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The interplay between H-bond and π−π interactions in non-aqueous 

environment was theoretically studied using clusters of benzoic acid (BA) and phenol 

(PhOH) in benzene (Benz) solutions as model systems. MD simulations on (BA)2 and 

the BA-H2O  m : n  complexes, m and  n = 1 -  2, showed that, since the solute-

solvent and solvent-solvent interactions are moderate in the BA systems, the solvation 

shells around the solute clusters are weak and mobile, especially at room temperature. 

This allows the thermal energy and the structure of the solvation shells to play 

important roles in determining the structures and stability of the BA clusters. It was 

also illustrated that, due to the solvent effects, some microhydrates not particularly 

associated in the gas phase appeared with long lifetime in the course of MD 

simulations.  

The MD results showed two types of the H-bond exchange in the BA systems 

namely, the mutual and non-mutual ones. Both H-bond exchanges were detected since 

the dynamic behaviors were taken into account in the present theoretical model. For 

the PhOH systems, (PhOH)n, n = 1 – 3, based on the T-model potentials, MD 

simulations showed at least three Benz molecules solvate at the O-H group, and
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PhOH could act both as proton donor and acceptor towards Benz molecules. The 

average potential energy landscapes and cross section plots obtained from MD 

simulations indicated that the size and shape of the average potential energy wells are 

determined nearly exclusively by the average solvent-solvent interactions. Since the 

average potential energy barriers to solvent exchanges at the O-H group are quite 

high, Benz molecules at the O-H group could form part of quite strong local solvent 

cage.  

Investigation on the H-bond exchange diagrams revealed that, Benz molecules 

at the O-H group of PhOH could exchange through large-amplitude nuclear motions 

and the solvent exchanges seem to favor the associative-interchange scheme. The 

lifetimes of the PhOH-Benz complex were approximated and in reasonable agreement 

with 2D-IR vibrational echo experiment. It appeared that, due to weak interaction and 

the thermal energy fluctuation at 298 K, the O-H..O H-bond in (PhOH)2 was disrupted 

in MD simulations, whereas cyclic H-bonds in (PhOH)3 were only opened in 

[(PhOH)3]Benz; the O-H..O H-bonds in (PhOH)3 are quite well protected by the three 

PhOH molecules, therefore not easily accessible by Benz molecules as in the case of 

(PhOH)2. This suggested that, the competition between solute-solute and solute-

solvent interactions could be studied only when explicit solvent molecules are taken 

into account in the model calculations.  
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CHAPTER I 

INTRODUCTION 

 

 Clusters of molecules formed from aromatic compounds have been of interest 

since they represent interactions between π-systems found in DNA and side chains of 

proteins (Van Holde, Johnson, and Ho, 1998). Various experimental and theoretical 

investigations have been performed in the past two decades to obtain basic 

information concerning with the driving forces responsible for the interactions in 

aromatic systems especially among biomolecules (Brutschy, 2000). As an example, 

the so-called “π-hydrogen bond” (π-H-bond) has been put forward due to its 

importance in biological systems, e.g. the ability to stabilize α−helix in proteins 

(Knee, Khundkar, and Zewail, 1987; Perutz, 1993; Meyer, Castellano, and Diederich, 

2003).  

The presence of π-electrons enables clusters of aromatic compounds, 

generated in continuous or pulsed supersonic beams, to be examined effectively using 

modern spectroscopic techniques, such as resonance two photon ionization (Roth et 

al., 1998; Mikami, 1995; Lipert and Colson, 1988), disperse fluorescence (Jacoby et 

al., 1998), cluster ion dip spectroscopy (Sawamura, Fujii, Sato, Ebata, and Mikami, 

1996; Ohashi, Inokuchi, and Nishi, 1996) and ionization-detected stimulated Raman 

spectroscopy (Hartland, Henson, Venturo, and Felker, 1992). Advancement in 

computational chemistry software packages and parallel computer technology 

(Young, 2001) has also allowed ab initio calculations that include the effects of 
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electron correlations to study larger clusters of aromatic compounds with higher 

accuracy (Sinnokrot and Sherrill, 2004). It has, therefore, become a general practice in 

the area of molecular association to apply structural models obtained from ab initio 

calculations for the fitting of spectroscopic observations (Rode et al., 2005). Since a 

large number of review articles on molecular associations have been published, only 

some important information relevant to the present thesis will be briefly summarized. 

Clusters of benzene ((Benz)n) have been considered as prototypes for the  π-π 

and C-H..π interactions. They have been extensively studied by theoretical and 

experimental methods (Ricci et al., 2001; Magro et al., 2005; Sun and Bernstein, 

1996; Kearley, Johnson, and Tomkinson, 2006; Chelli et al., 2000; Bartell and Dulles, 

1995; Grover, Walters, and Hui, 1987). Theoretical methods (Sinnokrot and Sherrill, 

2004; Sinnokrot, Valeev, and Sherrill, 2002) suggested at least four equilibrium 

structures of benzene dimer ((Benz)2) in the gas phase namely, parallel displaced, T-

shaped, parallel staggered and herringbone structures. The parallel displaced structure 

is stabilized solely by the π-π interaction, whereas the T-shaped structure mainly by 

the C-H..π interaction. The former was predicted by ab initio calculations at the 

highest level of accuracy (Sinnokrot, Valeev, and Sherrill, 2002) to possess the lowest 

interaction energy and in good agreement with experiment (Grover, Walters, and Hui, 

1987), whereas the latter was pointed out to represent a low-energy saddle point for 

the interconversion between parallel displaced structures.  

Fast dynamics of single Benz molecule in the liquid phase ([Benz]liquid) was 

studied in femtosecond heterodyne detected optical Kerr effect (HD-OKE) 

experiments in a wide temperature range (Ricci et al., 2001), from which the results at 

short times were interpreted by assuming that the basic microscopic system consists 
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of a Benz molecule librating and oscillating in a local confinement or solvent “cage”. 

The instantaneous cage structures and dynamics in [Benz]liquid and [Benz]crystal were 

studied in details by spectroscopic measurements (Margo et al., 2005), as well as 

molecular dynamic (MD) (Chelli et al., 2000) and lattice dynamic simulations 

(Kearley, Johnson, and Tomkinson, 2006). It was reported that, a reminiscence of 

crystalline structure was evident in [Benz]liquid, although no preferential orientation 

was observed in the first coordination shell (Chelli et al., 2000). Moreover, the cages 

in [Benz]liquid  were similar in composition to those in [Benz]crystal, and the majority of 

the cages in [Benz]liquid could live several hundred femtoseconds (fs) or picoseconds 

(ps), depending upon the radius used to define the cage (Chelli et al., 2000).  

Association of organic acids in organic solvents has been extensively studied 

in the past two decades using various theoretical and experimental techniques 

(Chocholoušová, Vacek, and Hobza, 2003; Christian, Affsprung, and Taylor, 1963; 

Zaugg, Steed, and Woolley, 1972; Fujii, Yamada, and Mitzuta, 1988). The self-

association and hydration constants of organic acids in non-polar solvents can be 

obtained by distribution of an organic acid between two immiscible solvents such as 

water and Benz. Distribution experiments suggested the formation of microhydrates 

of the organic acid monomer (Van Duyne, Taylor, Christian, and Affsprung, 1967) 

and dimer (Wall and Rouse, 1941; Wall, 1942; Van Duyne et al., 1967; Shamsul Huq 

and Lodhi, 1966) in organic solvents. For small carboxylic acids such as acetic acid 

(AA), cyclic H-bond structures were reported to be quite stable in the gas phase, as 

well as in chloroform (Chocholoušová, Vacek, and Hobza, 2003), Benz (Christain, 

Affsprung, and Taylor, 1963) and carbon tetrachloride (Christain, Affsprung, and 

Taylor, 1963; Zaugg, Steed, and Woolley, 1972). It was concluded that the more 
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inactive the solvent, the more pronounced is the tendency of the acid to react with 

itself (Fujii, Yamada, and Mizuta, 1988).  

Benzoic acid (BA) is an aromatic carboxylic acid with a phenyl ring and a 

carboxylic functional group in the same molecule. The magnitudes of the enthalpy 

changes for the dimerization of BA evaluated from IR vary with solvent in the order: 

Benz < carbon tetrachloride < cyclohexane < vapor (Allen, Watkinson, and Webb, 

1966). Distribution of BA between the Benz and water phases, as well as the number 

of water molecules H-bonded to BA in the Benz phase, represents one of the classical 

problems in the area of molecular association in solutions (Wall and Rouse, 1941; 

Wall, 1942; Van Duyne et al., 1967; Shamsul Huq and Lodhi, 1966). It was shown 

that, BA exists as monomer in aqueous solutions (Wall and Rouse, 1941; Van Duyne 

et al., 1967). The distribution data revealed that the important associated species in 

Benz solution at 298 K are (BA)2, the BA-H2O 1 : 1,  1 : 2 and 2 : 1 complexes (Van 

Duyne et al., 1967). In order to obtain a satisfactory correlation of the results, they 

must be taken into account in the analysis of the distribution data. However, based on 

the assumption that the hydrated (BA)2 can be ignored, it was proposed that a single 

BA molecule is hydrated by a water molecule in the Benz phase. These opposite to 

the assumption to neglect the probability of finding microhydrates of both BA and 

(BA)2 in the Benz phase (Shamsul Huq and Lodhi, 1966).  

Structures and stability of the cyclic H-bond planar (CHP) and side-on type 

(SOT) dimers of BA in aqueous solutions were studied based on the intermolecular 

potentials derived from the test-particle model (T-model) and MD simulations 

(Sagarik and Rode, 2000). It was found that, in the gas phase and dilute aqueous 

solution, the cyclic H-bonds in the CHP and SOT dimers can be disrupted by H-
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bonding with water, as well as thermal energy fluctuation. The theoretical results 

agree well with the previous reports (Wall and Rouse, 1941; Van Duyne et al., 1967) 

and the experimental finding that the concentration of (BA)2 is less than 3 % of the 

concentration of the unionized BA (Gruenloh, Florio, Carney, Hagemeister, and 

Zwier, 1999; Gruenloh, Hagemeister, Carney, and Zwier, 1999). The situations in 

(BA)2 are similar to the acetic acid dimer ((AA)2), in which water-separated structures 

were suggested to dominate in the gas phase and aqueous solutions (Zaugg, Steed, 

and Woolley, 1972). 

As the simplest aromatic compound which can form O-H..π and O-H..O H-

bonds, and a prototype for structurally related subunits in larger biomolecules, such as 

tyrosine (Tyr) residue in proteins, phenol (PhOH) has been frequently selected as a 

model molecule in both experimental and theoretical investigations (Sinnokrot and 

Cherrill, 2004; Hunter, Singh, and Thornton, 1991). For example, theoretical methods 

at MP2/6-31G(d) and B3LYP/6-31G(d) levels were employed in the study of 

structures and stabilities of the O-H..O H-bond in (PhOH)n and (H2O)n, n = 1 – 4, as 

well as the PhOH-H2O m : n complexes, m and n = 1 – 3, and m + n ≤ 4 

(Parthasarathi, Subramanian, and Sathyamurthy, 2005). MP2/6-31G(d) results showed 

that (PhOH)n and (H2O)n possess similar H-bond patterns, and (PhOH)n  are slightly 

more stable due to the effects of electron correlations. Moreover, it was shown that, 

H-bonds in the PhOH-H2O m : n complexes are similar to (H2O)n.  

The interplay between electrostatic and dispersion interactions has been 

studied through the weak interaction between the O-H group in PhOH and the 

polarizable π-electron clouds in Benz (Olkawa, Abe, Mikami, and Ito, 1983; Guedes 

et al., 2003). In the gas phase, B3LYP/6-31G(d,p) calculations revealed that, the 
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PhOH-Benz 1 : 1 complex is stabilized mainly by the Ο−Η..π H-bond, whereas in the 

PhOH-Benz 1 : 2 complex, the O-H group of PhOH acts simultaneously as proton 

donor and acceptor towards Benz molecules (Guedes et al., 2003).  

Molecular association of PhOH in Benz solutions was examined in classical 

partition experiments, in which distributions of PhOH between Benz and water were 

studied at 298 K (Endo, 1926). The measurements of partition coefficients revealed 

that, in Benz, equilibrium could establish between PhOH and (PhOH)3, whereas in 

water, PhOH is monomolecular up to at least 0.15 M. It was emphasized that, PhOH 

associates itself in triple molecules and not in double molecules (Endo, 1926). The 

existence of the monomer-trimer equilibrium was also suggested from NMR 

experiment (Saunders and Hyne, 1958), in which the equilibrium constant was 

determined in CCl4 by measuring the hydroxyl NMR frequencies as functions of 

concentrations. However, Philbrick (1934) proposed the existence of (PhOH)2 in Benz 

solutions, by measurements of partition coefficients of PhOH between Benz and water 

at concentrations in the water layer below 0.1 M. The results were confirmed by 

isopiestic experiments in anhydrous solutions (Lassettre and Dickinson, 1939). 

Dynamics of complexes involving non-covalent interactions with aromatic 

rings is pivotal to protein-ligand recognition (Meyer, Castellano, and Diederich, 

2003). With the enthalpy of formation of only about 17 kJ mol-1 (Knee, Khundkar, 

and Zewail, 1987), the association and dissociation of the PhOH-Benz complexes in 

solutions seem too rapid to measure using conventional spectroscopic methods 

(Zheng et al., 2005). Two-dimensional IR (2D-IR) vibrational echo spectroscopy, an 

ultrafast vibrational analog of two-dimensional NMR, has been developed to measure 

fast chemical exchange dynamics in the ground electronic state under thermal 
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equilibrium conditions (Zheng, Kwak, and Fayer, 2007; Kwac et al., 2006; Zheng, 

Kwak, Chen, Asbury, and Fayer, 2006; Finkelstein et al., 2007; Kwak, Zheng, Cang, 

and Fayer, 2006). Equilibrium dynamics in the PhOH-Benz complex was studied in a 

mixed solvent of Benz by measuring in real time the appearance of off-diagonal peaks 

in the 2D-IR vibrational echo spectra of the PhOH hydroxyl stretching (Kwak et al., 

2006); the high-frequency hydroxyl stretching was assigned to free PhOH, whereas 

the low-frequency to the PhOH-Benz complex. According to the analysis of the 2D-

IR spectra, the dissociation time of the PhOH-Benz 1 : 1 complex was estimated to be 

about 8 ps.  

