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Properties of liquid crystal molecules from ® rst principles
computer simulation

by S. J. CLARK, C. J. ADAM, G. J. ACKLAND, J. WHITE and J. CRAIN*

Department of Physics and Astronomy, The University of Edinburgh, Edinburgh,
EH9 3JZ, Scotland, UK.

(Received 13 August 1996; accepted 25 October 1996 )

We explore the valence charge distribution, equilibrium geometry and harmonic force ® elds
of the 4-pentyl-4¾ -cyanobiphenyl (5CB) molecule and the benzene (C6H6 ) molecule, which
provides an important mesogenic fragment, using ® rst principles techniques adapted from
large scale electronic structure calculations of periodic solids. We present for the ® rst time
accurate structural data for the isolated 5CB molecule and observe subtle broken symmetries
relative to the constituent mesogenic fragments. The dynamic properties of these molecules
are determined by diagonalization of dynamical matrices, the elements of which are obtained
directly from quantum mechanical Hellmann± Feynman forces. Results for both molecules are
in excellent agreement with available spectroscopic data, and for benzene are comparable to
the most accurate quantum chemistry calculations to date. For 5CB we also present values
for the molecular dipole and quadrupole moments.

1. Introduction monic force ® elds). Vibrational properties in particular,
For many purposes, computer simulation of thermo- provide an important test of the accuracy of ® rst prin-

tropic liquid crystalline phase behaviour can be per- ciples calculations as they give direct information about
formed using very simple rigid rod models for the bond strengths. The ability to predict the vibrational
constituent molecules [1, 2]. However, it is becoming properties also supports the exploration of chemical
increasingly clear that certain liquid crystalline proper- reaction pathways, helps identify molecules and provides
ties are sensitive to chemical details and molecular data for statistical thermodynamics.
¯ exibility [3]. The origins and e� ects of these are A nearly universal starting point for ab initio calcula-
explicitly absent from excluded volume models. There tions in computational chemistry is the expansion of the
is, therefore, growing need for e� cient and accurate molecular electronic wavefunction in terms of localized
molecular-level simulations both as an aid to the syn- atomic-like basis functions. When using localized basis
thesis of improved materials and as an essential step in sets, whatever the type, it is necessary to optimize the
the development of atomistic potentials for the simula- basis set for each molecular system under consideration.
tion of bulk liquid crystalline phase behaviour. At the outset any calculation is inherently dependent on

The development of reliable parameter-free methods the e� ectiveness with which the basis set spans the real
for the determination of molecular properties has been molecular electronic wavefunction. Also, when localized
an enduring challenge in computational chemistry. There basis sets are used, the optimization of molecular geo-
remain several distinct but related strategies aimed at metry under the in¯ uence of quantum mechanical forces
addressing this problem, each of which adopts a di� erent can be complicated by the need to evaluate correction
level of sophistication. However, nearly all of these share terms which are due to the basis set itself. A further
a number of common features and objectives. di� culty arises in the determination of force ® elds or
Speci® cally, a principal goal of quantum chemical simu- vibrational frequencies. In conventional methods, the
lations is the ability to calculate from essentially ® rst calculated mode frequencies are slowly convergent with
principles (without any experimental input), the energy respect to basis set size and therefore require extremely
and electronic charge distribution in a molecule and large numbers of basis functions. This has severely
thereby determine bond character, equilibrium geometry, limited the size of molecules which are amenable to
energy di� erences between various molecular conforma- reliable, parameter-free force calculations.
tions and vibrational properties (harmonic and anhar- In an attempt to avoid these basis-set-dependent

di� culties, considerable e� orts have been made in the
® eld of electronic structure calculations on condensed*Author for correspondence.
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470 S. J. Clark et al.

