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ABSTRACT
Biofilms are the default state of microbial life and their formation on surfaces influences many
processes. The coordinated behavior of microorganisms including their growth into biofilms
occurs through a process termed quorum sensing during which they excrete specific signaling
molecules called autoinducers. Recently it has been observed that Ag+ and Cu2+ ions interact with
N-hexanoyl-L-homoserine autoinducers thereby inhibiting quorum sensing. Such inhibitors are
called quorum quenchers. In this study, we have used density functional theory (DFT) calculations
to study the ion pairing between select cations and short chained N-acyl-homoserine lactone
(AHL) type autoinducers that are used by gram negative bacteria. We demonstrate that pairing of
the cations to these autoinducers occurs at the carbonyl groups and examine how different R groups
effect this interaction. The binding motifs with higher denticity resulted in stronger DFT pairing
energies. DFT calculations showed that the carbon chain length has little impact on the strength of
the ion pairing energy for a contact ion pair when it was varied from 2 to 4 carbons for the studied
autoinducers. Ca2+ was the only ion studied that did not have a favorable contact ion pair at the
DFT level of theory.
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Chapter 1. Introduction

1.1.

Biofilms and Microbially Influenced Corrosion

The default state of existence of microorganisms is in the form of colonies called biofilms of
thicknesses varying from a few to several hundred micrometers, which are adhered to biotic or
abiotic surfaces. They are complex and dynamic in structure and adapt in response to external
conditions.1 These biofilms provide protection to the microorganisms from harsh external
conditions such as high temperatures, mechanical stresses, toxic chemicals, and sunlight.1, 2 Their
structural adaptations enable the distribution of nutrients and the removal of wastes generated
through metabolic processes. Biofilms contain different microorganisms such as fungi and bacteria
co-existing with each other in symbiosis.3 Typical features of a biofilm are given in Table 1.1.

Table 1.1. Features of a typical biofilm.
Thickness4

400μm

pH5

5 - 10

Temperature range6

20 – 60 ͦ C

Constituents7

Water (80% or more)
Microorganisms (10% of dry mass)
EPS matrix (90% dry mass)
Extra-cellular DNA
Lipids

Humans harness biofilms in biotechnical and food production applications such as in sewage
treatment, treating oil spills, yogurt, cheese cultures, etc.8 However, there are also negative impacts
of biofilms such as in bacterial infections where protective adaptations of biofilms make them
many orders more resistant to antibiotics than as individuals in the planktonic state.9 Biofilms
perform a significant role in microbially influenced corrosion (MIC) where they can initiate and
accelerate various forms of corrosions.

1

The formation of biofilms occurs in a series of steps (Figure 1.1).10 Surfaces are typically
negatively charged and attract positively charged nutrients such as amino acids present in the
environment through electrostatic interactions to form a preconditioning film. Thus, exposed
surfaces contain a higher nutrient concentration compared to the surroundings which attracts
planktonic microorganisms. The microorganism attaches to the preconditioning film and excretes
extracellular polymeric substance which functions as the matrix holding the biofilm together and
as the adhesive attaching it to the surface. As microorganisms multiply beyond a critical
concentration it starts to form a specialized structure with phenotypical adaptations in response to
its environment and becomes a mature biofilm. Finally, pieces of the biofilm now detach from the
mature biofilm and move on to colonize further areas of nutrient availability.

Figure 1.1. Process of biofilm formation.11

MIC is an electrochemical process by which microorganisms affect the course and severity of
corrosion. MIC is estimated to account for 20% of damages due to corrosion. It requires
microorganisms, an electron donor and an acceptor, an energy source, and the presence of water
to occur. The course of corrosion changes depending on the availability of oxygen.12

In aerobic environments, microorganisms consume oxygen, therefore denser biofilm regions will
have lower oxygen concentration than less dense regions, resulting in a differential aeration cell
as shown in Figure 1.2.13 Oxygen acts as electron acceptors and promotes the dissolution of iron
into ferrous ions thus oxygen richer regions are anodic. Oxygen depleted regions are cathodic
where the electron acceptors are reduced. This aeration cell leads to pitting on the metal surface.
2

Figure 1.2. Image showing open structured negatively charged biofilm with aerobic and anaerobic
regions.13
Sulphate reducing bacteria (SRB) and iron reducing bacteria (IRB) are two categories of gramnegative bacteria that are significantly involved in MIC in anaerobic environments such as
underground oil wells and pipelines. In these environments, SRBs and IRBs reduce sulphates and
ferrous ions respectively to recharge their oxidative capacity needed to metabolize carbon-based
nutrients as shown in Figure 1.3. The reduction of sulphates by SRBs produces corrosive bisulfide
anions. Reduction of ferrous ions by IRBs accelerates corrosion by depleting the dissolved ferrous
ion layer at the steel surface which pushes the equilibrium towards further dissolution. SRBs have
been demonstrated to increase the corrosion rate by 70 to 90 times than in sterile conditions.7

Figure 1.3. The mechanism of biocorrosion by SRBs
While the preceding sections discussed how the biofilm structure and microbial action causes
corrosion, the course of MIC is greatly influenced by many factors such as the chemistry of the
environment and physical nature of the biofilm. Our understanding of the process of MIC has
3

evolved with contributions from many studies ranging from fields as diverse as microbiology,
mechanical engineering to electrochemistry.

