Calorimetric Studies of Small-Molecule Adsorption to Carbon Nanotubes

by
Kristin Lena Glab

B.S. Chemistry
Vanderbilt University, 2007

SUBMITTED TO THE DEPATMENT OF CHEMISTRY IN PARTIAL
FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE IN CHEMISTRY
AT THE
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

*/i;\;,.‘}s”‘i SR
AUGUST 2009
© 2009 Kristin Lena Glab. All right reserved.
The author hereby grants to MIT permission to reproduce
and to distribute publicly paper and electronic

copies of this thesis document in whole or in part
in any medium now known or hereafter created.

Signature of Author:

MASSACHUSETTS INSTITUTE
OF TECHNOLOGY

SEP 2 2 2009

LIBRARIES

ARCHIVES

Department of Chemistry

/7 7 August 28, 2009

Certified by:

- &) Timothy M. Swager

Professor of Chemistry

/T Y /™™
Accepted by:

Thesis Supervisor

Robert Warren Field
Robert T. Haslam and Bradley Dewey Professor of Chemistry
Director of Graduate Studies




Calorimetric Studies of Small-Molecule Adsorption to Carbon Nanotubes
by

Kristin Lena Glab

Submitted to the Department of Chemistry
on August 28, 2009 in Partial Fulfillment of the
Requirements for the Degree of Master of Science in
Chemistry

ABSTRACT

Isothermal titration calorimetry (ITC) was developed as a technique for qualitatively
comparing the heat of absorption of small molecules to single-walled carbon nanotubes
(SWCNTs). In agreement with other studies, it was shown that polyaromatic
hydrocarbons (PAHs) that can achieve a greater degree of w-orbital overlap with the
curved surface of carbon nanotubes (CNTs) adsorb more strongly. ITC studies also
indicated that adsorption of a m—basic metalloaromatic gold pyrazolate trimer, [Au(3,5-
Et,Pz)],, to SWCNTs in DMF is accompanied by a large negative enthalpy change, while
the structurally-related mi~acidic macrocycle, [Hg(C(F,)1;, does not have a large enthalpy
of adsorption. This result agrees with previous studies indicating that CNT binding
energy depends upon the polarizability of the ligand. Molecules with large CNT binding
affinity have potential for use in CNT-based sensing applications, serving to anchor
analyte receptors to the surface of CNTs.

In this context, a phosphoresorcin[4]arene decorated with four pendant pyrene moieties
was investigated as a bifunctional SWCNT adsorbent and receptor for sensing biogenic
amines. Though the cooperative binding effect of the pendant pyrene moietites
effectively tethers the cavitand receptor to CNTs, primary ammonium salts do not bind to
the cavitand more strongly than to the SWCNT surface. Highly selective receptors with
large binding affiniites for both CNTs and analyte are necessary to optimize CNT-based
sensing technologies. ITC can be useful tool for identifying effective receptor molecules.

Thesis Supervisor: Timothy M. Swager
Title: Professor of Chemistry
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CHAPTER L.

INTRODUCTION

Let us learn to dream, gentlemen, then perhaps we shall find the truth... But let us beware
of publishing our dreams till they have been tested by waking understanding.
— (Friedrich) August Kekulé

Adsorption to Carbon Nanotubes

Materials scientists have envisioned many potential applications for carbon
nanotubes (CNTs) that take advantage of the material’s unique electronic, optical,
mechanical, kinetic, and thermal properties. Most of these applications cannot be realized
without control and modification of the properties of CNTs. Properties such as length,
diameter, chirality, and purity can be controlled to some extent by various methods of
synthesis, purification, and separation. Further modification of CNT properties can be
achieved by covalent functionalization or by adsorption of polymers or small molecules
to the nanotube surface. Non-covalent adsorption has the advantage of preserving the
basic graphene structure of the nanotube and thus, many of its favorable electronic
proﬁerties.

Both liquid- and gas-phase adsorption are possible, but CNT de-bundling and
coverage can be better controlled via liquid-phase adsorption.' Popular small molecules
for surface modification of CNTs and fullerenes include polymers, surfactants,
biomolecules, and polycyclic aromatic hydrocarbons (PAHs)." The extent and
mechanism of small molecule adsorption to CNTs have been studied by Raman
spectroscopy, which demonstrates adsorption of molecules to CNTs through shifts in the
radial breathing mode bands, and uv-vis spectroscopy, which can be employed to

construct adsorption isotherms.



Adsorption isotherms indicate the equilibrium distribution of adsorbate molecules
between liquid phase and solid phase and can be used to determine the thermodynamic
constants K; (Langmuir equilibrium constant), AH (enthalpy change), AS (entropy
change), and AG (Gibbs enthalpy of adsorption) associated with the adsorption of small
molecules to the surface of CNTs." Although these thermodynamic parameters cannot
tell us about nonequilibrium systems or the kinetics of adsorption, they are nonetheless
invaluable for the quantitative characterization of the energetics of adsorption processes.

The adsorption isotherm, however, is a relatively indirect and imprecise tool for
determining thermodynamic parameters as compared to calorimetry, which directly
measures heat energy. Moreover, modern calorimeters calorimeters are highly sensitive
and easy to use. They are therefore now routinely used in studies of biochemical
thermodynamics and are finding increasing use in other fields of supramolecular

chemistry."

