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The angular dependent site-renormalized integral equation theory is developed to compute the dihedral con-
formation distribution and intermolecular pair distributions of n-butane at infinite dilution in a Lennard-Jones
solvent. The equations take advantage of the topological diagrammatic expansion of the full angular depen-
dent molecular system by resumming the series in conjunction with the intramolecular degree of freedom. To
first order in an angular basis set, the numerical results of these site-renormalized equations are a system-
atic quantitative improvement over previous methods. In particular, the thermodynamics and conformational
distribution of the solute are essentially indistinguishable from simulation.
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1. Introduction

In contrast to the study of simple liquids, a significant challenge in the study of the statistical
mechanics of molecular liquids is the intricate multidimensional coupling of the pair distribution
functions of molecules. For single-center molecular models based upon familiar multipole methods,
analytic methods for accounting for the translation plus angular dimensions of the pair distribution
functions of rigid molecules have been formally realized for quite some time. Utilitarian concerns
have limited our understanding of the equivalent functions for multi-center site-site molecular model
fluids. In most cases we have only the study of the radially symmetric pair distribution functions.
The most well known example of this class of theories of the structure and thermodynamics of site-
site model fluids is the Reference Interaction Site Model (RISM) theory [1]. Another case is the dia-
grammatically proper interaction site model (PISM) formalism of Chandler, Silbey, and Ladanyi [2]

However, with ever-increasing computational resources available, as well as continued interest
for understanding the detailed solvation and conformations of large, biologically active molecules,
a welcome and increasingly useful trend in recent studies has developed, in which many methods
are being developed for studying higher dimension projections, or averages, of the pair functions
of site-site model fluids. In particular, as demonstrated especially by a significant body of work by
Professor Hirata and his co-workers, the so-called 3D-RISM theories [3], which are a straightforward
conceptual extension [4] of the RISM equations to the 3 spatial dimensions of the orientation-
dependent pair functions for a single, arbitrarily shaped solute, have been used in many diverse
and challenging application areas, including self-consistent solvation models for electronic structure
calculations [5], molecular recognition [6], ionic solvation and transport [7].

A related question is that of the intramolecular conformations and the structure of molecules
in solution. Again, the internal dimensionality of most molecules, especially polymers and bi-
omolecules, delineates the range of the methods developed and available to study the effects of
solvation on systems of interest. Here, as well, the RISM class of theories, and extensions to it,
have been the modern tool of choice for investigating site-site model systems yielding the popular
mean field electrostatics such as Poisson-Boltzmann as the zeroth order term in the expansion.
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While there are conceptually many such extensions, examples include the methods of Pratt [8],
Karplus [9] and Rossky [10], which have been found to be especially useful as a tool for use in
compliment to simulation studies, as well as the methods developed by Eu [11] for the broad study
of the conformations of polymers.

The increasing use of 3D-RISM methods, as well as our own continuing interests in improving
the quantitative predictions and understanding of the theory of liquids, have recently led us to re-
examine the integral equation methods for site-site model systems in some detail [12]. An especially
encouraging recent development [13] was, through means of topological resummation or renormali-
zation for each site in the diagrammatic expansion of the pair functions, the derivation of an exact
set of integral equations for site-site models which is formally equivalent to the rotational invariant
methods of Blum and Torruella [14] for single-center molecular models. The method retains the
general topological form of the PISM formalism of Chandler, Silbey, and Ladanyi [2]. Thus, we
have an exact generalization of the diagrammatically proper site-site interaction site model theory
which includes the full angular dimensional details of arbitrary site-site rigid molecules. In addition
to the formal development, for diatomic models, the quantitative predictions of the theory using
a minimal, isotropic basis, were a significant improvement over existing methods, and, since full
molecular dimensionality is intrinsic to the theory, the 3D structural projections (as well as higher
order projections) are a natural feature of the theory.

This confluence of interests, together with this special tribute to Fumio Hirata, suggests an
extension to intramolecular degrees of freedom. We derive and apply the method to a simple test
case with ample theoretic background and simulation results, and for which the geometry of the
system is simple yet illustrative. In particular, we extend the site-renormalized methods to the
study of n-butane at infinite dilution in the Lennard-Jones fluid. Below, we detail the extension of
the angle dependent site-renormalized theory to n-butane in the Lennard-Jones fluid, a formally
exact method for self-consistently calculating the conformation distribution of the solute, numerical
results, and conclusions.

