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   Abstract 

Synthesis and Monitoring of Nanocars Bearing Different Wheel Types 
 

by 
 

Pinlei Chu 
 

            Our group has developed different nanomachines over the years, 
while some of them are designed to perform in solution phase, a group of 
molecules termed nanocars were designed to specifically operate on solid 
surfaces. In this work, wheels, designed to yield better surface and molecule 
interaction for our studies is synthesized. In the past we have used mainly 
C60 fullerene wheels for our nanocars molecules. But after we decided to 
integrate a light activated motor into the nanocars, the fullerene wheels had 
to be phased out since the fullerene is known to quench the light energy used 
to actuate the motor. Our group then primarily utilized the p-carborane 
wheel as it does not show the same quenching effect with the motors. To 
improve the mobility and diffusion constant of the nanocars, a new 
generation of wheels was developed, featuring adamantane. A four-wheeled 
and a three-wheeled fluorescent nanocar was synthesized and monitored, 
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showing enhanced performance to the p-carborane wheeled analogue, which 
we attribute to the lower surface/wheel interactions. The adamantane wheels 
were then used to synthesize two nanocars with both a fluorescent 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) core and a MHz 
frequency light-activated unidirectional rotary motor, one molecule that is 
angular and expected to operate in circles and one that is straight and 
expected to primarily move in a single direction. Preliminary experiments 
have been conducted and show promising results. While the BODIPY core 
does quench some of the energy that was supposed to be directed to the 
motor, the motor still accelerates the nanocar to increase the diffusion 
constant. The same principle was used to synthesize a molecule with 
BODIPY core and motor (but without wheels) that could operate in solution. 
Finally, a two-wheeled nanocar was synthesized with a water soluble 
extension that could fit into cyclodextrin (CD) cavities and serve as wheels. 
This nanocar is expected to have very high surface interaction and could be 
used as to modify surface interactions and the resulting mobility and 
diffusion constants of nanocars on surfaces. 
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1.1 Introduction 

            Research groups over the world have used bottom-up synthesis 
methods to create various nanomachines such as switches,1 turnstiles,2 and 
shuttles3 that are designed to mimic their macroscopic counterparts in 
appearance and function. Our group has specifically focused on nanocars, 
that are designed to behave as molecular cars with rotating wheels. We have 
synthesized a variety of nanocars over the years, including nanotrucks, 
nanoworm,4 and fluorescent nanocars.5, 6 The ultimate goal is to use bottom-
up synthesis to produce a nanocar that can achieve the following three 
objectives: 

1. Instead of random diffusion, the nanocar would have a motor to 
provide propulsion that can be actuated by light or other energy 
source 

2. The nanocar’s direction of translational motion could be controlled, 
either by an electrical or magnetic field 

3. The nanocar could be controlled to pick up and deposit cargo 

            Objective 1 has been completed by other members of the group: 
nanocars 1 and 2 (Figure 1.1) that incorporate a molecular motor that is 
capable of rotation in the MHz range and uses UV light as an energy source, 
have been synthesized by Dr. Pinn-Tsong Chiang.7  
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Figure 1.1. Nanocars 1 and 2, with 1 bearing p-carborane wheels, the p-
carboranes have BH at every intersection except at the points denoted by (•) 
which represents C and CH positions, ipso and para, respectively. Nanocar 2 
bears adamantine wheels.8 
 
            Preliminary imaging studies have been done on both nanocars, which 
showed that although high resolution images (Figure 1.2) could be obtained 
on stationary cars via scanning-tunneling microscope (STM),7 it is not 
possible with present technology to observe the effect of acceleration when 
UV light is shined upon the cars. Nanocar 1 is observed to be completely 
stationary, which we assume is due to the strong affinity of carborane to the 
gold surface, while 2 moves to the edge of the substrate before subsequent 
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imaging could be done, possibly because of the low surface interaction 
between the wheels and the substrate. 

 
Figure 1.2.7 STM images of nanocar 1 on Cu(111) and calculated gas phase 
structures (HyperChem 7 software). (a) Overview image of the surface 
(white circles indicate wheels and motors of single molecules, partially 
adsorbed at defects). Intramolecular dimensions, determined from STM 
images, are compared with the calculated gas phase structure. Crossed axes: 
d1 = 1.33 nm in the STM image (b) (and 1.38 nm in the calculation (c)), d2 
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= 1.10 nm (1.07 nm), d3 = 1.39 nm (1.38 nm), d4 = 2.15 nm (2.29 nm). 
Parallel axles (d,e): d1 = 1.38 nm in the STM image (d) (and 1.38 nm in the 
calculation (e)), d2 = 1.65 nm (1.42 nm), d3 = 1.37 nm (1.38 nm), d4 = 1.70 
nm (1.51 nm). 
 
            Nanocar 3, a compromise between 1 and 2 was also synthesized 
(Figure 1.3). While consisting of a molecular motor and adamantane wheels, 
it contains only one axle, which can prevent the nanocars from moving too 
fast. Experiments are undergoing to observe the accelerating effect of UV 
light on this particular nanocar. 

S

3  
Figure 1.3. Nanocar 3, bearing adamantine wheels and only one axle. 
 
1.2 Dipolar Nanocars 
            Our next goal, objective 2, was to find a way to control the direction 
of translational motion of nanocars. We first considered the possibility of 
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utilizing a magnetic field to control the direction. As magnetic force is a 
cumulative force that involves an array of numerous atoms,9 we quickly 
abandoned this idea, since each of our bottom-up synthesized nanocars 
contains at most 200 atoms, making it impossible for us to synthesize a 
nanocar that contains enough magnetic atoms to generate sufficient magnetic 
force. 
            The next option would be to use an electrical field as an inducing 
force, and in order to do so we need to synthesize a nanocar with enough 
dipole moment to make this possible. Dr. Takashi Sasaki synthesized a 
dipolar nanocar 4 (Figure 4) that contains a -NO2 functional group as the 
electron withdrawing group at one end and a -NMe2 as the electron donating 
group at the other end.8 
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Figure 1.4 A dipolar nanocar with p-carborane wheels and electron 
withdrawing/donating functional groups at both ends. 
 
            Nanocar 4 was never observed under a microscope as our group 
could not find a collaborating group that specializes in STM at the time it 
was synthesized.  
            Because of the difficulties of STM imaging (requiring ultra-high 
vacuum and heat to deposit the molecules), we collaborated with Dr. 
Stephan Link at Rice University to employ an alternative method of 
imaging, single-molecule fluorescent microscopy (SMFM), which can be 
done in an ambient environment and rapidly yield data. In order to take 
advantage of this imaging technique, a crucial requirement is that the subject 
to be studied must be fluorescent. Dr. Jazmin Godoy in our lab synthesized 5 
and 6 (Figure 1.5) that contain a 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 
(BODIPY) fluorescent core,5 and extensive studies have been done on both 
molecules.10-12 
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Figure 1.5. The fluorescent nanocar 5 and its three wheeled analogue 6 
 
1.2 Designing a Fluorescent Dipolar Nanocar 

            Our proposed experiment is to synthesize a fluorescent dipolar 
nanocar. When subjected to an electrical field, the electrical field would 
force the nanocar to align with the field direction as depicted in Figure 1.6. 

 
Figure 1.6. A dipole being aligned in a uniform electrical field. 
 



9  
            The electric field generated cannot “drive” the nanocars, since the net 
force acting on a neutral object in a uniform electric field is 0. However, it 
can provide a net torque if the positive and negative charges are 
concentrated at different locations on the object, which means the electric 
field can only provide guidance to the direction of the nanocar’s translational 
motion. The strength of the guiding ability is determined both by the 
strength of the electric field and the dipole moment of the nanocar 
synthesized. 
            The first step involved in synthesizing the nanocar would be to 
calculate the net dipole moment of various structures. The first thing that 
came to our mind was to base our structure upon the already synthesized and 
well-studied nanocars 5. We proposed to perform a nucleophilic 
displacement of the fluoride atoms on the boron with cyanide groups to form 
7 as shown in Figure 1.7. Unfortunately, the calculated net dipole moment of 
this nanocar was less than 0.9 Debye, forcing us to look into alternative 
synthetic targets. 
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Figure 1.7. Nanocar 5 with 2 of the fluoride replaced with electron 
withdrawing cyanide groups. 
 
            The obvious candidates to serve as the electron withdrawing and 
electron donating groups would be nitro and amino groups, respectively, but 
unfortunately it has been shown that these two substituents quench the 
fluorescence of BODIPY thus drastically decreasing the quantum yield.13 
            Burgess’s group has researched on BODIPY substituents,14-18 and 
one of their papers, in which they synthesized both an electron withdrawing 
and an electron donating BODIPY 8 and 9 (Figure 1.8), provided the 
solution. The molecules which were prepared as in Scheme 1.1 according to 
literature.19 
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Figure 1.8. BODIPY 8 and 9. 
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Scheme 1.1. 
 
            If we could attach the wheels, we could join the two halves together to 
form 10 (Figure 1.9) with a calculated dipole moment of 14.8 Debye, our 
proposed fluorescent dipolar nanocar. 
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Figure 1.9. Proposed fluorescent dipolar nanocars 10. 
 
            In order to attach the wheels utilizing Sonogashira coupling, we 
would need to iodinate BODIPY 8 and 9 at the 2,6-positions for future 
attachment of C-monoethynyl-p-carborane. We found this particularly 
difficult for 8 as the pyrrolic ring is extremely electron deficient since there 
are so many electron-withdrawing group. The iodination was very difficult 
regardless of iodination sources. ICl or N-iodosuccinimide (NIS) are 
analogues of I+ and require an electron rich ring for a high yielding 
iodination. We tried various solvents such as DMF, THF, chloroform and 
acetonitrile (ACN) and temperature, running the reactions at the boiling 
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point of the solvents, of iodination with no success. A super-electrophilic 
iodonium was reported to successively iodinate electron deficient phenyl 
rings by using neat triflic acid as a solvent (Table 1.1).20 

 
Table 1.1. Iodination of deactivated arenes with NIS as iodine source and 
triflic acid as solvent.20 (Reprinted with permission from The American 
Chemical Society, 1993) 
 
            We tried this method, but 8 could not withstand the harsh conditions 
and thus decomposed. We then tried iodinating 9 with NIS using ACN as 
solvent, but the crude product decomposed as soon as it was exposed to 
oxygen and light. We assume this was due to the free pyrrolic positions that 
are not capped with methyl groups such as the case in 5 and 6, leading to 
rapid decomposition when light and oxygen is present. 
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1.3 Calculations 
            Before we invested more time into this project, we asked Jun Yao 
from our group to perform a crude calculation as to whether this project was 
feasible or not. The model used in the calculation is shown in Figure 1.10. 
 

Figure 1.10. A dipolar molecule that is at a 45o angle with the electric field 
 
            We assume that the dipolar molecule is at a 45o angle with the electric 
field, the distance between the two electrodes = d = 15 µm. The molecule’s 
length= L= 2 nm. The molecule’s dipole is:  

Electrode L 

d 
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14 = 14 × 3.36 × 10 ∙  

The energy needed to be conquered in 298 K (room temperature) is: 
∙ = 26 = 4.1 × 10                             ( = Boltzmann constant) 

The energy difference between the dipole that is in a 45o angle with the 
electric field and the dipole that is aligned with the electric field must be 
equal or larger than kT (ΔΕ≥ kT). We know that: 
∆ = [1 − cos 45° ] × 14 × ≥                              ( = electric field) 
We obtain ≥ 3 × 10 , and since = , ≥ 4500. 
            In order to overcome the thermal energy alone would take 4500 V 
between two electrodes placed 15 µm apart, which would form an arc in the 
atmosphere. If the two electrodes were placed 150 nm apart, we would still 
need 45 V, which can be achieved but is not compatible with the resolution 
of the fluorescent microscope. From the calculations alone we found out the 
project would not work, and it has since been abandoned. 
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2.1  Introduction 
            Miniaturizing devices and machines such as motors,1, 2 switches,3 
turnstiles4 and barrows5 to the molecular level has been accomplished by 
means of organic synthesis. These nanomachines were inspired by their 
macroscopic counterparts. A family of nanovehicles6 termed nanocars was 
developed to translate on surfaces with controlled directionality. These 
nanocars are akin to their macroscopic analogues in the sense that they 
consist of a chassis, axles and wheels. The ultimate goal would be to utilize 
nanocars to transport cargo from one place to another, 7 with the nanocars 
incorporating a device that imitates an engine, providing translational 
motion from an external energy source.7-9 The first generation of nanocars 
were equipped with carbon-based C60 wheels.10, 11 These nanocars 
demonstrated directional movement on a gold surface using a STM-tip to 
electrically induce the motion. However, when trying to integrate a light-
driven molecular motor that can convert light energy into rotational motion, 
it was found that the C60 wheels quenched the photoisomerization process 
of the molecular motor.12-14  For this reason, p-carborane wheels were used 
which are also spherical and can rotate symmetrically along a single bond. A 
series of p-carborane wheeled nanocars with different functionalities have 
been synthesized, including a dipolar nanocar,15 self-assembled nanocars,16 
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nanotrains,17 and a motorized nanocar.7 Most of these nanocars were 
intended to be studied using scanning tunneling microscopy (STM) because 
this technique offers excellent atomic resolution. However, only few of them 
have been successfully imaged using STM, in large part due to the lengthy 
time periods often required to acquire high quality STM images. Seeking an 
alternative imaging method, single-molecule fluorescent microscopy 
(SMFM) was chosen to track individual nanocars and calculate their 
mobility on conductive substrates.18, 19 Even though this method does not 
provide the atomic resolution offered by STM, it allows localization of 
individual fluorophores within a few nanometers and also yields rapid 
results, two crucial requirements for progress in the field. 
2.2 TRITC Tagged Nanocar 
            Our group first synthesized a nanocar with fluorescent dye 
Tetramethylrhodamine (TRITC) attached as a marker 20 (5 shown in Figure 
2.1). This is the very first attempt to visualize nanocars on glass using 
SMFM. Unlike imaging done using STM, this method is carried out in 
atmosphere (STM requires an ultra-high vacuum chamber), and no thermal 
activation of the molecules is necessary to achieve movements from the 
nanocar. The nanocars are observed to have a significant displacement, 
which is achieved by a tracking program developed by Dr. Stephan Link’s 
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group in MATLAB. The way the program tracks the individual nanocar is 
by comparing images taken subsequently (each image scan is 30 s, total 
length of time is 5 min),21 If one fluorophore, which in this case is the 
nanocar, is found at in the same spot or within a predefined search area, they 
are associated with the corresponding one in the previous image, then the 
displacement is calculated and recorded for each nanocar. If a large 
displacement or premature (before the 5 min timeframe) photobleaching 
occurs, the data for that nanocar is discarded and excluded for further 
analysis. 
            In order to confirm that if translational motion occurs, it would be 
originated from the free rotation of the C-C triple bond and hence the rolling 
of the wheels, a standalone TRITC dye was tested and found no significant 
displacement in subsequent images.  
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Figure 2.1 The TRITC tagged nanocar, TRITC colored in blue 
 
            It is important to note that of all the identified nanocars, not all of 
them moved. In fact only 25% (46 out of 191 molecules) demonstrated 
significant displacement and translational motion.             
            These nanocars showed a low mobility (percentage of moving 
nanocars), and this could be attributed to the following reasons: 

1. The strong electronic interactions21, 22 between TRITC and the glass 
surfaces 
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2.  The surface roughness of the glass substrate, as the glass is not 

atomically flat and contains a lot of defects that is huge compared to 
the nanocar which is only a few nanometers in length. 

3. As the laser hits the molecules, some decomposition may occur, when 
the molecules lose fluorescence it is called photobleaching. However 
if the fluorescence tag is simply cleaved from the car, the microscope 
cannot tell since it only senses the fluorophores, and determines that 
there is no displacement at all. 

            The TRITC trailer tag acts as an anchor and inhibits translational 
motion. 
2.3  Intrinsically Fluorescent Nanocars 
            In order to solve the short comings of the trailer typed fluorescent 
tag, our group developed another fluorescent nanocar (2 shown in Figure 
2.2).  
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Figure 2.2 The BODIPY nanocar, BODIPY core highlighted in green 
 
            This fluorescent nanocar also has p-carborane as wheels yet the 
fluorescent properties of the molecule lies within the 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (BODIPY) core which is part of the axle/chassis, and 
does not rely on an outlying moiety such as TRITC to impart fluorescence. 
Testing of this nanocar finds that the mobility has increased to 45%,18, 20 a 
significant improvement.  Further testing of this nanocar on different glass 
surfaces (Vectabond-treated and amine terminated glass) suggests that 
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surface roughness and the interaction strength of wheels versus substrate 
both play a part in the mobility and diffusion constant of nanocars on 
surfaces. 
2.4  Design of the Adamantane Wheeled Nanocar 
            Although the intrinsically fluorescent nanocar 2 has already 
increased the mobility of the nanocar almost 2-fold, half of the nanocars 
remain stationary. Since the ultimate goal is to use nanocars to transport 
nanocargo, it is desirable to maximize the number of moving molecules. 
            It was already deduced from previous experiments that modifying the 
substrate to provide stronger interactions between wheels and substrate, we 
need to think of a way to decrease the interactions rather than increasing it. 
One option would be to alkylate the glass to provide a substrate that has less 
hydrogen bond interactions with the wheels, while the other option would be 
to modify the wheels itself. The geometry of the candidate should preferably 
be of comparable size to the nanocar, relatively spherical and symmetrical. 
Adamantane was chosen in the present work since it fulfills those 
requirements. Most importantly, it was hypothesized that the negligible 
polarity of its C-H bonds would lessen the interactions between the nanocar 
and the glass surface, thereby increasing the mobility of the nanocars. A size 
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and shape comparison of three of our studied wheel systems, C60, p-
carborane, and adamantane, is shown on Figure 2.3. 