Isothermal Titration Calorimetry

In an isothermal titration calorimetry experiment, two identical cells are held in a
cooling jacket that is 5-10 degrees below the cells’ temperature, and power is applied to
the cells to maintain them at a defined temperature. The sample cell is filled with a
solution of the titrand, and the reference cell is filled with the same solvent as was used to
prepare the titrand solution. A pipet with a paddle-shaped tip is filled with the titrant and
inserted into the sample cell. During the course of the experiment, the pipet stirs the
solution in the sample cell and injects aliquots of titrant at user-defined time intervals.
The calorimeter response is recorded as the differential power applied to the sample and

reference cells in order to maintain them at the same temperature. When the data is



worked up, the recorded differential power is integrated over each injection time interval,

and the molar ratio of titrant to titrand versus AH is plotted for each injection event.
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Ideally, this data can be fit to a sigmoidal-shaped curve from which the enthalpy
of binding AH, the equilibrium constant K., and the stoichiometric factor n can be
extracted (Figure 1). AH is simply the extrapolated y-axis intercept, n is the molar ratio at
the cuve’s inflexion point, and Kissoc is obtained from the slope of the curve at the
inflexion point. Using the thermodynamic relations

AG = AH - TAS and

K = eGART)

2
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the Gibbs enthalpy AG and entropy AS of binding can be calculated. Additionally,
conducting the experiment at multiple temperatures allows one to obtain the heat
capacity, AC,.

In order to obtain a sigmoidal-shaped plot for curve fitting, however, the

dimensionless value ¢ =n X [A]Kqssoc, Where [A] is the concentration of titrand in the

sample cell, must fall within 5 < ¢ < 500. Thus, for low binding constants, large titrand
concentrations are required, and for large binding constants, low titrand concentrations
are required. In the former case, titrand availability and/or solubility can become an
issue, while in the latter case, low measured enthalpy values challenge the detection
limits of the instrument and result in noisy data. Generally, good data can be obtained for
binding constants falling within the range of 10%and 10° M, provided that stoichiometry
is well-defined for the process being measured and any competing processes can be
deconvoluted.

The problems associated with c-values falling outside the range of 5 < ¢ <500 are
illustrated in Figure 2. At low c-values, the ITC plot appears flat and relatively
featureless, making accurate determination of the inflexion point difficult. At large c-
values, the ITC plot appears as a step function, which makes determining the slope of the

cuve at the inflexion point difficult.
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Figure 2. The shape of an ITC titration curve varies with c, that is, the product of the
titrand concentration and the titrant/titrand equilibrium constant. Reproduced with
permission from W. B. Turnbull.”

So far, isothermal titration calorimetry has found the most application in the study
of biological systems, and thus, aqueous solutions are most commonly used with this
technique. Nonetheless, there are multiple examples of ITC studies performed in organic
solvents, including methanol, dimethylsulfoxide, acetonitrile, and even less-polar
solvents such as chloroform, dichloromethane, tetrachloroethane, toluene.” Choice of
solvent can have a large effect on the thermodynamic binding parameters AH and AS and
therefore should be made carefully. Unfortunately, though, most calorimeters are poorly-
equipped to deal with non-polar solvents, as Tygon tubing and O-rings are typically

employed in instrument cleaning procedures.

Objectives

There is one reported use of isothermal titration calorimetry to assess adsorption
of small molecules to CNTs. In this paper by A. Das et. al., the binding energies of

nucleobases with SWCNTs in water were qualitatively compared.” The ITC plots
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obtained by A. Das et. al resembled the low-c-value curves shown in Figure 2. They
attributed their inability to obtain a sigmoidal shape to the low solubility of CNTs in
water.

The objective of this research was to develop isothermal titration calorimetry as a
technique for assessing the thermodynamics of small molecule adsorption to single-
walled carbon nanotubes. ITC studies were conducted in organic solvent to preclude
hydrophobic interactions as the primary driving force for adsorption and to facilitate de-
bundling of CNTs. In particular, dimethylformamide (DMF) was used as the solvent in
ITC experiments because of its common usage in CNT experiments, its ability to disperse
CNTs, and its moderately high boiling point. The solvent’s ability to disperse CNTs is
very important for obtaining accurate calorimetric data. When CNTs aggregate, the
surface area available for small molecule adsorption and, by extension, the
thermodynamic response upon adding adsorbent molecules to the CNT dispersion
become limited. Although DMF is moderately effective at dispersing CNTs, N-
methylpyrrolidone (NMP) has a larger nanotube dispersion limit and in this respect may
have been a better solvent choice." At 153 °C, though, the boiling point of DMF is high
enough to allow for solution degassing in vacuo prior to running ITC experiments
without significantly altering the solution concentration. On the other hand, the boiling
point of DMF is low enough that solvent removal to recover carbon nanotubes after a
titration experiment is not inconvenient. The boiling point of NMP, for comparison, is
202-204 °C. The compatability of solvents with the ITC’s cleaning apparatus, which
contains O-rings that quickly degrade in nonpolar solvents, was also considered when

choosing solvent in which to run ITC experiments.
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Ultimately, it is hoped that non-covalent modification of CNTs with multi-
functional molecules will facilitate the development of CNT-based sensing technologies
by (a) allowing analyte receptor molecules to be bound to the surface of CNTs and (b)
influencing the physical and chemical properties of the CNTs. Polyaromatic
hydrocarbons (PAH) are known to adsorb to carbon nanotubes, and ITC studies of PAH
adsorption to CNTs are discussed with reference previously-reported non-calorimetric
PAH adsorption data in Chapter II. In chapter III, a cavitand decorated with four pyrene
moieties is studied as an example of a bifunctional molecule with the ability to both
complex ammonium salts and adsorb to the surface of CNTs. The application of such
synthetic receptors to CNT-based FET sensors is also discussed. Finally, in chapter IV,
the CNT-binding ability of polyaromatic hydrocarbons is compared with the binding
abilities of electron-rich and electon-deficient metalloaromatic compounds. Such
comparative ITC studies may prove valuable when screening prospective receptor

molecules for sufficient CNT- and analyte-binding ability for use in CNT-based sensors.
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CHAPTER IL

