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SOLUTION: MOLECULAR DYNAMICS
SIMULATION
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The molecular dynamics simulation of 2,2/-difluorobiphenyl, 2,6-difluorobiphenyl and 2,6,2',6'-
tetrafluorobiphenyl was performed in the CCl,; solution, in order to reproduce the solvent
influence on the conformation of these molecules. Parameters necessary for the description of
the intrinsic rotational potential were obtained from ab initio calculations. The solvent influence
was assumed to be van der Waals solute—solvent interaction, described by the GROMOS96
force field. The solvent tended to decrease a dihedral angle and a volume of the solute molecule.
The correlation between the solvent effect energy and the molecular volume was observed,
including earlier results obtained for biphenyl.
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I. INTRODUCTION

Biphenyl derivatives are model molecules for investigating the dynamics
of internal rotation in aromatic side-chains in proteins. This motion is of a
prime importance for the functions of certain enzymes [1, 2]. Biphenyl is also
related to polyparaphenylene (PPP), one of the most investigated examples
of a conducting polymer, and the rotation around the single bond in
biphenyl is an important factor, determining the conduction mechanism
of PPP and similar compounds [3]. Halogeno derivatives of biphenyl are
biologically active and this activity is related to their conformation [4].
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In our recent papers [5—6], we investigated the solvent influence on
the conformation of the biphenyl molecule in CCl, solution. Molecular
dynamics simulations based on GROMOS96 force field parameters and on
ab initio rotational potentials were performed for biphenyl and 3,5,3',5'-
tetrafluorobiphenyl. It was found, that the meta substitution did not cause
significant changes in conformational properties in solution [6].

Conformational behaviour of biphenyl has been studied for years [7-30].
The value of the rotational angle is determined by the intrinsic potential
for internal rotation, and the effect of environment. The former can be
rationalized as the electron delocalization effect, which tends to keep the
molecule planar, and the sterical repulsion between the ortho carbon and
hydrogen atoms, acting in the opposite direction. These opposite forces are
of the same order of magnitude, and the equilibrium conformation strongly
depends on the surrounding molecules. It was shown, that in the solid state
the planar conformation was the most favorable one [7-12], whereas in
liquid or solution the twisted ones, characterized by the torsional angle
in between 0 (solid) and 45 (gas phase) [13—23]. As the ortho atoms are
the most important factor determining steric effects, conformations of
ortho substituted biphenyls are of special interest. There are not many
experimental results concerning the conformation of these derivatives,
except for electron diffraction data [31]. On this basis, the torsional angle
in 2,2-difluorobiphenyl was believed to be equal to 60 deg, and in
perfluorobiphenyl 70 deg. Of special interest was the finding for 2,2'-
difluorobiphenyl, which revealed the existence of the cis conformer only,
although there was no reason found, excluding the possibility of the trans
structure. For all the derivatives investigated, it became clear that ortho
substituents increased the sterical repulsion, which favored the perpendi-
cular conformation, and the mean angle was shifted from 45 deg in the
biphenyl case to higher values in the ortho substituted cases.

In the present study, we undertook the molecular dynamics simulation of
ortho-fluoro-substituted biphenyls in the CCl, solution. Apart from search-
ing the mean conformation in solution, we investigated the modifications,
caused by the solvent, on the internal rotational potential, determined by
ab initio estimations.

II. AB INITIO CALCULATIONS OF THE ROTATIONAL
POTENTIALS

The torsional potential of 2,2'-diflucrobiphenyl, 2,6-difluorobiphenyl and
2,6,2' 6'-tetrafluorobiphenyl was estimated computationally by Cioslowski
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and Mixon [32] (RHF/6-31G**). The authors have located the ener-
getic minima and maxima (transition states). Their results are collected in
Table 1.