 
Figure 2.3 Space-filling models of C60, p-carborane, and adamantane (from 
left to right). 
 
            Capitalizing upon the adamantane-wheeled systems, nanocar 3 in 
Scheme 2.1 was designed to move in a straight line on surfaces while the 
three-wheeled analogue 4 in Scheme 2.2 is expected to exhibit little or no 
motion given that only two of its three adamantane wheels are aligned.  
            To synthesize 3, TMS-protected diiodide 5 was coupled with 
ethynyladamantane (6)23 to form 7. After TMS deprotection, adamantane-
wheel-axle 8 was obtained. Then two units of the terminal alkyne axle 8 
were coupled with 1,4-diiodo-2,5-dimethoxybenzene (9)24 to give 3. 
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Scheme 2.1 Synthesis of adamantane-wheeled nanocar 3. 
 
            Trimer 4 was prepared through a Sonogashira coupling between 

triiodide BODIPY 10 and terminal alkyne 6 (Scheme 2.2). It is noteworthy 
that the reaction was very efficient given that it was a triple coupling. 



29  

 
Scheme 2.2 Synthesis of adamantane-wheeled trimer 4 

 
            In order to make a more comprehensive comparison, we wanted to 
synthesize a molecule where no two wheels are aligned. The proposed 
molecule 12 is shown in Scheme 2.3, where I attempt to do a triple 
Sonogashira coupling with the literature reported BODIPY 11. 

 
Scheme 2.3 Proposed Y-Shaped molecule synthesis. 
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            The attempted coupling failed as there is no desired compound 12 
found in the fractions of column chromatography. The chloride on the 
pyrrolic ring in BODIPY 11 was shown in literature to be reactive towards 
palladium catalyzed reactions,25, 26 despite being a usually nonreactive and 
undesired halogen chloride, while the reactivity on the bromide is unknown. 
Since the desired molecule could not be obtained, we excluded 12 from our 
experiments. 
2.5 Materials and Methods 
            Glass coverslips (Fisher Scientific 12-545-F 24X50-1) were used as 
the substrate. They were first cleaned by sonication in soap 
(LIQUIDNOX™, ALCONOX) for 15 min, rinsed with DI water, and then 
dried with nitrogen. The cleaning steps were repeated three times before 
oxygen plasma cleaning with a PDC-32G, HARRICK PLASMA at ~200 
mTorr for 2 min. The cleaned coverslips were stored in DI water until used. 
Single-molecule fluorescence imaging was carried out on a home-built 
sample scanning fluoresecnce microscope that is schematically illustrated in 
Figure 2.4. Circularly polarized 514 nm excitation was provided by an Ar+ 
laser (Modu-Lasser Stellar-Pro). The laser beam was expanded before 
entering an inverted microscope (Zeiss Axiovert 200) to achieve a 
diffraction-limited excitation spot. Fluorescence was collected in an epi-
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illumination geometry by an oil-immersion objective (Zeiss Fluar) and then 
directed to an avanlanche photodiode detector (Perkin-Elmer SPCM-AQR-
15). A dichroic mirror and a notch filter were used to separate the 
fluorescence from the excitation beam. The samples were placed on a XYZ 
piezo-electric scanning stage (Physik Instrumente P-517.3CL), which was 
controlled by a surface probe controller (RHK Technology SPM 1000). 
Images with dimensions of 10 µm × 10 µm consisting of 128 × 128 pixels 
were acquired by moving the sample across the excitation spot with a 
scanning speed of 1 pixel/ms. Typical excitation powers at the sample were 
500 nW. All measurements were carried out at room temperature and in an 
ambient air atmosphere. 
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Figure 2.4 Schematic of the scanning fluorescence microscope that uses an 
avalanche photodiode detector (APD) to gather data. 
 
2.6  Results and Discussion 
            The mobility of three different nanocars was investigated by single-
molecule fluorescence imaging: The 4- and 3-wheeled adamantane nanocars 
3 and 4, shown in Figure 3, and the 4-wheeled p-carborane nanocar 2, shown 
in Figure 2. The latter has been studied previously and was measured here 
again for direct comparison between nanocars with the same chassis, but 
different wheels.18 An example of the fluorescence imaging is shown for 3 in 
Figure 2.5. The mobility of the nanocars was determined from fluorescence 
images taken as a function of time. Each series of time-lapsed images 
contained 20 frames and was analyzed using a Matlab particle-tracking 
program, which can account for photoblinking and photobleaching of 
fluorescent molecules.22 Specifically, the bright spots in the fluorescence 
image in Figure 2.5A represent individual nanocar molecules, which were 
identified based on an intensity threshold and the shape of the fluorescent 
spot. A two-dimensional Gaussian function was fit to each spot in the first 
image frame taken. The centroids of the Gaussian functions were regarded 
as the starting positions of the nanocars. Nanocars identified in subsequent 
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frames were associated with those in previous frames, creating trajectories of 
position vs. time for each individual molecule. To visually illustrate this, 
Figure 2.5B-2.5E show a time-series of frames at a higher magnification for 
the red square marked in Figure 2.5A. The movement of individual nanocars 
is clearly seen in these images: the two nanocars in the upper and lower right 
quadrants move towards the outermost corners of their respective quadrants, 
while the bright spot in the upper left quadrant remains stationary and serves 
as a reference point. In Figure 2.5F, a single molecule trajectory is provided 
as calculated from 10 fluorescence images until photobleaching occurred. 
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Figure 2.5 (A) Fluorescence image of 3. The yellow circles indicate moving 
nanocars whereas the stationary nanocars are highlighted by magenta circles. 
(B-E) Time-lapsed images (2 μm × 2 μm) of the nanocars in the red dotted 
square in (A). The red cross at the center provides a reference frame to 
visualize the displacement of the two nanocars in the upper and lower right 
quadrants. (F) Single molecule trajectory of 3. The error bars represent the 
x-y localization uncertainties determined from fitting a 2-dimensional 
Gaussian function to the fluorescence spot in each image. The inset shows 
the mean square displacement as calculated from the trajectory as a function 
of time. The linear fit yields the diffusion constant. 
 
            Molecules were categorized into 'moving' and 'stationary' nanocars 
based on the displacement compared to the localization error obtained from 
the Gaussian fit. If the displacement in at least two frames was larger than 
twice the localization error, the nanocars were considered to be moving. The 
ratio of moving nanocars marked by the yellow circles and stationary 
nanocars indicated by the violet circles is 15:4 for 3 (Figure 2.5). It should 
be noted that the threshold for identifying the moving nanocars was 
increased by a factor of 2 compared to earlier studies as we found that this 
threshold change allowed for a better distinction between moving and 
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stationary nanocars, but otherwise this threshold change had no significant 
effect on the results. 
            Two-dimensional diffusion constants for individual nanocars were 
calculated from single molecule trajectories using a mean square 
displacement (MSD) analysis.27, 28  We have previously used an analysis that 
did not average the displacements for a given time interval, but instead gave 
each time step an equal weight.19, 21, 22 Because recent simulations 
demonstrated that the MSD analysis generally yields a smaller uncertainty in 
the calculated diffusion constants,27 we adopted this analysis for the current 
study. The MSD analysis for the single molecule trajectory in Figure 2.5F is 
shown in the inset. By applying this procedure to all moving nanocars, their 
diffusion constants were calculated. The distributions of diffusion constants 
for all three nanocars studied here are summarized in Figure 2.6A, which 
also lists the average diffusion constants and percentages of moving 
nanocars. Errors for the average diffusion constant and the percentage of 
moving nanocars were calculated based on three independent measurements 
of at least 100 molecules each. Importantly, we tested the effects of all 
changes in the analysis procedure on the previously studied p-carborane-
wheeled nanocar and found that the average diffusion constants and 



36  
percentage of moving nanocars were comparable within the error of the 
measurement. 
            Comparing the two 4-wheeled nanocars, which only differed by the 
type of wheel attached to the BODIPY-based chassis, we found that the new 
adamantane-wheeled nanocars 3 have a slightly larger diffusion constant 
(Figure 2.6A) compared to the p-carborane nanocars 2. This result can be 
explained by the different interaction energies between the glass surface and 
the two different types of wheels. The adamantane wheels are hydrocarbons 
that interact with the glass via weak van der Waals forces. Such interactions 
are significantly smaller than the B-H--O hydrogen bonding between the p-
carborane wheels with the oxygen of the glass substrate.18, 19, 21 
             Assuming an energy activated process for the nanocar movement, 
the fraction of moving nanocars is also an important characteristic of the 
nanocar mobility in experiments with finite measurement times, in addition 
to the diffusion constant, and should increase with increasing diffusion 
constant. This is indeed observed as illustrated by the integrated area under 
the histograms in Figure 2.6A, which also summarizes the values for the 
diffusion constant and fraction of moving nanocars. These results 
demonstrate our ability to tune the mobility of the nanocars through the 
interaction between the nanocar wheels and the substrate. While we 
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previously changed the chemistry of the substrate,18 here we have 
manipulated the nanocar movement by changing the wheels. 
            We can furthermore theoretically explain the relationship between 
the diffusion constant and the percentage of moving nanocars by a two-
dimensional diffusion model that is based on the random walk theory. The 
probability ,  of finding a diffusing molecule on a two-dimensional 
surface can be expressed as eq 1: 

   , = √     (eq 1) 
where  is the radial distance from the starting position,  is the time, and 

is the diffusion constant. Experimentally, the moving nanocars are those 
which move by more than twice the localization error Λ within the 30 s it 
takes to acquire an image. The fraction of moving nanocars  can 
then be obtained by integrating ,  from = Λ to = ∞, yielding eq 2: 
   = /     (eq 2) 
            Based on this model, the fraction of moving nanocars is therefore 
directly related to the diffusion constant, in excellent agreement with our 
single molecule imaging results. Using an average experimental localization 
error of Λexp = 200 nm, Figure 2.5B illustrates the relationship given by eq 2. 
The experimental data points for the three nanocars discussed here and 
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summarized in Figure 5A are in excellent agreement with this model. 
Furthermore, we have included the data from our previous work on 
BODIPY based p-carborane nanocars on different surfaces and a TRITC-
tagged nanocar.18, 21 Only the latter deviates from the predicted behavior, 
which is understandable considering that the TRITC dye was attached at the 
end of the nanocar chassis and likely impeded the movement of some 
nanocars by acting as a local surface anchor, thereby reducing the fraction of 
moving nanocars while not affecting the diffusion constant for the mobile 
nanocars. In addition, a fit of the data points to eq 2 yields a localization 
error of Λfit = 213 nm, in excellent agreement with the experimentally 
estimated value for Λ. 



39  

 
Figure 2.6 (A) Distribution of diffusion constants of the 4-wheeled 
adamantane nanocar 3, 3-wheeled adamantane trimer 4, and the BODIPY 
based 4-wheeled p-carborane nanocar 2. The average diffusion constants of 
the nanocars are shown in the legend. Percentages in the legend correspond 
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to the fraction of moving nanocars and are proportional to the areas under 
the curves. (B) Fraction of moving nanocars Pmoving as a function of the 
experimentally determined diffusion constant D. The data points also 
include previous measurements of the 4-wheeled p-carborane nanocar 2 on 
different surfaces and a TRITC-tagged p-carborane nanocar 1.18,20 The 
colored symbols in (B) correspond to the analogously colored lines shown in 
(A). The solid line was calculated from the two-dimensional random walk 
model (eq 2) with average experimental localization error of Λexp = 200 nm. 
The dashed line is calculated by fitting the data points to eq 2 instead, 
yielding a localization error of Λfit = 213 nm, which is in excellent 
agreement with experiments. Within experimental error, there is also 
excellent agreement between the measurements for 3 reported here and our 
earlier results, which were carried out independently from each other. 
 
            Comparing the mobility of 3 vs. 4 allowed us to again address the 
mechanism of the nanocar movement. 4 shows some mobility, but the 
diffusion constant and the percentage of moving nanocars decreased 
significantly compared to 3 (Figure 2.6). If the nanocars were only hopping 
or sliding on the surface, we would expect that the trimer 4 would show a 
higher mobility because they have one fewer wheel and thus reduced 
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interaction energy with the substrate. However, we observed the opposite as 
3 has a higher mobility than 4. The small but non-zero mobility of 4 could 
be explained assuming that some of those nanocars move using only the two 
wheels aligned 180˚ while the third wheel projects upward and occasionally 
acts as a brake when surface-bound. These results are therefore in excellent 
agreement with previous experimental studies and molecular dynamics 
simulations, which showed a wheel-assisted moving mechanism of 
nanocars.11, 21, 29 
2.7  Conclusions 
            Our single-molecule measurements presented here not only support 
our previous study, which concluded that the interaction energy between the 
nanocar wheels and the glass substrate determines the mobility of the 
nanocars,18, 19 but also successfully demonstrate the feasibility of changing 
the wheels to further improve the mobility of nanocars, giving guidance for 
the future molecular design of efficient nano-transporters.  The comparison 
of the diffusion constants and percentage of moving nanocars between the 4-
wheeled nanocar 3 and the 3-wheeled nanocar 4 furthermore validates the 
wheel-like rolling mechanism suggested for the movement of these 
molecular machines. 
2.8  Experimental Section 
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Experimental data for compounds 3, 4, 7, 8 
General Methods. 1H NMR and 13C NMR spectra were recorded at 400 or 
500and 100 or 125 MHZ respectively. Chemical shift (δ) are reported in 
ppm from TMS=0 ppm. FTIR spectra were recorded using a FTIR Infrared  
microscope with ATR objective with 2 cm-1 resolution. All glassware was 
oven-dried (150 °C) and then vacuum cooled prior to use. Tetrahydrofuran 
(THF) was distilled from sodium benzophenoneketyl under N2 atmosphere. 
Triethyamine (NEt3), dichloromethane (CH2Cl2), N,N’-dimethylformamide 
(DMF), pyrrole, and 2,4-dimethylpyrrole were distilled from calcium 
hydride (CaH2) under N2 atmosphere. THF and NEt3 were degassed with a 
stream of argon for 30 min before being used in Sonogashira coupling 
reactions. All reactions were carried out under N2 atmosphere unless 
otherwise noted. All chemicals were purchased from commercial suppliers 
and used without further purification. Flash column chromatography was 
performed using 230-400 mesh silica gel from EM science. Thin layer 
chromatography (TLC) was performed using glass plates pre-coated with 
silica gel 40 F254 0.25 mm layer thickness purchased from EM Science. 
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BODIPY Axle 7. An oven-dried 10 mL Schlenk tube equipped with a stir 
bar was charged with TMS-protected diiodide 5 (100 mg, 0.149 mmol), 6 
(53 mg, 0.33 mmol), Pd(PPh3)2Cl2 (10.4 mg, 14.8 μmol), and CuI (5.7 mg, 
30 μmol) to which were added Et3N (2 mL) and THF (1 mL). The reaction 
mixture was stirred at 70 °C overnight. The mixture was quenched with 
saturated NH4Cl (20 mL) and extracted with dichloromethane (60 mL). The 
organic phase was washed with water (30 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 5% EtOAc in 
hexanes) to yield 7 as a red solid (106 mg, 97%). FTIR (neat) 2904, 2848, 
2162, 1616, 1526, 1475, 1390, 1310, 1220, 1175, 1077 cm-1; 1H NMR (500 
MHz, CDCl3) δ 7.60 (d, J = 8.5 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 2.59 (s, 
6H), 1.96 (M, 6H), 1.90 (d, J = 2.9 Hz, 12H), 1.69 (t, J = 3.0 Hz, 12H), 1.42 
(s, 6H), 0.28 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 158.10, 142.91 , 140.68 
, 134.94 , 132.72 , 130.60 , 128.02 , 124.05 , 116.86 , 105.91 , 104.13 , 95.93 
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, 77.25 , 77.00, 76.75 , 70.91 , 43.07 , 36.32 , 30.43 , 27.98 , 13.46, 13.42; 
HRMS (APCI) m/z calcd for [M+H]+ C48H55N2BF2Si 737.4277, found 
737.4306. 

