedded in a membrane, 

which is itself an ordered and periodic array that may be idealized as a 2D crystal.  

 

                  

Figure 1.5.  Kinesin and dynein are biomolecular “motors” responsible for the transport of proteins in the 

cell. With energy provided by ATP, they move in opposite directions along the polar structure of the 

microtubules. The transport machinery requires both the motor proteins and the microtubule track. Image 

from: http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book= cooper& part=A1833  
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 A close inspection of many biomolecular machines highlights the fact that self-

aggregation and structural periodicity in zero-, 1-, 2- and 3- dimensions is essential.  The 

autonomous biomolecular “motors” responsible for the transport of proteins within the cell, 

including kinesin and dynein, are able to move unidirectionally (and in opposite sense) along the 

uniaxial aggregates of the protein tubulin (Fig. 1.5).  Here, the kinesin and dynein may be 

viewed as zero-dimensional structures, and the tubulin a 1D structure that can extend 

periodically for several micrometers.  While one may be reluctant to call tubulin a molecular 

machine, it serves to the motor proteins the same function a railroad track serves to a train; 

therefore, it is an integral part of the motor proteins’ function.  Indeed, if one considers the fact 

that many tissues may be viewed as complex, hierarchical structures, with a high degree of 

periodicity, one can justify the importance of aggregation, dynamics and functions within 

structures with a range of compositions, dimensionalities, and sizes.  The examples in Figs. 1.4 

and 1.5 illustrate some of the most interesting challenges in crystal engineering! 

 

1.4. MOLECULAR MACHINERY: AUTONOMOUS VERSUS COLLECTIVE FUNCTION21 

 The approach to multicomponent artificial molecular machines may be formulated two 

different ways based on the number of repeat active components that are intended to constitute 

a functional system.  The first approach is based upon a single, discrete machine that 

individually performs a specific function.  These systems may be referred to as “autonomous” 

molecular machines.  A biological example of an autonomous molecular machine is the 

bacterial flagellum (Fig. 1.4a).  Its parts consist of a stator, a rotator and a filament, and it is 

supported on the bacterial membrane assembly.   The bacterial flagellum may be viewed as 

autonomous because it is able to accomplish useful function (cell propulsion) based on its own 

operation (when there is enough energy to propel its rotary motion).  Although it is, in fact, a 

complex assembly composed of many proteins, its characteristic operation is derived only from 

its internal, self-contained parts. Being discrete entities, autonomous molecular machines are 
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likely to be restricted to sizes in the nanometer to micrometer range.  They are probably what 

many have in mind when the words “molecular machine” are spoken, and they describe well the 

efforts made by the synthetic community in the development of artificial molecular machines 

(Figs. 1.1-1.2).  However, it seems likely that artificial nano-to-micrometer size machines will be 

difficult to control in an individual manner, and it is not clear what sort of useful functions they 

may be able to accomplish.  Biology teaches us that the operation of autonomous biomolecular 

machines depends very strongly on their being part of a pre-programmed system, reliant upon a 

rigorously controlled operating environment with many other processes playing complementary 

or supporting roles.   

 

                                              

Figure 1.6. A sketch of Galvani showing the results of experiments where dead frog legs are stimulated 

by an electrical stimulus.  Image from L. Galvani, De viribus electricitatis in motu musculari commentarius, 

1791.  

 

 The second approach to multicomponent artificial molecular machinery is based on 

collective molecular machines, which rely on the cooperative behavior of many repeat, active 

systems to affect useful function.  Collective biomolecular machines reach the macroscopic 

scale and may be viewed as complex functional materials. A striking example of a collective 

biomolecular machine is bulk skeletal muscle (Fig. 1.4b), which is able to do large amounts of 
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work by altering its dimensions as a result of changes that occur collectively at the molecular 

level.  Notably, the macroscopic function of the muscle can be interfaced with remarkably simple 

electric signals, as shown by Galvani with frog legs over 200 years ago (Fig. 1.6). Recognizing 

collective molecular machines as complex stimuli-responsive macroscopic materials provides a 

promising and more imminent entry towards the design of artificial systems with great practical 

value, as compared to autonomous molecular machines. As illustrated in Fig. 1.5c, artificial 

collective molecular machines may consist of crystalline arrays that respond cooperatively to 

some external stimulus.  To the extent that their response alters their physical properties, they 

may be utilized transduce energy, store charges, do mechanical work, etc.   

 

1.5. FROM MOLECULAR DESIGN TO ARTIFICAL MOLECULAR MACHINERY WITH 

AMPHIDYNAMIC CRYSTALS  

1.5.1 PHASE ORDER AND DYNAMICS IN SINGLE COMPONENT CONDENSED PHASES  

 While the development of artificial molecular machines will encompass all areas of 

chemistry, physics, materials science, and engineering, only synthetic chemistry has the tools to 

provide the testing grounds to establish the relationship between structure, internal dynamics, 

and function.  As a starting point to investigate the correlation between structure and dynamics 

of molecules in condensed-phase matter, we previously proposed a qualitative phase diagram 

that relates phase order and dynamics (Fig. 1.7).16  The discussion of dynamics and phase 

order will first address systems consisting of a single functional component, and then move on 

to analyse multicomponent phases (Section 1.7).  

When considering the realm of condensed-phase matter, common knowledge and 

intuition suggest an inverse relationship between phase order and molecular motion. For 

instance, it is widely appreciated that molecules in the liquid phase, located in the bottom-right 

corner of Fig. 1.7, have significant molecular freedom and can undergo rapid diffusion, collisions 

and tumbling that render the bulk material dynamically isotropic.  It is also known that some 
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liquids can be flash-cooled to form a glassy state, where diffusion and rotation are arrested to 

render the system structurally inhomogeneous.  Glasses have no molecular order and very little 

motion, occupying the bottom-left corner of our phase diagram.  

   Possessing little motion, yet with the greatest long-range order, crystals of molecules 

with arbitrary shapes occupy the top left corner of Fig. 1.7. Characterized by aggregates that 

form with very short-range forces, molecular crystals have a natural tendency to fill-in the largest 

amount of volume. The corresponding close-packing, or key-in-the-lock principle, results in 

macroscopic structures that are rigid, homogeneous, and periodic, with packing coefficients Ck 

(or average densities) that vary from ca. 0.65 – 0.77.22 The anisotropic molecular ordering 

results in physical properties that vary as a function of direction, in a manner described by the 

symmetry of the assembly and the identity of the molecules.  

 

 

Figure 1.7. Phase order versus molecular motion for condensed-phase matter. 

 

 Intermediate phases possessing molecular dynamics and phase order between those 

observed for isotropic liquids and anisotropic crystals can be formed by molecules with relatively 

simple structures, the result of weak enthalpic forces. Phases in which molecules have limited 
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translational motion, but possess one or more degrees of rotational freedom, are typified by 

spherically- or cylindrically- shaped moieties such as C60, ferrocene, long chain hydrocarbons or 

waxes, and cage-like bicyclic structures such as adamantane, norbornadiene, norbornene, 

norbornane, and cubane.23  The phases formed by these molecules are known as plastic 

crystals because they can deform under applied pressure.  Molecules in plastic crystalline 

phases are fixed at discrete sites within a homogeneous and periodic lattice, yet their 

components undergo high frequency re-orientational motions.24,25  As a result of this “dynamic 

disorder”, plastic crystal lattices possess very low entropies of fusion.  It is not surprising that 

many of these globularly shaped molecules experience low barriers to rotation about multiple 

axes in the solid state.  For instance, the molecules in the high temperature plastic crystalline 

phase of adamantane have three rotational axes,25 as depicted in Fig. 1.8, with a small barrier 

to rotation of ca. 3.1 kcal/mol, as measured by variable temperature (VT) solid-state (SS) 

NMR.23b 

 

                            

Figure 1.8. Buckminster fullerene (C60) and adamantane undergo very fast reorientations in their high-

temperature plastic crystalline phases, with activation barriers of only 1.4 kcal/mol and 3.1 kcal/mol, 

respectively.  However, the presence of multiple rotational axes makes the motion difficult to harness for 

molecular machine applications. 

 

 Molecular shape and symmetry play a very important role on the dynamics of molecules 

in plastic crystals.  For example, the rotation of the icosahedral C60 molecule in its high 

temperature plastic crystalline phase is isotropic, with an activation energy of only 1.4 kcal/mol 
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and a frequency factor (or pre-exponential) !0 
-1 = 1.2 ± 0.1 x 1012 Hz, as determined by VT SS 

NMR.26   This energy barrier is less than half the barrier to rotation about the C—C bond of 

ethane in the gas phase, and the rotational correlation time !c = 9.2 ± 2 ps is less than then the 

!c = 15.5 ps determined in a solution of 1,1,2,2-tetrachloroethane at 283 K.  This means that the 

plastic crystalline phase facilitates more rapid rotation of C60 molecules than when it is dissolved 

in solution!  This highlights the fact that condensed-phases can facilitate dynamic behavior not 

possible in other states.  However, it is important to note that while molecules in plastic 

crystalline phases have an “anchored” center of mass, the presence of multiple rotational axes 

does not make them ideal for applications where controlled molecular motion is desired. 

  Liquid crystals (LC) are phases with order and motion between those of plastic crystals 

and isotropic liquids, and belong in the middle-right portion of Fig. 1.7. Liquid crystals are fluids 

composed of molecules with average long-range orientational order, defined by a preferred 

orientation described in terms of an order director.25  Molecules in LC phases undergo fast 

translational self-diffusion, molecular rotations, internal conformational dynamics, and collective 

motions determined by fluctuations of the order director.27 Liquid crystal mesogens have 

structures characterized by rigid cores, in the form of rod-like or disc-shaped structures, and 

floppy side chains.  The generation of liquid crystalline mesophases is not possible for 

molecules with arbitrary shapes. 

 From the description of the crystalline, plastic crystalline, LC, and liquid phases 

described up to this point, it is apparent that phase order and dynamics are strongly influenced 

by the general characteristics of the corresponding molecular structures.  A trade-off exists 

between phase order and molecular dynamics.  However, there is no reason for high order and 

fast motion to be incompatible with each other.  We have suggested that a proper structural 

design may integrate fairly rigid molecular components that form an ordered lattice with 

components that are capable of experiencing high functional mobility.  Given the coexistence of 
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components at the extremes of the dynamics spectrum, our group has suggested the term 

amphidynamic crystals for the proposed new phases.16,28  As shown in Fig. 1.7, amphidynamic 

crystals belong in the upper-right corner of the phase-order versus molecular-motion diagram.  

Motion in these phases should occur in a highly anisotropic manner and within a well-defined 

frame of reference, which should be ideal for the development of artificial molecular machines.   

 

1.6.  AMPHIDYNAMIC CYRSTALS AS MOLECULAR MACHINES  

1.6.1.  MOTION IN DENSE AND HIGHLY-ORDERED MEDIA 

 As a starting point to engineer amphidynamic crystals, one must consider the structural 

features that would make it possible to have fast motion within a dense environment.  

Recognizing that this is a common attribute of many macroscopic machines, it seems 

reasonable that some aspects of their structural blueprints could be used at the molecular level.  

Most macroscopic machines are densely packed with components that undergo periodic 

motions, mainly rotary and oscillatory, by taking advantage of three design elements:  (a) a 

certain amount of pre-programmed free volume; (b) the use of volume-conserving elements, 

such as rotating cylinders that require no volume or shape changes; and (c) the use of 

correlated motions, where the moving objects intermesh or push-and-pull in a concerted manner 

taking turns to occupy the same space.  Such design elements are not only evident in the 

structure of the watch in Fig. 1.3, but similar principles are also observed in biomolecular 

machines such as the bacterial flagellum and ATP synthase.  According to this hypothesis, one 

may expect that similar principles should allow for rapid molecular motion within the close-

packed environment of molecular crystals and other solids.   

 

1.6.2 DESIGNING MOLECULES FOR AMPHIDYNAMIC CRYSTALS  

 Some of the most promising structures to form amphidynamic crystals are based upon 

molecular rotors.  These molecules should be designed with rigid frames, which can generate 
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local free volume within an otherwise densely-packed environment, linked through pivots and 

axles to support rotary parts.  While this entire molecular “assembly” can be referred to as a 

molecular rotor, the portion of the molecule that provides a static frame of reference is known as 

the stator, and the part undergoing motion is known as the rotator.  Structural designs based 

upon analogies to macroscopic gyroscopes and compasses are particularly well-suited for the 

design of molecular rotors.  Even though the functions of the two navigational instruments are 

based upon different physical phenomena (conservation of momentum and magnetic-dipole 

modulated rotation, respectively), they are topologically identical, or homeomorphic. They each 

consist of a rotating or reorienting unit, the rotator, linked to a shielding box, or stator, by an 

axle.  Though it is unlikely that molecules based on the structures of gyroscopes and 

compasses will function like the macroscopic objects, the basic design elements are archetypal 

for engineering well-defined motion within densely-packed crystals.  

 The molecular gyroscope sketched in Fig. 1.9 represents an idealized design with the 

necessary elements to form crystals, which support rotary motion.  A variable rotary element 

and the rigid dialkynyl axle are shown in red and the stator is shown in blue.  Since rotation 

about C(sp)–C(spn) (n = 1, 2, 3) bonds is essentially barrier-less in the gas phase, alkynyl axles 

facilitate the angular motion of a central rotator.29  The alkynes may also assist the rotational 

dynamics through bending modes that are capable of generating torque.  The bulky stator in 

Fig. 1.9 is based on two triptycyl groups that provide a static frame of reference and create 

internal free-volume where rotational motion can occur. The three bridging groups connecting 

the stator may further help to define a free-volume boundary around the rotating component in 

the solid state.   

 Removing the bridging groups of the molecular rotor in Fig. 1.9 generates a structure 

with bulky ends and a narrow middle section known in the field of crystal engineering as a 

“wheel and axle” motif.  Such structures are known to form low-density crystals with a tendency 

to trap solvent of crystallization.30  It was recently noted31 that, in addition to structures with two 
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bulky ends linked by a rigid rod,32,33,34 low density crystals are also formed by structures with 

shapes that consist of rigid platforms penetrated by a rod35,36,37 and several platforms 

penetrated or interconnected by one or more rods.38,39  The common feature of these structural 

motifs is that the formation of close-packed structures with complementary contacts for all 

molecular surfaces is impossible.  Therefore, one or more rotators may be inserted within 

various wheel and axle topologies, as indicated by the molecular rotor designs in Fig. 1.10, 

leading to the design of multi-rotator gyroscopes and compasses.40  

 

Figure 1.9. Crystalline molecular gyroscopes are examples of amphidynamic crystals. Evident are the 

analogies between macroscopic and molecular parts used to construct each gyroscope.  Image adapted 

from reference 16.  

                    

Figure 1.10.  Schematic representation of mono- and multi-rotor structures based on wheel and axle 

motifs expected to have low-packing density and rapid rotary dynamics in the solid state.   



 19 

 While predicting crystal packing in a reliable manner is not yet possible for organic 

molecules, statistical theories based upon weak van der Waals interactions and simple 

size/shape considerations allow one to plan basic aspects of crystal engineering.  For example, 

it is well-known that rigid structures with high axial symmetry and a large aspect ratio tend to 

form low-symmetry crystals with all the molecules aligned along the same direction (just like 

matches in a box).  It is also known that globular molecules tend to adopt some of the simplest 

close packing motifs with high-symmetry space groups.  Therefore, while the axle, rotator, and 

stator may be general mainstay features in the design of molecular rotors for stimuli-responsive 

bulk materials, variations in the size, aspect ratio, and symmetry of their components should 

allow for systematic variations in packing symmetries, solid-state dynamics, and ultimately 

function.   

 

1.6.3.  ROTARY MOTION IN THE MACROSCOPIC AND MOLECULAR WORLDS: INERTIAL 

VERSUS BROWNIAN MOTION 

 Dynamic processes occurring at the molecular level are very different from those that 

occur at the macroscopic scale.  The most critical distinctions can be made by considering the 

different masses and the viscosity of the medium in each respective operating environment, 

which ultimately determine their Reynolds numbers.  For a large mass acting in a relatively low 

viscosity medium, macroscopic rotators have a large Reynolds number.  As such, their function 

relies on the relation between the tangential components of the acting forces and the friction (or 

viscosity) that opposes their rotation.  Some of their kinetic energy is lost as heat as a result of 

friction and the rest can be used to do work.  The situation for molecular rotors in condensed 

phases is very different since the magnitude of their inertial forces is very small with respect to 

the size of the forces arising from random thermal fluctuations.  Under such conditions, inertial 

motion dissipates immediately.  In fact, thermally-activated molecular rotation occurs as a result 
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of thermal fluctuations by Brownian displacements and random jumps, which are determined by 

the details of the corresponding potential energy surface.   

 As illustrated in Fig. 1.11 with a 1,4-bicyclo[2.2.2]octanediyl group, rotational potentials 

are characterized by the number of energy minima per (360o) turn and by the height of the 

barriers (Ea) between them.  Molecular rotors with activation energies that are greater than the 

available thermal energy (kBT) are expected to undergo rapid back-and-forth oscillations with a 

frequency k0, and sporadic random jumps between adjacent minima with frequencies krot that 

depend on Ea as predicted by the Arrhenius equation:41 

krot = k0 exp(-Ea/kT)                                                    (Eq. 1.1) 

The pre-exponential factor, k0, characterizing a Brownian rotor is also referred to as its “attempt 

frequency”.  For elementary processes, it reflects the upper limit for rotation between adjacent 

minima that a given molecule can undergo in a particular environment.  Its value is determined 

by the moment of inertia of the rotator, and it corresponds to the rate that would occur in the 

hypothetical scenario where there are no intrinsic steric or electronic barriers.21,42,43    

 

          

Figure 1.11. Rotational motion at the molecular level is determined by the details of the potential energy 

surface.  The example above represents a Brownian rotor with a three-fold symmetric potential that has 

an energy barrier (Ea) much greater than thermal energy Ea >> kBT.  
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 Applications based on the unidirectional rotation of molecular machines have been 

envisioned, exploiting both Brownian rotation and externally-driven rotary motion.  The 

requirements to favor Brownian jumps in only one direction involve biasing the rotational 

potential; the conditions needed to drive a polar rotator with an external field have been 

discussed in the literature.44 However, examples of unidirectional, biased Brownian motion or 

driven rotation are yet to be demonstrated in the solid state.  Knowing that rotational potentials 

are determined by molecular sterics and electronic factors, it should be possible for chemists in 

the very near future to select individual components and external conditions to influence the 

dynamic behavior of molecular rotors in condensed phases. 

 

1.6.4. SINGLE COMPONENT AMPHIDYNAMIC CRYSTALS: MOLECULAR GYROSCOPES 

 The simplest organized molecular assemblies to display internal molecular motion are 

based on single component amphidynamic crystals.  Their function should be based on 

structural information contained at the molecular level, so that their motion in the crystalline 

state does not depend on unsuspected or unpredicted packing arrangements.  One should 

expect molecular gyroscopes to meet such requirements in a manner that depends on the 

specific nature of its components.  In fact, it has been shown that modifications in the structure 

of the stator, axle, and rotator result in crystal packing differences that facilitate rotation at 

ambient temperature from the kHz to the GHz regimes. 

 

1.6.4.1. STATOR EFFECTS: STERIC SHIELDING AND FREE VOLUME FLUCTUATIONS 

 The main role of the stator is to generate a local environment for the rotator that can 

facilitate motion within a densely-packed crystal.  This includes guiding the formation of an 

ordered lattice with a desirable packing motif, and providing the steric shielding and free volume 

necessary for motion of the rotator to occur.  Variations in the stator design have been shown to 

influence the packing coefficient (Ck) and flexibility of a molecular rotor’s crystal structure.  The 
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effects of changing the stator from various triptycenes (1 and 5) to triarylmethyls (trityls) (2 - 4) 

on the dynamics of a phenylene rotator are illustrated in Fig. 1.12.  Also shown are the 

corresponding rotational frequencies at 298 K, as determined by variable temperature (VT) 

solid-state nuclear magnetic resonance spectroscopy (SSNMR), along with the Ck values.  The 

rates of exchange vary from essentially zero for compound 145 to nearly 1 GHz for compound 

546.   

 The lack of motion in the case of molecular gyroscope 1 can be partially justified through 

the details of its crystal packing, which reveal tight interdigitation between adjacent molecular 

gyroscopes in a structure occupied by the solvent of crystallization (ortho-xylene).  However, it 

is interesting to note that while the packing coefficient of static 1 (Ck=0.73) is towards the higher 

end of values for molecular crystals, it is the same as that for the benzene clathrates of 2†47,48 

and 3,49 which, contrary to 1, undergo significant rotary motion in the solid state.   However, 

since the packing coefficient is a measure of the average free-volume within a structure, a 

comparison of the local rotator environments is necessary to help better understand the 

disparity in rotational dynamics.   

 The amount of free volume proximate to the rotator is an important factor, which can 

dramatically influence solid-state function. The more programmed free volume around a rotator, 

the more likely it is to undergo rapid dynamics within a highly organized medium.50 Since 

different stator designs result in characteristic lattice-forming interactions that ultimately dictate 

the structure, such as the robust six-fold phenyl embrace51 in crystals of 2, it could be possible 

that the wide range of dynamics observed for 1-3 arises from differences in the local free 

volume as a result of packing variations. However, a free volume analysis of the structures 

shows that the local environments proximate to the rotators appear to be quite similar (Fig. 

1.13).  Specifically, a close up of the three rotator environments does not qualitatively show 

significantly more free volume in the case of one versus another, indicating that the equilibrium 
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positions of the molecules do not give a full answer as to why their rotational dynamics are so 

different 

  

               

Figure 1.12. (Top) A series of molecular gyroscopes with para-phenylene rotators exemplifies that 

alterations in stator structure translate to packing differences in the crystalline state, which are ultimately 

reflected in rotator dynamics (where krot =  !0
-1 exp[-Ea/RT] as determined by SS NMR).  (Bottom) A 

graphical representation displays the trend between packing coefficient (Ck), lattice flexibility, and 

rotational dynamics. For elementary processes, the maximum rotational frequency is constrained by the 

pre-exponential, or frequency factor, of the para-phenylene rotator (See section 1.6.3.2).  a Molecular 

volumes were calculated according to both ref. 52 and PC Spartan ’08 (MM2).  The values obtained 

between the two methods were in excellent agreement with one another, varying by a difference of only 

ca. 0.4 – 0.8%. 
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Since molecular gyroscopes 1-3 share the same packing coefficient and a similar 

amount of free volume proximate to their rotators, the difference in the molecular dynamics must 

arise from non-equilibrium effects, such as local volume fluctuations and correlated motions.  A 

recent computational study regarding the structural changes that occur upon rotation of the 

central phenylene in crystalline 2 indicated that such correlated motions result in significant free 

volume fluctuations, which facilitate dynamics in the closely-packed lattice.53  Molecular models 

were built of both the benzene-clathrate 2 and the related solvent-free structure, which included 

clusters of 27 molecular rotors and 32 benzene molecules (2598 atoms), and 27 rotors (2214 

atoms), respectively.  It was found that the ca. 12 kcal/mol rotational barriers arise primarily from 

the cost of moving neighboring groups as rotation takes place.  A plot of atomic positions versus 

distance (r, Å) from the center of the rotator as a function of angular displacement from the 

equilibrium structure (at 0°) is shown in Fig. 1.14.  It was found that atoms as far as 20 Å away 

from the rotator “move out of the way”, and that some closer atoms move as much as ca. 3 Å 

from their equilibrium positions!  It was also shown that some C and H atoms in the benzene 

clathrate (blue dots in Fig. 1.14) displace by 1.4 Å and 2.5 Å as a function of every 180o 

phenylene rotation, indicating that the benzene molecules rotate in a correlated fashion.  

Experimentally, it was shown that the enclathrated benzene rotation is more facile than 

phenylene exchange, occurring at much faster rates  

The results of this computational study suggest that the disparity between the rotational 

rates of 1, 2, and 3 can be attributed to the flexibility of the environment around the rotator.  In 

the cases of 1 and 2, the proximity of the rotator to the (relatively) static stator groups (Fig. 1.13) 

dramatically hinders the ability of the lattice to accommodate periodic redistributions of free 

volume, resulting in much slower rotational rates relative to 3.  However, more flexible stators 

(or those with more degrees of freedom) may more readily accommodate the correlated motions 

necessary for rotation to take place within close-packed environments. Triptycene and trityl 

stators differ by a bridgehead C—H group in their core design, and the presence of this 
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bridgehead (in the triptycene stator) removes degrees of conformational freedom by “locking” 

the stator aromatic groups into place.  Conversely, the absence of the C—H bridgehead in trityl 

stators results in stator phenylenes that may adopt different torsional angles, leading to more 

conformational degrees of freedom that can facilitate correlated motions. The inflexible, 

unyielding nature of the triptycene stators proximate to the rotator in crystals of 1 results in 

energetic barriers that are too high for rotation to occur. Since librations and bending of the 

phenyl groups in the trityl stator are available for the rotationally dynamic 2 and 3, but not 

present for triptycene-based 1, flexibility (or correlated motions) within the crystal structures 

likely plays an important role in the solid-state dynamics.  It is also worth noting that the 

proximity and arrangement of the enclathrated solvent guests (teal, Fig. 1.13) to the rotators of 2 

and 3 also likely accommodates such periodic redistributions of free volume within the lattice.  

Notably, the phenylene rotator in 3 is surrounded only by mobile enclathrated benzene guests 

and dynamic phenylene rotators, leading to a more “flexible” rotator environment. Therefore, the 

difference in the dynamics observed between trityl-based molecular gyroscopes 2 and 3 can 

also be explained by the relative ability of their crystal lattices to facilitate correlated motions, 

which lead to periodic redistributions in free volume. 

 Molecular gyroscopes 454 and 5 are characterized by packing coefficients of ~0.68†† and 

0.69, which result in an increase in the amount of average free volume relative to molecular 

gyroscopes 1 - 3 (Fig. 1.12). This increase in free volume was engineered by increasing the 

steric bulk of the stator and leads to a significant reduction in the rotational barriers. This 

observation is consistent with the idea that the energetic barriers observed for solid-state 

rotational dynamics arise primarily from interactions with nearby neighbours in the lattice.  By 

eliminating the number of short contacts for a rotator, the activation energy of rotation 

decreases.  As a result of the decrease in rotational barrier, rapid room temperature rotational 

frequencies of >100 MHz and 0.95 GHz for 4 and 5 were observed, respectively.  The results in 

Fig. 1.12 suggest that changes in the packing coefficient are a relatively good measure of the 
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free volume generated by the shielding effects of bulkier stators.  However, it is likely that 

solvent molecules in the lattice of clathrates 4 and 5 (dichloromethane and bromobenzene, 

respectively) also contribute to correlated motions, further facilitating the rotational dynamics. 

Interestingly, in the case of molecular gyroscope 5, the stator structure is as rigid as that of 1, 

but interdigitation of adjacent stators and rotators is prevented by the bulkier methyl-substituted 

triptycene stators.  This engineered design eliminates the rotator/triptycene short contacts, 

which are devastating to the rotational dynamics of 1. Furthermore, the bromobenzene 

molecules incorporated in the lattice during crystal growth of 5 are arranged in such a manner to 

facilitate unique dynamics (vide infra). The results of the stator studies of 1 - 5 suggest that 

permanent free volume and structure “flexibility” are both important factors when engineering 

rapid, anisotropic solid-state rotation in close-packed environments. 

                          

 

Figure 1.13.  Close up view of the rotator (in red) environment in clathrates 1, 2, and 3.  They show no 

obvious differences in their local free volumes, suggesting the differences in their molecular dynamics 

must arise from non-equilibrium effects.  The neighbouring stator groups (triptycene or trityl) are shown in 

dark blue and the solvent of crystallization is in light blue, while neighbouring rotator moieties in are 

depicted in orange.  
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Figure 1.14. Positional displacement from the equilibrium structure (at 0°) versus distance (r, Å) from the 

center of the phenylene rotator as a function of rotator angles 30o, 90o, 120o and 180o.  Blue squares 

correspond to the benzene clathrate 2 and red circles to the desolvated structure.  The atoms left at 1.4 

and 2.5 Å from the origin correspond the benzene guests in clathrate 2 that have undergone 1/6th of a 

rotation. Reprinted with permission from reference 53.  Copyright © 2007 American Chemical Society. 

 

1.6.4.2. ROTATIONAL SYMMETRY ORDER (Cn) AND VOLUME-CONSERVING MOTIONS  

 Knowing that packing interactions in molecular crystals are the result of short-range 

dispersion forces, it may be expected that the shape of a rotator will be matched by the van der 

Waals surface formed by its close neighbours.  This is well illustrated by the close up views of 
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the rotator environment in crystals of 1 - 3 in Fig. 1.13. One can see how neighboring groups 

pack as close as possible to the rotator in red.  A schematic illustration of hypothetical closed-

packed rotators with simple, convex polygonal cross sections, with increasing axial symmetry, is 

represented in Fig. 1.15, along with the variations expected in their energy profiles.  An increase 

in the rotational symmetry order, n = 1, 2, 3, ...", leads to proper rotational axes Cn that have 

energy profiles with “n” minima connected by 360o/n angular displacements.  The more the 

shape of the rotator approaches the shape of a cylinder, the shorter the angular displacement, 

and the more the structure of the rotational transition states resembles the structure of the 

energy minima.  The symmetry order also gives the number of angles addressable by the 

rotator vertices if its degeneracy is broken (e.g., by the introduction of a permanent dipole) and 

the number of possible cogs, should the rotor be used as a gear.   

 To test the effects of rotational symmetry order on the dynamics of crystalline rotators, a 

series of molecular gyroscopes 6 - 9 were designed with constant triphenylsilylmethyl stators, 

and rotators with Cn that vary from 2-fold to 5-fold (Fig. 1.16).55  Crystals of molecular 

gyroscopes 6 - 9 were all obtained in solvent-free forms and with similar packing motifs 

characterized by chains of molecules aligned in a head-to-tail fashion via six-fold phenyl 

embraces.  In agreement with expectations, the rotational barriers varied from 8.5 kcal/mol for 

the 2-fold phenylene rotator 6 down to 3.0 kcal/mol for the five-fold carborane rotator 9.  

However, the three-fold symmetric bicyclo[2.2.2]octane and cubane rotators 7 and 8 gave 

contrasting results.  While 7 conformed to expectations with a barrier of only 3.5 kcal/mol, the 

1,4-cubanediyl rotor 8 had a surprisingly large barrier of ca. 12.6 kcal/mol.  The room 

temperature rotational frequencies in crystals of 9, 7 and 6 reached values of ca. 0.45 GHz, 

0.11 GHz and 9.0 MHz. In contrast, the value determined for the 1,4-cubanediyl 8 was only 640 

Hz!  

Analysis of the cross section around the four rotators also generally matches the 

expectations in Fig. 1.15a, and helps to explain the solid-state rotational dynamics observed for 
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each.  The cross section around the phenylene rotator 6 in Fig. 1.16 is close to rectangular.  

Those around the bicyclo[2.2.2]octane and cubanediyl of 7 and 8 appear hexagonal, rather than 

triangular, as a result of positional disorder in the former and the projection of an improper six-

fold S6 axis in the latter.  As a result of crystal symmetry, the rotational potential of molecular 

gyroscope 7 is six-fold symmetric with one energy minimum every 60o, but that of compound 8 

is dictated by its proper C3 rotational axis.  The cross section of the para-carboranyl rotor 9 also 

reflects the projection of 10-fold improper axis (S10), although the proper rotational axis is a C5. 

The large activation energy and local packing environment of the cubanediyl rotator 8 highlights 

the atomically coarse nature of crystal packing surfaces in small molecules. The origin of its 

unexpected high-energy barrier can be traced to specific steric interactions between hydrogens 

in the cubyl rotator and hydrogen atoms from neighbouring phenyl rings of nearby stators, which 

effectively block its rotary motion.  The transition state for rotation between adjacent energy 

minima has severe steric interactions, which account for the slow rotation of the cubanediyl 

despite its 3-fold symmetry.  This observation suggests that barriers arising from steric 

interactions with neighbouring atoms projecting into the rotator “hollows” should be important for 

smaller rotators, but perhaps less significant for rotators that are several nanometers in 

diameter, as may be the case for the bacterial flagellum and ATP synthase.  

In support of the expectations illustrated in Fig. 1.15, it was shown that the diphenyl-

diamantyl molecular gyroscope 10 (Fig. 1.17) displays two distinct rotational potentials for each 

of its two rotators.56  In a solvent-free crystal characterized by a relatively high packing 

coefficient Ck = 0.75, the C3 axial symmetric diamantane rotator displays a rotational barrier of 

only 4.1 kcal/mol, which is about a third of that for the C2 symmetric para-phenylene, in which Ea 

= 13.7 kcal/mol.  Considering pre-exponential factors !0 
-1 = 2.2 x 1011 Hz and !0 

-1 5.1 ± 4.5 x 

1011 Hz, respectively, the diamantane moiety rotates ca. 5 million times faster than the para-

phenylenes at 298 K within the same crystal lattice.  It may be noted that the trend in frequency 

factors for rotators in gyroscopes 6 - 9 are in general agreement with their respective molecular 
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mass and expected moment of inertia. The larger 1,4-bicyclo[2.2.2]octane and para-carborane 

rotators display smaller !0
-1’s, as compared to the less massive 1,4-cubanediyl and para-

phenylene.  Similarly, in the case of molecular gyroscope 10, the larger diamantane rotator 

displays a smaller !0
-1 than the value observed for the p-phenylene rotator. 

 

     

Figure 1.15. (a) Cross sections of hypothetical rotators with axial symmetry order Cn.  The top row 

represents the rotators and their environment in their energy minima and the bottom row in their transition 

states.  (b) Idealized potential energy surfaces for rotators with axial symmetry order C2, C3, C6, and C!, 

illustrating an increasing number of energy minima and a decrease in the energy barriers as the transition 

state is more efficiently circumscribed within the close packing enclosure.  Image copyright © S.D. Karlen, 

H. Reyes, R.E. Taylor, S.I. Khan, M.F. Hawthorne and M.A. Garcia-Garibay, Proc. Nat. Acad. Sci. USA, 

2010, 107, 14973. 
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Figure 1.16. (Top) A series of molecular gyroscopes with rotators of increasing rotator axial symmetry 

order (Cn), shown with the shape-conforming cross-sections of the local crystal environment around the 

rotator highlighted in pink (where krot = !0
-1 exp[-Ea/RT] as determined by SS NMR).  (Bottom) A graphical 

representation displays the trend between Cn and rotational dynamics. The maximum rotational frequency 

is constrained by the pre-exponential, or frequency factor, of the rotator (See section 1.6.3.2).  a The 

limiting rotational dynamics will vary slightly for each molecular gyroscope depending on the intrinsic 

inertia of the rotating mass.55 
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Figure 1.17.  The packing environment (highlighted in pink) around the p-phenylene (a) and diamantane 

(b) rotators results in two substantially different rotational rates in molecular gyroscope 10.  

 

 

1.6.4.3. MOLECULAR COMPASSES: STIMULI-RESPONSIVE, SINGLE COMPONENT 

AMPHIDYNAMIC CRYSTALS  

 In order to harness the potential of amphidynamic molecular rotors as collective 

molecular machines, it will be necessary to functionalize the rotators with stimuli-responsive 

moieties so that their rotation may be externally controlled.  For instance, it has been suggested 

that molecular rotators with dipolar groups will provide opportunities for the development of 

interesting ferroelectric and electro-optic materials.57  With that in mind, crystalline molecular 

rotors with dipolar rotators bear functional and structural analogies to macroscopic “compasses”, 

which have an internal energy dependent on the orientation of their needle’s magnetic dipole 

with respect to the external magnetic field of earth.  Molecular compasses 11a-e57a and 12a-c57c 

(Fig. 1.18) have been prepared to investigate the potential of interfacing rotary dynamics with an 

external alternating current (AC) electric field.57b,d  
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Figure 1.18. Molecular compasses possess a dipole-functionalized rotating unit that permits directional 

electric-field responsive dynamics. 

 

 It was found that the relatively small structural perturbation introduced by the addition of 

a polar group (F, CN, NO2, NH2),, or by substitution of nitrogen, on the rotator results in 

structures that are isomorphous to that of the parent molecular gyroscope structure, as 

expected from the similar molecular designs. Specifically, crystals of 11a-e and 12a-c all show 

structural similarities in space group and unit cell parameters, not only between one another, but 

also relative to the solvent-free structure of 2† without a dipolar function.  This suggests that 

amphidynamic molecular gyroscopes may be readily integrated with dipolar functions on the 

rotator, without significantly altering the solid-state architectures that dictate their rotational 

dynamics. 

 To investigate the reorientational dynamics of dipole-functionalized rotators, crystalline 

11a57b and 11b57d were studied with dielectric spectroscopy.  Each elicited changes in the 

dissipation factor as a result of the rotating dipolar functions. In the example of 11b, using AC 

frequencies of 0.1, 1, and 10 kHz from 80-370 K, the dynamics of the dipolar rotator were 

characterized (Fig. 1.19). A maximum dielectric dissipation signal occurred when the frequency 
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of the internal rotation matched that of the applied AC field.  The activation parameters of 

rotation determined from these dielectric spectra were in excellent agreement with those 

characterized via 2H SS NMR experiments: an activation energy of 14–15 kcal/mol, and an 

attempt frequency of 4–8 x 1013 Hz†††.   The results of this study suggest that appropriately 

functionalized, specifically dipolar, molecular rotors are extremely promising candidates for the 

development of bulk materials with stimuli-responsive properties. 

 

 

        

Figure 1.19. Temperature-dependent dielectric response as a function of external AC-field frequency for 

a 3D crystalline array of polar difluoro-substituted molecular compasses 11b.  The maximum dielectric 

dissipation signal occurs when the frequency of the internal rotation resonates with the applied AC field.  

Image adapted from reference 57d. 
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1.6.4.4. SINGLE COMPONENT AMPHIDYNAMIC MATERIALS BASED ON EXTENDED 

SOLIDS  

 Crystalline networks formed via strong, directional interactions also offer great potential 

in the development of molecular machines, and complement the basic design features observed 

in amphidynamic molecular crystals formed through weaker interactions.  For example, it has 

been shown that amphidynamic solid-state architectures can be realized using metal-organic 

frameworks (MOFs) with dynamic rotor ligands, as shown in Fig. 1.20.58,59 Here, the ligands are 

rotationally dynamic about their axes, while the metal clusters effectively act as stators to 

maintain a rigid, periodic lattice. While the rational design of specific topologies makes these 

materials very interesting from a crystal-engineering standpoint, the micropores present in the 

structure impart substantial permanent free volume around the rotator ligands, which is 

suggested to facilitate fast and potentially large amplitude ligand dynamics.58 Notably, the 

packing coefficients observed in some cubic MOFs are very low, from ca. 0.09 to 0.44,59a as 

compared to those of molecular crystals, which are in the range of ca. 0.65 - 0.77. 

 Recent studies have highlighted the fact that certain MOF ligands undergo rapid rotation.  

The dynamics of the ligands in MOF-5 (Fig. 1.20), a cubic structure with Zn4O(CO2)6 clusters 

connected through axially substituted phenylenes, were measured via VT SS NMR 

experiments. The para-phenylene ligands were shown to undergo 180° two-fold flipping about 

the 1,4-axis, with a rotational barrier of 11.3 ± 2.0 kcal/mol and a !0 
-1 = 2.4 x 1012 Hz.59b  It is 

interesting to consider that this barrier is greater than that observed for the aforementioned 

para-phenylene rotators 4, 5, and 6 in molecular crystals possessing significantly higher 

densities.  However, the molecular design of the para-pheynlene molecular gyroscopes 4, 5, 

and 6 includes a “barrierless” alkynyl axle, while the axle in MOF-5 is a pair of "-bonds that 

conjugate the aromatic para-phenylene rotator to the carboxylates.  This structural feature 

results in a higher intrinsic (gas phase) electronic rotational barrier, which is reflected in the 
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solid-state dynamics.  The relatively high Ea observed for the rotator ligands in MOF-5 highlights 

the importance of choosing the right molecular “parts” to impart the desired operational 

behavior.  The rotational dynamics of other ligands within MOF structures have also been 

analysed, further establishing that the character of the ligand and/or metal results in rotational 

rates determined by their intrinsic (gas phase) electronic barriers to rotation.59 Therefore, the 

greater the intrinsic gas phase Ea, the slower solid-state rotation will be, regardless of the details 

of crystal packing. 