For 2,2'-difluorobiphenyl, the optimized dihedral angle was the one
involving carbon atoms attached to hydrogens. To adopt such data for our
molecular dynamics purposes, as we did in [5, 6], we expanded the potential
in the Fourier series:

V= :; V[l + cos (k)] (1)

The values of V¥ are collected in Table II. The term for £ =0 can be omitted,
since it is a constant, and we are interested in relative energy differences
between conformers. Because of the different type of symmetry, we needed
more non-zero terms to parametrize the potential of 2,2’-difluorobiphenyl.
The curves are plotted in the Figure 2. The ab initio HF/6-31G** calcu-
lations supported the experimental ED results, but they did not explain
the absence of the trans form of 2,2'-difluorobiphenyl.

TABLE1 The torsional potential of 2,2’-difluorobiphenyl, 2,6-difluorobiphenyl and 2,6,2',6'-
tetrafluorobiphenyl [32]

Angle Rel. energy
Molecule (deg) (kFimol) Rotamer
2,2~ difluorobiphenyl 0.0 53.17* cis
54.7 0.00** gauche
922 4.64* perpendicular
128.7 1.00** anti-clinal
180.0 25.37* trans
2,6-difluorobiphenyl 0.0 27.17* planar
534 0.00** gauche
90.0 3.01* perpendicular
2,6,2'.6'- 0.0 131.46* planar
tetrafluorobiphenyl 59.2 0.00** gauche
90.0 3.85% perpendicular

* Energetic maxima.
** Energetic minima.

TABLE II Fourier expansion parameters for the potentials on dihedral angle (in kJ/mol)

Molecule Vl V2 V3 V4 V5 V6
2,2'-difluorobiphenyl 7.229 15.449 5.029 10.034  1.640 1.848
2,6-difluorobiphenyl - 10.780 - 7.079 - 1.300

2,6,2',6'-tetrafluorobiphenyl - 58.009 - 29.621 - 5.798
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FIGURE 1 Structures of: (a) cis-2,2'-difluorobiphenyl, (b) trans-2,2'-difluorobiphenyl, (c) 2,6~
difluorobiphenyl, (d) 2,6, ,6'-tetrafluorobiphenyl.
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FIGURE 2 Fitted ab initio RHF/6-31G** potentials for: (a) 2,2/-difluorobiphenyl, (b) 2,6-
difluorobiphenyl, (c) 2,6,2',6'-tetrafluorobiphenyl [32]).
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FIGURE 2 (Continued).

III. MOLECULAR DYNAMICS SIMULATION

We performed Molecular Dynamics simulation of 2,2'-difluorobiphenyl,
2,6-difluorobiphenyl and 2,6,2’,6'-tetrafluorobiphenyl in the carbon tetra-
chloride solution. The suite of molecular simulation programs GROMOS96
was used [33]. One molecule of a solute was embedded into solvent
consisting of 205 CCl, molecules, in a cubic box with an edge of 3.2 nm.
Such box dimensions correspond to a density of 1.6 g/cm®, characteristic
for carbon tetrachloride at the temperature of simulation of 300K. The
simulation was performed at constant volume, with a weak coupling to
the temperature bath at 300 K, using Berendsen’s thermostat [34] with the
coupling constant of 50 fs. After a careful equilibration, a production run of
500 ps followed, with applied step of 0.5 fs.

The rotational potential of biphenyl derivatives was explicitly introduced
from ab initio determinations in the form provided by Eq. (1), with co-
efficients listed in Table II. The covalent bond, covalent bond-angle and
improper dihedral-angle forces were described by GROMOS96 force field
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TABLE I Van der Waals 612 parameters of the non-bonded interactions in
the modelled system [33]

Atom C2 (kimol~1nm®)' /2 CY*(10-Skdmol = nm'2)'2
C 0.04838 1.837

H 0.0092 0.123

F 0.03432 0.8722

C(CCly) 0.051292 2.7568

CI(CCly) 0.087201 3.5732

parameters [33]. The interactions involving fluorine atoms were addi-
tionally based on the UFF (Universal Force Field) parametrization [35].

For pairs of atoms of two different molecules, including the solute
molecule, the non-bonded potential was of the 612 form. The values of
the parameters for all the atom types used in the simulation are listed in
Table III.

The non-bonded interactions were evaluated by the twin-range method
[33], with a short-range cut-off radius of 1.2nm and the long-range one of
1.4nm. The long-distance interactions between atoms outside the inner cut-
off sphere were updated every 10 time-steps.

