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ABSTRACT
The (α, α, α, α)-5,10,15,20-tetrakis(2-(4-fluorophenylurea)phenyl)porphyrin binds strongly (K(M1

)>104) to the chloride anion and close to 2-3 orders of magnitude less to the acetate anion, in DMSO-d6

as revealed by 1H NMR titration studies. However, the acetate anion showed stronger binding than the
chloride anion when ITC analyses were done. Thus, the binding studies' results vary with the use of
instrumental method. Other significant differences and similarities observed in the behavior of anion
binding with the porphyrin receptor when using the two probes will also be addressed in this report.
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CHAPTER 1
INTRODUCTION

1.1

The Role of Water in Receptor-Guest Complexation
The importance of water molecules in protein-ligand binding has been increasingly recognized

over the years. Water molecules may play a crucial role in mediating the interaction between a ligand
and a macromolecular receptor. An understanding of the nature and role of each water molecule in the
active site of a protein could greatly increase the efficiency of rational drug design approaches [1]. For
example, in the case of HIV-1 Protease, Wat A helps to mediate the interaction between the HIV–
Protease and the ligand. HIV-1 Protease - water molecule (Wat A) is located in a tight cavity, the
environment is highly polar, and the water molecule is tetrahedrally coordinated, as it can donate
hydrogen bonds to two carbonyl groups in the ligand and it can accept two hydrogen bonds from Ile 50
and Ile 50’ in the protein, as shown Figure 1. Figure 2 is also an example of a water molecule mediating
the interaction between scytalone and an inhibitor [9].

Figure 2. Wat G and Wat H mediating the
interaction between scytalone dehydratase and
an inhibitor. The ligand is colored in green, while
protein residues are colored in blue; the dashed
red lines represent hydrogen bonds.

Figure 1. Wat A at the interface between HIV-1
protease and ligand KNI272. The ligand is
colored in green, while protein residues are
colored in blue; the dashed red lines represent
hydrogen bonds.
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Many publications have shown that the increase or decrease in binding affinity of ligands has
been associated with the displacement or incorporation of a particular bound water molecule [18, 19,
20]. In the context of rational drug design it is important to identify conserved water molecules in the
binding site of a protein, as inclusion of these water molecules in docking [21, 22, 23], and de novo drug
design [24, 25] can greatly improve the binding affinity. Producing a quantitative experimental
description of water molecules located on a biopolymer interface is an extremely difficult task.
Performing the spectroscopic studies in solution could encounter the complexity of differentiating bulk
from buried water, or the lifetime of a buried water molecule may not be an ideal candidate for
spectroscopic experiments [35]. As a result, several computational studies of biopolymers with the use
of crystal structures incorporated with computational models have been attempted to describe water at
the ligand-biopolymer interface [36, 37]. A resolution of 2.0 angstroms or less is required for
crystallographic structures to obtain reliable discrimination of water molecules and this is only
applicable to a few protein crystal structures [38, 39]. These simulations serve the purpose of allowing
numerical assessments of thermodynamic properties to determine whether a buried water molecule
should be targeted for displacement or incorporation as a part of the rational drug design [9]. Given the
above, the incorporation of the water binding sites into the interface between a drug and its biological
target could potentially help with drug design. Nevertheless, experimental studies which thoroughly
examine and measure these types of solvent-recognition effects with receptors are insufficient.
Previous work by this lab has shown that a bound DMSO solvent molecule determines the
anion-binding affinity, selectivity, and stoichiometry of binding for a hydrogen-bonding receptor based
upon 1H NMR titration studies. A DMSO molecule is utilized in the anion and receptor recognition in a
similar manner that enzymes bind water as a part of their substrate recognition unit [2]. The role of
DMSO is to mediate the binding of the anion to the receptor through attractive Coulombic ion-dipole
interaction between the anion and the electron-poor sulfur.
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With a bound DMSO molecule, the tetraurea picket porphyrin is a highly selective receptor for
the chloride anion (K (M-1) > 105) and binds all anions with a 1:1 binding stoichiometry [15]. Absent the
buried DMSO molecule, the receptor is selective for phosphate anion (600 times stronger than they bind
to the receptor in DMSO-d6) and binds chloride and phosphate anions with both 1:1 and 1:2 receptoranion stoichiometries as shown in Figure 3 [3, 15]. By introducing a ubiquitous solvent molecule to the
binding motif, it can enhance the anion complexation with hydrogen-bonding receptors in a competitive
solvent [15]. The complexation energy thus helps to enhance the binding [2].