 
BODIPY Axle 8 An oven-dried 25 mL round bottom flask equipped with a 
stir bar was charged with 7 (100 mg, 0.136 mmol) and K2CO3 (94 mg, 0.68 
mmol), to which were added MeOH (5 mL) and THF (5 mL). The reaction 
mixture was stirred at room temperature for 90 min. The mixture was 
quenched with water and extracted with dichloromethane (50 mL). The 
organic phase was washed with water (30 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 5% EtOAc in 
hexanes) to yield 8 as a dark red solid (67 mg, 74%). FTIR (neat) 3263, 
2901, 2850, 1616, 1536, 1475, 1400, 1305, 1225, 1170, 1077 cm-1; 1H NMR 
(500 MHz, CDCl3) δ 7.62 (d, J = 8.3 Hz, 2H), 7.21 (d, J = 8.5 Hz, 2H), 3.19 
(s, 1H), 2.59 (s, 6H), 1.96 (s, 6H), 1.90 (d, J = 2.9 Hz, 12H), 1.69 (d, J = 3.0 
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Hz, 12H), 1.42 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 158.17, 142.89, 
140.47, 135.33, 132.86, 130.58, 128.16, 123.08, 116.92, 105.94, 82.82, 
78.64, 70.90, 43.07, 36.32, 30.43, 27.98, 13.47, 13.40; HRMS (APCI) m/z 
calcd for [M+H]+ C45H47BF2N2 665.3879, found 665.3909. 

 
Four Wheeled Nanocar 3. An oven-dried 10 mL Schlenk tube equipped 
with a stir bar was charged with 8 (50 mg, 0.075 mmol), 9 (13.4 mg, 0.034 
mmol), Pd(PPh3)2Cl2 (5.3 mg, 7.6 μmol), and CuI (2.9 mg, 15 μmol) to 
which were added Et3N (1 mL) and THF (1 mL). The reaction mixture was 
stirred at room temperature overnight. The mixture was quenched with 
saturated NH4Cl (10 mL) and extracted with dichloromethane (30 mL). The 
organic phase was washed with water (20 mL), dried over anhydrous 
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MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 30% chloroform 
in hexanes) to yield 3 as a purple solid (70.4 mg, 64%). FTIR (neat) 2900, 
2850, 1616, 1530, 1480, 1450, 1392, 1310, 1225, 1172, 1075 cm-1; 1H NMR 
(400 MHz, CD2Cl2) δ 7.69 (d, J = 7.9 Hz, 4H), 7.28 (d, J = 7.8 Hz, 4H), 7.09 
(s, 2H), 3.91 (s, 6H), 2.54 (s, 12H), 1.94 (M, 12H), 1.90 (M, 24H), 1.69 (M, 
24H), 1.46 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 158.15, 153.96, 142.86, 
132.44, 130.64, 128.15, 116.89, 115.53, 105.93, 77.25, 77.00, 76.75, 70.92, 
56.48, 43.07, 36.32, 30.44, 27.98, 13.47, 13.44; MALDI m/z calcd for 
[M+K]+ C98H100B2F4N4O2 1502.8, found 1502.7 

 
Three Wheeled Nanocar 3. An oven-dried 10 mL Schlenk tube equipped 
with a stir bar was charged with triiodide BODIPY 10 (200 mg, 0.285 
mmol), 6 (160 mg, 1.0 mmol), Pd(PPh3)2Cl2 (30 mg, 0.043 mmol), and CuI 
(16.3 mg, 0.086 mmol) to which were added Et3N (2 mL) and THF (2 mL). 
The reaction mixture was stirred at room temperature overnight. The mixture 
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was quenched with saturated NH4Cl (25 mL) and extracted with 
dichloromethane (100 mL). The organic phase was washed with water (50 
mL), dried over anhydrous MgSO4, filtered, and the filtrate was concentrated 
under vacuum. The crude product was purified by column chromatography 
(silica gel, 10% EtOAc in hexanes) to yield 4 as a red solid (214.3 mg, 
94%). FTIR (neat) 2900, 2848, 1616, 1530, 1450, 1391, 1309, 1225, 1175, 
1075 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.51 (d, J = 8.5 Hz, 2H), 7.14 (d, J 
= 8.5 Hz, 2H), 2.59 (s, 6H), 2.08 – 1.61 (m, 45H), 1.43 (s, 6H); 13C NMR 
(125 MHz, CDCl3) δ 157.93, 143.05, 141.15, 133.72, 132.39, 130.72, 
127.84, 125.08, 116.74, 105.82, 99.86, 78.81, 70.97, 43.09, 42.73, 36.34, 
30.44, 30.17, 28.00, 27.96, 13.48, 13.46; HRMS (APCI) m/z calcd for 
[M+H]+ C55H61BF2N2 799.4978, found 799.4966. 
2.9  Contributions 
            I finished and optimized all synthetic tasks on the adamantane 
wheeled nanocars based on the previous work of Jazmin Godoy. Dr. Stephan 
Link and Lin-Yung Wang did the imaging on the various molecules 
synthesized. Dr. Anatoly Kolomeisky came up with the theory of fitting the 
data into a 2-D random walk model. 
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CHAPTER 3 
 
 
 
 

Carbon Nanotubes Dispersed in Aqueous Solution 
by Ruthenium(II) Polypyridyl Complexes 

 
 

This chapter is copied from a submission to Chemical Sciences
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3.1 Introduction 
            Carbon nanotubes (CNTs) are one-dimensional cylindrical structures 
of wrapped graphene sheets forming tubular architectures.  Single-walled 
carbon nanotubes (SWCNT) are formed by one of such rolled sheets, while 
multi-walled carbon nanotubes (MWCNT) contain several graphene sheets 
leading to multiple concentric tubes of different sizes.1  In the past two 
decades, SWCNTs have emerged as an intensive research topic for 
applications in solar cells,2-4  electronic devices,5, 6 transparent conductive 
films,7-9 strong conductive fibers,10, 11 and hydrogen storage,12 among others. 
However, as-synthesized SWCNTs form bundles due to strong van der 
Waals attractions between them.  Bulk bundled SWCNTs require to be 
individualized in order to fully exploit their mechanical, electronic, and 
optical properties.13-16 A general approach to debundle SWCNTs is 
introducing repulsive interactions between them to counterbalance short-
range attractions.  To date, myriad approaches have been developed to 
individualize carbon nanotubes and most of them are simply divided into two 
categories, that is, covalent functionalization,17, 18 versus non-covalent 
functionalization.16, 19, 20  
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            On one hand, covalent functionalization is an effective approach for 
attaching functional groups to the sidewalls of carbon nanotubes.  In turns, it 
enables their dispersion in different solvents, but the process involves the 
chemical modification of SWCNTs.  The conversion of, for example, sp2 
carbons to sp3 carbons leads to the destruction of the extended π-system and, 
therefore, to changes in the resulting electronic properties. On the other 
hand, non-covalent interactions with molecular building blocks such as 
surfactants, which contain hydrophobic and hydrophilic domains, keep the 
carbon backbone of SWCNTs intact and preserve their electronic properties.  
The design of photoactive molecular building blocks capable of dispersing 
SWCNTs, while maintaining their delocalized π-electron systems intact, is of 
great importance, especially in the context of their use in solar energy 
conversion.13 
            Marti’s group has previously reported on the use of ruthenium 
polypyridyl complex with extended π-systems such as [Ru(bpy)2(dppz)]2+ 
(bpy = 2,2’-bipyridine; dppz = dipyrido[3,2-a:2’.3’-c]-phenazine) to non-
covalently disperse SWCNTs in aqueous media.16  Although high 
concentration of SWCNTs are dispersable in aqueous solutions using 
[Ru(bpy)2(dppz)]2+, its short lived non-emissive excited state in aqueous 
solution limits the excited state interactions between the metal complex and 
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the CNTs.21, 22  In this study, we synthesized two ruthenium complexes 
containing pyrene-anchoring groups – Scheme 3.1.  These complexes are 
photoluminescent in water with reasonably long photoluminescence 
lifetimes.23 Non-covalent π-stacking interactions between SWCNTs and 
pyrene are responsible for the physisorption of the photoluminescent 
complexes onto carbon nanotubes. The non-covalent attachment of pyrene 
derivatives onto SWCNTs not only keeps their electronic structure intact, but 
also its easy modification allows the attachment of a variety of molecules to 
carbon nanotubes.2, 24-28  In this manuscript, we demonstrate that ruthenium 
complexes containing pyrene-anchoring groups are efficient dispersers for 
SWCNTs in water.  Using different spectroscopic techniques such as steady-
state and time-resolved photoluminescence spectroscopy as well as transient 
absorption spectroscopy we probed the excited state of ruthenium 
complexes/SWCNTs composites in aqueous solution. The spectroscopic 
results obtained are in line with quenching of the excited state by Förster 
Resonance Energy Transfer (FRET) from the ruthenium complexes to 
SWCNTs.  

3.2 Results and Discussion 
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            Ruthenium complexes with pyrene anchoring groups (RuPy) were 
synthesized by multi-step reactions – see Schemes 3.2 and 3.3 in the 
experimental section – followed by ion exchange of the hexafluorophosphate 
salts with water-soluble chloride anions.  Two molecules were synthesized 
labeled RuPy1 and RuPy2 as depicted in Scheme 3.1.  The difference 
between RuPy1 and RuPy2 is the respective linker between the 
phenanthroline and the pyrene – for RuPy1 the linker is an alkyne group, 
while for RuPy2 the linker is an alkane group.  

 
Scheme 3.1. a) Structures of RuPy1 and RuPy2; b) Pictorial illustration of the 
interactions of RuPy1 and RuPy2 with SWCNTs. 
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Figure 3.1. Normalized absorption and emission spectra of RuPy1 (black 

spectra) and RuPy2 (red spectra) in nitrogen purged aqueous solution. 
 

            The absorption and emission of RuPy1 and RuPy2 were studied in 
nitrogen purged aqueous solutions.  The absorption spectrum of RuPy1 in 
Figure 3.1 exhibits a broad absorption band with a maximum at 420 nm, 
which possesses MLCT (metal-to-ligand charge transfer) as well as IL 
character, and bands at 235 and 285 nm, which correspond to ligand-
centered transitions in line with a previous report of a similar complex.29 The 
existence of electronic communication between phenanthroline and pyrene 
via the triple bond conjugation in RuPy1 is the origin for a structured red-
shifted emission with a maximum at 680 nm.  Interestingly, its emission 
lifetime in water reaches 665 µs.  In accordance with previous studies, this 
phenomenon is attributed to the emission from 3IL/3LLCT excited states.29, 30  
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RuPy2 shows an MLCT band with maximum at 452 nm and distinguishable 
LC bands at higher energies. Reducing the acetylene group linking the 
phenanthroline and pyrene in RuPy2 disrupts the extended conjugation of 
the ligand and restores the typical shape of the MLCT seen in polypyridyl 
ruthenium complexes.31, 32 A point to note is that RuPy2 has distinguishable 
peaks around 340 nm, which resemble those of pyrene, and, which arise 
likely due to the disruption of conjugation upon reduction of the alkyne 
group.  RuPy2 shows an unstructured emission at 615 nm consistent with the 
emission of [Ru(bpy)2(phen)]2+ in water and an emission lifetime of 12 µs 
(Table S1).  The latter exceeds that of [Ru(bpy)2(phen)]2+, which is 
consistent with a triplet-triplet excited state equilibrium between the 3MLCT 
and pyrene centered 3IL states.33-36  
            To study the interaction of RuPy complexes with a variety of 
nanotubes types (chiralities) we employed High-Pressure CO Conversion 
(HiPco) nanotubes. SWCNTs were dispersed in D2O solutions of either 
RuPy1 or RuPy2 with different initial amounts of HiPco SWCNTs.  The 
resulting dispersions were sonicated followed by centrifugation to remove 
non-dispersed bundled SWCNTs. Then, the supernatant was collected to 
isolate dispersions of RuPy/HiPco SWCNT hybrids.  Hybrids of RuPy Co-
Mo catalyst (CoMoCat) SWCNTs were prepared in the same way.  The 
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absorption spectra of HiPco SWCNTs dispersed with RuPy1 are shown in 
Figure 3.2, while those for RuPy2 are found in Supporting information, 
Figure S2.  Consistent with Figure 3.1, there is no appreciable absorption for 
RuPy1 above 550 nm.  On the contrary, for RuPy1/HiPco SWCNT hybrids, 
an increase in the absorption above 550 is noted (Figure 3.2a), which shows 
the typical SWCNT centered van Hove transitions.  We note in Figure 3.2a 
that the absorbance at 420 nm decreases as the initial concentration of 
SWCNT increases, which implies the decrease of the RuPy1 concentration 
in solution.  This phenomenon is attributed to the immobilization of RuPy1 
onto undispersed SWCNTs following tip sonication and centrifugation.  
From analyses of Figure 3.2a, we concluded that the optimum dispersion 
conditions for SWCNTs with RuPy1 include an initial concentration of 2 
mg/mL.  Similar dispersion results are found for CoMoCat SWCNTs, which 
are enriched in (6,5) SWCNTs (Figure S3). 
            In order to study dispersed SWCNTs with minimum interference 
from free RuPy1 and / or RuPy2, the solutions were dialyzed using nominal 
2000 MW membranes.  After dialysis, the absorption spectra of the resulting 
dispersions (Figure 3.2b) give rise to a reduced amount of RuPy1 and / or 
RuPy2 as corroboration for the removal of free RuPy.  In the near infrared, 
the absorption spectra of HiPco SWCNTs show discernable van-Hove 
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singularities, which is indicative for SWCNT individualization, and, which 
underlines that 2 mg/mL is indeed the optimum initial concentration of 
SWCNTs when dispersed with RuPy1 (Figure 3.2c).  This confirms that 
dialysis for a controlled time period is a viable strategy for removing free 
RuPy1.  If the dialysis continues beyond 24 h, the dispersion is, however, 
rather unstable leading to the precipitation of SWCNTs.  If the dialysis is 
stopped before or at the 24 h limit the dispersions are stable for days.  
Notable, dispersions featuring lower concentrations of SWCNTs are 
dialyzable for more than 24h without showing significant precipitation.  
Absorption spectra of RuPy2/HiPco SWCNTs are similar to those shown in 
Figure 2 (Figures S2b and S2c).  Qualitatively, the absorption spectra in 
Figure 3.2c and S2c seems to indicate that RuPy1 and is slightly better 
dispersant for HiPco SWCNTs that RuPy2 in spite of its more rigid 
structure. 
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Figure 3.2. Absorption spectra of RuPy1 and HiPco SWCNT hybrids in 
aqueous solutions before (a) and after (b) dialysis for 16 h using a nominal 
2000 MW membrane.  Dispersions were prepared with 1 mg/mL RuPy1, 
with initial concentration of 0 mg/mL (black line), 1 mg/mL (red line), 2 
mg/mL (blue line), and 3 mg/mL (cyan line) of HiPco SWCNTs, 
respectively (40x dilution before taking the spectra); c) Absorption spectra of 
RuPy1 and HiPco SWCNT hybrids in aqueous solution (5x dilution before 
taking the spectra); d) Comparison of photoluminescence spectra of HiPco 
SWCNTs dispersed in RuPy1 aqueous solution and CTAB surfactants. 