In order to investigate the interplay between H-bond and π−π interactions in 

non-aqueous environment, two chemical systems were considered in the present 

thesis. In the first system, structures and stabilities of cyclic H-bonds in Benz 

solutions were examined using (BA)2 and the BA-H2O m : n  complexes, m and  n = 1 

- 2, as model molecules. The theoretical study began with construction of the T-model 

potentials for BA, Benz and the BA-H2O complexes, followed by a series of MD 

simulations. The structures and stability of (BA)2 and the BA-H2O complexes in Benz 

solutions were studied by performing MD simulations at 280 and 298 K. The H-bond 

(A-H..B) complexes in Benz solutions were discussed based on the average H-bond 

distances ( >< H..B-AR ) and angles ( >< −H..BAθ ), as well as the H-bond lifetimes 

( >< −H..BAt ). The stability of (BA)2 and the BA-H2O complexes was also analyzed 

and discussed using the average solute-solute interaction energies ( >< −solsol
BenzE ) and 

the average potential energies of Benz solutions ( >< pot
BenzE ) derived from MD 

simulations.  
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In the second system, the effects of weak C-H..π, O-H..π H-bond and π..π 

interactions on structures, energetic and dynamics of (PhOH)n, n = 1 – 3, in Benz 

solutions were studied. In order to acquire some basic information, the equilibrium 

structures and interaction energies of the PhOH-Benz m : n complexes,  m and n = 1 – 

2, in the gas phase, were investigated using the T-model potentials. Then, NVE-MD 

simulations were performed on [(PhOH)n]Benz at 298 K. The average three-

dimensional structures and interaction energy distributions in [(PhOH)n]Benz were 

visualized and analyzed based on solvent probability distribution (PD) maps and 

average solute-solvent and solvent-solvent interaction energy PD maps, respectively 

(Sagarik and Chaiyapongs, 2005; Sagarik and Dokmaisrijan, 2005; Deeying and 

Sagarik, 2006). The dynamics in the first solvation shell of [(PhOH)n]Benz was 

analyzed and discussed using the average interaction energy PD maps and their cross 

section plots (Sagarik and Chaiyapongs, 2005; Sagarik and Dokmaisrijan, 2005; 

Deeying and Sagarik, 2006), as well as the H-bond and solvent exchange diagrams. 

The results were discussed in comparison with available theoretical and experimental 

results of the same and similar systems. 



CHAPTER II 

RESEARCH METHODOLOGY 

 

Intermolecular potentials (ΔE) constitute primary information needed for all 

kinds of statistical mechanical simulations, e.g. MD and Monte Carlo (MC) 

simulations. ΔE could be computed directly from ab initio calculations or inferred 

from experimental data. While ab initio calculations are restricted to small molecules 

with high symmetry, experimental data seem not complete for polyatomic molecules. 

In order to approximate ΔE, it is therefore reasonable and applicable to combine 

information from both ab initio calculations and available experimental data. Such 

method has been developed (Böhm, Ahlrichs, Scharf, and Schiffer, 1984) and tested 

successfully in MD simulations on H-bond and π- π systems (Sagarik, Pongpituk, 

Chaiyapongs, and Sisot, 1991; Sagarik and Spohr, 1995; Sagarik and Asawakun, 

1997; Sagarik and Rode, 2000; Sagarik, Chaiwongwattana, and Sisot, 2004).  

In this chapter, some important aspects of the theoretical methods employed in 

the present thesis, e.g. the T-model and MD simulations, will be briefly summarized, 

with the emphasis on MD simulations conditions and analyses.  
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2.1 The T-model 

Within the framework of the T-model, the interaction energy (ΔET-model) 

between molecules A and B is written as a sum of the first-order interaction energy 

( 1
SCFΔE ) and a higher-order energy ( rΔE ). 

 

r1
SCFmodelT ΔEΔEΔE +=−                  (1) 

 

1
SCFΔE  accounts for the exchange repulsion and electrostatic energy contributions. It is 

computed from ab initio SCF calculations (Böhm and Ahlrichs, 1982) and takes the 

following analytical form: 
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 i  and  j in Equation (2) label the sites of molecules A and B. σi,  ρi  and  qi are site 

parameters. Rij is the site-site distance. The exponential parameters, σi and ρi, are 

responsible for the exchange repulsion and determined by probing molecules A and B 

with an uncharged spherical test particle. A nitrogen atom (N) in its average of terms 

state has been proved to be the most suitable (Böhm and Ahlrichs, 1982). Since in 

general molecules A and B are not spherically symmetric, molecules A and B must be 

probed in all possible directions by the test particle.  

 The higher-order energy, ΔEr in Equation (1), represents the dispersion and 

polarization contributions of the T-model potential. ΔEr could be determined from 
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both theoretical and experimental data. Previous experience has shown that, a 

calibration of the incomplete potential to the properties related to intermolecular 

interaction energies could be an appropriate choice. ΔEr takes the following analytical 

form:  

( ) 6
ijijij

Ai Bj

6
ij

r R RF CΔE −

∈ ∈
∑∑−=                              (3) 

where 

( ) ( )[ ]
elsewhere1             
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ijij

2
ij

0
ijijij

, 
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and    
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2
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1/2

ii

ji
6

6
ij +

=                               (5) 

 
0
ijR  in Equation (4) is the sum of the van der Waals radii of the interacting 

atoms. Equation (5) is the Slater-Kirkwood relation; αi and Ni denote the atomic 

polarizability and the number of valence electrons of the corresponding atom, 

respectively. Fij(Rij) in Equation (4) is a damping function, introduced to correct the 

behavior of 6
ijR −  at short Rij distance. Only C6 in Equation (5) is unknown. The value 

of C6 can be determined in many different ways. For (Benz)n and Benz-H2O 

complexes, C6 was determined by fits of the incomplete potentials, including 1
SCFΔE ,  

to experimental second virial coefficients ((B(T)) and second virial cross coefficients 

(B12(T)) (Dymond and Smith, 1980), respectively. The agreements between the 

experimental and theoretical B(T) in Figure 2.1 reflect the quality of the T-model 

potentials of Benz. For the PhOH-Benz complex, the C6 parameter was determined by 
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a calibration of the incomplete potential with the interaction energy obtained from 

MP2/6-311G(d,p) calculations.  

In the present study, the T-model parameters for BA, Benz and water were 

taken from Sagarik and Rode (2000) and listed in Table A.1, whereas those for PhOH 

from Sagarik and Asawakun (1997) and shown in Table A.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  a) Second virial coefficients for Benz. b) Second virial cross-

coefficients for Benz-H2O complex. 
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2.2 Equilibrium structures in the gas phase 

The geometries of BA and PhOH, shown in Figure 2.2 with atom numbering 

system, were taken from Sagarik and Rode (2000) and Sagarik and Asawakun (1997), 

respectively. They were kept constant throughout the calculations. Since the 

calculations of the minimum energy geometries of all the H-bond complexes 

considered followed the same procedures, they will be explained using the PhOH-

Benz 1 : 1 complex as an example. 

 

 

 

 

 

 

 

 

Figure 2.2  The conformations of BA and PhOH with running number. 

 

The absolute and local minimum energy geometries of the PhOH-Benz 1 : 

1 complexes were computed by placing PhOH at the origin of the Cartesian 

coordinate system. The coordinates of Benz were randomly generated in the vicinities 

of PhOH. Based on the T-model potentials (Sagarik, Chaiwongwattana, and Sisot, 

2004; Sagarik and Asawakun, 1997), the absolute and local minimum energy 

geometries were searched using a minimization technique (Schlegel, 1982). One 

hundred starting configurations were employed in each geometry optimization and 
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some characteristic H-bond distances were computed and used in the discussions on 

Benz solutions. 

 

2.3 MD simulations 

The T-model parameters listed in Tables A.1 and A.2 were applied in MD 

simulations of [(BA)2]Benz and [BA-H2O]Benz, as well as [(PhOH)n]Benz, respectively. 

 

2.3.1  [(BA)2]Benz and [BA-H2O]Benz 

In order to obtained insights into the structure and stability of H-bonds in 

[(BA)2]Benz, as well as in the microhydrates of BA and (BA)2 in Benz solutions, a 

series of NVE-MD simulations were conducted. The investigations included MD 

simulations of XT
Benz2 ][(BA) = , XT

Benz1]:[1 = , XT
Benz2]:[1 = , XT

Benz1]:[2 =  and  XT
Benz2]:[2 = , at X = 280 

and 298 K. These correspond to MD- XT
Benz2 ][(BA) = , MD- XT

Benz1]:[1 = , MD- XT
Benz2]:[1 = , MD-

XT
Benz1]:[2 =  and MD- XT

Benz2]:[2 = , respectively. MD simulations performed at 280 K were 

aimed at obtaining information at the temperature slightly higher than the freezing 

point of liquid Benz. 

For XT
Benz2 ][(BA) = , the CHP dimer was chosen since it was reported to 

represent the most stable structure of (BA)2 in the gas phase (Chocholoušová, Vacek, 

and Hobza, 2003; Sagarik and Rode, 2000). In MD simulations of XT
Benz2 ][(BA) = , the 

CHP dimer and 124 Benz molecules were put in a cubic box subject to periodic 

boundary conditions. The density of XT
Benz2 ][(BA) =  was maintained at the liquid density 

of 0.874 g cm-3. The cutoff radius was half of the box length. The Ewald summation 

was employed to account for the long-range Coulomb interactions. The time step 



 15

applied in solving the equations of motion was 0.5 fs. In order to systematically 

follow the changes in structures and stability of H-bonds in (BA)2, two consecutive 

sets of equilibration were made before property calculations took place. In the first 

equilibration, the CHP dimer was treated as a supermolecule, in which both BA 

molecules were not allowed to move in the course of MD simulations. After the 

solvent molecules were well equilibrated, the second equilibration was made. All 

molecules, including both BA in the CHP dimer, were allowed to move in the second 

equilibration. 20,000 MD steps were devoted to each equilibration and another 20,000 

steps to property calculations. It was recognized that the cyclic H-bonds in the CHP 

dimer were considerably strong in Benz solution. After the second equilibration, the 

structures of the CHP dimer did not change substantially in the course of MD 

simulations. Since in the present case, the atom pair correlation functions (g(R)) 

between H-bond donor and acceptor showed only sharp peaks, it seems more 

informative and meaningful to analyse the structure and stability of the H-bond dimer 

based on the average H-bond distances ( >< −H..BAR ) and angles ( >< −H..BAθ ), as well 

as the H-bond lifetimes ( >< −H..BAt ). H..BAθ −  is define as the angle between the A-H 

bond and the line connecting atoms A and B. H-bond is considered to be strictly linear 

when >< −H..BAθ  is 0 degree. >< −H..BAt  is defined as the percentage of simulation 

steps during which H-bond donor and acceptor are coming close enough to engage in 

H-bond formation. Therefore, >< −H..BAt  could be regarded as the probability of 

finding A-H..B H-bond in the course of MD simulations. Since the H-bond lifetime 

depends upon the degree of association as well as the dynamic behavior of the 

interacting molecules, it could be used to measure the stability of H-bond complex. In 
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the present work, H-bond donor and acceptor were considered to engage in H-bond 

formation when the donor-acceptor distance was shorter than 4 Å. With this H-bond 

distance cutoff, the standard deviation (SD) of >< −H..BAR  was found in the present 

work to be 0.36 Å at most. Structures and stability of the BA-H2O m : n complexes, 

with  m  and n = 1 - 2, in Benz solution were investigated and analyzed using the 

same procedures.  

 

2.3.2 [(PhOH)n]Benz 

For [(PhOH)n]Benz, n = 1 - 3, NVE-MD simulations were performed at 298 

K. MD- frozen
Benzn ][(PhOH)  and MD- free

Benzn ][(PhOH)  represent two scenarios in 

[(PhOH)n]Benz. In MD- frozen
Benzn ][(PhOH) , structures of (PhOH)n were frozen at the T-

model equilibrium geometries (Sagarik and Asawakun, 1997), and only Benz 

molecules were allowed to move. MD- frozen
Benzn ][(PhOH)  was aimed primarily at the 

average three-dimensional structures and interaction energy distributions of Benz 

molecules in [(PhOH)n]Benz. MD- free
Benzn ][(PhOH)  represents the situation, in which all 

PhOH and Benz molecules were free to move, starting from the equilibrium 

configurations obtained from MD- frozen
Benzn ][(PhOH) . MD- free

Benzn ][(PhOH)  was aimed at 

structures and dynamics in [(PhOH)n]Benz. 

In both MD- frozen
Benzn ][(PhOH)  and MD- free

Benzn ][(PhOH) , (PhOH)n and five 

hundred Benz molecules were put in a cubic box subject to periodic boundary 

conditions. The center of mass of (PhOH)n was coincide with the center of the 

simulation box. The density of [(PhOH)n]Benz was maintained at the liquid density of 

0.874 g cm-3, corresponding to the box length of about 42 Å. The cut-off radius was 
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half of the box length. The long-range Coulomb interaction was taken into account by 

means of the Ewald summations. Fifty thousand MD steps of 0.5 fs were devoted to 

equilibration and one hundred thousand steps to property calculations. The primary 

energetic results of interest were the average solute-solute ( >< −solusolu
BenzE ) and solute-

solvent ( >< −solvsolu
BenzE ) interaction energies, as well as the average potential energies 

of [(PhOH)n]Benz ( >< pot
BenzE ). >< −solusolu

BenzE  resulted from the average over the 

number of MD steps, whereas >< −solvsolu
BenzE  the average over the number of MD steps 

and the number of solute molecules.  