Figure 3. Left: X-ray crystal structure of porphyrin 1c complexed with two chloride anions grown in
CH2Cl2. Right: X-ray crystal structure of porphyrin 1c complexed with two dihydrogenphosphate anions
grown in CH2Cl2.
In this thesis, we use another completely different technique, isothermal titration calorimetry
(ITC), to corroborate the results obtained from 1H NMR. The binding constant obtained from 1H NMR
titration is based on the change of chemical shift of the proton which is involved in the anion binding.
While 1H NMR titration studies determine the specific binding of the ligand to the receptor, ITC reports
the thermodynamic events of the entire system, including solvent effects on anions, counterions and
non-specific binding event. In addition, ITC directly provides enthalpic data of the binding event.
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1.2

An Overview of Isothermal Titration Calorimetry
Isothermal Titration Calorimetry (ITC) has been largely used in the pharmaceutical industry for

drug discovery and development. However, protein-protein host-guest interaction [4], small molecule
drug-protein interaction [5], DNA-drug interactions [6], and enzyme kinetics of antibody activity have
already been successfully examined by ITC [7]. In drug design, the understanding of the H and TS
provides the insights for the rational design of the modification of the binding pocket in a given scaffold
as a way to improve binding [9]. A very good example is the early inhibitor of the HIV-1 protease which
has been investigated by the use of ITC. With the understanding of thermodynamic data, the potency of
HIV-1 protease inhibitor can be further examined [17].
According to a 2007 paper by Bjelic and Jelesarov [9], 600 publications have mentioned the use
of ITC. Most of them are based on protein-ligand studies and only a few have been categorized as
studies of various processes involving ions, small inorganic or organic molecules, or polymers. Recently,
a few supramolecular chemists have utilized this method to understand the host-guest binding behavior
of anionic receptors in organic solvent. The host-guest interactions involve non-covalent bonding
interactions that invariably produce heat effects. The measurement of the heat change (ΔH) has
established a platform that permits for a direct and simple method to investigate intermolecular
complexation in solution.
A significant selling point for ITC is that it allows one to estimate the thermodynamic parameters
(ΔG, ΔH, ΔS and Ka) in a single experiment [8]. It avoids the long conventional and time consuming
process which van’t Hoff analysis and 1H NMR titration generally takes in acquiring the enthalpy and
binding constant respectively [9]. Hence, ITC has the ability to produce reliable quantitative results in
shorter time period. Depending on the best fit model chosen (1:1 or 1:2 receptor:anion binding
stoichiometries) for the system, it is important to establish the binding stoichiometry with ITC. With 1H
NMR studies, this is usually archived by the use of Job plots. In the case of ITC, a very indicative and

4

convenient way to determine the stoichiometry of a complex is to perform an inverse titration. Since an
idealized 1:1 binding relationship is symmetrical, it should furnish identical enthalpy regardless the
sequence of the addition of the guest and host. The experiments where the guest is titrated into the
host solution and those where host is titrated into guest solution should give identical K a values. The
deviations of the results indicate the involvement of complicating processes rather than the idealized
conditions, such as aggregation, ion pairing, acid-base reactions, and the involvement of higher binding
events.
There are several other advantages to the use of ITC compared to using 1H NMR. In ITC, the
experiment can be carried out in various non-deuterated solvents which are generally less expensive
and more accessible. In contrast to ITC, the 1H NMR titration requires deuterated solvents to acquire the
reliable data. In term of the binding constant, ITC is known for its high sensitivity and thus reports a
higher order of magnitude of the Ka value. The Ka range which ITC can provide reliable values for 1:1
binding stoichiometry is 102 < Ka <109 M-1 while the range of 1H NMR is 10 < Ka <105 M-1. Another
important point to stress is that when compared to NMR, ITC gives fast and immediate access to the
energies of the system without the structure involved in the supramolecular interaction. With the use
of 1H NMR titration, the chemical shifts from 1H NMR titration can be observed to understand the
binding motif of receptor-anion complex [12]. Even though there are different approaches, ITC has
become state of the art as a common and promising choice to study the thermodynamic properties of
receptor-anion complexes to corroborate 1H NMR results.

5

1.3

Instrumentation

Figure 4. Schematic illustration of the ITC instrument and the binding profile [13]

Two cells (sample and reference cell) are enclosed in an adiabatic jacket as shown in the Figure
4. The temperature difference between the reference cell and the jacket is continuously monitored to
maintain a constant temperature. The difference in temperature between the two cells is monitored
through a semiconductor Peltier sensor device sandwiched between them and is maintained by a
feedback control system. This temperature difference is kept constant and close to zero at any time.
And, the feedback signal is known as the measured signal. The host and guest solution are place in the
sample cell and syringe respectively. The guest solution is added to the sample cell in a stepwise fashion
with automated stirring to achieve fast mixing. The reference cell acts only as a temperature reference.
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An example of binding isotherm is shown in Figure 4. The top panel shows the experimental
determination of enthalpy for the binding event with a sequence of peaks and each peak represents
each injection of the solution in the syringe. This is an example of endothermic binding. The area under
each peak, integrated and normalized per mole of ligand injected for each injection point, is plotted
against the molar ratio [13] as shown in the bottom panel. The inflection point of the curve indicates the
stoichiometry (n) of the binding event. And, the sigmoidal curve reflects the appropriate choice of
concentration of host and guest to facilitate the determination of enthalpy (H) from the extrapolated
step height of the curve and the binding constant (Ka) from the slope in the inflection point [34]. Based
on the isotherm generated from the Origin 7.0, a nonlinear curve fitting was chosen to find the most
probable thermodynamic parameters that describe the binding event considering the specifics of the
instrument (cell volume, concentration of host and guest, injected volume etc) [34].
1.4

Principle of the Technique
The ITC machine is a heat-flux calorimeter based on dynamic power compensation principle.