 

                              

 

Figure 1.20. An ordered array of para-phenylene rotor ligands in MOF-5.  The network structure 

continuously extends in all three dimensions. Reprinted with permission from reference 59b.  Copyright © 

2008 American Chemical Society.  

 

 The functionalization of MOF ligands with externally addressable groups offers exciting 

new developments in the field of stimuli-responsive amphidynamic materials.  Price and 

coworkers have characterized the rotational dynamics of “compass”-like ligands in a cubic MOF 
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structure with Zn4O(CO2)6 clusters connected through axially substituted 2-bromo-phenylenes, 

isoreticular with the MOF-5 structure shown in Fig. 1.20.59a  In order to probe the rotational 

dynamics of the ligand, dielectric spectroscopy was performed at variable temperatures. The 

results showed that the dipolar rotators possess dynamics with a barrier of 7.3 ± 0.1 kcal/mol.  

Interestingly, this value is considerably lower than the barrier found in MOF-5, 11.3 ± 2.0 

kcal/mol, regardless of the fact that each should have similar electronic (gas phase) barriers and 

that each coexist in essentially the same environment.  Analysis of the ligand’s anisotropic 

displacement parameters revealed that the bromine librates more than the carbon to which it is 

attached, leading to a type of “weeble wobble” motion.  Such behavior may indicate that the 

bromine group has some steric interaction with the metal cluster, effectively destabilizing the 

ground state in the rotational potential relative to the unsubstituted phenylene in MOF-5 to result 

in a lower barrier to rotation.   

 While only partially crystalline, another interesting class of extended network structures 

that hold promise in the development of amphidynamic materials and molecular machines are 

periodic mesoporous organosilicates with molecular scale order, or PMOs. These self-

assembled materials possess molecularly ordered, organic aromatic ligands arranged in 

lamellarly-ordered layers via silicate bonds, as confirmed by powder X-ray diffraction, scanning-

electron microscopy and SS NMR studies.60,61 Sozzani, Comotti and coworkers have studied 

the rotational dynamics of molecularly ordered para-phenylene and 4,4’-biphenylene PMOs 

(Fig. 1.21) via VT SS NMR experiments.62  In the latter, they observed the presence of two 

rotational processes with activation energies of 1.5 kcal/mol and 9.3 kcal/mol, which were 

assigned to the conformational mobility about the biphenyl bond and rotation of the aromatic 

rings, respectively.  This study established that biphenylene ligands within the molecularly 

ordered walls possess anisotropic rotational dynamics, which could be used in the design of 

molecular machines.  
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Figure 1.21.  Molecularly ordered mesoporous silicates display organized organic rotators within layers 

that constitute the channel walls.  Here, the organic ligand is a 4,4’-biphenylene. 

 

1.7. MOTION AND ORDER IN MULTICOMPONENT CONDENSED PHASE STRUCTURES  

 It is expected that the functional complexity of molecular machines will depend upon the 

number of properly assembled components, just as it is the case with macroscopic and 

biomolecular machines.  Different components may be used to perform distinct tasks with 

functions that rely on the use of different stimuli. There are several examples of artificial, small-

molecule, multicomponent molecular machines, but most of them are limited to function in 

solution.  Some of the most studied multicomponent molecular machines are based on 

rotaxanes and catenanes, and are typically comprised of several self-assembling or covalently 

linked molecules with redox, colorimetric, and/or luminescence abilities.11,63  The key 

characteristics of these structures is that the function of the assemblies is always significantly 

more complex, as compared to the function of each respective assembling part.  While the 

design, preparation and testing of small-molecule artificial molecular machines has enjoyed 

great success in solution, it has been recognized that their potential is likely to be realized when 

their function is controlled and localized in condensed, anisotropically-ordered phases.   
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1.7.1. PHASE ORDER AND DYNMAICS IN MULTICOMPONENT PHASES  

 Since composition is an additional dimension to consider in the phase order versus 

molecular motion diagram shown in Fig. 1.7, one can appreciate that every type of condensed 

phase matter can have more than one component.   In this regard, we believe that 

developments in this area will have a strong impact in the field of molecular machines.  While 

the rules and requirements for the preparation of single-phase multicomponent liquids 

(solutions) are relatively well understood, the same is not true for glasses, crystals, plastic 

crystals, liquid crystals, or amphidynamic crystals.  However, some notable systems have been 

well documented, which suggest that the further development of advanced multicomponent 

amphidynamic molecular machines is feasible. 

 

1.7.1.1. MIXED CRYSTALS AND COCRYSTALS  

 In the region of lowest mobility and highest phase order (Fig. 1.7, top left), it is known 

that mixed crystals, or non-stoichiometric solid solutions, rely on high structural similarities and 

chemical compatibilities.  It was shown by Kitaigorodski that mixed crystals can be formed by 

molecules that have a coefficient of structural similarity, !, that is close to 1.0 (Eq. 1.2).  

!  = 1- [(non-overlapping volume) / (overlapping volume)]                     (Eq. 1.2) 

In the same region of the diagram are stoichiometric solids based on complexes or cocrystals64 

that rely on complementary shapes (host-guest) or chemical interactions (e.g., hydrogen 

bonding, charge transfer, halogen bonding, etc.). With dynamics restricted to small amplitude 

motions, molecular vibrations and lattice phonons, mixed crystals, complexes and cocrystals 

may not be ideal candidates for the development of artificial molecular machines. However, a 

promising model for machine-like function based upon the use of phase transitions in a 

cocrystal was recently suggested by MacGillivray.65   
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1.7.1.2. MULTICOMPONENT PLASTIC PHASES  

 Very interesting multicomponent plastic crystalline systems may be designed and 

prepared by selecting plastic crystal forming molecules like C60, and incorporating smaller, 

highly symmetric guests such as methane, inert gases, or even small rod-shaped molecules 

such as n-pentane, into the lattice.66  Like the single component counterparts, these 

multicomponent plastic crystalline phases exhibit rotational disorder of C60 and even the guest. 

Not surprisingly, the presence of additional components within the host lattice augments phase 

behavior and dynamics, as compared to the corresponding single component plastic-crystalline 

systems.  

 

                  

Figure 1.22. The rotator-stator C60-cubane co-crystal (C60.C8H8) forms because of complementary 

molecular surfaces between the two molecules.  While the cubane remains static at all temperatures, the 

intermolecular interactions in this cocrystal permit free rotation of C60 until ca. 140 K.  Reprinted with 

permission from Macmillan Publishers Ltd: Nature Materials, reference 67a, Copyright © 2005.  

 

 In one notable case, static cubane molecules coexist within a lattice of rotationally 

disordered fullerenes (within the size range of C60-C88), as shown in Fig. 1.22.67  In these 

systems, the complementary molecular surfaces of the cubanes and fullerenes interact to 

stabilize the lattice, unlike in pure plastic crystals of fullerenes, which are characterized by 
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interconnected networks of fullerene-fullerene interactions.  In this plastic cocrystal, the 

fullerenes act as free rotators while the cubanes act as static bearings.  This effectively leads to 

the observation of new mesomorphic phases between the plastic and orientationally ordered 

phases, the result of a net reduction in inter-fullerene interactions affected by the presence of 

the cubane molecules.  Specifically, the first-order orientational ordering transition in the 

C60.C8H8 cocrystal is reduced to 140 K, as compared to 260 K for pure C60.  The activation 

energy for C60 reorientation in C60.C8H8 is also reduced, to ca. 0.5 kcal/mol, as determined by 

VT SS NMR experiments, demonstrating that the incorporation of cubane in the lattice facilitates 

an extremely low barrier to rotation.68  

 

1.7.1.3. MULTICOMPONENT LIQUID CRYSTALLINE PHASES  

 Possessing greater phase order than solutions, multicomponent liquid-crystalline (LC) 

phases have also been synthesized and characterized.  Such studies have revealed that non-

stoichiometric dopants in LCs may induce gel-like states by constraining the mesogens within 

three-dimensional network structures.69 Chiral cholesteric phases can be induced with the help 

of chiral, non-racemic dopants in nematic mesogens.70  The induction of gel-like states has 

interesting consequences on the dynamics of mesogens.71,72  For example, Kato and coworkers 

demonstrated that the introduction of a small amount of hydrogen-bonding gelator Lys18 into 

nematic liquid crystals 5CB and 5PCH results in liquid-crystalline physical gels (Fig. 1.23).71 

These anisotropic microphase-separated structures, comprised of twisted network aggregates 

in twisted nematic cells, display faster electro-optic reorientational response times than the pure 

LC phases.  Specifically, the dynamics of LC mixtures of 5CB/ Lys18 and 5PCH/Lys 18, each 

with only 0.17 mol% gelator, were increased by a more than a factor of two.  This increase is 

attributed to the metastable twisted nematic alignment states induced by the finely dispersed 

aggregates of the gelator.   
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Figure 1.23. The introduction of a small amount (0.17 mol-%) Lys18 hydrogen bonding gelator into 

nematic LC phases of 5CB and 5PCH leads to the formation of anisotropically ordered metastable 

phases that show faster reorientational response times, relative to the pure LC phases. 

 

 

                 

 

Figure 1.24. Doping a liquid crystalline film with a light-driven unidirectional molecular motor results in a 

stimuli-responsive multicomponent system that performs macroscopic work. Scale bars = 50 µm. 

Reprinted with permission from Macmillan Publishers Ltd: Nature, reference 73, copyright © 2006.  

 

On the subject of multicomponent LC dynamics, Feringa and coworkers have reported 

on the function of a homochiral molecular motor embedded in a unidirectionally aligned 

cholesteric LC film.73  Specifically, doping the film with 1% of the molecular motor results in a 
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system that undergoes sub-micron reorientational changes in its surface topology as a function 

of the four-step motor cycle characterized by diastereospecific photoisomerizations and thermal 

atropisomerizations. Non-contact atomic force microscopy and optical profilometry established 

the surface features and the photo-response of this dynamic film (Fig. 1.24).  Impressively, the 

collective torque generated by the motors within the LC film was large enough to temporarily 

rotate a 28 µm glass rod.  

 

1.7.1.4. MULTICOMPONENT AMPHIDYNAMIC CRYSTALS  

 An exceptionally promising platform for the development of sophisticated molecular 

machines is multicomponent amphidynamic crystals. In these systems, many components of 

different identities may simultaneously contribute to well-defined and controllable machine 

function within a homogeneous and periodic lattice. For crystalline molecular gyroscopes and 

compasses, the presence of guests within the lattice has been shown to facilitate unique 

function in some cases. An illustrative example of this is the bromobenzene clathrate of 5 (Fig. 

1.25).46 In this structure, six bromobenzene molecules surround the central phenylene rotator in 

an array of parallel displaced and edge-to-face interactions. VT SS NMR was used to probe the 

dynamics of the phenylene rotator, and found the barrier to rotation to be only 4.4 kcal/mol— 

one of the lowest barriers to para-phenylene rotation encountered thus far in amphidynamic 

materials— with a frequency factor of !0 
-1 = 1.6 x 1012 Hz.  

 Deviations from the two-fold #-flipping model typical for phenylene molecular rotators in 

the solid-state suggested that the bromobenzene guest molecules close to the rotator are 

involved in correlated reorientations. Simulations that accounted for larger oscillations with four 

sites of 0º ± 20º and 180º ± 20º resulted in a good agreement with the experimental spectra. 

This analysis suggests the correlated motion model between the phenylene rotator and the 

bromobenzene guests, much like gearing in macroscopic machines.  Therefore, the relatively 
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low packing density of 5 and the bromobenzene molecules, which completely surround the 

rotator, synergistically result in the rapid, geared phenylene dynamics.  This study suggests that 

through the formation of different clathrates, the solid-state dynamics of a molecular rotor may 

be systematically augmented to achieve the desired functional behavior. 

 

         

Figure 1.25. (a) Space filling representation of the crystal packing of 5, shown with the guests omitted for 

clarity.  (c) Cross section down the 1,4-phenylene axis showing the proximal environment around the 

rotator.  The six bromobenzene molecules may engage in correlated gearing motions.  Reprinted with 

permission from reference 46b. Copyright © 2009 American Chemical Society.  

 

 Recently, multiple variations of crystalline supramolecular rotators composed of organic 

ammonium ions hydrogen-bonded to [18]crown-6 ethers were reported by Akutagawa and 

coworkers.74 Through electrostatic interactions with [Ni(dmit)2]
- (dmit2- = 2-thioxo-1,3-dithiole-4,5-

dithiolate), the cationic rotators were shown to organize into crystalline assemblies. The general 

design of the supramolecular rotator system proved to be very versatile, as the identity of both 

the rotator and the crown ether components could be interchanged to obtain different 

architectures and solid-state dynamics.  
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Figure 1.26.  Supramolecular “flip-flop” compasses, containing a meta-fluoroanilinium/ dibenzo[18]crown-

6 dual-component cationic rotator assembled in a [Ni(dmit)2]
- salt.  (a) Unit cell along the b axis. (b) 

Supramolecular rotator layer of (m-fluoroanilinium)/dibenzo[18]crown-6 viewed along the c axis.  The 

orientation of the fluorine atoms is temperature dependent.  (c) Orientational disorder observed for the 

fluorine atom in the supramolecular rotator.  Both orientations are present in the crystal. Reprinted with 

permission from Macmillan Publishers Ltd: Nature Materials, reference 74d, copyright © 2009.   

 

Another modification of the system was realized by replacing the anilinium rotating 

component with meta-fluoroanilinium in the dual-component dibenzo[18]crown-6 rotator (Fig. 

1.26).74d This resulted in the formation of a supramolecular solid-state compass, which could be 

interfaced with an electric field to manipulate rotation. However, the barrier to rotation for the 

meta-fluoroanilinium was calculated to be quite high, 64.5 kcal/mol, as determined by a dihedral 

driving calculation using a RHF/6-31(d) basis set with input parameters from the crystal 

structure. While the design, synthesis, and characterization of this solid-state supramolecular 

compass is a step in the right direction towards multicomponent amphidynamic stimuli 
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responsive materials, future work could focus on interchanging different molecular “parts” in 

order to design a system with a lower barrier to facilitate greater rotational dynamics.  

 

1.7.1.5. MULTICOMPONENT EXTENDED SOLIDS FOR THE DEVELOPMENT OF 

COLLECTIVE ARTIFICIAL MOLECULAR MACHINES  

 The analysis of single component systems for amphidynamic materials described the 

potential of MOFs for the construction of molecular machines. Interestingly, there exist many 

“binary” MOF structures composed of two ligands.59d,75  Not only can these systems be rationally 

designed to yield specific two-component topologies, but the resulting materials are typically 

crystalline and homogeneous. Recently, Yaghi and coworkers synthesized crystalline MOFs 

containing between two to eight components.76 Modifying the reaction stoichiometry was shown 

to rationally control the composition of the MOFs, composed of varying derivatized para-

phenylene ligands (or, rotators) (Scheme 1.1).  Single crystal X-ray diffraction established cubic 

crystalline frameworks from the resulting structures, though it could not quantify whether the 

ligand distribution within the structure was homogeneous or heterogeneous.  

Through the use of solution 1H NMR analysis post-digestion (treatment with acid 

followed by isolation of the structural components), the presence of macroscopically segregated 

domains was eliminated.  However, the presence of nanoscopic domains could not be ruled out. 

Regardless, this study sets the stage for crystalline multicomponent amphidynamic network 

materials with a very large number of different components, with ligands chosen to display 

different rotational dynamics and different stimuli responsive functionalities. Additionally, 

employing ligands functionalized with –CH3, –NH2,, and vinyl moieties, such as in this study, 

offers a means to perform post-synthetic modification77 to incorporate additional machine 

components that may modulate rotation and the sterics of the pores, or even interact with 

neighbouring ligands to result in gearing/correlated motion. 
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Scheme 1.1. The synthesis of crystalline systems containing up to eight components has been 

accomplished.  Shown here, cubic MOFs containing varying ratios of terephthalic carboxylates with 

different phenylene functionality was recently demonstrated.76  
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 Yet another promising platform for the development of amphidynamic multicomponent 

molecular machines includes the exploitation of micropores present in MOFs to accommodate 

guests.78  This allows for the incorporation of additional molecular “parts” either by diffusion of 

molecules into the pores, or by direct assembly of the host around the guest, both of which may 

ultimately modulate the dynamic behavior of both the MOF lattice and the guest. Recently, 

Kitagawa, Sozzani, Comotti and coworkers showed that polystyrene synthesized within the 

porous coordination polymer [Zn2(bdc)2dabco]6 (bdc = 1,4-benzene dicarboxylate, dabco = 1,4-

diazabicyclo[2.2.2]octane) displays modified molecular dynamics arising from confinement 

affects (Fig. 1.27).78a The MOF structure, characterized by square grid-like layers in the ab 

plane (consisting of paddle-wheel Zn2+ dimers linked through para-phenylene ligands) 

connected through dabco pillars in the c direction, possesses one-dimensional channels along 

the c direction with dimensions of 7.5Å x 7.5 Å.  2D SS NMR experiments established the close 

proximity of the polystyrene to the host framework. Interestingly, analysis of the phenylene 

dynamics of the polysytrene within the channels, using VT SS NMR experiments, revealed a 

low rotational barrier of 2.1 kcal/mol corresponding to the 180° two-fold phenylene flip.  

Compared to the broad distribution of activation energies in bulk polystyrene reported in the 

literature from theory and experiment, 9.1 kcal/mol – 100 kcal/mol, the effects exerted by the 

host framework dramatically influence polystyrene behavior to result in highly homogeneous, 

dynamic phenylene rotation.   

 Not surprisingly, the presence of small-molecule guests within the micropores of MOFs 

has also been shown to affect the dynamic behavior of the lattice components (or, rotator 

ligands).  For example, Kitagawa and coworkers have demonstrated guest-modulated rotation 

of ligands composing the lattice in the metal-organic framework [Zn2(1,4-ndc-d6)2(dabco)]6 (1,4-

ndc=1,4-naphthalene dicarboxylate, dabco=1,4-diazabicyclo[2.2.2]octane) (Fig. 1.28).59d The 

structure is characterized by paddle-wheel Zn2+ dimers linked by 1,4-naphthalene carboxylate 
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ligands resulting in square grid-like layers in the ab plane, which are connected in the c direction 

through dabco pillars ultimately resulting in the formation of one-dimensional channels along the 

c direction with dimensions of 5.7 Å x 5.7 Å. VT SS NMR analysis revealed that in the absence 

of guests, the 1,4-naphthalene dicarboxylate ligands undergo rotational dynamics characterized 

by four-site rotation with an activation barrier of 12.7 kcal/mol (comparable in magnitude to that 

observed for MOF-5).  However, diffusion and subsequent adsorption of benzene molecules 

into the MOF results in complete braking of the ligand’s rotational dynamics.  Subsequent 

removal of the benzene guests restores the ligand rotation, proving that the phenomenon is 

completely reversible. This sort of stimulus-initiated switching of the rotational potential offers a 

rational means to turn “off” and “on” molecular rotation. 

 

 

Figure 1.27. Guest polystyrene within one-dimensional channels of a porous coordination metal-organic 

network displays modified molecular dynamics arising from confinement affects. Reprinted with 

permission from reference 78a.  Copyright © 2008 American Chemical Society.   

 

 

 Molecularly ordered amphidynamic PMOs are also a promising platform for the 

development of multicomponent condensed-phase molecular machines that may undergo 

guest-modulated dynamics.  Recently, Sozzani and coworkers demonstrated that molecularly-
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ordered periodic mesoporous para-phenylene silica could be treated with various long chain n-

alkyl solvents, surfactant, and water (Fig. 1.29).79  Upon diffusion of the guests into the 

mesopores, the rotational barrier of the para-phenylene ligands composing the walls was 

effectively modulated.  

 

 

Figure 1.28. Reversible braking of 1,4-naphthalene dicarboxylate ligand rotation in the amphidynamic 

MOF was demonstrated by the adsorption of desorption of benzene guests into the lattice. Reprinted with 

permission from reference 59d. Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

In the guest-free mesoporous material, the activation energy is as low as 13.2 kcal/mol, 

while a much larger value of 17.8 kcal/mol is obtained when octadecyltrimethylammonium 

bromide (OTAB) occupies the channels.  Notably, the extent of dynamics modulated by the 

OTAB surfactant, 4.6 kcal/mol, is consistent with the weak interactions that may occur at the 

extended interfaces between the rotor elements in the host walls and the guests.  Based on this 

study, guests could be rationally selected to modulate the rotational barrier a desired amount of 

energy. 
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Figure 1.29. The dynamics of the rotator ligands comprising the walls of periodic mesoporous para-

phenylene silica with molecular order may be modulated by guests, which diffuse in and out of the 

mesopores. Reprinted with permission from reference 79.  Copyright © 2010 WILEY-VCH Verlag GmbH 

& Co. KGaA, Weinheim.  

 

 1.8.   CONCLUSION 

 Progress in the design and synthesis of artificial analogic molecular machines has made 

great strides within the last decade.  Model systems based upon amphidynamic crystals 

represent a materials perspective that should bring rapid progress in the field.  Recent studies 

have demonstrated that artificial molecular machine-like function can occur in a localized, highly 
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directional manner, and that it may be manipulated with external stimuli. The function of such 

amphidynamic molecular machines can be quantified with Ångstrom precision within their 

operating environments, using a combination of experimental techniques including single-crystal 

X-ray crystallography, solid-state NMR, and dielectric spectroscopy.  Structure/function 

relationships for crystalline molecular machines, including molecular gyroscopes and 

compasses, have generated a catalogue of blueprints for reference in the design of future 

amphidynamic systems.  Recent progress in multicomponent amphidynamic molecular 

machines has developed strategies to not only rationally engineer functional structures, but also 

to modulate their dynamic behavior through the presence of chemical and electric stimuli.  

 In order to attain the next level of complexity, considerable work must be performed to 

advance multicomponent systems with complex hierarchical structures that allow for functional 

behavior reliant on the dynamics of several different molecular components. Eventually, artificial 

multicomponent amphidynamic molecular machines may be realized that will rival the 

complexity and function of simple biomolecular machines. Such systems are expected to have a 

sizeable and widespread impact in many areas of technology, while advancing our basic 

knowledge of molecular dynamics in crystalline solids and other forms of condesed phase 

matter. However, before such materials are integrated into commonplace technology, the field 

of synthetic molecular machines and their condensed-phase assemblies must be further 

advanced. 

 

1.9. NOTES  

† For crystalline 2, both a solvent free and a benzene clathrate form have been reported, 

characterized by Ck values of 0.74 and 0.73, respectively. Phenylene rotation was observed at 

room temperature in the kHz regime with activation energies of 14.6 kcal/mol for the solvent-

free structure and 12.8 kcal/mol for the benzene clathrate. 
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†† While Ck = 0.68 as calculated from the crystal structure, crystals were observed to collapse 

after removal from the mother liquor, indicating partial or full loss of solvent.  This was also 

reflected in the VT SS NMR experiments.  If the structure maintained its lattice parameters upon 

full loss of solvent, the Ck would decrease to 0.64.  However, it is probably more likely that 

portions of the structure partially or fully collapse, resulting in different lattice parameters and 

potentially heterogeneous domains with different densities.  

 

††† Noting that attempt frequencies greater than the rotational intertia of a molecule suggest non-

elementary processes, the libration frequency was estimated to be 7 x 1012 Hz using a barrier of 

14.1 kcal/mol and a rotational inertia calculated from point particles at the atoms’ nuclear 

coordinates.  This value is less than the value obtained from the Arrhenius calculation of ca. 4±1 

x 1013 Hz, and corresponds well with the limiting inertia of a phenylene rotating about its 1,4-

axis.  The discrepancy between the experimental and the calculated attempt frequencies is 

suggested to arise from a small linear temperature dependence of the rotational barrier Ea.
57d 
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Ultra-fast Rotors for Molecular Machines and Functional Materials via Halogen Bonding: 

Crystals of 1,4-Bis(iodoethynyl)bicyclo[2.2.2]octane with Distinct Gigahertz Rotation at 

Two Sites 
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2.1. INTRODUCTION 

The field of artificial molecular machines represents one of the most interesting 

challenges in basic science and modern technology.1,2 While there has been much progress 

made in the design of sophisticated small molecule analogs of macroscopic machines,1,2 one of 

the most promising perspectives is based on the realization that complex molecular-level 

properties and functions can be manifested in a collective manner at the macroscopic scale in 

the form of complex functional materials.3,4  With materials applications in mind, one of the 

greatest challenges is the need to develop crystal engineering strategies to control not only the 

number of components and their organization, but also their internal dynamics.  In the last few 

years, our research groups in Angers and in Los Angeles have been working on the 

development of multicomponent crystalline conductors,5,6,7 and the design of amphidynamic 

crystals with rapidly moving parts.8,9,10 Now, we have joined forces to explore systems where the 

dielectric modulation inherent to the rotor dynamics11,12 may affect the electrostatic potential of 

the charge carriers’ environment, which is expected to cause transitions between conducting 

and localized states.5,13 Although this is a subject of much current interest that has been 

stimulated by sound theories,14,15 it has been only approached experimentally by analysis of 

charge transfer processes and hole migration affected by collective hydrogen-bond activation16 

and dynamics.17  As a starting point to engineer functional crystals modulated by ultra-fast 

molecular rotors, we propose to take advantage of strategies based on halogen bonding 

interactions.18  The latter have been used for the design of multicomponent crystalline 

conductors,5,19 and appear to be significantly robust.   Halogen bonds occur between electron 

deficient halogens and electron-rich atoms with interaction energies that vary between ca. 1 – 

43 kcal/mol, depending on the electron density of the donor.20,21 To transition into molecular 

rotors, we set out to analyze the use of halogen bonding as a lattice-directing interaction to 

control the organization of a rotor array.8,9,10 It has been shown that molecular structures inspired 

by macroscopic gyroscopes with high-symmetry rotators22 linked by triple bonds to bulky stator 
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groups facilitate internal rotation in the crystalline state (Scheme 2.1a).  For this study we 

selected bis(1,4-iodoethynyl)bicyclo[2.2.2]octane (BIBCO) as a promising test case.  Based on 

a previous report with the analogous 1,4-bis(iodoethynyl)benzene,5,23 we recognized that iodine 

atoms covalently linked to each terminal acetylenic carbon would provide the elements required 

for a halogen-bonded network through iodine—acetylene interactions at the two ends of each 

rotator as shown in Scheme 2.1b.24,25 The C3-symmetric bicyclo[2.2.2]octane rotator was 

selected knowing that cylindrically-shaped, higher-order Cn rotators, with n > 2, pack in a 

manner that does not generate high rotational barriers.22 

 

 

 

Scheme 2.1.  Exploiting different stator-stator may lead to new packing motif of molecular rotors in the 

solid state, which could be favorable for functional dynamics. 

 

 

As described in detail below, the desired packing arrangement was obtained according to 

expectations. Extensive X-ray diffraction experiments and structure analysis as a function of 
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temperature demonstrated that crystals of BIBCO undergo a disorder-order phase transition at 

110 K from monoclinic (C2/c) to triclinic (P1 ) structures, with rotational disorder in the high 

temperature phase.  To measure the rotational dynamics of the cylindrical bicyclo[2.2.2]octane 

rotator, and expecting frequencies in the megahertz regime at ambient temperature, we decided 

to use 1H NMR spin-lattice relaxation as a function of temperature.  Spin-lattice relaxation can 

be used to probe dynamic processes occurring at frequencies that are near the Larmor 

frequency of the nucleus being studied: 1H at 26.4 and 300 MHz in our experiments. In addition, 

spin-lattice relaxation is particularly useful when the stimulated nuclear transitions responsible 

for restoring thermal equilibrium in the sample are determined by the modulation of dipolar 

interactions caused by the rapid motion of internal rotors.26  The fastest relaxation (a minimum 

in T1) occurs at the temperature when the rotator matches the Larmor frequency.  In the case of 

BIBCO crystals, analysis of the 1H spin-lattice relaxation between 27 K and 290 K revealed two 

T1 minima, indicating that there are two distinct but simultaneous rotational processes over the 

entire temperature range.  This observation is in general agreement with crystal structure, 

where BIBCO molecules are in two different sites with different environments. 

 

2.2. RESULTS AND DISCUSSION 

2.2.1.  SAMPLE PREPARATION 

Samples of bis(1,4-iodoethynyl)bicyclo[2.2.2]octane (BIBCO) were obtained in 76% yield 

by iodination of 1,4-diethynylbicyclo[2.2.2]octane (BCO) 9 with N-Iodosuccinimde (NIS).  The 

terminal dialkyne was synthesized from diethyl 2,5-dioxocyclohexane-1,4-dicarboxylate in a 

nine-step sequence developed in Angers using diverse literature procedures, as illustrated in 

Scheme 2, with an overall yield of 11%. The details of the modified synthesis are analyzed in 

detail in the SI section along with all the spectroscopic and analytical data.  Colorless, diamond-

shaped single crystals of BIBCO were obtained by recrystallization from hot ethanol.  
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Scheme 2.2. The sequence of reactions towards 1,4-diethynylbicycl2.2.2]octane (BCO) 9. Reagents for 

each step include: (a) NaH, dimethoxyethane, 60°C, 15 hrs, 78% yield; (b) NaH, 1,2-dibromoethane, 

110°C, 96 hrs, 85% yield; (c) p-TsOH, diethyleneglycol, toluene, reflux, 48h, 71% yield; (d) LiAlH4, Et2O, 

reflux, 5 hrs, 93% yield; (e) HCl 0,1M, reflux, 24 hrs, quant.; (f) KOH, hydrazine monohydrate, 

diethyleneglycol, reflux, 48 hrs, 41% yield; (g) Oxalylchloride, DMSO, CH2Cl2, Et3N, quant.; (h) CBr4, 

PPh3, CH2Cl2, R.T, 5 hrs, 65% yield; (i) n-BuLi (2.5 M), THF, -78°C, 1 hr, 95% yield (see Experimental 

section). 

 

2.2.2.  X-RAY STRUCTURE DETERMINATION AT 295, 130, AND 90 K  

 Single crystal X-ray diffraction data were collected on a Bruker Nonius KappaCCD 

diffractometer [!(MoK") = 0.71073Å] equipped with an Oxford Cryosystems cryostream cooler. 

Unit cell parameters were measured in the temperature range of 295-90 K with 5-30 degrees 

steps (Fig. A.2.1.). A reversible phase transition from a monoclinic C2/c to a triclinic P1  

structure was identified upon cooling below 110 K. Full X-ray data sets were collected at 295, 

130 and 90 K by a combined #- and $-scan method. The triclinic structure is twinned; diffraction 

intensities from both twin domains were integrated into SHELX HKLF5 file using the EVALCCD 

software.27  Analytical absorption corrections were applied for the 90 K data using WINGX28 

while empirical multi-scan absorption correction with SADABS29 was used for the 295 and 130 K 

data. The structures were solved by a direct method followed by Fourier syntheses and refined 

by a full-matrix least-squares method in an anisotropic approximation for all non-hydrogen 

atoms using the SHELX-97 programs.30  H-atoms in the bicyclo[2.2.2]octane fragments were 

introduced in calculated positions with Uiso(H) = 1.2 Ueq(C). Table S1 summarizes the main 

crystal and refinement data.  
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2.2.3.  SOLID-STATE 13C CP/MAS NMR SPECTROSCOPY 

 The 13C CP/MAS spectra of a finely powdered crystalline BIBCO sample, acquired at 

UCLA on a Bruker Avance 300 solid-state spectrometer operating at a 13C frequency of 75 MHz, 

displayed three sharp signals at ! 102.50, 32.68, 29.14 ppm, corresponding to the inner 

acetylenic C(sp), methylene C(sp3), and bridge head C(sp3), respectively.  These are similar to 

the 13C signals at 100.70, 31.43, 28.40 ppm, respectively, observed in a CD2Cl2 solution at 125 

MHz.  It is of interest to note the signal corresponding to the acetylenic C(sp) bonded to the 

iodine appears as a weak, broad signal at 0.79 ppm in the solid state (Fig. A.2.2.), yet appears 

at -6.35 ppm in a CD2Cl2 solution (Fig. A.2.3.).31 This is an indication that the solid-state 

shielding effects of iodine may be due, to a significant extent, to C–I···I–C halogen bonding 

interactions.  In agreement with previous studies, magic-angle spinning failed to completely 

remove the dipolar coupling between the spin-1/2 13C nucleus and the quadrupolar spin-5/2 127I 

nucleus, thus resulting in the observed signal broadening.32 

 

2.2.4. VT 1H SPIN-LATTICE RELAXATION (T1) EXPERIMENTS 

 To determine the rotational dynamics and activation energy of the molecular rotors in 

BIBCO, spin-lattice relaxation (T1) measurements were carried out at UCLA at two different 1H 

Larmor frequencies (300 MHz and 26.4 MHz) and over a wide range of temperatures in the 

solid state.  Wide-line 1H spectra from 27 K - 220 K were measured in single crystals with a 

commercial electromagnet using a NMR spectrometer and probe built at UCLA.  The typical 

NMR frequency used was 26.4 MHz with the electromagnet set to a field strength B0 of 0.6225 

T.  A very small NMR coil was constructed using bare copper wire wound on a wire form.  A few 

single crystals were loaded into the coil at random orientations and held in place with a Teflon 

tube and caps.  Acetone was used for cleaning the coil and its surroundings to reduce spurious 

proton signals relative to the BIBCO sample.  1H spin-lattice relaxation was measured using a 

saturation recovery sequence combined with a spin-echo in which a saturation pulse comb (3 * 
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!/2) was followed a time "’ later ("’ values taken from the variable delay list) with a !/2 pulse p1 

(typical pulse width p1=1.3 µs) and subsequently a pulse p2.  The angle of p2 is adjustable to 

maximize the spin-echo magnitude, and pulses were calibrated at different temperatures as 

necessary. Saturation recovery traces from 220 K to 50 K were fit well with a single exponential 

function (Fig. A.2.4.).  Data traces below 50K began to deviate from a mono-exponential. 

Measurements between 189 K-290 K were performed on a polycrystalline BIBCO sample and 

acquired with a Bruker Avance 300 solid-state NMR spectrometer.  1H spin-lattice relaxation 

was measured via the inversion-recovery method using 13C CP/MAS detection.  The 13C 

CP/MAS spectra were acquired at a 13C frequency of 75 MHz and a 1H frequency of 300 MHz.  

Details regarding the experimental parameters of spectra acquisition may be found in the SI.  At 

each temperature between 189 K - 290 K, the data was fit well with a mono-exponential function 

(Fig. A.2.5.).  

 

2.2.5. HALOGEN BONDING AS A CRYSTAL ENGINEERING STRATEGY  

 The crystal structure at ambient temperature was solved in the monoclinic space group 

C2/c with eight molecules per unit cell.  A view of the structure along b in Fig. 2.1a illustrates a 

layered topology where two independent slabs, A and B, alternate along a.  The layers differ by 

the type of packing as well as the positional ordering of the bicyclo[2.2.2]octane rotators.  Each 

layer contains one crystallographically independent BIBCO molecule.  Molecules in layer A lie 

on a two-fold monoclinic axis and are fully ordered.  Molecules in layer B are located on 

inversion centers and their acentric inner bicyclo[2.2.2]octane rotator fragment is disordered 

between two distinct equilibrium positions of equal weights.  In order to investigate the fate of 

the disorder for molecules B as a function of temperature, the structure was studied in a wide 

temperature range. A series of unit cell parameters measured between 295 and 90 K revealed a 

monoclinic to triclinic structural phase transition at 110 K identified by the appearance of 
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additional weak Bragg reflections.  Full X-ray diffraction data were collected at 295, 130 and 90 

K.  As the crystal structures at room temperature and 130 K are almost identical, a detailed 

comparative analysis of the monoclinic structure at 130 K and the triclinic one at 90 K, above 

and below the phase transition temperature, is presented below. 

As shown in Fig. 2.1b, the rotor axle is not linear, but it is instead slightly bent towards one 

of the three bicyclo[2.2.2]octane rotor blades.  Another salient feature is the axial chirality of the 

bicyclo[2.2.2]octane rotator, with a C3 point group that originates from a common tilt of the three 

rotator blades.  However, the crystal contains a racemic mixture of the right (! in Fig. 2.1c) and 

left (") conformers, as required by the centrosymmetric space group.33  The BIBCO molecules 

from adjacent layers are orthogonal to each other in such a way that C–I···p intermolecular 

interactions shown by red dashed lines in Fig. 2.1a and C–I···I–C halogen bonds are both 

satisfied.  The I atoms of the ordered A molecule form two similar short I···C contacts to both C 

atoms of the triple C#C bond of the molecule in the other layer, 3.330(3), 3.469(3) Å for (IA···CB) 

at 130 K.  In contrast, one of two (IB···CA) contacts from I atoms of the disordered B molecule is 

much shorter than the other: 3.425(3) and 3.666(3) Å. 

These C–I···p intermolecular interactions can be seen as a particular case of directional 

halogen bonding where the electron-depleted polar regions of the polarized iodine atoms reach 

out towards the electron rich pp orbitals of primarily one, or eventually the two carbon atoms of 

the triple bond.  Though an early example of this interaction was documented in tetragonal 

crystalline diiodoacetylene (C2I2),
24 this type of halogen bond has been largely overlooked.31,34  A 

more recent example comes from our earlier analysis of the crystal structure of 1,4-

bis(iodoethynyl)benzene (Fig. A.2.6.), which is similar to that of BIBCO.  We also note that a 

loose, single Csp3–I···I halogen interaction is identified in the layered structure of 1,4-

diiodobicyclo[2.2.2]octane (Fig. A.2.7.).35  
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Cooling the crystal below 110 K reveals additional Bragg reflections associated with a phase 

transition from the monoclinic C2/c to a twinned triclinic P1  structure.  Note that the 

orthogonality between the monoclinic b-axis and the ac-plane is not affected and that the lattice 

distortion upon the transition is minimal (Table A.2.1.). However, the pattern of systematic 

diffraction absences as well as structural ordering resulting from the transition could only be 

correctly described in a triclinic lattice twinned by a two-fold rotation around the former 

monoclinic axis (Fig. 2.2a). The most important structural changes in the low temperature phase 

concerns the rotators in layer B (Fig. 2.2b).  Specifically, they lose local inversion symmetry and 

become ordered below the phase transition.  As shown in Fig. 2.2b, the bicyclo[2.2.2]octane 

atoms in the C2/c structure at 295 K display large anisotropic displacement parameters for the 

two rotator orientations, pointing to two relatively shallow minima for the two equilibrium 

populations that are dynamically averaged out over time during the X-ray data collection.  At 

130 K, the positional disorder remains but the anisotropic displacements parameters are 

smaller, as expected for a smaller librational displacement.  Finally, at 90 K, only one 

equilibrium position remains, indicating that one of the two sites becomes substantially lower in 

energy in the new P1  crystal phase.  Relevant, striking changes in experimental electron 

density maps are shown in Fig. A.2.8. 