The contemporary view of MIC, summarized below, is encompassing to appreciate the varied
effects of factors that determine its course.14
1. A hydrated ferrous hydroxide film forms from Fe2+ ions from dissolved steel in saline
environments. The thickness and passivating nature of the film is determined by the ferrous
ion concentration and solution acidity.
2. Competing anion adsorption processes occur at the metal-solution interface and the
outcome of these adsorption process determines the corrosion enhancing or passivating
nature of this step.
3. Ferrous ion to sulfide ratio and the substrate metal coverage by the biofilm determines the
formation of the iron sulfide deposits on the surface which in turn determine the degree of
corrosion by sulfides generated by the SRBs.

Autoinducers and the Quorum Sensing Process
Formation and continuous modification of biofilms requires coordinated behavior by the exchange
of small molecules called autoinducers through the quorum sensing process (Figure 1.4).15
Quorum sensing involves the synthesis of autoinducers by the LuxI protein and diffusion of
autoinducers into the biofilm environment. Subsequent cell division and growth of the
microorganism population is accompanied by an exponential increase in the autoinducer
concentration. These autoinducers are received by LuxR receptor proteins inside the gramnegative bacteria.16 When the concentration of these autoinducers exceeds a critical threshold, they
trigger gene expression in the microorganism resulting in the formation of specific proteins needed
for growth or modification of the biofilm.15

4

Figure 1.4. Quorum sensing in gram-negative bacteria. LuxI and LuxR represent the autoinducer
synthase and receptor proteins respectively.15

The autoinducer molecule is microorganism and communication specific. The communication
may signal the presence of nutrients, coordinate the multiplication of the microorganisms for
biofilm growth, specific adaptations to the environmental conditions and even signal when the
detachment of parts of the biofilm takes place. Gram-negative bacteria utilize N-acyl-homoserine
lactones (AHL) for intra-species communication regarding motility, biofilm growth and
phenotypical adaptations.16 Its general molecular structure is given in Figure 1.5. The length of the
acyl chain and its substituents determine the specificity of the communication.

Figure 1.5. N-acyl-L-homoserine lactone autoinducer molecules selected for the study where R
represents the acyl chain.

Bak and Spanget-Larsen studied the autoinducer, N-butyryl-homoserine lactone using DFT at the
B3LYP/cc-pVTZ level of theory.17 Their studies demonstrated the existence of two conformations
5

of the molecule due to a rotation about C-N bond connecting the lactone ring to the acyl chain. In
gas phase, both the endo and exo conformations were calculated to be of the same energy while
inclusion of the solvent effects using a continuum solvent model showed the stabilization of the
endo with respect to the exo conformer (Figure 1.6). This is understood as being due to its large
dipole moment of the solvent which is accounted for in the continuum solvent model and
unaccounted for in gas phase calculations.

Figure 1.6. Two conformations of the autoinducer (a) endo-N-butyryl-homoserine lactone (b) exoN-butyryl-homoserine lactone. Color code for the representation: carbon in yellow, oxygen in red,
nitrogen in pink, and hydrogen in pale blue.

The calculated infrared (IR) vibrational spectra of the autoinducer agreed with its experimental
spectrum in CCl4 solvent.20 Inclusion of the continuum solvent model for CCl4 had little effect on
the vibrational frequencies of the molecule compared to gas phase. They showed that the molecule
may form doubly hydrogen bonded dimers involving the lactone carbonyl but found no evidence
in the experimental IR spectra. These hydrogen bonded dimers may not show up in experimental
studies due to preferential interaction with the more polar water molecules present in the aqueous
environment. Their work shows that DFT studies at this level of theory is sufficiently accurate in
modeling individual N-acyl-homoserine-lactone molecules.

Additionally, lactone rings of the AHL type autoinducers are susceptible to solvolysis by
nucleophilic catalysis at the carbons in polarized C=O. Natural Bond Order (NBO) analysis of
AHL type molecules and their analogs (Figure 1.7) optimized by DFT in the gas phase by
Tumminakatti et al.18 have shown increased electron density at the carbon of the lactone C=O due
to the inductive electron withdrawing effect of the acyl group. This causes a reduction in the
susceptibility for lactone carbonyl in free autoinducers from attack by nucleophiles. Further, the
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nucleophilic catalysis by the nearby acyl carbonyl itself is prevented by substituents on the acyl
chain that can engage its electrons. Substituents that increase the negative charge on the acyl
carbonyl was found to improve the solvolysis rates.

Figure 1.7. AHL molecules studied by Tumminakatti et al. Where X represents S or O and R
represents CH3 and tBu.