Before the ITC titration starts, the feedback system applies a small power to the sample cell which
determines the baseline level according to the preset reference power. Every single injection triggers
the binding of the guest to the host and the complex starts to form. Upon binding, the complex releases
heat (exothermic reaction) or absorbs heat (endothermic reaction) that causes the temperature
difference between two cells. Depending on the binding behavior, the feedback system either increases
or decreases the thermal power applied to compensate the temperature difference [13]. The system will
restore to the equilibrium after each injection takes place. A peak-shaped deflection from the thermal
baseline is observed. When the binding event nears saturation, the heat signal will be diminishing and
returning to the baseline. The heat obtained from each injection is proportional to the molar enthalpy
according to:
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q= VcellΔH*M+tot(γi-γi-1)
Vcell=cell volume, γ=*ML+/*M+tot, [M]tot(γi-γi-1)=[ML]i=amount of complex formed in the duration of
injection.
For a ligand L binding to a host molecule M, i.e
M + L = ML
and a single-site binding constant is
Ka=[ML]/[M][L]
The total concentration of the macromolecule ([M]tot) is the sum free host molecule ([M]) concentration
plus one of the formed complexes ([ML]), and the total concentration of the ligand ([L]tot) is the sum of
the free ligand ([L]) plus one of the formed complexes ([ML]) [9].
[M]tot = [M] + [ML]  [M]= [M]tot – [ML]
[L]tot= [L] + [ML]  [L] = [L]tot – [ML]
Ka= [ML]/([M]tot – [ML])([L]tot – [ML])
The Ka is related to the free energy of the binding, G:
ΔG = - RT lnKa
where R is the gas constant and T is the absolute temperature. The ΔG of binding can be factorized into
enthalpy (H) and entropy (S) of binding.
G= ΔH - TΔS
and therefore:
ΔG = - RT lnKa = ΔH - TΔS
In the above equation, enthalpy and entropy are the two major components for determining the
binding affinity. The strength of the interaction between the host and guest molecule in the particular
chosen solvent is reflected by the enthalpy change while the entropy change results from two
contributions, changes in solvation entropy,  Ssolv, and changes in conformational entropy, Sconf [13].
8

1.5

Comparison of ITC with Other Techniques
Various techniques of determining the binding constant has been summarized in table 1.

Depending on the properties of the compound, a specific technique can be applied accordingly.
Method

Signal

Information
4

11

-1

Spectroscopy
(Fluorescene,
UV/vis, CD)

Change of absorption
or emission of light

Ka (10 - 10 M )

Nuclear magnetic
resonance

Shift of magnetic
resonance frequency

Ka (10 - 10 M )

Surface Plasmon
resonance (SPR)

Change of relative
index due to mass

Ka (10 - 10 M )

Analytical
ultracentrifugatio
n (AUC)

Absorption at
different radii for
different times

Ka (10 - 10 M )

Stopped-flow

Coupled to
spectroscopy

Ka (10 - 10 M )

Radioligand
binding assay

Various, e.g., SDSPAGE, radio activity
densitometry

Ka (10 - 10 M )

Microcalorimetry
(ITC)

Heat of binding

Ka (10 - 10 M )

5

-1

-1

Advantage

Disadvantage

In solution

Probe needed,
intervention due to
labelling

In solution,
structural
information

Slow, large sample,
expensive

Small sample,
automated

Surface coupled, high
molecular mass of the
ligand required,
expensive
Slow, particle density

3

13

3

8

3

12

-1

Fast

Probe needed

3

15

-1

mix-and-read,
labeling step does
not change affinity,
high-throughput

Radioactivity, receptor
immobilization

2

9

In solution, no
labels, automated,
direct access to ΔH,
ΔS, Ka

Large sample size

-1

-1

Good for
homomeric
interactions

Table 1. Standard Techniques for the Determination of Binding Constants [8].
1.6

Research Goals
These are the research goals that we are trying to achieve in this project.
1) To synthesize a receptor that mimics the mediating effects in the same manner as water in
protein-ligand binding.
2) To examine thoroughly and measure these types of solvent-mediating effects with our
synthesized receptor and anions by using two different instrumental methods.
3) To determine the sensitivity of ITC machine.
4) To compare the results obtained from 1H NMR titrations and ITC titrations.
9

CHAPTER 2
SYTHESIS OF ANION RECEPTOR

2.1

Background
Abiotic supramolecular receptors designed for anion recognition has become an increasingly

popular area of study. Abiotic receptors that utilize hydrogen-binding motifs could benefit from the
electroneutrality experienced by Coulombic interactions and high directionality [14]. By conserving the
capability of hydrogen bonding of the functional group and positioning it accordingly, it permits the
feasibility to distinguish between the three dimensional shapes (linear, trigonal, etc) of anions. Given the
reason above, the urea group (-NHCONH-) was included in several of our receptors synthesized in our
research group. In this thesis, porphyrin was used as a platform for molecular recognition with further
modification. A porphyrin is a relatively rigid and flat structure, and allows one to attach different types
of functionality at the four meso positions and eight β-position of pyrroles of porphyrin.
The receptor 1c has a higher selectively to the chloride anion in DMSO versus other anions (Br-,
H2PO4-, HSO4-, CH3COO-, NO3-) that have been tested [15]. The presence of the chloride anion is very
significant in biological systems especially in the first step of the ion transport. Moreover, chloride ion
channels play a very important role in respiration by facilitating the exchange of chloride for bicarbonate
anions in erythrocytes [16]. However, only a few highly selective anion receptors have been reported.
2.2