In order to visualize the average three-dimensional structures of solvent 

molecules in [(PhOH)n]Benz, the solvent probability distribution (π-PD) maps were 

constructed from MD- frozen
Benzn ][(PhOH) , n = 1 - 2. In the present study, the center of 

mass of Benz is denoted by π and that of PhOH by πPh. In the calculations of the π-PD 

maps, molecular plane of a PhOH molecule was assumed to coincide with the XY 

plane of the simulation box   (Z = 0 Å). The volumes above and below the plane were 

divided into layers, with the thickness of 1 Å. In each layer, a π-PD map was 

constructed from 61x61 grid intersections, by following the trajectories of the center 

of mass of Benz in the course of MD simulations. The π-PD maps were represented 

by contour lines, computed and displayed using SURFER program (Golden Software, 

Computer software, 1997). The densities of the contour lines reflect the probability of 

finding Benz in [(PhOH)n]Benz. For simplicity, the minimum and maximum values of 

the contour lines, as well as the contour intervals, were chosen to be the same for all 

π-PD maps. Since the solvent cages in [(PhOH)2]Benz were complicated, additional π-
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PD maps were constructed with respect to XZ and YZ planes. The molecular planes 

employed in MD analyses are displayed in Figure 2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3  a) – b) Reference planes for PhOH and (PhOH)2 in Benz solutions. 

 

Based on similar approaches, the average solute-solvent and solvent-

solvent interaction energy PD maps, denoted by the PB-PD and BB-PD maps, 

respectively, were constructed from MD- frozen
Benzn ][(PhOH) , n = 1 - 2. The PB-PD maps 
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were computed from the interaction energies between Benz at the grid intersections 

and (PhOH)n, whereas BB-PD maps from the interaction energies between Benz at 

the grid intersections and all other Benz molecules. The average potential energy 

landscapes in [(PhOH)n]Benz were represented by the PB-BB-PD maps, computed by 

combinations of the PB-PD and BB-PD maps. Because the solvent cages tend to bring 

about stabilization effects to [(PhOH)n]Benz, only negative-energy contour lines were 

displayed on the PB-PD, BB-PD and PB-BB-PD maps. It should be noted that, since 

the solvent-solvent interaction energies dominate in [(PhOH)n]Benz, the minimum and 

maximum values of the contours, as well as the contour intervals, on the PB-PD, BB-

PD and PB-BB-PD maps must be assigned differently for clarity.  

Since the dynamics of PhOH and Benz in the first solvation shell was one 

of the main objectives, additional MD analyses had to be made. Experience in 

aqueous solutions (Sagarik and Chaiyapongs, 2005; Sagarik and Dokmaisrijan, 2005; 

Deeying and Sagarik, 2006) showed that, although not straightforward, the dynamics 

of specific solvent molecules in the first solvation shell of solute could be anticipated 

at least qualitatively from the structures of the average potential energy landscapes.  

Therefore, the PB-PD, BB-PD and PB-BB-PD maps computed from MD-

frozen
Benzn ][(PhOH)  were further analyzed in details. Several cross section plots were 

generated by taking vertical slices along the predefined profile lines, through the 

surfaces of the PB-BB-PD maps, as well as the PB-PD and BB-PD maps, using the 

methods described in Sagarik and Dokmaisrijan (2005). The cross section plots 

derived from the longitudinal profile lines could be associated with the average 

potential energy barriers to solvent exchange within, as well as between, the first 

solvation shells )E( L
Benz >< . Whereas those computed from the transverse profile lines 
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are connected to the average potential energy barriers to the solvent exchange 

between Benz molecules in the first solvation shell and the outside )E( T
Benz >< .   

Additional solvation structures, stability and dynamics in [(PhOH)n]Benz , n 

= 1 – 3, were analyzed and discussed based on the results of MD- free
Benzn ][(PhOH) , from 

which some atom-atom pair correlation functions (g(R)) and the average running 

coordination numbers (n(R)) related to the π-π interaction, the C-H..π, O-H..π and O-

H..O H-bonds were computed and employed in the discussion. Because large-

amplitude nuclear motions, which could lead to solvent structure reorganization, were 

pointed out to be one of the main reasons for the non-rigidity in aromatic van der 

Waal clusters (Sun and Bernstein, 1996), they were investigated in the present study. 

As the O-H..O and O-H..π H-bonds, as well as the π-π interactions, are responsible 

for molecular associations in [(PhOH)n]Benz, the dynamics at short time could be 

investigated through their vibrational behaviors. In the present case, the H-bond 

exchange diagrams, showing the distance between the oxygen atom of PhOH and the 

center of mass of a specific Benz molecule as a function of MD simulation time, were 

constructed. The vibrational frequencies of the O-H..π H-bond were computed, by 

performing fast Fourier transformations (FFT) (Borse, 1997) on the H-bond exchange 

curves. Characteristic large-amplitude vibrational frequencies were approximated and 

discussed based on the FFT results.   
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2.4     Computer softwares and  facilities 

All the calculations in the present study were performed at the School of 

Chemistry and School of Mathematics, Institute of Science, Suranaree University of 

Technology (SUT). The following computers and computational chemistry softwares 

packages were used. 

- LINUX cluster with eight nodes and Red Hat Enterprise. 

- COLUMBUS system programs (Ahlrichs et al., 1985). 

- Gaussian 03 package (Frisch et al., Computer software, 2006). 

- Moldy MD simulations program (Refson, Computer software, 1996). 

- SURFER contouring program (Golden Software, Computer software, 

1997). 

- AMBER version 6 (Case et al., Computer solftware, 1999) etc. 



CHAPTER III  

RESULTS AND DISCUSSION 

  

Although the main objectives of the present thesis were to investigate 

structures, energetic and dynamics of clusters of aromatic compounds in non-aqueous 

environment, some results in the gas phase (Sagarik and Rode, 2000) had to be 

discussed to ensure that the computed T-model potentials are accurate enough for the 

applications in the present MD simulations. Characteristic H-bond and π−π distances 

will be used in the discussions of the non-aqueous solutions. 

 

3.1     (BA)2 and BA-H2O complexes 

3.1.1 Structures and energetic in the gas phase 

   Based on the T-model potentials discussed in the previous chapter, 

Sagarik and Rode (2000) presented equilibrium structures and interaction energies of 

(BA)2 and BA-H2O complexes. The absolute minimum energy geometry of (BA)2 

was reported to be the CHP dimer, with the interaction energy of -47.0 kJ mol-1. The 

only local minimum energy geometry was the SOT dimer, with interaction energy of  

-31.1 kJ mol-1. The structures of the CHP and SOT dimers are shown in Figure 3.1. 

The absolute and local minimum energy geometries are in accordance with the 

experimental and theoretical results in the gas phase (Cieplak, Pawlowski, and 

Wieckowska, 1992; Neumann et al., 1998; Meijer, de Vries, Hunziker, and Wendt, 

1990). The molecular mechanical program AMBER, with the charges of BA obtained
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from a fit to the electrostatic potential around the molecule, predicted a similar dimer 

to possess the interaction energy of only -33.4 kJ mol-1 (Cieplak, Pawlowski, and 

Wieckowska, 1992).  

  

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Structures of the CHP and SOT dimers computed from the T-model 

potentials. 

 

Equilibrium structures and interaction energies of the BA-H2O 1 : 1, 1 : 2, 2 : 1 

and 2 : 2 complexes were also reported by Sagarik and Rode (2000). The absolute and 

two low-lying energy geometries of the BA-H2O complexes are shown in Figures 3.2, 

3.3, 3.4 and 3.5, respectively. 

a) 

b) 

ΔET-model = -47.0 kJ mol-1 

ΔET-model = -31.1 kJ mol-1 
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The T-model potentials predicted a CHP structure to be the absolute minimum 

energy geometry of the BA-H2O 1 : 1 complex, structure a in Figure 3.2. Structure a 

consists of two H-bonds, in which water acts as proton donor towards C=O and as 

proton acceptor towards O-H of BA. The interaction energy in this case is -32.3 kJ 

mol-1. Structure b is -15.2 kJ mol-1 less stable than structure a. It is stabilized by 

C=O..H-O and C-H..O H-bonds. Structure c possesses the interaction energy of only  

-9.7 kJ mol-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 The absolute and two local minimum energy geometries of the BA-H2O   

1 : 1 complexes computed from the T-model potentials. 

a) 

b) 

c) 

ΔET-model = -32.3 kJ mol-1 

ΔET-model = -17.1 kJ mol-1 

ΔET-model = -9.7 kJ mol-1 
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Figure 3.3 The absolute and two local minimum energy geometries of the BA-H2O   

1 : 2 complexes computed from the T-model potentials. 

 

 For the BA-H2O 1 : 2 complexes, the COOH group is still the most 

preferential binding site for water. The absolute minimum energy geometry of the 

BA-H2O 1 : 2 complexes predicted by the T-model was structure a in Figure 3.3. 

Structure a consists of three planar H-bonds, with the interaction energy of -60.3 kJ 

mol-1. Structures b and c have a unit resembling the absolute minimum energy 

geometry of the BA-H2O 1 : 1 complex. The T-model suggested that structures b and 

c possess comparable interaction energy, -51.7 kJ mol–1 and -50.6 kJ mol–1, 

a) 

b) 

c) 

ΔET-model = -60.3 kJ mol-1 

ΔET-model = -51.7 kJ mol-1 

ΔET-model = -50.6 kJ mol-1 
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respectively. Structure b is stabilized by four cyclic H-bonds, whereas structure c by 

three H-bonds. 

For the BA-H2O 2 : 1 complexes, the planar structure, in which water acts 

simultaneously as proton donor and acceptor bridging the C=O and O-H groups of 

both BA molecules, was found to be the absolute minimum energy geometry, 

structure a in Figure 3.4. The interaction energy of structure a is -66.9 kJ mol–1. The 

stability of structures b is comparable to structure a, whereas structure c is slightly 

less stable than structures a and b. Structures b and c possess a unit resembling the 

absolute minimum energy geometry of the BA-H2O 1 : 1 complex. Structures a and b 

can be constructed by breaking one H-bond of the CHP dimer and inserting a water 

molecule between the C=O and O-H groups, whereas structure c can be obtained by 

inserting a water molecule in the SOT dimer. 
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Figure 3.4 The absolute and two local minimum energy geometries of the BA-H2O    

2 : 1 complexes computed from the T-model potentials. 

 

 

a) 

b) 

ΔET-model = -66.9 kJ mol-1 

ΔET-model = -66.8 kJ mol-1 

c) ΔET-model = -64.2 kJ mol-1 
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Figure 3.5 The absolute and two local minimum energy geometries of the BA-H2O   

2 : 2 complexes computed from the T-model potentials. 

 

 

a) 

b) 

c) 

ΔET-model = -103.6 kJ mol-1 

ΔET-model = -97.0 kJ mol-1 

  ΔET-model = -91.4 kJ mol-1 
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A herringbone structure appeared to be the absolute minimum energy 

geometry of the BA-H2O 2 : 2 complexes, structure a in Figure 3.5. Structure a 

consists of a unit resembling the absolute minimum energy geometry of the water 

dimer, with the interaction energy of -103.6 kJ mol–1. Including two water molecules 

in the BA dimer seems to increase the flexibility of the H-bonded cluster, and hence 

the possibility to form the π-π interaction. 

 

 3.1.2    MD simulations of benzene solutions 

In this section, structures and stability as well as some dynamic behaviors 

of the H-bond clusters in Benz solutions derived from MD simulations are discussed. 

Comments are made on the results obtained from distribution experiments, especially 

the situations in Benz solutions. The energetic results obtained from MD simulations 

at 280 and 298 K are summarized in Table 3.1, whereas the average H-bond distances 

( >< −H..BAR ), angles ( >< −H..BAθ ) and lifetimes ( >< −H..BAt ) are listed in Table 3.2.  

 

982T
Benz2 ][(BA)-MD =  

The results of 982T
Benz2 ][(BA)-MD =  suggest that the cyclic H-bonds in (BA)2 

are very associated in pure Benz, with )21(t H1..O2O1 −>< −  and )12( − about 100%. 

The CHP structure was changed slightly in the course of MD simulations. 

)21(R H1..O2O1 −>< −  and >< −solsol
BenzE  derived from 982T

Benz2 ][(BA)-MD = are 2.9 Å and       

-39.9 kJ mol-1, respectively. The average H-bond distance is only 0.1 Å longer than 

the gas-phase structure proposed by Sagarik and Rode (2000). >< −solsol
BenzE  is about 7 

kJ mol-1 higher than the interaction energy of the CHP dimer in the gas phase and 
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comparable with the enthalpy of dimerization in Benz derived from experiment -37.6 

kJ mol-1 (Shamsul Huq and Lodhi, 1966). 

 

XT
Benz1]:[1-MD =  

The gas phase structure of the BA-H2O 1 : 1 complex, represented by the 

O1-H1 group of BA acting as proton donor toward oxygen of water, did not change 

much in the course of MD simulations. The results of 982T
Benz1]:[1-MD = reveal that the 

O1-H1..Ow H-bond is quite strong in Benz. The average H-bond interaction energy 

( >< −solsol
BenzE ) in 982T

Benz1]:[1 =  is -21.0 kJ mol-1, compared with the gas phase of -32.3 kJ 

mol-1. The statistical analysis of H-bond in structure b in Table 3.2, shows that, water 

spends most of the time at the hydroxyl group of BA, with the average H-bond 

lifetime ( )12(t H1..OwO1 −>< − ) of about 100%. )12(R H1..OwO1 −>< −  and 

)12(θ H1..OwO1 −>< −  derived from 982T
Benz1]:[1-MD = are 2.9 Å and 21.4 degree, 

respectively. For the BA-H2O 1 : 1 complex, the probability of finding cyclic H-bond 

structure could be computed from 2)(1t Hw..O2Ow −>< − . In 982T
Benz1]:[1 = , 

2)-(1 t Hw..O2Ow >< −  is about 22%.  