 
            The individualization of SWCNTs in the dispersions is probed by the 
NIR emission of SWCNTs.  Individualized semiconducting SWCNTs give 
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rise to narrow emissions, whereas the emission is quenched in bundled 
SWCNTs possibly due to energy transfer to metallic nanotubes present in the 
bundles.37, 38  Figure 3.2d shows NIR emission of SWCNTs dispersed by 
RuPy1 and by cetyl hexadecyltrimethylammonium bromide (CTAB) and 
either excited at 642 nm or at 659 nm in aqueous solutions.  Again, the 
presence of emission peaks in the near infrared region attests their 
individualization.  Substantial red-shifts – in the order of 30 nm –in the 
emission maxima and line broadening were observed in RuPy1/HiPco 
SWCNTs when compared with CTAB/HiPco SWCNTs.  This can be 
attributed to π-π stacking of the pyrene anchors of RuPy1 onto the sidewalls 
of SWCNTs.16  Experiments using RuPy2 and SWCNTs show similar 
results (Supporting information, Figures S2d). Contour plots of the 
photoluminescence of dispersions of SWCNTs with RuPy1 and RuPy2 at 
different excitation wavelengths are shown in Figure S5.   
            Debundling of SWCNTs was independently confirmed by 
microscopy techniques.  Figure 3.3a shows representative AFM images of 
RuPy1/HiPco SWCNTs deposited on mica.  The average height of SWCNTs 
was estimated to be around 2.1 nm, which corresponds to diameters of 
individual or mostly debundled HiPco SWCNTs covered with RuPy1.  The 
morphology of RuPy1/HiPco SWCNTs was further visualized by TEM 
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(Figures 3.5b) More images can be seen in Supporting Information Figure 
S6.  TEM images show two to three individual SWCNTs wrapped with an 
amorphous material, which suggests the immobilization of RuPy1 onto 
SWCNTs.  TEM images of RuPy2/HiPco and RuPy1/CoMoCat SWCNTs 
show similar features (Figures S7 - S9, respectively).  
            In light of the fact that sonication induces defects on the sidewalls of 
SWCNTs, it is crucial to monitor the defects of dispersed SWCNTs.  To this 
end, the G/D ratios in Raman spectra taken for SWCNTs are a qualitative 
approach to assess defects. Raman spectra of HiPco and CoMoCat SWCNTs 
dispersed with RuPy1 were obtained by dropcasting and drying the 
dispersions on silicon wafers (Figure S10).  In the spectra, G- and D-bands 
evolve at 1592 and 1300 cm-1, respectively.  The relative intensity ratios of 
the G/D bands is 11.1, which infers only slight damaging of the SWCNT 
sidewalls.  In the literature, pristine SWCNTs feature G/D in the range from 
17 to 20.8 
            To probe excited state interactions between SWCNTs and RuPy1 or 
RuPy2 we employed first steady-state emission spectroscopy.  The effect of 
RuPy1 on the emission of HiPco SWCNTs was assessed by diluting 
dispersions of RuPy1/HiPco SWCNTs and CTAB/HiPco SWCNTs to the 
same absorption at 642 nm.  CTAB is a cationic surfactant, which should 
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have minimum excited state interactions with SWCNTs.  The NIR emission 
of SWCNTs excited at 642 was obtained and shows a 70% quenching of the 
HiPco SWCNT emissions when dispersed with RuPy1, accompanied by a 
30 nm red-shift in the emission maxima – Figure 4a.  The same experiments 
yield for RuPy2 a 94% quenching of the HiPco SWCNTs centered features 
– Figure S11a.  The quenching of the SWCNTs photoluminescence is 
consistent with quenching of the excited state by heavy atom effect due to 
the close proximity of the ruthenium complexes. Actually, it is possible that 
the stronger quenching of SWCNT photoluminescence by RuPy2 is 
associated with a closer distance of this complex to the nanotube due to its 
flexible linker.  
            To study the effect of SWCNTs on the excited state emission of 
RuPy1, we prepared a RuPy1/HiPco SWCNTs dispersion with an 
absorbance of less than 0.05 at 440 nm to minimize inner filter effects.  
Then, we prepared a CTAB/HiPco SWCNTs dispersion and diluted it to 
match the absorption of RuPy1/HiPco SWCNTs at 642 nm (this is done to 
estimate the contribution of SWCNT to the absorption spectrum of 
RuPy1/HiPco).  Implicit in the subtraction of these two spectra is the amount 
of RuPy1 used to disperse the HiPco SWCNTs.  Then, we prepared a 
solution of RuPy1 with the same absorption at 420 nm as the spectra 
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obtained by subtraction of the RuPy1 and RuPy1/SWCNTs spectra. This is 
carried out to guarantee the same concentrations of RuPy1 in both solutions.  
The emission of RuPy1 and RuPy1/SWCNTs were then recorded showing a 
92% decrease in intensity in the case of the later – Figure 4b.  The 
experiment for RuPy2 yields a 75% emission quenching in the presence of 
HiPco SWCNTs – Supporting information, Figure S11b. 

 
Figure 3.4. (a) Absorption and NIR emission spectra of CTAB/HiPco 
SWCNT (black spectra) and RuPy1/HiPco SWCNT (red spectra) in aqueous 
solution upon 642 nm photoexcitation; (b) Absorption and emission spectra of 
CTAB/HiPco SWCNT (black spectra), RuPy1/HiPco SWCNT (red spectra), 
and RuPy1 (blue spectra) in aqueous solutions upon 420 nm photoexcitation. 
 
            The stronger quenching, as it is observed for RuPy1 with SWCNTs, 
is likely to be a consequence of its longer photoluminescence lifetime in 
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comparison with RuPy2 – vide infra. The nature of this quenching will be 
discussed in more detail below. 
            Emission lifetime analysis for RuPy1 also shows a decrease when 
SWCNTs are present, namely from 665 to 382 µs, when used to disperse 
HiPco SWCNTs (Table S1).  For RuPy2, the change in lifetime was from 
12.2 to 6.8 µs.  It is, however, important to mention that the quenching based 
on lifetime values is smaller (~55%) than what would be expected based on 
the steady state photoluminescence (>75%, previous paragraph).  As such, a 
static component must contribute to the quenching of the RuPy1 and 2 
emission in the presence of SWCNTs.  
            To further explore the nature of the SWCNTs and RuPy1 and / or 
RuPy2 interactions, pump-probe experiments were performed. Control 
pump-probe experiments of RuPy1 in D2O show bleaching of the MLCT, 
which recovers biexponentially with lifetimes of 8.5 and 102.5 ps – Figure 
S12.  This bleach is followed by the emergence of a long-lived positive 
transient with maxima at 439 and ~500 nm, which are likely associated with 
triplet-triplet absorptions of pyrene.29  The differential absorption spectra for 
RuPy2 are similar to that of RuPy1.  The only notable difference is the 
recovery of the MLCT bleaching, which exhibits lifetimes of 81.8 and 698.7 
ps – Figure S13.  The MLCT bleaching is followed by the formation of 
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positive transients with maxima at 490 and 515 nm as well as a negative 
transient at ~630 nm, which can be attributed to emission.  
            The pump-probe experiments for HiPco SWCNTs dispersed by 
CTAB were also obtained as control experiments and are shown in Figure 
3.5a.  Two major features are observed in the pump-probe experiments: 
transient bleachings and transient absorption.  Transient bleachings are due 
to pump laser excitation which creates Eii excitons that relax to E11 within 
100 fs.49 This produces a depletion of the ground state that is observed as a 
bleaching in the van Hoff transitions. Transient absorption features have 
been attributed to several factors such as population of a biexciton manifold 
(E11 + E22) from E11 and photoexcited bound excitons,49 e.g. E22-E11 or E33-
E11.50 
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Figure 3.5.  Differential absorption spectra obtained upon femtosecond 
pump probe experiments (387 nm) of (a) CTAB/HiPco SWCNTs in D2O 
with its time decay profile at 1135.  Differential absorption spectra for (c) 
RuPy1/HiPco SWCNTs and (d) RuPy2/HiPco SWCNTs in D2O.   

 
            Transient bleachings are observed at 988, 1030, 1060, and 1140 nm, 
which are consistent with bleaching of the ground state of (6,5), (7,5), (10,2), 
and (7,6) SWCNTs, respectively.  These bleachings are red shifted in 
relation with HiPco nanotubes dispersed with SDBS.20 Exponential fits (from 
2-1000 ps) let to dynamics in the picosecond range of ~2, 23, and 142 ps – 
Table S3. Previous studies have suggested that short component lifetimes ( 
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2 ps) are due to relaxation of SWCNTs in bundles,50, 51 while longer 
components from tens to hundreds of nanoseconds can be assigned band 
edge relaxation.51, 52 It is important however to point out that exciton 
relaxation transitions in SWCNTs depend on a variety of factors such as 
defects, length and dispersant.50 

            Pump-probe experiments for RuPy1/HiPco show transient 
bleachings at 1000, 1050 nm (not prominent), and 1152 nm with similar 
lifetimes of ~2, 36, and 169 ps – Figure 3.5c and Table S3.  For 
RuPy2/HiPco SWCNTs, the minima are further red shifted to 1005, 1055, 
1156 nm – Figure 5d – and with lifetimes as detailed in Table S3. 
Nonetheless, we did not observe any significant changes in the bi-
exponential lifetimes in the excited state decay profile of RuPy1/HiPco 
SWCNTs and RuPy2/HiPco SWCNTs when compared to the analogous 
HiPco SWCNTs dispersion.  Notable is that the transient absorption 
experiment for RuPy2/HiPco SWCNTs (Figure 3.5d) show features that are 
consistent with free RuPy2 as discussed in the previous paragraph. This is 
because the samples for transient absorption experiments were not dialyzed 
in order to increase their stability during the transient absorption experiments 
(see experimental section). These features are not obvious in the 
RuPy1/HiPco SWCNTs transient absorption experiments (Figure 3.5c) due 
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to the better interaction between RuPy1 and SWCNTs, which results in less 
free RuPy1. 
            In order to identify any potential new bands due to charge transfer 
interactions, we performed spectroelectrochemistry of RuPy1 and RuPy2. 
Figures S12-S13, supporting information, illustrate UV-Vis for the oxidation 
and reduction of RuPy1 and RuPy2 upon applying variable potentials, 
respectively. On one hand, under oxidative and reductive conditions, 
attenuation of the MLCT related transitions is expressed in terms of negative 
differential absorption changes between 400 and 500 nm.  Once oxidized, the 
tendency to transfer metal t2g electrons to ligand π* orbitals is eliminated.  
On the other hand, weak positive differential absorption changes in the range 
from 500 to 900 nm are in line with recent reports assigned to LMCT 
transitions. Unfortunately, the differential absorption bands seen at different 
reduction potentials resemble those of the control transient absorption 
experiments of the complexes in solution with no nanotubes (Figures S12 
and S13). Comparison of Figure 5c and d with Figure 5a, indicate small 
shifts in maxima and intensities of the peaks but no new spectral bands 
which could be unambiguously associated with charge transfer processes 
(Figure 3.5).  
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            To overcome the heterogeneity of HiPco SWCNT, we performed 
transient absorption experiments with CoMoCat SWCNTs.  The advantage 
of using CoMoCat SWCNTs is that they are enriched in (6,5) nanotubes, 
allowing to obtain simpler signals in the transient absorption experiment.  
Figure 6a shows transient absorption spectra with minima at 993 and 1149 
nm in the NIR range corresponding to (6,5) and (7,6) enriched nanotubes 
dispersed via CTAB in D2O.  This ground state bleaching at, for example, 
993 nm is fit to a triexponential decay with lifetimes of 2, 26, and 175 ps.  
Transient minima in visible range at 464, 513, 571, 652, also corresponds to 
ground state bleaching, which match with the steady-state absorption 
spectrum.  Transient maxima appear at 479, 530, 607, 902, 936, and 1093 
nm and are in sound agreement with previous reports.20 The transient 
absorption spectra of CoMoCat SWCNTs dispersed by means of RuPy1 are 
shown in Figure 3.6c upon 387 nm excitation. 
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Figure 3.6.  Differential absorption spectra obtained upon femtosecond 
pump probe experiments (387 nm) of (a) CTAB/CoMoCat in D2O with its 
time-decay profile at 993 nm. Differential absorption spectra  for (c) 
RuPy1/CoMoCat in D2O, and (d) RuPy2/CoMoCat in D2O. 

 
            Minima were observed in this case at 1003 and 1156 nm, which 
correlate to ground state absorptions of (6,5) and (7,6) SWCNTs, 
respectively, and that are red-shifted in comparison with CoMoCat 
SWCNTs. Exponential fitting of the dynamics resulted in three major 
lifetimes, namely 2, 19, and 136 ps for (6,5) chilarlity. Interestingly, shorter 
biexponential decay was observed for (7,6) tubes – Table S3.  In comparison, 
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the minima in RuPy 2/CoMoCat are slightly red shifted to 1006 nm and 
1163 nm (Figure 3.6d) with 2, 17, and 95 ps emerged as lifetimes for (6,5). 
The red shifts observed for RuPy with SWCNTs are reminiscent of the red 
shifts observed in the photoluminescence spectra and are likely due to π-π 
stacking. 
            Interestingly, in past works, both oxidation and reduction of 
SWCNTs in the presence of ruthenium polypyridyl complexes have been 
inferred based on photoconductivity, photovoltaics performance, and FET 
studies.39-41 Notably, these studies have been performed in dry films, in 
which the orientation of ruthenium complexes relative to SWCNTs and / or 
the solvent reorganization energy is likely to play a role in the direction of 
electron density shift.  Thus, both directions of photo-excited electron 
transfer are in theory, thermodynamically feasible in RuPy/SWCNT hybrids 
as mentioned by et al.39 Nonetheless, as discussed above for RuPy1 and 2 
with HiPco and CoMoCat SWCNTs, no new features were observed in the 
transient absorption spectra, that would indicate photoredox chemistry, and 
thus the reason for the high degree of quenching of the metal complexes 
cannot be unambiguously identified.  
            A possibility so far unaddressed is that quenching of RuPy by 
SWCNTs could be due to FRET. Since the emission from RuPy1 and 2 



82  

 

comes from an excited state with strong triplet character, FRET is spin-
forbidden and thus it was expected to have minimum contribution to 
quenching. Nonetheless, calculations of the theoretical quenching efficiency 
between RuPy1 and (6,5) SWCNTs as a function of the distance using 
FRETView42 (details in appendix 1, supporting information) shows that 
FRET is quite efficient when the distance between RuPy1 and SWCNT is 
close (Table S4). From structural models we anticipate that the distance 
between the ruthenium cation and the center of a (6,5) SWCNTs is about 
1.25 nm (Figure S14), which correspond to an estimated FRET efficiency of 
unity. 
            Considering that the emission spectra of RuPy 1 and 2 are broad, 
overlapping with the absorption spectra of a variety of SWCNTs, and that 
the distance between these metal complexes and SWCNTs are expected to be 
very small, it is reasonable to think that quenching of the photoluminescence 
of RuPy1 and 2 is due to FRET rather than electron transfer. Still, we must 
also point out that the expected FRET rate for RuPy1 to (6,5) SWCNTs is 
slow (107 – 108 s-1), which should yield an excited state lifetime component 
tens of nanoseconds long. Such long component was not detected in our 
transient absorption experiments, which could be taken as an argument 
against FRET.  Nonetheless, it is likely that we are overestimating the 
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distance between RuPy 1 and (6,5) SWCNTS in our calculation, which are 
really in van der Waals contact, and that would result in faster FRET rates. 
Finally a concerted electron exchanged mechanism (Dexter energy transfer) 
is also possible due to the close contact between the RuPy and SWCNTs. 
This kind of mechanism, would leave the lifetimes of SWCNTs unchanged 
and will not produce any new features in the transient absorption spectra 
consistent with the experimental data.43   

3.3 Conclusions 
            In conclusion, we have synthesized ruthenium complexes capable of 
dispersing SWCNTs in solution.  SWCNT emission and microscopy suggest 
a great degree of individualization in the dispersions. Upon immobilization 
onto SWCNTs, the emission of RuPy decreases by up to 92%. Transient 
absorption experiments show features consistent with RuPy and SWCNT 
excitation, but no new bands corresponding to photoinduced redox species 
where unambiguously identified.  Thus, we concluded that the quenching of 
RuPy in the presence of SWCNTs is likely due to energy transfer, although 
photoinduced electron transfer cannot be completely ruled out. Due to the 
large body of research on ruthenium polypyridine complexes donor-acceptor 
systems for solar energy conversion and water splitting,31, 32, 44, 45 the creation 
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of water-soluble RuPy/SWCNTs present interesting systems with potential 
use in artificial photochemistry schemes. Since the proximity of the pyrene 
group to the Ru(II) complex produces a very short lived MLCT, future work 
will include creating ruthenium complexes containing long aliphatic chains 
instead of pyrene groups, which will allow a better monitoring of the long-
lived MLCT band in the transient absorption spectrum and a more concise 
study of the photoredox chemistry of these systems.   

3.4 Experimental Section  

3.4.1 Schemes and Instruments 

 

Scheme 3.2. Scheme for the synthesis of Rupy 1 



85  

 

 

Scheme 3.3. Scheme for the synthesis of compound RuPy2. 

 
            1H NMR spectra were recorded with a Bruker 400 MHz NMR 
spectrometer. Electrospray ionization mass spectra (ESI-MS) were measured 
on a Bruker MicroTOF system. UV-Visible spectra were recorded on a 
Shimadzu UV-2450 UV-Vis spectrophotometer. Steady-state 
photoluminescence spectra (in the visible region of the spectrum) were 
obtained in a HORIBA JovinYvonFluorolog 3. Time-resolved studies where 
performed using an Edinburgh Instruments OD470 single-photon counting 
spectrometer with a blue detector and µF 920H lamp with excitation at 420 
nm for RuPy1, while a 440 nm picosecond pulse diode laser and a high 
speed red detector was used for RuPy2.  2D steady-state photoluminescence 
spectra (in the NIR detection) were measured with a model NS1 
Nanospectralyzer (Applied NanoFluorescence) with fixed excitation lasers at 
642, and 659 nm. Cyclic voltammetry and square wave voltammetry were 
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performed by using a FRA 2 µ Autplab type III (METROHM) potentiostat, 
in a conventional three-electrode electrochemical cell. A glass carbon disk (1 
mm diameter) was used as working electrode, a Pt wire electrode served as 
the counter electrode, an Ag wire was used as the quasi reference electrode 
while (n-Bu)4NPF6 was used as the supporting electrolyte. All potentials 
were referenced to ferrocenium/ferrocene (Fc+/Fc). All electrochemical 
measurements were performed after purging with argon at ambient 
temperature. Spectroelectrochemistry experiments were performed also with 
a three-electrode setup in a home-built cell – a transparent platinum gauze as 
working electrode, a Pt wire as the counter electrode, and a Ag wire as 
reference electrode. The variable potentials were applied with PGSTAT 101 
and the results were shown as differential spectra – spectrum with and 
without applied potential. The spectra were monitored with a Cary 5000 
(VARIAN) UV/vis/NIR spectrometer. In case of RuPy/CoMoCaT, NaCl is 
used as supporting electrolyte whereas conventional (n-Bu)4NPF6 is used for 
spectroelectrochemistry measurements of RuPy1 and 2  complexes. Raman 
spectra were obtained using a Renishaw inVia MicroRaman spectrometer. 
AFM images were taken on a scanning probe microscope, Digital instrument 
nanoscope III.  TEM images were obtained from JEOL 2100 FEG TEM (200 
kV, high resolution) and LEO 912 OMEGA transmission electron 
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microscope (80 kV). Femtosecond transient absorption studies were 
performed with 387 nm laser pump pulses (1 kHz, 150 fs pulse width- 
output: 775 nm) from an amplified Ti-sapphire laser system (CPA 2110 
Laser, Clark-MXR Inc.). Transient absorption spectra were monitored in 2 
mm cuvettes with Helios from Ultrafast Systems. 3D steady-state 
photoluminescence spectra (in the NIR detection) were taken with a 
FluroLog3 spectrometer (Horiba) with InGaAs detectors (IGA Symphony 
800 to 1700 nm 512  1  1 μm).  
 