Synthesis of (α,α,α,α)-5,10,15,20-Tetrakis(2-(4-fluorophenylurea)phenyl)porphyrin.
With the method generated by Collman et. al., the major challenge of synthesizing picket

porphyrins is doing the reaction on a large scale. It requires a time-consuming and tedious purification
process by using column chromatography. Scheme 1 shows the synthesis of porphyrin 1c. In the first
step of the synthesis of compound 1a, polymeric by-products were separated by using column
chromatrography. The reduction of the nitro group to the amino group by using SnCl2·H2O in
concentrated hydrochloric acid is based on the procedure by Collman et. al. [28]. The compound 1b was
10

isomerized to the tetra-alpha atropisomer by the methodology of Lindsey [29]. The isomerized receptor
was then reacted with 4-fluorophenyl isocyanate to obtain the phenyl urea functionality [15]. The
purification was done by Chromatotron (TM) radial chromatography, followed by recrystallization which
furnished the receptor 1c (overall yield, 20%).

Scheme 1. Synthesis of receptor 1c [15]
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CHAPTER 3
ANION BINDING

3.1

Receptor Characterization
ITC analyses corroborate what was observed in 1H NMR with anion titrations in DMSO, where

1:1 anion: receptor binding stoichiometries were observed. It also corroborates the results in CH2Cl2,
where absent the buried DMSO molecule, 2:1 anion: receptor binding stoichiometries were observed.
Binding stoichiometry results obtained with ITC were in agreement with 1H NMR titrations except the
case of phosphate salt in DMSO.
3.1.1

NMR Titration
1

H NMR anion titrations were used to determine the binding constants and binding motif. The

urea proton was used to determine the binding constant due to the large chemical shift of the proton.
The down field shifts were caused by the formation of hydrogen bonds of the receptor to the added
anion. In the example shown in Figure 3, the chloride anion is situated between two adjacent ureas and
hydrogen bonded via four NH urea protons [15]. All NMR titrations were performed previously,
however, the titrations were redone for acetate ion due to the discrepancy when compared to initial ITC
results. Based on the ITC titration, the binding constant of acetate ion with the receptor was determined
to be 1.08 x 105 M-1 whereas our previous result showed the binding was only 1.4 x102 M-1 in 1H NMR
titration. Hence, a second 1H NMR titration was done and the new binding constant was found to be
1.63 x 103 M-1. The moisture content and purity of the receptor, anion and solvents play a very
significant part in ITC experiment, although it is unlikely this would cause the large difference between
the two methods. The summary of the binding constants and the binding curve determined from the 1H
NMR titration is shown in Figures 5, 6, 7 and Tables 2, 3.
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Figure 5. Representative plot of the titration of receptor 1c with TBA-CH3COO- in DMSO-d6.

Figure 6. NMR titration curves of receptor 1c plus different anions in CD2Cl2 at 303K.
anions
-

1c (K1)

1c(K2)

Cl

1.5 x 10

3

8.5 x 103

H2PO4-

1.8 x 104

4.8 x 102

NO3-

3.3 x 104

N.D

Table 2. Association Constants (M-1) for porphyrin 1c in CD2Cl2(errors range from 10 to 20%)
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Figure 7. NMR titration curves of receptor 1c plus different anions in DMSO at 303K.
anions

1c (K1)

-

Cl

> 105

H2PO4-

1.4 x 103

NO3-

1.4 x102

Table 3. Association Constants (M-1) for porphyrin 1c in DMSO (errors range from 10 to 15%)
3.1.2

Job Plot
A Job Plot is used to determine the stoichiometry of a binding event. In this method, the total

molar concentration of the receptor and ligand are held constant, but their mole fractions are varied
[31]. The maximum (inflection point) on the plot corresponds to the stoichiometry of the receptor and
anion. In the case of NMR titration, the second binding site wasn’t observed initially when our receptor
was titrated with the TBAP, whereas it was observed in ITC analysis. However, a redone Job plot (Figure
8) using 1H NMR has shown that there are indeed 2 binding sites, which complemented the ITC results.
14

Figure 8. Job plot of 1c with TBA-H2PO43.1.3

van’t Hoff Plot
The determination of the thermodynamics of molecular recognition has been achieved by

variable-temperature (VT) binding studies using the method of van’t Hoff. It helps in the understanding
of the thermodynamic properties (H, S) involved in noncovalent binding and the physical
characteristics of the binding interaction can thus be well understood [40]. The relevant equations of
van’t Hoff plot are listed below [40]:
Go = -RTlnKa
Go =Ho – TSo
Ka = [1/[H]o-(P[G]o)][P/(1-P)]
P=observed upfield shift/D
P: fraction guest bound, D: maximum upfield shift, [H]o, [G]o = total concentration of host and
guest,respectively
-RTlnKa = Ho – TSo
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RlnKa = -Ho (1/T) + So
The equation for calculating Ka for van’t Hoff analysis was derived and reported by Dougherty
[40]. The traditional method requires one to run the typical 1H NMR titration at each temperature in
order to determine the enthalpy. In other words, several NMR samples are needed to accomplish this
task. In Dougherty’s experimental method, only one sample is needed. In this experiment, the overall
desired ratio of receptor-anion solution (1:6) was prepared and the NMR was taken at each temperature
designated. By plotting the RlnKa against 1/T, the enthalpy (H) and the entropy (S) can be determined
from the slope and the y-intercept respectively (Figure 9). The thermodynamic parameters obtained
from ITC and NMR are in good agreement in the case of receptor 1c bound to TEACl (Table 5).