The low-temperature triclinic structure is shown projected along b in Fig. 2.3.  Below the 

transition, each layer consists of two independent molecules in general positions, each with only 

one equilibria position.  Layers A’B’ and C’D’ in the P1  crystal phase, respectively, correspond 

to layers A and B of the C2/c structure shown in Fig. 2.1a.  Note that the crystal remains achiral 

across the phase transition since the triclinic structure is also centrosymmetric. 
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(a) 

    

(b)      (c) 

Figure 2.1. The high temperature, monoclinic BIBCO structure. (a) Structure projection along the b axis of 

unit cell.  Layer A: layer of molecules A with one equilibrium position; Layer B: layer of molecules B with 

two equilibrium positions. The structure is directed by a set of C–I···p shown here in dashed red lines 

(I···C distances at 130 K are 3.330(3), 3.469(3) Å (IA···CB) and 3.425(3) Å (IB···CA); C–I, 1.991(3) and 

1.994(3) Å) and C–I···I–C halogen bonds drawn in dashed purple lines (I···I, 3.9483(3) and 4.0028(4) Å). 

(b) The BIBCO rotor axles in layer A are slightly bent.  (c) While the rotator is chiral as a result of a helical 

twist, the centrosymmetric crystal is not chiral. It contains a racemic mixture of the ! and " conformers. 
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(a) 

 

(b) 

Figure 2.2. (a) Lattice transformation at the monoclinic to triclinic phase transition. Monoclinic cell vectors 

are drawn in black, while two triclinic lattices, 1 and 2, are marked by red and blue colors, respectively. 

The a and b axes of the new triclinic lattice go along the diagonal directions of bc monoclinic layer (i.e. the 

lattice periodicity becomes twice in both bm and cm directions) while the new c-axis corresponds to C-

centering vector of the monoclinic C-lattice (see unit cell parameters in Table A.2.1). Twin lattices 1 and 2 

are related by a 180º rotation around bm-axis, which was the monoclinic axis in the original monoclinic 

cell.  The refined twin fraction is 0.4685(5).  (b) Positional ordering upon the transition. As temperature is 

decreased from 295 K to 130 K, the anisotropic displacement parameters of the rotor atoms become 

smaller.  At 90 K, only one equilibrium position remains. 
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 The patterns of intermolecular interactions inside layers A’B’ and C’D’ are different (Fig. 

2.4). The rotor axles within layer A’B’ are close to parallel.  In contrast, the axles of molecules C’ 

and D’ are orthogonal.  As a result, rotors from the A’B’ and C’D’ layers have fundamentally 

different molecular environments (see also Figs. A.2.9. and A.2.10.).  Both layers consist of 

segregated rows of the alternating, inversionally related ! and " molecules of the same name: 

···A’A’A’··· and ···B’B’B’··· rows run along b in layer A’B’ (Fig. 2.4a) while  ···C’C’C’··· and 

···D’D’D’··· rows are parallel to [110] in layer C’D’ (Fig. 2.4b).   

 

Figure 2.3. Triclinic crystal structure at 90 K (drawn with 50% ellipsoid probability). The set of shortest C-

H···I hydrogen bonds with HC’,D’···IB’,A’ = 3.04-3.11 Å are shown by dashed lines. 

 

 

’ ’

’ ’
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(a) 

 

(b) 

 

Figure 2.4. These projections of the A’B’ layer (a) and C’D’ layer (b) along c* exemplify the difference in 

molecular arrangement. 
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The motif linking the ethynyl stator fragments via C–I···p and C–I···I–C interactions 

remains intact across the transition although the contact distances change in a way (see Figs. 

A.2.10. and Table A.2.2. a comparison of contact distances at different temperatures).  The 

intermolecular interaction between rotors and stator fragments occurs by hydrogen bonding with 

I atoms as acceptors.  The shortest C-H···I bonds (dashed lines in Fig. 2.3) involve iodine atoms 

of molecules A’ and B’ and -CH2 groups of formerly disordered molecules C’ and D’ (HC’···IB’,A’ = 

3.07,  3.09 Å; HD’···IA’,B’ = 3.04,  3.11 Å). These are likely to interfere in the process of ordering 

the C’ and D’ rotors. For a comparison, other similar contacts of the HA’,B’···IC’,D, HA’,B’···IA’,B’ and 

HC’,D’···IC’,D’ types both between and inside the layers exceed 3.25, 3.27 and 3.24 Å, respectively.   

 

2.2.6. EFFECTS OF MOLECULAR AND CRYSTAL SYMMETRIES ON ROTATIONAL 

POTENTIALS 

 While crystals of BIBCO have two crystallographically independent molecules above the 

phase transition and four below, the two forms are essentially congruent.  The local interactions 

remain relatively unaltered at the disorder-order phase transition.  Although it could have been 

expected that the spin-lattice relaxation in the BIBCO crystal might have required double and 

triple exponential functions to fit the kinetics of crystallographically independent rotors, 

relaxation was monoexponential over a wide temperature range, suggesting a system under 

magnetic equilibrium and with a common spin temperature.  However, two energy minima in the 

1H T1 versus temperature (vide infra) clearly indicate that relaxation is determined by two 

kinetically distinct rotational processes, which contribute equally to the T1 relaxation of the 

crystal. Based on these observations, our NMR analysis will rely on the assumption that the 

steric environment of the rotator can be described in terms of two types rotors located in the two 

different layers, A (A’B’ when T< 110 K) and B (C’D’ when T< 110 K), over the entire 

temperature range investigated.  In layer A, the bicyclo[2.2.2]octane rotators are always ordered 

with a local three-fold symmetry characterized by jumps that occur via 120o displacements and 
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a barrier of 2.75 kcal·mol-1 (vide infra).  The potential assigned to this site at high temperature is 

shown in green in Fig. 2.5a.   In layer B, the bicyclo[2.2.2]octane rotators are positionally 

disordered at high temperatures and, by symmetry, have a six-fold rotational potential with six 

isoenergetic minima that have equal populations.  The barrier of this site is 1.48 kcal·mol-1, and 

the potential assigned to this site is shown in black in Fig. 2.5a. 

 

 

 

 

Figure 2.5. (a) Proposed high-temperature rotational potential for the ordered layer A (green) and 

disordered layer B (black) layers.  (b) Proposed low-temperature rotational potential for the ordered three-

fold layer A (green) and the formally ordered six-fold layer B (black) rotators.  Each layer has two 

crystallographically distinct molecules, but each pair has a very similar environment. 
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When cooling a BIBCO crystal to lower temperatures, the disorder of molecules in the B 

layer lessens and then gradually disappears (Fig. 2.2b).  Below the phase transition at 110 K, 

the inversion center on molecule B is absent and all molecules are ordered. The rotational 

potential of the originally ordered, three-fold symmetric site of rotators in the high temperature A 

layer (A’B’ layer at T< 110 K) remains essentially unchanged (shown in green), but the potential 

of the six-fold symmetric site of rotators in the high temperature B layer (C’D’ layer at T< 110 K) 

is no longer isoenergetic with respect to the six sites.  The molecules at low temperature have a 

preferred orientation that correspond to three low energy minima, but the other three minima are 

maintained, though slightly higher in energy, as shown in black in Fig. 2.5b.  The crystal 

structure reveals the population corresponding to the preferentially occupied sites, but rotational 

dynamics are likely to occur in 60o jumps.  The residence time in the higher energy sites should 

be shorter and their equilibrium populations smaller (note that a difference of ca. 0.5 kcal·mol-1 

between the high and low energy minima would result in equilibrium populations of ca. 94:6 at T 

= 90 K, which would be difficult to detect crystallographically). 

 

2.2.7. VT 1H SPIN-LATTICE RELAXATION (T1) ANALYSIS  

 The equilibration of magnetic nuclei in condensed phases occurs by stimulated 

transitions that result from the local magnetic fields generated by dynamic processes of nearby 

spins in the lattice.  It is well known that spin-lattice relaxation in solid samples may be 

dominated by a particular dynamic process if some portions of the lattice are fairly static while 

others experience rapid motion.  When a single process with a correlation time tc is responsible 

for the T1 relaxation, it is possible to determine the parameters that characterize its potential by 

measuring the T1 as a function of temperature.  Specifically, if a motional process responsible 

for relaxation has a correlation time !c equal to the inverse Larmor frequency of the observed 

nucleus, the relaxation will be most efficient and a minimum in the spin-lattice relaxation time 

will be observed.26 Consequently, the activation energy Ea for a thermally-activated process 
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having a !c with Arrhenius-type temperature dependence (Eq. 2.1) may be derived by fitting the 

T1 data to the Kubo-Tomita equation (Eq. 2.2):   

!c = !0 exp (Ea/kT)                      (Eq. 2.1) 

T1
-1 = C [!c (1 + "0

2 !c
2)-1 + 4 !c (1 + 4 "0

2 !c
2)-1 ]         (Eq. 2.2) 

where the constant C = (2/3) 
#

2 Bnuc
2 corresponds to the dipolar interactions related to the 

relative positions of the  nuclei that participate in the relaxation.  Bnuc is the local effective dipolar 

field, and # and "0 are the gyromagnetic ratio and the angular Larmor precession frequency, 

respectively, of the observed nucleus in a magnetic field.36  

From the spin-lattice relaxation (T1) measurements performed between 27 K - 290 K, a 

logarithmic plot of T1
-1 as a function of temperature displayed an excellent agreement with the 

1H T1 measurements acquired by the inversion-recovery method at 300 MHz (Fig. 2.6, green 

diamonds) and the saturation recovery method at 26.4 MHz (yellow circles).  Interestingly, the 

plot revealed two T1
-1 maxima, suggesting that spin-lattice relaxation occurs by two distinct 

motional processes with dominant contributions at different temperatures.  At 26.4 MHz, a low 

energy process resonates with the 1H Larmor frequency at ca. 80 K, resulting in a T1 minimum 

of 53 ms. A second, higher energy process, reaches the frequency of 26.4 MHz at ca. 130 K 

and results in another T1 minimum of 51 ms. No discontinuity in T1 values was observed at the 

phase transition determined by X-ray diffraction at 110 K, confirming that the transition arises 

from minor structural changes that affect the symmetry of the unit cell without affecting the 

sterics and dynamics of the bicyclo[2.2.2]octane rotators.  Temperature cycling around the 

phase transition revealed no hysteresis in T1
-1, again consistent with the X-ray crystallographic 

studies, further suggesting that the two polymorphs are an enantiotropic pair.37  We conclude 

that the position of the minimum in the relaxation rate (T1
-1) vs. temperature plot, also at ca. 110 

K in Fig. 6, is coincidental.  While the variable-temperature data at 300 MHz is limited, the full 

range of the T1
-1 data estimated with the Kubo-Tomita equation at 26.4 MHz versus 300 MHz 
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(vide infra) accounts for the small divergence between green rhombs and yellow circles below 

200K, as expected for a change in the position of the inflection point for the two T1
-1 maxima at 

the two different spectrometer frequencies.   

 

 

Figure 2.6. Temperature dependence of the 1H spin-lattice relaxation time (T1) in BIBCO displaying two 

T1
-1 maxima, observed at 26.4 MHz (yellow circles) and 300 MHz (green rhombs).  The heavy blue and 

red lines correspond to a Kubo-Tomita fit for the two processes at 26.4 MHz, assuming Arrhenius-type 

behavior.  The dotted black line corresponds to the weighted sum of these two processes observed at 

26.4 MHz, and displays an excellent fit to the data. The light blue and light red dotted lines correspond to 

a Kubo-Tomita fit for the two processes at 300 MHz, assuming Arrhenius-type behavior.  The dotted gray 

line corresponds to the weighted sum of these two processes observed at 300 MHz.   

 

 Recognizing that the structures of the two BIBCO polymorphs are closely related and 

that both arrange in alternating lamellarly ordered layers of rotators with different packing motifs, 

we interpret the two T1
-1 maxima as corresponding to the rotational motion of the 
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bicyclo[2.2.2]octane rotators about their 1,4-axis in the two different crystallographic layers A 

and B.  The low energy rotational process is associated with the less sterically-hindered layer B, 

which displays rotational disorder in both of the high temperature crystal structures obtained at 

295 K and 130 K, while the higher energy process is associated with rotation in the more 

sterically hindered, ordered layer A.  This assignment is supported by the fact that the shortest 

T1 relaxation times for each process are essentially equivalent (53 ms verses 51 ms), 

suggesting that they do arise from two different processes with effectively equal dipolar 

averaging but different frequencies.  Assuming that the reorientation of the BIBCO rotators in 

each environment provides the dominant spin-lattice relaxation, and that the protons exist at a 

common spin-temperature within the lattice, the T1 behavior observed for the system may be 

expressed as the weighted sum of the two distinct rotational processes: 38  

T1
-1

total
 = (0.5) T1

-1
fast

 +  (0.5)T1
-1

slow                               (Eq. 2.3) 

where the weighting factors (0.5) are related to the total fraction of different nuclei responsible 

for motional averaging of the dipolar interactions within the unit cell.  The component T1 fast is the 

temperature-dependent spin-lattice relaxation for the low-energy rotational process from rotators 

in layer B, and T1 slow is the temperature-dependent spin-lattice relaxation for the higher energy 

process for rotators in layer A.  The total number of molecules is the same in the different 

layers.  Therefore, each layer and its associated motional process contribute equally to the total 

spin-lattice relaxation observed over the entire temperature range studied.  

To elucidate the activation energy and attempt frequency for BIBCO dynamics, each 

individual rotational process from the T1 data was subjected to a Kubo-Tomita fit by applying 

equation (2) and assuming an Arrhenius-type temperature dependence for the corresponding 

correlation times, !c fast  and !c slow.  The corresponding variations shown as a relaxation rate, or 

T1
-1, as a function of temperature are illustrated in red and blue lines in Fig. 6.  Adding the two 

processes together with the corresponding weighting factors (3) gave an excellent match with 

the observed experimental data when the Arrhenius equation values, to and Ea, were optimized 
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for the fast and slow components (Fig. 6, black dotted line).  Notably, the sum of the two 

processes is required to obtain a good fit at higher temperatures, helping dismiss the possibility 

that the low-barrier process is present only in the low-temperature polymorph.  From the 

constant C of the Kubo-Tomita equation, the magnitude of the local effective dipolar field Bnuc= -

[!hµ0/(4"R3)] (1-3cos2
#)m1, where R is internuclear distance, can be found.  This value was 

extracted from the fit of the experimental T1
-1 versus temperature data, and found to be ca. 3 

gauss.  This value is consistent with the magnitude Bnuc = [!hµ0/(4"R3)] calculated from the 

interhydrogen distances in the BIBCO structure, where R ! 2.70 Å corresponding to a Bnuc 

magnitude of 2.7 gauss (G) and lower for protons on adjacent carbons.  

The low-energy process with a T1
-1 maximum at ca. 80 K was fit to an activation energy 

of 1.48 kcal·mol-1 and a pre-exponential factor (or attempt frequency) A = 5.21 x 1012 s-1.39 The 

higher energy process, with a T1 minimum at ca. 130 K, has an activation energy of 2.75 

kcal·mol-1, and an attempt frequency of A = 8.00 x 1012 s-1.40  The activation energies of the 

rotators in the two different layers are consistent with the crystallographic data, which indicates 

two crystallographically distinct environments with different steric barriers. The activation 

parameters indicate that rotators in the disordered layer have a frequency of ca. 430 gigahertz 

at ambient temperature, while the corresponding frequency for the ordered layer is ca. 80 

gigahertz.  Comparatively, in the high temperature plastic crystalline phase I, pure 

bicyclo[2.2.2]octane has an activation energy of 1.84 kcal·mol-1 for rotation about the 1,4 axis.41 

This is 24% larger than Ea= 1.48 kcal·mol-1 for the same rotational motion about the 1,4-axis of 

bicyclo[2.2.2]octane in the faster BIBCO rotor.  Yet, the BIBCO rotor has two fewer degrees of 

rotational freedom!   

 

2.2.8. ACTIVATION PARAMETERS  

 Given that the two (three-fold and six-fold) BIBCO rotators in the separate layers A and 
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B have the same moment of inertia and intrinsic (gas phase) molecular electronic barrier, a 

comparison of their activation parameters is particularly interesting.  Assigning the high and low 

barriers to the ordered and disordered three-fold and six-fold potentials, respectively, is 

consistent with the crystallographic data and the two local BIBCO environments.  Furthermore, 

differences in the two pre- exponential factors (Afast and Aslow) are experimentally significant.  

Specifically, the BIBCO rotators in the six-fold, low Ea layer, possess an attempt frequency that 

is ca. 35% smaller than that of the ordered BIBCO rotators with the higher barrier.  Given that 

the attempt frequency represents the highest jumping frequency for the thermally activated 

rotator in a particular environment, it is significant that rotators in the two layers possess 

different rotational symmetry orders and different potentials.  According to transition state 

theory, the attempt frequency is related to the frequency of the librational mode that describes 

the oscillation of the rotator, nLib, which is determined by the shape of the potential.  To gain a 

qualitative insight, we assume a simple symmetric rotational potential with n-energy minima and 

a barrier Emax as a function of the angle Q, as described by a cosine function of the form, 

E(Q) = ! Emax [1-cos n Q]           (Eq. 2.4). 

The frequency of the active librational mode, nLib, will depend on the shape of the function as 

determined by Emax and n.  Steeper potentials will result the higher the librational frequencies 

and greater the pre-exponential factors.  Steeper potentials will arise from higher barriers, and, 

for a given barrier height, from a greater number of minima.  In the case of BIBCO, a barrier of 

Ea = 2.75 kcal·mol-1 for the ordered three-fold symmetric layers, is almost twice as large as that 

for the disordered layers with the six-fold energy minima, which has an Ea = 1.48 kcal·mol-1.  

Using these values in equation 4 demonstrates that the depth and shape of the potentials are 

very similar, suggesting that the corresponding librational modes should have analogous 

frequencies and that the different attempt frequencies result from the additional vibrational 

activation required to reach the top of the barrier.  

A potentially important limitation of the Arrhenius analysis is that it assumes the pre-
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exponential factor is constant over the entire temperature range studied. To account for such 

variations one may apply the Eyring equation (Eq. 2.5) 

!c = h/kBT exp (-!S‡/R) exp (!H‡/RT)            (Eq. 2.5) 

to substitute the !c in the Kubo-Tomita expression (Fig. A.2.12.).  An excellent fit to the T1
-1 data 

was obtained with a !H‡ = 1.48 kcal·mol-1and !S‡ = 2.50 cal/K·mol for the low-energy, six-fold 

rotary process, and !H‡ = 2.47 kcal·mol-1and !S‡ = -0.45 cal/K·mol for the higher energy, three-

fold rotary process.  The !H‡ values are in excellent agreement with the Ea obtained from the 

Arrhenius analysis and the activation entropies are very small, and nearly zero, for both the six-

fold and three-fold rotators, respectively (Table 2.1). The relatively small activation entropy for a 

single rotation step may be interpreted as an indication that no correlated motion or changes in 

order is required, and a small and positive value for the disordered layers may reflect the 

“dissociative” nature of the lower energy potential.   

Table 2.1.  Arrhenius and Eyring parameters derived from a Kubo-Tomita fit of the T1 data. 

 Ea (kcal·mol-1) !H‡ (kcal·mol-1) A (s-1) !0 (s) !S‡ (cal/K·mol) 

Disordered Layer 1.48 1.48 5.21 x 1012 1.92 x 10-13 2.50 

Ordered Layer 2.75 2.47 8.00 x 1012 1.25 x 10-13 -0.45 

 

2.2.9. SECOND MOMENT ANALYSIS (M2) 

 The proton second moment (M2) is the mean square width of the proton wide-line curve, 

and hence is related to the spin-spin relaxation (T2).
26 Like the spin-lattice relaxation, both M2 

and T2 are modulated by dipolar interactions, which are averaged in the presence of molecular 

motion.  While static molecules in the solid-state display very broad signals, molecules 

undergoing fast reorientation display narrowed signals.  The 1H M2 for BIBCO was measured as 

a function of temperature from 27 K to 220 K at 26.4 MHz (Fig. 2.7).   
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Figure 2.7. The 1H NMR second moment as a function of temperature. 

 

 No distinguishable plateaus were observed, thus indicating that BIBCO motion changes 

continuously throughout the entire temperature range investigated.  At 220 K, M2 is 0.97 G2.  

Cooling to 50 K resulted in observable line broadening, resulting in an increased M2 value of 4.5 

G2.  There is no discontinuity in M2 at the phase transition at 110 K, supporting the notion that 

there are no significant structural changes that affect the dynamics of the rotators.  Further 

cooling from 50 K to 27 K resulted in a rapid increase in M2 up to 12 G2, indicating an abrupt 

decrease in molecular rotation.  Although temperatures below 27 K were not explored due to 

limitations of the NMR probe set-up, the data suggests that further line broadening would occur 

below 27 K, up to the limit of the rigid lattice when BIBCO rotation is frozen, or at the limit of 

quantum mechanical tunneling if rotations may occur from zero point energy levels. 

 In order to qualitatively evaluate line-broadening effects as a function of temperature, the 

motionally narrowed linewidth at 220 K was related to the correlation time of the BIBCO rotors in 
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the disordered layer B and the magnitude of the local effective field Bnuc determined from the 

Kubo-Tomita fit.  In the high temperature limit, when !0
2 "c

2 << 1, 

mean 1H linewidth high T  ! T2
-1

high T  ! T1
-1

high T ! (2/3) #2 Bnuc
2 
"c, fast                      (Eq. 2.6) 

At T = 220 K, the mean width of the motionally narrowed 1H wide-line spectrum is at a minimum 

of ca. 4.1 kHz.  According to the above equation (2.6), line-broadening effects due to a 

decrease in the rotational dynamics should become relevant when the fastest rotator layer 

becomes sufficiently slow to cease partial averaging of dipolar interactions, i.e. when the 

averaged dipolar interactions become the same order of magnitude as the motionally narrowed 

linewidth.  Using the narrowed linewidth at T = 220 K, equation 6 reveals this temperature to be 

approximately 28 K. Consistent with the results of this calculation, the 1H M2 data reveals a 

dramatic increase in spectral linewidth near 28 K. Above this temperature, the rotational 

correlation time becomes very small, and the rotational processes sufficiently fast, leading to a 

partial averaging of dipolar interactions.  This result confirms the validity of the Kubo-Tomita fit, 

and relates the dynamic rotational processes affecting 1H M2 to the averaged internuclear 1H 

dipolar fields of the BIBCO rotors. 

 

2.3. CONCLUSIONS  

In order to investigate the potential of halogen bonding for the design and synthesis of 

functional materials and molecular machines, a halogen-bonded network of BIBCO molecular 

rotors was synthesized and structurally characterized using single crystal X-ray diffraction data 

from 295 K to 90 K.  The structural solution revealed a halogen-bonded, lamellar structure 

composed of alternating ordered (A) and disordered (B) layers of BIBCO rotors in two 

crystallographically unique environments, which undergo a disorder-order phase transition at 

110 K.  The Brownian rotational dynamics of the crystallographically distinct bicyclo[2.2.2]octane 

rotators in the two layers were each assigned a distinct, clearly resolved dynamic process due 
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to the relaxation contribution from each kinetically distinguishable A and B site based upon 

variable temperature solid-state NMR studies from 290 K to 27 K.  Remarkably, the rotational 

dynamics of both layers are ultra-fast at room temperature, with frequencies corresponding to 

0.8 gigahertz and 4.3 gigahertz, respectively.  The activation energy for rotation about the 1,4-

bicyclo[2.2.2]octane axis is 24% lower in the disordered B layer of BIBCO, as compared to the 

high temperature plastic crystalline phase I of the bicyclo[2.2.2]octane molecule.  This study 

validates an unprecedented approach to the construction of amphidynamic molecular machines 

where the extended framework itself provides the template to differentiate rotor dynamics and 

sustain engineered rotation down to very low temperatures.  With respect to the frequency 

factors of the BIBCO rotators in the ordered and disordered layers, analysis of the data 

suggests that different rotational potentials and solid-state packing dictate the limiting rotational 

dynamics, even though the rotors possess the same intrinsic electronic (gas phase) barrier.  

Although spin-lattice relaxation measurements cannot discern the type of rotational motion 

present, analysis of the crystal structure suggests that rotational symmetry order of three-fold 

and six-fold symmetries may play an important role on the dynamics of the two distinguishable 

rotators.  Future studies involving deuterium-enriched BIBCO rotors may help elucidate the 

jumping mechanism of the two layers using variable temperature quadrupolar echo 2H NMR.  

The results of this study confirm that halogen bonding is a valuable tool for the construction of 

functional materials and artificial molecular machines. 

 

2.4.  EXPERIMENTAL 

2.4.1. Synthesis of 1,4-diethynylbicyclo[2.2.2]octane (BCO).   The 9-step synthesis of BCO 

is shown in Scheme 2.1 in the Introduction section. 

2.4.1.1. Diethyl 2,5-dioxocyclohexane-1,4-dicarboxylate, 1. The Dieckmann condensation of 

diethyl succinate was carried out following a literature procedure.42 The product was isolated in 
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78 % yield. mp: 128 °C ( 126-127 °C Litt.);  1H NMR (CDCl3, 500 MHz) ! 12.20 (s, 2H), 4.24 (q, 

J = 7 Hz, 4H), 3.18 (s, 4H), 1.31 (t, J = 7 Hz, 6H); 13C NMR (CDCl3, 125 MHz) ! 171.24, 168.39, 

93.19, 60.69, 28.49, 14.18; m/z ESI(+) calcd for C12H16O6 : 256.09; found 255.87; Anal. calcd for 

C12H16O6 C, 56.24; H, 6.29. Found: C, 55.02; H, 6.19. 

 

2.4.1.2. Diethyl 2,5-dioxobicyclo[2.2.2]octane-1,4-dicarboxylate, 2. The bicyclo derivative 

was prepared from diethyl 2,5-dioxocyclohexane-1,4-dicarboxylate, 1. At variance with the 

reported procedure.42 the reaction mixture was heated for 96 hrs and the reaction was 

monitored by TLC (ethyl acetate/ petroleum ether: 1/1). The product was isolated in 85 % yield. 

mp: 111 °C ( 111-112 °C Litt.); 1H NMR (CDCl3, 500 MHz) ! 4.25 (q, J = 7.5 Hz, 4H), 3.07 (dd, J 

= 19.5 Hz, J = 3 Hz, 2H), 2.72 (d, J = 19.5 Hz, 2H), 2.51 (m, 2H), 2.11 (m, 2H), 1.29 (t, J = 7.5 

Hz, 6H); 13C NMR (CDCl3, 75 MHz) 203.62, 168.59, 61.83, 57.25, 41.85, 24.48, 14.07; m/z 

ESI(+) calcd for [C14H18O6 + H]+ : 283.11; found 282.98; Anal. calcd for C14H18O6 C, 59.57 ; H, 

6.43. Found: C, 59.99; H, 6.44.  

 

2.4.1.3 Diethyl 2,5-diethyleneglycolbicyclo[2.2.2]octane-1,4-dicarboxylate, 3. The 

diketaldiester was prepared from diethyl 2,5-dioxobicyclo[2.2.2]octane-1,4-dicarboxylate, 2 via 

literature procedure43 in 71 % yield. mp: 85 °C ( 85-86 °C Litt.); 1H NMR (CDCl3, 500 MHz) ! 

4.12 (q, J = 7 Hz, 4H), 3.94 (m, 6H), 3.74 (m, 2H), 2.45 (dd, J = 14.5 Hz, J = 2.5 Hz, 2H), 2.31 

(m, 2H), 1.99 (d, J = 14.5 Hz, 2H), 1.70 (m, 2H), 1.24 (t, J = 7 Hz, 6H); 13C NMR (CDCl3, 75 

MHz) ! 172.55, 110.11, 64.75, 60.61, 48.83, 41.72, 23.99, 14.15; m/z ESI(+) calcd for [C18H26O8 

+ H]+ : 371.16; found 371.01; Anal. calcd for C18H26O8 C, 58.37 ; H, 7.08. Found: C, 58.28; H, 

6.95. 

 

2.4.1.4. 2,5-diethyleneglycolbicyclo[2.2.2]octane-1,4-dimethanol, 4. The diketaldiol was 

prepared from diethyl 2,5-diethyleneglycolbicyclo[2.2.2]octane-1,4-dicarboxylate, 3. At variance 
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with the literature procedure,43 the reaction mixture was extracted with warm ethyl acetate. After 

drying over MgSO4 and evaporating the combined organic layers, one half of the target 

compound was isolated. Afterwards, the water layer was evaporated to dryness under low 

pressure and the resulting sticky material was extracted using a soxhlet with dichloromethane to 

yield the remaining second half of the compound after 6 cycles. In the end, the product was 

isolated in 93 % yield. mp: 102 °C ( 100-101 °C Litt.); 1H NMR (CDCl3, 500 MHz) ! 4 (m, 8H), 

3.66 (d, J = 11.25 Hz, 2H), 3.30 (d, J = 11.25 Hz, 2H), 2.65 (s, 2H), 2.16 (dd, J = 14.25 Hz, J = 

2,5 Hz, 2H), 1.75 (m, 2H), 1.60 (d, J = 14.25, 2H), 1.30 (m, 2H); 13C NMR (CDCl3, 125 MHz) ! 

112.29, 65.96, 63.97, 63.85, 41.34, 40.82, 23.67; DSQ (EI) m/z calcd for [C14H22O6 + H]+ : 

287.14; found 286.9. 

 

2.4.1.5. 1,4-bis(hydroxymethyl)bicyclo[2.2.2]octane-2,5-dione, 5. The diketodiol was 

prepared from 2,5-diethyleneglycolbicyclo[2.2.2]octane-1,4-dimethanol, 4 via literature 

procedure43 in quantitative yields. The compound is a sticky oil engaged as such in the next 

step: 1H NMR (acetone-d6, 500 MHz) ! 4.26 (m, 4H), 3.13 (m, 2H), 2.98 (m, 2H), 1.50 (m, 2H), 

1.26 (m, 2H); DSQ (EI) m/z calcd for [C10H14O4 + H]+: 199.09; found 198.9.  

 

2.4.1.6. Bicyclo[2.2.2]octane-1,4-diyldimethanol, 6. The diol was prepared from 1,4-

bis(hydroxymethyl)bicyclo[2.2.2]octane-2,5-dione, 5 via literature procedure43 in 41 % yield. mp: 

106 °C ( 107-108 °C Litt.); 1H NMR (CDCl3, 500 MHz) ! 3.27 (s, 4H), 1.42 (s, 12H); 13C NMR 

(CDCl3, 125 MHz) ! 71.48, 33.59, 27.64; m/z ESI(+) calcd for [C10H18O2+H]+ – H2O : 153.13; 

found 153.13. Anal. calcd for C10H18O2   C, 70.55 ; H, 10.66. Found: C, 70.79 ; H, 10.70. 

 

2.4.1.7.  Bicyclo[2.2.2]octane-1,4-dicarbaldehyde, 7. The dicarbaldehyde was prepared from 

a Swern oxidation of the bicyclo[2.2.2]octane-1,4-diyldimethanol, 6 via literature procedure44,45 
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in 65 % yield. It was engaged immediately in the next step to prevent degradation.  DSQ (EI) 

m/z calcd for [C10H14O2 + H]+: 167.10; found 166.9. 

 

2.4.1.8. 1,4-bis(2,2-dibromovinyl)bicyclo[2.2.2]octane, 8. Using the Corey-Fuchs 

methodology and following the literature procedure,46,47 at 0 °C, triphenylphosphine (76 g, 

289.77 mmol) was added in small portions to a CBr4 solution (46 g, 138.7 mmol) in CH2Cl2 (250 

mL). The mixture was warmed up at room temperature and stirred for 30 minutes before adding 

dropwise and slowly a solution of freshly prepared bicyclo[2.2.2]octane-1,4-dicarbaldehyde, 7 (5 

g, 30.10 mmol) in CH2Cl2 (30 mL). The reaction mixture was stirred at room temperature for 5 h 

and monitored by TLC (eluent: CH2Cl2). Finally, the mixture was quenched with H2O (200 mL) 

and extracted with dichloromethane. The organic layer was dried over MgSO4. The crude 

material was purified by silica gel column chromatography with 100 % n-hexane. The 

tetrabromine derivative was isolated as a white crystalline powder (9 g) with 65 % yield. mp : 

109 °C; 1H NMR (CDCl3, 500 MHz) ! 6.41 (s, 2H), 1.82 (s, 12H); 13C NMR (CDCl3, 75 MHz) !  

145.49, 85.64, 35.77, 29.75; DSQ (EI) m/z calcd for [C12H14Br4 + H]+ : 474.78; found 474.9; 

Anal. calcd for C12H14Br4 C, 30.16 ; H, 2.95. Found: C, 30.25; H, 2.91. 

 

2.4.1.9. 1,4-diethynylbicyclo[2.2.2]octane, 9. Using the Corey-Fuchs methodology and 

following the literature procedure,46,47 to a solution of 1,4-bis(2,2-

dibromovinyl)bicyclo[2.2.2]octane, 8 (6 g, 12,66 mmol) in THF (50 mL) under argon, n-

butyllithium (22 mL of 2.5 M soln. in hexane, 55 mmol) was slowly added at -78°C. The reaction 

mixture was stirred at –78°C for 1 h, then warmed slowly to room temperature, and the reaction 

was monitored with TLC (eluent: CS2). At the end, the reaction mixture was quenched with an 

aqueous saturated ammonium choride solution. The mixture was extracted with 

dichloromethane, and dried over MgSO4. The crude material was purified by silica gel column 

chromatography with 100% n-hexane. The final compound was isolated as a white crystalline 
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powder (1.9 g) with 95 % yield. mp: 166 °C; 1H NMR (CDCl3, 500 MHz) ! 2.08 (s, 2H), 1.78 (s, 

12H); 13C NMR (CDCl3, 75 MHz) ! 90.99, 68.13, 31.57, 26.00; Anal. calcd for C12H14 C, 91.08 ; 

H, 8.92. Found: C, 90.12; H, 9.04. 

 

2.4.1.10. 1,4-bis(iodoethynyl)bicyclo[2.2.2]octane (BIBCO). A solution of 1,4-

diethynylbicyclo[2.2.2]octane, 9 (250 mg, 1.58 mmol) in methanol (40 mL) was cooled at 0°C 

and treated with KOH (461 mg, 8.22 mmol). After 20 min. of stirring at 0°C, N-iodosuccimide 

(850 mg, 3.78 mmol) was added and the mixture stirred at 0°C for another 20 min. The reaction 

mixture was then warmed slowly to room temperature and the stirring was maintained for 2hrs. 

50 mL of water and 100 mL of dichloromethane were added and the organic layer was 

separated, dried over MgSO4, and evaporated to dryness. The crude material was purified by 

chromatography on silicagel with CS2 as the eluent. The product was isolated in 76% yield as a 

white crystalline powder, which was crystallized in hot ethanol as colorless thin plates. DSC 

decomp.: 261.6 °C. 1H NMR (500 MHz, acetone-d6) ! = 1,74. 13C NMR (125 MHz, CD2Cl2) ! = 

100.7, 31.4, 28.4, -6.3. DSQ (EI): m/z [M]+ calcd for C12H12I2: 409.9; found 409.6. Anal. Calcd 

for: C, 35.15; H, 2.95. Found: C, 35.02; H, 2.99.   
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2.5. INDEX 2A: COMPOUND CHARACTERIZATION DATA 

Table A.2.1. Crystal data, data collection and refinement details for a BIBCO single crystal 

at 295 K, 130 K and 90 K (C12H12I2, M = 410, F(000) = 1520) 

Temperature / K 295(2) 130(2) 90(2) 

Crystal system Monoclinic Monoclinic Triclinic 

a / Å 31.576(2) 31.769(3) 13.913(1) 

b / Å 7.1977(5) 7.0328(8) 13.913(1) 

c / Å 12.2949(7) 12.0594(4) 16.236(2) 

! / º 90 90 79.081(7) 

" / º 111.674(6) 110.900(6) 65.960(7) 

# / º 90 90 60.573(6) 

V / Å3 2596.7(3) 2517.1(4) 2499.7(4) 

Space group, Z C2/c, 8 C2/c, 8 P-1, 8 

$calc. / g·cm-3 2.098 2.164 2.179 

µ / cm-1 48.08 49.60 49.94 

Tmin, Tmax 0.212, 0.648 0.320, 0.664 0.441, 0.662 

2!max / º 61.0 76.0 70.2 

Range of data -44 % h % 36 
-10 % k % 10 
-13 % l % 17 

-54 % h % 54 
-12 % k % 12 
-20 % l % 20 

-22 % h % 22 
-22 % k %22 
-26 % l % 26 

Reflections collected 29119 42868 78664 

Independent reflections 3954 6807 - 

Rint 0.0338 0.0346 - 

No. of parameters 155 154 506 

GooF on F2 1.007 1.026 1.060 

R1 [I>2!(I)] 0.0364  0.0316  0.0519  

wR2 [I>2!(I)] 0.0945 0.0667 0.1297 
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Figure A.2.1. Temperature dependences of the unit cell parameters of a BIBCO single crystal have 

monotonic character (blue squares - cooling, red circles - heating). 

A reversible phase transition, from monoclinic 

C2/c to triclinic P  symmetry, occurs at 110K. 

For clear representation of the relative 

changes, lattice parameters in a whole 

temperature range are reduced to primitive 

triclinic cell of the high-temperature monoclinic 

phase. Doubling of a and b parameters of the 

primitive lattice, which appears below 110K, is 

not considered here.  
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Figure A.2.2. (a): 13C CP/MAS spectra of polycrystalline BIBCO (75 MHz, room temperature, recycle 

delay time =10 s, contact time = 5 ms) at MAS= 4 kHz, 5 kHz, and 10 kHz.  Asterisks denote spinning 

side bands.     

  

 
Figure A.2.2. (b): 13C CP/MAS spectrum (MAS=10 kHz, recycle delay time = 30 s, contact time= 5 ms) of 

polycrystalline BIBCO at T=267 K. 
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Figure A.2.3. 13C NMR spectra for BIBCO recorded in a CD2Cl2 solution at 125 MHz 

 

                                   
Figure A.2.4. (a): Representative 1H wideline spin-lattice relaxation (T1) measurement via the 

saturation-recovery method at T= 50 K. 
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Figure A.2.4. (b): Mono-exponential fit to representative 1H wideline spin-lattice relaxation (T1) 

inversion recovery data at T= 50 K (T1 = 1.1 s). 

 

A.2.1. 13C CP/MAS NMR SPECTORSCOPY EXPERIMENTAL DETAILS  

The 13C C/PMAS spectra were acquired on a polycrstalline BIBCO sample at a 13C frequency of 75 MHz 

and a 1H frequency of 300 MHz using a 1H ninety degree (!/2) pulse width of 4.00 microseconds (µs), a 

Hartmann-Hahn contact time of 5 milliseconds (ms), a data acquisition time of 66 ms, and a recycle delay 

of greater than five times the spin-lattice relaxation time of the protons. The sample was spun at a MAS 

rate of 10 kHz in a 4 millimeter (outside diameter) rotor, and the thermocouple was calibrated using the 

chemical shift of 207Pb in Pb(NO3)2 as previously described elsewhere.48 

 

 

 
Figure A.2.5. (a): Representative 1H spin-lattice relaxation (T1) measurement via the inversion-recovery method 

by detection through 13C CP/MAS (MAS= 10 kHz) at T= 290 K. 
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Figure A.2.5. (b):  Mono-exponential fit to 1H spin-lattice relaxation (T1) data measured via the inversion-

recovery method by detection through 13C CP/MAS (MAS= 10 kHz) at T= 290 K (T1 = 5.33 s). 

 

Figure A.2.6.  The structure of 1,4-bis(iodoethynyl)benzene2 is strikingly similar to that of BIBCO. It is 

directed by the same set of halogen bond interactions, C–I···!, 3.427 Å and C–I···I–C, 4.101 Å. C–I, 2.006 

Å.   