3.4.2 Synthetic Procedures  
            All reagents and chemicals were obtained from commercial sources 
and used as received without purification. Cis-Dichlorobis(2,2’-
bipyridine)ruthenium(II) dehydrate was purchased from Strem Chemicals. 1-
bromopyrene, 1,10-phenanthroline, (trimethylsilyl)acetylene were purchased 
from Alfa Aesar, USA. Potassium hexafluorophosphate was purchased from 
TCI America. All other chemicals were purchased from Sigma-Aldrich. 
Dialysis membranes with Nominal MWCO 2000 were purchased from 
Membrane Filtration Products, Inc. 



88  

 

 
Synthesis of compound 1: This compound was synthesized based on 
literature methods.46 2.4 g of 1,10-phenanthroline were placed in a heavy 
wall glass reaction tube with a Teflon screw top fitted with a Viton-O-ring. 
The reaction vessel was placed in an ice bath, and 8 mL of oleum (18%) and 
0.4 mL of bromine were added. The reaction tube was placed in a silicon oil 
bath, and the temperature was slowly raised to 135 oC. After 24 hrs, the 
reaction mixture was cooled to room temperature, poured over ice, and 
neutralized with ammonium hydroxide. The mixture was extracted with 
chloroform. The red extracts were stirred with charcoal and then dried over 
sodium sulfate. The crude product was recrystallized from hot diethyl ether 
with a little amount of dichloromethane. 75% 1H NMR (400 MHz, CDCl3) δ 
(ppm) 9.214 (t, J = 4.8, 2H), 8.675 (d, J = 8.4, 1H), 8.184 (d, J = 8.0, 1H), 
8.150 (s, 1H), 7.750 (dd, J = 4.4, 1H), 7.652 (dd, J = 4.4, 1H). 
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Synthesis of compound 2: This compound was synthesized based on 
literature methods.47 The mixture of cis-dichlorobis(2,2'-
bipyridine)ruthenium(II) dehydrate (0.260 g) and compound 1 (0.130 mg) in 
ethanol and water mixture solvent (v/v, 1/1) was heated to reflux for 2 h. 
After this, it was cooled down to room temperature and 150 mg of potassium 
hexafluorophosphate were added. The solvent was removed by rotovap and 
the crude product was purified by column chromatography in 90% yield.  1H 
NMR (400 MHz, CD3CN) δ (ppm) 8.742 (d, J = 8.4, 1H), 8.742 (d, J = 8.4, 
1H), 8.602 – 8.538 (overlapping m, 6H), 8.202 (dd, J = 6.8, 2H), 8.116 (t, J 
= 8.0, 2H), 8.024 (t, J = 8.4, 2H), 7.903 (m, 2H), 7.850 (dd, J = 5.2, 1H), 
7.781 (dd, J = 5.2, 1H), 7.610 (m, 2H), 7.489 (t, J = 6.4, 2H), 7.280 (m, 2H). 
ESI-MS: m/e 817.0 (M - PF6-), 337.0 ([M - 2PF6-]/2). 

 
Synthesis of compound 3: This compound was synthesized based on 
literature methods.48 A mixture of 1-bromopyrene (560 mg), Pd(PPh3)2Cl2 
(175 mg), CuI (50 mg) and piperidine (4 mL) in 30 mL triethylamine was 
bubbled with nitrogen for 20 min. Then, the trimethylsilylacetylene was 
added and the resulting solution was heated at 110 oC overnight under 
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nitrogen protection. The mixture was evaporated by rotovap and the residue 
was subjected to column chromatography on silica gel, eluting with hexane 
to yield a yellow crystalline product. 90%. 1H NMR (400 MHz, CDCl3) δ 
(ppm) 8.567 (d, J = 9.2, 1H), 8.228 – 8.002 (overlapping m, 8H), 0.395 (s, 
9H). 

 
Synthesis of compound 4: This compound was synthesized based on 
literature methods.48 The mixture solution of compound 3 (300 mg) and 
potassium bicarbonate (690 mg) was stirred at room temperature for one 
hour, the solvent removed, and the crude compound further purified by 
column chromatography on silica gel, eluting with hexane and 
dichloromethane mixture (v/v, 10/1). 99%. Since compound 4 is oxygen and 
light sensitive, it was used directly for next step without any storage. 
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Synthesis of compound RuPy1: This compound was synthesized based on 
literature methods.29  Compound 2 (100mg), compound 4 (46 mg), 
Pd(PPh3)2Cl2 (35 mg) and CuI (9.8 mg) were added to a 50 mL round bottom 
flask. To this flask a mixture of DMF and HN(i-Pr)2 (10 mL, v/v, 3/2) that 
has been purged for 2 h with N2 was added. The solution was stirred under 
nitrogen protection at room temperature for 24 h. After that, the mixture was 
filtered and the liquid filtrate was concentrated under reduced pressure. The 
crude compound was further purified by column chromatography on silica 
gel with acetonitrile and dichloromethane mixture (v/v, 1/4) as eluent. 75%. 
1H NMR (400 MHz, CD3CN) δ (ppm) 9.130 (d, J = 8.0, 1H), 8.750 (d, J = 
9.2, 1H), 8.628~8.527 (m, 6H), 8.393 (m, 3H), 8.297 (d, J = 8.0, 1H), 8.267 
(d, J = 7.6, 1H), 8.209 (d, J = 5.2, 1H), 8.167 - 8.020 (overlapping m, 8H), 
7.906 (m, 3H), 7.793 (dd, J = 8.4; 5.6 , 1H), 7.680 (d, J = 5.6, 1H), 7.621 (d, 
J = 6.0, 1H), 7.499 (t, J = 6.4, 2H), 7.303 (quint, 2H). ESI-MS: m/e 963.1 (M 
- PF6-), 409.1 ([M - 2PF6-]/2). High-Resolution MS: m/e 963.1379 (M - 
PF6-), 409.0868 ([M - 2PF6-]/2). 
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Synthesis of compound RuPy2: RuPy1 (100 mg) and Pd/C (20 mg) as 
catalyst were added to a 100 mL three-necked round bottom flask under a 
hydrogen atmosphere. Then, a 2-hour Argon purged ethanol and acetonitrile 
mixture solvent (v/v, 1/4) were added. The solution was stirred at room 
temperature for 24 h under hydrogen. After that, the precipitate was removed 
by filtration (twice) and the liquid filtrate was collected under reduced 
pressure. The same reduction process was repeated twice to make sure all the 
RuPy1 turn to into RuPy2. 99%. The product was used directly for ionic 
exchange. 1H NMR (400 MHz, CD3CN) δ (ppm) 8.664 (d, J = 8.8, 1H), 
8.531 (m, 4H), 8.392 (d, J = 8.0, 1H), 8.328 (d, J = 9.2, 1H), 8.238 (t, J = 
6.8, 2H), 8.132 – 8.017 (overlapping m, 12H), 7.856 (d, J = 5.6, 2H), 7.825 
(d, J = 8.0, 1H), 7.661 (q, 1H), 7.578 (q, 1H), 7.521 (t, J = 6.4, 2H), 7.461 (t, 
J = 7.2, 2H), 7.255 (m, 2H), 3.909 (t, 2H), 3.822 (t, 2H). ESI-MS: m/e 967.1 
(M - PF6-), 411.1 ([M - 2PF6-]/2).  
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Ion exchange of the RuPy1 and 2 hexafluorophosphate salts to chloride 
salts: The PF6 salts were dissolved in acetone as concentrated as possible, 
followed by dropwise addition of a saturated solution of tetra-
nbutylammonium chloride (TBACl) in acetone. The orange-red chloride 
salts was precipitated, collected by centrifuging in several 1.5 mL centrifuge 
tubes, and washed with large amounts of ethyl acetate to wash away extra 
TBACl.  
 
Dispersion of SWCNTs: Raw SWCNTs were purified as reported 
elsewhere.49 Different amount of purified HiPco (Batch # 195.1) and 
CoMoCat (Sigman-Aldrich) SWCNTs were weighted in separate vials, 
followed by addition of 1mg/mL RuPy1 aqueous solution to give different 
initial concentration of the nanotube in solution. The resultant mixture was 
sonicated with a probe sonicator (Sartorius, LABSONIC® M) for 30 min and 
then centrifuged (VWR centrifugator) for 45 min at 12000 g. The supernatant 
was collected carefully and diluted for further analysis.   
            For transient absorption measurements, ~ 0.2-0.3 mg of HiPco and 
CoMoCat tubes were added to RuPy1 (2.5  10-4 M) and RuPy2 (5  10-4 
M) solutions in D2O respectively. The resulting mixtures were kept in a 
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temperature-controlled ultrasonic bath for 20 min at 37 kHZ (Elmasonic 
P120 H, pulse mode). The dispersions were centrifuged at 12000 g for 45 
min to remove large bundles. The sonication/centrifugation steps were 
repeated once again with the addition of nanotubes to enrich the amount of 
dispersed SWCNTs as previously described.20 Finally, the dispersion of 
centrifuged nanotubes was used for transient absorption measurements. 
Transmission electron microscopy measurement showed debundled 
SWCNTs of comparable diameter (ca. 2.1-2.4 nm) by both tip sonication and 
bath sonication procedures. 
 
Dialysis: For UV-Vis and fluorescence experiments the free ruthenium 
complexes were removed by dialysis. The dialysis procedure was performed 
using Nominal MWCO 2000 membranes (Cellu Sep H1 and part # 5-0250-
28). 3 mL of the dispersed nanotubes solution were added to the dialysis 
membrane. Either side of the membrane was sealed by a dialysis tubing clip. 
The membrane bag was stirred gently in HPLC grade water, which was 
changed every 8 h. After 24 h, the RuPy 1/SWCNT composites solution was 
removed from the dialysis membrane and centrifuged again for 45 minutes at 
12000 g. The supernatant was collected and used in the experiments.  
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AFM and TEM Sample Preparation: For AFM (Digital instrument 
nanoscope) a RuPy1/SWCNT composites solution (HiPco and CoMoCat) 
was diluted 10 times and 10 μL of the solution was drop casted on freshly 
cleaved mica and spin coated at 4000 rpm for 15 min. During spinning, the 
sample was washed with 4-5 drops of methanol to remove excess Ru-
complexes. To prepare the TEM sample, diluted RuPy1/SWCNT solutions 
were drop casted on lacey carbon grid and dried overnight. Jeol 2100 field 
emission gun (FEG) TEM was used to visualize the nanotubes. 
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4.5  Supporting Information 
3.5.1 Characterization data 

 
Figure S1. 1mg/mL RuPy1 and RuPy2 aqueous solutions and dispersions with 
SWNCTs. (1) 1 mg/mL RuPy1 in water solution; (2) 1 mg/mL RuPy1 with 1 
mg/mL HiPco SWCNTs in water solution before dialysis; (3) 1 mg/mL RuPy1 and 
1 mg/mL HiPco SWCNTs in water solution after dialysis for 16 h; (4) 1 mg/mL 

RuPy2 in water solution; (5) 1 mg/mL RuPy2 and 1 mg/mL HiPco SWCNTs in 
water solution before dialysis; (6) 1 mg/mL RuPy2 and 1 mg/mL HiPco SWCNTs 
in water solution after dialysis for 16 h. 
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Figure S2. UV-Vis absorption spectra of RuPy2 and HiPco SWCNT composites 
in aqueous solution before (a) and after (b) dialysis for 16 h using nominal 2000 
MW membrane. Dispersion solutions were prepared by 1 mg/mL RuPy2 with 
initial concentration of HiPco 0 mg/mL (black line), 1 mg/mL (red spectra), 2 
mg/mL (blue spectra) and 3 mg/mL (cyan spectra), HiPco SWCNTs respectively 
(20× dilution for (a) and 5× dilution for (b) before taking the spectra); c) Visible-
NIR absorption spectra of RuPy2 and HiPco SWCNT composites in aqueous 
solution (5× dilution before taking the spectra). d) Normalized NIR-
photoluminescence spectra of HiPco SWCNTs dispersed using RuPy2 aqueous 
solution and CTAB surfactants. 
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Figure S3. UV-Vis absorption spectra of RuPy1 and CoMoCat SWCNTs 
composites in aqueous solution. Dispersion were prepared by using 1 mg/mL 
RuPy1 with initial concentration of 0 (black spectra), 1mg/mL (red spectra), 2 
mg/mL (blue spectra) and 3 mg/mL (cyan spectra), CoMoCat SWCNTs 
respectively. All the solutions were diluted to 2.5% before taking the spectra.  

 
Figure S4. UV-Vis absorption spectra of RuPy1 and CoMoCat SWCNTs 
composites in aqueous solution after dialysis for 16 h using nominal 2000 MW 
membrane. Dispersions were prepared by using 1 mg/mL RuPy1 with initial 
amounts of 1 mg/mL (red spectra), 2 mg/mL (blue spectra) and 3 mg/mL (cyan 
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spectra), of CoMoCat SWCNTs respectively. All the solutions were diluted to 2.5% 
before taking the spectra.  
 

 
Figure S5. 3D steady-state photoluminescence spectra of (a) RuPy1/HiPco 
SWCNTs, (b)  RuPy2/ HiPco SWCNTs in D2O. 
 

 
Figure S6. Representative TEM images of HiPco SWCNTs dispersed in RuPy1 
aqueous solution. 



100  

 

 
Figure S7. Representative TEM images of HiPco SWCNTs dispersed in RuPy2 
aqueous solution. 
 

 
Figure S8. Representative AFM images of CoMoCat SWCNTs dispersed in RuPy1 
aqueous solution. 
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Figure S9. Representative TEM images of CoMoCat SWCNTs dispersed in RuPy1 
aqueous solution. 

 
Figure S10. (a) Representative Raman spectra of RuPy1/HiPco SWCNTs (black 
spectrum) and RuPy1/CoMoCat SWCNTs (red spectrum) on silicon wafer.  Spectra 
were taken upon 633 nm excitation. 
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Figure S11. (a) The NIR photoluminescence of CTAB/HiPco SWCNTs (black line) 
and RuPy2/HiPco SWCNTs (red line) in aqueous solution (same concentration of 
HiPco in water, λex = 642 nm); (b) The steady-state photoluminescence of RuPy2 
(black line), RuPy2/HiPco SWCNTs (red line) in aqueous solution (same 
concentration of RuPy2 in water, λex = 420 nm). 
 
3.5.2 Time-resolved photoluminescence, Transient Absorption and   

Spectroelectrochemical data 
Table S1. Photophysical properties of RuPy1 and RuPy2 complexes. 
 λabs/nm λem/nm ε/M-1cm-1 /µs 
RuPy1 419 628, 679, 744 33407 665.1a 
RuPy2 452 616 16009 12.23b 

a. Results were obtained in deaerated aqueous solution using µF 920H lamp with 
excitation at 420 nm and un-Cooled Blue as detector for RuPy1. Average 
lifetime, lifetime distributions of RuPy1: 734.6 µs (90.18%), 38.6µs (6.65%), 
1.8 µs (3.17%). 
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b. Results was obtained in deaerated aqueous solution using a 440 nm 
picosecond pulse diode laser and a high speed red detector for RuPy2. 
Average lifetime, lifetime distributions of RuPy2: 12826.90 ns (94.88%), 
1142.11 ns (5.12%). 
 