Table 4. Data of van Hoff plot for receptor 1c with TEACl.
0.0142
0.014
0.0138
R* lnKa 0.0136

y = 1.003x + 0.010
R² = 0.974

0.0134
0.0132
0.013
0.0025

0.0027

0.0029

0.0031

0.0033

1/T

Figure 9. van Hoff plot of receptor 1c with TEACl
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0.0035

Table 5. Thermodynamic data of receptor 1c with TEACl
3.2

ITC Titrations
Setting up the appropriate parameters for the titration experiment is mandatory to generate the

reliable results. An inappropriate choice for reference power can lead to inaccurate results. In this case,
the applied thermal power fails to compensate for the temperature between sample and reference cell
upon binding event. In CH2Cl2, the baseline noise level changes when comparing the experiment
performed at 25 ⁰C and 30 ⁰C. Less noise is generated in the baseline when a lower temperature is used.
Deeper investigation was then initiated by running the same experiment to determine the difference in
binding affinity. Based on the results (Figure 10, 11), however there is little significant difference. In the
case of the receptor 1c titrated with TBAA, the binding constants were determined to be 1.12 x 105 M-1
and 1.13 x 105 M-1 at 25 °C and 30 °C respectively.
Depending on the choice of solvent, an estimation of the receptor and anion concentrations is
necessary to ensure the produced heat, H, is adequate for interpretation purposes. Various
concentrations have been recorded in the Table 6.
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Table 6. List of the concentration of the receptor and anion in DMSO and CH2Cl2.
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Figure 10. Isotherm of receptor 1c titrated with TBAA at 25 °C.
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Figure 11. Isotherm of receptor 1c titrated with TBAA at 30 °C.
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Titration of receptor 1c with TBAN:
Receptor 1c was titrated with TBAN in CH2Cl2 and DMSO. Interestingly, the binding of the anion
to the receptor in DMSO is slightly endothermic (H= 2.72 KJ mol-1) and it is entropy driven
(S= 46.71 J deg-1 mol-1) as shown in Figure 12. When the binding event started, the nitrate anion
started displacing most of the DMSO molecules; as a result, desolvation took place. Desolvation of the
DMSO molecules apparently required an enthalpic cost and causes a positive entropy which increased
the disorder of the system. The reason for the endothermic reaction taking place could be the
compensation of the nitrate binding to the receptor with the displacement of a DMSO molecule.
Conversely, the same anion used in CH2Cl2 observed an exothermic process (Figure 13). Based
on our previous experiments, CH2Cl2 did not play a role in binding to the receptor as a bound solvent
when compared to a DMSO molecule. From the previous result, a neutral receptor that bound to the
anion was driven by enthalpy [15]. Hence, the binding of receptor 1c should be enthalpy driven
(ΔH= -72.69 KJ mol-1 in CH2Cl2) rather than entropy driven.
The 1H NMR titrations showed that receptor 1c bound to NO3- with 1:1 receptor-anion binding
stoichiometry in CH2Cl2 and DMSO. This was corroborated by the data obtained by ITC. In both solvents,
the bulkiness of the nitrate group prevented another molecule from binding to a third and fourth urea
picket. The repulsive forces that arose from the oxygen atom of the nitrate anion would not permit two
nitrate anions to bind to the same receptor. As well, the steric bulk of the nitrate anion would not allow
a buried DMSO molecule within the receptor pocket.
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Figure 12. ITC titration curve of receptor 1c with TBAN in DMSO
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Figure 13. ITC titration curve of receptor 1c with TBAN in CH2Cl2
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Titration of receptor 1c with TBAP:
Surprisingly, both 1:1 and 1:2 receptor-anion stoichiometries were observed in both CH2Cl2 and
DMSO. A second Job plot by 1H NMR of receptor 1c with TBAP (Figure 8) indicated there were indeed
1:1 and 1:2 binding even with the presence of DMSO molecule, which complemented the ITC results.
The crystal structure (Figure3) has shown that the dihydrogen phosphate has the capability of dimerizing
through hydrogen bonding and that could be the reason two phosphate anions bind to the receptor
rather than one phosphate anion binding to the receptor [3].
In the case of the phosphate anion in CH2Cl2, the interactions between the phosphate anion and
the receptor was strongly exothermic (ΔH1=-60.32 KJ mol-1, ΔH2=-27.53 KJ mol-1) (Figure 14). An
exothermic process (ΔH=-13.06 KJ mol-1) was also observed in the case of DMSO but the entropy (ΔS=
74.34 J deg-1 mol-1) is positive (Figure 15). It is hypothesized that the desolvation of the DMSO led to an
entropy that is positive. Due to the limited starting data points for the second binding, Origin was not
really able to provide an accurate binding constant. Nonetheless, an approximate binding constant was
generated with manipulation of the software.
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Figure 14. ITC titration curve of receptor 1c with TBAP in CH2Cl2
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Figure 15. ITC titration curve of receptor 1c with TBAP in DMSO
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Titration of receptor 1c with TEACl:
When TBACl was used to titrate with the receptor, the second binding site was not pronounced
as compared to when TEACl was used. Based on Figure 17, the raw ITC data did not show the second
binding site and there was no second inflection point to prove the existence of 1:1 and 1:2 receptoranion binding. Changing the counteraction from TBACl to TEACl was necessary to determine the
thermodynamic properties for the second binding event. The second inflection point now appeared
which allowed us to obtain the second binding constant (Figure 16).
Some results in literature have shown that the bulky countercation can cause ion-pairing effects
which can affect the second binding [12]. The putative effect of the countercation was not really our
focus in this research. Thus, the only different probe (cation) for the chloride anion was tested and
TEACl was chosen over TBACl as a better an anion source. As predicted, 1:1 binding stoichiometry was
observed between the chloride anion and the receptor when DMSO was used as solvent (Figure 19). On
the other hand, the receptor binds chloride with 1:1 and 1:2 receptor-anion stoichiometries in CH2Cl2
(Figure 18). In both studies, binding of the chloride anion was strongly exothermic. ΔH was found to be 3.47 KJ mol-1 when DMSO was used. Two sets of enthalpy was determined in the case of CH2Cl2, ΔH1 and
ΔH2were found to be -65.42 KJ mol-1 and -5.85 KJ mol-1 respectively.
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Figure 16. ITC raw data of receptor 1c with TEACl.