ADSORPTION OF POLYAROMATIC HYDROCARBONS
TO SINGLE-WALLED CARBON NANOTUBES

Could we have entered into the mind of Sir Isaac Newton, and have traced all the steps by
which he produced his great works, we might see nothing very extraordinary in the
process.
— Joseph Priestley

Studies of liquid-phase adsorption of PAHs to SWCNTs by Gotovac et. al.
demonstrated that the amount of adsorption depends on the area of overlap between the
aromatic t—system of the adsorbing molecule and the nanotube surface.” For example,
tetracene, whose four fused benzene rings can all make contact with the surface of a
nanotube when the molecular and nanotube axes are aligned, adsorbs over six times more
readily than phenanthrene, whose three fused rings can not all simultaneously overlap
with a curved nanotube surface. This observation agrees with theoretical calculations by
Grimme™ which indicate that the m—m stacking effect resulting from favorable orbital-
dependent dispersion interactions increases nonlinearly with the size of the aromatic
n-system. That is, while aromatic systems composed of one or two aromatic rings (i.e.,
benzene and anthracene) exhibit intermolecular interaction energies comparable to those
of their saturated hydrocarbon analogues (i.e., cyclohexane and decalin), aromatic
systems of three or more rings exhibit significantly greater intermolecular interaction
energies than their hydrocarbon analogues. These favorable interaction energies can be
attributed to (a) a minimization of the electrostatic repulsion between —systems by

parallel displacement of the aromatic systems from an eclipsed relationship (Figure 3)

and (b) correlations between delocalized ni—electrons of two closely stacked polyaromatic

systems.
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Figure 3. Optimal geometry of polyaromatic hydrocarbons adsorbed to graphene sheets
minimizes electostatic repulsions by parallel displacement of aromatic rings.*

Though the XPS, Raman, and UV-vis experimental work by Kaneko et. al.
provided adequate evidence to characterize and quantify PAH adsorption to carbon
nanotubes, their studies produced no reliable data on the thermodynamics of PAH
adsorption to CNTs. Isothermal calorimetry studies would therefore supplement the
techniques used by Kaneko et. al. Furthermore, Kaneko et. al. only looked at PAH
adsorption from toluene dispersions of CNTs; since choice of solvent can have a
significant effect on adsorption thermodynamics, comparative studies using amide or

chlorinated solvents during adsorption would be enlightening.

O O
OO e 1
pyrene tetracene TIPS 1

Figure 4. Polyaromatic hydrocarbons used in ITC studies.

Adsorption of pyrene, tetracene, and pentacene derivative 1 (Figure 4) to
dispersions of SWCNTs in DMF was studied by isothermal titration calorimetry at 20 °C.

Pyrene and tetracene were obtained from commercial sources and used as received.
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Pentacene derivative 1 was prepared following a literature procedure.* ITC plots of heat
of adsorption versus molar ratio of adsobent to SWCNT carbon atoms were generated
after subtracting the heat of dilution of the ligand (determined from control experiments)
from the heat released upon addition of ligand to suspensions of SWCNTs (Figures 4-6).
The CNT suspensions contained concentrations of SWCNT significantly higher than the
dispersion limit of CNTs in DMF in order to maximize the available CNT surface area.
The ITC data was less noisy and showed greater ligand concentration dependency at high
CNT concentrations, though the accuracy of the molar ratios (moles ligand/moles
SWCNT C atoms) plotted on the x-axis of the ITC titration plots were likely
compromised by CNT bundling. The concentration of each ligand was chosen to
optimize the plots of the heat of adsorption versus molar ratio. In the case of tetracene
and 1, however, ligand solubility in DMF (about 0.3 mg/mL for both tetracene and 1),
was the limiting factor.

Remarkably, even at relatively high concentations of pyrene, only small amounts
of heat were released upon addition to SWCNT suspensions (Figure 5). Given that UV-
vis, Raman, and microscopy data have all been used to demonstrate that pyrene
derivatives adsorb to CNTs, it was surprising to find that in DMF this adsorption process
is accompanied by only a small negative enthalpy change. In the case of tetracene
(Figure 6), AH for each mole of injectant was significantly larger but still not large
enough to achieve low noise levels in the plot of AH versus molar ratio. For pyrene and
tetracene, best fit curves are low and featureless, resembling the ¢ = 0.01 and ¢ = 0.1
curves in Figure 2. In the case of pyrene, poor data can be primarily attributed to low AH

for adsorption to CNTs in DMF; little can be said about the binding constant. In the case
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of tetracene, both low tetracene solubility and low binding constant must take part of the

blame for the noisy data. In the ITC titration curve of pentacene derivative 1 (Figure 7),

however, distinct AH dependancy on ligand concentration can be seen, and the ITC

titration plot resembles the ¢ = 1 curve in Figure 2.
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Figure 5. ITC plot for the titration of pyrene into SWCNT dispersion with pyrene heat of
dilution subtracted (left) and overlay plot of both pyrene heat of dilution and heat of
pyrene titration into SWCNT (right).
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Figure 6. ITC plot for the titration of tetracene (1.1 mM) into SWCNT dispersion (21.2
mM C atoms) with tetracene heat of dilution subtracted.