Functionals that account for long range interactions and dispersion forces are important in DFT
studies of AHL autoinducer particularly due to the presence of weak n → π* interaction.19
Sánchez-Sans et al. have compared the relative energy between two different conformations
obtained from the DFT functionals B3LYP, B3LYP-D3 (which includes Grimme's D3 empirical
dispersion correction), M06-2X and ωB97XD with the Møller–Plesset perturbation theory based
MP2 method for seven AHL structures varying in alkyl chain length and degree of branching. MP2
is an ab initio method that which account for dispersion and provide better energies while being
more computationally intensive. All functionals gave geometric parameters in good agreement.
Compared to MP2, on average the relative energies of the conformations were 0.92 kcal/mol
higher for B3LYP functional, while it was matched most closely by M06-2X which differed only
by 0.34 kcal/mol from that of MP2. These differences are below the computational error of 1
kcal/mol for DFT. They also identified that hydrogen bonding between the lactone carbonyl group
and amide N-H stabilizes AHL into a compact conformation. Thus, all functionals give good
geometry optimization but M06-2X gave energies that were closer to MP2.

Kim et al. investigated both neutral and protonated N-hexanoyl-homoserine lactone using DFT at
the B3LYP/6-31+G* level of theory.20 Following a conformer search using the AMBER forcefield and the semiempirical AM1 method, the conformations were optimized using DFT. Changing
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the computational level from the B3LYP/6–31+G* to RI-MP2/aug-cc-pVDZ had little effect on
the optimized geometries with dihedral angles changing by less than 0.7o and distance between the
carbonyl oxygen and proton by less than 0.05 Å. This shows that while the lower basis sets were
able to get the geometry optimization accurately, their energy calculations were less accurate.

In the DFT studies presented here, we have decided to use the M06 hybrid meta GGA exchange
correlation functional parameterized against datasets including properties of molecules containing
both transition metals and nonmetals. Zhao and Truhlar evaluated the performance of the M06
family of functionals among a total of 17 popular functionals using databases for thermochemistry,
kinetics, noncovalent interactions, transition metal bonding, metal atom excitation energies,
molecular excitation energies. M06 was evaluated to be one of the best for main-group
thermochemistry, kinetics and non-covalent interactions according to its balanced mean unsigned
error (BMUE) of 2.21 whereas the functional B3LYP, employed in most of previously discussed
publications above fared less well with a BMUE that was almost double.21

1.2.

Quorum Quenching

Quorum quenching is the inhibition of quorum sensing and the agents used are called quorum
quenchers or inhibitors. It is accomplished by interfering with the quorum sensing process at
different steps; prevention of autoinducer synthesis by prevention of autoinducer synthesis by
reduction of its precursor concentration, interference to LuxR receptors by molecules and ions that
bind to it in preference to autoinducers, degrading autoinducers by environmental factors such as
pH, adsorbents, and enzymes, decreasing the availability of autoinducer by sequestration.22 A
comparison of these quorum quencher types are presented in Table 1.2.
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Table 1.2. Comparison of different quorum quencher types.
Mode of action
Precursor reduction

Examples

Advantages

Disadvantages

Penicillic acid,

Efficient as it

Difficult to block

Patulin (commercial

prevents

precursor synthesis

name)

communication at the

within cells

source
LuxR interference

(2’-phenylethyl)-

Easily introduced to

butyramide,

system

halogenated
furanones
Usable in places with

Production is

Biosurfactants

severe salinity, pH

relatively costly

(produced by

and temperatures

thermophiles and

where other

halophiles)

compounds may not
work

Degradation of

AHL lactonase, AHL

Continuous action as

Enzyme denaturation

autoinducers by

acylase

enzymes are not used

must be avoided, pH

up in the process

limitations

enzymes
Sequestration of

Carbanions, Metal

Lower cost

Equivalent amounts

autoinducers

ions

Ease of production

of the sequesters
required

Cations as Quorum Quenchers
Kuriniawan et al.23 studied the kinetics of adsorption of ions from the environment to biofilms
formed on surface of stones in Lake Biwa, Japan. They found a negligible difference in the
adsorbed ion content from active and autoclaved biofilms demonstrating that the adsorption
occurred through electrostatic interactions and ion-exchange rather than a biological process. Ions
are loosely bound at negatively and positively charged regions of ionized carboxylic groups and
protonated amine groups, respectively. A table of adsorbed cations and their quantities are given
in Table 1.3.
9

Table 1.3. Cations adsorbed to biofilm formed on stone surface in lake Biwa.23
Cation

Adsorbed amount/
mmol dry-g-1

Ca2+

0.205

Mg2+

0.250

K+

0.140

NH4+

0.103

Energy dispersive X-ray analysis (EDX) analyses show significant difference in the elements
present in SRB biofilm compared to that of IRB biofilm growing on the same carbon steel substrate
as summarized in Table 1.4.24