matter systems as a result of the combined use of density also incorporate gradient corrections to the local density
functional molecular dynamics, plane wave basis sets functional. Details of this generalised gradient approxi-
and parallel computer architecture. In its most general mation (GGA) can be found in [18].
form, density functional theory states that the total The use of periodic boundary conditions allows for
energy of a system, E, is a functional of the electron the expansion of the molecular electronic wavefunction
density r (r) which experiences the in¯ uence of the nuclear in terms of a delocalized plane wave basis set.
charges which are located at coordinates Rn . The ground Speci® cally, the wavefunctions of a given electron are of
state electron distribution is determined by a stationary the form
condition on E with respect to the charge density. This
technique has now been demonstrated to be capable of

y (r)=V
1/2 �

j
Cj exp[i (k j +G ) r] (1)

predicting many bulk physical properties of crystalline
and amorphous solids [4, 5], defects [6], liquids [7, 8]

where V is the system volume. The vector G is ( byand solid± solid phase transitions [9]. It has also been
analogy with the electronic structure of perfect crystals)applied to the study of interfaces, surface reconstruction
a reciprocal lattice vector. It is well de® ned in this[10± 12] and chemisorption [13].
context as a result of the periodic boundary conditions.In this paper we adapt this method in order to study
The C j are therefore the expansion coe� cients.the physical (structural, electronic and vibrational ) prop-
According to this formalism, the molecular electronicerties of isolated molecules of 5CB and also of benzene
wavefunction is described by a Fourier series rather thanas an example showing the accuracy of our methods.
as a linear combination of atomic orbitals.The paper is organized as follows. Firstly we describe

The size of the basis set (number of plane waves)the general computational strategy which is used to
required to span the molecular wavefunction is deter-perform the calculations. We then discuss the application
mined by the depth of the ionic pseudo-potentials whichof the method to these molecules to determine structural
are used to represent the electron± ion interactions. Theand vibrational properties.
advantages of a plane wave basis set are that its conver-
gence properties toward completeness are easily tested,2. Calculation method
it is not biased toward any particular type of chemical2.1. Molecular electronic structure
bond, the same basis set is used for all molecules andThe details of this method as applied to in® nitely
force calculations are simpli® ed.extended crystals can be found in [14, 15]. In this

The arti® cial periodicity which results from the bound-section we will give only those details which are relevant
ary conditions allows the electronic problem to beto the molecular case. A plausible initial molecular
handled exactly as in the case of a periodic crystal.geometry is chosen for an isolated molecule. The molec-
Speci® cally, the electronic energy levels are spread outule is then placed in the centre of a periodically repeating
to form a crystal-like band structure which must besupercell and periodic boundary conditions are enforced.
evaluated at one or more discrete points in the BrillouinThe size of the supercell must be taken to be su� ciently
zone. The wave functions are then in® nitely extendedlarge so as to ensure the molecules are e� ectively isolated
Bloch functions which are encountered in elementaryfrom each other. The molecular valence electron wave-
treatments of the electronic structure of solids. In thefunction is then expanded in a plane wave basis set up
present work only a single point (Brillouin zone centre)to a cut-o� energy. The main approximations which
is required as the sampling point. Finer sampling is notenter the calculation are as follows. Firstly, in this
necessary since electronic bands are dispersionless forimplementation the interaction between valence elec-
isolated molecules. This choice of sampling point alsotrons and ions is represented by an ab initio pseudo-
allows for the use of real (as opposed to complex)potential [16] which for the constituent atoms in the
wavefunctions which halves the computational cost ofpresent case is determined according to the scheme of
the calculation.Lin et al. [17]. The implicit assumption is that the

The coe� cients of the plane waves in the expansionatomic core electrons do not participate in molecular
are then used as variational parameters until the lowestbonding (ie. in the case of 5CB, we assume that the 1s2

energy electronic con® guration is found for a given setelectrons in C and N are not involved in bonding).
of ion positions. Several minimization algorithms areSecondly, the many-body e� ects of exchange and correla-
available which include steepest descents, simulatedtion are incorporated through the local density approxi-
annealing and pre-conditioned conjugate gradients. Wemation which states that the exchange and correlation
employ the latter method as it has been found to leadenergy of an electron distribution at a given density can
to faster convergence. The details of the algorithm canbe treated as equivalent to that of a uniform electron

gas at that density. In the present implementation, we be found elsewhere [14]. In all cases, the minimization
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471First principles computer simulation

is subject to the constraint that the electron wave- 3. Results and discussion

3.1. Benzenefunctions be kept orthogonal to each other.
The motivation to study benzene prior to a mesogenicThe valence electron charge distribution in the molec-

molecule is that it has been studied in considerable detailule r(r) can then be constructed from the wavefunctions
by a variety of quantum chemical methods and it isby evaluating
therefore an excellent test case for our simulation
method. The related biphenyl group is also a constituent

r(r)= �
N

i=1
|y i (r)|2 (2 )

of many liquid crystal molecules including 5CB. Benzene
exhibits regular hexagonal planar symmetry with six