As in [6], in order to analyze the effect of the solvent on the conformation
of a solute molecule, we performed simulations with no torsional potential
given explicitly. That model was expected to provide information about the
solvent influence on conformations of the biphenyl derivatives, with no
assumption of any particular internal interaction.

For each run, the trajectory was saved every 200 steps, giving rise to 5000
samples, from which the probability density was calculated. No special sam-
pling technique, like umbrella sampling [36], or thermodynamic integra-
tion [37], was applied in the high-energy region, since we were interested
in the mean conformation, and not in the determining of energy barriers
in solution.

IV. RESULTS AND DISCUSSION

Figure 3 shows data obtained directly from molecular dynamics simulation,
together with distribution functions in vacuo at 300 K, obtained as a result of
neglecting the entropy effect and treating the ab initio energy [32] as the
potential of mean force. The values of 6,,,x and (#), which is the weighted
average value of the torsional angle, calculated upon the whole range
< 0,90 > degrees (<90,180> deg for trans-2,2'-difluorobiphenyl), that
can be compared with experimental results, are collected in Table IV.
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FIGURE 3 Simulation results at 300K for (a) 2,2’-difluorobiphenyl, (b) 2,6-difluorobiphenyl,
(c) 2,6,2',6'-tetrafluorobiphenyl.

For all the ortho derivatives investigated, the positions of the maximum in
solution are shifted in the direction of the planar conformation. This is in
accordance with results obtained for biphenyl [6]. For both cis and trans
forms of 2,2'-difluorobiphenyl, as well as 2,6,2’,6'-tetrafluorobiphenyl, the
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TABLE IV Values of (6) and 6, at 300K (in deg)

@) in (6) in Oy in By i1
Molecule vacuo solution vacuo solution
2,2'-difluorobiphenyl cis 60.0 53.0 54.5 52.0
2,2 -difluorobiphenyl frans 122.5 130.0 128.5 131.5
2,6-difluorobiphenyi 60.0 51.0 535 47.0
2,6,2' 6'-tetrafluorobiphenyl 65.0 59.0 59.0 56.0

maxima are shifted about 2.5-3 deg, but because of the observed increased
occupation of forms characterized by the dihedral angle less than 30 deg and
more than 150 deg, the mean values differ from those obtained for the vacuo
case even more: 6—7.5 deg. The same qualitative dependence is observed for
2,6-difluorobiphenyl, but in this case the decrements, caused by solvent, take
higher values of 6.5 deg for the position of the maximum, and 9 deg for the
mean value. The corresponding values for the unsubstituted biphenyl were
reported 1.5-2.0 deg for 6,4, and 3.5—-4.5 deg, depending on the potential
parameterization used, for (8) [6].

The mean value of the central dihedral angle in biphenyl derivatives in
solution is a result of intramolecular forces, moderated by the solvent
influence always in the direction of the planar form. In order to determine
quantitatively the energy influence on the solute molecule from the
surrounding solvent molecules, we applied the method, introduced in [6].
We performed the model simulation of the investigated derivatives with no
inner torsional potential imposed. The normalized distribution functions
obtained from the simulations, according to this technique, are presented in
the Figure 4.

Since in this case the sampling is believed to be adequate for all the
dihedral angles (no high energy barriers, for which special techniques like
umbrella sampling should be used), we can directly calculate the potential
of mean force:

W(H) = —~RT ln[P(g)/Pmax]

We assume that W(6,,,.x) = 8. The results are presented in Figure 5.

Comparing energy scales in Figures | and 4 one can notice, that the
relative solvent influence on the internal rotational potential is strongest in
the case of the 2,6-difluorobiphenyl. This results in the above mentioned
decrement of almost 10 deg of the value of the mean dihedral angle. The
other derivatives are less affected, as well as biphenyl [6]. Such an energy
influence can be related to changes of the molecular volume, calculated for
various conformations [6].
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FIGURE 4 Simulation results in the case of no inner rotational potential imposed: (a) 2,2'-
difluorobiphenyl, (b) 2,6-difluorobiphenyl, (¢} 2,6,2’,6'-tetrafluorobiphenyl.
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FIGURE 5 Potential of mean force (p.m.f} in the case of no inner rotational potential
imposed. (a) 2,2'-diflucrobiphenyl, (b} 2 6-difluorobiphenyl, {c) 2,6,2',6'-tetrafluorobiphenyl.
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FIGURE 5 (Continued).