Time (min)

30 0 30 60 90 120 150 180 210 240
0.1 T 1 T T T T T T

T py

kcal/mole of injectant
.l
[/

T T T T T T T T M T
0.00C 0001 0002 0003 0004 0.005
Molar Ratio

Figure 7. ITC plot for the titration of pentacene derivative 1 (0.46 mM) into SWCNT
dispersion (21.3 mM C atoms) with the heat of dilution of 1 subtracted.
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By extrapolating best fit curves for the ITC data to zero ligand concentration, the
heats of adsorption can be estimated and follow pyrene < tetracene << 1. Though this
sort of analysis is qualitatively enlightening, traditional ligand binding models cannot be
used to calculate the enthalpy and entropy of adsorption because the ITC titration curves
are not sigmoidal in shape. It is assumed the initial part of the sigmoidal curve is
precluded by (a) the limited solubility of CNTs and larger PAHs in DMF, (b) the lack of
geometrical or chemical specificity for small molecule binding to the CNT surface, and
(c) heterogeneity of CNT surfaces caused by defects, CNT bundling, and differences in
diameter and chirality. Limited ligand and substrate solubilities contribute directly to low
c-values, and non-specific binding sites can lead to low binding constants as solvent
molecules compete with adsorbent molecules for space on the CNT surface. Lack of
specificity in the mode of binding also causes ligand/adsorbent stoichiometry to be ill-
defined. Defects in the CNT surface may create different binding constants at different
sites along the carbon nanotube. Different contact models will also be favored for CNTs
of different diameters and chirality. Furthermore, adsobent molecules will likely interact
differently with the outer surface of an isolated CNT as compared to a groove or
interstitial site between several bundled CNTs. All these characteristics of CNT
surfaces should broaden the ITC titration curve, so it is not surprising that a sigmoidal-

shaped ITC curve was not observed in these studies.
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CHAPTER III.

TERNARY BINDING STUDIES WITH CAVITANDS,
AMINES, AND SINGLE-WALLED CARBON NANOTUBES

Few scientists acquainted with the chemistry of biological systems at the molecular level
can avoid being inspired. Evolution has produced chemical compounds exquisitely
organized to accomplish the most complicated and delicate of tasks. Many organic
chemists viewing crystal structures of enzyme systems or nucleic acids and knowing the
marvels of specificity of the immune systems must dream of designing and synthesizing
simpler organic compounds that imitate working features of these naturally occurring
compounds.
— Donald J. Cram

Carbon nanotube-based field-effect transistor (FET) sensors are a promising new

class of chemical and biological sensors on account of their high sensitivities, fast

xiil

response times, and micron-scale device geometries.” Naked carbon nanotube arrays
have been used in the fabrication of gas sensors, but functionalization of CNTs is
necessary to generalize the CNT-based FET device architecture to a broad range of
substrates and to increase sensor specificity and sensitivity.” There are examples of
FET devices employing SWCNTSs noncovalently functionalized with DNA, proteins,
enzymes, and dextrans which, in turn, act as receptors for particular biological

xiii

substrates.”™ Of course, few such receptors effectively adsorb to CNTs and selectively
complex target substrates. Pyrene moieties are therefore sometimes covalently linked to
the biological receptor unit to serve as CNT anchors.*” The constructive - stacking
interaction between CNTs and pyrene derivatives is well-documented.™

Given effective CNT adsorption and substrate binding is achieved, the linker
molecule must also cause a shift in the threshold voltage of the FET device upon binding

the substrate. This can occur by either changing the linker molecule’s ability to transfer

charge to the SWCNTSs or by changing the linker molecule’s ability to alter the SWCNT
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charge mobility (i.e. by altering the linker’s scattering potential or ability to deform the
SWCNTs). Pyrene-based linkers have demonstrated such an ability to alter FET
behavior.™

Though enzymes and many other biological receptor units demonstrate high
substrate binding affinity and selectivity, synthetic receptor systems offer chemists more
flexibility to choose their substrate and tweak the receptor binding constant. Synthetic
receptor systems were first investigated by Pedersen,”" Lehn, ! and Cram*™ in the form
of crown ethers, cryptands, and more complicated macrocycles such as calixarenes,
cryptophanes, and cucurbiturils. Calixarenes have emerged as one of the more useful
classes of synthetic receptors because of their abililty to form inclusion complexes with a
wide range of guest compounds.™ By choosing various aldehydes and phenols for the
initial cyclooligomerization reaction as well as post-oligomerization functionalization
strategies, cavitands of different shape and size, polarity and electrostatic properties can
be synthesized. This versatility makes them attractive receptor molecules for chemical
sensing.