The charge density is computed on a discrete fast- carbon atoms joined by s bonds and six remaining
Fourier-transform grid. p-orbitals which overlap to form a delocalised p bond

over all six carbon atoms.
We began the calculation with a trial con® guration in

2.2. Optimization of molecular geometry which the C± C and C± H bonds were 1 3́3 and 1 0́0 AÊ ,
The Hellmann± Feynman force on each atom in the respectively. The molecule was placed in a periodically

molecule is calculated and the atoms are moved under repeating supercell having dimensions 9 Ö 9 Ö 5 AÊ 3

the in¯ uence of these forces until no force component which gave a separation of at least 5 AÊ between any pair
exceeds some tolerance. If structure optimization is all of atoms in neighbouring cells. We test the total energy
that is required, a typical value of the residual forces is convergence with respect to unit cell size and ® nd this
0 1́ eV AÊ Õ 1 . The calculation of vibrational frequencies, cell size to be adequate to ensure the molecules are
however, demands convergence of the forces to much isolated. The plane wave energy cut-o� was set at 700 eV
greater precision, typically 0 0́01 eV AÊ Õ 1 . For these calcu- for which we found energies were converged to better
lations, molecular point group symmetry is not enforced. than 0 0́01 eV per atom. The structural optimization

The wide variety of di� erent molecular conformations proceeded until the residual forces on the ions were
correspond to local minima of the energy functional below 0 0́01 eV AÊ Õ 1 . This gave a relaxed structure in
with respect to rotations of molecular segments about which the C± C and C± H bondlengths were 1 3́96 and
bond directions. The conjugate gradients minimization 1 0́89 AÊ , respectively (as compared with experimental
routine which we employ will not necessarily locate the bondlengths of 1 3́93± 1 3́98 AÊ and 1 0́81± 1 0́90 AÊ ,
global minimum of this functional. However, what is respectively [21]). Note that this is a 0 K calculation,
often even more important than the global minimum is therefore temperature e� ects such as anharmonic bond-
the energy di� erence between competing conformations. lengthening at higher temperatures are not included. A
Assuming the bond lengths do not change between summary of these results and those obtained by other
di� erent conformations, the energy of di� erent con- methods is given in table 1. To within our numerical
formations can be estimated without subsequent ionic accuracy, all C± C bonds are of equal length as are all
relaxation. We will discuss the implications of this for C± H bonds although no external constraint is applied
the speci® c case of liquid crystals in a subsequent to enforce this symmetry.

This relaxed structure was then used to determine thepaper [19].
vibrational properties according to the method discussed
previously. The results of this calculation for the vibra-

2.3. Determination of the harmonic force ® eld tional properties are summarized in table 2.
Once the equilibrium structure has been determined, Previous results have shown that Hartree± Fock

the dynamical properties can be investigated by displa- calculations (neglecting correlation) substantially over-
cing each atom in the molecule and calculating the estimate the in-plane benzene vibrational frequencies for
resultant forces on all atoms. The magnitude of the all basis sets and that the largest discrepancies are found
displacements must be chosen such that they are small
enough to be within the harmonic regime but large Table 1. Calculated and experimental geometries for Benzene.
enough to give rise to measurable restoring forces. This

Method r (CC)/AÊ r (CH)/AÊ Ref.procedure can be used to construct a dynamical matrix
of dimension 3N Ö 3N, where N is the number of atoms DFT-PW 1 3́96 1 0́89 Present work
in the molecule. Subsequent diagonalization of this CCSD 1 3́93 1 0́82 [22]

MP2 1 3́98 1 0́86 [23]matrix gives directly all 3N ± 6 normal mode vibrational
MP2 1 3́90 1 0́79 [24]frequencies and their associated eigenvector displace-
MP2 1 3́90 1 0́80 [25]ment patterns [20]. In principle, this approach can be exp. 1 3́93 ± 1 3́98 1 0́81± 1 0́90 [24]

used to investigate the anharmonic force ® eld as well.
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472 S. J. Clark et al.

Table 2. Experimental vibrational frequencies for Benzene. The notation TZ2P+f stands for t̀riple-zeta segmented basis set with
polarization functions including one of f-type’. The notation cc-VTZ stands for contracted, correlation-consistent valence
triple zeta set.