25

Similarly, the EDX analysis of an SRB biofilm grown on an

endodontic file made of alloy steel is different compared to that grown on the carbon steel. Apart
from the elements in the substrate metal, K+ and Na+ were found in the IRB-carbon steel, Na+ in
the SRB-carbon steel and Na+, Mg2+, Al3+, Co2+, and Zn2+ in the SRB-endodontic file biofilm.
These results go to show that both the biofilm microorganisms and base substrate have significant
effects of the cations available in a biofilm and hint at the complex nature of the relationship
between the two. Recent experimental work has shown that certain metal ions act as quorum
quenchers at sub-toxic concentrations. McGiveny et al.26 found a 40% decrease in free Nhexanoyl-L-homoserine lactone within 30 minutes of addition of 100mM Ag+(aq) or Cu2+(aq).
Vega et al. found that increasing Ni2+ concentration decreased biofilm formation, which was
reversed upon addition of autoinducer, N-octanoyl-L-Homoserine lactone.27 These studies have
demonstrated that cations are able to act as quorum quenchers through sequestration.
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Table 1.4. Elemental composition of biofilm samples obtained from EDX spectrum.
Biofilm and substrate

Elements present

IRB on carbon steel24

Fe, K, Cl, P, Si, Na, O, C

SRB on carbon steel24

Fe, S, Na, O

SRB on alloy steel (endodontic Fe, Ca, C, O, Na, Mg, Al, Si, P, S, Cr, Mn, Ni
file)25
McGiveny et al.26 demonstrated that metal ions interact with AHL type autoinducers at their
carbonyl groups. DFT simulation of the N-hexanoyl-L-homoserine lactone (HHL) autoinducer
monomer, HHL(Cu2+) and dimer, HHL2(Cu2+), complexes using either the 3-21G(d) or 6-31G(d)
level of theory respectively indicated that the cations paired at oxygen moieties of the carbonyl
groups. This was also supported by the observed changes to the ν(O–H) / ν(N–H), − ν(C–H), and
− ν(C═O) stretching vibrations of Fourier Transform Infrared (FTIR) spectra of HHL after
complexation.26 These carbonyl ligands can coordinate to metal ion Lewis acids through the
carbonyl π system as η2-metallooxirane complexes or a sigma bond through the lone pair on the
oxygen.28 The choice of bonding is determined by the electronic and steric requirements of the
autoinducer.

Figure 1.8. Co-ordination of carbonyl ligands to Lewis acid metal ions. (a) coordination through
the carbonyl π system. (b) sigma bonding though the lone pair of the oxygen.
Ha et al.29 demonstrated electrostatic ion-dipole interactions between Li+ and formaldehyde at 1.8
Å, with a polarization of the π electron cloud of the carbonyl group on pairing using ab initio MP2
calculations. Raber et al.30 in their study of the complexation of formaldehyde with cations of the
11

first and second row elements of the periodic table concluded that the potential energy surface was
a minimum when cation–O=C is linear. However, they also discovered that it is flat around the
minimum and up to the bond being angled at 30 ͦ to the plane of coordination. This means that
multiple coordination geometries can exist. They also found that the interaction of H+ with the
carbonyl is covalent in character. This indicates that at acidic pH, the protonation results in an
alcohol group resulting in a loss of the binding site.
El Shafiy studied the energies of frontier molecular orbitals, dipole moment complexation of Fe3+,
Co2+, Ni2+, Cu2+ and Zn2+ with 1-ethyl-4-hydroxy-3-(nitroacetyl) quinolin-2(1H)-one at the
B3LYP/6-311G (d, p) level of theory.28 Metal ions that bind to both acyl and lactone carbonyl
oxygens will result in competing effects on the lactone carbon, on one hand the cation will increase
the inductive effect by acyl oxygen and reduce the polarity of the lactone carbonyl, on the other
hand the cation will make the carbonyl more electrophilic by drawing away the charge from the
lactone acyl oxygen. The latter is expected to be more significant than inductive effects resulting
in an increased susceptibility of AHL solvolysis.31 Tumminakatti et al. did not observe dissolution
of AHLs in water or solvolysis even after 24 hours of agitation.18 However, the AHL molecules
underwent solvolysis in methanol which stabilizes n → π* interactions. Theoretical work of
Sánchez-sans et al. demonstrating that more polar solvents stabilized the n → π* conformation
over the extended conformation in AHL agrees with this.19 These results show that cations affect
solvolysis of the AHL and the significance of the biofilm environment chemistry to its occurrence.