High levels of histamine in scrombroid fish (i.e. tunas and mackerels) is the most
commonly reported cause of seafood poisoning in the United States.™ Fresh fish do not
contain high concentrations of histamine, but in improperly preserved fish, indigenous
bacteria containing the enzyme histidine decarboxylase can convert the amino acid
histidine into dangerous amounts of histamine.™* Sensing of biogenic amines is therefore
important for the determination of histamine in food. Although chromatographic
techniques, fluorometric procedures, immunochemical assays, and direct enzyme-linked

immunosorbent assays for detecting histamine are available, none of these tests are
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sufficiently cheap, quick, or simple for routine testing. Thus the development of a CNT-
based FET sensor for histamine determination could provide a useful immunosensor to
the seafood industry.

Phospho(IV)cavitands such as 2 (Figure 8) containing calix[4]resorcinarene
macrocycles with phosphonate bridging groups effectively complex hard cations in their
bowl-shaped binding cavity. ™" In particular, the inward-pointing P=O oxygen atoms are
known to form a stable acid-base compex with ammonium salts. Thus this class of
cavitand may prove to be an effective receptor for sensing biogenic amines such as
histamine that exist primarily as ammonium salts at biological pH.*" Phospho(IV)
cavitand 2 was designed and synthesized by Elisa Biavardi for use in a CNT-based FET
ammonium sensor. It was envisioned that the four pendant pyrene units would
effectively anchor the cavitand to the CNT surface and that the phosphonate rim of the
cavitand would complex ammonium salts. It is important for both of these binding
interactions to be greater than that between the ammonium substrate and the CNT
surface. If AG of the interaction between the cavitand and the CNT surface is less
negative than that of the interaction between ammonium salts and the CNT surface,
ammonium salts may displace the cavitand from the CNT surface. Additionally, binding
of the ammonium salt to free CNT surface rather than to the cavitand binding pocket
would convolute the FET response, as it would not be solely a function of ammonium-

cavitand complexation.
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Figure 8. The phosphonate and thiphosphonate cavitands used in ITC studies.
Isothermal titration calorimetry and NMR titration studies were used to study the
interactions between phospho(IV)cavitand 2, SWCNTs, and ammonium salts.
Gratifyingly, it was found that though pyrene itself does not bind to SWCNTs with large
AH, phosphonate cavitand 2, decorated with four pyrene moieties, binds to SWCNTSs
with AH of at least -14 kcal/mol 2 (Figure 9). Thus, the cooperative binding of four
pyrene units tethered to a macrocycle is much stronger than four independent pyrene
molecules isolated in solution. The enthalpy of adsorption of phosphonate cavitand 2

onto SWCNTSs is also roughly twice that of pentacene derivative 1.
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Figure 9. ITC plots for titration of phosphonate cavitand 2 (0.29 mM (left) and 0.136
mM (right)) into SWCNT dispersions (20.5 mM and 24.5 mM C atoms, respectively).

On a [13,9] SWCNT, at most twelve sp” carbon atoms and 2.5 aromatic rings of
phenanthrene can be in close proximity to the CNT surface at a given time, while all
eighteen atoms and four aromatic rings of tetracene canadsorb flush to the CNT surface.’
By extension, when 2 adsorbs to a moderate-diameter CNT, forty-eight sp” carbon atoms
and about twelve aromatic rings split over four pyrene moieties can be in close contact
with the tube surface at a time. In the case of pentacene derivative 1, only twenty-two sp’
carbon atoms and five aromatic rings from the pentacene core can interact with the CNT
surface. Considering that adsorption ability increases with the molecular surface area
able to interact with the CNT surface, does not seem unreasonable that AH for adsorption
of cavitand 2 to SWCNTSs would be approximately twice that of pentacene 1.

ITC titration studies with histamine showed that the neutral amine does not

complex strongly with phosphonate cavitand 2 in DMF (Figure 10). In the absence of
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protic solvent, very little if any histamine is protonated. Phosphonate cavitand 2
complexes with cations, not free amine bases, therefore it is understandable that the ITC

curve for titration of histamine into 2 nearly matches the histamine heat of dilution curve.

Time (min)
= histamine (5.30 mM) fitrated into 2 {0.0532 mM)
30 0 30 60 90 120 150 180 210 240 e histamine heat of dilution
T LI R L LR B | LI
T T T T
00 ] it ;"'?.fw{?“w r 0.0 -
02 ‘ ! ' ] AN
S 0.4 “JP ]
o ] -0.5 - o B
8 06 - ¢
a l ] ’J |
L] a
-0.8 4 € o
; o
1.0 4 on B
-1.0 T T T T g on
-0.05 . @ -
(] .
[ » [ 2 »
s - E_ - = o
c -0.10 am® e ' - "
« - L ) g
.8 -0.15 L] .'*- . i 15 "
r<3 [ ]
£ s ™ =
o -0.20 L™ b [ ]
2 oe’s .
o . B
E 0.25 -n [ |
£
@ » -2.0 - - R
g -0.30 - ] q [
3 —
1 1 20 25 i T r T ’ i
0 5 0 5 0 5 10 15 20 25
Molar Ratio Molar Ratio

Figure 10. ITC plot for the titration of histamine into phosphonate cavitand 2 with
histamine heat of dilution subtracted (left) and overlay plot of histamine titration into 2
and histamine heat of dilution (right).