Obs.a/ DFTb MP2c MP2c MP2d CCSDe DFTf

Sym. cm Õ 1 PW (631G) (631G(dp)) (TZ2P+f ) (cc-VTZ) (631G*)

A1g 994 1006 1000 1015 1018 1012 1051
A1g 3191 3260 3213 3240 3242 3228 3114
A2g 1367 1351 1412 1367 1374 1391 1318
E2g 608 597 632 610 608 613 606
E2g 3174 3208 3179 3215 3217 3204 3096
E2g 1607 1607 1626 1645 1637 1672 1645
E2g 1178 1181 1234 1199 1195 1207 1157
B1u 1010 1008 1046 1009 1039 1025 1017
B1u 3174 3199 3173 3204 3218 3189 3092
B2u 1309 1339 1377 1451 1461 1304 1411
B2u 1150 1120 1229 1173 1178 1166 1129
E1u 1038 1042 1073 1063 1074 1071 1043
E1u 1494 1476 1527 1509 1515 1528 1475
E1u 3181 3224 3203 3231 3238 3221 3108
B2g 990 993 Ð Ð Ð Ð Ð
E2u 967 962 Ð Ð Ð Ð Ð
B2g 707 722 Ð Ð Ð Ð Ð
E2u 398 399 Ð Ð Ð Ð Ð
A2u 674 667 Ð Ð Ð Ð Ð
E1g 847 833 Ð Ð Ð Ð Ð

a [23]. b Present work. c [26]. d [25]. e [22]. f [27].

for the CH stretch modes [23, 26]. Second-order urations Ð a system for which the choice of basis function
would be extremely di� cult.Moller± Plesset theory (incorporating correlation as a

perturbation) improves the agreement with experiment,
but the results evidently depend strongly on the basis 3.2. 5CB

3.2.1. Molecular structureset used. Also MP2 methods are known to have di� culty
in handling multiple bonds which occur in the carbon We have shown that our ab initio method for calculat-

ing molecular structure and harmonic force ® elds givesframe of benzene [22]. Notably, the MP2 method fails
particularly badly for the B2u mode when large excellent agreement with experiment for benzene which

gives us con® dence to apply them to the more complic-(TZ2P+f ) basis sets are used. A more accurate treat-
ment of electron correlation using coupled-cluster single ated 5CB molecule where experimental measurements

are more di� cult to obtain. Convergence of energy andand double excitations (CCSD) is very computationally
demanding but has been performed for benzene using forces for the 5CB calculation was similar to that

obtained for benzene. The plane wave energy cut-o� wasvalence triple-zeta basis sets [22] and the results are
also shown. also the same as was the minimum distance between

atoms in adjacent cells. The calculated equilibrium bondComparing DFT with correlation-corrected HF
methods using localized basis functions, we note that lengths and angles for 5CB are shown in ® gure 1. We

note that the six-fold rotational symmetry of the phenylthe results are broadly similar. However, the sources of
error in both cases are di� erent: in our DFT implementa- groups has been broken by a contraction along the axis

of the molecule. The C± C bonds parallel to the longtion, the GGA neglects non-local e� ects in exchange
and correlation, while in the HF methods the non-self- axis of the molecule shorten to approximately 1 3́7 AÊ

while the rest are in the range of 1 3́8 to 1 3́9 AÊ . Thisconsistent treatment of energy and forces is likely to be
a signi® cant source of error. In comparison with MP2 di� ers from the standard model of aromatic compounds

where phenyl groups are expected to preserve idealcalculations, it is clear that our DFT-PW calculations
give results signi® cantly closer to experiment. This is sixfold symmetry. It is also interesting to note that the

C± C± N bond angle di� ers from 180ß by bending towardsprobably related to convergence of the basis set as the
choice of basis is clearly important for the MP2 studies. the tail by nearly 2 ß . This is well outside our numerical

noise (which is less that 0 1́ ß based on our convergenceIn what follows we will treat a liquid crystal molecule
in which carbon adopts many di� erent bonding con® g- tests) and we believe that this departure from linearity
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473First principles computer simulation

Figure 1. Bond distances and selected bond angles as calculated by relaxation under the in¯ uence of Hellmann± Feynman forces
for the planar conformation of 5CB. Note that the six-fold symmetry of the constituent phenyl rings is broken in the molecular
environment. This relaxed structure was used as the starting point for the normal mode calculations which are described later.

is a consequence of the intramolecular charge distribu- pole tensor to be
tion as evident from the high dipole moment (discussed
in the following section).