Table S2. Lifetime of 1mg/mL RuPy1 complexes with different concentration of 
HiPco SWCNTs in deaerated water solution before and after dialysis. 
 Lifetime/µs 
Initial HiPco Conc. Before Dialyais After Dialysis 
0 mg/mL 665.1 (average) 
 734.6 (90.18%) 

38.6 (6.65%) 
1.8 (3.17%) 

1 mg/mL 615.9 (average) 532.6 (average) 
 665.6 (92.20%) 

37.8 (6.08%) 
1.9 (1.72%) 

605.4 (87.83%) 
12.9 (5.67%) 
1.3 (6.50%) 

2 mg/mL 760.7 (average) 382.8 (average) 
 826.7 (91.65%) 

42.5 (7.02%) 
2.0 (1.33%) 

442.1 (86.36%) 
16.8 (4.96%) 
1.8 (8.68%) 

3 mg/mL 792.6 (average) 513.7 (average) 
 870.9 (90.59%) 599.3 (85.54%) 
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44.8 (8.22%) 
2.4 (1.19%) 

13.5 (7.05%) 
1.4 (7.40%) 

 
Table S3. Lifetime of ground state bleaching of - HiPco and CoMoCat SWCNTs (in 
NIR region) dispersed by CTAB, RuPy1, and RuPy2 in deaerated D2O, from femto-
second pump probe experiments (percentage of each component shown in 
parenthesis).  

 Wavelength 
     (nm)         

τ1  (ps) τ2 (ps)    τ3 (ps) 

CTAB/HiPco  989  3.5 (5.4%) 15.4 (15.6%)  166.1(79.0%) 
 1135 1.7 (6.4%) 23.8 (22.5%)  142.5 (71.1%) 

 
CTAB/CoMoCat 

 993 2.2 (6.8%) 26.1 (19.2%)  174.9 (74.0%) 
 1149 3.1 (12.6%) 45.5 (49.5%)  170.5 (37.9%) 

RuPy1/HiPco 
 

 1000 2.3 (12.5%) 25.3 (27.1%)   136.1 (60.4%) 
 1149 2.6 (12.1%) 36.4 (39.1%)   169.6 (48.8%) 

RuPy2/HiPco 
 

 1000 2.3 (45.3%) 29.8 (36.1%)   102.0 (18.6%) 
 1149 3.8 (19.1%) 36.1 (54.1%)  81.9 (26.8%) 

 
RuPy1/CoMoCat 

1010 2.4 (13.5%) 18.7 (21.3%)  136.5 (65.2%) 
1149 2.6 (24.9%) 44.3 (75.1%)  - 

 
RuPy2/CoMoCat 

1010 2.4 (19.6%) 17.1 (29.3%) 95.6 (51.1%) 
1149 2.0 (25.6%) 44.1 (74.4%)  - 
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Figure S12. Differential absorption changes upon oxidation (black spectrum) and 
reduction (red spectrum) of RuPy 1 in D2O (0.2 M tetrabutylammonium 
hexafluorophosphate supporting electrolyte, potentials with regards to Ag wire). 
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Figure S13. Differential absorption changes upon oxidation (black spectrum) and 
reduction (red spectrum) of RuPy 2 in D2O (0.2 M tetrabutylammonium 
hexafluorophosphate supporting electrolyte, potentials with regards to Ag wire).      
 
3.5.3 Appendix 1. FRET efficiency for the FRET couple RuPy 1 and (6,5) 

SWCNTs. 
To answer the question of whether quenching is due to FRET or electron 

transfer one can calculate the rate of FRET. This can be done by making some 
assumptions about our system. FRET rate constant can be calculated from: 

kFRET (r) = 1
 D

R0
r

æ
èç

ö
ø÷

6

   (1) 
where D is the donor’s lifetime, r is the distance between the donor and acceptor 
and R0 is given by: 

  (2) 
R0 is the Förster distance (the distance at which half of the donor excitation is 
transferred to the acceptor), 2 is the orientation factor (usually 2/3 for free 
molecules in solution),  is the quantum yield of the donor, J is the spectral overlap 
constant, which describes the overlap between the donor emission spectrum and the 
acceptor absorption spectrum, NAv is the Avogadro’s number and  is the refractive 
index of the medium (~1.3). 

R0
6 = 9000(ln10) 2J

128p 54NAv
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            Thus, the first we need to estimate is the distance between RuPy1 and the 
carbon nanotube, in this case a (6,5) CoMoCat SWCNT. Since the Ruthenium 
polypyridine part of the molecule has a charge of +2, it is reasonable to think that it 
will try to stay as retired from the hydrophobic surface of the carbon nanotube as 
possible. Also, we can assume as well that the hydrophobic pyrene group would try 
to have most of its surface in contact with the walls of SWCNTs. Therefore, if we 
put pyrene in van der Waals contact with SWCNTs, with the long axis of the 
molecule running along the carbon nanotube length, we get Figure A.     

 
Figure S14. Structural model of the interaction between RuPy 1 and a (6,5) SWNCT. 
The distance from the ruthenium polypyridyl complex and the center of the SWCNT 
is about 1.25 nm. 
 
            The calculated lifetime of RuPy1 is 665 s. If we calculate R0, then the rate 
of FRET can be calculated at different distances. Our experiments show that the 
quantum yield of RuPy1 is nitrogen purged acetonitrile is 0.027 and the refractive 
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index of the medium was 1.3. To calculate J we need to have an idea of the extinction 
coefficient of SWCNTs. Hertel et al. calculated an extinction coefficient for the S2 
transition of (6,5) SWCNTs (band at ca. 991 nm) of 4400 M-1 cm-1 per carbon atom. 
From Figure A, we can estimate that the projection of RuPy1 on the SWCNTs is 
about 1.3 nm. Therefore, if a (6,5) carbon nanotube has 88 carbons per nm, there are 
114 C atoms per RuPy1 length. If FRET is going to occur, it will occur to these 
carbon atoms close to the ruthenium center rather than carbon atoms farther away. 
With this information, we calculated an extinction coefficient for the 991 nm 
transition of (6,5) carbon nanotubes of 501600 M-1s-1. The calculation of R0 is done 
by normalizing the value of the 991 nm transition to this value and using the 
spectrum to calculate the overlap integral (J). The calculated R0 is 51.8 Å, and with 
it, the rate of FRET was calculated using FRETView.42 The results are shown in 
Table 1. 
 
Table S4. FRET parameters for the interaction of RuPy 1 and (6,5) SWCNTs. 

r (Å) E kFRET (s-1) acceptor 

8 1 1.10E+08 9.04 ns 
9 1 5.50E+07 18.27 ns 
10 1 2.90E+07 34.4 ns 
11 1 1.60E+07 60.96 ns 
12 1 9.70E+06 102.78 ns 
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13 1 6.00E+06 166.12 ns 
14 1 3.90E+06 259.11 ns 
15 0.999 2.60E+06 391.89 ns 
16 0.999 1.70E+06 577 ns 
17 0.999 1.20E+06 829.84 ns 
18 0.998 8.50E+05 1.17 us 
19 0.998 6.20E+05 1.62 us 
20 0.997 4.50E+05 2.2 us 
21 0.996 3.40E+05 2.94 us 
22 0.994 2.60E+05 3.88 us 
23 0.992 2.00E+05 5.06 us 
24 0.99 1.50E+05 6.51 us 
25 0.988 1.20E+05 8.3 us 
26 0.984 9.40E+04 10.47 us 
27 0.98 7.50E+04 13.07 us 
28 0.976 6.00E+04 16.18 us 
29 0.97 4.90E+04 19.86 us 
30 0.964 4.00E+04 24.18 us 
31 0.956 3.30E+04 29.21 us 
32 0.947 2.70E+04 35.01 us 
33 0.937 2.20E+04 41.67 us 
34 0.926 1.90E+04 49.24 us 
35 0.913 1.60E+04 57.78 us 
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36 0.899 1.30E+04 67.34 us 
37 0.883 1.10E+04 77.96 us 
38 0.865 9.60E+03 89.67 us 
39 0.846 8.30E+03 102.46 us 
40 0.825 7.10E+03 116.33 us 
41 0.803 6.10E+03 131.24 us 
42 0.779 5.30E+03 147.14 us 
43 0.753 4.60E+03 163.95 us 
44 0.727 4.00E+03 181.58 us 
45 0.699 3.50E+03 199.91 us 
46 0.671 3.10E+03 218.82 us 
47 0.642 2.70E+03 238.16 us 
48 0.612 2.40E+03 257.8 us 
49 0.583 2.10E+03 277.58 us 
50 0.553 1.90E+03 297.35 us 
51 0.523 1.70E+03 316.99 us 
52 0.494 1.50E+03 336.34 us 
53 0.466 1.30E+03 355.31 us 
54 0.438 1.20E+03 373.78 us 
55 0.411 1.00E+03 391.66 us 
56 0.385 9.40E+02 408.88 us 
57 0.36 8.50E+02 425.39 us 
58 0.337 7.60E+02 441.14 us 
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59 0.314 6.90E+02 456.1 us 
60 0.293 6.20E+02 470.27 us 
61 0.273 5.60E+02 483.65 us 
62 0.254 5.10E+02 496.23 us 
63 0.236 4.60E+02 508.03 us 
64 0.219 4.20E+02 519.08 us 
65 0.204 3.90E+02 529.39 us 
66 0.189 3.50E+02 539.02 us 
67 0.176 3.20E+02 547.97 us 
68 0.163 2.90E+02 556.3 us 
69 0.152 2.70E+02 564.03 us 
70 0.141 2.50E+02 571.2 us 
71 0.131 2.30E+02 577.85 us 
72 0.122 2.10E+02 584.01 us 
73 0.113 1.90E+02 589.72 us 
74 0.105 1.80E+02 595 us 
75 0.098 1.60E+02 599.89 us 
76 0.091 1.50E+02 604.41 us 
77 0.085 1.40E+02 608.59 us 
78 0.079 1.30E+02 612.46 us 
79 0.074 1.20E+02 616.04 us 
80 0.069 1.10E+02 619.36 us 
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Cyclodextrin Wheeled Nanocars 
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4.1 Introduction 

4.1.1 Cyclodextrins and their Applications 

            Cyclodextrins (CD) are a class of compounds composed of several 
glucose units (n > 5) linked together to form a circular structure. The most 
common unmodified CDs includes α-CD (n = 6), β-CD (n = 7) and γ-CD (n 
= 8) shown in Figure 4.1. 

 
Figure 4.1. Left to right, α-CD, β-CD and γ-CD, with 6, 7 and 8 glucose 
units, respectively. 

 

            Larger CDs are known, but are of relatively low industrial or 
scientific relevance.1 CDs can be seen as having a toroidal truncated cone 
shape, with secondary hydroxyl groups on the narrow rim and primary 
hydroxyl groups on the wide rim (Figure 4.2).2 
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Figure 4.2. Hydroxyls on the rims of cyclodextrin. (Reprinted with 
permission from the American Chemical Society, 1998).2 

 

            In contrast the inner cavity is lined with hydrogen and ether oxygen. 
This unique orientation of the functional groups makes the outer region of 
CDs hydrophilic; although the inner cavity is not hydrophobic, it is 
considerably less hydrophilic than the outer region. The orientation of the 
functional groups and the lack of structural freedom imparts the ability of 
CDs to accommodate small organic molecules as guests, while lending water 
solubility to the guest molecules.3 

            Due to the CDs’ ability to form host/guest complexes and 
dramatically improving the water solubility of guest molecules, they are 
widely applied in pharmaceuticals as a drug delivery method to enhance 
water solubility of hydrophobic drugs.4 Hundreds of modified CDs have 
been synthesized and researched, but only those containing hydroxypropyl, 
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methyl, and sulfobutyl ether have been commercially used as drug delivery 
candidates.5, 6 The advantages of cyclodextrin-complexed drugs are as 
follows: 

1. Increased aqueous solubility: When CDs are complexed with poorly-
soluble drugs, the resulting complex hides most of the apolar or 
hydrophobic functional groups in the interior cavity of the CDs, while 
the hydrophilic exterior rim is exposed to the environment, creating a 
net effect of aqueous solubility.7 Although there are many hydroxyl 
groups on a CD molecule, unmodified CDs are not particularly 
soluble in water compared to sugars or organic acids and alcohols. 
Unmodified CDs are also extremely insoluble in most organic 
solvents (Table 4.1)8 

2. Enhanced bioavailability: Aside from the fact that CDs increases the 
water solubility of drugs, hence increased oral or rectal absorption, 
CDs also prevent crystallization of drug molecules by complexation 
so they can no longer self-assemble into a crystalline lattice6, 9  

3. Improvement of stability: Drugs are often heat or oxygen sensitive. 
When encapsulated within the cavity of CDs in a solid state, the 
barrier that the CD molecule makes it harder for reactants such as 
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oxygen to reach the guest and for chemical reactions to take place6, 10 
11 

Table 4.1. Solubility (g/100 mL) of β-CD with various organic solvents as 
cosolvents. The solubility of β-CD in pure water with no cosolvent is only 
1.6 g/100 mL. (Reprinted with permission from the American Chemical 
Society, 1992)8 

 

4.1.2 Rotoxanes and Pseudorotoxanes 

            A rotoxane is a mechanically locked architecture consisting of a 
dumbbell shaped molecule which is threaded through macrocycles such as 
cyclodextrins,12 cucurbiturils,13 and calixarenes.14 The two ends of the 
dumbbell which are usually bulky substituents act as stoppers and prevents 
the macrocycle from falling out and further leading the assembly to 
dissociate. 
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            A pseudorotoxane is identical to a rotoxane but the two ends of the 
axis are not sterically designed to prevent the macrocycle from falling off, so 
instead of a permanent architecture, it is a dynamic one. There are two 
common ways to synthesize a rotoxane (Figure 4.3):15 

1. With the macrocycle in solution, it would allow the axis molecule to 
thread through the macrocycle and then perform a coupling reaction 
that caps both ends of the axis with a bulky substituent 

2.  The macrocycle is threaded through the dumbbell, called “slippage” 
and this process mostly forms pseudorotoxanes 

Figure 4.3. Reaction scheme for synthesizing rotoxanes: (a1) threading the 
axis molecule; (a2) capping the ends via coupling reactions; (b) by slippage. 
E = end group.15 (Reprinted with permission from the American Chemical 
Society, 2006) 
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            Being a macrocycle, cyclodextrin has been used by many researchers 
as a constituent of a rotoxane.3, 12, 15 One example is shown in Figure 4.4. 

Figure 4.4 A cyclodextrin polypseudorotoxane. Without CD, the aromatic 
region of the NMR is sharp and resolved. With α-CD added, the bipyridyl 
(viologen) peaks starts to merge and broaden, while the broad peak of the 
alkyl region splits, implying the α-CD moves between the viologen and alkyl 
region, creating different environments. When β-CD is added, the viologen 
peaks merge and broaden even more, and the alkyl region merges back into 
two broad peaks, suggesting the β-CD moves between the two regions even 
faster. γ-CD has no effect, which might mean either no complexation 
occurred or the ring size is too large to affect the axis’ protons on the 
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NMR.12 (Reprinted with permission from the American Chemical Society, 
2001) 

 

4.2 Cyclodextrin Application on Nanocars 

            We have previously synthesized adamantane-wheeled fluorescent 
nanocar 1 (Figure 4.5) and studied its performance on glass with single 
molecule fluorescent microscopy (SMFM).16 We compared the diffusion 
constant of nanocar 1 with nanocar 2 and found an increase in both mobility 
and diffusion constant. We attributed this increase to the adamantane wheels 
of nanocar 1 having less surface interaction with the hydrophilic glass 
surface while the p-carborane wheels of nanocar 2 are somewhat polarized 
to form a pseudo-hydrogen bond with the glass.17 This is further confirmed 
by changing the glass surface from as-obtained glass to amine-terminated 
Vectabond glass, with nanocar 2 decreasing its average diffusion constant by 
a factor of 4. 
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Figure 4.5. Fluorescent nanocar 1 with adamantane wheels, and fluorescent 
nanocar 2 with p-carborane wheels. 

 

            With these data from previous experiments in hand, we wondered if 
we could provide supplementary justification for the wheel-surface 
interaction claim by synthesizing a nanocar with extremely polar wheels. 
These polar wheels would interact with normal glass very strongly and yield 
very low mobility and diffusion constant, yet an increase in mobility and 
diffusion constant could be seen when the glass surface is functionalized 
with chemicals such as alkyl siloxanes to become more hydrophobic. 
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            We selected cyclodextrin as the wheel because it meets two 
requirements: 

1. Round or spherical shape needed to mimic a wheel 
2.  Extremely polar exterior region that contacts the glass surface 

 
4.3 Routes for Synthesizing a Cyclodextrin-Wheeled Nanocar 

            A direct attachment of CD to the nanocar’s axle was considered. The 
problem with this method is there is no way of properly connecting the two 
since there is no bond to the center of the CD since it is hollow, and 
attaching a bond to the rim would produce an off-centered and asymmetrical 
(Figure 4.6) nanocar. 

Figure 4.6. Connecting a direct bond from the nanocar to cyclodextrin is not 
practical. 

 

            The next idea is to synthesize a rotoxane with the CD as a macrocyle, 
but this option was explored by Dr. Jason Guerrero from our lab, and he 
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could not obtain the rotoxane in any significant yield (Scheme 4.1). In order 
for a rotoxane to be formed, the constituent and catalyst must be soluble in 
water, which is not an easy task for rigid rod-like alkynylaromatics. 

 

Scheme 4.1. Failed attempt to synthesize a CD containing rotoxane. 