2. Theory and methods

2.1. A general Ornstein-Zernike method and self-consisten  t S bonds

Here and throughout, we study a model system of n-butane at infinite dilution in a Lennard-
Jones solvent [8,10,15,16]. Our discussion assumes throughout that n-butane is represented by four
unique Lennard-Jones sites, and all intramolecular degrees of freedom are assumed rigid except for
the dihedral angle. Thus, the total solute-solvent pair potential has 4 intermolecular terms, plus
the dihedral angle-dependent interaction implicit in the geometry. At infinite dilution, the solvent
distributions are decoupled and uniquely determined by the standard integral equation methods
for a single component fluid [17]. The solvent pair distribution functions are determined by the
familiar Ornstein-Zernike(OZ) equation,

Py (7’) = Cyov (’/‘) + /C’u'u(rlf))p’uh'uv (’I"23)d1'3 s (1)

where the vv subscript denotes solvent-solvent tags, p, is the number density of the solvent,
how(T) = guw(r) — 1 is the total correlation function, g¢,,(r) is the radial distribution function,
and ¢,y (r), the total correlation function, is defined by equation (1). The solvent closure equation
used here is

Cuu (1) = exp(—LBuyy(r) + tow(r) + Dm(;%)(r)) —tu(r) — 1, (2)

where u,, () is the pair potential between solvent atoms, 3~ = k, T, ky, is the Boltzmann constant,

T is the absolute temperature, D) (r) is the 4-point, h-bonded bridge diagram, and t,,(r) =
Py (1) = €uo () is the indirect correlation function. This approximation scheme, labeled previously
as the HNCH2 approximation, is formally exact to order p2, and has been found to be a useful
compromise between formal exactness and numerical complexity for the Lennard-Jones system [18].
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The theory for the conformations of n-butane in a simple fluid

In order to proceed, we must first detail the angular conventions used throughout. Consider
the interaction between the 4-site n-butane solute and the spherical Lennard-Jones solvent. If we
choose a spherical polar coordinate system relative to the solute and fixed between an arbitrary
site within the solute and the atomic solvent, there are 3 unique angles in the system, the polar
and azimuthal angles of the solvent atom, and the dihedral angle of the solute. Thus, the solute-
solvent functions are, e.g., functions of the set (r, ¢1,) = (r,0, ¢, ¢1,), where r is the scalar distance
between the origin site in the solute molecule and the solvent atom, and we label the dihedral
angle ¢, and reserve ¢ as the standard azimuthal angle for the solvent. Since there are 4 sites in
the solute molecule, there are 4 simple choices of origin, and thus 4 unique site-site solute-solvent
distributions. These site-wise solute-solvent pair functions are determined by a simple extension of
the standard molecular conventions [19], with the OZ equations for each site origin defined as

h’iv(r7 ¢b) = Civ (I‘, ¢b) + /Civ(r137 ¢b)pvh1w(r23)dr3a (3)

where the iv subscripts label a given site ¢ on the solute and v for the solvent. Because we are
at infinite dilution, and since the solvent atom is spherically symmetric, the typical orientation
average associated with the 3rd molecule in the OZ equation does not appear here, though the
orientation dependence is still coupled through the vector dependence of r in ¢;,(r, ¢).

In order to define the closure for this system, it is first necessary to choose a normalization
convention for the intramolecular potential contribution to the system. We must first define how we
will include the intramolecular conformational distribution, s(¢1,). There are at least two distinct
ways of conceptualizing the problem. First, we may choose to assign the intramolecular potential
exclusively to single-particle properties, akin to the separation typically invoked in inhomogeneous
fluids. That is, we could separate the problem such that the 2-particle density function is defined by

pz(-i)(r, op) = pgl)(gb b)g(r, d1)py, with the single particle densities in turn defined self-consistently

as pgl)(qﬁ b) = pis(op), where p; is the solute density. In this case, the closure does not include the
dihedral potential directly, and we would have, for the hypernetted-chain (HNC) approximation,

Civ(ra ¢b) = exp(f/BUi,v(rv (bb) + tiv(ra ¢b)) - tiv(rv ¢b) - 17 (4)

where U/, (r, $1,) is the total intermolecular potential between all 4 sites and the solvent atom
in the iv coordinate system, excluding the dihedral contribution. In this convention, the Q!
normalization in the usual site-site radial pair functions,

T 21 27
ginlr) = <gm<r,¢b)>9)¢’¢b=91 /0 /O /O G (x, 61) sin 0d0dpdg (5)

is an extension of the standard case for rigid molecules, with 2 = foﬂ 0277 02” sin #dfd¢de,. How-
ever, we may also include the intramolecular potential directly into the closure, so that