1

2 A� qi (3x2
i Õ r2

i ) 3 � qi xi yi 3 � qi x i zi

3 � qi yi x i � qi (3y2
i Õ r2

i ) 3 � qi yi zi

3 � qi zi x i 3 � qi zi yi � qi (3z2
i Õ r2

i )B3.2.2. Electronic properties
To explore the electronic structure in more detail, we

have examined the valence electron charge density which
where qi is the electronic or ionic charge and xi , yi andis shown in ® gure 2. From this electronic charge distribu-
zi are Cartesian coordinates and r is the position relativetion and the relaxed atomic positions we have deter-
to some origin. Diagonalization yields the quadrupolemined the molecular dipole moment and ® nd it to be
moments relative to the principle axis of the molecule.7 1́ D and directed along the major molecular axis.
These are Õ 0 6́57 Õ 0 2́71 0 9́28 ea2

0.We have also performed a multipole expansion to
extract the molecular quadrupole. There is no unique

3.2.3. Molecular vibrationsde® nition of the quadruple which essentially measures
In ® gure 3 we show the frequencies of all normaldeviation from spherical symmetry. We de® ne a quadru-

modes as calculated by our ab initio method. The
calculated frequencies are shown as tick marks along
the bottom of the graph. On the plot we also show the
results of room temperature Raman scattering measure-
ments. To collect the Raman spectrum we used the
6764 AÊ line of a Kr+ laser as the excitation source which
gives a power of approximately 90 mW at the sample. A
Coderg T-800 triple grating spectrometer was used in
90 ß scattering geometry. A count time of 5 s per data
point was used. We have not performed a full symmetry
analysis of all the modes and we therefore only compare
frequencies. In general we ® nd a large number of modes
with frequencies up to about 1630 cm Õ 1 . On examination
of the eigenvectors for these vibrational modes, we ® nd
that these correspond to molecular bond bending and
torsional modes. The calculation also shows good agree-
ment at the higher frequencies near 3000 cm Õ 1 which isFigure 2. Calculated valence charge distribution for a 5CB
dominated by C± H stretching modes. In between theseliquid crystal molecule as reconstructed from the electron

wavefunctions corresponding to occupied bands. The two two regions we calculate two more modes having fre-
phenyl groups, hydrocarbon chain and cyano end group quencies of 2054 and 2255 cm Õ 1 . Upon examination of
are clearly visible. The charge density is evaluated on a the calculated eigenvectors, the former of these modes is
discrete grid. A 700 eV cut-o� was used for this calculation

associated with a pure C º N stretch. The latter mode iswhich results in a basis set containing 2 5́ million plane
not observed in our spectrum and we conclude that itwaves. The entire calculation (including structural relaxa-

tion) took six hours on a 256 node CRAY-T3D. is Raman silent. Since our calculation does not include
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474 S. J. Clark et al.

Figure 3. The calculated vibra-
tional frequencies for an isol-
ated molecule of 5CB are
shown as vertical tick marks
running along the bottom of
the ® gure. Also shown for com-
parison is the room temper-
ature Raman spectrum of 5CB.

temperature e� ects, we would expect the theoretical References

[1] Allen, M . P., 1993, Philos. Trans. R. Soc. L ondonfrequencies to overestimate the experimental values. This
SERIES A, 344, No. 1672,323.e� ect is most pronounced in the high frequency regime.

[2] Samborski, A., Evans, G . T., Mason, C. P., and Allen,We have not attempted to calculate the Raman line
M . P., 1994, Mol. Phys., 81, 263.

intensity here as this requires the molecular polarizability [3] W ilson, M . R., and Allen, M . P., 1993, Mol. Phys.,
which, in principle, can be calculated using our quantum 80, 277.

[4] Crain, J., Ackland, G . J., and Clark, S. J., 1995, Rep.mechanical technique, but is not trivial for such a large
Prog. Phys., 58, 705.molecule.

[5] Hsueh, H . C., Vass, H ., Clark, S. J., and Crain, J.,
1995, Europhys. L ett., 31, 503.