 The MD results on 082T
Benz1]:[1 = and 982T

Benz1]:[1 = are virtually the same. At 

lower temperature, the degree of H-bond association is slightly higher as expected. 

The probability of finding cyclic H-bond structure ( )21(t Hw..O2Ow −>< − ) increases to 

35%. >< −solusolu
BenzE  of 082T

Benz1]:[1 =  is -22.9 kJ mol-1, with )12(R H1..OwO1 −>< −  and 

)12(θ H1..OwO1 −>< −  of 2.9 Å and 20.8 degree, respectively.  
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XT
Benz2]:[1-MD =  

For 082T
Benz2]:[1-MD = and 892T

Benz2]:[1-MD = , the MD results are quite different. 

Two forms of the BA-H2O complex dominate in Benz solutions. In the course of 

892T
Benz2]:[1-MD = , the gas phase cyclic structure proposed by Sagarik and Rode, (2000), 

employed as the starting geometry, was converted into a partially open H-bond 

structure, resembling in 892T
Benz1]:[1 = . The probability of finding the cyclic BA-H2O 1 : 1 

like structure ( )32(t Hw..O2Ow −>< − )  is about 26%. The H-bond lifetime 

( )23(t H1..OwO1 −>< − ) for structure d in Table 3.2 indicates that, the O1-H1..Ow H-

bond in 892T
Benz2]:[1 =  is less associated compared to 892T

Benz1]:[1 = , with a slightly longer 

)23(R H1..OwO1 −>< − .  

The presence of )21(t Hw..OwOw −>< −  and 1)(2t Hw..OwOw −>< −  reflects 

the possibility for the H-bond donor-acceptor pair exchange between water molecules 

in 892T
Benz2]:[1 = . This dynamic process could be regarded as non-mutual H-bond 

exchange as in NMR spectroscopy (Sagarik and Rode, 2000). The non-mutual H-

bond exchange leads in this case to the total probability of the Ow-Hw..Ow H-bond 

formation of about 41%. >< −solusolu
BenzE  for 892T

Benz2]:[1 =  is -23.1 kJ mol-1, slightly lower 

than 892T
Benz1]:[1 = . In the gas phase, a similar BA-H2O 1 : 2 complex was reported to 

possess the interaction energy of -50.6 kJ mol-1.  

The gas phase cyclic structure did not change appreciably in the course of 

082T
Benz2]:[1-MD = . The values of >< −solusolu

BenzE  in Table 3.1 and >< −H..BAt  in Table 3.2 

reveal that, the H-bonds in the BA-H2O 1 : 2 complex become more associated and 

the molecular motions are rather restricted at lower temperature. Consequently, the 
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probability of the non-mutual H-bond exchange is disappeared at 280 K. At this 

temperature, however, there exists another type of H-bond exchange process, in which 

a water molecule executes rotation leading to the H-bond donor exchange within the 

same water molecule. This dynamics exchange is regarded as mutual H-bond 

exchange in NMR spectroscopy. In this case, the total probability of the Ow-Hw..Ow 

H-bond formation ( 2)(1t Hw..OwOw −>< − )  increases to about 73%. The mutual H-

bond exchange also leads to an increase in the total probability of the cyclic H-bond 

formation ( )32(t Hw..O2Ow −>< − )  to about 90%. >< −solusolu
BenzE  for 082T

Benz2]:[1 =  is -41.0 

kJ mol-1, compared with -60.3 kJ mol-1 in the gas phase. The probability of finding the 

cyclic BA-H2O 1 : 1 like structure in 082T
Benz2]:[1 =  seems to be decreased. The total 

probability of the Ow-Hw..O2 H-bond formation ( )31(t Hw..O2Ow −>< − ) in 082T
Benz2]:[1 =  

is only about 22%.  

 

XT
Benz1]:[2-MD =  

In Benz solution, the probability of breaking H-bonds in the CHP dimer by 

water is evident from the 802T
Benz1]:[2-MD = and 982T

Benz1]:[2-MD = . On average, the gas 

phase structure applied as the starting configuration, did not changed substantially in 

the course of XT
Benz1]:[2-MD = . The O1-H1..Ow, O1-H1..O2 and Ow-Hw..O2 H-bonds 

are still responsible for the molecular associations as in the gas phase. However, 

dynamic H-bond exchanges take place in 802T
Benz1]:[2 = and 892T

Benz1]:[2 = . At 298 K, the O1-

H1..O2 and O1-H1..Ow H-bonds are the two major contributors for the cluster 

association. )21(t H1..O2O1 −>< −  and 3)(2t H1..OwO1 −>< −  are about 80 and 100%, 



 

33

respectively. Besides, there exists the possibility for the non-mutual H-bond exchange 

between BA molecules. The total probability of the O1-H1..O1 H-bond formation 

( 2)(1t H1..O1O1 −>< −  and 1)(2t H1..O1O1 −>< − ) is about 42%. Similarly, due to the 

mutual H-bond exchange, the total probability of the Ow-Hw..O2 H-bond formation 

( )13(t Hw..O2Ow −>< − ) increase to about 67% at 298 K. Since water molecule could 

form the cyclic BA-H2O 1 : 1 like complex with both BA molecules, the 

corresponding probabilities could be estimated using 2)(3t Hw..O2Ow −>< −  and 

3)(1t H1..OwO1 −>< − . At 298 K, they are about 18 and 61%, respectively. Due to the 

restriction in molecular motions at lower temperature, the probability of the non-

mutual H-bond exchange is disappeared at 280 K. The O1-H1..O2 and O1-H1..Ow H-

bonds become very associated, with )21(t H1..O2O1 −>< −  and )32(t H1..OwO1 −>< −  of 

approximately 100%. The cyclic H-bond structure in Table 3.2 seems to occupy about 

91% of the simulation time, as can be seen from the values of 1)(3t Hw..O2Ow −>< − . 

At 280 K, water tends to form the cyclic BA-H2O 1 : 1 like complex with only one 

BA molecule. The total probability of the Ow-Hw..O2 H-bond formation 

( )23(t Hw..O2Ow −>< − ) in this case is about 31%. >< −solusolu
BenzE  in 802T

Benz1]:[2 = and 

892T
Benz1]:[2 =  are -56.2 and -50.8 kJ mol-1, respectively, compared with the interaction 

energy in the gas phase of -66.9 kJ mol-1.  

 

XT
Benz2]:[2-MD =  

Due to the increase in the H-bond cluster size, the situation in XT
Benz2]:[2 =  are 

quite different from XT
Benz1]:[2 = . In the course of 982T

Benz2]:[2-MD = , the gas phase 
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structure of the BA-H2O 2 : 2 complex was weaken and transformed into the structure 

h in Table 3.2. At 298 K, water molecule tends to H-bond directly to each BA. No 

direct evidence shows the existence of the Ow-Hw..Ow H-bond in 982T
Benz2]:[2 = . The 

982T
Benz2]:[2-MD =  results in Table 3.2 also indicate that, on average, both BA molecules 

link together through the O1-H1..O2 H-bond, with )21(t H1..O2O1 −>< −  of about 69%. 

In 982T
Benz2]:[2 = , there exists the probability of the O1-H1..O1 H-bond formation 

( )21(t H1..O1O1 −>< − ) of about 29%. The probability of the BA-H2O 1 : 1 like 

complex formation could be inferred from )42(t H1..OwO1 −>< −  and 

)13(t Hw..O2Ow −>< − .  They are about 94 and 89%, respectively. The total probability 

of the cyclic BA-H2O 1 : 1 like complex formation, inferred from 

)24(t Hw..O2Ow −>< − , is about 41%. >< −solusolu
BenzE  derived from 982T

Benz2]:[2-MD =  is      

-54.1 kJ mol-1. 

The average H-bond structure in 082T
Benz2]:[2 =  is similar to [2:1]Benz. 

However, in this case, the O1-H1..O1 H-bond is responsible for the weak linkage 

between the two BA molecules. The probability of the O1-H1..O1 H-bond formation 

( )21(t H1..O1O1 −>< − ) is only about 50%. On average, only one water molecule forms 

cyclic H-bonds with both BA molecules, with a particularly strong preference of the 

O1-H1..Ow H-bond. The results of 082T
Benz2]:[2-MD = indicate further that, in 082T

Benz2]:[2 = , 

water molecules forms strong cluster among themselves. The presence of the mutual 

H-bond exchange results in the probability of the Ow-Hw..Ow H-bond formation of 

about 85%. Since the H-bond between water molecules are quite strong, the existence 

of )24(t Hw..O2Ow −>< −  reflects the probability of finding the cyclic BA-H2O 1 : 2 
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complex, structure e in Table 3.2. The total probability in this case is about 31%. 

>< −solusolu
BenzE  for 082T

Benz2]:[2 =  is slightly higher than 892T
Benz2]:[2 = . The value of 

)23(t Hw..O2Ow −>< −  reveals a small probability to detect the cyclic BA-H2O 1 : 1 

like structure in 082T
Benz2]:[2 = . 

 

Table 3.1 The MD results on (BA)2 and BA-H2O complexes in Benz solutions. 

The number of Benz molecules in 982T
Benz2 ][(BA) = , XT

Benz1]:[1 =  and XT
Benz2]:[1 =  are 124 and 

those in XT
Benz1]:[2 =  and XT

Benz2]:[2 =  are 122 , X = 280 and 298 K. 

MD          L (Å)          >< pot
BenzE          >< −solusolu

BenzE   

 

MD- 982T
Benz2 ][(BA) =   26.6    -36.7  -39.9 

MD- 982T
Benz1]:[1 =      26.5    -37.2  -21.0 

MD- 082T
Benz1]:[1 =      26.5    -37.5  -22.9 

MD- 982T
Benz2]:[1 =    26.5    -37.3  -23.1 

MD- 082T
Benz2]:[1 =      26.5    -37.9  -41.0 

MD- 982T
Benz1]:[2 =    26.5    -37.5  -50.8 

MD- 082T
Benz1]:[2 =    26.5    -37.8  -56.2 

MD- 982T
Benz2]:[2 =

     26.5    -37.8  -54.1 

MD- 082T
Benz2]:[2 =

 26.5   -38.4  -51.1 
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Table 3.2   Some average H-bond distances (<RA-H..B>) and angles ( >< −H..BAθ ), 

as well as the H-bond lifetimes ( >< −H..BAt ), derived from MD simulations. Only 

solute clusters are shown in the table.  

    

The numbering system for the carboxylic acid is  

 

 

                         

 

 

 SD           =   standard deviation 

 (A-H..B)  =   H-bond donor-acceptor pair between molecules A and B 

 Distance and angle are in Å and degree, respectively. 

 

  982T
Benz2 ][(BA)-MD =    SD 

 

O1-H1..O2  <RO1-H1..O2>       2.9   0.2 

(1 – 2)  and >< −H1..O2O1θ      18.0   9.0  

 (2 – 1)  >< −H1..O2O1t    100.0       - 

 

 

 

 

 

 

H1 

O2 

C1 

O1 

C2 

H2 H3 

H4 

H5 H6 

C7 

C6 

C5 

 C4 

 C3 

  1)   2)

a) 
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 1)
  2) 

b) 

 1)
2) 

c) 

Table 3.2 (Continued). 

 

  982T
Benz1]:[1-MD =   SD 

 

O1-H1..Ow  <RO1-H1..Ow>        2.9  0.2 

(2 – 1)   >< −H1..OwO1θ       21.4           10.1 

>< −H1..OwO1t     100.0     - 

 

Ow-Hw..O2  <ROw-Hw..O2>        2.9   0.2 

(1 – 2)   >< −Hw..O2Owθ      44.1  7.6 

    >< −Hw..O2Owt      21.5                 - 

 

 

  082T
Benz1]:[1-MD =           SD 

 

O1-H1..Ow <RO1-H1..Ow>        2.9      0.1 

(2 – 1)   >< −H1..OwO1θ       20.8           10.4 

>< −H1..OwO1t       98.7    - 

 

Ow-Hw..O2    <ROw-Hw..O2>         2.9   0.2 

(1 – 2)           >< −Hw..O2Owθ       44.4  7.5 

                      >< −Hw..O2Owt       34.8     - 
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Table 3.2 (Continued). 

 

  982T
Benz2]:[1-MD =   SD 

 

O1-H1..Ow  <RO1-H1..Ow>        3.0   0.3  

(3 – 2)  >< −H1..OwO1θ       24.1           10.4 

>< −H1..OwO1t       77.2     - 

 

Ow-Hw..O2 <ROw-Hw..O2>        3.1  0.3 

(2 – 3)  >< −Hw..O2Owθ      38.9           11.9 

>< −Hw..O2Owt       26.4               - 

 

Ow-Hw..Ow <ROw-Hw..Ow>       3.1   0.2  

(2 – 1)   >< −Hw..OwOwθ    28.4            14.8  

>< −Hw..OwOwt     28.2      - 

 

Ow-Hw..Ow <ROw-Hw..Ow>       3.1   0.2  

(1 – 2)   >< −Hw..OwOwθ     31.1            15.4  

       >< −Hw..OwOwt     12.6      - 

 

 

 

 

 

 

 

 

 

 

 

   1) 

   2) 

  3) 

d) 
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Table 3.2 (Continued). 