Significance of the Computational Solvation Model
In their exhaustive conformer search of α- and β-d-galactopyranose at the B3LYP/6-311+G** and
M06-2X/6-311+G** levels of theory, Del Vigo et al. concluded that Polarizable Continuum Model
(PCM) model underestimates the solvent effect of water (hydrogen bonding) while solvation
model based on density (SMD) gave a better picture of it. SMD in combination with M06-2X was
also found to better match experimental results.32 The Polarizable Continuum Model using the
Integral Equation Formalism (IEFPCM) with dielectric constants of 78.3 and 10.3 for deutrated
water and 1-octanol solutions was also employed to study the infrared frequency spectrum.
Amphiphilic octanol is frequently used to mimic lipidic properties of biological membranes. A
combination of hydrogen-bonded explicit solvent molecules clustered near the polar regions of the
12

molecule and the implicit solvent model were used for both D2O and 1-octanol. Comparison of the
vibrational frequencies of the conformations showed a wide range in the angle of the acyl chain
with respect to the amide bond. Experimentally, spectral red shifts were observed for lactone
carbonyl stretch and the amide bands when comparing the vibrational frequencies in CCl4 to that
of D2O and 1-octanol. This is due to the hydrogen-bonding. A good agreement with experimental
values was found when explicit HSL-(D2O)6 clusters were embedded in a dielectric continuum.
This indicates the importance of microsolvation to account for hydrogen bonding if no explicit
water molecules simulating the hydrogen bonding is used.

1.3.

Objective of the study

Microbially influenced corrosion is a significant cost to the economy. The development of viable
treatments to prevent its occurrence is a worthy goal. The preceding discussion shows that cations
in the environment are adsorbed to biofilms and that autoinducers are sequestered by cations in
solution. The work by McGiveny et al. and Vega et al. has demonstrated that cations can function
as quorum inhibitors through sequestration.26,27 Development of surfaces and coatings that are
capable of releasing such autoinducer sequestering cations could expand the options available for
biofilm treatment. Despite the theoretical studies regarding autoinducers and interaction of cations
with receptor proteins discussed earlier in the chapter we see the need for a systematic investigation
into the factors effecting the ability of cations to function as quorum quenchers by sequestration
of autoinducers. Therefore, our objective is to identify the factors determining the pairing ability
of cations to autoinducers computationally using quantum chemical (DFT) for selected cations and
short chained N-acyl-homoserine lactone type autoinducer molecules.
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Chapter 2. Understanding Ion Pairing with Autoinducers in Solution using Quantum
Methods

2.1.

Introduction

Ion pairing is the electrostatic interaction of oppositely charged ions or polarized species in a
dielectric solvent. Depending on the proximity of the associating species as allowed by their degree
of solvation, three main types of pairing can be identified: contact, solvent shared, and solvent
separated ion pairs (Figure 2.1). Solvent separated ion pairs form when both charged species have
complete first solvation shells. When the species are separated by a single molecule of solvent, it
is called solvent shared or an outer-sphere complex. In contact ion pairs, the associating species
are in direct contact; it is also referred to as an inner sphere complex.33

Figure 2. 1. Types of ion pairing (a) solvent separated, (b) solvent shared, (c) contact ion pair.
Color code for the representation: cation in red, anion or polar species in green, primary solvation
shell in blue.
As discussed in Chapter 1, McGiveny et al.26 performed a combined experimental and
computational study on ion pairing of Ag+ and Cu2+ with N-hexanoyl homoserine lactone. This Nhexanoyl homoserine lactone autoinducer regulates the production of the protein, violecien, by C.
violaceum bacteria. Violecien functions as an antioxidant and is also a pigment which enables its
spectroscopic quantification. The autoinducers are thought to bind to the LuxR receptor proteins
in the bacteria through hydrogen bonding, triggering the process of protein transcription specific
to the autoinducer.34 Thus violacein production can be used as an indicator of the quenching ability
of the cation. McGiveny et al.26 experimentally demonstrated a decrease in violacein protein
production by the biofilm when exposed to the cations. Liquid chromatography with tandem mass
14

spectrometry indicated that a 30-minute incubation with Ag+ and Cu2+ solutions resulted in a 40%
decrease in free autoinducer from an initial 1mM concentration. The positive ion tandem mass
spectroscopy spectra displayed m/z peaks corresponding to cations paired to both autoinducer
monomer and dimers, with approximately 90% being the monomer and 10% being the dimer for
both cations. No hydrolysis products that could also have paired to the autoinducer were found in
the solution. The dissociation constants of the autoinducer-cation complexes were 1.40 × 10–5 M
and 3.41 × 10–4 M for Cu2+ and Ag+ respectively. Furthermore, their gas phase DFT calculations
indicated that the pairing of cations to the autoinducer occurs at the carbonyl sites. The reduction
in violacein production was attributed to metal complexation with the autoinducer effectively
acting as a quorum quencher. The experimental work by Vega et al. seems to confirm this
deduction, they demonstrated that increasing Ni2+ concentration decreased biofilm formation
which was reversed upon the addition of the N-octanoyl-L-Homoserine lactone autoinducer. 27