Figure 17. ITC raw data of receptor 1c with TBACl.
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Figure 18. ITC titration curve of receptor 1c with TBAP in CH2Cl2
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Figure 19. ITC titration curve of receptor 1c with TBAP in DMSO
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Titration of receptor 1c with TBAA:
In the case of acetate anion, similar binding isotherms were generated as compared to chloride
anion. ΔH1 and ΔH2 were determined to be -72.31 KJ mol-1, -7.62 KJ mol-1 in CH2Cl2. Exothermic binding
(ΔH= -15.27 KJ mol-1) was observed when DMSO was used (Figure 21). TBAA was a good anion source
since the second binding site was clearly seen in the isotherm (Figure20).
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Figure 20. ITC titration curve of receptor 1c with TBAA in CH2Cl2
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Figure 21. ITC titration curve of receptor 1c with TBAA in DMSO
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3.3

Determination of the sensitivity of ITC versus NMR
Different percentages of DMSO were used to furnish the stoichiometry of the receptor during

the binding event. With the addition of 10% of DMSO to CD2Cl2, only one binding site was observed from
the 1H NMR titration curve (Figure 22) and it appeared to be well behaved unlike the other titration
results [2].The data provided from the 1H NMR titrations showed the buried DMSO solvent determined
the stoichiometry of the anion binding.

Figure 22. NMR titration curves of receptor 1c in CD2Cl2 with different percentage of DMSO.
ITC is known for its high sensitivity and it has allowed us to implement the same experiment as
mentioned above. To further investigate the percentage of DMSO needed to facilitate the 1:1 receptoranion binding stoichiometry, 1 eq. of receptor 1c and 1 eq. of DMSO was added to the cell and titrated
with TEACl (Figure 25). Not surprisingly, 1 eq. (0.002% v/v) of DMSO was not enough for it to bind to one
of the urea. Increasing the equivalences of DMSO to 300 (0.54% v/v) and 400 (0.71% v/v), only one
binding site was observed (Figures 26, 27). It indicates that the DMSO molecule binds to one urea
through hydrogen bonding while only one chloride anion is allowed to bind to the receptor. Considering
the fact that sufficient amount of DMSO is crucial in this study, the average equivalence of the DMSO
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was 350 eq., was taken for further experiment to facilitate the 1:1 stoichiometry of receptor-anion
binding. Electrospray mass spectrometry studies were undertaken to complement the ITC results. The
control sample was taken by running the receptor 1c mixed with 2 eq of Cl- in 1,2-dichloroethane. The
peaks (receptor 1c + 2 TEACl + TEA+) with m/z from 1680 to 1700 were determined as a control for the
mass spectrum (Figure 23). With the presence of 350 equivalences of DMSO, the expected peaks
(receptor 1c + 1 TEACl + TEA+) with m/z from 1515 to 1525 were seen (Figure 24). The mass
spectrometry results clearly suggested that a DMSO molecule bound to one of the pickets. In this case,
ITC and mass spectrometry did corroborate the results obtained from NMR with improved sensitivity.
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Figure 23. ESMS spectrum of solution containing receptor 1c with 2 eq of Cl-

Figure 24. ESMS spectrum of solution containing receptor 1c with 350 eq of DMSO and 2 eq of Cl-
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Figure 25. ITC titration curve of receptor 1c with 1eq. of DMSO.

Figure 26. ITC titration curve of receptor 1c with 100 eq. of DMSO.
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Figure 27. ITC titration curve of receptor 1c with 300 eq. of DMSO.