 

  082T
Benz2]:[1-MD =   SD 

 

O1-H1..Ow <RO1-H1..Ow>       2.9  0.2 

(3 – 1)   >< −H1..OwO1θ      17.4  9.4 

>< −H1..OwO1t    100.0      - 

Ow-Hw..O2 <ROw-Hw..O2>        3.1   0.3 

(2 – 3)  >< −Hw..O2Owθ     31.4            12.8 

>< −Hw..O2Owt      50.7      - 

Ow-Hw..O2 <ROw-Hw..O2>        3.1  0.3 

(2 – 3)  >< −Hw..O2Owθ     29.6  13.1 

>< −Hw..O2Owt      39.6      - 

Ow-Hw..O2 <ROw-Hw..O2>       3.0   0.3 

(1 – 3)  >< −Hw..O2Owθ     47.8   6.9 

>< −Hw..O2Owt      11.0      - 

Ow-Hw..O2 <ROw-Hw..O2>       3.1   0.2 

(1 – 3)  >< −Hw..O2Owθ     47.4   8.2 

>< −Hw..O2Owt      11.1      - 

Ow-Hw..Ow <ROw-Hw..Ow>       3.2   0.3  

(1 – 2)  >< −Hw..OwOwθ     28.9            13.5  

>< −Hw..OwOwt     39.5     - 

Ow-Hw..Ow <ROw-Hw..Ow>       3.3   0.3  

(1 – 2)  >< −Hw..OwOwθ    26.2             13.8  

  >< −Hw..OwOwt     33.8    - 

 

 

 

 

   1) 

   2) 
   3) 

  e)
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Table 3.2 (Continued). 

 

  982T
Benz1]:[2-MD =   SD 

 

O1-H1..O1 <RO1-H1..O1>       3.6   0.3 

(1 – 2)  >< −H1..O1O1θ       39.1  9.5 

>< −H1..O1O1t      29.7       - 

O1-H1..O1 <RO1-H1..O1>       3.7   0.3 

(2 – 1)  >< −H1..O1O1θ      47.0   6.0 

>< −H1..O1O1t      12.2       - 

O1-H1..O2 <RO1-H1..O2>       3.1   0.3 

(1 – 2)   >< −H1..O2O1θ      24.9  15.1 

>< −H1..O2O1t       80.1      - 

O1-H1..Ow <RO1-H1..Ow>       3.2   0.4 

(1 – 3)  >< −H1..OwO1θ      27.2            16.2 

>< −H1..OwO1t      61.4       - 

O1-H1..Ow <RO1-H1..Ow>        2.9  0.2 

(2 – 3)   >< −H1..OwO1θ       18.1  9.2 

>< −H1..OwO1t      100.0                - 

Ow-Hw..O2 <ROw-Hw..O2>        3.0  0.2 

(3 – 2)  >< −Hw..O2Owθ      45.4  9.0 

>< −Hw..O2Owt       18.3                - 

Ow-Hw..O2 <ROw-Hw..O2>        3.0   0.3  

(3 – 1)   >< −Hw..O2Owθ      26.0           13.5  

>< −Hw..O2Owt       27.8     - 

 

 

 

 

  1) 2)

  3) 

  f) 
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Table 3.2 (Continued). 

 

  982T
Benz1]:[2-MD =   SD 

 

Ow-Hw..O2 <ROw-Hw..O2>        3.1  0.3 

(3 – 1)  >< −Hw..O2Owθ      36.6           12.9 

    >< −Hw..O2Owt       39.6      - 

 

  082T
Benz1]:[2-MD =   SD 

 

O1-H1..O2 <RO1-H1..O2>        2.9  0.2 

(1 – 2)   >< −H1..O2O1θ       18.5           10.5 

>< −H1..O2O1t     100.0     - 

O1-H1..Ow <RO1-H1..Ow>        2.9  0.2 

(2 – 3)  >< −H1..OwO1θ       13.5  7.5 

>< −H1..OwO1t     100.0      - 

Ow-Hw ..O2 <ROw-Hw..O2>        3.1   0.2  

(3 – 2)   >< −Hw..O2Owθ      48.1   6.8 

>< −Hw..O2Owt       18.2      - 

Ow-Hw ..O2 <ROw-Hw..O2>        3.0   0.2  

(3 – 2)   >< −Hw..O2Owθ      48.9   6.0 

>< −Hw..O2Owt       13.0     - 

Ow-Hw..O2 <ROw-Hw..O2>         3.3   0.3  

(3 – 1)  >< −Hw..O2Owθ      21.0           10.9 

>< −Hw..O2Owt       59.6                - 

 

 

 

 

  1) 2)
  3) 

g) 
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Table 3.2 (Continued). 

 

  082T
Benz1]:[2-MD =   SD 

 

Ow-Hw..O2 <ROw-Hw..O2>         3.3  0.3 

(3 – 1)  >< −Hw..O2Owθ      20.0           11.6 

    >< −Hw..O2Owt      31.4      - 

 

  982T
Benz2]:[2-MD =   SD 

 

O1-H1..O1 <RO1-H1..O1>        3.2  0.3 

(1 – 2)   >< −H1..O1O1θ        17.8           11.6 

>< −H1..O1O1t       29.0     - 

O1-H1..O2 <RO1-H1..O2>        3.0  0.3 

(1 – 2)   >< −H1..O2O1θ       22.8           12.3 

>< −H1..O2O1t       69.4     - 

O1-H1..Ow <RO1-H1..Ow>        2.9   0.2 

(2 – 4)  >< −H1..OwO1θ       22.0           11.4  

>< −H1..OwO1t       93.6     - 

Ow-Hw..O2 <ROw-Hw..O2>        2.9   0.2  

(4 – 2)  >< −Hw..O2Owθ      44.4  7.5 

>< −Hw..O2Owt       29.4     - 

 

 

 

 

 

 

 

1) 

4) 

3) 

2)

h) 
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Table 3.2 (Continued). 

 

  982T
Benz2]:[2-MD =   SD 

 

Ow-Hw..O2 <ROw-Hw..O2>        3.0   0.2  

(4 – 2)  >< −Hw..O2Owθ      45.6  7.5 

>< −Hw..O2Owt       11.2     - 

Ow-Hw..O2 <ROw-Hw..O2>        3.2   0.3  

(3 – 1)  >< −Hw..O2Owθ      27.3           13.9  

>< −Hw..O2Owt       49.3               - 

Ow-Hw..O2 <ROw-Hw..O2>        3.1             0.3 

(3 – 1)   >< −Hw..O2Owθ      29.0           14.2 

   >< −Hw..O2Owt       39.9                - 

 

  082T
Benz2]:[2-MD =   SD 

 

O1-H1..O1 <RO1-H1..O1>        3.0  0.2  

(1 – 2)   >< −H1..O1O1θ       24.7           11.2 

>< −H1..O1O1t        50.4      - 

O1-H1..Ow  <RO1-H1..Ow>        2.9   0.2  

(2 – 3)   >< −H1..OwO1θ       16.6   8.9 

>< −H1..OwO1t     100.0      - 

O1-H1..Ow  <RO1-H1..Ow>        3.5   0.3  

(2 – 4)   >< −H1..OwO1θ       39.6           10.4 

>< −H1..OwO1t       14.6      - 

 

 

 

1) 2)

 3) 

 4)   i) 
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Table 3.2 (Continued). 

 

  082T
Benz2]:[2-MD =   SD 

 

Ow –Hw..O2 <ROw-Hw..O2>        3.2  0.3 

(3 – 1)   >< −Hw..O2Owθ      35.2           12.0  

>< −Hw..O2Owt       16.9   - 

Ow-Hw..O2   <ROw-Hw..O2>        3.0   0.3  

(3 – 2)   >< −Hw..O2Owθ      43.7  9.3 

>< −Hw..O2Owt       14.0     - 

Ow -Hw..O2  <ROw-Hw..O2>        3.0   0.2  

(4 – 2)   >< −Hw..O2Owθ      28.8           13.9  

>< −Hw..O2Owt       17.8     - 

Ow-Hw..O2 <ROw-Hw..O2>         3.1   0.3  

(4 – 2)   >< −Hw..O2Owθ      32.9           14.1  

>< −Hw..O2Owt       12.8     - 

Ow-Hw..Ow   <ROw-Hw..Ow>        3.2  0.2  

(3 – 4)   >< −Hw..OwOwθ     29.2           13.8  

>< −Hw..OwOwt      39.3    - 

Ow-Hw..Ow <ROw-Hw..Ow>        3.2  0.3 

(3 – 4)   >< −Hw..OwOwθ     30.0            14.1  

    >< −Hw..OwOwt      45.7      - 
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As mentioned in the introduction that the partition of BA between the 

Benz and water phases represents one of the classical problems in the area of 

molecular association in solutions. At least three important observations in the Benz 

phase were addressed from experiments (Wall and Rouse, 1941; Van Duyne et al., 

1967; Shamsul Huq and Lodhi, 1966). They concerned primarily with the structures 

of the solute clusters, the number of water molecule H-bonding directly at BA and the 

possibility for water molecules to self-associate in the Benz phase. It was proposed 

that part of water which dissolves together with BA in the Benz phase is not H-

bonded together and water molecules in the Benz phase prefer to H-bond directly with 

BA. Based on the assumption that the hydrated (BA)2 can be ignored, it was shown 

that the concentration of H-bonded water increases along with the increase of the BA 

monomer. With this experimental information, the BA-H2O 1 : 1 complex was existed 

in dilute Benz solution. Different observations and interpretations were reported by 

Van Duyne et al. (1967) in which the authors claimed that the excess of water 

solubility could be explained in terms of the self-association of water molecules in the 

Benz phase. They also pointed out that two water molecules hydrate a single BA 

molecule as well as (BA)2 in the Benz phase.  

Based on the information obtained from MD simulations, some comments 

on the situations in the Benz phase could be made. The present MD results show that 

nearly all H-bond complexes proposed in experiment (Van Duyne et al., 1967) exist 

in the Benz phase, with different lifetimes. The probabilities of finding these H-bond 

complexes depend mainly on their size and temperature. The cyclic BA-H2O 1 : 1 like 

complex seems to exist more or less in all Benz solutions considered. The MD results 

also suggest self-associations of water in 082T
Benz2]:[1 = and 892T

Benz2]:[1 =  and 082T
Benz2]:[2 = . 
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However, due to the strength of the O1-H1-Ow H-bond, the water clusters tend not to 

be isolated from BA. From the MD results on 892T
Benz2]:[2 = , water molecules could also 

stay separate from each other. This agrees well with the experimental observation that 

part of water molecules dissolving together with BA is not H-bonded together. 

General trends are observed when the temperature is lowered from 298 to 280 K 

namely, the solute clusters become more associated, accompanied by some structural 

changes especially for large clusters. The temperature effects on the structures and 

stability of the BA-H2O complexes has never been addressed in detail in the previous 

theoretical and experimental reports (Wall and Rouse, 1941; Van Duyne et al., 1967; 

Shamsul Huq and  Lodhi, 1966). One could anticipate that different conclusions made 

from experiments are not completely disagreed. They could be attributed to 

limitations, conditions and approximations adopted in experiments, as well as the lack 

of microscopic information. Therefore, modern high-resolution spectroscopic 

techniques are required to investigate the structures and stability of the BA-H2O 

complexes in Benz solutions in details. 

 

3.2 PhOH-Benz complexes  

3.2.1   Structures and energetic in the gas phase 

The absolute and some low-lying minimum energy geometries of the 

PhOH-Benz m : n complexes, m and n = 1 – 2, obtained from the T-model potentials 

(Sagarik, Chaiwongwattana, and Sisot, 2004; Sagarik and Asawakun, 1997), are 

displayed in Figures 3.6 to 3.8. In Figure 3.6, the absolute minimum energy geometry 

of the PhOH-Benz 1 : 1 complex is represented by structure a, in which the O-H 

group of PhOH acts as proton donor towards the π-electron cloud of Benz, with the 
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interaction energy ( modelTΔE − ) of -19.5 kJ mol-1 and the O-H..π and πPh-π distances of 

3.4 and 5.4 Å, respectively. The πPh-π distance in structure a lies within the range 

reported based on B3LYP/6-311G(d) and interaction energy in good agreement with 

the T-shaped structure obtained from the best ab initio calculations at SOS-MP2/6-

311++G(d,p) of -21.1 kJ mol-1 (Guedes et al., 2003; Kwak et al., 2006) and the 

picosecond photofragment spectroscopy (Knee, Khundkar, and Zewail, 1987). 

Structures b and c are two local minimum energy geometries, with modelTΔE −  of -13.5 

and -9.3 kJ mol-1, respectively. Structure b shows a possibility for the oxygen atom 

and the π-electron cloud of PhOH to act as proton acceptor towards the C-H groups of 

Benz, with the C-H..O and C-H..πPh H-bond distances of 3.4 and 4.0 Å, respectively. 

Structure c is stabilized solely by the C-H..π H-bonds, with the C-H..π and πPh-π 

distances of 3.8 and 4.9 Å, respectively.  

A compact H-bond cluster formed from the O-H..π, C-H..O, C-H..π  and C-

H..πph H-bonds represents the absolute minimum energy geometry of the PhOH-Benz 

1 : 2 complex, structure a in Figure 3.7. Structure a possesses modelTΔE −  of -41.6 kJ 

mol-1, with the H-bond distances similar to those in the PhOH-Benz 1 : 1 complexes. 

The H-bonds in structure a are slightly more complicated than those presumed from 

supersonic jet spectroscopy (Olkawa et al., 1983). Structure b is about 11 kJ mol-1 less 

stable than structure a. In structure b, the oxygen atom of PhOH acts as proton 

acceptor towards two C-H groups of Benz, with the C-H..O H-bond distances of 3.3 

Å. The O-H..π H-bond in structure c is similar to structure a of the PhOH-Benz 1 : 1 

complex, whereas the C-H..π H-bond resembles the T-shaped structure in (Benz)2 

(Sinnokrot and Sherrill, 2004). Structure c is slightly less stable than structure b, with 
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modelTΔE −  of -28.8 kJ mol-1 and the O-H..π and C-H..π H-bond distances of 3.4 and 

3.8 Å, respectively.  