The applied procedure of computing the molecular volume was as follows
[6]: the molecule of interest was built of overlapping van der Waals spheres.
The van der Waals radii used for calculations were based on GROMOS96
force-field parameters, and were equal to 1.35 (hydrogen), 1.9 (carbon) and
1.65 (fluorine) A. The dihedral angle between the rings was changed from
0 to 90 deg, with an interval of 10 deg. The molecule was embedded into a
rectangular box, and ten intersections of the box with a regular rectangular
grid consisting of 25° points were performed, giving rise to 156250 probe
points in total. The molecular volume was then calculated as a ratio of the
number of probe points inside at least one sphere, to the total number of
points, and multiplied by the volume of the box.

In order to explain the shape of the curves (Fig. 6), we conclude, that the
changes in our modelled molecular volume are due to the overlapping of the
van der Waals spheres, mainly those of the ortho substituents. The least
value of the volume is therefore observed for a planar conformation, and it
increases with the dihedral angle up to the perpendicular form.

Comparing Figures 5 and 6, one can identify a correlation between the
solvent effect energy, and the respective change in the molecular volume.
The correlation is presented in Figure 7. For the sake of simplicity, both
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FIGURE 7 Correlation between the increment of molecular volume and the solvent effect

energy for a transition from the planar to the perpendicular form for ortho fluoro-derivatives
of biphenyl.

cis and trans forms of 2,2’-difluorobiphenyl were assumed to change its
dihedral angle in the range between 0 (planar form) and 90 (perpendicular
form) degrees.
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Assuming that in an equilibrium state the entropy changes are negligible,
for all the derivatives the following formula is valid:

AEp_ 90 = pmeanAV0—+90

The value of mean pressure, puean, averaged for all the derivatives
investigated, is about 16 kbar (compare with the discussion in [23]), and is
the value characterising the group of solutes and the solvent. The work that
has to be done against the solvent, in order to increase the volume and hence
the dihedral angle between pheny! rigs, can be described as the work of the
cavity creation in the solvent.

V. CONCLUSIONS

As in the case of the biphenyl molecule [5, 6], the modelled solvent influence
on the biphenyl ortho fluoro derivatives conformation results in a flattening
of the solute molecule. The energetic effect, corresponding to solute —solvent
interaction, is not very large, comparing with the intrinsic rotational
barriers. That effect is related to the change of the molecular volume — the
energy is needed to increase the volume and the dihedral angle. The straight
proportional correlation between the volume change and the energy of the
solvent effect is true for the group of investigated molecules to a good ap-
proximation. Further investigations, concerning the ortho-chloro-biphenyl
derivatives, are in progress.

References

{1] Wiithrich, K. and DeMarco, A. (1976). “Preferred Spatial Arrangement of the Aromatic
Side Chains in Linear Oligopeptides Containing Tyrosine”, Helv. Chim. Acta, 59, 2228.

[2] Wagner, G., Brithwiler, D. and Wiithrich, K. (1987). “Reinvestigation of the Aromatic
Side- Chains in the Basic Pancreatic Trypsin Inhibitor by Heteronuclear Two-Dimensional
Nuclear Magnetic Resonance”, J. Mol. Biol., 196, 227.

[3] Conjugated polymers: the novel science and technology of highly conducting and
nonlinear optically active materials, Brédas, J. L. and Silbey, R. Eds., Kluwer, Dordrecht,
1991.

[4] Halogenated biphenyls, terphenyls, naphtalenes, dibenzodioxins and related products,
Kimbrough, R. D. (Ed.), Elsevier Press, Amsterdam, 1980.