 

            We decided that the best route would be to synthesize a nanocar 
bearing functional groups where the wheels should be, with the functional 
groups having a strong affinity to CD so it could form a pseudorotoxane. 

            Adamantane has long been known to form inclusion complexes with 
β-CD,18-21 and it makes sense to try nanocar 1 first since it has already been 
synthesized. Unfortunately, we could not find a cosolvent system that would 
dissolve both the β-CD and nanocar 1 for the complexation to occur. The 
BODIPY core in nanocar 1 is already very hydrophobic, plus the four 
adamantane wheels make the entire process extremely difficult. We next 
investigated nanocar 2. Harada and Takahashi have shown that o-carborane 
forms a 1:1 inclusion complex with α-CD using a water/isopropanol 
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cosolvent system.22 We subjected nanocar 2 to the same conditions but no 
complex is observed to be formed. 

            We presumed that the strongly hydrophobic BODIPY core of the 
fluorescent nanocars 1 and 2 is the main reason why they would not form 
complexes with α-CD. In order to increase the solubility of the BODIPY 
core, we elected to use a benzene sulfonate group. This functional group 
would not only serve to make the BODIPY more soluble in water, it will 
also serve as the guest to complex with cyclodextrin to produce a wheel 
(Figure 4.7). 

            It would be tempting to follow Scheme 5.2 and synthesize the          
4-((trimethylsilyl)ethynyl)benzenesulfonic acid 4 directly,23 but as sulfonic 
acids are notoriously hard to purify by column chromatography, and there 
are quite a few requisite subsequent steps, we decided to use an alcohol as 
the protection group to form a sulfonate ester (Scheme 4.3). 

 
Scheme 4.2. The synthesis of 4 through reaction of iodobenzene leading to 3 
is shown.23 
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Scheme 4.3. The synthesis of acid chloride 5 has been reported.24 The 
protecting groups chosen were neopentyl, phenyl, and 2,2-difluoroethyl 
groups. 2,2-Difluoroethyl protected sulfonate esters generally have lower 
yields in subsequent reactions due to the instability of the ester. 

 

           Before we coupled 12, 13, and 14 to the previously synthesized 
diiodo-BODIPY 15 (Figure 4.7), we tested the deprotection of the esters on 
a model compound. We synthesized model compounds 16, 17 and 18, which 
have a hydrophobic naphthalene moiety coupled to the esters (Scheme 4.4). 
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Figure 4.7. The diiodo-BODIPY 15. 

 

 
Scheme 4.4. Synthesis of the model compounds 16, 17 and 18. 

 

            We explored the options of deprotecting the relatively bulky group 
on 16. According to the literature, complete cleavage of the neopentyl group 
can be achieved by reaction with BBr3 (Scheme 4.5).25 
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Scheme 4.5. Reaction of 16 with BBr3 to form deprotected 19. 

 

We found the yield to be 65% crude, with inseparable impurities and a 
significant amount of decomposition. We also found the BBr3 to be 
incompatible with BODIPYs as we used a stable BODIPY test compound 20 
(Figure 4.8), and observed immediate decomposition when 20 was in contact 
with BBr3. 

 
Figure 4.8. Test compound BODIPY 20. 
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            The phenyl protecting group is known to cleave when subjected to a 
0.1 M solution of NaOH in a 1:10 mixture of methanol and 
dichloromethane.25 We tested this with the model compound 17 and found it 
gave quantitative yields of 19 (Scheme 4.6). 

 
Scheme 4.6. High yielding deprotection of phenyl protection group. 19 was 
obtained as the sodium salt of the sulfonic acid. 

 

When test compound 20 was subjected to the same conditions, we saw 
complete decomposition of 20. It is known that the boron core of BODIPYs 
is base sensitive, and would dissociate from the dipyrromethene but could 
sometimes be restored following an acid workup.26 This is not the case with 
20 as no amount of acid workup yielded the intact BODIPY. 
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            The 2,2’-difluoroethanyl (DFE) protecting group is known to be the 
most labile group and could be cleaved from protected sulfonate esters using 
a variety of methods.25 Piperidine (20% in DMF) is a basic nucleophile that 
readily cleaved the DFE from 19 after prolonged reaction time in a 
quantitative yield (Scheme 4.7). But when subjected to test compound 20 
complete decomposition was observed. 

S
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24 hQuantitative
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18
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Scheme 4.7. High yielding deprotection of DFE protection group. 

 

            It is clear that we need to choose a deprotection method that does not 
involve basic reactants to avoid decomposition of the BODIPYs. Sodium 
iodide in refluxing acetone is a nonbasic nucleophile that can be used to 
deprotect butyl-, isobutyl-, isopropyl-, and DFE- sulfonate esters.25 Although 
DFE showed greater stability to cleavage among this group, it nonetheless 
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succumbed under conditions commonly used in the Finkelstein reaction 
(Scheme 4.8). 
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Scheme 4.6. Deprotection of DFE protection group in Finkelstein reaction 
conditions. 19 is obtained as the sodium salt of the sulfonic acid. 

 

            Test compound 20 was subjected to sodium iodide in refluxing 
acetone, and only partial decomposition was observed after prolonged 
periods (36 h). We synthesized half nanocar 21, and subjected it to the 
Finkelstein reaction conditions to produce half nanocar 22 (Scheme 4.7). 
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Scheme 4.7. Synthesis of half nanocar 21 and 22. When synthesizing 22 it is 
crucial to add NaI to the solution in parts every 6 h to minimize 
decomposition. 

 

4.4 Cyclodextrin Complexation 

             Since the cleavage of sulfonate esters on BODIPY is a harder task 
than we imagined, we decided to just synthesize a half car, and stop at half 
nanocar 22. The next step is to complex CDs to the sulfonate groups on 22. 
Similar to previous syntheses, before we attempted to do any reactions on 
our target molecule, we first tested complexation conditions on model 
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compound 19. We tried complexing with α- and β-CD; we did not consider 
γ-CD because of the excessive size of the cavity.  

            As previously stated, unmodified CDs are not very water soluble, 
and are nearly insoluble in organic solvents. Because of this, we opted to use 
methyl-β-cyclodextrin (mβ-CD) as our complexation host, since it is soluble 
in a variety of organic solvents including methanol, DCM and hexanes. We 
varied the ratio of 19 and mβ-CD and found NMR evidence of complexation 
as aromatic peaks starts to shift and merge (Figure 4.9). The H(a) peaks are 
the shifted the most, and this might be due to that it is in the closest 
proximity with the hydroxyl groups on the outer rim of CD when 
complexation occurs. 
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Figure 4.9. (a) 0 equiv mβ-CD to 19. (b) 0.25 equiv mβ-CD to 19. (c) 0.5 
equiv mβ-CD to 19. (d) 0.75 equiv mβ-CD to 19. (b) 1.0 equiv mβ-CD to 19. 
The aromatic peaks merge and shift through interaction with the mβ-CD. 
mβ-CD region is not show as it is a mixture with no significant identifying 
peaks. 
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The same effect is reported in the literature as shown in Figure 5.4. When 
the same experiment is done on half nanocar 22, we encountered problems 
as 22 is not soluble in aqueous solutions, and forms aggregates when we 
tried to dissolve it in water. This phenomenon on sulfonated BODIPYs has 
been reported.27 We could not do the same titration experiment with 22, as 
22 did not dissolve in water with 0.25 to 1.5 equiv of mβ-CD. However, if 
we use a 20% MeOH/water cosolvent system and add in 2 equiv of mβ-CD, 
we could carefully remove the MeOH via vacuum without half nanocar 22 
precipitating. The comparison of 22 and the complex is shown in Figure 
4.10. All of the protons indicated showed shifts and changes, suggesting the 
complexation is not selective to the benzene sulfonate sites, but also the top 
part of half nanocar 22 that has a trimethyl(phenylethynyl)silane group. The 
trimethylsily groups seems bulky, but is actually smaller than adamantane , 
which is known to form host/guest complex with CD. 
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Figure 4.10. The aromatic region of 22 with and without mβ-CD. 

 

A more visual representation is show in Figure 4.11, where a solution of half 
nanocar 22 in methanol (0.01 M) was dripped into water, methanol and 
water with an excess of mβ-CD. The mβ-CD associates with 22 and disrupts 
its ability to form aggregates, producing a water soluble complex. 
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Figure 4.11. (a) Methanol solution of 22 dripped into water; aggregates 
formed a thin film. (b) Methanol solution of 22 dripped into methanol. (c) 
Methanol solution of 22 dripped into a 1 M solution of mβ-CD in water. 

 

4.5 Conclusion 

            In conclusion, we synthesized the BODIPY-based half nanocar 22 
that could be complexed with mβ-CD through deprotection of the sulfonate 
esters at the last step. The complexation site on the half nanocar is not 
selective. When the benzene sulfonic acid groups on 22 are complexed with 
mβ-CD, we would expect 22 to have little or no motion on untreated glass 
slides. 

 

4.6 Experimental Section 
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General Methods. 1H NMR and 13C NMR spectra were recorded at 400 or 
500 and 100 or 125 MHz, respectively. Chemical shifts () are reported in 
ppm from TMS. FTIR spectra were recorded using a FT-IR Infrared 
Microscope with ATR objective with 2 cm-1 resolution. All glassware was 
oven-dried overnight prior to use. Reagent grade tetrahydrofuran (THF) was 
distilled from sodium benzophenoneketyl under N2 atmosphere. 
Triethylamine (NEt3), dichloromethane (CH2Cl2) and N,N-
dimethylformamide (DMF) were distilled from calcium hydride (CaH2) 
under an N2 atmosphere. The reactions were performed under N2 unless 
otherwise noted. All chemicals were purchased from commercial suppliers 
and used without further purification unless otherwise noted. Flash column 
chromatography was performed using 230-400 mesh silica gel from EM 
Science. Thin layer chromatography (TLC) was performed using glass plates 
pre-coated with silica gel 40 F254 0.25 mm layer thickness. 

 

General procedure for the synthesis of 9, 10, and 11 by Sonogashira 
coupling. An oven dried 10 mL Schlenk-tube or screw-cap tube equipped 
with a stir bar was charged inside a dry-box with sulfonate ester (1.0 equiv), 
Pd(PPh3)2Cl2 (0.05 equiv), and CuI (0.1 equiv) to which were added Et3N (5 
mL), THF (10 mL), and TMSA (1.2 equiv), the Schlenk-tube or screw-cap 
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tube was sealed, then removed from the dry-box, and the reaction mixture 
was stirred at 60 °C for 12 h. After cooling to rt, the reaction was quenched 
with saturated NH4Cl(aq) (20 mL) and extracted with CH2Cl2 (30 mL). The 
organic phase was washed with water (30 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 10% to 20% 
EtOAc in hexanes). 

 

 
Sulfonate Ester 6. An oven-dried 100 mL round bottom flask equipped with 
a stir bar was charged with sulfonyl chloride 5 (1.00 g, 3.31 mmol), 
neopentyl alcohol (0.43 g, 4.96 mmol) to which were added 
dichloromethane (30 mL) and Et3N (10 mL). The reaction mixture was 
stirred at room temperature overnight. The mixture was quenched with water 
(20 mL) and extracted with dichloromethane (60 mL). The organic phase 
was washed with water (30 mL), dried over anhydrous MgSO4, filtered, and 
the filtrate was concentrated under vacuum. The crude product was purified 
by column chromatography (silica gel, 20% EtOAc in hexanes) to yield 6 as 
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a white solid (1.10 g, 95%). m.p. 48-50 °C. FTIR (neat) 3081, 2964, 1575, 
1482, 1354, 1178, 1097 cm-1. 1H NMR (500 MHz; CDCl3): δ 7.92 (d, J = 8.7 
Hz, 2H), 7.61 (d, J = 8.7 Hz, 2H), 3.69 (s, 2H), 0.91 (s, 9H). 13C NMR (125 
MHz; CDCl3): δ 138.5, 135.7, 129.2, 101.4, 80.0, 31.7, 26.0. HRMS (APCI) 
m/z calcd for [M+H]+ C11H15IO3S 354.9865, found 354.9847. 

 
Sulfonate Ester 7. An oven-dried 100 mL round bottom flask equipped with 
a stir bar was charged with sulfonyl chloride 5 (1.00 g, 3.31 mmol), phenol 
(0.5 g, 5.29 mmol) to which were added dichloromethane (30 mL) and Et3N 
(10 mL). The reaction mixture was stirred at room temperature overnight. 
The mixture was quenched with water (20 mL) and extracted with 
dichloromethane (60 mL). The organic phase was washed with water (30 
mL), dried over anhydrous MgSO4, filtered, and the filtrate was concentrated 
under vacuum. The crude product was purified by column chromatography 
(silica gel, 10% EtOAc in hexanes) to yield 7 as a dark yellow oil (1.11 g, 
93%). FTIR (neat) 3677, 2976, 2894, 1552, 1494, 1354, 1143, 1061, 1015 
cm-1. 1H NMR (500 MHz; CDCl3): δ 7.88 (d, J = 8.7 Hz, 2H), 7.52 (d, J = 
8.7 Hz, 2H), 7.33-7.26 (m, 3H), 6.99 (dd, J = 8.5, 1.3 Hz, 2H).  13C NMR 
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(125 MHz; CDCl3): δ 149.4, 138.5, 135.0, 129.81, 129.72, 127.4, 122.3, 
102.3. HRMS (APCI) m/z calcd for [M+H]+ C12H9IO3S 360.9395, found 
360.9388. 

 

 
Sulfonate Ester 8. An oven-dried 100 mL round bottom flask equipped with 
a stir bar was charged with sulfonyl chloride 5 (1.00 g, 3.31 mmol), 2,2’-
difluoroethanol (0.34 mL, 5.29 mmol) to which were added dichloromethane 
(30 mL) and Et3N (10 mL). The reaction mixture was stirred at room 
temperature overnight. The mixture was quenched with water (20 mL) and 
extracted with dichloromethane (60 mL). The organic phase was washed 
with water (30 mL), dried over anhydrous MgSO4, filtered, and the filtrate 
was concentrated under vacuum. The crude product was purified by column 
chromatography (silica gel, 20% EtOAc in hexanes) to yield 8 as a light 
yellow solid (1.14 g, 99%). m.p. 40-42 °C. FTIR (neat) 3677, 3081, 2988, 
2894, 2357, 1926, 1564, 1365, 1178, 10731015 cm-1. 1H NMR (500 MHz, 
CDCl3) δ 7.88 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.7 Hz, 2H), 5.86 (tt, J = 
54.5, 3.9 Hz, 1H), 4.14 (td, J = 12.8, 4.0 Hz, 2H). 13C NMR (125 MHz; 
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CDCl3): δ 138.8, 134.7, 129.2, 111.8, 102.5, 66.9. HRMS (APCI) m/z 
calcd for [M+H]+ C8H7F2IO3S 348.9207, found 348.9231. 

 

 
Sulfonate Ester 9. An oven-dried 25 mL Schlenk tube equipped with a stir 
bar was charged with sulfonate ester 6 (500 mg, 1.41 mmol), Pd(PPh3)2Cl2 
(49.5 mg, 70.6 μmol), and CuI (26.8 mg, 141 μmol) to which were added 
Et3N (5 mL), THF (10 mL) and TMSA (0.24 mL, 1.69 mmol). The reaction 
mixture was stirred at 50 °C overnight. The mixture was quenched with 
saturated NH4Cl (20 mL) and extracted with dichloromethane (50 mL). The 
organic phase was washed with water (50 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 10% EtOAc in 
hexanes) to yield 9 as a brown solid (422 mg, 92%). m.p. 65-67 °C. FTIR 
(neat) 2941, 2357, 2170, 1599, 1471, 1354, 1260, 1178, 1085 cm-1. 1H NMR 
(500 MHz; CDCl3): δ 7.84 (d, J = 8.7 Hz, 2H), 7.62 (d, J = 8.7 Hz, 2H), 3.66 
(s, 2H), 0.89 (s, 9H), 0.27 (s, 9H). 13C NMR (125 MHz; CDCl3): δ 135.3, 
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132.5, 128.8, 127.8, 102.8, 99.3, 79.9, 31.7, 26.0, 0.3. HRMS (APCI) m/z 
calcd for [M+H]+ C16H24O3SSi 325.1294, found 325.1277.  

 

 
Sulfonate Ester 10. An oven-dried 25 mL Schlenk tube equipped with a stir 
bar was charged with sulfonate ester 7 (500 mg, 1.39 mmol), Pd(PPh3)2Cl2 
(48.7 mg, 69.4 μmol), and CuI (26.4 mg, 139 μmol) to which were added 
Et3N (5 mL), THF (10 mL) and TMSA (0.24 mL, 1.69 mmol). The reaction 
mixture was stirred at 50 °C overnight. The mixture was quenched with 
saturated NH4Cl (20 mL) and extracted with dichloromethane (50 mL). The 
organic phase was washed with water (50 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 10% EtOAc in 
hexanes) to yield 10 as a dark brown oil (422 mg, 92%). FTIR (neat) 3677, 
2964, 2894, 2369, 2158, 1576, 1494, 1377, 1202, 1132, 1085 cm-1. 1H NMR 
(500 MHz; CDCl3): δ 7.55 (d, J = 8.8 Hz, 2H), 7.38 (d, J = 8.8 Hz, 2H), 
7.11-7.06 (m, 3H), 6.77 (dd, J = 8.4, 1.4 Hz, 2H), 0.08 (s, 9H). 13C NMR 
(125 MHz; CDCl3): δ 150.0, 135.0, 132.9, 130.2, 129.9, 128.9, 127.8, 122.8, 
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103.2, 100.3, 0.2. HRMS (APCI) m/z calcd for [M+H]+ C17H18O3SSi 
331.0824, found 331.0829. 