Since H-bonds in the PhOH-Benz 2 : 1 and 2 : 2 complexes are not substantially 

different from those in the PhOH-Benz 1 : 1 and 1 : 2 complexes, from which all 

characteristic H-bond structures were explained, Figure 3.8 will not be discussed in 

details. Comparison of the results obtained in this section with those from 

experiments (Knee, Khundkar, and Zewail, 1987; Olkawa et al., 1983) and ab initio 

calculations (Grover, Walters, and Hui, 1987; Kwak et al., 2006) showed that the T-

model potentials (Sagarik, Chaiwongwattana, and Sisot, 2004; Sagarik and 

Asawakun, 1997) are accurate enough for further application in MD simulations.  
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Figure 3.6  Equilibrium structures and interaction energies of the PhOH-Benz 1 : 1 

complexes in the gas phase, computed from the T-model potentials. 

 

 

ΔET-model = -19.5 kJ mol−1 
 
O-H..π   (1-2)  =  3.4 Å 
     H..π  (1-2)  =  2.5 Å 
    πPh..π (1-2)  =  5.4 Å 

ΔET-model = -13.5 kJ mol-1 
 
C-H..O    (2-1)  =  3.4  Å 
    H..O    (2-1)  =  2.6  Å 
C-H..πPh  (2-1)  =  4.0  Å 
    H..πPh  (2-1)  =  3.2  Å 
    π..πPh   (2-1)  =  5.1  Å 

2) 

1) 

1) 

2) 

1) 

2)

ΔET-model = -9.3  kJ mol-1 
 
C-H..π   (1-2)  =  3.8 Å 
    H..π   (1-2)  =  3.0 Å 
    πPh..π (1-2)  =  4.9 Å 

a) 

b) 

c) 
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Figure 3.7    Equilibrium structures and interaction energies of the PhOH-Benz 1 : 2 

complexes in the gas phase,  computed from the T-model potentials. 

ΔET-model = -30.6 kJ mol-1 
 
C-H..π   (1-3)  =  4.4   Å 
    H..π   (1-3)  =  3.4   Å 
 
C-H..O   (3-1)  =  3.3  Å 
    H..Ο   (3-1)  =  2.6  Å 
 
C-H..O   (2-1) =  3.3  Å 
    H..Ο   (2-1) =  2.8  Å 
 
C-H..πPh (2-1) =  4.0  Å 
    H..πPh (2-1) =  3.2  Å 
    π..πPh  (2-1) =  5.0  Å 
 

2) 3) 

1) 

1) 

2) 

3) 

 ΔET-model = -28.8 kJ mol-1 
 
O-H..π   (1-3)  =  3.4  Å 
    H..π   (1-3)  =  2.5  Å 
    πPh..π (1-3)  =  5.4  Å 

C-H..π  (2-3)  =  3.8  Å 
    H..π  (2-3)  =  2.9  Å 
    π..π   (2-3)  =  5.0  Å 

ΔET-model = -41.6 kJ mol-1 
 
O-H..π   (1-2)  =  3.4  Å   
    H..π   (1-2)  =  2.5  Å 
    πPh..π (1-2)  =  5.2  Å 
 
C-H..π   (2-3)  =  3.8  Å 
    H..π   (2-3)  =  3.0  Å 
    π..π    (2-3)  =  4.9  Å 

C-H..O    (3-1)  =  3.3   Å 
    H..Ο    (3-1)  =  2.7   Å 
C-H..πPh  (3-1)  =  4.0   Å 
    H..π Ph (3-1)  =  3.2   Å 
    π..πPh   (3-1)  =  5.0   Å 
 

2) 

 3) 

 1) 

a) 

b) 

c) 
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Figure 3.8  Equilibrium structures and interaction energies of the PhOH-Benz  

complexes in the gas phase, computed from the T-model potentials. a) – b)  The 

PhOH-Benz  2 : 1 complexes. c) – e)  The PhOH-Benz  2 : 2 complexes. 
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Figure 3.8 (Continued). 
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4) 
ΔET-model = -86.2 kJ mol-1 
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2) 

4) 

ΔET-model = -81.8 kJ mol-1 

   ΔET-model = -79.1 kJ mol-1 
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3.2.2    MD simulations of benzene solutions 

 The T-model potentials were employed in MD simulations of 

[(PhOH)n]Benz, n  = 1 – 3, at 298 K. >< pot
BenzE , >< −solusolu

BenzE  and >< −solvsolu
BenzE  obtained 

from MD- frozen
Benzn ][(PhOH) and MD- free

Benzn ][(PhOH)  are summarized in Table 3.3. In 

order to limit the number of figures, only selected g(R), π-PD, PB-PD and PB-BB-PD 

maps are displayed. High-density contours on the PD maps are labeled with capital 

letters.  

The average interaction energies in Table 3.3 show both expected and 

unexpected trends in [(PhOH)n]Benz. Due to large number of Benz molecules, 

>< pot
BenzE  are nearly the same for all MD simulations, and since the degree of freedom 

in MD- free
Benz[PhOH]  is higher than MD- frozen

Benz[PhOH] , >< −solvsolu
BenzE  is about twice higher, 

-58.1 and -106.0 kJ mol-1, respectively. As only one O-H group could act as proton 

donor towards Benz molecules in both MD- frozen
Benz2 ][(PhOH)  and MD- frozen

Benz[PhOH] , 

>< −solvsolu
BenzE  are not substantially different, the former is about 5 kJ mol-1 higher than 

the latter. The energetic results seem to be more complicated in MD- free
Benz2 ][(PhOH) , in 

which >< −solvsolu
BenzE  is about 21 kJ mol-1 lower than MD- frozen

Benz2 ][(PhOH) , and 

>< −solusolu
BenzE  = -2.3 kJ mol-1. These represent direct evidences for substantial changes 

in H-bond structures in MD- free
Benz2 ][(PhOH) ; an increase in solute-solvent interaction is 

accompanied by a decrease in solute-solute interaction, leading to some solvent-

separated structures. The situations seem to be less complicated in MD-

free
Benz3 ][(PhOH) , in which >< −solusolu

BenzE  is about 64% of modelTΔE −  of (PhOH)3  in the gas 
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phase (Sagarik and Asawakun, 1997), and >< −solvsolu
BenzE  = -98.0 kJ mol-1. These 

indicate that, on average, the three H-bonds in (PhOH)3 did not change substantially 

in the course of MD- free
Benz3 ][(PhOH) . The formations of solvent-separated structures in 

[(PhOH)2]Benz and close-contact trimers in [(PhOH)3]Benz will be discussed in detail in 

the forth coming subsections.  

 

Table 3.3 Energetic results obtained from MD- frozen
Benzn ][(PhOH) and MD-

free
Benzn ][(PhOH) , n = 1 – 3. Energies are in kJ mol-1. 

 

    >< pot
BenzE          >< solu -solu 

BenzE    >< solv -solu 
BenzE            

 

MD- frozen
Benz[PhOH]   -35.4       -       -106.0   

MD- free
Benz[PhOH]   -35.3       -         -58.1   

MD- frozen
Benz2 ][(PhOH)   -35.5       -    -101.0   

MD- free
Benz2 ][(PhOH)   -35.5    -2.3       -123.4   

MD- free
Benz3][(PhOH)   -35.4  -51.8         -98.0  
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 MD-[PhOH]Benz 

The average three-dimensional structures and interaction energy 

distributions of solvent molecules obtained from MD- frozen
Benz[PhOH] are shown in Figure 

3.9. The values of the highest probabilities at the labeled contours on the π-PD maps 

( max
PDπP >< − ), together with the corresponding lowest-average interaction energies 

on the PB-PD, BB-PB and PB-BB-PD maps, denoted by min
PDPB

BenzΔE >< − , 

min
PDBB

BenzΔE >< −  and min
PDBB-PB

BenzΔE >< − , respectively, are summarized in Table 3.4.  

The π-PD maps in Figures 3.9a) to 3.9d) reveal that, on average, at least 

three Benz molecules stay in the vicinity the O-H group of PhOH, labeled with A (Z = 

-0.5 – 0.5 Å), B (Z = 2.0 – 3.0 Å) and C (Z = -0.5 – 0.5 Å). It is obvious that, the π-

electron clouds of Benz molecules at A and B act as proton acceptor towards the O-H 

and C-H groups of PhOH, respectively, whereas a C-H group of Benz at C acts as 

proton donor towards the oxygen atom of PhOH. Table 3.4 shows that, Benz 

molecules at A, B and C possess min
PD-PB

BenzΔE ><  of -17.3, -11.7 and -9.8 kJ mol-1, 

respectively. Comparison of modelTΔE −  in Figure 3.6 and min
PD-PB

BenzΔE ><  suggests a 

possibility for a C-H group of Benz at B to act as proton donor towards the oxygen 

atom of PhOH.  
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Table 3.4    The highest probabilities at the labeled contours on the π-PD maps  

(<Pπ-PD>max) in Figure 3.9, together with the corresponding lowest average interaction 

energies )ΔE( min
X
Benz >< obtained from MD- frozen

Benz[PhOH] . Energies are in kJ mol-1 and 

X = PB-PD, BB-PD or PB-BB-PD. 

  

                                 <Pπ-PD>max        min
PD-PB

BenzΔE ><  min
PD-BB

BenzΔE ><  min
PD-BB-PB

BenzΔE ><  

 

Z = -0.5 – 0.5 Å  

 A  0.10  -17.3    -74.2  -83.7 

 C  0.04    -7.3    -79.7  -81.4 

Z = 0.0 – 1.0 Å 

 A  0.08  -16.1    -78.3   -94.4 

 C  0.03    -7.5    -77.2   -82.1 

Z = 1.0 – 2.0 Å 

 A  0.03  -16.1   -73.0    -83.1 

 B  0.03  -10.8   -72.9   -82.9 

 C  0.02    -7.9    -76.4    -88.2 

Z = 2.0 – 3.0 Å 

 A  0.04    -9.5   -76.9   -91.5 

 B  0.11  -11.7    -75.0    -86.1 

 C  0.03    -9.8    -74.8    -82.5 
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The preferential solvation order according to <Pπ-PD>max and the average 

interaction energy orders based on the absolute values of min
PD-PB

BenzΔE >< , 

min
PD-BB

BenzΔE ><  and min
PD-BB-PB

BenzΔE >< in Table 3.4 can be written as: 

 

    <Pπ-PD>max:    B >  A  >  C 

min
PD-PB

BenzΔE >< : A >  B  >  C 

min
PD-BB

BenzΔE >< :    C >  A  >  B 

min
PD-BB-PB

BenzΔE >< :       A >  C  >  B 

 

It should be noted that, the preferential solvation order and the average 

interaction energy orders in the present case, as well as in many cases (Sagarik and 

Chaiyapongs, 2005; Sagarik and Dokmaisrijan, 2005; Deeying and Sagarik, 2006), 

are different. This is due to the fact that, the π-PD maps show relative probabilities 

that, a specific “position” in the first solvation shell of PhOH is occupied by Benz 

molecules, whereas the minima on the average potential energy landscapes, such as 

min
PD-BB-PB

BenzΔE >< , represent “low-lying interaction energy states”, probed in the 

course of MD simulations. In other words, Benz molecules at the position with the 

highest <Pπ-PD>max need not possess the lowest min
PD-BB-PB

BenzΔE >< . Since the 

occupancies of the interaction energy states depend upon dynamics of individual 

solvent molecules, which could be described by structures of the average potential 

energy landscapes, it is necessary to include them in the discussion of [(PhOH)n]Benz 

(Sagarik and Chaiyapongs, 2005; Sagarik and Dokmaisrijan, 2005; Deeying and 

Sagarik, 2006). The cross section plots were constructed for this purpose. They show 
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both the average potential energy barriers interconnecting interaction the energy states 

and the average potential energy wells, in which solvent molecules are confined. The 

latter could be related to the “average cage potentials” (Magro et al., 2005). Figures 

3.9e) and 3.9f) are examples of the average potential energy landscapes and cross 

section plots obtained from MD- frozen
Benz[PhOH] . The cross section plots indicate that, the 

average potential energy barriers at A, B and C are quite high, in both longitudinal 

and transverse directions, e.g. about 120 kJ mol-1 at A in Figures 3.9f) (I) and (II). 