Ammonium salts of histamine are insoluble in DMF, so ethylammonium chloride
was used in ITC studies of ammonium complexation with 2. As can be seen in Figure
11, the difference between the ITC curve for EtNH,ClI titration into a solution of 2 and
the heat of dilution of EtNH,Cl is not large, but it is well-defined and reproducible.
Thiophosphonate cavitand 3 does not complex ammonium salts,™" so it was used in a
control experiment. The difference between the ITC response for titration of EtNH,Cl

into thiophosphonate cavitand 3 and the heat of dilution of EtNH;CI is smaller, more
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noisy, and less reproducible (Figure 12) in comparison to the complexation experiment

conducted with phosphonate cavitand 2.
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Figure 11. ITC plot for the titration of EtNH;Cl into phosphonate cavitand 2 with
EtNH;Cl heat of dilution subtracted (left) and overlay plot of EtNH;Cl titration into
phosphonate cavitand and EtNH;Cl heat of dilution (right).
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Figure 12. ITC plot for the titration of EtNH;3Cl into thiophosphonate cavitand 3 with
EtNH;Cl heat of dilution subtracted (left) and overlay plot of EtNH;Cl titration into 3 and
EtNH;Cl heat of dilution (right).

Regrettably, however, titration of EtNH,Cl into dispersions of SWCNTSs indicates
that the interaction of ammonium salts with CNTs is stronger than the interaction of
EtNH,CI with phosphonate cavitand 2 (Figure 13). Amines are known to adsorb to CNT
surfaces,”™" and it’s likely that at equilibrium, a fraction of ethylammonium species are
deprotonated by the Lewis-basic oxygen of DMF, revealing the free amine base for

adsorption to SWCNTSs. Even at high concentrations of cavitand 2, it is likely that there

will always be free CNT surface available for non-specific amine-CNT adsorption.
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Figure 13. ITC plot for the titration of EtNH;Cl into SWCNT dispersion with EtNH;CI
heat of dilution subtracted (left) and overlay plot of EtNH;Cl titration into SWCNT
dispersion and EtNH;Cl heat of dilution (right).

Consolation may be taken in the fact that cavitand 2 binds to SWCNTs much
more strongly than amines, so the amines are unable to displace the cavitand. The
thermodynamic data provided by ITC was corroborated by visual evidence. Addition of
2 to SWCNT dispersions caused the CNTs to form aggregates that could not be broken
up by sonication. Treating the aggregates with excess EtNH,Cl and further sonication
did not allow the aggregates to be broken up. In contrast, treating a dispersion of
SWCNTs with a mixture of solution of both EtNH,Cl and phosphonate cavitand 2 does
not allow aggregates to form. Possibly, the adsorption of 2 to the SWCNT surface is
kinetically slower than adsorption of amines. Once amines have partially covered the

CNT surface, not enough space may be available for all four pyrene moieties of 2 to

adsorb at once, and aggregate formation is precluded.
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This study demonstrates that highly selective receptors with large binding
affiniites for both CNTs and analyte are necessary to optimize CNT-based sensing

technologies. ITC can be useful tool for identifying effective receptor molecules.
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CHAPTER IV.

ADSORPTION OF METALLOAROMATIC COMPOUNDS
TO SINGLE-WALLED CARBON NANORTUBES

...the more accurate the calculations became, the more the concepts tended to vanish into
thin air.
— Robert S. Mulliken

Macrometallocyclic trinuclear complexes of the type [M(u-L)]; may be
synthesized with a wide range of m-acidity and m-basicity, supramolecular host/guest
chemistry, and metal-organic optoelectronic properties by substituting various metals,
ligands, and ligand substituents.”*"" By tuning the frontier molecular orbitals of such
metalloaromatic compounds, interactions with the s-orbital array of CNTs may be
optimized to facilitate adsorption and modify the CNTs’ electronic properties.
Compounds 4 and 5 were targeted as readily accessible m-acidic and w—basic complexes
for ITC studies (Figure 14). Significantly, the inner metalloaromatic rings of the two
compounds are isoelectronic — both contain d'’ metals (Hg(II) and Au()), and both
contain aromatic bridging ligands. The molecular weights of 4 and § are within 10% of
each other, at 1045.95 and 960.43 g/mol, respectively, so the inherent potential for van
der Waals interactions should be similar for these compounds with CNTs. Mercury

xxvii

compex 4 was prepared as reported in literature™" and gold complex 5 was prepared

XX Viii
.

following an analogous procedure
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Figure 14. Organometallic complexes 4 and 5 used in ITC titration experiments.
Carbon nanotubes are known to behave as both electron-donors and as electron-

XXiX

acceptors,”™ so it is not unreasonable to suspect that both s-acidic compound 4 and
n—-basic compound 5 could form strong Lewis acid-base interactions with CNTs.
However, ITC titration curves (Figures 15 and 16) demonstrate that only m—basic
compound 5 has a large negative enthalpy for adsorption to CNTs. The heat released
upon titrating mercury complex 4 into SWCNTs is recognizably greater than the heat of
dilution of 4, but only amounts to 1-2 kcal/mol at low ligand concentrations. In contrast,
gold complex 5 demonstrates the largest CNT-binding enthalpy of any of the molecules
discussed in this thesis — about -30 kcal/mol at low ligand concentrations. That’s
approximately twice the adsorption enthalpy demontrated for phosphonate cavitand 2.