[5] Szymoszek, A., Fedorowicz, A. and Koll, A. (1999). “Solvent Influence on the Shape of
the Biphenyl Molecule”, Internet Journal of Chemistry, 2, 15, http://www.ijc.com/articles/
1999v2/15/

[6] Szymoszek, A. and Koll, A. (2000). “Molecular Dynamics Study of Biphenyl and 3,5,3’,5'-
tetrafluorobiphenyl in CCly Solution™, Chem. Phys. Lett., 324, 115.

[7] Robertson, G. B. (1961). “Crystal and Molecular Structure of Biphenyl”, Nature, 191,
593.



18:52 14 January 2011

Downl oaded At:

(8]
9]
iyl
{1
(12]

(13]
(14]
(13]
16]
17
(18]
(19]
(20]
(21]
(22]
(23]

24

(2]

[26]

(27]

[28]

(29]

(30]

(311

MOLECULAR DYNAMICS SIMULATION 393

Trotter, J. (1961). “The Crystal and Molecular Structure of Biphenyl”, Acta Crystallogr.,
14, 1135.

Hargreaves, A. and Rizvi, S. H. (1962). “The Crystal and Molecular Structure of
Biphenyl”, Acta Crystallogr., 15, 365.

Charbonneau, G.-P. and Delugeard, Y. (1976). *“‘Structural Transition in Polyphenyls. III.
Crystal Structure of Biphenyl at 110K”; Acta Crystallogr. Sect. B, 32, 1420.
Charbonneau, G.-P. and Delugeard, Y. (1977). “Biphenyl: Three-Dimensional Data and
New Refinement at 293 K”, Acta Crystaflogr. Sect. B, 33, 1586.

Hochstrasser, R. M., McAlpine, R. D. and Whiteman, J. D. (1973). “Low Energy
Magnetic and Electric Dipole Transitions of the Biphenyl Crystal”, J. Chem. Phys., 58,
5078.

Bree, A. and Edelson, M. (1977). “A Study of the Second Order Phase Transition in
Biphenyl at 40K through Raman Spectroscopy”, Chem. Phys. Lett., 46, 500.

Bree, A. and Edelson, M. (1978). “Further Evidence for Phase Transitions in Biphenyl
Near 40K and 16K”, Chem. Phys. Lett., 55, 319.

Chau, J. Y. H., Le Fevre, C. G. and Le Fevre, R. J. W. (1959). “Molecular Polarisability.
The Molar Kerr Constants of Certain Derivatives of Biphenyl”, J. Chem. Soc., p. 2666.
Cheng, C. L., Murthy, D. S. N. and Ritchie, G. L. D. (1972). “Molecular Conformations
from Magnetic Anisotropies”, J. Chem. Soc. Faraday Trans. 2, 68, 1679.

Suzuki, H. (1959). “Relations between Electronic Absorption Spectra and Spatial
Configurations of Conjugated Systems. I. Biphenyl.”, Bull. Chem. Soc. Jpn., 32, 1340.
Tinland, B. (1969). “Study of the Extended Hueckel Method of the Conformation of
Bipheny! and 1-phenylnaphtalene”, J. Mol. Struct., 3, 161.

Eaton, V. J. and Steele, D. (1973). “Dihedral Angle of Biphenyl in Solution and the
Molecular Force Field”, J. Chem. Soc. Faraday Trans. 2, 69, 1601.

Barrett, R. M. and Steele, D. (1972). “Vibrational Spectra and Dihedral Angles of
Biphenyl and the 4,4'-dihalobiphenyls”, J. Mol. Struct., 11, 105,

Schmid, E. D. and Brosa, B. (1972). “Determination of Conjugation and Angle of Twist
in Biphenyl by Raman Intensity”, J. Chem. Phys., 56, 6267.

Akiyama, M., Watanabe, T. and Kakihana, M. (1986). “Internal Rotation of Biphenyl
in Solution Studied by IR and NMR Spectra”, J. Phys. Chem., 90, 1752.