Figure 28. ITC titration curve of receptor 1c with 400 eq. of DMSO.
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3.4

Results and Conclusion
Larger binding constants were determined where titrations were done in CH2Cl2 since it does not

bind to the receptor as a buried solvent. Unlike the DMSO, CH2Cl2 is not a H-bonding competitive
solvent. DMSO has been proven to be a very a strong competitive solvent and it does bind to the
receptor to mediate the binding of the anion and the receptor through the columbic ion-dipole
interactions. Thus, a binding constant with a smaller order of magnitude is expected in the case of
DMSO.
Overall, ITC results show little selectivity between anion binding - less than 1 order of magnitude
(except for the nitrate anion) in the binding constant. Conversely, NMR results show a large selectivity in
anion binding with differences of 2-3 orders of magnitude (Table 8). The thermodynamic parameters of
the receptor 1c when titrated with various anions have been summarized in Table 7. In the case of
receptor 1c titrated with TEACl, the calorimetric and 1H NMR van’t Hoff enthalpies have proven to be
well corroborated. It appeared that the calorimetric enthalpies are generally more accurate as it directly
measures the heat change based on the entire system.
Whether or not ITC binding data are in line with other physical measurements (NMR) depends
on the whole system and the sensitivity and the capacity of the probe to reflect the entire association
process. ITC is more general in assessing thermodynamic properties and will faithfully report on all
specific and unspecific binding processes quite unlike a typical NMR probe, which only focuses on
specific binding using particular nuclei. Thus, differences of several hundred percent in Ka are not
uncommon between instrumental methods. In addition, the ITC binding constants reporting a higher
affinity and differences in results in the selectivity of binding may be expected.
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Table 7. Thermodynamic state function of the association of various monoanions with receptor 1c in
CH2Cl2 and DMSO at 298K

Table 8. Comparison of the binding constants of receptor 1c obtained from 1H NMR titration and ITC
analysis with various anions
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CHAPTER 4
EXPERIMENTAL METHODS AND MATERIALS

4.1

1

H NMR Spectroscopic Titrations

A Varian Mercury 400 MHz NMR spectrometer was used to measure the 1H NMR shifts of NH
proton of the urea. The NMR titration studies were carried out at 30⁰C.
4.1.1

NMR titration of porphyrin 1c with tetrabutylammonium acetate (TBAA)
Porphyrin 1c was dried over P2O5 in the vacuum dessicator continuously under high vacuum

pump. Using a drying pistol with vacuum, TBAA was dried over 24 hrs at 111 ⁰C. The solvent DMSO-d6,
which was dried by the method of sequential molecular sieves, and used in the titration was
commercially available from Cambridge Isotope Laboratories, Inc. A 1 mL solution of porphyrin 1c (1.813
mM) was prepared by dissolving 2.215 mg of porphyrin 1c in dry DMSO-d6. The porphyrin 1c was
weighed out using a six point microbalance and transferred to a 1 mL volumetric flask immediately. 8.2
mg of the TBAA was weighed using a balance with 10-4 accuracy. Initially, a 1 mL volumetric flask was
tarred on the balance and placed in the glove bag to accommodate the needed amount of TBAA.
Nitrogen gas filled the glove bag and was used to transfer the solvent to the receptor and anion flasks to
minimize the contact with moisture. 0.50 mL of the receptor solution was transferred into a NMR tube
and a spectrum was obtained as a control. 0.2 equivalents (6.67 μl) of the anion solution were added to
the same NMR tube and a NMR spectrum was obtained. This procedure was repeated in consecutive
manner with 0.4, 0.6, 0.8, 1.0, 1.25, 1.50, 1.75, 2.00, 2.50, 3.00, 4.00, 5.00 and 6.00 equivalents of anion
as shown in Table 9. After adding the desired anion equivalents, the tube was turned upside down for
few times to ensure proper mixing of the solutions. The proton shift of each anion addition was
compared to the control (without any added anion), along with the concentration of anion and receptor,
and was processed using the EQNMR program to determine the binding constants by non-linear
regression analysis [30].
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Equivalence of Anion Added
0
0.2
0.4
0.6
0.8
1
1.25
1.5
1.75
2
2.5
3
4
5
6

NMR Titration
Total
Volume
Receptor Conc. (mM)
0.5000
1.8126
0.5067
1.7887
0.5133
1.7655
0.5200
1.7429
0.5267
1.7208
0.5334
1.6993
0.5417
1.6731
0.5500
1.6478
0.5583
1.6232
0.5667
1.5993
0.5833
1.5536
0.6000
1.5105
0.6333
1.4310
0.6667
1.3594
0.7000
1.2947

Table 9. NMR titration of receptor 1c with TBAA

42

Anion conc. (mM)
0.0000
0.3577
0.7155
1.0732
1.4310
1.7887
2.2286
2.6743
3.1201
3.5658
4.3853
5.2624
6.7973
8.4966
10.1960

Figure 29. Stacked plot of receptor 1c with TBAA.
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0 eq of TEAA : 1 eq 0f receptor 1c

1 eq of TEAA : 1 eq 0f receptor 1c

6 eq of TEAA : 1 eq 0f receptor 1c

4.1.2

Job Plot of porphyrin 1c with TBBP
Ten NMR samples were made according to the different ratios of the receptor and anion as

shown in the Table 10. The preparation of the sample is accomplished in the same fashion as the
preparation for the 1H NMR study as mentioned earlier. Plotting the product that results from the NMR
ppm change of the proton (ΔH) multiplied by the mole fraction of the receptor against the mole fraction
of the receptor allows one to determine the stoichiometry of the binding event. 1:1 receptor-anion
binding would have a maxima that falls on 0.5 mole fraction of the receptor. With a maxima of 0.33, this
would indicate 1:2 receptor-anion binding.