 
 

Figure A.2.7. The layered structure of 1,4-diiodobicyclo[2.2.2]octane, with a loose, single Csp3–I···I 

interaction, 4.309 Å, and Csp3–I, 2.163 Å.    
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Figure A.2.8. (a-h) 2D-Fourier maps reconstructed at different temperatures on Fobs (experimental 

electron density scale is in eÅ-3, x and y axes are in Å) in the planes of the rotor atoms. Left pictures are 

for the initially ordered BIBCO layer; right pictures are for the initially disordered layer. Note that the 

relative orientations of the molecules are not correlated in the patterns at different temperatures and, 

therefore, could not be directly compared.   

  

               

               

               

(a) 295 K, molecule A (b) 295 K, molecule B 

(c) 130 K, molecule A (d) 130 K, molecule B 

(e) 90 K, molecule A’ 

(g) 90 K, molecule B’ 

(f) 90 K, molecule C’ 

(h) 90 K, molecule D’ 
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(a)      (b)  

 

Figure A.2.9. The pattern of intermolecular interactions within layer A’B’ (a) and C’D’ (b). The layers are 

projected along the rotor axles. 

(a) Within layer A’B’ the gyroscope axles are essentially parallel, a checkerboard pattern of equal 

numbers of ! and " conformers is identified. Once the rotor fragments are inscribed into triangles, a dual 

pattern of side-by-side and apex-to-apex tiling of the triangles is identified, the former being associated 

with shorter intermolecular contacts. Double ribbons of side-by-side closed packed rotors are segregated 

along the [110] direction also showing a loosening of the packing in between the ribbons. Note in addition 

that the molecules are bent inwards the ribbon which makes for shorter C-H···I intermolecular contacts. 

As a result, most of the hydrogen bond contacts with H···I distances of 3.27-3.36 Å (dashed lines) are 

concentrated within the ribbon. There are only two such contacts in between the ribbons with H···I 

distances of 3.36 Å.  

(b) Within layer C’D’, in contrast to layer A’B’, the gyroscope axles of molecules C’ and D’ are orthogonal. 

The layer consists of segregated ···C’C’C’··· and ···D’D’D’··· rows parallel to [-110] with alternating side-by-

side and apex-to-apex interactions between adjacent ! and " conformers (like ···A’A’A’··· and ···B’B’B’··· 

rows along b in layer A’B’). Side-by-side C-H···I contacts of 3.31 and 3.36 Å and apex-to-apex contacts of 

3.30 and 3.24 Å are observed inside C’ and D’ rows, respectively, while there is only one C–H···I contact 

(3.35 Å) between orthogonal C’ and D’ molecules.   
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     (a)          (b) 

Figure A.2.10. A principal difference in interlayer interactions: C’ and D’ molecules in the surroundings of 

A’ (or B’) have mutually perpendicular rotor axles (a) while A’ and B’ molecules in the surroundings of C’ 

(or D’) have parallel rotor axles (b). C–I···!, C–I···I–C and C–H···I contacts are drawn in red, purple and 

black dashed lines, respectively. Contact distances at different temperatures are given in Table A.2.2.  

 
 
 
 
 
Table A.2.2. C–I···! and I···I contact distances (Å) in the monoclinic structure at 295 and 130 K and 
triclinic structure at 90 K 
 
 
 

C–I!!!p (Å) 
295 K 130 K 90 K 

IA···CB  I1A···CD’ I2A···CC’ I1B···CC’ I2B···CD’ 
3.427 3.330 3.324 3.309 3.314 3.285 
3.583 3.469 3.461 3.449 3.450 3.402 

IB···CA  I1C···CA’ I2C···CB’ I1D···CB’ I2D···CA’ 
3.499 3.425 3.426 3.403 3.412 3.391 
3.721 3.666 3.681 3.628 3.652 3.637 

      
C–I!!!I (Å) 

C–IA···IB  C–I1A···I1D C–I2A···I1C C–I1B···I2C C–I2B···I1D 
4.005 3.948 3.952 3.973 3.933 3.937 

C–IB···IA C–I1C···I1A C–I2C···I2B C–I1D···I1B C–I2D···I2A 
4.062 4.003 3.967 3.996 4.008 3.984 
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(a) 

 

 
(b) 

Figure A.2.11. (a) Hexagonal network formed in the crystal by I-atoms of BIBCO molecules located in 

two adjacent A’B’ and C’D’ layers. Successive I···I distances along [110] at 90 K are (starting from I2D): 

3.9373(4) – 3.9962(6) – 3.9329(4) – 4.0083(6) – 3.9524(4) – 3.9670(6) – 3.9726(4) – 3.9839(5) Å. 

Between the [110] chains the I···I distances are 4.2463(6) – 4.4585(6) Å in excess of the sum of van der 

Waals radii for iodine, 4.20 Å. (b) Structure projection along c* showing that the iodine atoms from 

successive sheets stand almost one above the other. Hence, the gyroscopes appear to be located within 

the hexagonal cavities of honeycomb iodine sheets serving as rigid lamellar templates.   
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Figure A.2.12. Temperature dependence of the 1H spin-lattice relaxation time (T1) in BIBCO displaying 

two minima, observed at 26.4 MHz (yellow squares) and 300 MHz (green cicles).  The heavy blue and 

red lines correspond to a Kubo-Tomita fit at 26.4 MHz, assuming Eyring-type processes.  The dotted 

black line corresponds to the weighted sum of these two processes observed at 26.4 MHz, and displays 

an excellent fit to the data. The light blue and light red dotted lines correspond to a Kubo-Tomita fit at 300 

MHz, assuming Eyring-type processes.  The dotted gray line corresponds to the weighted sum of the two 

processes observed at 300 MHz. For the low energy process, !H‡ = 1.48 kcal/moland !S‡ = 2.50 

J/K·mol.   For the higher energy process,  !H‡ = 2.47 kcal/mol and !S‡ = -0.45 J/K·mol. 

 

            
Figure A.2.13.  Representative 1H wide line spectra (26.4 MHz) for T= 40 K (blue) and T= 220 K (red). 
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Figure A.2.14. Room temperature solid-state FT-IR of BIBCO.  IR(cm-1): 2948.41, 2865.07, 2904.76, 

2173.12, 2164.71, 1450.88, 1159.47, 951.32. 
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3.1. INTRODUCTION  

Crystalline artificial molecular machines, or amphidynamic materials, offer an extremely 

promising platform for the development of stimuli responsive bulk materials.1 This is based upon 

the idea that their functional components may be organized hierarchically, according to various 

symmetries and periodicities, similar to those observed for the high-performance biomolecular 

machines found in nature.2  Over the last decade, the Garcia-Garibay group has established 

comprehensive structure/function relationships for the development of amphidynamic materials 

through studies of the crystal packing and functional dynamics of molecular gyroscopes3—i.e. 

artificial molecular rotors whose rotators undergo anisotropic thermally activated dynamics.  It 

has been found that, in general, free volume and a relatively flexible environment proximal to 

the dynamic component facilitate more rapid rotation in the solid state.4  This ultimately arises 

from the reasonably low activation barriers that such features may facilitate.  Accordingly, low 

packing coefficients Ck, enclathrated solvents, and lamellar architectures all favor rapid solid-

state dynamics. 

In order to exploit amphidynamic materials to their true potential, however, the functional 

moiety should ultimately possess a stimuli responsive handle, which could allow the anisotropic 

dynamics to be modulated externally.4,5,6  Previous efforts have involved the study of crystalline 

dipole-functionalized molecular rotors, or compasses, whose rotational dynamics were shown to 

be externally driven by an AC electric field.7  Another interesting strategy to externally control 

function may involve the exploitation of solid-state molecular machines, which possess a 

photoreactive moiety, so that the engineered dynamics could be modulated through a suitable 

photoreaction that would result in a change in the the rotational potential or even “turn off” the 

dynamics entirely.  Many different design approaches and different chromophores could be 

envisioned for such processes, including bond-forming photoreactions and/or 

photoisomerizations of pendent groups, both of which could either be irreversible or 
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reversible.6,8,9  Of course, the intended application of the material would ultimately dictate the 

most suitable approach.    

The concept of coupled photoreactions and anisotropic dynamics within a crystal lattice 

is not well understood. In general, photochemical reactions in crystalline solids9 are not as 

common as those in the gas phase and in solution, and no known examples explicitly 

characterizing a solid-state photoreaction modulating anisotropic molecular dynamics (or vice 

versa) have been previously reported.   While the identification and/or design of a compound 

possessing both anisotropic functional dynamics and photoreactivity in the solid state may 

represent a significant effort, the technical characterization of such mutually dependent time-

based molecular processes and their respective kinetics in the crystalline state is neither trivial 

nor precedented.  The matter of kinetics, specifically of the dynamical correlation times, excited-

state lifetimes, and photoproduct half lives, would be of particular significance when the 

photoproduct may thermally convert back to the reactant or if the dynamical moiety intrinsically 

participates in the photoreaction, leading to the formation of more than one product.  In the latter 

case, it may be possible for the correlation time to approach the timescale of the excited-state 

lifetime, such that a specific temperature range may be exploited to yield photoproducts with 

different (isomeric) modulated states (since the dynamic correlation time of all thermally 

activated motion differs as a function of temperature).  While the characterization of ground-

state thermally activated molecular dynamics and their respective time scales may be 

accomplished using relatively well-established techniques based upon variable temperature 

solid-state NMR spectroscopy, X-ray diffraction anisotropic displacement parameter analysis, 

and dielectric spectroscopy, the situation is quite different regarding the characterization of the 

absolute kinetics of a photoreaction in the solid-state. 

While it is widely appreciated that the nature of the products formed in crystals can be 

understood in terms of topochemical reaction pathways that are “least motion” in nature, 

detailed reaction mechanisms have been difficult to document. Most studies have been limited 
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to product analysis and structure-reactivity correlations based on X-ray crystal structures of the 

reactant and the product,10,11 which fail to disclose many crucial details of solid-state reaction 

mechanisms.  To address these limitations, recent developments in the use of nanocrystalline 

suspensions for the spectroscopic characterization of electronic excited states and reactive 

intermediates now make it possible to document the kinetics of solid-state reactions in 

unprecedented detail.12  Therefore, if the dynamics of a ground state molecular machine within 

a crystal may be modulated by a solid-state photoreaction, a wealth of information potentially 

available should make it possible to characterize the mutually dependent time-based molecular 

processes and their respective kinetics, and ultimately improve the understanding of reactions 

and dynamics in the crystalline state.  

In this study, an example is reported where solid-state NMR spectroscopy, variable 

temperature X-ray diffraction, and time-resolved spectroscopy of nanocrystalline suspensions 

are combined to gain unprecedented mechanistic detail of a solid-state photoreaction where 

anisotropic molecular rotation is suspected to play an important role.  Specifically, we report an 

investigation of the Norrish Type II and Yang cyclization of !-adamantyl p-

methoxyacetophenone 1 (Scheme 3.1. and Fig. 3.1.).13,14 This reaction sequence happens to be 

one of the most widely studied and best understood photochemical transformations in solution, 

and one of the most documented in the solid state.13,15,16 For aryl-alkyl ketones such as 1, the 

Norrish Type II reaction involves an intramolecular "-hydrogen abstraction from the (triplet 

excited state (31 in Fig. 3.1.) to form a triplet 1,4-biradical (3BR1). The subsequent Yang 

cyclization involves the formation of a sigma bond from the singlet state biradical to yield 

cyclobutanols cis-2 and trans-3.  Studies by Scheffer and coworkers have shown that, in 

general, the reaction of !-adamantyl acetophenones occurs efficiently in the crystalline state, 

and that there is a good correlation between crystallographically determined ground state 

conformations and reaction success.7,8  Somewhat unexpectedly, however, ultraviolet irradiation 

of crystals of ketone 1 and a few other adamantyl acetophenones were shown to give mixtures 
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of cis-2 and trans-3 with unpredictable product ratios.  Specifically for 1, the ratio of the 

diastereomeric photoproducts inverts when the reaction is performed in the solid-state as 

compared to solution, yet product analysis and structure-reactivity correlations based on X-ray 

crystal structure data do not provide a satisfactory explanation. This is atypical since reactions 

in crystals often proceed with remarkably high selectivities (vide supra).9  

Acknowledging that the molecular structure of 1 contains a globular adamantyl moiety, it 

seemed plausible that the origin of the mysterious inversion of diastereoselectivity may arise 

from its rotational dynamics.  Mechanistically, the adamantyl group intrinsically participates as a 

reaction intermediate, yet it likely undergoes volume-conserving anisotropic rotation in the solid 

state.  Therefore, the crystalline p-methoxy derivative 1 was identified as an interesting study 

subject based on its physicochemical and spectroscopic properties, which specifically include 

the presence of anisotropic solid-state rotational dynamics and a relatively long-lived triplet state 

with mixed n,!* and  !,!* character17 that should make it possible to detect the triplet excited 

state, and possibly the triplet biradical, respectively. 

 

Scheme 3.1. 
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As indicated in Scheme 3.1., the formation of cis-2 is a topochemically allowed, least-

motion reaction that maintains good structural continuity between the shape of the starting 

ketone determined by single crystal X-ray diffraction and the required shape of the cis-product.  

The relative orientation of the aromatic ring and the adamantyl group are retained in the 

reactant and the product and it appears that the reaction should not be inhibited within the 

close-packed walls of the reaction cavity.  In contrast, at a first approximation, the formation of 

trans-3 may be considered unexpected as the aromatic anisole and the tricyclic adamantyl 

structures are on opposite sides in relation to the frame of reference provided by the reaction 

cavity of ketone 1.  

 

 

 

Figure 3.1.  Photoexcitation of 1 results in cyclization products cis-2 and trans-3 in solution and in the 

solid state. The major diastereomer in solution is the less hindered trans-3.  Photoreactions in the bulk 

solid and in nanocrystalline suspensions lead to the more hindered cis-2 as the major diastereomer.  The 

ratio of 2 : 3 in the solid is determined by the relative rates of adamantyl rotation and cyclization from 3BR1 

and 3BR2.  Rotation to 3BR3 results in a conformation that cannot undergo cyclization until a subsequent 

rotation to BR1 or BR2 occurs. 

 

One of the structural features that unambiguously identifies the trajectories towards the 

two photoproducts is the absolute configuration of their quaternary cyclobutanol carbons.  A 

subsequent study by Scheffer and Trotter with crystals of an enantiomerically pure adamantyl 
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acetophenone derivative showed that the two diastereomers possess the same absolute 

configurations at the newly formed carbinol carbon (differing by the configuration of the new 

adamantane chiral center, which also determines the cis/trans designation of the substituents 

on the cyclobutanol).18  The implication of their study was that formation of trans-3 does not 

involve rotation of the aromatic ring, which would expose different enantiotopic faces of the 

original carbonyl, but rather rotation of the more globular adamantyl group, as indicated in 

Sheme 3.2. 

 

Scheme 3.2. 
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Knowing that the use of variable-temperature solid-state NMR spectroscopy and single 

crystal X-ray diffraction analysis offers opportunities to characterize the rotational dynamics of 

molecules in crystals, we set out to analyze the reaction mechanism of 1 through a combination 

of transient spectroscopic methods and solid-state dynamics characterization.  As described in 

detail below, we discovered that the !-hydrogen abstraction occurs with a time constant of ca. 

10 ns from the triplet excited state to form the 1,4-hydroxy-adamantyl biradical, and that the 

latter decays with a time constant of 103 ns.  We also discovered that the quantum yield of the 

solid-state reaction ("=0.39) is ca. 3 times higher than the one determined in acetonitrile 

solution (" =0.12), in contrast to previous observations in the case of the di-p-methane reaction, 

which proceeds very sluggishly in the solid state.19 Using variable temperature spin-lattice 

relaxation experiments, it was established that rotation of the adamantyl group in the solid state 

at 300 K occurs by site exchange with a time constant of ca. 213 ns.  This allows for a fraction 

of the biradicals to rotate within their lifetime, assuming that the rotation of the adamantyl group 

is similar in the ground state ketone and the biradical states.  

 

3.2. RESULTS 

3.2.1. SYNTHESIS OF !-ADAMANTYL p-METHOXYACETOPHENONE 1  

The synthesis of adamantyl acetophenone 1 was accomplished as described in the 

literature by a Friedel-Crafts reaction of commercially available !-adamantyl acetyl chloride and 

anisole.  The structural identity of 1 was verified by 1H and 13C NMR, FT-IR and melting point 

measurements that were consistent with those reported previously (SI).14 Two isotopologues of 

1 for solid-state NMR dynamics were synthesized in an analogous manner from commercially 

available methoxy-deuterated anisole (1-d3) and perdeuterated anisole (1-d7). Melting point and 

X-ray powder diffraction patterns of the isotopologues matched those of the natural abundance 

sample and the corresponding 1H and 13C solution NMR spectra contained the expected signals 

and peak splitting for close to 100% deuteration (Appendix).  
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3.2.2. STEADY-STATE PHOTOLYSIS IN SOLUTION, BULK POWDERS AND 

NANOCRYSTALLINE SUSPENSIONS  

 Product analyses were carried out with dilute acetonitrile solutions or in 

crystalline solids using a Rayonet reactor with 312 nm lamps.  As reported previously, 

adamantyl acetophenone 1 reacts to give cyclobutanol diastereomers cis-2 and trans-3, which 

differ by the relative orientation of the adamantyl moiety and aromatic ring with respect to the 

plane of the four-membered ring. Irradiation in acetonitrile preferentially led to the less hindered 

diastereomer, trans-3, in ca. 67% yield.  Using valerophenone actinometry,20 it was shown that 

the quantum yield of product formation at 312 nm is !Cyc = 0.12 in argon-saturated acetonitrile. 

In agreement with previous reports,21 irradiation of 1 as a dry polycrystalline powder switched 

the reaction selectivity to yield the more hindered diastereomer, cis-2, in 67% yield at low 

conversion values (Scheme 3.1.).  Photolysis experiments carried out at 312 nm with a 

nanocrystalline suspension in water22,23 resulted in a diastereoselectivity of 67:33, which is 

identical to that obtained with bulk powders and single crystals.  Notably, in contrast to the 

results obtained with dry solids, where the reaction diastereoselectivity decreases rapidly as a 

function of increasing conversion, the selectivity obtained with nanocrystals remained constant 

to conversion values as high as 80%.  Nanocrystals of 1 were obtained by the re-precipitation 

method24 with an average crystal size of ca. 200 nm as determined by scanning electron 

microscopy (SEM) and dynamic light scattering (DLS) measurements (SI).  A comparison of the 

powder X-ray diffraction patterns of filtered nanoparticles and powdered bulk crystals confirmed 

that they correspond to the same polymorph as the single crystal specimens used for single 

crystal X-ray diffraction analysis (SI). Using dicumyl ketone (!-CO = 0.18)25 as a chemical 

actinometer at 312 nm, and with optically dense nanocrystalline suspensions in water, we 

determined the quantum yield of reaction of 1 in the solid state to be ! R = 0.39.  Notably, this 

value is about three times greater than the value obtained for the same reaction in acetonitrile.   
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3.2.3. TRANSIENT ABSORPTION SPECTROSCOPY IN SOLUTION AND IN 

NANOCRYSTALS  

 Given the high quantum yield of reaction in acetonitrile and in the nanocrystalline 

suspension, nanosecond transient absorption spectroscopy was explored on both phases.  

Excitation of adamantyl acetophenone 1 at 355 nm (10 ns pulse) in a nitrogen-degassed 

acetonitrile solution led to one transient absorbing between 350 and 440 nm with !max = 385 nm 

(Fig. 3.2., top).  The entire band decays uniformly and monoexponentially with a lifetime of 80 

ns.  Previous work on hydrogen abstraction from p-alkoxyacetophenones has shown that 

hydrogen atom transfer occurs from the triplet state on nanosecond timescales,26,27 and based 

on the similarity of this transient with the one previously reported for triplet p-

methoxyacetophenone, we assign the band to the T1 state of 1.28 Further support for this 

assignment was obtained by quenching with oxygen.  As the transient band decays uniformly 

we conclude that the benzylic-type 1,4-biradical, expected to absorb at longer wavelengths,27,29 

must be too short-lived to accumulate and be observed.  

In contrast to the results obtained in solution, the excitation of 1 as a nanocrystalline 

suspension in water produces a broader band that expands from 320 - 450 nm with !max 

between 380 and 400 nm (Fig. 3.2., bottom).  After the initial formation of this transient, a broad 

shoulder between 450 and 550 nm develops within ca. 10 ns.  After that, the entire spectrum 

decays uniformly from 320 – 550 nm.  The decay of these transients could be fit to a 

biexponential function with lifetimes of 10 and 103 ns.  As the initially formed band (Fig. 3.2., at 

0 ns) shows a remarkable similarity to the T1 state of 1 in acetonitrile, the first transient is 

assigned to the T1 state of 1 in the solid state with a lifetime "T = 10 ns.  Knowing that the 

quantum yield of reaction is high, we can assign the transient responsible for the subsequently 

formed shoulder to the triplet biradical (3BR).27 
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Figure 3.2.  (Top)  Transient absorption spectra of 1 in acetonitrile showing a !max = 385 nm assigned to 

the T1 state of 1 with a  monoexponential decay rate of 80 ns (inset).  (Bottom) Transient absorption of 1 

as a nanocrystalline suspension in water.  The initial spectrum with a !max"380nm is assigned to T1 and 

the spectrum after 16 ns with absorbance at 400-550 nm to the triplet biradical.  The transient could be fit 

with a biexponential function with lifetimes of 10 ns (T1) and 103 ns (3BR). 
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Figure 3.3.  Molecular structure of 1 from the X-ray crystal structure at 100, 200 and 300 K showing 

thermal ellipsoids at 50% probability with some carbon atoms labeled in the bottom structure.  Initial 

hydrogen abstraction occurs at !1 to form a radical center at that site.  Ring closure may occur directly or 

after conformational equilibration by rotation of the adamantyl group (please see text). 

 

3.2.4. X-RAY DIFFRACTION ANALYSIS   

The single crystal X-ray structure of adamantyl ketone 1 had been previously determined 

at ambient temperature by Scheffer et al. in the space group P21/n.21a With the goal of exploring 

the rotational dynamics of the adamantyl group by analysis of the anisotropic displacement 

parameters, we re-determined the structure at 100, 200, and 300 K.30 The structures obtained at 

these temperatures agreed with the one reported previously, with a conformation that places the 

adamantyl group nearly orthogonal to the plane of the conjugated aromatic carbonyl (Fig. 3.3.) 

and a packing structure characterized by segregated layers of alternating aromatic moieties and 

adamantyl groups (Fig. 3.4.).  Adamantyl acetophenone 1 has numerous close contacts, 
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including one with between the carbonyl oxygen and a C-H group of an adjacent methoxy group 

and five close contacts between the adamantyl ring and adjacent methoxy, phenyl, and 

adamantyl moieties (Fig. 3.4.).  As illustrated in Fig. 3.3. (bottom structure), there are three 

symmetrically related !-carbons in the adamantyl group, ! 1, ! 2 and ! 3, which could in principle 

act as hydrogen donors.  However, only one of the hydrogens in ! 1 has the geometry required 

for excited state transfer to the carbonyl oxygen in the solid state to generate the hydroxy-1,4-

biradical intermediate BR1.
8 Knowing that rotation of the adamantyl groups in the solid state can 

be relatively fast, one can recognize that rotation of the adamantyl group about the "-# bond 

would result in the three conformationally distinct triplet biradicals shown in Fig. 3.1.: BR1, BR2 

and BR3. The three sites are related to the positions of the three ! -carbons and are related to 

each other by a 120o rotation of the adamantyl group about the ! methylene and adamantyl 

bridgehead # carbon (Fig. 3.3.). 

 

               

Figure 3.4.  (Left)  View of 1 along the a axis of the unit cell, showing the layered structure.  Aromatic 

moieties in gray and adamantyl moieties in green.  (Right)  View of the adamantyl layer along the b axis 

of the unit cell.  The globular adamantyl moieties, shown here in spacefilling mode, are hexagonally 

packed within layers. Hydrogens omitted for clarity.  
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3.2.5. REACTION CAVITY (RMSD) ANALYSIS  

It is generally acknowledged that formation of a given product in the solid state is more 

likely when its size and shape, and those of its corresponding transition state, are a good match 

to the size and shape of the reactant.31,32 First suggested by Cohen, this concept is often shown 

as in Schemes 1 and 2 to illustrate what is known as the “reaction cavity”.  In order to determine 

the structural similarities between each of the two products and the starting reactant, one can 

determine the root mean square difference (RMSD) of their best overlap.33 Using the program 

PyMOL, we set out to determine the RMSD of adamantyl acetophenone 1 and model structures 

of the cyclization products, cis-2 and trans-3.34  The ground state conformation of 1 was taken 

directly from the X-ray structure.  The structures of cis-2 and trans-3 were obtained by 

geometric optimizations (MM2) starting from initial modifications of the structure of 1 while 

keeping the p-methoxy acetophenone frozen.  RMSD values were obtained by comparing the 

best overlap between all non-hydrogen atoms in the starting material and the calculated product 

structures.  As illustrated in Scheme 2, the results suggest that both products have an excellent 

structural overlap.  Compounds cis-2 and trans-3 have RMSD values of 0.908 Å and 0.924 Å, 

respectively.  We interpret these values as an indication that the formation of trans-3 in crystals 

of 1 is as favorable as formation of cis-2, as long the reaction mechanism involves rotation of 

adamantyl group to populate biradical conformers BR2, presumably within the intersystem 

crossing-limited lifetime of ca. 103 ns.35  It should also be noted that BR1 should have a high 

propensity to go back to the starting material, which has the perfect structural overlap with an 

RMSD=0 Å.  

 

3.2.6. ADAMANTYL ROTATIONAL DYNAMICS VIA 1H SOLID-STATE NMR 

SPECTROSCOPY SPIN-LATTICE RELAXATION  

It is well known that globularly-shaped bicyclic molecules tend to undergo rapid volume-

conserving rotation in the solid state.36,37  Supporting evidence for fast adamantyl rotation in the 
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solid state was first obtained from the 13C CP/MAS NMR spectrum, which displays rotationally-

averaged resonances for each of the three sets of crystallographically non-equivalent adamantyl 

carbons at positions g, d, and e (designated with respect to the carbonyl group, please see SI).  

In order to characterize the rotational dynamics of the adamantyl group of 1 in more detail, we 

decided to explore the use of 1H NMR spin-lattice relaxation as a function of temperature, both 

in the laboratory (1H T1) and the spin-locked rotating frames (1H T1!).  These methods are 

based on the fact that the spin-lattice relaxation of nuclear spins in condensed phases may 

occur via stimulated transitions arising from dynamic processes within the lattice..37 If a given 

conformational motion or group rotation modulates a magnetic interaction (e.g., dipolar 

coupling) and occurs at a rate that is near the Larmor (T1) or spin locking radio (T1!) frequencies 

in an otherwise rigid lattice, the field that it generates may dominate the nuclear relaxation 

kinetics of the sample.  If the process responsible for relaxation is thermally activated and 

follows an Arrhenius behavior with a correlation time !c (Eq. 3.1), the relaxation may be 

characterized as a function of temperature in order to elucidate its characteristic activation 

energy (Ea) and pre-exponential factor (!0
-1, or A).  The fastest relaxation (shortest time) will 

occur when the rate of motion matches either the Larmor frequency of the spins under 

observation in the corresponding magnetic field (T1) or the applied spin-locking radio frequency 

field (T1!).  For solid samples with strong spin dipolar coupling and rapidly exchanging groups 

undergoing Brownian rotation with a time constant !c, the temperature-dependence of the spin-

lattice relaxation times at the Larmor frequency can be fit to the Kubo-Tomita relaxation 

expression (Eq. 3.2).  Similarly, relaxation in a spin-lock radio frequency field will provide 

information about dynamic processes described by Eq. 3.3 at the corresponding lower 

frequency: 

!c
-1 = !0

-1 exp( -Ea/RT)                                     (Eq. 3.1) 
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1H T1
–1  = C [!c (1 + "0

2 !c
2)-1 + 4 !c (1 + 4 "0

2 !c
2)-1 ]                       (Eq 3.2) 

 

1H T1#
–1 = C [5/2 !c (1 + "0

2 !c
2)-1 + !c (1 + 4 "0

2 !c
2)-1  +  3/2 !c (1 + 4 "1

2 !c
2)-1 ]    (Eq. 3.3) 

 

The constant C = (2/3) 
$

2 Bnuc
2 corresponds to dipolar interactions related to the relative 

positions of the nuclei that participate in the relaxation process. Bnuc is the static local effective 

dipolar field, $ and "0 are the gyromagnetic ratio and the angular Larmor frequency, 

respectively, of the observed nucleus in a magnetic field, and "1
 is the angular frequency of the 

applied spin-locking field.38  The corresponding 1H NMR frequencies in our experiments (in units 

of !L= "L/2#) are 300 MHz and 56 kHz, for the laboratory and spin-locking fields, respectively. 

  As a starting to point to characterize the rotational dynamics of the adamantyl group in 

crystals of 1, experiments were carried out to probe a wide range of possible rotational 

frequencies.  Both 1H T1 and 1H T1$ measurements were performed as a function of 

temperature from T = 235 – 325 K on a static polycrystalline sample confirmed to be the same 

crystal phase via powder X-ray diffraction (PXRD) measurements.  Unexpectedly, neither 1H T1 

nor 1H T1$ relaxation kinetics could be fit to a single exponential function, preventing the 

unequivocal quantification of the adamantyl group rotational dynamics (Figs. A.3.10 - A.3.13).  

Such non-exponential behavior is atypical in crystalline solids of a single phase, but it has been 

previously reported for methyl–containing structures and may be attributed to cross-correlation 

effects that retard the recovery of the magnetization.39  As expected from a system without a 

common spin-temperature or a single relaxation rate, the normalized 1H wideline spectra are 

kinetically heterogeneous (Figs. A.3.10.b and A.3.12.b). 

In order to eliminate the suspected effects of the methyl groups, a methyl-deuterated 

isotopologue was synthesized (1-d3) and analyzed, knowing that deuterium cannot contribute to 

the proton spin-lattice relaxation.  As expected, the relaxation for crystalline 1-d3 at all 
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temperatures occurred without the presence of a significantly slower component.  However, the 

kinetics of the magnetization recovery could not be satisfactorily fit to a single exponential 

function (Figs. A.3.14. and A.3.15.).  Finally, we speculated that a relatively efficient segregation 

of aromatic and adamantyl protons in the crystal packing (Fig. 3.4.) may prevent effective spin 

diffusion, which is required for the sample to reach a common spin temperature.  To test this, 

we synthesized a second isotopologue with 2H substitution at both methyl and phenylene 

groups (1-d7).  An added benefit of using this isotopologue is that the only protons in the sample 

belong to the highly mobile adamantyl group and to the rigid methylene !-carbon, so that any 

features observed in the relaxation data can be clearly assigned to the adamantyl.  Satisfyingly, 

spin-lattice relaxation measurements on crystalline 1-d7 revealed a system with a common spin 

temperature, showing that isotopic substitution of the phenylene and methyl group protons 

resulted in the desired effect.  Relaxation measurements of 1-d7 at 300 MHz and in a spin-lock 

field of 56 kHz from T = 235-325 K were well behaved and characterized by a single exponential 

(Figs. A.3.18. and A.3.20.b.).  

As illustrated in Fig. 3.5., 1H T1 of 1-d7 at 300 MHz decreased as temperature increased 

from 255 K, suggesting a dynamic process characterized by a rate approaching the Larmor 

frequency at higher temperatures (Fig. 3.5., green rhombs).  A relatively low melting point of 79-

80 °C prevented the determination of the 1H T1 minimum necessary to fit the data to the full 

Kubo-Tomita equation (Eq. 3.2.).  However, it can be shown that the low temperature data has a 

slope equal to Ea/R, and a linear regression (R2=0.9925, Fig. 3.5.) reveals an activation energy 

Ea = 10.5 kcal mol-1.40 This activation energy may seem rather high for a globular adamantyl 

group in the solid state, but is not unreasonable considering that it is engaged in five close 

contacts. 
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Figure 3.5. Ln(1H T1) as a function of temperature for 1-d7 (green rhombs). The red line is a linear 

regression fit to the slope of the line, Ea/R.  The activation energy Ea = 10.5 kcal mol-1, R2 = 0.9925. 

 

 A series of 1H T1! measurements at a spin-lock field of 56 kHz displayed behavior 

characteristic of a dynamic process undergoing rotation at a rate near the frequency of the 

applied spin-lock field at temperatures much lower than its melting point (Fig. 3.6., yellow 

circles).  A maximum at ca. 265 K indicates that the rotational process is in resonance with this 

field.  A Kubo-Tomita fit (blue line, Fig. 3.6.) using Eq. 3.3 discloses an activation energy of 10.8 

kcal mol-1, in excellent agreement with that obtained from the 1H T1
 experiments, and a constant 

C that is in excellent agreement with parameters from the crystal structure (Appendix). The fit 

also reveals a pre-exponential factor A = 3.92 x 1014 Hz ("0 = 2.55 x 10-15 s), which is rather 

large, but consistent with that observed for rotation of the parent adamantane molecule in its 
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rigid-rotor plastic crystalline phase, where it undergoes rapid jumps between sites on its 

potential energy surface.41  Importantly, from these activation parameters, we can calculate that 

the adamantyl group of 1 rotates at a time constant !c = 213 ns (kRot=4.7 MHz) when T = 300 K.  

  

 

Figure 3.6.  
1H spin-lattice relaxation in the rotating frame (1H T1"

 -1) measured on the 1-d7 isotopologue 

from T = 235-325 K shows a temperature dependence, with a 1H T1"
 -1 maximum at ca. 265 K (yellow 

circles) in a spin-lock field of 56 kHz. The heavy line corresponds to a Kubo-Tomita fit (Eq. 3) for the 

process assuming Arrhenius-type behavior (Eq. 1) with Ea = 10.8 kcal mol-1 and A = 3.92 x 1014 Hz.  

 

3.2.7. THERMAL MOTION ANALYSIS AT DIFFERENT TEMPERATURES  

The barrier to rotation of the adamantyl group in the crystalline state was also 

investigated by analysis of the anisotropic displacement parameters (ADPs) available from the 

single-crystal X-ray structures (Fig. 3.3.).  The ADPs account for the space- and time-averaged 

positions of the atoms with contributions from static disorder and dynamic processes.42  We 
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have previously shown that ADP measurements can give rotational barriers that are comparable 

to the activation energies derived from VT solid-state NMR measurements.43   The two analyses 

are complementary, in the sense that ADP analysis uses time-averaged electron density data 

from heavier atoms (C and O) as they oscillate at the bottom of the rotational potential wells, 

while NMR measurements involve changes in the magnetic interactions from the H-atoms as a 

result of changes that occur over relatively short time scales as they move past the top of the 

potential.  To analyze the ADPs in terms of a rotational energy profile for the adamantyl group, 

we used the thermal motion analysis program (THMA14C) written by Schomaker and 

Trueblood,44 and adapted in WinGX by Farrugia.45  

As illustrated in Fig. 3.3., variations in temperature from 100 K to 200 K and 300 K 

increase the size of the thermal ellipsoids, which are represented at the 50% probability level.  

In analogy to the solid-state NMR experiments, it was necessary to remove from the calculation 

groups that are undergoing faster motion in the crystal.  For example, the displacement 

parameters of the methoxy group at 100 K are consistent with libration having an amplitude of 

about 30 (°)2, while the maximum amplitude of the adamantyl group plus the attached 

methylene carbon (analyzed as an isolated molecule) is about 5(°)2.  The adamantyl group at 

this temperature is held tightly in the crystal by short H…H and C…H contacts, but these 

contact distances are longer at 200K and at 300K.  The libration amplitude about the axis 

defined by the !," -bond between the adamantyl quaternary carbon to the !-methylene carbon 

increases at the higher temperatures to about 12 and 21 (°)2, respectively.  Notably, the angular 

displacement amplitude at the bottom of the well at 300 K is still relatively small, considering the 

relatively fast site exchange and lower barrier disclosed by the 1H T1 measurements.  If one 

assumes a simple sinusoidal potential, the temperature dependence of the adamantyl group 

libration is consistent with a barrier height of ca. 20 kcal mol-1 for a three-fold rotational potential, 

and about 6 kcal mol-1 for a six-fold potential (Further details of this analysis are presented in 
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the Appendix).   As illustrated in Fig. 3.7., the larger the number of minima per rotational period 

for a given barrier height, the steeper the potential and the smaller the libration amplitude.  

Conversely, for a given libration amplitude, the smaller the number of minima, the higher the 

barrier (Appendix). 

 

       

Figure 3.7.  Representation of the relation between the ADP libration amplitudes, represented by the 

double arrows, and the symmetry order of a sinusoidal potential for three-fold (a) and six-fold (b) 

symmetries. 

 

The ADP-derived values for the barrier height (6 and 20 kcal mol-1) are not consistent 

with the 10.5 and 10.8 kcal mol-1 barriers determined by 1H T1 and 1H T1! NMR measurements, 

respectively.  A possible explanation for this discrepancy was suggested by a force field 

analysis of the solid-state rotational potential using a cluster that considers only interactions with 
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the nearest neighbors of a test adamantyl group in crystals of 1 (Fig. 3.8. and Appendix).  While 

the results are only qualitative as it pertains to the magnitude of the energetic barriers, they 

correctly reveal that in addition to sites defined by the three-fold symmetry of the adamantyl 

group, there are three higher-energy sites displaced by ca. 60o from the first set.  The shape of 

the rotational potential in Fig. 3.8. accounts for the small libration amplitude (or well width) of the 

adamantyl group estimated using ADPs (Appendix).46  In other words, the rotational potential 

may be better represented by a combination of sixfold and threefold functions, with wells of 

similar width but unequal depth, than by a single sinusoidal function.  

                       

Figure 3.8.  A force-field model for the rotation of the adamantyl group about the ! - " bond of ketone 1 

reveals two sets of energy minima (A and B) related by ca. 60°.  Their relative energies differ by steric 

contacts with close neighbors, as illustrated by the top structures.  Only the lowest energy rotamers (A) 

have a large enough population (dots) to be detected by x-ray diffraction.  See Fig. 3.3. for identification 

of the four atoms that define the dihedral angle D (the atoms are numbered C7-C6-C11-C12 in the X-ray 

structure). 

D(C!1 - C" - C# - CC=O) (degrees) 
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3.3. DISCUSSION 

The solution photochemistry of !-adamantyl acetophenone derivatives was first reported 

by Lewis et al. in 1973.47  It was shown that !-adamantyl acetophenone in solution undergoes 

efficient g-hydrogen abstraction to form a hydroxy-1,4-biradical, which subsequently undergoes 

a Yang cyclization to give two cyclobutanol products.  As expected from a consideration of 

Bredt’s rule, the adamantyl-centered 1,4-biradical cannot undergo cleavage of its 2,3-(!,,")-

bond, as it avoids formation of the highly strained double bond in 1-adamantene.  It was 

subsequently shown by Scheffer et al. that many adamantyl acetophenone derivatives undergo 

the Yang cyclization in the solid state with diastereoselectivities that change in a somewhat 

unpredictable manner.  Reactions in solution led to preferential formation of the less hindered 

cyclobutanol, trans-3. In contrast, based on their X-ray structures, reactions in crystals were 

expected to give exclusively the more hindered topochemical product, cis-2.14  Yet, it has been 

shown that the formation of trans-3 is surprisingly common (Fig. 3.1.). 

We report now that the use of 200 nm crystals suspended in water gives a reaction 

selectivity that is analogous to those obtained in single crystal and dry powders, but with the 

added advantage that the diastereoselectivity is maintained to much higher conversion values 

(i.e., 80%).  A particularly interesting observation is that the quantum yield of reaction in the 

crystalline state (#R-Crys = 0.39) is three times greater than the one measured in solution (#R-Soln 

= 0.12).  As discussed below, we interpret this result as an indication that the triplet biradical 

can avoid a reverse hydrogen atom transfer back to the starting material by escape from its 

initial conformation (BR1).  