N-acyl-homoserine lactones are associated with microorganism movement, biofilm growth and
phenotypical adaptations of gram-negative biofilms. The results of McGiveny et al.26 and Vega et
al.27 have demonstrated that cations can function as quorum inhibitors through sequestration. To
our knowledge no theoretical study has investigated the factors which determine the ability of
cations for quenching of N-acyl-homoserine lactone autoinducers by sequestration. Here, we
performed a systematic computational study of a series of bioavailable cations as possible quorum
quenchers. Specifically, four short chained N-acyl-homoserine lactones were selected N-(2oxotetrahydro-3-furanyl)acetamide (1), N-[(3S)-2-oxotetrahydro-3-furanyl]propenamide (2), N[(3S)-2-oxotetrahydro-3-furanyl]butanamide

(3),

3-Oxo-N-(2-oxotetrahydro-3-

furanyl)butanamide (4) containing methyl, ethyl, propyl, 2-propanol and 2-propanone acyl chains
respectively (Figure 2.2). These autoinducers have much shorter acyl chains than N-octanoyl-LHomoserine lactone studied by McGiveny et al.26 .
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Figure 2.2. N-acyl-L-homoserine lactone autoinducer molecules selected for the study.
We selected the cations Na+, K+, Ag+, Ca2+, and Cu2+ in the study, allowing us to study the pairing
strength of the autoinducer due to their varied charge and radii of the cation. At higher
temperatures, the increased motion of water molecules reduces the orientational polarization of the
solvation shell. This results in a lower dielectric constant and leads to stronger ion pairing.35 This
chapter studies the systems in static calculations at a fixed temperature. Higher concentrations of
the pairing species would favor greater degree of ion pairing, our DFT calculations were performed
for the standard concentration of 1M for both autoinducers and cations, these results were then
adjusted for 1mM using the Goodvibes package.36

2.2.

Computational Details

All geometries were fully optimized using DFT implemented in the Gaussian 16 package
(Revision A.03) in conjunction with the M06 exchange-correlation functional.37 All atoms were
described using the def2-TZVP basis set.38

39

Solvent effects were accounted for using the

Universal Solvation Model based on Solute Electron Density (SMD) for water.40 Standard radii
values in the SMD model were used. Molecular partition functions were used in the computation
of 298.15 K thermal contributions to Gibbs free energy employing the usual ideal-gas, rigidrotator, and quasi-harmonic oscillator approximations. Quasi-harmonic corrections have been
made by using the Goodvibes package.41 MultiWFN software package42 was used to compute
cHelpG and CM5 partial charges in the molecules.
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2.3.

Results and Discussion

Identification of the Ion Pairing Sites of the Autoinducers.
A conformational search was done at the GFN2-xTB level of theory for all five autoinducers. All
conformers within 6 kcal mol-1 of the most stable structure were reoptimized using M06/def2TZVP level of theory. The most stable conformers for each autoinducer are presented Figure 2.2;
however, there are many conformers associated with rotations of C-C bonds in the acyl chain
within 6 kcal/mol even though a Boltzmann distribution of different conformers are expected at
room temperature.

The electrostatic potential of a molecule can be used to identify the regions where the positive and
negative charge accumulates. We computed the electrostatic potential of the most stable conformer
for each studied autoinducer (Figure 2.3) and as expected the negative charge accumulates in the
carbonyl group moieties located on both the lactone and acyl chain. For autoinducers with a
carbonyl group located in the lactone ring and another one in the acyl chain (1, 2, and 3), we
observe a geometry and electrostatic potential that suggests bidentate coordination of the carbonyl
groups with the cation. Finally, the geometry and electrostatic potential of autoinducer 4 suggests
a tridentate carbonyl ion-pairing site is accessible. This is consistent with the cHelpG atomic
charges which are fitted to reproduce the electrostatic potential (Table 2.1). The nitrogen center
has a more negative charge than the carbonyl oxygens; however, it is not accessible to the ions in
all cases. Therefore, ion-pairing involving the nitrogen center is unlikely.

The autoinducer electrostatic potentials support that an ion pair can form between the cation and
the carbonyl groups; however, multiple ion-paired geometries and sites need to be explored to
determine the most favorable ion-pairing arrangements since many conformers lie close in energy.
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Figure 2. 2. Ball and stick representation and electrostatic potential maps of the studied
autoinducers. Color code for the ball and stick representation: carbon in grey, oxygen in red,
nitrogen in blue, and hydrogen in white.

Table 2.1. cHelpG atomic charges of selected atoms of the studied autoinducers.
Atom

1

2

3

4

Ocarbonyl-acyl

-0.78

-0.70

-0.71

-0.71[a]

Ocarbonyl-lactone

-0.64

-0.63

-0.64

-0.63

Oester- lactone

-0.40

-0.41

-0.40

-0.42

N

-0.91

-0.98

-0.95

-0.83

[a]

Average of both acyl carbonyl oxygens.
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Monomer Ion-pairing
Five different ion-pairing arrangements were considered (Figure 2.4): pairing with the lactone
carbonyl (A), pairing with the carbonyl of the acyl chain (B), bidentate pairing with both lactone
and acyl carbonyl groups (C), tridentate pairing with all three carbonyl groups (D), and bidentate
pairing with two acyl carbonyl groups (E). The ion-pairing Gibbs free energies of the studied
cations to form the different ion-pairing arrangements for the different autoinducers are presented
in Table 2.2. For autoinducers 1-3 the most stable ion-pair is the bidentate coordination of both the
lactone carbonyl moiety and the one in the acyl chain with the cation except for Ca2+.