However, a possibility for the solvent exchange within the first solvation shell is 

evident from the PB-PD and PB-BB-PD maps in Figure 3.9d) (Z = 2.0 – 3.0 Å), and 

the corresponding cross section plots in Figure 3.9f) (IV), in which an energy channel 

connecting B and C, and a moderate energy barrier to Benz exchange, are recognized, 

respectively. All the cross section plots in Figures 3.9e) and 3.9f) reveal that, the size 

and shape of the average potential energy wells are determined nearly exclusively by 

the average solvent-solvent interactions. These could restrict translational motion of 

Benz in the first solvation shell of PhOH, especially in the transverse direction. One 

could, therefore, conclude that, Benz molecules at A, B and C form a part of a quite 

well-defined local solvent cage at the O-H group of PhOH. The qualitative 

interpretation of dynamics of individual solvent molecules in connection to the 

average potential energy landscapes is similar to Rabani, Gezelter, and Berne (1997) 

by which molecular translation in the liquid phase characterized by the average 

potential energy landscapes was proposed to occur through jumps between basins 

separated by high-energy barriers, and the identity of the solvent cage should be more 

related to the multi-minimum basin itself, rather than to single actual configuration.  
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Figure 3.9 Structural and energetic results obtained from MD- frozen
Benz[PhOH] . X-, Y- 

and Z-axes are in Å, energies in kJ mol-1. a) – d)  The π-PD, PB-PD and PB-BB-PD 

maps. e) – f) Average potential energy landscapes and the cross section plots 

computed from longitudinal and transverse profile lines. _____ PB-BB-PD cross 

section plot.  - - - - - PB-PD   cross section plot. - - - - - BB-PD   cross section plot. 
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Figure 3.9 (Continued). 
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Figure 3.9 (Continued). 
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Figure 3.10  Structural and dynamic results obtained from MD- free
Benz[PhOH] . a) – b) 

g(R); characteristic distances given with n(R) in parentheses. c) Example of H-bond 

exchange diagram. d)  Fourier transformations of the O-H..π H-bond and πph..π 

distances. BenzPhOH
H..πOτ

−
− =  the lifetime of the PhOH-Benz complex computed from FFT of 

the O-H..π H-bond distance. BenzPhOH
..ππPh

τ − = the lifetime of the PhOH-Benz complex 

computed from FFT of the πph.. π distance. 
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Figure 3.10 (Continued). 
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It appeared in general that, all structural information obtained from MD-

free
Benz[PhOH] could be interpreted reasonably well based on the results of the PhOH-

Benz 1 : 1 and 1 : 2 complexes in Figures 3.6 and 3.7. )g(R H..π-O  in Figure 3.10a) 

shows the main peak at H..π-OR = 4.4 Å, with a small shoulder at H..π-OR = 3.5 Å, and 

according to )n(R H..π-O  at the first minimum ( H..π-OR  = 5.5 Å), about five Benz 

molecules are in the first solvation shell of the O-H group. Since the main peak of 

)g(R H..O-C  in Figure 3.10b) is seen at H..O-CR = 3.3 Å, one could conclude that, the 

main peak and small shoulder of )g(R H..π-O  correspond to structures b and a in Figure 

3.6, respectively. The predominance of the C-H..Oph H-bond in [PhOH]Benz was also 

suggested based on experiments in Philbrick (1934). Additionally in Figure 3.10a), 

)n(R H..π-O  = 2.1 at the first maximum ( H..π-OR  = 4.4 Å) indicates that, in [PhOH]Benz, 

two Benz molecules are in close contact with the O-H group, with the H-bond 

structures similar to structures b and a in Figure 3.7. These support the three-

dimensional structures of solvent obtained from the π-PD maps and the preferential 

solvation order according to <Pπ-PD>max. 

Due to deep average potential energy wells, Benz molecules in the inner 

and outer shells of the O-H group seem not exchange as fast as water solvent (Sagarik 

and Dokmaisrijan, 2005; Deeying and Sagarik, 2006). The H-bond exchange diagram 

in Figure 3.10c) demonstrates the exchange of Benz 65 and Benz 423 in the course of 

MD- free
Benz[PhOH] . At t1 = 18.2 ps, Benz 423 entered and shared the first solvation shell 

with Benz 65, until Benz 65 left at t2 = 28.3 ps. Therefore, the exchange process, 

taking place in panel P1 in Figure 3.10c), took about 10 ps. The residence time of 

Benz 423 could be approximated from the widths of panel P1 and P2 to be about 23 
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ps, compared to the residence time of water molecule in the first hydration shell of the 

-COO- group of about 5 ps (Sagarik and Dokmaisrijan, 2005). The latter possesses 

considerably lower average potential energy barriers to water exchange. The same 

exchange process repeated again in panel P3; at t3 = 41.6 ps, Benz 65 reentered and 

shared the first solvation shell with Benz 423 etc. Investigation of the H-bond 

exchange diagrams in details revealed that, Benz molecules at the O-H group of 

PhOH exchange through large-amplitude vibrational motions, which involve the 

displacement of the O-H..π H-bond as discussed in Sun and Bernstein (1996). 

Moreover, according to the five-exchange mechanisms proposed by Langford and 

Gray (1966), the exchanges seem to favor the associative-interchange (Ia) scheme, in 

which a solvent molecule enters and spends sometime in the first solvation shell 

before the other leaves. Analyses of the time evolutions of the cage structures in 

[Benz]liquid (Rabani, Gezelter, and Berne, 1997; Gezelter, Rabani, and Berne, 1999) 

showed two relaxation components, which could affect the exchange of Benz 

molecules constituting the solvent cage; the slow relaxing component is associated 

with the cage lifetime, whereas the fast relaxing component with the structural 

rearrangements due to molecular vibrations. Since the average cage potentials or the 

average potential energy wells are quite low in [PhOH]Benz, it was reasonable and 

possible to investigate the fast component. Based on the assumption that, at short 

time, the dynamic equilibrium between the associated and dissociated forms could be 

studied from characteristic vibrational frequency of H-bond (Zheng et al., 2005), the 

lifetime of the PhOH-Benz 1 : 1 complex could be approximated. Since the O-H..π H-

bond is responsible for the association in the PhOH-Benz 1 : 1 complex, FFT (Borse, 

1997) was focused on the O-H..π H-bond exchange curve, from which the lifetime of 



  
 
  66

the PhOH-Benz 1 : 1 complex ( BenzPhOH
H..πOτ

−
− ) was approximated as half of the 

association-dissociation dynamic equilibrium cycle time. Examples of FFT obtained 

from MD- free
Benz[PhOH]  are shown in Figure 3.10d), together with BenzPhOH

H..πOτ
−

− . Due to 

lower degree of freedom, MD- frozen
Benz[PhOH]  yielded the upper limit of BenzPhOH

H..πOτ
−

−  to be 

9.2 ps (not shown here), whereas MD- free
Benz[PhOH]  predicted the lower limit to be 3.1 

ps. The values are in reasonable agreement with the 2D-IR vibrational echo 

spectroscopy of 8 ps (Kwak et al., 2006).  

It should be noted that, the present MD simulations estimated BenzPhOH
H..πOτ

−
−  

directly from the vibrational frequencies of the O-H..π H-bond, whereas the 2D-IR 

vibrational echo experiment (Kwak et al., 2006) compared the O-H stretching 

frequencies in the free PhOH with those in the PhOH-Benz 1 : 1 complex. Although 

efficient coupling of the O-H stretching with the low-frequency O-H.. π H-bond 

vibrations could be presumed, the excited O-H stretching could live longer than 4 ps 

(Hartland et al., 1992). It should also be augmented that, MD- free
Benz[PhOH]  was based 

on pair-wise additive intermolecular potentials, in which many-body contributions 

were not taken into account. The inclusion of the cooperative effects should lead to 

more associated PhOH-Benz 1 : 1 complex and longer BenzPhOH
H..πOτ

−
− . Therefore, the 

discrepancy between MD- free
Benz[PhOH]  and the 2D-IR vibrational echo experiment is 

reasonable and explainable. 
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1)

2)

1)

2)

 MD-[(PhOH)2]Benz 

In order to distinguish H-bonds in [(PhOH)2]Benz, the oxygen atoms were 

numbered as follow: 

 

 

 

 

 

Since the O1-H..O2 H-bond was fixed in MD- frozen
Benz2 ][(PhOH) , only the O2-H group 

could act as proton donor towards the π-electron cloud of Benz. Structural and 

energetic results obtained from MD- frozen
Benz2 ][(PhOH)  demonstrated that, the solvent 

cages in [(PhOH)2]Benz  are stronger and more complicated than in [PhOH]Benz. The   

π-PD maps in Figures 3.11a) to 3.11d), show well-defined solvent structures in the 

vicinities of (PhOH)2, especially in Figures 3.11a) and 3.11b). The preferential 

solvation positions are labeled with A to E. It is obvious that, Benz molecules prefer 

to stay at the O2-H group, with the highest probability at A (Z = -2.0 – 1.0 Å) in 

Figure 3.11c) and min
PDBB-PB

BenzΔE >< −  in Table 3.5 of -86.5 kJ mol-1. It appeared that, 

the C-H..π H-bonds between PhOH and Benz become stronger upon dimer formation. 

They are labeled with B, C and D on the π-PD maps. The PB-PD and PB-BB-PD 

maps in Figure 3.11b) show a larger and more well-defined energy channel in 

[(PhOH)2]Benz, compared to [PhOH]Benz. Therefore, a possibility for the solvent 

exchange within the first solvation shell of frozen (PhOH)2 could be anticipated at E, 

D and C. In [(PhOH)2]Benz, the preferential solvation order according to <Pπ-PD>max 
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and the average interaction energy orders based on the absolute values of 

min
PD-PB

BenzΔE >< , min
PD-BB

BenzΔE ><  and min
PD-BB-PB

BenzΔE >< in Table 3.5 can be written as: 

 

   <Pπ-PD>max:    A  > C  > D  >  E > B 

min
PD-PB

BenzΔE >< : D  > E ≥  B  >  A  > C 

min
PD-BB

BenzΔE >< :    C  >  E >  A  > B  > D 

min
PD-BB-PB

BenzΔE ><  :      A  >  E  >  B  > D > C. 

 

The cross section plots in Figures 3.11e) and 3.11f) show high average 

potential energy barriers for solvent exchanges between the first solvation shell and 

the outside, up to about 138 kJ mol-1 at A in Figure 3.11e) (IV). Since the π-PD, PB-

PD and PB-BB-PD maps show high-density contours in the vicinity of the O1-H..O2 

H-bond, one could anticipate its easy access by Benz molecules, and due to additional 

entropic effects when (PhOH)2 are free to move, the H-bond dissociation could be 

expected, as in the cases of (BA)2 (Sagarik and Rode, 2000) and the guanidinium-

formate (Gdm+-FmO-) complexes in aqueous solutions  (Sagarik and Chaiyapongs, 

2005). 
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Table 3.5 The highest probabilities at the labeled contours on the π-PD maps 

(<Pπ-PD>max) in Figure 3.11, together with the corresponding lowest average 

interaction energies )ΔE( min
X
Benz ><  obtained from MD- frozen

Benz2 ][(PhOH) . Energies are 

in kJ mol-1 and  X  =  PB-PD, BB-PD or PB-BB-PD. 

  

                                <Pπ-PD>max     min
PD-PB

BenzΔE ><   min
PD-BB

BenzΔE ><  min
PD-BB-PB

BenzΔE ><  

 

Z = -0.5 – 0.5 Å 

 A  0.08  -15.1    -79.9    -94.1 

 B  0.05  -23.7    -65.4    -79.3  

 C  0.05  -11.7    -76.2    -79.6  

E  0.02  -23.9    -71.3    -93.3  

Z = 0.0 – 1.0 Å 

B  0.04  -20.3    -70.2    -89.8 

C  0.05    -9.1    -80.0    -82.2 

D  0.05  -11.8    -73.2    -84.7 

E  0.06  -23.9    -71.4    -91.2 

Y = -2.0 – -1.0 Å 

 A  0.13  -22.1    -73.1   -86.5 

 B  0.06    -7.1    -74.9    -80.8 

C  0.04  -10.9    -81.6    -81.3 

D  0.04  -20.9    -70.8    -86.5 

 E  0.04    -8.3    -80.3    -84.3 

X = -1.0 – 0.0 Å 

A  0.05  -13.7    -74.1    -85.5 

B  0.04  -18.0    -74.1    -92.1 

C  0.11    -9.1    -75.1    -79.6 

D  0.09  -26.7    -67.9    -87.7 

E  0.04  -15.2    -78.1    -91.6 
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Structures and dynamics in [(PhOH)2]Benz were examined in MD-

free
Benz2 ][(PhOH) , in which both PhOH and all Benz molecules were free to move. Due 

to weak solute-solute interaction and the thermal energy fluctuation at 298 K, the O1-

H..O2 H-bond was dissociated in MD- free
Benz2 ][(PhOH) . )g(R O2-O1  in Figure 3.12a) 

shows three well-defined peaks at O2-O1R  = 5.7, 8.1 and 9.4 Å, and for )g(R
Ph2Ph1 π-π , 

two main peaks are seen at 
Ph2Ph1 π-πR = 6.5 and 9.2 Å. Since the latter is more 

structured, with two well-defined shoulders at 
Ph2Ph1 π-πR = 8.1 and 9.8 Å, one could 

conclude that, the majority of (PhOH)2 in MD- free
Benz2 ][(PhOH)  took solvent-separated 

structures. Comparison of )g(R H..π-O  and )g(R ..ππPh
 in Figures 3.12b) and 3.12c) with 

those obtained from MD- free
Benz[PhOH]  in Figure 3.9a) confirms the dissociation of the 

O1-H..O2 H-bond and the existence of solvent-separated structures in MD-

free
Benz2 ][(PhOH) . Investigation of structures of (PhOH)2 in the course of MD-

free
Benz2 ][(PhOH)  revealed four examples of close-contact and solvent-separated 

structures, with 
Ph2Ph1 π-πR  comparable to the positions of the main peaks and shoulders 

of )g(R
Ph2Ph1 π-π . They are shown in Figure 3.12d), and will be used in the discussion 

of the exchange diagrams in Figures 3.12e) and 3.12f). In structure (I), both PhOH 

molecules are in close contact, with 
Ph2Ph1 π-πR = 6.7 Å. Benz 496 separates both PhOH 

molecules in structures (II), (III) and (IV), with 
Ph2Ph1 π-πR  of 8.1, 9.0 and 9.7 Å, 

respectively. Figure 3.12e) shows the distances between the center of mass of Benz 

496 ( 496 Benzπ ) and those of PhOH molecules (
496 BenzPh1 π-πR and

496 BenzPh2 π-πR ) as functions 

of MD simulation time. Instantaneous solvent-separated structures could be 
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recognized in panels P1 and P3, in which Benz 496 stayed between both PhOH 

molecules, with comparable 
496 BenzPh1 π-πR and 

496 BenzPh2 π-πR . PhOH 2 and PhOH 1 could 

be temporarily separated from Benz 496 in panel P2 and P4, respectively. Finally, at t5 

= 43.6 ps, Benz 496 moved away from PhOH 1, resulting in close-contact structures 

similar to structure (I) in Figure 3.12d). Figure 3.12f) reveals further that, Benz 502 

stayed closer to PhOH 2 from t = 15 to 33 ps. A similar water separated structure was 

proposed from experiment, in which the association of (PhOH)2 in water saturated 

CCl4 was studied (Badger and Greenough, 1961); spectroscopic evidence revealed 

that, the hydrogen atoms of water are not involved in H-bond and it was presumed 

that, the dimer owes its stability to weak interaction between the hydrogen atoms of 

the O-H groups of both PhOH molecules and the oxygen atom of water. The so called 

“hemihydrate dimer” was used to describe this dimer. 
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Figure 3.11  Structural and energetic results obtained from MD- frozen
Benz2 ][(PhOH) . X-, 

Y- and Z-axes are in Å, energies in kJ mol-1. a) – d) The π-PD, PB-PD and PB-BB-

PD maps. e) – f) Average potential energy landscapes and the cross section plot 

computed from longitudinal and transverse profile lines. _____ PB-BB-PD cross 

section plot. - - - - -  PB-PD   cross section plot. - - - - -  BB-PD  cross section plot. 