It is also significant that the thermal response upon addition of 5 to SWCNTs is
significantly slower than the thermal response of other ligands. Injections were made at
480 second intervals rather than the usual 240 second intervals to allow heat flow to
reach baseline levels before each subsequent injection. As AH with each injection falls to

zero at larger concentrations of 5, the time required to reach baseline levels of heat flow

also decreases. The triangular shape of the peaks in the ITC titration plot may indicate
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that adsorption of 5§ to SWCNTs is kinetically slow or that a second event — such as

aggregation — is happening after adsorption.”

Time (min) = 4(0.513 mMM) into SWCNT (10.3 mM)
0 30 60 90 120 150 180 210 240 ® 4 heat of dilution
0.1 T T T T T T L 1 . . . . r
0.0 4 -
o\.
0’.& b \ .’
-0.1 4
9 0 - 'L"v. .
°
3 o2l ] K Ly O
3 o
3 : L L}
0.3 . "
§ 14 & " s
0.4 - E I "
1 T T T T £ *
5 ] e mm
2 |4
- g [ ]
% 04 # B ? -2 - » g
<} . S :
(1) Wi "
g - AV o
= 1A . 4
o = .
2 34 N
g s
£ -2 4 L
8
x L ]
3 4

T T Al T T T T T T T

, ) 004 0. ' 010 0.012 T ] e 0010

0000 0002 0.004 0.006 ‘.’°°° 0010 00 0000 0002 0004 0006 0008 0010 0.012
Molar Ratio Molar Ratio

Figure 15. ITC plot for the titration of mercury complex 4 into SWCNT dispersion with
heat of dilution of 4 sutracted (left) and overlay plot of gold complex 4 titration into
SWCNT dispersion and heat of dilution of 4 (right).

Fitting the ITC titration data of complex 5 using the One Set of Binding Sites
model gave a best fit curve with the smallest errors in the values of n, K, and AH of any

of the SWCNT ligands discussed in this work. With a calculated binding constant of

approximately 9 X 10%, the value of K falls well within the range of reasonable binding

constants for obtaining quality data from ITC experiments. The value of n, 0.002,
indicates a stoichiometry of one adsorbent molecule § per 500 SWCNT carbon atoms. It
is important to keep in mind that the concentration of SWCNTSs used was above the
dispersion limit of SWCNTs in DMF. Thus, due to CNT bundling, only a fraction of the

total SWCNT surface area was exposed to the solvent and available for ligand binding.

33



Furthermore, it is known that some adsorbent molecules promote debundling of the
CNTs; if this occurred, the surface area available for ligand binding may not have

decreased linearly with increasing molar ratio of 5 to SWCNTs.
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Figure 16. ITC plot for the titration of gold complex § into SWCNT dispersion with heat
of dilution of 5 subtracted (left) and overlay plot of gold complex 5 titration into SWCNT
dispersion and heat of dilution of S (right).

An enthalpy change of -44 kcal/mol of 5 adsorbed was calculated by the binding
model. The most negative value directly recorded was greater than -30 kcal/mol, so the
calculated value may be more negative than the true value but is not unreasonable.
Repeating the experiment with less concentrated tirant solution would provide a better
sense of the true adsorption enthalpy since the extrapolation to zero ligand concentration
would be made from lower molar ratio data points.

The negative calculated entropy value indicates that the total rotational and

translational freedom gained by displacement of DMF molecules from the SWCNT
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surface is less than the rotational and translational freedom sacrificed by 5 upon binding
to the SWCNT surface. This can be rationalized by envisioning that 5 is much more
tightly bound to the surface of the CNT than the displaced solvent molecules were.

Now to address the fundamental question brought up by these experimental
results: why is the AH for binding n—basic metalloaromatic compound 5 to SWCNTs
very large, while the AH for binding the isoelectronic but t—acidic metalloaromatic
compound 4 is remarkably small in comparison to AH for PAH 1, another large aromatic
molecule? Theoretical calculations on the adsorption of aromatic compounds to
graphene and SWCNTSs has demonstrated a direct correlation between the strength of
interaction between small aromatic systems with graphene surfaces and the polarizability
of the aromatic molecule.”™ Thus, for more extended n—systems and more electron-rich
molecules, the strength of small molecule binding to CNTs will be greater. This

prediction agrees with the results of ITC titration experiments.

35



CHAPTER V.

SYNOPSIS

One never notices what has been done; one can only see what remains to be done.
— Marie Curie

Isothermal titration calorimetry was developed as a technique for qualitatively
comparing the heat of absorption of small molecules to CNTs. In agreement with other
studies, it was shown that PAHs that can achieve a greater degree of r-orbital overlap
with the curved surface of CNTs adsorb more strongly. ITC studies also indicated that
adsorption of n—basic metalloaromatic compound § to SWCNTSs in DMF is accompanied
by a large negative enthalpy change, while m—acidic macrocycle 4 does not adsorb
strongly. This supports previous studies indicating that CNT binding energy depends
upon the polarizability of the ligand. To provide a more complete picture of the CNT
anchoring abilities of these compounds, XPS, Raman, and UV-vis data should be
acquired for SWNTs adsorbed with pentacene derivative 1 and metalloaromatic
complexes 4 and 5. Furthermore, theoretical calculations of the relative polarizabilities
and froniter molecular orbital energy levels of 1, 4, and 5 would provide more insight
into their disparate adsorption ablilities.