Table 2.2. Relative Gibbs free energies of the studied autoinducers with different monovalent and
divalent cations. Energies in kcal/mol.
Autoinducer

1

2

3

4

Binding Site

Na+

K+

Ag+

Cu2+

Ca2+

A

4.9

4.9

2.6

7.9

2.2

B

3.4

3.8

0.6

1.9

0.4

C

0.0

0.0

0.0

0.0

0.0

A

4.4

4.4

2.7

7.4

0.5

B

3.0

3.7

1.0

2.9

0.0

C

0.0

0.0

0.0

0.0

0.2

A

5.5

5.3

2.4

16.3

0.7

B

4.1

4.3

2.2

4.5

0.0

C

0.0

0.0

0.0

0.0

0.9

A

11.5

9.2

6.4

10.4

2.7

B

-

-

-

-

-

C

6.7

4.8

2.9

11.5

2.8

D

0.0

0.0

0.0

6.4

0.0

E

5.3

5.2

3.2

0.0

0.7
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Figure 2.4. Ion-pairing arrangements with cation for autoinducers with two and three carbonyl
moieties: pairing with the lactone carbonyl (A), pairing with the carbonyl of the acyl chain (B),
bidentate pairing with both lactone and acyl carbonyl groups (C), tridentate pairing with all three
carbonyl groups (D), and bidentate pairing with two acyl carbonyl groups (E). Color code f: carbon
in grey, oxygen in red, nitrogen in blue, cation in green, and hydrogen in white.

Table 2.3. Ion pairing Gibbs free energy of the studied autoinducers and cations. Energy in
kcal/mol.
Autoinducer

Na+

K+

Ag+

Cu2+

Ca2+

1

-10.9

-9.3

-5.5

-18.6

-0.2

2

-10.4

-8.9

-4.9

-18.1

1.1

3

-10.3

-9.2

-4.7

-17.3

1.4

4

-17.2

-14.0

-9.0

-22.3

-1.1

However, for 4, tridentate pairing at site D is favorable for all cations except for Cu2+ where
bidentate pairing at site E is favorable. Furthermore, even though ion-pairing arrangements A and
B lead to minima for autoinducers 1-3, conformational searches at GFN2-xTB level of theory
followed by an optimization of all conformers within 6 kcal/mol at M06/def2-TZVP level of theory
led to conformers of arrangement C. Similarly, conformational searches of ion-pairing
arrangements A, B, and E for autoinducer 4 led to several conformers of arrangement D.

Dimer Pairing
The study of monomer pairing demonstrated that bidentate pairing at site C was the most favorable
binding site for autoinducers 1–3 and tridentate pairing at site D was the most favorable for
autoinducer 4 for all cations except Cu2+ for which pairing occurred at site E. Thus, cations were
20

placed at the corresponding site for the autoinducers in the dimer for their starting positions and
then optimized (Figure 2.5). Dimerization was not studied with Ca2+ ions since monomer pairing
was unfavorable. For all dimers the minimum energy sites were found to be at site C-2, except in
the case of Cu2+ pairing to autoinducer 4 for which it was E-2b. The Gibbs energies of dimer
formation from monomer ion pairs by reaction with a second autoinducer (Table 2.4) was found
to be significantly low compared to monomer formation (Table 2.3). This dimerization energy was
highest for Na+ among the cations while it was negligible for the remaining cations. Dimerization
was found to be unfavorable for autoinducer 4.

C-2

D-2

E-2a

E-2b

Figure 2.5. Ion-pairing arrangements with cation for autoinducer dimers with two and three
carbonyl moieties: bidentate pairing with both lactone and acyl carbonyl groups (C-2), tridentate
pairing with lactone and first acyl carbonyl groups (D-2), bidentate pairing with both acyl carbonyl
groups (E-2a) and bidentate pairing with both acyl carbonyl groups in different orientation (E-2b).
Sites D-2, E-2a and E-2b are applicable only for autoinducer 4.