The kinetic scheme in Fig. 3.1. incorporates the mechanistic elements considered for our 

analysis.  It is well known that the intersystem crossing of aromatic ketones gives quantum 

yields close to unity, which makes it reasonable to assume that the Norrish Type II hydrogen-

transfer reaction occurs along the triplet manifold.  The fact that there are no transients after the 

triplet ketone in solution indicates that the subsequent biradical 3BR does not accumulate.  A 
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modest quantum yield of reaction of 0.12 in solution indicates that the primary decay pathway 

for the triplet biradical involves fast intersystem crossing (Fig. 3.1., 3BR1 to 1BR1) and reverse 

hydrogen atom transfer to the starting ketone (1BR to 1).  A lifetime of 80 ns for 31 suggests an 

upper limit for the lifetime of the 1,4-hydroxy-biradical in acetonitrile solution.  

As it pertains to the solid-state reaction, the rate of hydrogen atom transfer is about eight 

times faster than in solution, with a time constant of 10 ns from 31 to 3BR1.  However, in contrast 

to the short biradical lifetime inferred in solution, the lifetime of the triplet biradical is extended to 

ca. 113 ns in the solid state.  Considering that the time constant for biradical isomerization by 

rotation of the adamantyl group is ca. 213 ns, if one assumes that rotation in the ground state 

and excited state are similar, it may be concluded that product formation and return to the 

starting ketone will depend on a complex interplay of conformational dynamics and product 

forming rates. The interconversion of the three radical conformers (3BR1, 
3BR2 and 3BR3) 

obtained by rotation of the adamantyl group (kRot) is illustrated in Fig. 3.1., along with their 

overall reaction rates k1, k2 and k3.  It is well known that the rates of reaction for 1,4-biradicals in 

solution are limited by conformationally-determined intersystem crossing to the singlet state, 

with bond formation occurring very fast in the singlet manifold.48  Given that there is a single, 

long-lived biradical transient, it is likely that the spin states of the three biradicals in crystals may 

be spin-state equilibrated with rates of reaction from each biradical conformer limited by rigidity 

effects. 

Elegant studies in solution have shown that it is possible to determine the absolute rate 

constants for reactions from rapidly equilibrating 1,4-biradicals by considering the Curtin-

Hammett postulate.49,50 However, with comparable equilibrium and reaction kinetics, biradicals 

from adamantyl acetophenone 1 in the solid state depart substantially from those conditions.51 

Fortunately, Andraos has presented the complete and exact time-dependent kinetic analysis for 

a variety of kinetic schemes involving various scenarios, including the one suggested in Fig. 

3.1., with one reactive conformer initially formed (3BR1) that undergoes interconversion with one 
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reactive (3BR2) conformer and one unreactive conformer 3BR3).
52  Integral to the solution of the 

corresponding overall rates is the need to know the relative quantum yields of product formation 

and the independent rates of conformational interconversion (kRot).  The exact solution is given 

by the following equations, 

 

 !1/ !3 = ! (k1/k3)                (Eq. 3.4) 

 !2/ !3 = ! (k2/k3)                (Eq 3.5) 

! = [ ([3BR1]0 + [3BR2]0 ) (3k2
Rot) + (2k2

Rotk3) [
3BR1]0 ] /             

      [ ([3BR1]0 + [3BR2]0 ) (3k2
Rot) + (2k2

Rot k2) [
3BR1]0  ]   (Eq. 3.6) 

 

kBR = k1+ k2 + k3              (Eq. 3.7) 

where ! 1, ! 2 and ! 3 are the quantum yields for biradical return to 1, formation of cis-2, and 

formation of trans-3, respectively.  The initial concentrations of the triplet biradicals are [3BR1]0, 

[3BR2]0 and [3BR3]0, and kBR is the measured biradical lifetime.  If one assumes that (a) ketone 

intersystem crossing and triplet hydrogen abstraction occur with unity efficiency, that (b) 

hydrogen abstraction results only in the formation of 3BR1, and, (c) that unbiased rotation occurs 

between conformers 3BR1, 
3BR2, and 3BR3, then it is possible to calculate the individual rates of 

cyclization to obtain cis-2 and trans-3, as well as the rate of reverse hydrogen abstraction that 

yields 1.  Under these assumptions, this kinetic analysis yields k1 = 5.77 ! 106 s–1, k2 = 2.47 ! 

106 s–1, and k3 = 1.46 ! 106 s–1. The corresponding lifetimes are: !1=173 ns, !2=405 ns, and 

!3=685 ns.   

One of the most interesting aspects of the solid-state reaction is the enhanced 

stereospecificity and increased quantum yield as compared to the reaction in solution.  The 

initial formation and preferential reactivity of BR1 to yield cis-2 as the major product is the 

normal expectation for reactions carried out in the solid state, as suggested by the good size 
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and shape correspondence between the ground state ketone conformer and the cis-product 

(illustrated in cartoon manner in Scheme 1).  It is interesting that the formation of trans-3 is 

made possible, and even favorable, by a change in conformation of the original 1,4-biradical.  

The relative magnitude of the rates of cyclization to form cis-2 and trans-3 from BR1 and BR2, 

respectively, are in good qualitative agreement with the computed differences in molecular 

shape of the products and the starting material illustrated in Scheme 2 (RMSD = 0.908 and 

0.924 Å for cis-2 and trans-3, respectively).  The rate constants for reaction from BR1 to cis-2 

and from BR2 to trans-3 differ by less than a factor of 2 (k2 = 2.47 ! 106 s–1 vs k3 = 1.46 ! 106 s–

1), suggesting that formation of cis-2 requires ‘less’ structural reorganization and presumably 

causes less local stress in the crystal lattice.   

Given the detailed kinetics discussed above, we find the enhanced quantum yield of 

reaction in the solid state remarkable, as the rate of reverse hydrogen transfer from BR1 (k1 = 

5.77 ! 106 s–1) is very similar to the rate of reaction to cis-2 (k2 = 2.47 ! 106 s–1).   While it would 

be reasonable to expect that reverse H-atom transfer would be extremely favorable, as it 

involves no overall motion of the molecule before and after “reaction”, our results indicate that 

the trajectory from BR1 to the ground state ketone must be less favorable than that from the 31 

to BR1.  In fact, the geometric disposition of the transferring adamantyl C-H atom and the singly 

occupied n-orbital in the triplet ketone are very different from those of the O-H hydrogen and the 

adamantyl p-orbital in the 1,4-biradical.  

 

3.4. CONCLUSION 

We have characterized the dynamics and kinetics of a solid-state photochemical 

reaction, which couples to anisotropic molecular dynamics with unprecedented detail.  

Nanocrystalline suspensions were used to determine the quantum yield of product formation 

and the lifetimes of excited state intermediates in the Yang cyclization reaction of "-adamantyl 

p-methoxy acetophenone 1.  A combination of solid-state NMR spectroscopy and analysis of 
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the anisotropic displacement parameters (ADPs) of crystalline 1 uncovered adamantyl group 

rotational dynamics, which may nterconvert biradical conformers in the solid state at a similar 

rate as cyclization at ambient temperatures.  The combined evidence suggests that 

cyclobutanol cis-2 forms from the initially formed 1,4-biradical (3BR1) and that cyclobutanol 

trans-3 from a conformer (3BR2) reached by rotation about the ketone a,b-bond, explaining the 

previously unexplained diastereoselectivity observed in the solid state.   We believe that the 

results of this study will provide a starting point to analyze the detailed mechanisms of other 

solid-state photoreactions, both those independent of molecular dynamics and those that are 

coupled to molecular dynamics.  Studies addressing other alkoxy derivatives with different 

packing motifs and similar excited state properties are now underway, in order to obtain 

structure-activity correlations based on single crystal X-ray structures, solid-state dynamics, and 

nanocrystalline transient kinetics.  Ultimately, this study has established a starting point for the 

unequivocal characterization of photoreactive amphidynamic materials. 

 

3.5. NOTES 

The radiative lifetime of the T1 state is >10 ms in the solid state.  At 298 K, hydrogen abstraction 

quenches the T1 with a rate that is larger by a factor of 106.  This suggests that the assumption 

that !ISC " !H-Abs. " 1 is valid. 

 

3.6. EXPERIMENTAL 

3.6.1. GENERAL METHODS  

All chemicals were purchased from Sigma-Aldrich Co. Inc. and used without further 

purification, except for anisole-d3 and anisole-d8, which were purchased from Cambridge 

Isotope Laboratories. Anhydrous dichloromethane (DCM) was acquired via distillation from 

sodium. Silica used for purification was Silica-P flash silica gel (40-62 Å), purchased from 

SiliCycle Inc. Solution 1H and 13C NMR spectra were acquired on a Bruker Avance AV300. FT-
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IR spectra were obtained with a Perkin-Elmer Spectrum instrument equipped with a universal 

attenuated total reflectance (ATR) accessory. Gas chromatography data were acquired on a 

Hewlett-Packard 5890 series II gas chromatograph equipped with an HP3396 series II integrator 

and an HP-5 capillary column of dimensions 25 m Å~ 0.2 mm with a film thickness of 0.11 mm. 

UV-vis spectra were taken on an Ocean Optics USB2000. The dynamic light scattering (DLS) 

measurements were conducted using a Beckman-Coulter N4 Plus particle analyzer with a 10 

mW helium-neon laser at 632.8 nm. The particle size was determined using a detector angle of 

90 degrees and it was calculated using the size distribution processor (SDP) analysis package 

provided by the manufacturer. Nanocrystals obtained by the reprecipitation protocol were 

analyzed by scanning electron microscopy (SEM) to verify the size, shape, and formation of 

crystal faces. SEM studies were performed with a JEOL JSM-6700F field-emission scanning 

electron microscope. To prepare the SEM sample, a dilute !-adamantyl-p-

methoxyacetophenone suspension (4Å~10"4 M) was drop-cast onto a freshly cleaned silicon 

wafer and allowed to dry in a desiccator. Both isolated crystals and aggregates consisting of 2-

10 crystals were observed. The particles are clearly faceted and crystalline. A Surelite-II and 

OPO Plus (pump with a Nd-YAG 355 nm) at 255 nm; 10 mJ/pulse was used as excitation 

source. In all cases, fused silica cells with a path length of 1.0 cm were used. Data was 

recorded with an LFP 111 laser-flash photolysis system (Luzchem Inc., Ottawa, Canada). All 

solution measurements were performed in flowing N2(g)-saturated solutions. All nanocrystalline 

suspension measurements were performed in air-saturated water. To minimize degradation of 

the sample, a gravity flow system was employed and 10 single laser shots were averaged. 

 

3.6.2. COMPUTATONAL METHODS53  

The conformation of 1 used was exported from the experimentally determined Xray 

crystal structure. The structures of 2 and 3 were optimized from 1 in the gas phase (MM2) as 

implemented in Macromodel, while freezing the relative location of the p-methoxyphenyl and 
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carbonyl moieties. RMSD values were calculated as implemented in PyMOL. 

 

3.6.3.  SOLID-STATE NMR METHODS 

3.6.3.1.  Solid-State 1H NMR Spin-Lattice Rotation in the Rotating Frame (T1!, NMR). Solid-

state proton (1H) NMR spin-lattice relaxation in the rotating frame (T1!, NMR) for "-adamantyl-p-

methoxyacetophenones 1, 1-d3, and 1-d7 were acquired at UCLA on polycrystalline samples via 

a variable-pulse spin-locking sequence with a static wideline probe using a Bruker DRX 300 

solid-state spectrometer operating at a 1H Larmor frequency of 300 MHz and an average spin-

lock field of 56 kHz at a power level of 17.00 decibels (dB). At temperatures between 235 K – 

325 K, ninety-degree (#/2) pulses were calibrated as necessary, with a typical pulse width (p1) 

of 1.00 microseconds (µs) and a power level of 4.00 dB over the entire temperature range 

studied. The frequency of the spin-lock field was determined based on the calibrated hard pulse 

width (PW) of the #/2 pulse considering the additional 13.00 dB of attenuation. In general, Bspin-

lock(Hz) = 1/[4*PW#/2]. Therefore, to find the corresponding attenuated #/2 PWsoft, 

dB= 13.00 = 20*log10 (PWsoft/PWhard)     (Eq. 3.8) 

For T1!, NMR measurements on 1-d7, the average PWhard = 0.99 µs, resulting in a PWsoft = 4.44 

µs and a spinlock field of ca. 56 kHz. For each measurement, an acquisition time of 2.0985 

microseconds (ms) and a relaxation delay of greater than five times the spin-lattice relaxation 

time (T1, NMR) of the protons was used. 

 

3.6.3.2.  Solid-State 1H NMR Spin-Lattice Rotation in the Lab Frame (T1, NMR). The 1H spin-

lattice relaxation (T1, NMR) was determined for T=245-235 K, prior to the 1H T1!, NMR 

measurements. The T1 value at 235 K was assumed to be the same as that for 245 K and 255 

K, based upon the unchanging T1 times for T<255 K, as shown in Fig. 3.3. 1H T1, NMR 

relaxation was measured using a saturation recovery sequence in which a saturation pulse 

comb was followed a time $’ later ($’ values taken from the variable delay list) with a #/2 pulse 
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p1. For each measurement, an acquisition time of 2.0985 ms was used. 

 

3.6.4.  SYNTHESIS OF 1  

In a flame-dried, argon filled three-neck round bottom, oxalyl chloride (2.5 eq.) was 

added to a !-adamantyl acetic acid (1 eq.) in dry DCM. The solution was allowed to stir for 45 

minutes at room temperature. The solvent and oxalyl chloride were removed under reduced 

pressure. The resulting oil was redissolved in DCM. The flask was then cooled to 0 oC. To this, 

aluminum chloride (1 eq.) was added. To this stirring suspension, anisole (2 eqs.) was added 

dropwise over the course of five minutes. The reaction was allowed to stir at room temperature 

for 90 min. The suspension was then quenched slowly with satd. ammonium chloride solution 

and extracted with DCM and washed with brine. The solvents were removed under reduced 

pressure, and crude 1 was subjected to column chromatography (9:1 hexane:diethyl ether) Rf = 

0.4. The resulting crystalline solid (95% yield) was recrystallized from ethanol. Characterization 

was identical to that of previously reported 1.54 

 

3.6.4.1.  p-Methoxy !-Adamantyl Acetophenone (1).1 Yield 95%; m.p. 79-80 0C (lit. 80-81 

oC); 1H NMR (300 MHz, CDCl3) "(ppm): 7.90 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 3.80 

(s, 3H), 2.62 (s, 2H), 1.90 (bs, 3H), 1.62 (bs, 12H); 13C NMR (75 MHz, CDCl3) "(ppm): 198.64, 

163.25, 131.99, 130.72, 113.54, 55.40, 50.98, 43.31, 36.78, 33.90, 29.03. 

 

3.6.4.2.  p-Methoxy !-Adamantyl Acetophenone-d3 (1-d3). Yield 92%; m.p. 79-80 0C; 1H NMR 

(500 MHz, CDCl3) "(ppm): 7.83 (d, J = 10.3 Hz, 2H), 6.79 (d, J = 10.2 Hz, 2H), 2.54 (s, 2H), 

1.83 (bs, 3H), 1.56 (bs, 12H); 13C NMR (75 MHz, CDCl3) "(ppm): 198.44, 163.44, 132.10, 

130.85, 113.70, 54.99 (q, J = 22.4), 51.05, 43.19,36.97, 33.97, 28.96. 

 

3.6.4.3.  p-Methoxy !-Adamantyl Acetophenone-d7 (1-d7). Yield 96%; m.p. 79-80 0C; 1H NMR 
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(500 MHz, CDCl3) !(ppm): 2.60 (s, 2H), 1.87 (bs, 3H), 1.59 (bs, 12H); 13C NMR (125 MHz, 

CDCl3) !(ppm): 109.39, 163.09, 131.66, 130.18 (t, J = 22.38), 113.02 (t, J = 22.38), 54.26 (q, J 

= 22.4), 50.85, 42.94, 36.65, 33.65, 28.51. 

 

3.6.5. NANOCRYSTALLINE SUSPENSIONS 

Samples to be used for actinometry experiments were prepared by injecting a solution of 

1 in acetone (ca. 10 µL of a ca. 1 M solution) into 3 mL of vortexing water (millipore). The 

resulting suspension (ca. 1 x 10-3 M) was sonicated three times at room temperature for four 

minutes, allowing for two minutes rest between runs. The nanocrystalline suspensions were 

then analyzed by powder X-ray diffraction (PXRD) to determine their crystallinity and 

morphology, as well as by SEM and DLS to determine the size distribution. 

 

3.6.6. QUANTUM YIELD DETERMINATION IN ACETONITRILE  

Using both optically matched (three experiments), and equimolar (three experiments) 

solutions of 1, relative quantum yield determinations were performed with valerophenone (" = 

0.33) as an internal standard in a Rayonet photochemical reactor using 312 nm lamps (BLE-

8T312).55 Quantitative conversion of 1 produced the corresponding cyclobutanols cis-2 and 

trans-3 in 100% yield with no detection of secondary photoproducts. The ratio of cis-2: trans-3 

(33:67) remained constant independent of conversion. 

 

3.6.7. QUANTUM YIELD DETERMINATION FOR THE NANOCRYSTALLINE SUSPENSION  

Relative quantum yield determinations were performed with dicumyl ketone (" = 0.18) as 

an internal standard in a Rayonet photochemical reactor using 312 nm lamps (BLE-8T312). 

Quantum yields were determined with equimolar, optically dense suspensions. Two 

independent suspensions of actinometer and substrate were independently synthesized. The 

samples were then combined immediately prior to irradiation in a 50 mL quartz Erlenmeyer flask 
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and irradiated for 10 min. Every 2 minutes, an aliquot was removed (approximately one-

twentieth of the suspension). The aliquots were extracted with deuterated chloroform (2 mL), 

washed with brine (2 Å~ 2 mL), and dried over magnesium sulfate. The same samples were 

then subjected to gas chromatography immediately to determine the extent of product formation. 

These experimental yields were reproduced at least in triplicate. High conversion data were not 

used to avoid potential problems caused by the absorption of the products. Quantitative 

conversion of 1 produced the corresponding cyclobutanols cis-2 and trans-3 with no detection of 

secondary photoproducts. The ratio of cis-2: trans-3 (67:33) remained constant independent of 

conversion. 

 

3.6.8.  FORCE FIELD ROTATIONAL POTENTIAL IN CRYSTALS OF 1  

A qualitative rotational potential was obtained with a model that considers a cluster of 

close neighbors. The model was obtained by generating a cluster of molecules with atoms that 

are within a radius of 7Å from the quaternary carbon of the test adamantyl group, which acts as 

the pivot for rotation. Molecules not in contact with the test adamantyl were removed so as to 

consider only those that are within van der Waals contact. There were a total of twelve 

molecules in the cluster. The rotational energies in Fig. 3.5. in the main text were obtained using 

the Sybyl force field. Energy minimization was carried out as a function of rotation of the central 

adamantyl in increments of 10o with a model that allows all the adamantyl groups to rotate in 

response to changes in the test rotator. All the atoms in the aromatic and methoxy group were 

frozen during minimization. As noted in a previous study, minimizations carried out with more 

constraints resulted in qualitatively similar potentials but with much higher force field energies.56 

These results are considered qualitative only. 
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3.7. INDEX 3A: COMPOUND CHARACTERIZATION DATA 

                  

Figure A.3.1. 1H NMR of 1 in CDCl3. 

                    

Figure A.3.2. 13C NMR of 1 in CDCl3. 
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Figure A.3.3. 1H NMR of 1-d3 in CDCl3. 

           

Figure A.3.4. 13C NMR of 1-d3 in CDCl3. 
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Figure A.3.5. 1H NMR of 1-d7 in CDCl3. 

       

Figure A.3.6. 13C NMR of 1-d7 in CDCl3. 
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Figure A.3.7. X-ray powder diffraction pattern of 1 as the nanocrystalline suspension (top), bulk 

powder (middle), and calculated from the single crystal X-ray structure (bottom). 

 

                               

Figure A.3.8. Dynamic light scattering results of a nanocrystaline suspension of 1 in water 

showing an average crystallite size of 190 nm ± 88 nm.  
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Figure A.3.9. SEM micrograph showing nanocrystals of 1 prepared by the reprecipitation 

method and deposited onto a silicon substrate, showing particles that are faceted and ca. 190 

nm in size. 
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(a)  

 

(b)              

Figure A.3.10. (a) Representative 1H T1, NMR recovery spectra of 1 from saturation recovery 

sequence at 297 K as a function of delay time ! = 16 ms, 20 ms, 25 ms, 32 ms, 40 ms, 50 ms, 

64 ms, 80 ms, 0.1 s, 0.125 s, 0.16 s, 0.2 s, 0.25 s, 0.32 s, 0.4 s, 0.5 s, 0.63 s, 0.8 s, 1 s, 1.25 s, 

1.6 s, 2 s, 2.5 s, 3 s, 4 s, 5 s, 6.3 s, 8 s, 10 s, 12.5 s, 15 s, 20 s, 25 s, 30 s, 40 s. (b) Comparison 

of normalized 1H spectra of 1 at 297 K taken from early and late delay times, 80 ms (black, 

partially recovered spectrum) and 40 s (red line, fully recovered spectrum), respectively, show 

the presence of a narrow component and a broad component that relax at different rates. This 

suggests that the sample is not undergoing efficient spin diffusion. 
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(a)                             

(b)                              

Figure A.3.11. (a) Example 1H NMR spin-lattice relaxation (T1, NMR) recovery of 1 at 297 K. The 

red line corresponds to a single-exponential fit with a relaxation time constant T1= 3.89 s, yet it 

is not an excellent fit. Note that at delay times ! " 5 x T1 (i.e. ! = 25 s and greater) when >99% of 

the longitudinal magnetization Mz should be recovered, Mz is still slowly recovering. This effect 

is possibly due to the presence of the methyl group, which through orientation dependence with 

respect to the magnetic field and cross-correlation effects has been suggested to retard the 

spin-lattice relaxation. (b) 1H NMR spin-lattice relaxation (T1, NMR) of 1 at 297 K. The red line 

corresponds to a bi-exponential fit with relaxation time constants T1= 3.42 s and 7.59 s. The 

biexponential fit is more satisfactory than the single exponential fit in (a). However, because 1 is 

of absolute purity (verified via transient spectroscopy measurements) and phase (via powder X-

ray diffraction measurements), there is no precedent for using a bi-exponential fit. Again, the 

non-exponential behavior of 1 is likely attributed to the methyl group, as suggested in the text. 
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(a)  

 

(b)  

 

Figure A.3.12. (a) Representative 1H T1!, NMR recovery spectra of 1 from a spin-lock variable 

pulse sequence at 296 K, as a function of variable pulse time vp = 50 µs, 100 µs, 250 µs, 500 

µs, 1 ms, 2.5 ms, 5 ms, 10 ms, 15 ms, 20 ms. (b) Comparison of normalized 1H T1!, NMR spectra 

of 1 at 296 K taken from short and long variable pulse spin-lock times, 50 us (black, very slightly 

relaxed spectrum) and 20 ms (red line, moderately relaxed spectrum), respectively, show the 

presence of a narrow component and a broad component that relax at different rates. This 

suggests that the sample is not undergoing efficient spin diffusion. 
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(a)                          

(b)                            

Figure A.3.13. (a) Example 1H NMR T1!, NMR recovery of 1 at 296 K plotted as a function of 

relative peak area (black squares) versus variable pulse time in a spin-lock field of 56 kHz. The 

red line corresponds to a singleexponential fit with a relaxation time constant T1!, NMR = 1.71 ms, 

yet it is not an excellent agreement. This effect is possibly due to the presence of the methyl 

group, which through orientation dependence with respect to the magnetic field and cross-

correlation effects has been suggested to retard the spin-lattice relaxation. (b) NMR spin-lattice 

relaxation in the rotating frame (T1!, NMR) of 1 at 296 K, where this time the red line corresponds 

to a bi-exponential fit with relaxation time constants T1!, NMR = 0.85 ms and 2.67 ms. The 

biexponential fit is more satisfactory than the single exponential fit in (a). However, because 1 is 

of absolute purity (verified via transient spectroscopy measurements) and phase (via powder X-

ray diffraction measurements), there is no precedent for using a bi-exponential fit. 
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Figure A.3.14. 1H NMR spin-lattice relaxation (T1, NMR) of 1-d3 at 297 K. The red line 

corresponds to a single exponential fit with a relaxation time constant T1= 24.33 s. However, the 

recovery is still not fit well to a single exponential. 

 

                         

Figure A.3.15. 1H NMR spin-lattice relaxation in the rotating frame (T1!, NMR) of 1-d3 at 297 K. 

The red line corresponds to a single-exponential fit with a relaxation time constant T1!, NMR = 

1.29 ms. However, the recovery is still not fit well to a single exponential. 
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Figure A.3.16. 13C cross-polarization/magic-angle spinning spectrum of 1-d3 at room 

temperature. The chemical shifts are in excellent agreement with those from the solution NMR 

spectrum (Fig. A.3.2.). Note that as a result of the molecular packing in the crystal lattice, the 

phenylene carbons E and E’ show different chemical shifts, unlike in solution. The 13C CP/MAS 

spectrum was acquired at UCLA using a Bruker DRX 300 spectrometer operating at a 13C 

frequency of 75 MHz and a 1H frequency of 300 MHz using a 1H ninety degree (!/2) pulse 

width (p1) of 4.00 microseconds (µs), a Hartmann-Hahn contact time of 2 milliseconds (ms), a 

data acquisition time of 66 ms, and a recycle delay of greater than five times the spin-lattice 

relaxation time of the protons. The sample was spun at a MAS rate of 10 kHz in a 4 millimeter 

(outside diameter) rotor. 
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(a)  

 

(b)              

 

Figure A.3.17. (a) Representative 1H T1, NMR recovery spectra of 1-d7 from spin-lock variable 

pulse sequence at 275 K, as a function of variable delay time = 100 µs, 800 ms, 1 s, 3 s, 15 s, 

40 s, 70 s, 100 s, 175 s, 200 s, 250 s, 300 s, 350 s, 400 s, 500 s. (b) Comparison of normalized 
1H T1, NMR spectra of 1-d7 at 275 K taken from early and late variable delay times, 15 s (black, 

partially recovered spectrum) and 500 s (red line, fully recovered spectrum), respectively, show 

a system that relaxes at a single rate. 
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Figure A.3.18. 1H NMR spin-lattice relaxation (T1, NMR) of 1-d7 at 275 K. The red line 

corresponds to a single exponential fit with a relaxation time constant T1= 86.34 s. The recovery 

is fit extremely well to a single exponential. 

 

                        

 

Figure A.3.19. Representative 1H T1!, NMR recovery spectra of 1-d7 from a spin-lock variable 

pulse sequence at 275 K, as a function of spin-lock variable pulse time vp = 50 µs, 100 µs, 175 

µs, 250 µs, 300 µs, 400 µs, 500 µs, 750 µs, 1 ms, 1.5 ms. 
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(a)          

 

 

 

(b)                    

Figure A.3.20. (a) Comparison of normalized 1H T1!, NMR spectra of 1-d7 at 275 K taken from 

short and long variable pulse spin-lock times, 50 us (black, very slightly relaxed spectrum) and 

500 µs (red line, moderately relaxed spectrum), respectively, show similar line shapes. This 

suggests a system in which all components relax at the same rate, and that the sample is 

undergoing efficient spin diffusion. (b) 1H NMR spin-lattice relaxation in the rotating frame (T1!, 

NMR) of 1-d7 at 275 K. The red line corresponds to a single-exponential fit with a relaxation time 

constant T1!, NMR = 0.264 ms. The recovery is fit well extremely well to a single exponential. 
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Figure A.3.21. An approximation of the Kubo-Tomita fit to the 1H T1 data, based on the constant 

C = (2/3) !2 Bnuc
2 (Bnuc = 2.3 Gauss) derived from the 1H T1" fit (Fig. 3.6., text), and the activation 

energy of 10.5 kcal/mol determined from the ln(1H T1) vs 1/T fit (Fig. 3.5., text). The excellent fit 

to the data confirms that the magnitude of the local effective dipolar field in the constant C 

derived from the 1H T1" fit corresponds to a reasonable value, also in excellent agreement with 

the distances between protons on adjacent carbons determined from the crystal structure (vide 

infra, Fig. A.3.22.). 

                              

Figure A.2.22. Molecular conformation of 1 from the crystal structure solved at 300 K, with the 

positions of the 2H labels of 1-d7 depicted in light purple. The closest protons on adjacent 

carbons are H11A and H5B, which are separated by a distance of 2.353 Å (shown in green). 

This corresponds to a local effective dipolar field magnitude Bnuc = !#µ0/(4$R3) = 2.2 Gauss, 

where R= 2.353 Å is internuclear 1H distance and ! is the 1H gyromagnetic ratio. This is in 

excellent agreement with value calculated from the Kubo-Tomita fit of the 1H T1" data, Bnuc = 2.3 

Gauss. From the molecular conformation of 1 solved from the structure at 200 K, the distance 

between H11A and H5B decreases to 2.350 Å, which is still consistent with a local field of 2.2 

Gauss. 
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3.A.1. Thermal Motion Analysis: Results from Crystal Structures at 100, 200 and 300K, 

using THMA14C57 

 

Table A.3.1. Crystal data: !-adamantyl-p-methoxyacetophenone 

Formula C19H24O2 
Mr 284.38 
Space group Monoclinic, P21/n 
a (Å) 6.4168 (7)  6.4523 (6)  6.4927 (4)  
b (Å) 21.991 (2)  22.077 (2)  22.1889 (14)  
c (Å) 10.5663 (12)  10.6338 (9) 10.7086 (7)  
! (°) 90.020 (1) 89.989 (5) 89.916 (3) 
V (Å3) 1491.0 (3)  1514.8 (2)   1542.74 (17)  
Z  4 
F(000) 616 
Dx (Mg m-3) 1.267  1.247  1.224  
Radiation Mo K!, " = 0.71073 Å 
T (K) 100  200  298 
Crystal size, mm 0.40 # 0.35 # 0.25 0.20 # 0.20 # 0.20 0.20 # 0.20 # 0.20 
Data collection  
independent reflections 4418 4417  4480  
reflections with I > 2$(I) 3997 3517  3068  
%max, %min (°) 30.7, 3.8 30.7, 3.7 30.8, 3.6 
Refinement  
Number of parameters 191 
H-atom parameters constrained 
R[F2 > 2s(F2)]  0.038 0.043 0.047 
wR(F2)  0.106 0.120 0.134 
S   1.04 1.03 1.04 
 



 

 

160 

           

Figure A.3.23. The crystal structure of !-adamantyl-p-methoxyacetophenone (1) at 100K (CSD 

Mercury). Some key atoms are numbered; see also Fig. 3.2. in the main text. Ellipsoids enclose 

50% probability.  

 

 

 

 

 

 

a.) Since the ellipsoids in Fig. A.3.23. suggest greater motion at the two oxygen atoms and at 

C19 than in other parts of the molecule, thermal motion analysis was carried out with all atoms, 

and 2 attached rigid groups (ARGs). 

 Results, at 100K: 

  Group   <"2>/degrees squared 

  Methoxy   29(11) (C19-O2 about phenylene ring axis) 

  Carbonyl   O 42(9) (O1 about phenylene- C12 axis) 

   

R = 0.163, GOF = 6.73, R.M.S. #MSDA = 0.0034, R.M.S. #MSDA (bonded atoms) = 0.0006, 

Mean esd (U) = 0.0003. Agreement factors are poor. Note that the Hershfeld test for O1- C12 is 

>5 times the mean esd(U) (Table A.3.2). 
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Table A.3.2. Hershfeld test for rigidity, 100K 

MATRIX OF DIFFS OF OBS MSDA. VALUE LISTED IS 10000*MSDA FOR COLUMN ATOM 

MINUSTHAT FOR ROW ATOM, ALONG LINE BETWEEN THEM. 

 Note large !MSDA for values in black, especially C1-C10 (adamantyl) to O1, O2 and 

C19,  whereas the Ad group with C11 and the phenylene ring are internally rigid. Bonded 

distances in  italics. 

 

b.) Treatment of the Ad plus methylene group as an isolated molecule: 11-atom treatment, C1-

C11, 100K (MATRIX OF DIFFS OF OBS MSDA shown in red in Table A.3.2) 

 

EIGENVECTORS AND EIGENVALUES OF L IN THE I-FRAME, Adamantyl plus C11, 100K 

L-TENSOR     XI(1)     XI(2)     XI(3)          VALUE(I)     RMS (RAD.)           VALUE(I) (<!!>) 

(DEG. SQ.)       RMS (DEG.) 

 VEC(1)      0.89949  -0.41785  -0.12771          0.00148       0.0385                     4.87                  

  2.21 

 VEC(2)      0.42342   0.76148   0.49078           0.00117       0.0342                     3.83                   

  1.96 

 VEC(3)     -0.10783  -0.49553   0.86187          0.00108       0.0329                    3.55                   

  1.88 

ATOM  C19  C18  C17  C16  C15  C14  C13  C12  C11  C10  C9  C8  C7  C6  C5  C4  C3  C2  C1  O2 

O1  -22 -16 -16 -27 0 17 -6 16 -13 -26 -76 -49 -39 -33 -36 -35 -36 -56 -26 -35 

O2  2 21 24 8 37 25 15 23 12 -65 -52 -69 -45 -46 -17 -46 -22 -43 -49  

C1  67 27 39 38 60 18 -13 -20 1 -3 -1 -7 -5 -5 -5 -8 0 -3   

C2  71 33 42 24 39 5 -14 -15 4 4 1 0 1 -4 -2 -2 2    

C3  47 38 36 19 31 -1 -5 -10 0 2 -5 -4 0 -6 -1 1     

C4 68 64 62 48 66 35 22 3 2 -1 -1 -3 4 -1 2      

C5  33 46 36 26 51 27 14 8 -1 -7 -1 -8 2 3       

C6  65 62 61 50 74 52 26 2 8 5 6 1 2        

C7  80 58 66 39 54 36 5 -24 0 -3 2 -2         

C8  109 61 77 52 67 42 8 -19 4 2 2          

C9  95 34 51 22 36 9 -21 -27 -1 3           

C10  96 69 78 58 76 48 21 -10 -2            

C11  0 19 8 0 30 26 5 8             

C12  -4 13 4 -15 4 9 -8              

C13  3 7 6 -6 6 6               

C14  -10 -3 0 -4 6                

C15  -25 2 5 6                 

C16  -4 8 -3                  

C17  -6 2                   

C18  -8                    
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R = 0.024, GOF = 0.96, R.M.S. !MSDA = 0.0004, R.M.S. !MSDA (bonded atoms) = 0.0003, 

Mean esd (U) = 0.0003 

 

Note excellent agreement factors. VEC(1) lies approximately along the X axis in the inertial 

system, which coincides with the C11-C6 axis. The libration amplitudes (<"2>) about VEC(1), 

VEC(2) and VEC(3) are in the ratio 1.4/1.1/1. 

 

c.) All atoms with 2 attached rigid groups (ARGs), 200K 

 

Group   <"2>/degrees squared 

Methoxy   71(27) 

Carbonyl   O 90(23) 

 

R = 0.184, GOF = 9.64, R.M.S. !MSDA = 0.0071, R.M.S. !MSDA (bonded atoms) = 0.0010, 

Mean esd (U) = 0.0005. 

 

d.) 11-atom treatment: C1-C11, 200K 

Table A.3.3. Hershfeld test for rigidity, 200K 

MATRIX OF DIFFS OF OBS MSDA. VALUE LISTED IS 10000*MSDA FOR COLUMN ATOM 

MINUS THAT FOR ROW ATOM, ALONG LINE BETWEEN THEM 

Bonded distances in red italics. 
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EIGENVECTORS AND EIGENVALUES OF L IN THE I-FRAME, Adamantyl plus C11, 200K 

L-TENSOR     XI(1)     XI(2)     XI(3)          VALUE(I)     RMS (RAD.)        VALUE(I) (<!!>) (DEG. 

SQ.)       RMS (DEG.) 

 VEC(1)      0.96679  -0.25374  -0.03051          0.00352        0.0593                    11.55                   

  3.40 

 VEC(2)      0.22187    0.77408    0.59294          0.00252       0.0502                      8.29                   

  2.88 

 VEC(3)     -0.12683  -0.58002    0.80467          0.00233       0.0483                         7.65                   

  2.77 

 

R = 0.021, GOF = 1.08, R.M.S. !MSDA = 0.0007, R.M.S. !MSDA (bonded atoms) = 0.0008, 

Mean esd (U) = 0.0004. 

<"2> about VEC(1), VEC(2) and VEC(3) are in the ratio 1.5/1.1/1. 

 

e.) All atoms with 2 attached rigid groups (ARGs), 298K 

Group  <"2>/degrees squared 

Methoxy   129(51) 

Carbonyl   O 145(38) 

 

ATOM-> C11 C10 C9 C8 C7 C6 C5 C4 C3 C2 

C1 0 -5 -1 -13 2 -1 -7 -12 -3 2 

C2 4 5 14 -5 9 7 7 1 0  

C3 1 -2 7 -13 2 -5 -3 -3   

C4 4 3 4 -8 12 -1 5    

C5 -4 -3 -7 -11 9 -10     

C6 3 2 -7 -2 10      

C7 1 0 4 11       

C8 -1 11 15        

C9 7 -1         

C10 1          
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R = 0.188, GOF = 11.26, R.M.S. !MSDA = 0.0116, R.M.S. !MSDA (bonded atoms) = 0.0016, 

Mean esd (U) = 0.0007. 

 

f.) 11-atom treatment: C1-C11, 298K 

 

Table A.3.4. Hershfeld test for rigidity, 298K 

MATRIX OF DIFFS OF OBS MSDA. VALUE LISTED IS 10000*MSDA FOR COLUMN ATOM 

MINUS THAT FOR ROW ATOM, ALONG LINE BETWEEN THEM 

Bonded distances in red italics. 

 

EIGENVECTORS AND EIGENVALUES OF L IN THE I-FRAME, Adamantyl plus C11, 298K 

L-TENSOR  XI(1)  XI(2)  XI(3)   VALUE(I)  RMS (RAD.)     VALUE(I) (<!!>) (DEG. SQ.)   

 RMS (DEG.) 

 VEC(1)  0.95927  -0.28208 0.01505   0.00628  0.0792       20.61        

4.54 

 VEC(2)  0.22813   0.80503  0.54762   0.00418  0.0646       13.71         

3.70 

 VEC(3)  -0.16659 -0.52188 0.83659   0.00366  0.0605       12.01         

3.47 

 

ATOM-> C11 C10 C9 C8 C7 C6 C5 C4 C3 C2 

C1 -14 -6 -2 -16 -3 -14 -9 -20 2 10 

C2 2 25 14 3 11 0 16 11 11  

C3 12 -8 1 -20 -2 -13 -2 -11   

C4 22 15 15 4 27 4 22    

C5 -6 -13 -5 -12 20 -15     

C6 18 -2 -4 -5 16      

C7 -23 -13 4 -2       

C8 3 15 23        

C9 17 2         

C10 16          
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R = 0.029, GOF = 1.79, R.M.S. !MSDA = 0.0013, R.M.S. !MSDA (bonded atoms) = 0.0015, 

Mean esd (U)= 0.0006. 

<"2> about VEC(1), VEC(2) and VEC(3) are in the ratio 1.7/1.1/1. 

 

                                      

 

Figure A.3.24. The apparent Ad motion in the C11-C6 direction increases nearly linearly with 

temperature, but is much smaller than that of the carbonyl O and the OMe group. (C in OMe is 

also moving with respect to O.)      
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Figure A.3.25. Torsional barriers58 for the range <!2> = 0-100 (°)2. 

 

                               

Figure A.3.26. Two views of C1, C5 and C7 in the Ad group at 100K, down the C11-C6 axis.59 

The view on the right includes the entire p-methoxyacetophenone moiety. See Fig. A.3.21. 