Kato, M., Higashi, M. and Taniguchi, Y. (1988). “Effect of Pressure on the Internal
Rotation Angle of Biphenyl in Carbon Disulfide”, J. Chem. Phys., 89, 5417.
Allmenningen, A., Bastiansen, O., Fernholt, L., Cyvin, B. N., Cyvin, S. J. and Samdal, S.
(1985). “Structure and Barrier of Internal Rotation of Bipheny! Derivatives in the Gaseous
State. Part 1. The Molecular Structure and Normal Coordinate Analysis of Normal
Biphenyl and Perdeuterated Biphenyl”, J. Moi. Struct., 128, 59.

Hifelinger, G. and Regelmann, C. (1985). ““4b Initio STO-3G Optimization of Planar,
Perpendicular, and Twisted Molecular Structures of Biphenyl”, J. Comput. Chem., 6, 368,
Hifelinger, G. and Regelmann, C. (1987). “Refined 4b Initio 6-31G Split-Valence Basis
Set Optimization of the Molecular Structures of Biphenyl in Twisted, Planar and
Perpendicular Conformations”, J. Comput. Chem., 8, 1057.

Tsuzuki, S. and Tanabe, K. (1991). “A4b Initio Molecular Orbital Calculations of the
Internal Rotational Potential of Biphenyl Using Polarized Basic Sets with Electron
Correlation Correction™, J. Phys. Chem., 95, 139.

Rubio, M., Merchan, M. and Orti, E. (1995). “The Internal Rotational Barrier of
Bipheny! Studied with Multiconfigurational Second-Order Perturbation Theory”, Theor.
Chim. Acta, 91, 17.

Karpfen, A., Ho Choi, Ch. and Kertesz, M. (1997). “Single-Bond Torsional Potentials
in Conjugated Systems: A Comparison of Ab Initio and Density Functional Results”,
J. Phys. Chem. A, 101, 7426.

Tsuzuki, S., Uchimaru, T., Matsumura, K., Mikami, M. and Tanabe, K. (1999).
“Torsional Potential of Biphenyl: 4b Initio Calculations with the Dunning Correlation
Consisted Basis Sets”, J. Chem. Phys., 110, 2858.

Bastiansen, O. and Samdal, S. (1985). “Structure and Barrier of Internal Rotation of
Biphenyl Derivatives in the Gaseous State. Part 4. Barrier of Internal Rotation in
Biphenyl, Perdeuterated Biphenyl and Seven non-ortho-substituted Halogeno Deriva-
tives™, J. Mol. Struct., 128, 115.



18:52 14 January 2011

Downl oaded At:

394

(32]

(33]

134]

(33]

(36]

{37]

A. SZYMOSZEK AND A. KOLL

Cioslowski, J. and Mixon, S., (1992). “Topological Properties of Electron Density in
Search of Steric Interactions in Molecules: Electronic Structure Calculations on Ortho-
Substituted Biphenyls”, J. Am. Chem. Soc., 114, 4382,

van Gunsteren, W. F., Billeter, S. R., Eising, A. A., Hiinenberger, P. H., Kriiger, P., Mark,
A. E., Scott, W. R. P. and Tironi, 1. G., Biomolecular Simulation. The GROMOS9%
Manual and User Guide Biomos B. V., Ziirich, Groningen, 1996.

Berendsen, H. J. C., Potsma, J. P. M., van Gunsteren, W. F., DiNola, A, and Haak, J. R.
(1984). “Molecular Dynamics with Coupling to an External Bath™, J. Chem. Phys.,
81, 3684.

Rappé, A. K., Casewit, C. ., Colwell, K. S., Goddard III, W. A. and Skiff, W. M. (1992).
“UFF, a Full Periodic Table Force Field for Molecular Mechanics and Molecular
Dynamics Simulations”, J. Am. Chem. Soc., 114, 10024,

Jorgensen, W. L., Gao, J. and Ravimohan, C. (1985). “Monte Carlo Simulations of
Alkanes in Water: Hydration Numbers and the Hydrophobic Effect”, J. Phys. Chem.,
89, 3470.

Fedorowicz, A., Mavri, J., Bata, P. and Koll, A. (1998). “Molecular Dynamics Study of
the Tautomeric Equilibrium in the Mannich Base”, Chem. Phys. Let:., 289, 457.