Table 2.4. Dimerization Gibbs energy of the autoinducer cations systems. Energy in kcal/mol.
Autoinducer

Na+

K+

Ag+

Cu2+

1

-3.3

-1.1

-0.9

0.8

2

-3.0

-1.2

-2.9

-1.5

3

-2.0

1.0

-1.4

-0.7

4

3.4

3.7

5.0

-13.5
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Effect of the Cation in the Ion Pairing Energy
Cu2+ with a significantly higher ion pairing energy is the best at sequestering the autoinducers,
followed by Na+, K+ and Ag+. Ca2+ is found to have negligible pairing energy indicating that
pairing is unfavorable (Figure 2.6). Decreasing electrostatic attraction due to decrease in charge to
size ratio from Na+ to K+ explains the lower binding energy of the latter. For K+ and Na+, it is
expected that solvent shared ion-pairs are formed with the autoinducers. The relatively high ion
pairing of Cu2+, to be due to its vacant d-orbital due to being a d9 cation. To test this, ion pairing
between autoinducer 1 with Ni2+ and Zn2+ belonging to d8 and d10 were also calculated. As
expected Ni2+ with a fully vacant d-orbital bound even stronger than Cu2+ with a pairing energy of
-45.4 kcal/mol. Zn2+ with a higher charge and smaller size than Ag+ bound stronger than the latter
at -7.1kcal/mol. Thus, the order of pairing for autoinducer 1 with cations was found to be Ni2+>
Cu2+>Na+>K+>Zn2+> Ag+. This order of pairing energy with the cations was observed with all
studied autoinducers.

Figure 2.6. Paring Gibbs energies of autoinducer 1 with different cations.

The empirical and ligand independent Irwing-Williams series tells that the stability of divalent first
row transition metal complexes follow the order Mn2+ < Fe 2+ < Co2+ < Ni2+< Cu2+ > Zn2+ under
conditions of high spin and non-axial ligation to Cu2+.43 Our result is seemingly inconsistent with
this series which informs that Ni2+ should bind less strongly to Cu2+. This empirical order is
understood to be due to the decreasing ionic radius and increasing crystal field stabilization energy
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(CFSE). While the CFSE is higher for Ni2+ than Cu2+, the latter is placed higher in the series due
to Jahn-Teller effect on octahedral Cu2+ complexes making it more stable. For autoinducer 1,
neither Ni2+ nor Cu2+ gave any indication of octahedral geometry (Figure 2.7), hence Jahn-Teller
distortion may not occur in the system with Cu2+ resulting in pairing to Ni2+ being more stable for
autoinducer 1.

Figure 2.7. Dimer ion pairing geometry of autoinducer 1 with (left) Ni2+ and (right) Cu2+.

Changes in the cHelpG and Mulliken charges for autoinducer 1 (Table 2.5) during ion pairing
showed a significantly higher increase in negative charge for transition metal cations of Cu2+, Ni2+
and Zn2+ compared to non-transition cations indicating greater electron transfer from the
autoinducer to the cation.

Table 2.5. Change in formal charges of the cation due to pairing with autoinducer 1.
Cation

∆qMulliken

∆qcHelpG

Na+

-0.0998

-0.0513

K+

-0.0969

-0.0513

Ca2+

-0.1087

-0.0581

Ag+

-0.1921

-0.0620

Cu2+

-0.6119

-0.3151

Ni2+

-0.6674

-0.3194

Zn2+

-0.4653

-0.1568
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Effect of the Autoinducer Acyl Chain on Ion Pairing Strength
No significant effect on the monomer ion pairing Gibbs free energies is observed when the length
of the acyl carbon chain was increased by up to 3 carbons when going from autoinducer 1-3 (Table
2.3) in these short-chained molecules. The slight decrease in the Gibbs energy with increasing
carbons is understood to be due to increased steric hindrances between the two autoinducers due
their carbonyl oxygens to be further from the cations than in the case of a monomer which explains
the decreasing trend.

2.4.

Summary

The order of pairing for autoinducers with cations was found to be Ni2+> Cu2+>Na+>K+>Zn2+>
Ag+ according to DFT calculations. Free energy of pairing to Ca2+ is endergonic. Higher charge
to size ratio was associated with greater pairing and transition metal cations of Cu2+, Ni2+ and Zn2+
compared to non-transition cations due to increased charge transfer to the cation.

No significant effect on the ion pairing Gibbs free energies is observed when the length of the acyl
carbon chain was increased in these short-chained molecules. Increasing number of carbonyl
groups increased the pairing energies due to increased denticity.
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Chapter 3. Conclusion
This study has used DFT to study the ion-pairing characteristics of selected short chained N-AcylHomoserine Lactone molecules with cations. Carbonyl groups were identified as the cation pairing
sites of the studied autoinducers as they were the most negatively charged sterically accessible
groups. Multiple conformations of the free autoinducer exist within a small energy range and
therefore many possible pairing arrangements were studied. Due to the presence of multiple
carbonyl group, a preference for pairing arrangement of higher denticity was observed. The
pairing ability of the cations were of the order Cu2+ >> Na+ > K+> Ag+ and pairing to Ca2+ was
found to be unfavorable according to our calculations.

Substituents on the autoinducer acyl chain significantly determine the ion pairing energy.
Increasing the number of carbonyl groups in the acyl chain was found to make the pairing more
favorable. The chain length had negligible effect on the pairing energy in these short chained
autoinducers. In addition, we have also found that dimer pairing is significantly less favorable than
monomer pairing.
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