π-PD contour: min = 0.0 : max  = 0.13: interval  =  0.01. PB-PD contour: min = -30.0: 

max = -1.0:  interval = 4.5. PB-BB-PD contour: min = -99.0: max  = -70.0: interval  =   

7.2. 
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Figure 3.11 (Continued). 
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Figure 3.11 (Continued). 
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Figure 3.12  Structural and dynamic results obtained from MD- free
Benz2 ][(PhOH) . a) – 

c) g(R); characteristic distances given with n(R) in parentheses. d) Snapshots of the 

PhOH-Benz clusters in Benz2 ][(PhOH) . e) – f)  Example of H-bond exchange diagram. 
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Figure 3.12 (Continued). 
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Figure 3.12 (Continued). 
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 MD-[(PhOH)3]Benz 

Structures and dynamics of (PhOH)3 in Benz solution are discussed based 

on MD- free
Benz3 ][(PhOH) . It turned out that, the cyclic O-H..O H-bonds, similar to the 

water trimer, could be partially opened in the course of MD- free
Benz3 ][(PhOH) , as follow: 

 

 

 

 

 

 

 

This is evident from )g(R O..O  in Figure 3.13a); )g(R
21..OO  and )g(R

31..OO  

are quite similar, with the main peak positions at the average O-H..O H-bond distance 

of 2.8 Å (Sagarik and Asawakun, 1997), whereas )g(R
32 ..OO  possesses different 

structure, a broad peak with maximum at 4 Å. In Figures 3.13b) and 3.13c), similar 

trends were observed for )g(R
Ph2O1.π , )g(R

Ph3O1.π  and )g(R
Ph3O2.π , as well as for 

)g(R
Ph2Ph1.ππ , )g(R

Ph3Ph1 .ππ  and )g(R
Ph3Ph2 .ππ , respectively. Although the average structure 

was not as compact as in the gas phase, one could conclude that, (PhOH)3 formed H-

bond clusters in MD- free
Benz3 ][(PhOH) . Comparison of the solute structures in the course 

of MD- free
Benz2 ][(PhOH)  and MD- free

Benz3 ][(PhOH)  revealed that, the O-H..O H-bonds in 

(PhOH)3 are more sterically hindered by the three PhOH molecules, therefore not 

easily accessible by Benz molecules. Similar steric effects were observed in our 
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previous MD- free
Benz2 ][(BA)  in Sagarik, Chaiwongwattana, and Sisot, (2004), in which 

cyclic H-bonds in (BA)2 were sterically hindered from Benz molecules, but could be 

partially opened by small polar molecule such as water.  

As mentioned earlier that, molecular associations of aromatic compounds 

in non-aqueous solvents, such as Benz and CCl4, represent classical problems in the 

area of molecular associations, in which partition experiments and various 

spectroscopic methods have been generally employed in the investigations. For some 

H-bonded solutes, the associated forms are sufficiently stable to be detected easily in 

experiments. However, for PhOH, there have been disagreements as to the most 

important species in solutions. The majority of the partition experiments seem to point 

to the existence of the PhOH-(PhOH)3 equilibrium in CCl4, whereas several 

spectroscopic results were interpreted in terms of the PhOH-(PhOH)2 equilibrium. At 

infinite dilution and within ps time scale, the present MD simulations seem to favor 

instantaneous solvent-separated structures in [(PhOH)2]Benz and H-bond clusters in 

[(PhOH)3]Benz. Since it is well accepted that, different experiments could lead to 

different results, and the advancement of femtosecond laser technology has allowed 

experiments to probe instantaneous molecular structures and dynamics in weakly 

associated systems in smaller time scales, it seems unrealistic to rule out possibilities 

of finding various forms of dimers and trimers, as well as larger clusters in Benz or 

CCl4 solutions. More generally, we anticipate that, no single associated form could be 

representative in solutions, except in very restricted experimental conditions, such as 

temperature, concentration and time scale.  
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Figure 3.13  g(R) obtained from MD- free
Benz3 ][(PhOH) , together with characteristic 

distances. 
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CHAPTER IV 

CONCLUSIONS 

 

In the present thesis, the interplay between H-bond and π−π interactions in 

non-aqueous environment was theoretically studied using two aromatic systems. In 

the first system, structures and stabilities of cyclic H-bonds in Benz solutions were 

examined using (BA)2 and the BA-H2O m : n complexes, m and  n = 1 -  2, whereas 

in the second system, the effects of weak C-H..π, O-H..π H-bond and π..π interactions 

on structures, energetic and dynamics of (PhOH)n, n = 1 – 3, in Benz solutions were 

studied. 

For BA systems, a series of MD simulations were conducted on XT
Benz2 ][(BA) = , 

as well as XT
Benzn]:[m =  with m and n = 1 – 2, and X = 280 and 298 K. Since the solute-

solvent and solvent-solvent interactions are quite moderate in XT
Benzn]:[m = , the solvation 

shells around the solute clusters are weak and mobile, especially at room temperature. 

This allows the thermal energy and the structure of the solvation shells to play 

important roles in determining the structures and stability of the BA-H2O clusters. 

The MD results also revealed that, due to the solvent effects, some microhydrates not 

particularly associated in the gas phase appeared with long lifetime in the course of 

MD simulations. This reflects the impact of weak but complicated solute-solvent and 

solvent-solvent interactions, such as C-H..π, O-H..π and π−π interactions, on 

structures and stability of the H-bond clusters. This seems to be in accordance with 
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the experimental observations that, if the solute-solvent interactions are much greater 

than those of the solvent-solvent, then the latter may be ignored.  

The MD results showed two types of the H-bond exchange in BA systems 

namely, the mutual and non-mutual ones. Both H-bond exchanges were detected since 

the dynamic behaviors were taken into account in the present theoretical models. The 

existence of the H-bond exchanges also implies that, equilibrium static structures 

obtained from Molecular Mechanics (MM) or ab initio geometry optimizations with 

continuum model are not complete enough to investigate the systems with 

complicated solute-solvent and solvent-solvent interactions, such as in XT
Benzn]:[m = . The 

approach adopted in the present thesis is, therefore, appropriate, since the structures of 

the BA-H2O complexes were derived in the presence of Benz molecules, and their 

stability was discussed in terms of probabilities obtained based on the dynamic 

behaviors of all interacting molecules in the systems.  

For PhOH systems, in order to acquire some basic information on equilibrium 

structures and interaction energies in the gas phase, the PhOH-Benz m : n complexes, 

m and n = 1 – 2, were investigated using the T-model potentials. It appeared that, the 

H-bond structure, in which the O-H group of PhOH acts as proton donor towards the 

π−electrons of Benz, represents the absolute minimum energy geometry of the PhOH-

Benz 1 : 1 complex. Although the C-H group is not an effective proton donor, various 

possibilities for the C-H..O and C-H..π H-bond formations were observed from the T-

model results on large PhOH-Benz complexes.  

Based on the T-model potentials, a series of NVE-MD simulations was 

performed on [(PhOH)n]Benz, n  = 1 – 3, at 298 K. Insights on the solvent cage 

structures and energetic were obtained from [PhOH]Benz and [(PhOH)2]Benz. It was 
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observed from the average three-dimensional structures in [PhOH]Benz that, at least 

three Benz molecules solvate at the O-H group, and PhOH could act both as proton 

donor and acceptor towards Benz molecules. The average potential energy landscapes 

and cross section plots obtained from MD simulations indicated that, the size and 

shape of the average potential energy wells are determined nearly exclusively by the 

average solvent-solvent interactions, and the average potential energy barriers to 

solvent exchanges at the O-H group are quite high. Therefore, Benz molecules at the 

O-H group could from part of quite strong local solvent cage. The interpretation of 

dynamics of solvent molecules in connection to the average potential energy 

landscapes is similar to Rabani, Gezelter, and Berne (1997), by which molecular 

translation in liquid was proposed to occur through jumps between potential energy 

wells, separated by high-energy barriers.  

Investigation on the H-bond exchange diagrams revealed that, Benz molecules 

at the O-H group could exchange through large-amplitude nuclear motions. These 

involve the displacement of the O-H..π H-bond and the solvent exchanges seem to 

favor the associative-interchange scheme; a solvent molecule enters and spends 

sometime in the first solvation shell before the other leaves. Since the large-amplitude 

nuclear motions were pointed out to be one of the main reasons for the non-rigidity in 

aromatic van der Waal clusters and, based on the assumption that, at short time the 

dynamic equilibrium between the associated and dissociated forms could be studied 

from characteristic vibrational frequency of H-bond, the lifetimes of the PhOH-Benz 

1 : 1 complex were approximated and in reasonable agreement with 2D-IR vibrational 

echo experiment.  
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Due to weak interaction and the thermal energy fluctuation at 298 K, the O-

H..O H-bond in (PhOH)2 was disrupted in MD simulations. Instantaneous solvent-

separated structures, in which a Benz molecule separates both PhOH molecules, were 

observed in [(PhOH)2]Benz, whereas cyclic H-bonds in (PhOH)3 were only opened in 

[(PhOH)3]Benz. A similar water separated dimer was suggested from experiment, in 

which spectroscopic evidence revealed that the hemihydrated (PhOH)2 owes its 

stability to weak interaction between the hydrogen atoms of the O-H groups of both 

PhOH molecules and the oxygen atom of water. Comparisons of the π-PD maps and 

the dimer and trimer structures in the course of MD simulations revealed that, the O-

H..O H-bonds in (PhOH)3 were quite well protected by the three PhOH molecules, 

therefore not easily accessible by Benz molecules as in the case of (PhOH)2. This 

suggested that, the competition between solute-solute and solute-solvent interactions 

could be studied only when explicit solvent molecules are taken into account in the 

model calculations.  

It should be noted finally that, the MD results reported here were based on 

pair-wise additive scheme, in which many-body effects were not taken into account. 

Since the interactions among aromatic compounds are not particularly strong, the 

inclusion of the cooperative effects in the model calculations should not lead to 

significant change in structures and stability of the complexes considered here; only 

slightly more associated complexes with longer association times could be 

anticipated. For organic and biological systems, weak intermolecular interactions 

could produce complexes that are short-lived. Although short-lived and cannot be 

detected easily by conventional experimental techniques, the dissociation and 

association of such complexes can influence chemical processes, especially reactivity 
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and mechanisms in biochemical reactions. The author wishes that the MD results 

reported here could provide additional piece of important information and can attract 

more attention from theoretician and experimentalist to further investigate these 

complicated non-aqueous interacting systems, using more advanced theoretical and 

spectroscopic techniques.  
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Table A.1 T-model parameters for Benzene (Sagarik, Chaiwongwattana, and Sisot, 

2004) and Benzoic acid (Sagarik and Rode, 2000). Values are in atomic units. 

 

Molecule  Atom   σi  ρi  qi 

Benz 

   C   1.170780 0.291419 -0.092300 

   H   0.166423 0.251114  0.092300 

BA 

   O1   1.138607 0.236810 -0.548532 

   O2   1.129559 0.245188 -0.465275 

   C1   0.529477 0.396220  0.519581 

   C2   1.342103 0.214636  0.100950 

   C3   1.120595 0.307058 -0.180925 

   C4   1.245962 0.261224 -0.017924 

   C5   0.929315 0.367166 -0.124305 

   C6   1.329701 0.234160 -0.038697 

   C7   1.028291 0.337961 -0.164809 

   H1            -0.243465 0.288071  0.409564 

   H2   0.029207 0.270760  0.118136 

   H3   0.081551 0.269920  0.083979 

   H4   0.179658 0.228821  0.097361 

   H5   0.048919 0.283433  0.086936 

   H6   0.029352 0.265465  0.123960 
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Table A.2 T-model parameters for PhOH (Sagarik and Asawakun , 1997) and water 

(Sagarik and Rode, 2000). Values are in atomic units. 

Molecule  Atom   σi  ρi  qi 

PhOH    

   O   1.122591 0.234594 -0.667863 

   C1   1.201071 0.277213 -0.202844 

   C2   1.276142 0.236488 -0.053883 

   C3   1.091620 0.358983 -0.504382 

   C4   1.278229 0.172507  0.602824 

   C5   1.189580 0.295535 -0.352276 

   C6   1.053884 0.339821 -0.171089 

   H1             -0.067537 0.331718  0.138852 

   H2             -0.013779 0.303927  0.165180 

   H3    0.040251 0.262547  0.199031 

   H4             -0.177958 0.267606  0.452293 

   H5   0.017042 0.278423  0.205855 

   H6             -0.004693 0.284322  0.188302 

H2O 

   O   1.284091 0.200370         -0.451660 

   H            -0.318644 0.311849  0.514110 

   D       -0.576560 

 
Note D is a dummy charge on the C2 axis of H2O, 0.26 Å from oxygen and in the 

opposite direction of the lone pair.  
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SUPLEMENTARY RESULTS 

FOR MD SIMULATIONS OF [PhOH]Benz 
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