4. Summary and conclusions [6] Crain, J., Ackland, G . J., Piltz, R. O ., and Hatton,
In this paper we have applied algorithms which are P. D ., 1993, Phys. Rev. Lett., 70, 814.

[7] Holender, J. M ., and G illan, M . J., 1996, Phys. Rev.normally used in ® rst principles electronic structure
B, 53, 4399.calculations on perfect in® nite crystals in order to study

[8] Holender, J. M ., G illan, M . J., Payne, M . C ., andthe properties isolated benzene and 5CB molecules.
Simpson, A. D ., 1995, Phys. Rev. B, 52, 967.

We have shown that the DFT-PW method is capable [9] Hsueh, H . C., Maclean, J. R., Guo, G . Y., Lee, M . H .,
of determining electronic, structural and dynamic prop- Clark, S. J., Ackland, G . J., and Crain, J., 1995, Phys.

Rev. B, 51, 12216.erties of liquid crystal molecules and mesogenic frag-
[10] Clark, S. J., Ackland, G . J., Crain, J., and Payne,ments to a level of accuracy previously attainable only

M . C ., 1994, Phys. Rev. B, 50, 5728.for very small molecules. Since no experimental input is [11] Perez, R., Payne, M . C ., and Simpson, A. D ., 1995,
required, the technique can be applied to as yet unsynthe- Phys. Rev. Lett., 75, 4748.
sized molecules with the same level of reliability and can [12] Stich, I., Payne, M . C., K ingsmith, R. D ., Lin, J. S.,

Clarke, L. J., Brommer, K . D ., Joannopoulos, J. D .,thereby contribute to the exploration of structure±
and Larson, B. E., 1993, Phys. Rev. L ett., 71, 3613.property relationships in liquid crystals.

[13] DeVita, A., Stich, I., G illan, M . J., Payne, M . C ., and
Clarke, L. J., 1993, Phys. Rev. Lett., 71, 1276.

We are grateful to the Edinburgh Parallel Computing [14] Payne, M . C., Teter, M . P., Allan, D . C., Arias, T. A .,
Centre for access to the T3D Parallel supercomputer. and Joannopoulos, J. D ., 1992, Rev. Mod. Phys., 64,

1045.We are also grateful to C. Jones of DRA, Malvern for
[15] Schluter, M ., and Sham, L. J., 1982, Phys. Today, 35, 36.helpful discussions. JC wishes to thank the Royal Society
[16] Kleinman, L., and Bylander, D . M ., 1982, Phys. Rev.

of Edinburgh and the Royal Society of London for L ett., 48, 1425.
support. SJC and CJA acknowledge the EPSRC. The [17] Lin, J. S., Qteish, A., Payne, M . C ., and Heine, V .,

1993, Phys. Rev. B, 47, 4174.authors also thank G. Bodammer for useful comments.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
7
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



475First principles computer simulation

[18] Perdew, J. P., Chevary, J. A., Vosko, S. H ., Jackson, [23] Goodman, L., Ozkabak, A. G ., and Thakur, S. N .,
K . A., Pederson, M . R., Singh, D . J., and Fiolhais, C ., 1991, J. Phys. Chem., 95, 9044.
1992, Phys. Rev. B, 46, 6671. [24] Maslen, P. E., Handy, N . C., Amos, R. D ., and

[19] Clark, S. J., Adam, C. J., Cleaver, D . J., and Crain, J., Jayatilaka, D ., 1992, J. Chem. Phys., 97, 4233.
1997, L iq. Cryst., this issue. [25] Handy, N . C., Maslen, P. E., Amos, R. D ., Andrews,

[20] Decius, J. C ., and Hexter, R. M ., 1977, Molecular J. S., Murray, C. W ., and Laming, G . J., 1992, Chem.
V ibrations in Crystals (New York: McGraw-Hill ), Phys. L ett., 197, 506.
Chapter 2. [26] Guo, H ., and Karplus, M ., 1988, J. Chem Phys., 89, 4235.

[21] Berces, A ., and Zeigler, T., 1993, J. Chem. Phys., [27] Albertazzi, E., and Zerbetto, F., 1992, Chem. Phys.,
98, 9044. 164, 91.

[22] Brenner, L. J., Senekowtsch, J., and Wyatt, R. E.,
1993, Chem. Phys. Lett., 215, 63.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
7
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1