Future work aims to extend the sensing applications of SWCNTSs using rationally-
designed analyte receptors. Investigations into the use of metalloaromatic complex 5 in
sensing devices may begin with binding studies analogous to those of chapter III and
involving 5, SWNTs, and mercaptans, since gold complexes coordinate strongly with
sulfur compounds. However, mercaptans also coordinate strongly with CNT surfaces,™™

so it may be difficult to preclude mercaptan adsorption to CNTs in favor of coordination

with gold complex 5. This problem was confronted when energies of binding of

36



ammonium salts to 2 and to SWCNTs and were compared in chapter III. Complications
associated with non-specifice adsorption of analytes to CNT surfaces rather than to the
analyte receptors indicate that CNT-based sensing technologies are best suited for

sensing analytes which do not have CNT strong binding affinities.
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CHAPTER VL

EXPERIMENTAL

The chemists are a strange class of mortals, impelled by an almost insane impulse to seek
their pleasures amid smoke and vapour, soot and flame, poisons and poverty; yet among
all these evils I seem to live so sweetly that I would rather die than change places with the
king of Persia.

— Johann Joachim Becher

Synthesis

Tris(u-2,3,4,5-tetrafluorophenyl-1,2)trimercury(Il) 4

Trinuclear mercury complex 4 was prepared as described by Sartori et.al.™" Mercury(II)
acetate (13.4 g, 42 mmol) and glacial acetic acid (1.5 mL) were dissolved in deionized
water (200 mL). A solution of tetrafluorophthalic acid (10.0 g, 42 mmol) in deionized
water (200 mL) was added to the mercury(II) solution, and a white precipitate formed
immediately. The milky mixture was filtered to yield a white, pasty solid. The solid
material was added to a sublimation apparatus with a water-cooled cold finger and
sublimed at 220 °C (sand bath) and under a dynamic vacuum at 0.05 torr. The
unsublimable material was discarded and the sublimed product was returned to the well
of the sublimation apparatus. The material was sublimed and re-sublimed at 300 °C,
yielding fluffy white crystals (10.3 g, 70 % overall yield). Final purification was
performed by recrystallizing the product from hexane, methylene chloride, and a small
amount of DMF to produce large, colorless rhombic crystals. FTIR: 1610 m, 1580 m,
1470 sst, 1380 m, 1360 m, 1325 st, 1290 st, 1250 st, 1210 m, 1090 sst, 1050 m, 1005 sst,
940 m, 815 st, 770 m, 640 m, 470 m, 400 m, 370 cm™ st. ESI-MS: m/z 1045.88 (M). "°F

NMR (300 MHz, acetone-d®): & -160, -121.
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Tris(u-3,5-diethylpyrazolato-N,N’)trigold(I) §

An aqueous solution of potassium hydroxide (30 mg KOH/3 mL H,0O) was added
dropwise to a suspension of 3,5-diethylpyrazole (110 mg, 0.89 mmol) and
dimethylsulfidegold(I)chloride (226 mg, 0.77 mmol) in methanol (10 mL). A purple-
black precipitate formed, and the reaction was stirred for 1 h at room temperature. The
solvent was removed in vacuo, and the crude product was chromatographed (4:1
hexane/dichloromethane). The product was recrystallized from hexane to yield fine
colorless needles (yield). FTIR: 2960, 2920, 2850, 1720, 1530, 1460, 1375, 1250, 1170,
980, 760, 670 cm™'; ESI-MS: m/z 960.2 (M), 1921.3 (2M + 1), 1943.3 (2M + 23); and 'H

NMR (300 MHz, CDCl,): 6,4 1.3 (t, 18H), 2.7 (q, 12H), 6.2 (s, 3H).

SWCNTs were obtained from Unidyne Carbon Nanotubes Grade/Lot #P0900 and
cleaned by (a) refluxing in nitric acid (2.5 M), filtering, washing with water until pH 5,
and drying 1 h at 300 °C or (b) sonicating in concentrated HCI, filtering, wasing with
water until pH 6, and drying in vacuo for one day. SWCNTs cleaned by procedure (a)
were used in the experiments of chapter III; procedure (b) was used to clean SWCNTSs

used in the experiments of chapters II and I'V.

Isothermal Titration Calorimetry

Isothermal titration calorimetry experiments were conducted using a VP-ITC
MicroCal titration calorimeter. In a typical experiment, SWCNTSs were dispersed in dry
DMF (approx. 0.1 — 0.2 mg/mL) by sonicating for 1 h, and a solution of titrant was

prepared using DMF from the same source (approx. 0.5 — 5 mM). The calorimeter was
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rinsed with DMF (250 mL) prior to use, and the titrant solution (0.6 mL), titrand solution
(2.0 mL), and DMF (2.0 mL) were degassed in vacuo for 10 minutes. The degassed
DMF was loaded into the reference cell, the titrand solution loaded into the sample cell,
and the titrant solution drawn into the calorimeter’s pipet. After the cells equilibrated at
20 °C, the pipet stirred at 310 rpm and the titrant solution was added to the sample cell in
5-uL aliquots every 240 seconds fifty-eight times. In titration experiments using gold
complex S, 480-second time intervals were required to allow equilibration before each
successive injection. The experiment was repeated using neat DMF in the sample cell so
that the heat of dilution of the titrant could be subtracted from the host titration
thermogram. Data fitting (where appropriate) was performed using ORIGIN (Version

7.0, MicroCal, LLC ITC) and the One Set of Binding Sites model..
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