 



 

 

167 

g.) Summary 

 The 11-atom treatment gives good agreement factors (R, GOF) and good !MSDA 

(Hershfeld) tests. As seen in the ADP ellipsoids in Figs. A.3.21. and A.3.24. and in Fig. A.3.22., 

the libration amplitudes (<"2>) are small compared with carbonyl O and the OMe group. Still, 

<"2> about the C11-C6 axis increases more rapidly with temperature than <"2> about the other 

two inertial axes. To estimate barriers to molecular motion from ADP libration amplitudes, a 

torsional model may be considered. The barrier is calculated from <"2> and the temperature 

(Fig. A.3.23.). RT/B is approximately 0.03 for <"2>= 20.6 (°)2 (3-fold rotation), and 

approximately 0.1 for <"2>= 20.6 (°)2 (6-fold rotation), at 300 K. For T ! 300K, B ! RT/0.03 ! 

20 kcal mol-1 (3-fold) and B ! RT/0.1 ! 6 kcal mol-1 (6-fold). 

 Is a 6-fold or a 3-fold torsional rotation the better model for rotation of the rigid Ad group? 

In Fig. A.3.23., the molecular structure is shown, with some atomic labels. Important 

intermolecular interactions are H7A…C19 (x, y, -1+z), 2.80 Å, C1…H8 (1/2+x, 1/2-y, 1/2+z), 

2.87 Å and H7A…H3A (-1+x, y, z), 2.40 Å. The intramolecular distances H7A…O1, 3.02 Å and 

H7B…O1, 2.65 Å suggest that H7B is more likely to participate in hydrogen abstraction in the 

Norrish reaction. In Fig. A.3.26., we show the three 3BR# carbon atoms with their attached 

hydrogens (see also Fig. 3.3 in the main text), viewed down the C11-C6 axis. The positions and 

the elongated ellipsoids of the carbonyl oxygen, O1, and the methoxy group, O2-C19, can be 

seen in the view on the right. Counterclockwise rotation of the Ad group by 120° about the C11-

C6 axis would bring C1 into the C7 position, but a rotation of 45° would bring H7B into the H7A 

position, and a rotation of 74° would bring H1A into the H7B position. Thus it seems likely that 

the potential energy curve for a torsional rotation about this axis has both threefold and sixfold 

minima,4 and the barrier might be between 6 and 20 kcal mol-1. The wagging motion of O1 and 

C19 (involved in close contacts cited above) should lower the actual rotation barrier as 

temperature rises. Hydrogen atom abstraction might also lower the rotation barrier, by altering 

the H7(AB)...O1 C-H...O attractions. 
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Figure A.3.27. Cosine functions fitting the same well width at 0, 120, 240 degrees (below about 

5 kcal mol-1). 
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Dynamics of Molecular Rotors Confined in Two Dimensions: Transition from a 2D 

Rotational Glass to a 2D Rotational Fluid in a Periodic Mesoporous Organosilica 
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4.1. INTRODUCTION 

 The design of molecular rotors and related artificial molecular machines remains one of 

the most interesting challenges in nanotechnology.1,2 Based on the lessons learned from the 

analysis of biomolecular systems, such as skeletal muscle, ATP synthase, and others,3 it may 

be expected that artificial molecular machines and functional materials based on molecular 

rotors should rely on assemblies that take advantage of multiple components, correlated 

motions, and varying degrees of periodicity, dimensionality, and symmetry.4  Additionally, just as 

biomolecular machines are generally supported on membranes or in tissues, which provide a 

frame of reference for their motion and localize the machine where it is needed, it is also 

expected that artificial molecular machines should be engineered in anisotropic, highly ordered 

environments.  As a point of entry to analyze and characterize the function of artificial molecular 

rotors in highly ordered self-assembling materials, we recently proposed the design and use of 

amphidynamic crystals.5 Amphidynamic crystals are a subset of condensed phase matter with 

co-existing rigid and mobile molecular components that may provide a suitable platform for the 

development of artificial molecular machines.6  The rigid portion of the structure makes up a 

solid phase, which gives shape and form to the material, constitutes the framework that 

supports and guides the motion of the dynamic components along predetermined degrees of 

freedom, and provides a well defined frame of reference at both the molecular and macroscopic 

scales. Recent studies have shown that well designed molecular systems are capable of 

forming amphidynamic solids with engineered internal motion that range from a few kilohertz to 

the gigahertz regime.7  

 Examples of amphidynamic materials include crystals of molecular gyroscopes8 and 

compasses,9 inclusion crystals,10 and metal-organic frameworks,11 as well as several 

coordination compounds and layered structures.12 Studies performed on these materials have 

revealed that the amount of free volume and the relative flexibility of the environment proximal 

to the dynamic component may have a profound influence on the nature of its function and 
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ultimately the material’s bulk properties, which it constitutes.4  Therefore, a deeper 

understanding of an environment’s influence on engineered motion in condensed phases—

namely with respect to a material’s dimensionality and free volume—will result in advanced 

structure/function relationships to further the design of artificial molecular machines and 

functional materials with increasingly sophisticated behavior. 

 In order to specifically target the effects of reduced dimensionality on the dynamics of 

molecular rotors in amphidynamic materials, we have chosen to investigate the dynamics of p-

phenylene rotators anchored by a rigid axle and confined within two-dimensional layers.  

Platforms for such an assembly could be based on the synthesis of hierarchically ordered 

periodic mesoporous organosilicas (PMOs).13  Hierarchically ordered PMOs are a class of self-

assembled network-covalent solids with meso-scale pores that are built with organic ligands 

arranged in 2D layers via siloxane bonds. Molecular rotors have been recently studied in 

hierarchically ordered PMOs: the relatively low packing density of the organic elements 

combined with the mesoporous structure supports rapid, engineered rotation of the aromatic 

groups,14,15 rendering them ideally amphidynamic. The dynamics of p-phenylene14 and 4,4’-

biphenylene14 molecular rotors in such PMOs were demonstrated by variable temperature solid-

state NMR spectroscopy, which revealed fast rotational motion of the aromatic rotators and the 

potential to modulate their dynamics by the introduction of guests within the mesopore.14  Other 

studies have shown that PMOs may be synthesized with spacers possessing tailored properties 

for specific functions, suggesting that the generation of hierarchically ordered PMOs with chemi- 

or light- responsive rotors may be possible.16,17,18,19,20,21   

 Recognizing the versatility and potential of hierarchically ordered PMO platforms and the 

need to further develop a correlation between 2D structures and the engineered dynamics, 

which they may facilitate, we analyzed the dynamics of an isotopically enriched p-

divinylbenzene mesoporous organosilica14d,f (p-DVB-d4 PMO) with molecular-scale periodicity 

using 2H solid-state NMR. The use of extended organic ligands containing vinyl spacers 
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mounted on the phenylene rotator may lead to increased degrees of freedom to facilitate 

rotation.  Moreover, the vinyl groups provide a handle for post-synthetic modification of the PMO 

that could result in a useful alteration of the rotator environment.22   

This investigation has resulted in the discovery of non-Arrhenius rotational dynamics of 

the p-phenylene rotators, and the existence of a unique 2D phase transition at 280 K from which 

this behavior originates.  The observed temperature dependence of the phenylene rotational 

frequency in p-DVB-d4 PMO reflects changes in the structure from a relatively rigid rotator 

environment to one that is highly fluid within a narrow temperature range, where the siloxane 

scaffold maintains the alignment of the rotors in robust 2D amphidynamic arrays.  Above the 

transition, these arrays become 2D “fluid-like” nanophases organized within the covalent 

architecture. The pervasiveness of the motion extended to the entire confined organic phase is 

also unusual because it occurs in a material showing both a high surface area and stability to 

very high temperatures. This finding is particularly relevant in the design of amphidynamic 

materials, since molecular motion in organized arrays confined to reduced dimensionalities can 

be harnessed to develop materials with intriguing properties, such as ferroelectricity. 

 

4.2. EXPERIMENTAL 

4.2.1. SYNTHESIS 

 Samples of the p-DVB-d4 PMO were prepared as described previously via the 

solvothermal method using p-bis[(E)-2-(triethoxylsilyl)vinyl]benzene-d4 and octadecyl 

trimethylammoniumbromide surfactant under alkaline conditions.14d  The deuterium-enriched 

silsesquioxane ligand was obtained via a Heck coupling reaction between commercially 

available p-dibromobenzene-d4 and triethoxy(vinyl)silane.23 The sample of the p-DVB-d4 PMO 

was obtained by mixing the components at 25 oC followed by heating to 95 oC for 22 h.  The 

excess surfactant was removed by stirring the resulting suspension in acidic ethanol for 6 h at 
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55 oC.  The natural abundance p-DVB PMO, constituted by C—H aromatic units, was prepared 

following the above procedure starting from p-bis[(E)-2-(triethoxylsilyl)vinyl]benzene. 

 

4.2.2. SOLID-STATE NMR SPETROSCOPY 

 Solid-state 2H NMR spectroscopy experiments were performed on a Bruker 300 Avance 

spectrometer operating at a frequency of 46.07 MHz under a static magnetic field of 7.04 T, 

using a Bruker 4 mm wideline probe. Fully relaxed spectra (15 s recycle delay) were acquired 

with the quadrupolar spin-echo pulse sequence, (!/2)x–t1–(!/2)y–t2, with a !/2 pulse of 2.1 µs 

and a pulse spacing of t1=t2=50 µs. Spectra obtained with a pulse spacing between 30 and 70 

µs had the same line shapes. The stability and accuracy of the temperature controller (Bruker B-

VT2000) were approximately 1 K. Theoretical simulation of 2H NMR spectra for a two-site 180° 

jump model was performed by the program Express 1.0,
24 with a quadrupolar coupling constant 

of 180 kHz and an asymmetry parameter of !=0.02. The simulations are obtained for a log-

Gaussian distribution of jump rates by superposition of 61 spectra for different jump rates. A 

single distribution width of " = 1.5 was used. 13C MAS NMR measurements were performed on 

a Bruker Avance 300 MHz instrument operating at 7.04 T. Ramped-amplitude cross-polarization 

experiments were performed at a spinning speed of 15 kHz using a recycle delay of 10 s and a 

contact time of 0.05 and 2 ms. The !/2 pulse used for proton was 2.9 µs. 

 

4.2.3. POWDER X-RAY DIFFRACTION  

 X-ray powder diffraction patterns were measured on a "/" D8-Advance powder 

diffractometer (Bruker) using Cu K#1 radiation at 40 kV and 40 mA (Bragg-Brentano geometry).  

The X-ray powder diffraction patterns were recorded with a scanning speed of 0.2º 2"/min.  

 

4.2.4. ADSORPTION MEASUREMENTS  
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 Nitrogen adsorption-desorption isotherms were measured at liquid nitrogen temperature 

using a Micromeritics ASAP 2050 analyzer. The samples were outgassed overnight at 160°C 

under vacuum. Surface area was calculated using the Brunauer, Emmet, and Teller (BET) 

model. The pore-size distributions were evaluated following the method developed by Barret, 

Joyner, and Halenda (BJH model) for cylindrical pores with Kruk-Jaroniec-Sayari correction and 

by Non-Linear Density Functional Theory (DFT) analysis.  

 

4.2.5. THERMAL ANALYSES 

 Differential scanning calorimetry (DSC) traces were performed on a Mettler Toledo 

Thermal Analysis System equipped with a nitrogen low-temperature apparatus. The 

experiments were run under nitrogen atmosphere in an open Al-crucible. The samples were first 

heated to 160 °C at 10 °C/min, then, after cooling, the DSC runs were carried out from -150 °C 

to 200 °C at distinct rates of 10°C/min and 5°C/min. The sample weights for the DSC 

measurements were on average approximately 5 mg, and were measured to an accuracy of 

0.05 mg. The stability of the sample was evaluated using a Perkin-Elmer TGA-7 instrument. 

About 10 mg of sample was heated from 25 °C to 700 °C at a heating rate of 10 °C/min under 

nitrogen. 

 

4.3. RESULTS AND DISCUSSION  

 The synthesis of hybrid p-DVB-d4 mesoporous organosilica derived from p-bis[(E)-2-

(triethoxylsilyl)vinyl]benzene-d4 containing deuterated p-phenylene rings is schematically 

depicted in Fig. 4.1. The ordered arrangement of the structure, on both the mesoscale and the 

nanoscale, was shown by the X-ray powder diffraction pattern, which displayed a sharp peak in 

the small-angle scattering region with a d-spacing of 46.3 Å and two minor peaks with a d-

spacing of 26.5 and 23.1 Å, corresponding to the 2D hexagonally-ordered (p6mm) mesopore 

arrangement with a lattice constant of 53.5 Å (Fig. 4.2.).  Additional peaks in the high-angle 
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scattering region with d-spacings of 11.8, 6.0, 4.0, and 3.0 Å confirmed the presence of lamellar 

ordering of the organic moieties within the pore walls.14b,d,f Nitrogen physisorption analysis 

revealed a type-IV isotherm corresponding to uniform mesopores with a Brunauer-Emmett-

Teller (BET) specific surface area of 798 m2/g, a pore diameter of 35.2 Å (BJH) or 36.0 Å (DFT) 

and a mesopore volume of 0.70 cm3/g. 

 

Figure 4.1. Solvothermal synthesis and schematic representation of p-DVB-d4 PMO with 

molecularly ordered walls.  Red represents the dynamic phenylene-d4 moiety, and blue 

represents the p-vinyl groups and siloxane layers considered static relative to the rotating 

component.  As indicated by the color code, the long axes of the p-DVB-d4  units is parallel to 

long axes of the channels. 

 

 Details of the structure at the molecular level may be provided by considering an 

idealized pore wall fragment model based on the powder X-ray diffraction data and the 

adsorption measurements (Fig. 4.3.). The model is consistent with the one obtained by 

Cornelius et al.14f and akin to the structure proposed by Inagaki et al. for the molecularly ordered 

p-phenylene mesoporous organosilica.14c As shown in Figs. 4.3.A. and 4.3.B., the pore walls 
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consist of axially substituted p-divinylbenzene-d4 ligands arranged in layers with the molecular 

long axis parallel to the channel direction and anchored at each end by a siloxane network.  

 

                            

Figure 4.2. A) Powder X-ray diffraction and B) N2 adsorption isotherm at 77 K of the p-DVB-d4 

PMO sample. The pore distribution analysis using BJH method is reported in the inset. 
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  (A) (B)               

   (C)  

Figure 4.3. Idealized model of a molecularly ordered p-DVB-d4 PMO pore wall fragment 

represented with a spacefilling model.  The perspectives shown are of (A) the pore wall 

fragment and (B) a cross-section of the wall, with dynamic phenylene rotators in depicted in red 

and the (relatively) static divinyl groups and siloxane layers shown in blue.   (C) Bird’s eye view 

of a siloxane layer fragment illustrating the proximity of neighboring rotator axles, with anchoring 

silicon atoms depicted in teal.   
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 The siloxane network is comprised of six-membered siloxane [cyclo-(SiO)6] rings with 

the divinylbenzene ligands adopting axial positions above and below each layered plane. The 

closest distance imposed by the model structure between neighboring phenylene axes is 4.6 Å 

(Fig. 4.3.C.), which is in good agreement with the broad signal centered at 4.4 Å in the PXRD.  

While this distance is greater than the van der Waals contact of 3.4 Å for two face-to-face 

parallel p-phenylenes, each rotator has a revolution radius of ca. 3 Å (including van der Waals 

surface) and a minimum lateral encumbrance of 1.7 Å due to the !-electron clouds of the 

neighboring aromatic ring.  Therefore, an unhindered 180° flip rotation requires that the distance 

between adjacent axes of the p-phenylene moieties to be greater than 4.7 Å.  As a consequence 

of this, the organization in the PMO walls cannot satisfy a close packing arrangement and may 

generate disorder of the rotators within the 2D layers, as depicted in Figs. 4.3.A. and 4.3.B.  

This arrangement should also have interesting effects on the dynamics of the rotators. 

The number of p-DVB-d4 rotators within the wall was estimated by considering the wall 

thickness and the molecular distances from the structural model.  The pore wall thickness, bd, 

can be obtained from the equation bd = (2/!3) d100 – wd, where d100 is the PXRD (100) 

interplanar spacing and wd the pore diameter.14d  With a calculated thickness of the pore wall bd 

= 18.3 Å (using the BJH pore diameter) or bd = 17.5 Å (using the DFT model pore diameter), 

one can estimate that the wall thickness comprises ca. 4 molecules as illustrated in Fig. 4.3.B. 

In addition to the limited size of the orientationally ordered rotator domains, the different local 

environments and rotational potentials inside the wall and at the interface may have an effect on 

the local order and rigidity, and a large impact on the rotational dynamics.  The thin pore walls 

expose a large fraction of phenylene rotators to the interface of the mesopore, reducing the 

number of neighboring phenylene rotators.  Recent studies on small molecules and polymers 

confined to such restricted dimensions, including thin films,25 self-assembled monolayers,26 

molecular cages and containers,2e,27 and confined porous structures25a,28 have revealed 

significant deviations from bulk-phase behavior with respect to phase transitions, morphology, 
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and chemical reactivity.  It has been suggested that interfacial effects, changes in the available 

degrees of freedom, and changes in entropy resulting from nanoscale confinement induce these 

deviations.29 In the case of the p-DVB-d4 PMO, the confining parameters are the thickness of 

the pore walls, the size of orientationally ordered rotator domains within the 2D layers, and the 

positional anchoring of the p-DVB-d4 axes imposed by the siloxane layer.  

 

4.3.1. ROTOR DYAMICS BY SOLID-STATE NMR SPECTROSCOPY  

 The solid-state 13C CP/MAS NMR spectrum of the isotopically enriched p-DVB-d4 PMO 

recorded with a contact time of 2 ms showed the presence of four signals (Fig. 4.4.A.) for the 

aromatic and vinyl carbons in agreement with the symmetry of the divinylbenzene organic 

moiety within the framework, as depicted in the model structure (Fig. 4.3.A.). A direct 

demonstration of the substitution of hydrogens with deuterons on the aromatic ring was 

provided by a 13C CP/MAS spectrum with a contact time as short as 50 !s, which exhibits only 

two signals due to the vinyl carbons covalently bonded to hydrogens (Fig. 4.4.B.). The 

resonance of deuterated C(4)2H aromatic carbons at "C=127.1 ppm is fully suppressed, 

because the aromatic carbons are not near a hydrogen source of magnetization.30 For 

comparison, the spectrum of the natural abundance p-divinylbenzene sample (p-DVB PMO) 

with a short contact time clearly shows the signal of the C(4)H aromatic moiety (Fig. 4.4.D.). 

With such a short contact time, the aromatic C(3) signal at "C=137.6 ppm is also suppressed 

because the C(3) carbon does not bear covalently bonded hydrogens.  

 The spectrum of the p-DVB PMO at longer contact times (Fig. 4.4.C.) displays the 

narrowest line width for the signal of C(4)H aromatic carbons, that is a first indication of fast 

dynamics of the p-phenylene rotators in the framework. Indeed, the 13C spin-lattice T1 relaxation 

times, which are related to the motional behavior of the 13C nuclei, exhibit at room temperature a 

value as short as 600 ms for C(4)H aromatic carbons, consistent with fast molecular motion of 

the p-phenylene rotators about their axis of rotation.  The very short 13C relaxation time is 
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indicative of an efficient relaxation mechanism that occurs when the motional frequency 

matches the observation frequency, which is 75 MHz in the present case. On the contrary, the 

C(3) carbon shows longer 13C relaxation times of 8 s because it sits on the axis of molecular 

rotation and its motion is restricted. 

 

                          

Figure 4.4. 13C CP/MAS NMR spectra of p-DVB-d4 PMO and natural abundance p-DVB PMO 

with 2 ms (A and C) and 50 !s (B and D) contact times, respectively. 

 

 The rate and trajectory of the phenylene rotational dynamics in the isotopically enriched 

p-DVB-d4 PMO were analyzed by variable temperature solid-state 2H NMR spectroscopy.31 This 

method relies on the high sensitivity of the quadrupolar interaction between the nuclear spin and 
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the electric field gradient at the nucleus, which depends strongly on the orientation of the C-2H 

bond vector with respect to the direction of the external magnetic field.  Powdered samples with 

static deuterons are characterized by a broad symmetric spectrum known as a Pake pattern that 

consists of two singularities and two outer shoulders separated by ca. 135 kHz and 270 KHz, 

respectively, for aromatic C-2H bonds.32  In contrast, deuterons experiencing dynamic processes 

in the range of 103 to 108 Hz display spectral changes that depend both on their frequencies and 

trajectories of motion.  For the current study, we take advantage of the well-characterized 

spectral changes that occur when phenylene groups rotate about their 1,4-axis, which in most 

cases involves discrete jumps given by an angular displacement of 180o, also known as a two-

fold ring flip.33 

 Measurements with p-DVB-d4 PMO were carried out using a quadrupolar spin-echo 

pulse sequence at 17 different temperatures from 215 K to 420 K, and the experimental line 

shapes were compared with simulations carried out with the program Express 1.0 (Fig. 4.5.). 

The spectrum measured at 215 K was a characteristic Pake pattern, suggesting motion in the 

slow exchange regime (103 Hz), with a typical quadrupolar coupling constant QCC=180 kHz and 

a small asymmetry parameter ! =0.02. The spectra measured between 215 K and 305 K were 

initially simulated with a model that considers two-fold ring flips in the intermediate exchange 

regime with frequencies (kI) that range from ca. 10 kHz at the lower temperature up to 120 MHz 

at 305 K.  The simulations required a log-Gaussian distribution of jump rates with a width of ! = 

1.25, suggesting the presence of a motional frequency distribution arising from the presence of 

rotator disorder within the 2D layers.34  Heterogeneous dynamics are characteristic of 

amorphous solids and glassy polymers, and define a certain length scale in which molecular 

rearrangements are influenced by a specific environment. Therefore, the log-Gaussian 

distribution of jump rates in this study suggests that the dynamics of the p-phenylene rotators 

within the walls also undergo some dynamic heterogeneity, the result of variances among 

different orientationally ordered rotator domains.35  It is interesting to note that additional 
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degrees of freedom brought about by the divinyl substituents to the phenylene rings do not 

result in additional trajectories of motion within the 215 K - 305 K temperature range. This 

observation is consistent with the model structure, which has the two double bonds in the trans-

configuration with their points of anchorage away from a coaxial alignment and unable to 

provide a rotational axle to the entire moiety.   

 In order to determine the activation energy, Ea, of rotation and the pre-exponential factor, 

k0, the natural logarithm of the calculated frequencies for phenylene rotation, ln(kI) and the 

corresponding inverse temperatures were used to construct an Arrhenius plot (Fig. 4.6.). 

Deviations from linearity become apparent from the reported data, and non-Arrhenius behavior 

is evident in the plot. In particular, a dramatic increase of the kI frequencies is observed within a 

narrow range of temperatures (highlighted in blue). As a consequence, the apparent activation 

energy Ea depends upon the temperature range chosen for a linear fit of the Arrhenius equation 

(lnkI = lnk0 – Ea/RT), giving rise to the calculation of an unreasonably large activation energy and 

pre-exponential value in the high temperature limit and pre-exponential values.  However, in the 

low temperature region (215 K - 272 K), a linear behavior can be recognized that, after fitting to 

the Arrhenius equation, corresponds to an Ea = 9.1 kcal/mol and a k0 = 1.7 x 1012 Hz.  These 

values are consistent with those reported in the literature for the activation energy of a 180° flip 

of phenylenes in crystalline materials8,10 and polymers,36 and the pre-exponential factor of an 

individual p-phenylene rotator, respectively.  Notably, the pre-exponential factor reflects the 

highest rotational frequency for a hypothetical phenylene rotator with no steric barriers.  For an 

elementary p-phenylene rotator in the gas phase, transition state theory suggests that the pre-

exponential factor is related to the frequency of oscillation at the bottom of the potential well, 

which for low-frequency torsional modes is of the order of ca. 1012 Hz.37  From an alternative 

perspective, the pre-exponential factor may be taken as the limit of rotational inertia for a 

hypothetical rotator with no intrinsic (steric and electronic) barriers.  In the case of a p-

phenylene, this value has been estimated to be 2.4x1012 Hz,4,5,38 which is close to the 
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experimental value measured in this temperature range and for phenylene rotators in several 

other systems. 

                             

Figure 4.5. A) Variable temperature 2H solid-state NMR spectra from 215 K to 305 K of p-DVB-

d4 PMO and B) Line shape analysis and calculated rates kI (Hz) of rotation of p-phenylene 

moieties. The kI rates were determined from 2H NMR line shape analysis considering a single 

component log-Gaussian distribution.   
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 In contrast to the measurements between 215 K - 272 K, Arrhenius analysis of the data 

acquired at higher temperatures in the range of 272 K to 305 K results in the calculation of 

unreasonably large values of both the activation energy and the pre-exponential factor for a p-

phenylene rotator (i.e., apparent values of ca. 47 kcal/mol and 4.0x1041 Hz, respectively). Such 

unusually large values with corresponding strongly curved Arrhenius plots characterized by a 

tangent that increases as a function of temperature have been documented for rotational motion 

in bulk glasses, and indicate the presence of a transition to a system possessing more rapid 

dynamics.29 For thermally activated processes near a glass transition region, the apparent pre-

exponential factor and activation energy are unusually large.39 

 

Figure 4.6. Arrhenius plot of ln(kI) vs temperature in the 215 - 305 K range. The kI rates were 

determined from 2H NMR line shape analysis.  In the 215 - 272 K range, a linear least-squares 

regression fit of r2 = 0.99 is obtained.  
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 In search of direct evidence for a transition, the calorimetric behavior of p-DVB-d4 PMO 

as a function of temperature was investigated.  Indeed, the calorimetric scans at variable 

heating rates of 10 and 5 °C/min showed the occurrence of a localized increase in heat capacity 

(Cp) at 320 and 300 K at constant pressure, respectively (Fig. 4.7.). The transition temperature 

decreases rapidly with diminishing heating rate, leading to an extrapolated transition 

temperature of 280 K for the limit of zero heating rate. The transition’s dependence on the 

scanning rate is typical of a kinetic phenomenon, reminiscent of a glass transition. The larger 

heat capacity above the transition may be correlated to the onset of additional degrees of 

freedom gained by the rotators in their ensemble.  Below the transition, a decrease in heat 

capacity at low temperature can be associated with the larger influence of intermolecular 

interactions.  

          

 

Figure 4.7. Calorimetric runs of p-DVB-d4 PMO at two heating rates.  
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 As a consequence, the 2H NMR spectra acquired immediately above the 

transition could be re-interpreted by introducing a second fast-rate component (kII), which adds 

to the low-rate component (kI) to account for the sudden onset of higher frequency rotation (Fig. 

4.8.). This lineshape analysis is consistent with a previous study regarding the 2H NMR spectral 

characterization of phenylene rotation in the mesogenic side chains of a liquid-crystalline 

polymer near its glass transition, which displayed contributions from motion in both the rapid 

and slow exchange limits.35a In the PMO, the second fast-rate component exhibits rates as high 

as 108 Hz, and its contribution to the total profile appears to increase drastically from 37.5% to 

82.5% in a restricted temperature range between 285 K to 298 K. The kII component may result 

from the progressive softening of the rotator environment from a glass-like to a fluid-like rotator 

nanophase confined within the layers.   Using a model that identifies two distinct components in 

the total dynamic behavior allows for the construction of simulated 2H NMR profiles, which are in 

excellent agreement with the experimental spectra and whose Arrhenius plots yield values 

realistic for both the pre-exponential factor and the activation energy. Indeed, the low and high 

frequency components, when plotted in the lnk vs 1/T chart (Fig. 4.9.), generate excellent linear 

regression coefficients of r2=0.99 with physically reasonable activation energies of 9.5 kcal/mol 

and 5.9 kcal/mol, respectively, while the pre-exponential factors of both are coincident with the 

expected k0 ! 1012 Hz for a p-phenylene rotator.  

It should be noted that the Ea for the slower component associated with the more rigid 

glassy state is two times that of the ca. 4.7 kcal/mol calculated gas-phase barrier for phenylene 

rotation in p-divinylbenzene (Supporting Information),40 suggesting that steric hindrance has a 

large influence on p-phenylene rotation in the lamellar phase at lower temperatures.41  A 

hindered environment is consistent with a distance of 4.4 Å between the axes of adjacent 

rotators, which is less than the 4.7 Å distance estimated for unhindered 180o flips (vide supra), 

and smaller than the well known 5.85 Å kinetic diameter for benzene and p-xylene.42 Instead, at 

temperatures above the transition, the activation energy of the high frequency dynamic 
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component is only ca. 5.9 kcal/mol—much closer to the intrinsic gas-phase electronic barrier for 

phenylene rotation in p-divinylbenzene.  

 

 

 

 

 

 

Figure 4.8. Experimental and simulated 2H NMR spectra in 285 K-305 K range. The spectra 

were simulated as the sum of two profiles weighted by the fraction of the two components.  
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Figure 4.9. Arrhenius plot of both the low-frequency kI (full circle) and high-frequency kII 

components (full triangle). The open diamonds represent the frequency obtained as the sum of 

the rates of the two components weighted by their fraction.  

 
Such a low rotational barrier may be facilitated by wobbling and/or librations, which 

would result in additional degrees of freedom leading to a highly flexible, fluid-like local 

environment for the rotators.41 Actually, by an additional temperature increase from 310 K to 

420 K, narrowing spectral profiles with weaker shoulders which deviated from the 180° jump 

model become apparent (Fig. 4.10.). This result suggests that the p-phenylene groups undergo 

large amplitude librations and/or that they are able to explore additional trajectories including 

wobbling. It is also worthwhile to note that the 2H NMR line shapes do not collapse to a single 

isotropic line, indicating that the p-phenylene moieties preserve their anisotropic motion even at 
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the highest temperatures analyzed. The robust framework provides fixed pivots to the molecular 

rotors aligned in the channel walls and the uniaxial orientation of the p-phenylene rotators is 

substantially maintained during their rotational dynamics over the entire temperature range 

investigated. 

 

Figure 4.10. Variable temperature 2H solid-state NMR spectra from 298 K to 420 K. The 180° 

flip mechanism is in the fast exchange limit and deviates from a two-site jump model. 
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4.3.2. TRANSITION FROM A 2D ROTATIONAL GLASS TO A 2D ROTATIONAL FLUID 

 The temperature dependence of p-phenylene rotation in the investigated PMO is 

associated with a change in heat capacity related to the onset of additional degrees of freedom, 

which typically occurs among organic materials, especially in the amorphous phase of polymers. 

Some p-phenylene containing polymers, such as polycarbonate and polyvinylenephenylene,43 

exhibit fast motion of the phenylene rings below their glass transition that is characterized by 

single 180° flip rotations with activation energies of about 8 - 10 kcal/mol. This is comparable to 

the 180° flip rotations, Ea = 9.5 kcal/mol, that the PMO rotators undergo in the low temperature 

phase. Therefore, at low temperatures the dynamics of p-phenylene rotators confined in the 2D 

layers of the PMO are consistent with rotation in a glass-like state while at increasing 

temperatures above the transition, motional domains grow statistically within the PMO pore wall 

layers generating 2D fluid-like nanophases.  For organic and inorganic glasses in general, the 

transition from a glassy state into a viscous isotropic fluid by increasing temperature has been 

well documented,44 although in the PMO the molecular rotors maintain their anisotropic 

alignment within the molecular layer. In fact, in the PMO under investigation, orientational 

dynamic disorder is only allowed in the plane perpendicular to the channel axis and the organic 

layers exhibit anisotropic dynamical properties through the alignment of the p-DVB axes. The 

dynamical disorder restricted to two dimensions and manifested in the rotator dynamics defines 

a 2D fluid-like rotator phase at room temperature, which, on cooling, undergoes a transition to a 

2D glass-like rotator system accompanied by a heat capacity change (Fig. 4.11.).  In spite of the 

increased fluidity, at high temperature the covalent framework of PMOs holds the whole 

architecture into register, whereas in conventional molecular materials the molecules and 

polymer chains collectively gain enough freedom to collapse to a low-viscosity isotropic state.   
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Figure 4.11.  The dynamical disorder restricted to two dimensions is manifested in the rotator 

dynamics. A 2D fluid-like rotator phase exists at room temperature with rapid rotational 

dynamics. Upon cooling, the material undergoes a transition to a 2D glass-like rotator system 

accompanied by a heat capacity change and the rotator dynamics heterogeneously slow down 

by orders of magnitude. 

 

A further analogy to the investigated PMO behavior is with thermotropic liquid-crystalline 

materials,45 which can undergo calorimetric transitions with temperature that are associated with 

increased degrees of motion without complete isotropic reorientation of the molecules.  In 

particular, studies with liquid-crystalline polymers have shown that phase and glass transitions 

have a significant impact on the rotational dynamics of phenylene moieties contained in the 

mesogenic side groups.37 Below the glass transition, liquid-crystalline order is maintained in a 

glassy state, with features that may be similar to the oriented 2D rotational glass composing the 

PMO pore walls.  However, the anisotropic nature of liquid-crystalline materials persists only in 

limited temperature ranges, and at increasingly higher temperatures the mobile moieties 

eventually reach an isotropic state with fully incoherent molecular motion.  In stark contrast to 

liquid crystalline materials, the PMO covalent siloxane scaffold prevents translational movement 

and melting of the framework over hundreds of degrees, up to the decomposition temperature of 



 198 

more than 500 °C, yet, it displays a remarkable 2D transition of the phenylene rotators confined 

within the robust layers!  

Exploiting the dynamic behavior observed for the p-phenylene rotators, above and below 

their transition, represents a useful means to elicit a very large and significant thermal response 

within a narrow temperature range. The p-phenylene rotators in the PMO undergo engineered, 

anisotropic rotation characterized by a low-frequency component, which can be drastically 

increased to undergo high frequency rotation within fluid, anisotropic 2D nanophases near room 

temperature. Interestingly, similar non-Arrhenius behavior has been documented in anisotropic 

biological assemblies, such as proteins and membranes.46  Such dynamic behavior is integral to 

biomolecular function, as the biochemical activity in these assemblies directly correlates with the 

onset of certain motions.47    

 

4.4. CONCLUSION  

 In this study, an isotopically enriched p-divinylbenzene mesoporous organosilica with 

molecular-scale periodicity was probed using variable temperature 2H spin-echo solid-state 

NMR in order to investigate the effect of temperature on the rotational dynamics of p-phenylene 

moieties confined in a 2D nanolayer.  Unexpectedly, a straightforward Arrhenius-type model 

could not explain the dynamical behavior of the phenylene moieties.  Instead, a sharp motional 

change combined with a heat capacity jump and a dramatic, temperature-based increase in 

rotational freedom of the rotators was discovered.  It is postulated that the system undergoes a 

change in dynamics from a relatively rigid to a fluid-like medium.  This is a remarkable result for 

an orientational 2D material containing layers of aligned rotators with only one degree of 

rotational freedom and no translational freedom.  We suggest that such behavior might be a 

general phenomenon in p-phenylene PMOs with molecular-scale order, and this study provides 

insight on how to better exploit their properties in the development of amphidynamic materials.   
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 The realization of collective mobility and fluidity in a crystal-like environment suggests 

that PMOs containing functionalized p-phenylene rotators should be exciting candidates for the 

development of artificial molecular machines and functional materials.  The discovery of a 

transition within a 2D anisotropic environment gives general insight on how to design 

anisotropic, stimuli-responsive bulk materials whose engineered dynamical properties vary 

widely over very narrow temperature ranges.  For PMOs in specific, the presence of porosity 

and the easy accessibility of the rotators to the external agents (from the gas or liquid phases) 

constitute an additional way to tune their properties, strengthening their usefulness in the design 

of artificial molecular machines and materials. 

    

4.5. EXPERIMENTAL  

4.5.1. Synthesis of p-bis((E)-2-(triethoxylsilyl)vinyl)benzene. Dimethylformamide and 

triethylamine were distilled from CaH, and stored under N2(g) prior to use.  To a flame dried 

flask under N2(g), fitted with a stir bar and condenser, was added  of p-dibromobenzene-d4 

(3.042 g, 12.8 mmol), triethoxy(vinyl)silane (8 mL, 38.0 mmol), palladium-

tetrakis(triphenylphosphine) (0.075 g, 0.51 mol %), triethylamine (11 mL, 78.6 mmol), and 

previously degassed dimethylforamide (23 mL).  The solution was refluxed at 110°C for four 

days, after which the solvent was removed in vacuo at 75°C.  Hexanes were added to the dark 

brown sludge and the mixture was stirred at room temperature for four hours, and then 

subsequently filtered.  The hexanes were removed from the solution by distillation, affording 

4.166 g (71 % yield) of the pure product as a brown oil. 1H NMR (CDCl3, 400 MHz) of p-DVB-d4: 

! 7.22 (d, 1H), 7.19 (d, 1H), 6.21 (d,1H), 6.16 (d, 1H), 3.91 (q, 2H), 3.89 (q, 2H), 3.87 (q, 2H), 

3.85 (q, 2H), 1.28 (t, 3H), 1.26 (t, 3H), 1.24 (t, 3H). 13C NMR (CDCl3, 100.7 MHz) of p-DVB-d4: ! 

s 148.36, s 137.75, t 126.73, 126.54 and 126.30, s 118.12, s 58.58, s 18.24 
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4.5.2. Periodic Mesoporous Organosilica.  3.082 g (8.5 mmol) of CTAB and 2.930 g (73.3 

mmol) of NaOH were dissolved in 146.172 g distilled H2O by stirring.  To this solution was 

added 2.811 g (6.12 mmol) of p-bis((E)-2-(triethoxylsilyl)vinyl)benzene.  The mixture was stirred 

at room temperature for 20 hours, and then allowed to stir at 95°C for 22 hours.  The resulting 

suspension was then filtered, and the solid was washed with water and EtOH to yield 1.817 g of 

the surfractant containing PMO.  To remove the surfractant, the solid was suspended in a 

solution of 7.363 mL ethanol and 3 mL of HCl (conc.) and stirred at 55°C for 6 hours, then 

filtered.  The resulting solid was subjected to reduced pressure for 24 hours, subsequently 

yielding 0.772 g of the surfactant-free PMO. 
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4.6. INDEX 4A: COMPOUND CHARACTERIZATION DATA 

 

 

Figure A.4.1. 1H NMR (above) and 13C NMR (below) of the deuterated monomer p-bis[(E)-2-

(triethoxylsilyl)vinyl]benzene-d4. 
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Figure A.4.2. Powder X-ray diffraction of the hybrid mesoporous material p-DVB PMO prepared 

starting from p-bis[(E)-2-(triethoxylsilyl)vinyl]benzene. The d-spacings of 44.31, 25.80, 22.53 Å 

are associated to the mesoscale periodicity while the d-spacings of 11.91, 5.97, 3.05 Å are due 

to the periodic order on the walls along the channel axis.  

 

Figure A.4.3. N2 adsorption isotherm at 77 K of the p-DVB PMO sample. The pore distribution 

analysis using BJH method is reported in the inset. The BET surface area is of 833.76 m2/g, the 

pore size distribution is centered at 35.9 Å (Barret, Joyner, and Halenda model for cylindrical 

pores with Kruk-Jaroniec-Sayari correction).  
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Figure A.4.4. Ab initio calculation of the divinylbenzene energy barrier about the C1-C2-C3-C4 

dihedral angle using DFT method at the B3LYP/6-31G(d) level using Gaussian 03 software.48 

All the geometries were optimized and constrained optimization of the dihedral angle fixed at the 

values reported in the graph (at intervals of 10°) was applied. 
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5.1.  INTODUCTION 

 Artificial molecular machines are a promising platform for the development of stimuli-

responsive bulk materials.  This is based upon the idea that the biomolecular machines found in 

nature perform beautifully sophisticated tasks in response to an external stimulus, such as the 

contraction of skeletal muscle via application of an electrical signal, which ultimately effects the 

locomotion of organisms. By harnessing even a small extent of such complex function, synthetic 

molecular machines may offer truly new routes towards the realization of “smart” materials.  