Job Plot
Receptor volume
Tube
(mL)
Anion Volume (mL)
1
0.17
0
2
0.153
0.017
3
0.136
0.034
4
0.119
0.051
5
0.102
0.068
6
0.085
0.085
7
0.068
0.102
8
0.051
0.119
9
0.034
0.136
10
0.017
0.153

DMSO
(mL)
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28

Table 10. Receptor-Anion ratio of receptor 1c with TBAP
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Total
Volume
0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.45

Figure 30. Stacked plot of receptor 1c with TBAP
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0

Tube 10
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0
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0
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Tube 10
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Tube 10

Tube 6

0

Tube 10
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Tube 10
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0

Tube 10
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0

Tube 10

Tube 10

4.1.3

van’t Hoff Plot of Receptor 1c with TEACl
All the variable-temperature (VT) binding studies were carried out in a 400 MHz NMR machine.

Stock solution of the receptor 1c (0.785mM) and TEACl (4.53mM) were prepared using a microgram
balance and transferred to a volumetric flask in a nitrogen filled glove bag. The NMR sample was made
up using a 1:6 receptor-anion ratio in DMSO-d6 and taken from 30°C to 110°C at every 10°C increments.
4.2

Methods and Materials of ITC
Tetrabutylammonium nitrate (TBAN) and tetrabutylammonium acetate (TBAA) were purchased

from Aldrich. Tetrabutylammonium phosphate (TBAP) and tetrabutylammonium chloride (TBACl) were
obtained from Acros while tetraethylammonium chloride (TEACl) was commercially available from Fluka.
All the reagents were all greater than 97% and thoroughly dried by drying pistol to minimize the
moisture that may reduce the affinity of receptor –anion interactions. Methylene chloride was freshly
distilled over P2O5 and stored over molecular sieves. 1,2-dichloroethane and DMSO were dried on
molecular sieves. The receptor and anion solution were prepared in various sizes of volumetric flasks.
The receptor and anion solutions were made similarly to those used in the 1H NMR titrations. The
solutions were freshly made due to the potential instability of the receptor and anion in the solutions.
All the ITC titrations were carried out at 25°C unless otherwise mentioned.
4.3

Description of ITC experiment
The ITC 200 made by MicroCal was used to determine the molar enthalpy of the complexation

event. The sample cell was filled with 200 μL of receptor solution and the reference cell was filled with
pure solvent. The solvents in both cells have to be homogenous in order to get comparable data. The
syringe was filled with 40 μL of anion solution. The solutions were degassed for 5 to 10 minutes to avoid
the formation of the bubbles in the cells during the experiment. Generally, the first injection of the
aliquot was neglected in order to remove the effect of solute diffusion through the syringe tip during the
baseline equilibration [11]. Different parameters were carefully determined to get the appropriate
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molar endothermic and exothermic enthalpy values generated from the binding events. Subsequent
aliquots of the anions solution (1- 2μl) were automatically injected into the sample cell in the course of
6-8 seconds until the desired amount finished adding. The time interval between two consecutive
injections was set in between 120-150 seconds to ensure the thermodynamic equilibrium (a flat
baseline) was reached before the next injections. Control titrations were performed by titrating the
anion solution into solvent that contained no anion or receptor. These blank titrations were subtracted
from the corresponding titration to remove the heat of dilutions. All the titrations were repeated 2 to 3
times to prove the reproducibility of the data under conditions where solvents and salts of similar purity
and dryness and the temperature of each experiment were kept constant.
4.4

Data Analysis of ITC
Origin 7.0 software was used to calculate the thermodynamic parameters from the

experimental data. Depending on the binding stoichiometry, one set of sites or two set of sites were
used

to determine the thermodynamic parameters using a nonlinear least-squares approach (

Levenberg-Marquardt algorithm) [32,33]. There are some synergistic effects that arise from the solution
or within the instrument which couldn’t be taken into consideration by running the blank titration. This
may lead to an offset from zero after background subtraction when the host-guest complexation
reaches saturation. Increased systematic deviations made the binding isotherm harder to analyze and
interpret. These deviations can normally be solved or minimized by using the “Y-Translation” function
which translates the entire data set in the y direction. The newly fitted data points, now improve the fit
and minimize the variance in the fit parameters. Y-translation is legitimate since the state functions
depend completely on the shape of the sigmoidal response curve and not on the absolute position of
the data point along Y-axis [12]. By default, the Origin software does not include non-ideality issues that
were generated from experimental data as mentioned above. Non-ideality includes the experimental
error and does not relate to the binding process and it can easily lead to massive systematic error if it is
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not corrected [12]. Before applying a proposed model for the binding isotherm, the non-ideality needs
to be taken care of to ensure the reliability of the data.
Manual integration and baseline adjustment are necessary if the baseline is noisy. A very good
example is when CH2Cl2 was used in titration experiments and the baseline was generally nosier as
compared to high boiling point solvent like DMSO and DMF. By adjusting the baseline and making it as
smooth as possible between the consecutive injected peaks, it helps to minimize the data scattering
effects. The improved fit increases the reliability of the data.
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