STMS
O

O
O

11

CH2CHF2

 
Sulfonate Ester 11. An oven-dried 25 mL Schlenk tube equipped with a stir 
bar was charged with sulfonate ester 8 (500 mg, 1.39 mmol), Pd(PPh3)2Cl2 
(48.7 mg, 69.4 μmol), and CuI (26.4 mg, 139 μmol) to which were added 
Et3N (5 mL), THF (10 mL) and TMSA (0.24 mL, 1.69 mmol). The reaction 
mixture was stirred at 50 °C overnight. The mixture was quenched with 
saturated NH4Cl (20 mL) and extracted with dichloromethane (50 mL). The 
organic phase was washed with water (50 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 10% EtOAc in 
hexanes) to yield 11 as a light yellow solid (384 mg, 84%). m.p. 63-65 °C. 
FTIR (neat) 3689, 2976, 2894, 2369, 2147, 1587, 1377, 1248, 1167, 1073, 
1015 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 8.7 Hz, 2H), 7.57 (d, J 
= 8.7 Hz, 2H), 5.86 (tt, J = 54.5, 3.9 Hz, 1H), 4.12 (td, J = 12.9, 3.9 Hz, 2H), 
0.20 (s, 9H). 13C NMR (125 MHz; CDCl3): δ 134.1, 132.6, 129.6, 127.8, 
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111.7, 102.5, 99.9, 66.8, -0.4. HRMS (APCI) m/z calcd for [M+H]+ 
C13H16F2O3SSi 319.0636, found 319.0611. 

 
Sulfonate Ester 12. An oven-dried 50 mL round bottom flask equipped with 
a stir bar was charged with 9 (300 mg, 0.926 mmol) and K2CO3 (650 mg, 
4.63 mmol), to which were added MeOH (10 mL) and THF (10 mL). The 
reaction mixture was stirred at room temperature for 90 min. The mixture 
was quenched with water and extracted with dichloromethane (60 mL). The 
organic phase was washed with water (50 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 15% EtOAc in 
hexanes) to yield 12 as a yellow oil (167 mg, 72%). FTIR (neat) 3268, 2953, 
2345, 2113, 1576, 1459, 1354, 1167, 1097 cm-1. 1H NMR (500 MHz; 
CDCl3): δ 7.86 (d, J = 8.7 Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H), 3.68 (s, 2H), 
3.29 (s, 1H), .90 (s, 9H). 13C NMR (125 MHz; CDCl3): δ 135.9, 132.8, 
127.85, 127.83, 81.8, 81.3, 80.0, 31.7, 26.0. HRMS (APCI) m/z calcd for 
[M+H]+ C13H16O3S 253.0898, found 253.0914. 
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Sulfonate Ester 13. An oven-dried 50 mL round bottom flask equipped with 
a stir bar was charged with 10 (400 mg, 1.21 mmol) and K2CO3 (850 mg, 
6.04 mmol), to which were added MeOH (10 mL) and THF (10 mL). The 
reaction mixture was stirred at room temperature for 90 min. The mixture 
was quenched with water and extracted with dichloromethane (60 mL). The 
organic phase was washed with water (50 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 10% EtOAc in 
hexanes) to yield 13 as a reddish oil (206 mg, 66%). FTIR (neat) 3674, 
2981, 2892, 1565, 1494, 1354, 1167, 1073, 1015. 1H NMR (500 MHz; 
CD2Cl2): δ 7.75 (d, J = 8.8 Hz, 2H), 7.62 (d, J = 8.7 Hz, 2H), 7.32-7.25 (m, 
3H), 6.96 (dd, J = 8.4, 1.4 Hz, 2H), 3.38 (s, 1H). 13C NMR (125 MHz; 
CD2Cl2): δ 149.5, 135.1, 132.7, 129.8, 128.44, 128.36, 127.4, 122.2, 81.50, 
81.49. HRMS (APCI) m/z calcd for [M+H]+ C14H10O3S 259.0429, found 
259.0422. 
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Sulfonate Ester 14. An oven-dried 50 mL round bottom flask equipped with 
a stir bar was charged with 11 (300 mg, 0.94 mmol) and K2CO3 (650 mg, 
4.72 mmol), to which were added MeOH (10 mL) and THF (10 mL). The 
reaction mixture was stirred at room temperature for 90 min. The mixture 
was quenched with water and extracted with dichloromethane (60 mL). The 
organic phase was washed with water (50 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 15% EtOAc in 
hexanes) to yield 14 as a light reddish oil (123 mg, 53%). FTIR (neat) 3665, 
3292, 2953, 2883, 2369, 1587, 1354, 1167, 1073, 1015 cm-1. 1H NMR (500 
MHz, CDCl3) δ 7.89 (d, J = 8.7 Hz, 2H), 7.68 (d, J = 8.7 Hz, 2H), 5.93 (tt, J 
= 54.5, 4.0 Hz 1H), 4.21 (td, J = 12.7, 4.0 Hz, 2H), 3.33 (s, 1H). 13C NMR 
(125 MHz; CDCl3): δ 138.9, 134.7, 132.2, 129.2, 111.8, 93.6. 91.6 66.7. 
HRMS (APCI) m/z calcd for [M+H]+ C10H8F2O3S 247.0240, found 
247.0251. 
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Model compound 16. An oven-dried 25 mL Schlenk tube equipped with a 
stir bar was charged with 1-iodonaphthalene (100 mg, 0.394 mmol), 12 (120 
mg, 0.473 mmol), Pd(PPh3)2Cl2 (13.8 mg, 19.7 μmol), and CuI (7.5 mg, 39.4 
μmol) to which were added Et3N (3 mL) and THF (10 mL). The reaction 
mixture was stirred at 70 °C overnight. The mixture was quenched with 
saturated NH4Cl (20 mL) and extracted with dichloromethane (60 mL). The 
organic phase was washed with water (30 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 20% EtOAc in 
hexanes) to yield 16 as a red solid (131 mg, 88%). m.p. 118-120 °C. FTIR 
(neat) 2964, 2345, 2205, 1587, 1459, 1365, 1155, 1085 cm-1. 1H NMR (500 
MHz; CDCl3): δ 8.39 (d, J = 7.8 Hz, 1H), 7.95-7.92 (m, 2H), 7.91 (d, J = 4.5 
Hz, 1H), 7.90 (d, J = 4.3 Hz, 1H), 7.82-7.79 (m, 3H), 7.63 (ddd, J = 8.3, 6.9, 
1.4 Hz, 1H), 7.57 (ddd, J = 8.1, 6.8, 1.3 Hz, 1H), 7.50 (dd, J = 8.3, 7.2 Hz, 
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1H), 3.72 (s, 2H), 0.93 (s, 9H). 13C NMR (125 MHz; CDCl3): δ 135.2, 
133.19, 133.16, 132.2, 131.1, 129.8, 129.2, 128.5, 128.0, 127.1, 126.7, 
125.9, 125.3, 119.8, 92.4, 91.7, 79.9, 31.7, 26.0. HRMS (APCI) m/z calcd 
for [M+H]+ C23H22O3S 379.1368, found 379.1352. 

 
Model compound 17. An oven-dried 25 mL Schlenk tube equipped with a 
stir bar was charged with 1-iodonaphthalene (100 mg, 0.394 mmol), 13 (132 
mg, 0.512 mmol), Pd(PPh3)2Cl2 (13.9 mg, 19.7 μmol), and CuI (7.6 mg, 39.4 
μmol) to which were added Et3N (3 mL) and THF (10 mL). The reaction 
mixture was stirred at 70 °C overnight. The mixture was quenched with 
saturated NH4Cl (20 mL) and extracted with dichloromethane (60 mL). The 
organic phase was washed with water (30 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 10% EtOAc in 
hexanes) to yield 17 as a white or off-white solid (128 mg, 85%). m.p. 115-
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117 °C. FTIR (neat) 3689, 2988, 2894, 2346, 2205, 1576, 1482, 1377, 1190, 
1143, 1073 cm-1. 1H NMR (500 MHz; CDCl3): δ 8.38 (d, J = 8.7 Hz, 1H), 
7.89 (dd, J = 8.2, 5.1 Hz, 2H), 7.83 (d, J = 8.7 Hz, 2H), 7.79 (dd, J = 7.1, 1.1 
Hz, 1H), 7.74 (d, J = 8.7 Hz, 2H), 7.62 (ddd, J = 8.3, 6.9, 1.4 Hz, 1H), 7.56 
(ddd, J = 8.1, 6.9, 1.3 Hz, 1H), 7.48 (dd, J = 8.3, 7.2 Hz, 1H), 7.33-7.25 (m, 
3H), 7.02-7.00 (m, 2H). 13C NMR (125 MHz; CDCl3): δ 149.6, 134.4, 
133.20, 133.15, 132.0, 131.1, 129.89, 129.79, 129.78, 128.62, 128.55, 
127.36, 127.20, 126.7, 125.9, 125.3, 122.4, 119.7, 92.34, 92.23. HRMS 
(APCI) m/z calcd for [M+H]+ C24H16O3S 385.0898, found 385.0888. 

 
Model compound 18. An oven-dried 25 mL Schlenk tube equipped with a 
stir bar was charged with 1-iodonaphthalene (80 mg, 0.315 mmol), 14 (93 
mg, 0.378 mmol), Pd(PPh3)2Cl2 (11.1 mg, 15.76 μmol), and CuI (6.08 mg, 
31.5 μmol) to which were added Et3N (5 mL) and THF (10 mL). The 
reaction mixture was stirred at 70 °C overnight. The mixture was quenched 
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with saturated NH4Cl (20 mL) and extracted with dichloromethane (60 mL). 
The organic phase was washed with water (30 mL), dried over anhydrous 
MgSO4, filtered, and the filtrate was concentrated under vacuum. The crude 
product was purified by column chromatography (silica gel, 20% EtOAc in 
hexanes) to yield 18 as a light yellow solid (74 mg, 80%). m.p. 110-112 °C. 
FTIR (neat) 3677, 2976, 2918, 2357, 2194, 1587, 1365, 1167, 1073,1003 
cm-1. 1H NMR (500 MHz, CDCl3) δ 8.38 (ddt, J = 8.4, 1.3, 0.8 Hz, 1H), 7.98 
– 7.93 (m, 2H), 7.90 (ddd, J = 7.5, 4.2, 3.4 Hz, 2H), 7.82 (ddd, J = 7.0, 4.3, 
0.9 Hz, 3H), 7.64 (ddd, J = 8.3, 6.9, 1.4 Hz, 1H), 7.57 (ddd, J = 8.1, 6.9, 1.3 
Hz, 1H), 7.50 (dd, J = 8.3, 7.2 Hz, 1H), 5.96 (tt, J = 54.5, 4.0 Hz, 1H), 4.24 
(td, J = 12.7, 4.1 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 134.0, 133.2, 
133.1, 132.3, 131.1, 130.1, 129.9, 128.5, 128.1, 127.2, 126.7, 125.8, 125.3, 
119.6, 111.8, 92.4, 92.1, 66.8. HRMS (APCI) m/z calcd for [M+H]+ 
C20H14F2O3S 373.0710, found 373.0702. 

 
Model compound 19.  
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From 17. An oven-dried 25 mL Schlenk tube equipped with a stir bar was 
charged with 17 (50 mg, 0.13 mmol) and NaOH (40 mg, 1 mmol) to which 
were added MeOH (1 mL) and DCM (10 mL). The reaction mixture was 
stirred at rt overnight. The white precipitate that formed was filtered out, 
washed with water (10 mL) and allowed to dry with no further purification 
to yield 19 as a white solid (43 mg, 99%) 
From 18. An oven-dried 25 mL Schlenk tube equipped with a stir bar was 
charged with 18 (50 mg, 0.134 mmol) and NaI (40 mg, 0.268 mmol) to 
which were added acetone (10 mL). The reaction mixture was stirred at rt 
for 30 h. The solvent is then removed under vacuum and the resulting solid 
is washed with water (20 mL) and allowed to dry to yield 19 as a white solid 
(44 mg, 99%). m.p. 105-107 °C. FTIR (neat) 3467, 3058, 2976, 1587, 1424, 
1400, 1190, 1120, 1026 cm-1. 1H NMR (500 MHz, MeOD) δ 8.44 (d, J = 8.3 
Hz, 1H), 7.96 (d, J = 8.1 Hz, 2H), 7.93 (d, J = 8.2 Hz, 2H), 7.81 (d, J = 7.0 
Hz, 1H), 7.76 (d, J = 7.9 Hz, 2H), 7.68 (t, J = 7.2 Hz, 1H), 7.60 (t, J = 7.1 
Hz, 1H), 7.58 – 7.49 (m, 1H). 13C NMR (125 MHz; MeOD): δ 133.3, 133.0, 
131.1, 130.3, 128.9, 128.1, 126.7, 126.3, 125.9, 125.5, 125.2, 125.0, 120.1, 
99.8, 92.9, 88.4. MS (ESI, negative mode) m/z calcd for [M-Na]- C18H11O3S 
307.04, found 307.22. 
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Half Nanocar 21 An oven-dried 10 mL Schlenk tube equipped with a stir 
bar was charged with diiodo-BODIPY 15 (50 mg, 74.5 µmol), Pd(PPh3)2Cl2 
(5.2 mg, 7.45 μmol), and CuI (2.8 mg, 14.9 μmol) to which were added Et3N 
(1 mL) and THF (3 mL). The reaction mixture was stirred at 40 °C 
overnight. The mixture was quenched with saturated NH4Cl (10 mL) and 
extracted with dichloromethane (20 mL). The organic phase was washed 
with water (20 mL), dried over anhydrous MgSO4, filtered, and the filtrate 
was concentrated under vacuum. The crude product was purified by column 
chromatography (silica gel, 8% EtOAc in hexanes) to yield 21 as a dark 
purple solid (47 mg, 70%). m.p. 150-152 °C (decomposition). FTIR (neat) 
3677, 2988, 2906, 2357, 1377, 1237, 1061 cm-1. 1H NMR (500 MHz, 
CDCl3) δ 7.88 (d, J = 8.8 Hz, 4H), 7.67 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 8.8 
Hz, 4H), 7.26 (d, J = 8.5 Hz, 2H), 5.93 (tt, J = 54.6, 4.1 Hz, 2H), 4.21 (td, J 
= 12.7, 4.1 Hz, 4H), 2.73 (s, 6H), 1.56 (s, 6H), 0.30 (s, 9H). 13C NMR (100 
MHz, CDCl3) δ 157.0, 145.1, 140.3, 134.7, 134.1, 132.9, 132.6, 131.1, 
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129.7, 127.82, 127.80, 124.5, 111.7, 103.8, 102.5, 100.1, 96.4, 96.5, 66.7, 
17.1, 16.0, -0.2. HRMS (APCI) m/z calcd for [M+H]+ C44H39BF6N2O6S2Si 
909.2094, found 909.2071. 

 
Half Nanocar 22 An oven-dried 10 mL Schlenk tube equipped with a stir 
bar was charged with 21 (40 mg, 44 µmol) to which were added acetone (10 
mL). NaI (26 mg, 0.176 mmol) was split into four portions and each portion 
is added every 6 h. The reaction mixture was stirred at rt for 30 h. The 
solvent is then removed under vacuum. The crude product is purified by 
reverse phase column chromatography (C18 silica gel, 0 to 15% MeOH in 
water) to yield 22 as a dark blue solid (16 mg, 45%). m.p. 142-145 °C 
(decomposition). FTIR (neat) 3690, 2976, 2894, 2345, 2158, 1517, 1400, 
1342, 1190, 1120, 1003 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.7 
Hz, 4H), 7.71 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.7 Hz, 4H), 7.44 (d, J = 8.5 
Hz, 2H), 2.72 (s, 6H), 1.66 (s, 6H), 0.31 (s, 9H). 13C NMR (100 MHz, 
CDCl3) δ 158.1, 143.0, 140.7, 138.0, 135.0, 132.8, 130.6, 129.4, 128.1, 
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127.1, 125.1, 124.1, 122.7, 116.9, 106.0, 104.2, 96.0, 94.0, 92.5, 0.5 MS 
(ESI, negative mode) m/z calcd for [M-2Na]2- C40H33BF2N2O6S2Si 389.08, 
found 389.10. 
4.7 Contributions 
            I designed and devised all the synthetic route to 22 and developed the 
correct reaction conditions for 19, which this deprotection method is crucial 
in the success of making 22. 
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