Major points to be addressed in the development of such new materials based upon artificial 

molecular machines include understanding what kinds of function can be engineered, controlled 

and manipulated at the molecular level, identifying the most ideal type of function for an 

intended purpose, and finally realizing a means to obtain a particular function in a medium 

through the power of synthetic chemistry.  In other words, understanding and developing 

structure/function relationships for the engineered dynamics of molecular machines will lead to 

considerable progress in the field.   

While there exists many appealing functional, or analogic, 1  similarities between 

macroscopic and molecular machines, it is known that the physics that dominate their motional 

processes are inherently different.  Thus, it is critical to understand the distinction between 

dynamics and function that occur at the two size scales when designing and developing 

molecular machines for a specific purpose.  Newton’s Laws of classical mechanics dictate the 

behavior of macroscopic objects, whereas the behavior of molecules is ultimately governed by 

quantized energy states.  Studies regarding molecular machines, both biomolecular and 

synthetic in origin, have revealed that stochastic movements, i.e. Brownian motion, and the 

viscosity of the surrounding environment also bear a significant influence on their motional 

behavior.  Nevertheless, by limiting the available degrees of freedom for a molecular machine, 

the dynamics may become anisotropic in nature.  In a well-defined frame of reference, 
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controlled motion relevant to undergo specific function can occur.  When such motion is coupled 

with a driving force, useful work may ensue.   

Of the many types of molecular machines studied, those based upon rotors represent 

some of the best characterized.2,3  In these systems, the available rotational degrees of freedom 

are limited so that a rotator moiety reorients about a well-defined axis.  The dynamics of 

molecular rotors that undergo (approximately) a single torsional degree of freedom, !, are 

adequately described by the Langevin equation for a one-dimensional rotor system:4 

 

!
!
!
!

!!!
! !

!!!!"#

!"
!! !!!

!!

!!
!! !!!!!! !!!!!                                     (Eq 5.1) 

 

where ! is the rotator’s moment of inertia about its rotational axis, !!"#!is the potential energy 

surface that characterizes all of the static and time dependent interactions between the rotator 

and the external world, ! is the friction constant arising from intermolecular interactions, and 

!!!! !!!!is the stochastic torque representing thermal fluctuations in the system at a given 

temperature (T) as a function of time (t).‡ In most scenarios, the viscosity (related to the friction 

constant) of the surrounding medium is very large and the rotator’s moment of inertia is very 

small, such that inertial effects are essentially negligible in the presence of friction effects and 

Brownian, or random, reorientations occur.  At temperatures that correspond to Boltzmann 

energies (kBT) less than the rotational activation barrier Ea, the rotator would spend 

considerable amounts of time in the bottom of the potential well, undergoing librations at or near 

its attempt frequency, and occasionally surmounting the potential barrier via randomized hops to 

adjacent potential minima.  At higher temperatures, the time spent in each potential minimum 

would decrease as additional rotational energy levels become populated, until the time spent in 

each well would approach zero and the limit of diffusional reorientation would begin to occur 
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(assuming that the influence of the underlying rotational potential could not significantly perturb 

loosely bound thermally excited rotational energy states).  

In contrast, if the viscosity of the rotator’s environment becomes very small or if the 

moment of inertia becomes very large, inertial effects may become significant.  An inertial 

molecular rotor would rotate in response to the application of an external torque and possess 

kinetic energy characterized by an angular momentum.   Michl and coworkers have shown from 

the Langevin equation (Eq. 5.1, vide supra) that for scenarios when kBT > 
!!!"#

!"
! !

!!

!!
!! 

(specifically for the idealized case when 
!!!"#

!"
!!= 0), a molecular rotator would move as though it 

possessed an angular velocity of (kBT/I)1/2 on very short time scales.4,5  Therefore, very low 

activation barriers should facilitate the observation of inertial effects, although thermal 

excitations may interfere with rotational trajectories at longer time scales, leading to complex 

types of dynamics in the absence of friction effects.6  

Characterizing and controlling the dynamical behavior of molecular rotors where inertial 

effects are significant represents an interesting strategy to obtain previously unrealized 

functional behavior.  However, its realization presents a challenging array of design 

considerations.   Molecular rotors for new materials are most useful when they undergo well-

defined function in an anisotropic medium that provides an external frame of reference and 

localizes the machine where it is needed (i.e. in condensed-phase matter). However, anisotropic 

condensed phases generally have very large viscosities arising from close contacts and 

intermolecular interactions that interfere with dynamics. Therefore, the identification of a 

synthetic design to assemble molecular rotors in a suitable environment that displays specific 

periodicity, symmetry, and dimensionality, with a low rotational barrier and with very low 

viscosity, is essential to obtain useful dynamics in general, and specifically to observe inertial 

behavior.   
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It has been suggested that a relatively new class of artificial molecular machines may be 

based on crystalline solids, which are specifically designed with very low solid-state viscosities 

around the dynamical components. The low viscosities arise from the presence of programmed 

free-volume in the crystal lattice, which facilitates rapid, low energy anisotropic dynamics when 

the constituent molecular machine parts are judiciously selected.  These amphidynamic 

materials, or crystalline molecular machines, represent an extremely promising platform for the 

development of stimuli-responsive bulk materials due to their ability to readily undergo 

engineered anisotropic dynamics.7  Previous studies of crystalline artificial machines based 

upon designer molecular gyroscopes and compasses have shown that it is possible to 

systematically engineer low energy uniaxial rotation in the solid state.7, 8 , 9    This was 

accomplished through the design and synthesis of molecular rotors that exploited knowledge of 

intermolecular interactions relevant to crystal engineering, so that their self assembly into an 

architecture amenable to solid-state rotational function could occur.7 

                       

Figure 5.1. (Left) A representative molecular gyroscope, and (right) an assembly of molecular 

gyroscopes, also called an amphidynamic material. 
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The internal structural design of such molecular rotors for amphidynamic materials is 

based upon a rotating component attached to an axle and a stator group that anchors it, defines 

a frame of reference, and is responsible for the lattice interactions important to crystal formation 

(Fig. 5.1.).  In order to modulate the rotational behavior in different systems, the kinetic 

parameters of the dynamics may be rationally altered through careful design and synthesis of 

the individual molecular rotors.  While the pre-exponential factor for a given rotator is 

constrained by the upper limit of its inertia, the barrier to rotation for a given rotator is controlled 

by its potential energy surface in the condensed phase,7 which is affected both by 

intermolecular interactions and the gas phase (intrinsic) electronic barrier to torsional rotation.  

These characteristic properties offer exciting opportunities to vary the molecular gyroscopes’ 

structures and study what effects they have on the resulting solid-state packing and dynamics. 

In order to establish structure/function relationships for the optimization of machine 

dynamics towards the realization of inertial behavior, systematic variations in the stator design 

of molecular rotors have been explored.  Through an expansion of the stator size, the packing 

coefficient, or average free volume within the unit cell Ck,
10 may be rationally lowered.  This 

approach has proven extremely successful in lowering the solid-state barrier to rotation, which is 

greatly affected by intermolecular interactions (friction).  For a series of solid-state molecular 

gyroscopes sharing the same 1,4-phenylene rotator,‡‡ but with different stator structures, the 

rotational barriers were found between ca. 4.4 – 14.0 kcal/mol (Fig. 5.2.).  While these low 

barriers to rotation are a significant accomplishment for engineered rotation in the solid state, 

they correspond to Boltzmann energies (kBT) with temperatures of 2214 K and 7045 K, 

suggesting that friction effects arising from intermolecular interactions still play a significant role 

in affecting dynamics.  For these systems, observing the inertial effects of molecular rotators on 

short time scales when Ea< kBT would be impossible before thermal decomposition occurs.11   
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Figure 5.2.  Molecular gyroscopes in crystals display packing coefficients in the range of ~0.68-0.73, 

while molecular rotors arranges in a metal-organic frameworks exist in environments characterized by 

much lower packing coefficients.  The lower limit of Ck for molecular crystals is 0.65. 

 

 In order to observe inertial effects of molecular rotors, friction effects must be further 

minimized and the rotational activation barriers arising from such friction effects (intermolecular 

interactions) must be eliminated.  A benchmark value for the rotational activation energy of a 

molecular rotor is represented by a Boltzmann energy (kBT) at T = 298 K of ca. 0.6 kcal/mol.  

Therefore, for rotational activation barriers Ea < 0.6 kcal/mol, residual thermal energy at 298 K 

and above would surpass that needed to activate dynamics, leading to the population of a large 

number of rotational levels, thus generating an essentially flat potential energy surface where 

intermolecular friction effects would become negligible and inertial effects could influence 

rotation before the force dissipates.   Based on the structure/function relationship inversely 

relating the amount of free volume around the rotating component to the rotational activation 

energy (Fig. 5.2.), eliminating all close contacts in molecular crystals should reduce the 

rotational barrier for motion in solids to the rotation’s intrinsic gas phase barrier. However, for 

molecular crystals, the packing coefficient Ck has been shown to possess a lower limit of 0.65. 

Therefore, it is unlikely that structures formed through van der Waals interactions could be 
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obtained completely void of close contacts around the rotating component. In order to obtain 

greater free volume within condensed phases, new types of architectures based on upon 

stronger, more directional lattice-forming interactions are needed to access packing coefficients 

much less than 0.65. 

An alternative approach to vary the stator design has involved using metal-organic 

frameworks (MOF) to assemble a network of rotor ligands.  In these architectures, depicted in 

the right-most structure of Fig. 5.2. with a 1,4-phenylene rotator as a ligand, the metal clusters 

act as the stators to support the axle.  The robust interactions between the ligand and the metal 

cluster result in very low-density crystals that maintain permanent porosity even after solvent 

guest molecules are removed.  Therefore, the free-volume attainable in MOF structures could 

facilitate frictionless, low energy rotation for the development of “inertial” solid-state molecular 

machines.  Our group has studied the rotational dynamics MOF-5, a prototypical cubic MOF 

structure characterized by a packing coefficient of 0.21, consisting of Zn4O(CO2)6 clusters 

connected through axially-substituted phenylene ligands (Fig. 5.2.).   

Although there is significantly more free volume in MOF-5 relative to the molecular 

gyroscopes in Fig. 5.2., the activation barrier for p-phenylene rotation is much higher, ca. 11.3 ± 

2.0 kcal/mol, than most of the values for the molecular gyroscopes, ultimately resulting in 

hindered rotational dynamics.12  Though this seemingly defies the trend observed for packing 

coefficient and rotational activation energy, the source of this high barrier is the intrinsic (gas 

phase) rotational barrier.  Therefore, engineering a MOF with ligands that possess a negligible 

intrinsic electronic barrier of the rotator about its axis provided by the static carboxylates should 

result in “inertial” artificial solid-state molecular rotors for the development of stimuli-responsive 

bulk solids. Since the high electronic barrier in MOF-5 is due to the conjugation of the aromatic 

!-system with the 1,4-substituted carboxylate moieties, we hypothesized that a rigid aliphatic 

ligand bearing the necessary 1,4-carboxylic acids would be suitable as a MOF ligand with a low 
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barrier to rotation.  Based upon previous studies involving 1,4-substituted bicyclo[2.2.2]octane 

ligands, we decided to pursue this rotator core for the generation of a new MOF.   

This study has resulted in the successful synthesis of a novel cubic metal-organic 

framework based upon rigid 1,4-axially substituted bicyclo[2.2.2]octane rotator ligands 

connected through Zn4O(CO2)6 clusters.  The rotators in the structure undergo rapid dynamics, 

in the absence of close contacts, and possess a negligible rotational activation energy of 0.185 

kcal/mol—the lowest measured barrier to engineered rotation in a crystal so far—that was 

established through proton solid-state NMR spectroscopy spin-lattice relaxation measurements 

from 2.3 K - 80 K.  At temperatures greater than ca. 93 K, kBT > Ea, resulting in an ideal system 

to allow for the observation of inertial rotation on very short time scales. In order to characterize 

the trajectories of rotational motion, a deuteron-enriched bicyclo[2.2.2]octane ligand was 

synthesized based upon a novel enrichment procedure.  Solid-state deuterium spin-echo NMR 

spectroscopy of the resulting deuteron enriched MOF from 6 K – 298 K not only confirmed the 

very low barrier rotational dynamics revealed from the proton NMR spectroscopy spin-lattice 

relaxation experiments, but also revealed the presence of complex dynamical trajectories as a 

result of thermal excitations.  This amphidynamic material represents the first condensed-

phased structure where the engineered dynamics of its constituent molecule machines may 

undergo inertial behavior. 

 

5.2. RESULTS 

5.2.1.  LIGAND SYNTHESIS  

  Two bicyclo[2.2.2]octane 1,4-dicarboxylic acid (BODCA) isotopologues 6 and 6-d 

(natural abundance and deuteron-enriched, respectively) for the synthesis of  

bicyclo[2.2.2]octane 1,4-dicarboxylate metal-organic frameworks (BODCA MOF) for 

characterization involving both proton and deuteron solid-state nuclear magnetic resonance 

(SSNMR) spectroscopy were obtained via a linear synthesis involving the Jones oxidation of 
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diol 5, whose synthesis has been previously reported.8  Deuterons were statistically 

incorporated into the aliphatic bicyclo[2.2.2]octane core by employing triethylene glycol-H/D and 

NaOD during a novel Huang-Minlon modified Wolff-Kishner reduction in step five (Scheme 5.1.).  

Typical deuteron ring contents were on average ca. 25%, and this value was established 

through a combination of field desorption ionization mass spectrometry and the integration of 

the two methylene peaks observed in the 1H CDCl3 solution NMR spectrum for the ring and 

methanolic protons of bicyclo[2.2.2]octane-1,4-diyldimethanol 5-d.   

 

Scheme 5.1.  Stepwise linear synthesis of the BODCA ligand, shown with modifications to install 

deuterons on the bicyclic core, with the average statistical 2H content shown in blue. 

 

 

 

 

 

5.2.2.  METAL-ORGANIC FRAMEWORK SYNTHESIS 

The bicyclo[2.2.2]octane 1,4-dicarboxylate metal-organic framework (BODCA MOF) was 

obtained via a one-pot, room temperature reaction with zinc acetate dihydrate in dimethyl 

formamide (Scheme 5.2.).  The reaction was sensitive to the molar ratio of BODCA ligand to 

zinc acetate dihydrate, with an optimized ratio of 1:3 employed in the MOF synthesis, 
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respectively.  Using different molar ratios resulted in amorphous materials or the presence of 

additional phases in the BODCA MOF powder X-ray diffraction (PXRD) that did not correspond 

to the desired cubic structure (whose solution was determined from PXRD, vide infra).  

Additionally, the BODCA MOF was moisture sensitive, and prolonged exposure to ambient 

moisture in air results in its decomposition.  

 

Scheme 5.2.  One-pot synthesis of BODCA MOF, where red represents the dynamic rotator moieties and 

blue represents the static carboxylate and ligand clusters relative to the rotator.   

 

            

 

5.2.3.  STUCTURAL SOLUTION OF BODCA MOF VIA POWDER X-RAY DIFFRACATION 

ANALYSIS  

5.2.3.1.  DATA COLLECTION  

Powder X-ray diffraction data were collected using a Panalytical X'Pert Pro X-ray 

Powder Diffractometer !-2! diffractometer in reflectance Bragg-Brentano geometry employing 

Ni filtered Cu K" lines focused radiation (1.54059 Å) at 1600 W (40 kV, 40 mA) power and 

equipped with a Na(Tl) scintillation detector fitted at 0.2 mm radiation entrance slit. Samples 

were mounted on zero background sample holders by dropping powders from a wide-blade 

spatula and then leveling the sample with a razor blade. The best counting statistics were 
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achieved by collecting samples using a 0.02º 2! step scan from 1 – 90º with an exposure time 

of 2 s per step. All measurements were performed at room temperature and atmospheric 

pressure.  

 

5.2.3.2.  UNIT CELL DETERMINATION  

Unit cell determinations were carried out using Materials Studio 13  Reflex Indexing 

module for peak selection and interfacing with the TREOR. Satisfactory solutions in the cubic 

system were found with aTREOR = 12.678(29) Å [Figures of merit M(13) = 17, F13 = 11 (0.021722, 

59)].  

 

5.2.3.3.  PAWLEY REFINEMENTS  

Extraction of the integrated intensities (Iobs) were conducted by full-pattern-

decomposition using the Pawley method in Topas14 using data from 2! = 5 – 80º.  The 

background was first refined applying a 10nd order Chebyschev Polynomial. The profile was 

calculated starting with the unit cell parameters from the TREOR using a’ = 2.aTREOR (for a cubic 

supercell similar to MOF-5) and the space groups  and P1. The integrated intensities (Iobs) 

were extracted by a full pattern decomposition using a Thomson-Cox-Hasting pseudo Voigt 

peak profile, followed by refinement of peak asymmetry using Finger et al. asymmetry function. 

Unit cells and zero-shift were then refined with peak asymmetry. Once this was achieved, the 

background was refined with 20th-order polynomial. Refinement of unit cell parameters, zero 

shift, peak asymmetry, Lorentz polarization, crystallite size and strain, and linear absorption 

were used for the final profile. Residuals: Rp = 7.77, wRp = 13.25, "2 = 4.04. 

 

5.2.3.4.  ELECTRON DENSITY CALCULATION 

Electron density maps (Fig. 5.3.) were calculated using SUPERFLIP (Superflip—a 

computer program for the solution of crystal structures by charge flipping in arbitrary 

! 

P23
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dimensions).15  Calculations were made by adapting the powder pattern routine16 with the 

histograms generated from a similar compound MOF-5 17  using the indexed integrated 

intensities obtained from the Pawley refinement. Electron density maps and their symmetry 

were also calculated using the space group  after equipartition of integrated intensities.  

                                     

 

Figure 5.3. Example of a reconstructed electron density map obtained from SUPERFLIP (viewed along 

the 100 direction). 

 

5.2.3.5.  CRYSTAL STRUCTURE MODELING 

The model for BODCA MOF, including cell parameters and atomic positions was 

generated using Materials Studio chemical structure-modeling software employing the Crystal 

Building module. The structure of BODCA MOF was first generated using the space group Pm-

3m, the cell parameters were used as obtained from LeBail refinement, and the atom positions 

were obtained from the MOF-5 structure by replacing the p-phenylene ring with 1,4-

bicyclo[2.2.2]octane ring. The constructed structure was minimized with the Forcite module 

using the geometry optimization with the universal force field (UFF).18 Further modeling for 

Rietveld refinements required increase of symmetry from Pm-3m to Fm-3m keeping unit cell 

constant and accounting for the fractional occupancy of the atoms due to the rapid rotation of 

the BODCA MOF bicyclo[2.2.2]octane rotators about their 1,4 axes. 

! 

P1
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5.2.3.6.  RIETVELD REFINEMENTS  

Rietveld refinements were performed using GSAS (General Structure Analysis 

System)19, using data from 2! = 5 – 90º (Fig. 5.4) up to a resolution of dmin = 1.16 Å. The profile 

used was GSAS function number 3, which consists on Thomson-Cox-Hasting modified pseudo-

Voigt function with 6 terms, and Finger-Cox-Jephcoat peak asymmetry with 2 parameters, using 

peak cutoff of 0.007. The starting unit cell parameters and atomic positions were obtained from 

Materials Studio modeling, using space group Fm-3m. The background was initially hand fit to a 

20th order Shifted Chebyschev polynomial. The profile was initially calculated using the model-

biased LeBail full-pattern decomposition routine, refining first the Gaussian and then the 

Lorentzian components, followed by the asymmetry.  Unit cell parameters, zero-shift corrections 

and Lorentz-polarization (LP) function were then refined observing convergent refinements.  

Following the LeBail fit, Rietveld routine with extraction of the structure factors (Fobs) was then 

used refining the scale factor, unit cell parameters, zero shift and LP function, followed by the 

background function and the crystallite size, strain broadening and anisotropic microstrain. Two 

oxygen atoms were included inside the pores (at 4a and 4b Wyckoff positions) to partially correct 

for the influence of water guest molecules (present from the interaction with ambient 

surroundings over the course of the PXRD data collection, as the TGA of the freshly activated 

BODCA MOF shows no mass loss until 450 oC), and their occupancy factors were refined with 

convergent results. A March-Dollase preferential orientation correction at the 100 plane was 

added to the refinements (after testing refinements with 100, 110, 111, 210 and 211 planes 

obtaining best fits with the 100 correction). Isotropic atomic displacement parameters (Uiso) of all 

non-hydrogen atoms were refined with constraints (constraining all the chemically equivalent 

atoms), in addition to the asymmetry function. Uiso of hydrogen atoms were then added with 

constraints and included in the refinements. During the course of the final refinements, the 

oxygen atom that accounts for guests at the 4a Wyckoff position constantly resulted in negative 

values of partial occupancy and thus was removed from the model. Final refinements included 
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all before mentioned parameters with the exception of the profile parameters (32 parameters), 

which were refined with iteratively until convergent refinements were obtained. Fobs were 

extracted, bond distances and angles were calculated and a crystallographic information file 

(CIF) was generated. 

 

 

Figure 5.4. Experimental (blue ticks) and refined (red line) PXRD patterns of BODCA MOF after Rietveld 

refinement compared to the calculated pattern (black line) of the crystal model. The position of the Bragg 

reflections and the refinement difference plot are indicated as purple ticks and green line, respectively. 

 

5.2.4.  ISOTHERM DATA OF BODCA-D MOF 

The dinitrogen adsorption isotherm (77 K) displays a sharp uptake with a single 

adsorption step at P/Po > 0.01 followed by saturation, indicating a microporous material.  It can 

be also described as a Type I isotherm under the IUPAC classification system (Figs. A.5.23.- 

A.5.25.). Application of the Brunauer-Emmett-Teller (BET) model over 0.005 > P/Po > 0.05, 

according to the recommendation by Snurr et al.20 resulted in a BET surface area of S(BET) = 
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2150 m2 g-1. The total pore volume was determined from the Dubinin-Raduschevich (DR) model 

over the 0.13 > P/Po > 0.35 range, obtaining a Vp,DR = 0.8630 cm3 g-1. In the figure, the 

adsorption branch is represented by filled symbols and the desorption branch by open symbols, 

indicating the reversibility of the adsorption with no evident hysteresis. 

 

5.2.5. SOLID-STATE NMR SPECTROSCOPY 

5.2.5.1.  13C CP/MAS  

The 13C CP/MAS spectrum was acquired at UCLA using a Bruker DRX 300 

spectrometer operating at a 13C frequency of 75 MHz and a 1H frequency of 300 MHz using a 1H 

ninety degree (!/2) pulse width (p1) of 4.40 microseconds (µs), a Hartmann-Hahn contact time 

of 5 milliseconds (ms), a data acquisition time of 66 ms, and a recycle delay of 20 s. The sample 

was sandwiched between anhydrous MgSO4 dessicant in the 4 millimeter (outside diameter) 

rotor to prevent decomposition from ambient moisture over the course of the experiment, and 

was spun at a MAS rate of 10 kHz. 

 

5.2.5.2.  1H SPIN-LATTICE RELAXATION  

To determine the rotational dynamics and activation energy of the molecular rotors in 

BODCA MOF, proton spin-lattice relaxation (T1) measurements were carried out at UCLA at two 

different 1H Larmor frequencies of 29.49 MHz and 13.87 MHz and over a wide range of 

temperatures in the solid state.  Wide-line 1H spectra from 2.3 K - 80 K were measured in a 

polycrystalline BODCA MOF sample sealed in a capillary under an ultra-high purity helium 

atmosphere.  A commercial electromagnet operating at a field strength Bo of 0.699 T or 0.322 T 

(for the high and low field measurements, respectively) was equipped with a solid-state NMR 

spectrometer and liquid helium cryoprobe built at UCLA.  For the tank circuit, a very small NMR 

coil was constructed using Teflon®-coated copper wire wound on a wire form.  The capillary 

tube containing the polycrystalline BODCA MOF powder was inserted into the coil and held in 
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place with a custom designed Teflon® box.  Acetone was used for cleaning the coil and its 

surroundings to reduce spurious proton signals relative to the BODCA MOF sample.  The 

thermometer was calibrated by performing Cu T1 measurements and correlating the relaxation 

times with the thermometer’s resistance. 

 The 1H spin-lattice relaxation was measured using a saturation recovery sequence 

combined with a spin-echo, in which a saturation pulse comb (3 * !/2) was followed a time "’ 

later ("’ values taken from the variable delay list) with a !/2 pulse p1 (typical pulse width p1=0.95 

µs) and subsequently a pulse p2.  The angle of p2 is adjustable to maximize the spin-echo 

magnitude, and pulses were calibrated as necessary. Saturation recovery traces from 2.3 K to 

80 K were fit well with a single exponential function (Figs. A.5.26. and A.5.29.).   

 

5.2.5.3.  2H WIDELINE AND ZEEMAN SPIN-LATTICE RELAXATION 

In order to determine a model of the 1,4-bicyclo[2.2.2]octane dynamics as it relates to its 

rotational potential, as well as to gain additional insight and complementary information about 

the dynamical activation energy and pre-exponential factor, 2H solid-state NMR wide-line 

spectra and Zeeman spin-lattice relaxation times were acquired at Pacific Northwest National 

Laboratory’s (PNNL) Environmental and Molecular Sciences High Field Magnetic Resonance 

Facility at a Larmor frequency of 76.78 MHz.  A commercial superconducting Oxford magnet 

operating at a set field strength Bo of 11.7 Tesla was equipped with a solid-state NMR 

spectrometer and 5 mm liquid helium cryoprobe built at PNNL.   A saturation recovery sequence 

was employed to acquire periodically the 2H spin-lattice relaxation times (T1) as a function of 

temperature to enable selection of an appropriate recycle delay (Fig. A.5.31.).   Fully relaxed 

wide line spectra for line shape analysis were acquired with the quadrupolar spin-echo pulse 

sequence, (!/2)x–t1–(!/2)y–t2, with a typical !/2 pulse of 2.1 µs and a pulse spacing of t1=t2=50 

µs.  Theoretical simulation of the 2H NMR wide line spectra for a three-site 120° jump model 
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with large angle librations was performed by the program Express 1.0,
21 with a quadrupolar 

coupling constant of 170 kHz (determined from the 6 K spectrum in the slow-exchange limit, krot 

! 1E4 Hz), a cone angle of 70 degrees, and an asymmetry parameter of !=0. 

 

5.3. DISCUSSION 

5.3.1.  Synthesis  

 Synthesis of the known bicyclo[2.2.2]octane 1,4-dicarboxylic acid (BODCA) ligand was 

accomplished through the Jones oxidation of diol 5, whose synthesis has been previously 

reported.8  Synthesis of the deuteron-enriched BODCA ligand was accomplished via the 

exploitation of acid-base chemistry in the Huang-Minlon modified Wolff-Kishner reduction in step 

five of the linear synthesis (Sheme 5.1.) through the introduction of triethylene glycol-H/D and 

NaOD, which resulted in a statistical D-labeling distribution established through a combination of 

field desorption ionization mass spectrometry (Fig. A.5.18), and the integration of the 1H solution 

NMR spectrum for diol 5-d.  On average, three out of the eight exchangeable protons were 

replaced with deuterons, resulting in a typical 2H content of three out of the twelve total positions 

(four positions not being exchangable), or 25%, on the bicyclic rotator.   

As expected, the 1H and 13C solution NMR spectra of diol 5-d and diacid 6-d display 

chemical shifts and coupling from isotope effects due to the various substitution patterns of the 

deuterons (Fig. 5.5.) with respect to the NMR-active 1H and 13C nuclei (for NMR and FT-IR 

spectra, see Figs. A.5.5. – A.5.14.).  The NMR chemical shift effects scale with applied 

magnetic field strength (e.g., an applied field strength of 14.1 Tesla results in ca. 16% larger 

values, versus an applied field strength of than 11.7 Tesla).  Similar 1
", 2

", 3
", and 4

" deuterium 

isotope effects on 13C chemical shifts have previously been observed in a related rigid, bicyclic 

system (protoadamantane) and the effects are additive.22  Therefore, the effect on the chemical 

shift due to the presence of deuterium on the methylene bridge carbons may be mathematically 
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represented by the expression !!methylene = !
!

!!!

1
! + !

!

!!!
2
! + !

!

!!!

3
! + !

!

!!!

4
!, where i, j, k, 

and l represent the number of deuterons that are bonded to the carbon (1
!), or are two (2

!), 

three (3
!), or four (4

!) bonds away (these chemical shift effects would be in addition to coupling 

effects arising from deuterons directly bonded to 13C nuclei) (Fig. 5.5).  For the quaternary 

bridgehead carbons of diol 5-d, to which no deuterons may be attached, striking consequences 

are observed due to chemical shift effects arising from nearby 2H substitution, which may be 

represented by the expression !!bridgehead = !
!

!!!

2
! + !

!

!!!

3
! , where m and n represent the 

possible number of deuterons that are two (2
!) or three (3

!) bonds away from it (Fig. 5.6.). 

 

 

 

     

 

 

 

Figure 5.5.  Possible statistical isotopic substitution on rotator core in diol 5-d (and similarly, for diacid 6-

d).  There are a number of possible interactions leading to 1
!, 2

!, 3
!, and 4

! chemical shift deuterium 

isotope effects (vide infra).  It was experimentally determined that the average total deuterium content on 

the ring was three. 
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Figure 5.6.  For the quaternary bridgehead carbon of diol 5-d, to which no deuterons may be attached, 

striking consequences are observed due to 2H substitution arising from chemical shift effects, which may 

be represented by the expression !!bridgehead = !
!

!!!

2
! + !

!

!!!

3
! , where m and n represent the number of 

deuterons that are two (2
!) or three (3

!) bonds away.  The magnitude of 2
! = +0.100 pm is much greater 

than 3
! = + 0.000 - 0.055 ppm, and affects less strongly the 13C chemical shift  (see a zoom in of this 

phenomenon for the bridgehead carbon of 5-d in the 13C NMR spectra collected at frequencies of 125 

MHz and 150 MHz in Figs. A.5.7. and A.5.10, respectively).  The same effects are evident in the diacid 6-

d. 

 

The magnitude and origin of the 2H chemical shift effects on 13C nuclei have been 

previously characterized.22  The smaller vibrational amplitude of a C—D bond with respect to a 

C—H bond results in the bonding electrons being closer, on average, to the resonating 13C 

nucleus in the C—D bond, and hence exerts a larger shielding effect resulting in upfield shifts of 

1
! =0.400 ppm and 2

!=0.100 ppm.  3
! upfield chemical shifts, between 0.000 - 0.055 ppm, 

originate from an angular dependent, through-bond, electron-releasing effect of deuterium and a 

through-space interaction between the C—H(D) dipole and the !-carbon electrons.  4
! chemical 

shift effects of -0.014 to +0.017 ppm arise from a through space interaction of the C—H(D) 

dipole and the "-carbon electrons, steric effects of deuterium, and/or a slight change in the 

bridge conformation resulting from 2H substitution. 

!" (ppm)            ----- # # #    +0.100 # #         #+0.200  # #       +0.300 # #              +0.400   !

= H (2 bonds away from bridgehead) 
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The synthesis of BODCA MOF was accomplished through a room temperature reaction.  

Separate solutions of zinc acetate dihydrate and BODCA ligand, both in dimethyl formamide, 

were mixed together in a rapidly stirring solution.  Upon initial mixing, a white precipitate was 

immediately observed, suggesting the formation of secondary building units leading to MOF 

formation.  Aging of the sample in the mother liquor followed by successive washings and drying 

resulted in the desired structure as a white polycrystalline powder.  The structure was solved 

through powder x-ray diffraction analyses in a cubic crystal system with a space group of  

(No. 200). Supporting evidence for the structural solution for BODCA MOF in the solid state was 

obtained from the 13C CP/MAS NMR spectrum, which displays three peaks in agreement with 

the proposed cubic  space group (Fig. A.5.21), and with an axially-substituted rotator 

undergoing fast rotation.  As might be expected from the similarity of the molecular-long axis 

and 1,4-substitution of the carboxylate moieties between BODCA ligand and phenylene 1,4-

dicarboxylic acid, BODCA MOF displays structural similarities to MOF-5. 

 

5.3.2.  DETERMINATION OF BODCA MOF ROTATOR DYNAMICS VIA SOLID-STATE 1H 

NMR SPIN-LATTICE RELAXATION MEASUREMENTS 

In order to characterize the rotational dynamics of the bicyclo[2.2.2]octane rotators in 

BODCA MOF, we decided to explore the combined used use of 2H and 1H solid-state NMR 

spectroscopy as a function of temperature. The 1H method to characterize rotator dynamics is 

based on the fact that the spin-lattice relaxation of nuclear spins in condensed phases may 

occur via stimulated transitions arising from dynamic processes within the lattice.23 If a given 

conformational motion or group rotation modulates a magnetic interaction (e.g., dipolar 

coupling) and occurs at a rate that is near the Larmor frequency in an otherwise rigid lattice, the 

field that it generates may dominate the nuclear relaxation kinetics of the sample.  If the process 

responsible for relaxation is thermally activated and follows an Arrhenius behavior with a 

correlation time !c (Eq. 5.2), the relaxation may be characterized as a function of temperature in 

! 

Pm 3 

! 

Pm 3 
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order to elucidate its characteristic activation energy (Ea) and pre-exponential factor (!0
-1, or A).  

The fastest relaxation (shortest time) will occur when the rate of motion matches the Larmor 

frequency of the spins under observation in the corresponding magnetic field.  For solid samples 

with strong spin dipolar coupling and rapidly exchanging groups undergoing rotation with a time 

constant !c, the temperature-dependence of the spin-lattice relaxation times at the Larmor 

frequency can be fit to the Kubo-Tomita relaxation expression (Eq. 5.3).24   

 

!c
-1 = !0

-1 exp( -Ea/RT)                                     (Eq. 5.2) 

1H T1
–1  = C [!c (1 + "0

2 !c
2)-1 + 4 !c (1 + 4 "0

2 !c
2)-1 ]                       (Eq 5.3) 

 

The constant C = (2/3) 
#

2 Bnuc
2 corresponds to dipolar interactions related to the relative 

positions of the nuclei that participate in the relaxation process. Bnuc is the static local effective 

dipolar field, and # and "0 are the gyromagnetic ratio and the angular Larmor frequency, 

respectively, of the observed nucleus in a magnetic field. The corresponding 1H NMR 

frequencies in our experiment (in units of !L= "L/2#) are 29.49 and 13.87 MHz.   

As indicated in Fig. 5.7, the 1H T1 measurements displayed behavior characteristic of a 

dynamic process undergoing rotation at a rate near the Larmor frequency of 29.49 MHz at 

temperatures near 18.2 K (Fig. 5.7, red data points) and at 16 K when at a Larmor frequency of 

13.87 MHz.  A Kubo-Tomita fit using Eq. 5.3 to the high temperature data acquired at 29.49 

MHz (black line fit to red data, Fig. 5.6.) for T $ 18.2 K discloses an activation energy of only 

0.185 kcal/mol.  Similarly, a Kubo-Tomita fit using Eq. 5.2 to the high temperature data acquired 

at 13.87 MHz (Fig. 5.7m, black line fit to yellow data) for T $ 16 K discloses approximately the 

same activation energy, exemplifying both the robustness of the fit and the reproducibility of the 

1H T1 measurements.   
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(a)                 

(b)                                 

Figure 5.7.  (a) Kubo-Tomita fit (black lines) to the 1H T1 relaxation data of the natural 

abundance BODCA MOF from T = 2.3 - 80 K, plotted with a semi-log scale for T1
-1 VS 1/T, 

where red corresponds to data collected at a Larmor frequency !L= 29.49 MHz and yellow 

corresponds to !L = 13.87 MHz. The high temperature data from both high and low field 

experiments can be fit well to the Kubo-Tomita fit, revealing an activation energy of only ca. 

0.185 kcal/mol and a pre-exponential factor of 4.7 x 1010 Hz for both fits.  (b)  A zoom in of the 

data shows that the 1H T1 minimum occurs approximately 2.2 K lower at the lower field, in good 

agreement with the Kubo-Tomita fit for the same thermally activated process occurring at the 

two different Larmor frequencies. 
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The experimentally determined activation energy is in good agreement with a calculation 

at the B3LYP/DGDZVP level of theory for BODCA MOF, which predicts a barrier to rotation of 

much less than 1 kcal/mol (Vacek, J.; Chocholousova, J.  Unpublished results, Fig. A.5.30).  

The Boltzmann temperature corresponding to an energy of 0.185 kcal/mol is 93 K.  This means 

that at T !!93 K, the residual thermal energy present will exceed that of the maximum barrier in 

the rotational potential, leading to a significant density of unbound rotational states. The Kubo-

Tomita fit also reveals a pre-exponential factor A = 4.7 x 1010 Hz (!0 = 2.15 x 10-11 s).  This value 

is approximately one order of magnitude smaller than that calculated from the gas phase 

principal moment of inertia for bicyclo[2.2.2]octane about its 1,4-axis at ca. 18 K, A = 3.88 x 1011 

Hz (!0 = 2.58 x 10-12 s), which was determined from the molecular moment of inertia I = 

3.42956E-45 kg*m2 calculated using the RB3LYP/6-31G** level of theory and by applying 

Kawski’s equation for the determination of the rotational correlation time for a molecular rotor, 

!o = (2"/9)( I / kbT)#.25  The reason for this discrepancy is currently unclear, but potentially 

could arise from a solid-state effect related to modified vibrations due to network phonons within 

the MOF.  At lower temperatures directly following the minimum in spin-lattice relaxation time at 

18.2 K or 16 K (corresponding to data acquired at 1H Larmor frequencies of 29.49 MHz and 

13.87 MHz, respectively), the experimental data deviates significantly from the Kubo-Tomita fit.  

As the temperature approaches 2.3 K, the spin-lattice relaxation times change less and less 

with temperature, resulting in a slope that corresponds to an activation barrier even lower than 

the 0.185 kcal/mol derived from the Kubo-Tomita fit for both data sets above the T1 minimum. 

This suggests that additional spin relaxation processes other than the thermally-activated 

rotational modulation of dipolar interactions could arise at very low temperatures.  Overall, the 

entirety of the 1H T1 data and analysis suggests that the free-volume BODCA MOF architecture 

facilitates a dynamic process of its constituent 1,4-bicyclo[2.2.2]octane rotators that is 

characterized by an activation energy of only 0.185 kcal/mol.  This system meets the goal to 
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design a system with an anisotropic dynamical barrier less than or equal to the benchmark 

value of kBT ! 0.6 kcal/mol towards the observation of inertial rotational behavior of crystalline 

molecular machines. 

 

5.3.3. DYNAMICS IN BODCA MOF VIA 2H SOLID-STATE NMR MEASUREMENTS 

5.3.3.1.  GENERAL ANALYSIS OF 2H SOLID-STATE NMR DATA  

The 1,4-bicyclo[2.2.2]octane rotational dynamics in the isotopically enriched BODCA-D 

MOF were analyzed by variable temperature solid-state 2H NMR spectroscopy.26 This method 

relies on the high sensitivity of the quadrupolar interaction between the nuclear spin and the 

electric field gradient at the nucleus, which depends strongly on the orientation of the C—D 

bond vector with respect to the direction of the external magnetic field.  Powdered samples with 

static deuterons are characterized by a broad symmetric spectrum known as a Pake pattern that 

consists of two singularities and two outer shoulders.27  In contrast, deuterons experiencing 

dynamic processes in the range of 1E4 Hz to 1E8 Hz display spectral changes that depend both 

on their frequencies and trajectories of motion, which can facilitate the modeling of a rotator’s 

potential energy surface.  

 Measurements on BODCA-D MOF were carried out on a polycrystalline sample sealed 

under an ultra-high purity helium atmosphere in a 5 mm glass NMR tube using a quadrupolar 

spin-echo pulse sequence at 16 different temperatures from 6 K to 292 K (Fig. 5.8.). The 

spectrum measured at 6 K was a characteristic Pake pattern suggesting motion in the slow 

exchange regime (! 1E4 Hz) (Fig. 5.9). The next spectrum at T = 9 K shows signs of anisotropic 

motion that result in a very slight increase in the center intensity of the Pake pattern.  This 

intensity subsequently grows upon further warming as a singularity centered at 0 KHz, while the 

outer singularities at ± 57 KHz gradually decrease in intensity until they are not visible at 

temperatures greater than 51 K.  Dramatic line shape changes occur in the temperature range 
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of 9 K – 41 K.  Spectra at temperatures between 75 K and 101 K show a sharpening of the inner 

singularities at ± 20 kHz, which first appear from warming at 31 K.  At temperatures of 149 K 

and greater, the spectra are characteristic of motion in the fast exchange regime, krot ! 1E8 Hz.  

Overall, a qualitative assessment of the 2H line shape data from 6 K to 292 K shows that the 

axially-substituted bicyclo[2.2.2]octane rotators undergo anisotropic rotational dynamics that 

persist in the intermediate exchange regime (krot ! 1E4 Hz ) down to a low temperature of 9 K! 

                        

Figure 5.8.  (Left) Evolution of the experimental 2H wide line Pake pattern of BODCA MOF-D from T = 6 – 

292 K.  (Right) Simulated fits corresponding to a three-site jump model with fast, large amplitude 

rotational librations.  All spectra are scaled to equal intensity for ease of comparison. 
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 Further analysis of the 2H line shapes at 9 K and 6 K (Figs. 5.8. and 5.9.) suggests that 

the onset of the slow exchange regime (krot !!1E4 Hz) for the rotators occurs at around 6 K. 

Assuming a pre-exponential factor on the order of ~1E11 Hz (a value based on the 

bicyclo[2.2.2]octane’s principal moment of inertia about its 1,4-axis, vide supra), one may 

calculate an approximate activation energy by applying the Arrhenius equation: 

 

 krot (slow exchange) = 1E4 Hz =  1E11 Hz * exp( -Ea/R* 6 K)  (Eq. 5.4) 

 

Assuming the Arrhenius expression remains valid in this temperature range, equation 5.4 yields 

an activation barrier to rotation Ea = 0.192 kcal/mol.  This value is in excellent agreement with 

the activation energy measured from the Kubo-Tomita fit of the 1H T1 data, Ea = 0.185 kcal/mol.  

In fact, if the Kubo-Tomita fit remains valid to characterize thermally activated rotational 

processes at temperatures below the 1H T1 minimum, application of the activation parameters 

determined from it can also facilitate the calculation of the theoretical temperature when the 

rotational dynamics will enter the slow exchange regime krot ! 1E4 Hz (assuming that the 

presence of 2H does not significantly perturb the rotational dynamics relative to the natural 

abundance rotator).  Accordingly, the slow exchange regime is calculated to begin at ca. 6.1 K.  

This is in excellent agreement with the experimental 2H wide line NMR spectra, which again 

show that the onset slow exchange regime occurs somewhere around 6 K (Fig. 5.13.).  The 

results obtained from these studies suggest that the presence of deuterons on the 

bicyclo[2.2.2]octane rotator do not significantly modify the rotational barrier.  This is in direct 

agreement with a previous study based upon a 1,4-phenylene rotator, where the experimentally 

determined rotational activation energy for the natural abundance and deuterated isotopologues 

were in excellent agreement with one another.28   
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Figure 5.9.  Experimental 2H wide line Pake patterns of BODCA MOF-D from T = 6 – 41 K.  All spectra 

are scaled to equal intensity for ease of comparison. 

  

Further information about the rotational dynamics in BODCA MOF can be gained from 

analysis of the 2H T1,Zeeman data, where it can be shown that the low temperature data directly 

following the 2H T1 minimum (at approximately 21 K) in a ln(T1) VS 1/T plot, T = 16 K – 9 K, has 

a slope equal to Ea/R. ‡‡‡   A linear regression fit (R2= 0.9836, red line in Fig. 5.10.) to this data 

yields an activation energy Ea = 0.148 kcal/mol.  This activation energy determined from the 

fitting of the 2H T1 data is consistent with that determined from both the 2H line shape data (from 
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the onset of the slow exchange limit at 6 K) and the Kubo-Tomita fit to the 1H T1 data.  It is 

noteworthy to mention that including the lowest temperature 2H T1 data point at 6 K reduces the 

linear regression “goodness of fit” value R2 to 0.9784.  This apparent deviation of the low 

temperature point at T= 6 K from the 9 K – 16 K data (Fig. 5.10.) may suggest that additional 

spin relaxation processes other than the thermally-activated rotational modulation of dipolar 

interactions are present at very low temperatures, consistent with the observation for the 1H T1 

data.  Overall, general analysis of the 2H solid-state NMR data yields a bicyclo[2.2.2]octane 

activation energy that is mutually consistent with the low 0.185 kcal/mol barrier determined from 

the 1H solid-state NMR data.  Additionally, line shape changes show that the rotational motion in 

the intermediate exchange regime persists down to temperatures of 9 K!  This strong evidence 

further suggests that the free-volume BODCA MOF architecture facilitates a dynamic process of 

its constituent rotators that is characterized by an activation barrier much less than the 

benchmark value of kBT ! 0.6 kcal/mol. 

 

                        

 

Figure 5.10.  A linear regression fit (R2= 0.9836, red line) to the 2H T1 data yields an activation energy Ea 

= 0.148 kcal/mol.  This activation energy is consistent with that determined from both the 2H line shape 

data (from the onset of the slow exchange limit at 6 K) and the Kubo-Tomita fit to the 1H T1 data.   
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5.3.3.2.  TOWARDS A DYNAMICAL MODEL FROM 2H LINESHAPES  

In an attempt to gain insight into the types of rotational trajectories that occur for the 1,4-

axially substituted rotators within BODCA MOF, experimental line shapes acquired at 6 K and in 

the range of 51 K – 292 K were compared with simulations carried out with the program Express 

1.0 (Figs. 5.8. and 5.11.). The spectrum measured at 6 K was a characteristic Pake pattern 

suggesting motion in the slow exchange regime (! 1E4 Hz), with a typical quadrupolar coupling 

constant QCC=170 kHz and an asymmetry parameter ! = 0. The spectra measured between 

149 K and 292 K were simulated using a model with a C—D cone angle of 70 degrees that 

considers three-fold 120o flips about the bicyclo[2.2.2] octane 1,4-axis in the fast exchange 

regime (krot " 1E8 Hz) coupled with fast, large amplitude librations (Figs. 5.8. and 5.12., top).  

The librations are a necessary component of this model to reproduce the experimental 

lineshape, which has a slightly narrowed profile with higher intensity in the center of the Pake 

pattern relative to models based upon a simple three-site or six-site process in the fast 

exchange limit.  

Spectra measured at 101 K, 75 K, and 51 K were simulated with a model that considers 

three-fold 120o flips about the bicyclo[2.2.2]octane 1,4-axis with frequencies that decrease from 

ca. 50 MHz to ca. 9 MHz.  Again, the three-site model requires the implementation of large 

amplitude librations that are in the fast exchange limit to reproduce the experimental lineshapes, 

which become further narrowed upon cooling while also gaining greater intensity in the center of 

the Pake pattern (Figs. 5.8. and 5.11.) relative to a model that only considers a simple three-site 

hopping process. Additionally, simulations using models that consider a progressive increase in 

the librational amplitude at decreasing temperatures of 75 K and 51 K, relative to 101 K, were 

better able to account for the observed narrowing.  However, a deviation from the simulated 

(blue) to the experimental (black) spectral lineshapes is quite apparent at 75 K and especially at 

51 K (Fig. 5.12.).   (It should also be noted that while this three-site model with large amplitude 
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librations gives satisfactory fits, additional solutions that consider the presence of a very slow 

(ca. 5E3 Hz) two-fold flipping mechanism in combination with three-fold hops and large 

amplitude librations can also result in similar simulated line shapes with similar unsatisfactory 

matches to the experimental line shape.)   

 

                                     

                                      

Figure 5.11.  (Top) Overlay experimental (black) and simulated (blue) 2H wide line Pake patterns of 

BODCA MOF-D from T = 292 – 51 K.  (Bottom) Arrhenius plot of intermediate exchange frequencies 

obtained using a three-site jump model for T= 51 K, 75 K and 101 K.  All spectra are scaled to equal 

intensity for ease of comparison. 
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Figure 5.12.  Pictorial representation of the interactions between the three-fold symmetric 

bicyclo[2.2.2]octane rotator and the two-fold symmetric carboxylate moieties that give rise to the six fold 

rotational potential, where blue circles represent potential minima and red triangles represent potential 

maxima (also confirmed through calculation, vide infra Fig. A.5.30.) 

 

The poor match of the simulated line shapes relative to the experimental lineshapes at 

75 K and 51 K, at the onset of the intermediate exchange regime when the greatest spectral 

changes begin to manifest, suggests a breakdown of the proposed simple dynamic model likely 

due to the presence of complex trajectories and types of motion of that have not been 

accounted for.   Therefore, it is not surprising that constructing a ln(krot) VS 1/T plot using the 

three-site hopping rates determined from the (insufficient) dynamical model results in a strong 

deviation from Arrhenius behavior, since the exact motional behavior has not yet been 

elucidated (Fig. 5.11., bottom).  As expected, a linear least squares regression fit to this data, in 

order to determine the activation energy from the slope= -Ea/R, results in an unremarkable 

“goodness of fit” R2=0.6470 with Ea= 0.311 kcal/mol.  The utter complexity of the rotational 

motion can further be appreciated by analyzing experimental spectra acquired between 41 K 

!" # ######$!" # #######%!" # #####&!#" # ####'(!" # ##')!"###### ### ##'*!"###################

('!"# ########(+!" # ########(,!" # #######$!!" # ######$$!" # ##

-"./0"1#/1234#



 243 

and 6 K, which display even more changes characteristic of anisotropic motion in the 

intermediate exchange regime.  Here, the rotator undergoes trajectories that deviate drastically 

from a three-site or six-site hopping mechanism dictated by a simple three-fold or six-fold 

sinusoidal potential, even though it is strongly anchored by its 1,4-axis in the framework (Figs. 

5.8. and 5.9.). A simple model that satisfactorily describes this data has not yet been found.  

Interestingly, according to the structure, it is expected that the potential should possess six 

isoenergetic minima based upon the conflicting two-fold symmetry of the 1,4-dicarboxyate 

moieties and average three-fold symmetry of the bicyclo[2.2.2]octane core (Fig. 5.12.), leading 

to a six-site jump process (although clearly this is not the case).   

Since the rotator is strongly anchored in the MOF structure by robust bonds via its 1,4-

dicarboxylate axle, it only has one degree of rotational freedom and it cannot undergo 

translational motion.  Therefore, the deviation of the rotational trajectory from simple six-site 

hops (based upon the intrinsic symmetry of the rotator’s environment) is thought provoking.  It 

seems reasonable to speculate that complex trajectories may manifest themselves in this 

structure, which have their origins in either the coupling of the rotational dynamics to the low 

energy small amplitude isomerizations of the bicyclo[2.2.2]octane core 29  or to the lattice 

phonons of the MOF network, or perhaps could even be attributed to the manifestation of 

thermal excitations within a shallow potential consisting of loosely bound states, as previously 

discussed by Michl for molecular rotors with very low activation energies.4,6  In fact, an 

explanation based upon loosely bound rotational states is consistent with the idea that a 

significant population would exist at temperatures near and above kBT= Ea = 93 K.  These 

unbound rotational states could periodically settle into minima according to any number of 

trajectories that satisfy a multiple of the MOF structure’s intrinsic six-fold rotational symmetry 

(e.g. three-site jumps, two-site jumps) (Fig. 5.13.).  This idea is consistent with a hypothesis 

previously proposed by Mislow, who has studied systems with very low rotational barriers that 

are dominated by the contribution of “freely” rotating molecules in unbound states, yet show 
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influences of perturbation by a barrier, however small, in the underlying potential.30  Overall, 

simulations towards establishing the unequivocal trajectories of the 1,4- axially substituted 

bicyclo[2.2.2]octane rotators in BODCA MOF have shown that the rotational dynamics are 

complicated by a variety of factors, which could include lattice phonons of the extended 3D 

network structure, small amplitude isomerizations of the bicyclo[2.2.2]octane core, and/or 

random thermal excitations to produce unbound rotational states undergoing complex 

trajectories in the very shallow potential wells.  Future computational modeling of a small cluster 

of BODCA unit cells will help provide insight into this intriguing phenomenon. 

       

 

Figure 5.13.  Hypothetical rotational potential, shown with quantized energy levels.  When kBT> Ea, 

thermal excitations may lead to different randomized rotational trajectories, shown in red, green, and blue, 

that are influenced by the underlying potential energy surface.  No unidirectional motion is implied. 

 

5.4. CONCLUSION 

 An ultra-low barrier solid-state molecular rotor was synthesized based upon previously 

established structure/function relationships, which confirmed that the relative amount of free 

volume and the intrinsic gas phase rotational barrier are key factors that affect condensed-
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phase rotational dynamics.  A bicyclo[2.2.2]octane 1,4-dicarboxylic acid (BODCA) ligand 

precursor was selected based upon its favorable properties for the synthesis of a novel free-

volume metal organic framework.  Two different ligand isotopologues were synthesized to 

facilitate dynamical characterization using both 1H and 2H solid-state NMR spectroscopy, which 

required the development of a novel method to install deuterons on the rigid 

bicyclo[2.2.2]octane core.  The metal-organic framework obtained from the reaction of the 

BODCA ligand with zinc acetate dihydrate resulted in the desired free-volume architecture, 

whose solution was solved via the application of powder x-ray diffraction refinement techniques.  

Characterization of the rotational processes using 1H solid-state NMR spectroscopy revealed an 

essentially negligible barrier to rotation of 0.185 kcal/mol, corresponding to a Boltzmann 

temperature of 93 K. This means that for temperatures greater than 93 K, the molecular rotator 

would move as though it possessed an angular velocity of (kBT/I)1/2 on very short time scales. It 

has also predicted that such systems may show complex types of dynamics, arising from the 

interference of thermal excitation with rotational trajectories in the absence of friction effects—

the deuterium NMR line shape analysis provides compelling evidence that this is the case. 

Interestingly, the pre-exponential factor calculated from the 1H T1 data is slightly low, by a factor 

of 10, based upon a comparison of the value calculated using the principle moment of inertia for 

the bicyclo[2.2.2]octane molecule about its 1,4-axis in the gas phase.  This deviation between 

the two values may arise from the rotational dynamics coupling to network lattice phonons, 

which might explain how the thermal excitations interfere and couple with the rotational 

dynamics.  From the 2H solid-state NMR data, the low activation energy was also indirectly 

confirmed. The results of this study suggest that it is possible to design molecular machines that 

undergo inertial-types of behavior, facilitated by an ultra-low barrier to anisotropic rotation in the 

absence of friction effects.  Such an amphidynamic system has never been observed 

previously, and its future study presents exciting opportunities to better under the inertial 

behavior of crystalline molecular machines.  Functionalization of such inertial molecular rotors 
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with a dipolar moiety is a promising platform to further develop stimuli-responsive materials 

based on artificial molecular machines. 

 

5.5.  NOTES 

‡For rotors where there is a driving field present, this term is included in !!"#. 

 

‡‡All molecular rotors shown in Fig. 5.2. have the same negligible intrinsic electronic barrier 

arising from the ca. 0.1 kcal/mol activation energy for reorientation about C(sp)—C(spn) n=1,2,3, 

have been shown to correlate directly with the average free volume around the dynamic 

component and the relative “flexibility” of the crystalline environment proximal to the rotating 

component.7   

 

‡‡‡Explicit knowledge of a jump model for a given dynamic process is necessary to perform a 

proper Bloembergen-Purcell-Pound (e.g. Kubo-Tomita) type fit to the spin-lattice relaxation data 

for quadrupolar nuclei in order to determine the characteristic kinetic parameters.  Since this 

was not satisfactorily determined for the BODCA MOF rotators over the entire temperature 

range studied, from T = 6 K to 292 K, the activation energy was approximated by considering 

the relaxation behavior in the limit of slow motion at low temperature.  In other words, when 

!0
2
"c

2  >> 1, 2H T1
-1 # (!0

2
"c

2)-1.  

 

5.6. EXPERIMENTAL 

5.6.1. STEPWISE LINEAER SYNTHESIS OF BODCA LIGAND AND BODCA MOF 

5.6.1.1.  Solvents.  With the exception of glyme, triethylene glycol-H/D, dimethyl formamide, 

tetrahydrofuran, and dichloromethane (vide infra), all solvents were used as purchased.  Glyme 

was distilled from CaH2 immediately before use.  Triethylene glycol-H/D, or 
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XO(CH2CH2O)2CH2CH2OX where X is either hydrogen or deuterium, was prepared by mixing 30 

mL of triethylene glycol-H (99%, Sigma-Aldrich) with 30 mL of deuterium oxide (D 99.9%, 

Cambridge Isotope Laboratories, Inc.) overnight, followed by removal of all water isotopologues 

via vacuum distillation—this process was repeated three times to achieve hydrogen/deuterium 

exchange of the hydroxy group.  Dimethyl formamide was dried for 24 hours over activated 3Å 

molecular sieves.  Tetrahydrofuran was dried over Na0 in the presence of benzophenone 

indicator in a solvent still under inert atmosphere. For use in the MOF synthesis only, the 

dichloromethane was dried over CaH2 in a solvent still under inert atmosphere. 

 

5.6.1.2. Dimethyl 2,5-dioxobicyclo[2.2.2]octane-1,4-dicarboxylate (1).31  1 was prepared 

according to a known literature procedure.  A 2 L three-necked flask fitted with a stir bar and a 

water condenser was flame dried and cooled under an Ar(g) atmosphere.  To this was added 20 

g (0.5 mol) of NaH 60% dispersion in mineral oil, which was subsequently suspended in 500 mL 

glyme.  Next, 64.0 g (0.28 mol) of dimethyl 2,5-dioxocyclohexane-1,4-dicarboxylate was added 

slowly and in small portions.  After the addition was complete, the solution was refluxed for three 

hours until the color changed from an off white to a vibrant purple.  The glyme was then 

removed via distillation to obtain a thick purple paste.  500 mL of 1,2-dibromoethane previously 

dried via distillation from CaH2 was added to the purple paste, and the solution was refluxed at 

95 oC until the solution color changed to an off white.  The excess 1,2-dibromoethane was 

removed via vacuum distillation.  The solid was dissolved in dichloromethane and washed with 

1% NaOH, water, and finally brine.  The organic portion was separated, dried over anhydrous 

MgSO4 and then filtered.  The dichloromethane was subsequently removed via rotary 

evaporation to yield an off white solid.  The solid was then recrystallized from ethanol to obtain 

43.1 g (60%) isolated yield of 1.  The physical properties and spectroscopic data for 1 were 

consistent with those reported in the literature.31 
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5.6.1.3.  Dimethyl 2,5-bicyclo[2.2.2]octane-2,5-diethyleneketal-1,4-dicarboxylate (2).  2 was 

prepared identically to known literature procedure for the diethyl 2,5-bicyclo[2.2.2]octane-2,5-

diethyleneketal-1,4-dicarboxylate derivative.  12.7 g (50 mmol) of 1, 460 mL of benzene, 11.1 

mL of ethylene glycol, and 0.5 g p-toluene sulfonic acid monohydrate were combined in a 1 L 

one-necked round bottom flask equipped with a stir bar.  The setup was fitted with a Dean-Stark 

trap and a water condenser, and the mixture was refluxed for 60 hours.  The reaction mixture 

was quenched with 1 M KOH solution.  The resulting organic layer was separated from the 

aqueous layer and dried over anhydrous MgSO4.  The drying agent was subsequently removed 

by filtration, and the benzene was removed by rotary evaporation to yield 13.1 g of a pale yellow 

oil of spectroscopic purity in 77% yield.  The spectroscopic data for dimethyl ester 2 were similar 

with those reported in the literature for the diethyl ester analogue (See Chapter 2, section 

2.4.1.3).  1H NMR (300 MHz, CDCl3):  ! 3.94 (m, 6H), 3.73 (m, 2H), 3.67 (s, 6H), 2.45 (dd, J = 

14.4 Hz, J = 2.7 Hz, 2H), 2.32 (m, 2H), 1.99 (d, J = 14.4 Hz, 2H), 1.70 (m, 2H).  13C NMR (75 

MHz, CDCl3): ! 173.22, 110.20, 65.11, 64.94, 52.19, 49.07, 41.85, 24.16.  ATR FT-IR (cm-1):  

2984.12, 2948.41, 2892.85, 1728.41, 1437.00,127048, 1074.22.   

 

5.6.1.4. Bicyclo[2.2.2]octane-2,5-diethyleneketal-1,4-dimethanol (3).
8, 32   3 was prepared 

identically to known literature procedure based on the diethyl 2,5-bicyclo[2.2.2]octane-2,5-

diethyleneketal-1,4-dicarboxylate derivative.  A 500 mL three-necked round bottom flask fitted 

with a stir bar, water condenser, and addition funnel were flame dried and cooled under an Ar(g) 

atmosphere.  7.0 g (175 mmol) of 95% lithium aluminum hydride (LAH) was added to the three-

necked flask and dispersed in 130 mL of tetrahydrofuran (THF).  Subsequently, 13.1 g (38 

mmol) of diketal diester 2 was dissolved in 125 mL THF in the addition funnel with the aid of a 

heat gun.  The solution of 2 was then added drop wise to the LAH suspension at room 

temperature over the course of one hour, and then refluxed for an additional 2.5 hours.  The 

solution was then cooled to room temperature, and water was added drop wise to quench the 
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reaction until no grey color was observed.  The organic portion was then extracted with diethyl 

ether (3 X 500 mL).  The diethyl ether was removed via rotary evaporation resulting in 10.3 g 

(95%) isolated yield of a clear oil.  The spectroscopic data for 2 were consistent with those 

reported in the literature.32 

 

5.6.1.5. 1,4-bis(hydroxymethyl)bicyclo[2.2.2]octane-2,5-dione (4).
32  4 was prepared 

according to a known literature procedure. 10.3 g (36 mmol) of 3 was dissolved in 500 mL of 1 

M HCl (aq.) in a 1 L round bottom flask fitted with a water condenser and stir bar, and the 

solution was refluxed for three hours.  The mixture was then cooled to room temperature and 

neutralized to a pH of 7 using 0.1 M KOH.  The water was removed via rotary evaporation to 

yield a sticky off white salt.  The salt was suspended in 500 mL was acetone.  The white solid 

was then separated from the organic portion.  The acetone was removed by rotoary evaporation 

to yield an oil composed of a ~1:2 mixture of bicyclo[2.2.2]octane-2,5-diketo-1,4-dimethanol 

(4):ethylene glycol. The spectroscopic data of the mixture was consistent with those reported in 

the literature, and was used in the next step without further purification.32   

 

5.6.1.6. Bicyclo[2.2.2]octane-H/D-1,4-diyldimethanol (5-d).  Bicyclo[2.2.2]octane-H/D-1,4-

dimethanol 5 was prepared using a modified literature procedure based on the Huang-Minglon 

modified Wolff-Kishner reduction of 4.  2.5 g of an oil composed of a ~1:2 mixture of 

bicyclo[2.2.2]octane-2,5-diketo-1,4-dimethanol (4):ethylene glycol (MW~1:2 mixture = 322.16 g/mol) 

from the previous step (constituting approximately 7.8 mmol of bicyclo[2.2.2]octane-2,5-diketo-

1,4-dimethanol) was added to a 50 mL 14/20 round bottom flask equipped with a stir bar.   To 

this oil was added 4 eq. of hydrazine monohydrate (31.2 mmol) and 5.7 eq. of NaOD (46.6 

mmol) in triethylene glycol-H/D, prepared by carefully adding 1.0 g of Na0 in very small portions 

to 1.5 mL of deuterium oxide, subsequently adding 18 mL triethylene glycol-H/D, and removing 
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excess water isotopologues via vacuum distillation.  The setup was fitted with a water 

condenser, and the reaction mixture was heated at ~210 oC for 36 hours.  The solution was then 

cooled to room temperature and acidified to a pH of 2 using 1 M HCl (aq.).  The organic portion 

was extracted with chloroform (3 X 150 mL).  The resulting organic portions were combined and 

washed with water and then brine, and finally dried over anhydrous MgSO4.  The dried organic 

portion was filtered and rotovapped to dryness.  Recrystallization from chloroform resulted in 

332 mg of a white, crystalline solid in an isolated yield of ~24%. Integration of the bridging 

methylenes versus the methanol methylenes from the 1H NMR spectrum of 5-d in CDCl3 

acquired on a Bruker AV500 NMR spectrometer equipped with a cryoprobe showed that there 

were, on average, three deuterons instilled on the bicyclo[2.2.2]octane core.   1H NMR (500 

MHz, CDCl3) !(ppm): 3.26 (s, 4H), 1.41 (s), 1.40 (s), 1.38 (s).   1H NMR (600 MHz, CDCl3) 

!(ppm): 3.26 (s, 4H), 1.41 (s), 1.40 (s), 1.38 (s).  13C NMR (125 MHz, CDCl3) !(ppm): 71.60, 

33.72, 33.64, 33.55, 33.46, 33.82, 27.80, 27.77, 27.75, 27.69, 27.67, 27.25 (p, 19.5 Hz, split due 

to 1
", 2

", 3
", and 4

" 2H chemical shift isotope effects of ca. 3.2 Hz).  13C NMR (150 MHz, CDCl3) 

!(ppm): 71.61, 33.75, 33.74, 33.72, 33.65, 33.64, 33.57, 33.56, 33.49, 33.48, 27.83, 27.80, 

27.77, 27.72, 27.69, 27.27 (p, 19.5 Hz, split due to 1
", 2

", 3
", and 4

" 2H chemical shift isotope 

effects of ca. 4.1 Hz).  ATR FT-IR (cm-1): 3305.55, 2921.12, 2913.57, 2903.18, 2855.96, 

1467.59, 1451.87, 1444.02, 1370.66, 1020.70. .MP: 108-109 oC (Lit. 107-108 oC for natural 

abundance).  Liquid Introduction Field Desorption Ionization Mass Spectrometry (m/z): M+= 170 

(D0), 171 (D1), 172 (D2), 173 (D3), 174 (D4), 175 (D5), 176 (D6), 177 (D7).  The natural 

abundance diol 5 was prepared according to a known literature procedure, using a similar 

Huang-Minglon modified Wolff-Kishner reduction of 4 used to generate 5-d.  The spectroscopic 

data of the mixture was consistent with those reported in the literature, and was used in the next 

step without further purification.32   
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5.6.1.7. Bicyclo[2.2.2]octane-H/D-1,4-dicarboxylic acid (BODCA) (6-d).  6-d was prepared 

via a Jone’s Oxidation of diol 5-d.  141 mg (~0.81 mmol) of 5 was dissolved in 13 mL of acetone 

and added to a 25 mL 14/20 round bottom flask.  260 mg of CrO3 in 0.3 mL concentrated H2SO4 

and 2.5 mL H2O were mixed together in a separate container, and the deep red mixture was 

then added to the flask drop wise while stirring.  A color change from deep red to greenish blue 

was observed.  The reaction setup was fitted with a water condenser, and the solution was 

refluxed for 30 minutes.  The solution was subsequently poured into 34 mL of ice water, 

whereupon a white precipitate immediately formed.  The precipitate was filtered and washed 

generously with water.  The dried white powder was obtained in an isolated yield of 103 mg 

(~63%).  1H NMR (500 MHz, CD3OD) !(ppm): 1.81 (s), 1.80 (s) , 1.79 (s).  13C NMR (125MHZ, 

CD3OD) !(ppm):  181.51, 39.56, 39.48, 39.40, 39.31, 28.96, 28.94, 28.91, 28.85, 28.80, 28.43 

(p, 19.8 Hz, split due to 1
", 2

", 3
", and 4

" 2H chemical shift isotope effects of ca. 6.5 Hz.  ATR 

FT-IR (cm-1): 2956.34, 2880.95, 2813.49, 2638.88, 2527.77, 1682.44, 1411.23, 1298.23, 

1274.44, 1088.10, 955.28.  Liquid Introduction Field Desorption Ionization Mass Spectrometry 

(m/z): M+ 198 (D0), 199 (D1), 200 (D2), 201 (D3), 202 (D4), 203 (D5), 204 (D6).  The natural 

abundance 6 was prepared in an analogous fashion to 6-d via the Jones Oxidation, starting 

from natural abundance diol 5.   1H NMR (300 MHz, SO(CD3)2 !(ppm): 1.67.  13C NMR (500 

MHZ, CD3OD) !(ppm): 178.91, 38.08, 27.90.  ATR FT-IR (cm-1): 2960.31, 2876.98, 2619.04, 

2531.74, 1684.80, 1458.81, 1411.23, 1302.30, 1274.44, 1092.07, 953.30, 751.10. 

 

5.6.1.8.  Bicyclo[2.2.2]octane-H/D-1,4-dicarboxlate metal-organic framework (BODCA 

MOF).  In an oven-dried glass vial fitted with a Teflon-lined plastic cap, 100 mg (0.5 mmol) of 

BODCA ligand 6 was dissolved in 4 mL dimethyl formamide (DMF) and the cap was quickly 

replaced.  To a separate oven-dried glass vial fitted with a Teflon-lined plastic cap and a stir bar 

was added 320 mg (1.5 mmol) of zinc acetate dihydrate and 4 mL of dry DMF and the cap was 

quickly replaced.  After complete dissolution of the solids in the two separate vials, solution 6 
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was added dropwise to the zinc acetate solution while stirring, resulting in the formation of a 

white precipitate.  After addition, the cap was quickly replaced and the milky white solution was 

stirred for an additional 15 minutes.  The solution was then left to stand, unagitated.  After 15 

hours, the mixture was centrifuged and the mother liqueur was decanted and replaced with 5 

mL DMF, taking care to quickly recap after the addition.  The mixture was agitated to re-

disperse the white solid, and then it was centrifuged.  This washing process was immediately 

repeated two more times.  Following the DMF washing, the white solid was then dispersed in 

dichloromethane, agitated, and then left to sit for 48 hours.  After 48 hours, the mixture was 

centrifuged and the dichloromethane was decanted and replaced with 5 mL fresh 

dichloromethane, taking care to quickly recap after the addition.  The mixture was agitated to re-

disperse the white solid, and then it was centrifuged.  This washing process was immediately 

repeated one more time.   Finally, most of the dichloromethane was decanted to obtain a pasty 

white solid.  The remaining dichloromethane was removed via reduced pressure at room 

temperature.  The sample was allowed to sit under reduced pressure over night at room 

temperature, followed by heating at 40 oC for two hours.  Finally, the sample was back filled with 

He(g) to obtain the BODCA MOF as a white polycrystalline powder before sealing in a capillary 

for 1H T1 and 2H spin-echo wide-line solid-state NMR experiments.  In order to obtain the 13C 

CP/MAS SSNMR spectrum, the sample was sandwiched between layers of anhydrous MgSO4 

in a 4mm (outside) zirconia rotor in order to prevent decomposition due to ambient moisture.  

(75 MHz, MAS= 10 kHz, contact time = 5.0 ms, recycle delay = 40 s) !(ppm): 188.37, 40.43, 

28.23. ATR FT-IR (cm-1): 2944.24, 2873.01, 1595.64, 1425.41, 111.89, 828.41, 751.10. The 

dinitrogen adsorption isotherm revealed uptake behavior characteristic of a Type I isotherm, 

with a BET surface area of S(BET) = 2150 m2 g-1 and a total pore volume of Vp,DR = 0.8630 cm3 g-

1.  Thermal gravimetric analysis showed mass loss/decomposition beginning at T> 450°C, 

suggesting that total activation of the MOF, i.e. the complete absence of solvent guest 

molecules. 
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5.7.  INDEX 5A: COMPOUND CHARACTERIZATION DATA 

 

 

Figure A.5.1.  ATR FT-IR spectrum of 2 
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Figure A.5.2.  
1H NMR (CDCl3, 300 MHz) spectrum of 2. 
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Figure A.5.3.  
13C NMR (CDCl3, 75 MHz) spectrum of 2. 
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Figure A.5.4. ATR FT-IR spectrum of 5-d. 
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Figure A.5.5.  
1H NMR (CDCl3, 500 MHz) spectrum of 5-d. 
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Figure A.5.6.  
13C NMR (CDCl3, 125 MHz) spectrum of 5-d (full spectrum, see next figure for zoom in). 
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Figure A.5.7.  
13C NMR (CDCl3, 125 MHz) spectrum of 5-d (zoom in of C—2H coupling and 2H isotope 

effects on the 13C chemical shift). 
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Figure A.5.8.  
1H NMR (CDCl3, 600 MHz) spectrum of 5-d. 
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Figure A.5.9.  
13C NMR (CDCl3, 125 MHz) spectrum of 5-d (full spectrum, see below for zoom in). 
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Figure A.5.10.  
13C NMR (CDCl3, 150 MHz) spectrum of 5-d (zoom in of C—2H coupling and 2H isotope 

effects on the 13C chemical shift). 
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Figure A.5.11.  ATR FT-IR spectrum of 6-d. 
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Figure A.5.12.  
1H NMR (CD3OD, 500 MHz) spectrum of 6-d 
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Figure A.5.13.  
13C NMR (CD3OD, 125 MHz) spectrum of 6-d 
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Figure A.5.14.  13C NMR (CD3OD, 125 MHz) spectrum of 6-d. 
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Figure A.5.15.  ATR FT-IR spectrum of 6. 
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Figure A.5.16.  1H NMR (SO(CD3)2, 300 MHz) spectrum of 6. 
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. 

Figure A.5.17.  13C NMR (SO(CD3)2, 75 MHz) spectrum of 6. 
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(a)     

 

(b)

Figure A.5.18.  Liquid introduction field desorption ionization (LIFDI) mass spectrum of 5-d.  (a)  Zoom 

out.  (b)  Zoom in to molecular ion, with peaks corresponsing to varying degrees of deuteron substitution. 

 

 



 271 

(a)  

 

(b)  

 

Figure A.5.19 Liquid introduction field desorption ionization (LIFDI) mass spectrum of 6-d.  (a)  Zoom out.  

(b)  Zoom in to molecular ion, with peaks corresponsing to varying degrees of deuteron substitution. 
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Figure A.5.20.  Activated BODCA MOF ATR FT-IR spectrum. 
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Figure A.5.21.  Activated BODCA MOF 13C CP/MAS NMR spectrum, acquired by sandwiching between 

layers of anhydrous magnesium sulfate desiccant in the 4 mm rotor to prevent decomposition from 

ambient moisture. (MAS= 10 kHz, contact time = 4.4 microseconds, recycle delay = 20 s). 
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Figure A.5.22.  Freshly activated BODCA MOF thermogravimertic analysis.  (2.955 mg of sample, ramp 

rate = 25.00°C to 505.00°C at 5.00°C/min ). 

 

Table A.5.1.  Crystallographic information from Rietveld Refinement. 

Name BODCA-MOF 

Unit cell composition C420H288O106Zn32 

Unit cell mass formula (g mol-1) 6961.82 

Assymetric unit composition C1.25H1.50O0.556Zn0.167 

Z 8 

Crystal system Cubic 

Space Group Fm-3m(No. 225) 

a (Å) 25.5575(21) 

V (Å3) 16694(4) 

Crystal density (g cm-3) 0.6923 

Number of independent atoms 18 

Observed reflections 732 
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Refined parameters (total) 49 

Rp (%) 4.48 

wRp (%) 7.30 

RB (%) 4.32 

GOF (!2) 8.66 

 

Table A.5.2.  Atomic Cooridnates 

!"#$% !&"% #&$% %&&% '(()*+,(-% './#%

01% 234551% 236788% 238298% 235722% 2372:2%

05% 23;::;% 236756% 231768% 235722% 2372:2%

08% 23::45% 236782% 235;6;% 235722% 2372:2%

<9% 239:41% 23:688% 23;::9% 235722% 231542%

07% 239754% 23:417% 2342;:% 235722% 2372:2%

0:% 239756% 23::55% 23;8:;% 235722% 2372:2%

0;% 2379;2% 23489;% 23;454% 235722% 2372:2%

<4% 234264% 236:49% 235:81% 235722% 231542%

'6% 235722% 235722% 235722% 132222% 231468%

=,12% 235619% 23;24:% 235619% 237222% 231;59%

<11% 23;122% 236:4:% 235622% 235722% 231542%

'15% 235452% 238:22% 23;142% 237222% 231468%

<18% 237817% 23;682% 23;682% 235722% 231542%

<19% 23:177% 23;722% 23;722% 132222% 231812%

<17% 235722% 23;722% 237792% 132222% 235;28%

=,1:% 235652% 23;652% 23;242% 237222% 231;59%

'1;% 23;142% 235142% 238:22% 237222% 2351;2%

'>5% 237222% 237222% 237222% 23;29;% 232572%
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 (a)                         

(b)                                            

Figure A.5.23.  The dinitrogen adsorption isotherm (77 K) displays a sharp uptake with a single 

adsorption step at P/Po > 0.01 followed by saturation, indicating a microporous material.  It can be also 

described as a Type I isotherm under the IUPAC classification system.  (a) Linear pressure scale.  (b) Log 

pressure scale.  In the figure, the adsorption branch is represented by filled symbols and the desorption 

branch by open symbols, indicating the reversibility of the adsorption with no evident hysteresis. 
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Figure A.5.24.  Application of the Brunauer-Emmett-Teller (BET) model over 0.005 > P/Po > 0.05, 

according to the recommendation by Snurr et al.
33 resulted in a BET surface area of S(BET) = 2150 m2 g-1.  

 

 

 

                    

Figure A.5.25.  The total pore volume was determined from the Dubinin-Raduschevich (DR) model over 

the 0.13 > P/Po > 0.35 range, obtaining a Vp,DR = 0.8630 cm3 g-1.  
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Figure A.5.26.  1H spin-lattice relaxation of the natural abundance BODCA MOF at 29.49 MHz, T= 2.3 K, 

fit to a single exponential. 

 

                       

Figure A.5.27.  Fully recovered spectrum of natural abundance BODCA MOF, T= 2.3 K, of at a Larmor 

frequency of 29.49 MHz. 
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Figure A.5.28.  Stack plot of 1H T1 saturation recovery spectra according to the delay time tau (s) of the 

natural abundance BODCA MOF at 2.3 K and at a Larmor frequency of 29.49 MHz (x-axis in Hz). 
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Figure A.5.29.  1H spin-lattice relaxation of the natural abundance BODCA MOF at 29.49 MHz, T= 49 K, 

fit to a single exponential. 

 

                    

 



 281 

                        

Figure A.5.30.  A calculation at the B3LYP/DGDZVP level of theory, which predicts a barrier to rotation of 

much less than 1 kcal/mol (Vacek, J.; Chocholousova, J.  Unpublished results. 
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Figure A.5.31.  A saturation recovery sequence was employed to acquire periodically the 2H spin-lattice 

relaxation times (T1) as a function of temperature to enable selection of an appropriate recycle delay in 

the solid-echo experiments, shown with data corresponding to cooling and warming ramps in yellow and 

red, respectively.  A minimum in relaxation time occurs at T  ~ 21 K at a 2H Larmor frequency of 76.78 

MHz.  This is consistent with the 1H T1 data, which shows a minimum in spin-lattice relaxation time at 18.2 

K at a slightly lower Larmor frequency of 29.49 MHz, suggesting that the same motional process is being 

probed in each of the different experiments.  At ~ 51 K and below, the 2H spin-lattice relaxation deviates 

from single exponential behavior.  This is consistent with the idea that at low temperatures, additional spin 

relaxation processes besides dynamical averaging may occur. 
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