Civ(ra qj)b) = s(gbb) exp(_ﬁUiIv (1‘7 ¢b) + tiv(r7 (bb)) — liv (I‘, ¢b) -1 (6)

In this case, the normalization convention is now

T 27 27
Q= / / / exp(—Bu(y) + dw(éy)) sin #dBdgdpy, (7)
0 0 0

where u(¢y) is the dihedral potential, and dw(¢y) is the excess potential of mean force on the
dihedral. This construction for €2 would be necessary to avoid over counting the intramolecular con-
tribution to the pair functions in equation (6). It would be equivalent to choosing the 2-body density
to be pg)(r, o) = pig(r, ¢p)py. These distinctions between normalization are a useful, alternate
description of the correspondence [20] between the Stell [21] [equations (4) and (5)] and Wertheim
[22,23] [equations (6) and (7)) conventions in reactive fluids. At infinite dilution, since the OZ equa-
tion is independent of the particular choice, we use the first convention of equations (4) and (5).
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To proceed, we require a self-consistent definition for s(¢1,). As with the related problems of
inhomogeneous and reactive fluids, there are several equivalent means to determine s(¢1,). Here,
we use a topological identity which may be derived by either the functional integration methods
used by Morita and Hiroike [24], or, more directly, by the equivalent method of Rushbrooke and
Scoins [25] used in demonstrating the term by term equivalence of the pressure integral of g(r) to
the virial series. Consider the definition [17],

P (d1) = pis(dn) = piAexp(—Bu(r) + ¢ (1)), 8)

where A is an arbitrary constant, and cgl)(qﬁ b) is the solute single particle equivalent of the total
direct correlation function defined by the functional derivative with respect to the density of the
solvent,

Civ (I‘, ¢b) - (9)

5/)5;1) (r2) .

Following Rushbrooke and Scoins, we recognize that the diagrammatic expansion of cgl)(gbb) is
simply related to the pair distribution function in the solute-solvent system

Cgl)(¢b) = /exp( BU; ¢b)+tm(1‘»¢b)) (r-VrﬂU{v(r,aﬁb))dI‘

= B[ giur.60) (- VeBUL,(x, 6)dr, (10)

where V, is the gradient operator. The arbitrary constant A is determined by the requirement
that [ s(¢p)dép =1, and we have that

s(dn) wleXp< Pu(en) + /gw( ,¢b)(r-VrﬂU{v(r,¢b))dr)- (11)

The normalization constant, w, is defined

w = /027r doy exp( Bu(oy) + /gw( ,¢b)(1‘ : VrﬂU’(r,¢b))dr>. (12)

Note that, as with other sum rules, there is a required agreement between all v coordinate systems,
i.e. s(¢p) must be the same regardless of the site-site coordinate system chosen to perform the
integrals. This is easily satisfied formally by using the usual site-site representation

2o [ (e 00)x - V28U sz | g as)

where u;, (1) is the potential between site ¢ and the solvent atom when site 4 is at the origin. The
site-site representation for this integral is exact in this case, due to the fact that the integrals must
be independent of the choice of origin. For now, we will leave to later work a more general derivation
and investigation of these equations, which should be generally applicable wherever the inhomo-
geneity, or, equivalently, the intramolecular potential, is a functional form sufficiently localized that
the origin is freely chosen. Below, in combination with a site-renormalized approach to the self-
consistent generation of the g, (r, @) functions, we will investigate the numerical consequences of
equation (11) in combination with equations (3) and (4).

2.2. A site-renormalized method for n-butane in LJ fluids

In our previous work, we demonstrated for molecular fluids that the exact molecular OZ and
closure relationships may be easily related to the PISM formalism, which itself provides a subset
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The theory for the conformations of n-butane in a simple fluid

of correct terms. For the purpose at hand, the chief advantage of so doing is that, if we expand the
molecular site-site pair functions in a spherical basis set, then the first, isotropic basis approxima-
tion in the renormalized equations is a significant quantitative and qualitative improvement over
the RISM and PISM methods. Since we consider here a molecular solute at infinite dilution in
an atomic solvent, the diagrammatic complexity is sufficiently reduced so that a brief, illustrative
derivation is easy to present. As mentioned above, we consider n-butane as the united atom limit,
with 4 Lennard-Jones sites. In this system, we label the solvent atom as particle 2, the two interior
methylene sites of the n-butane molecule as 1 and 3, and the exterior methyl sites as 4 and 5. This
system has two unique site-site solute-solvent coordinate systems. In the first system we place the
origin coincident with site 1, with r = ri5, fix the z-axis along the 1-3 bond, and fix the 1-4 bond
in space at ¢14 = 0. In this case, the dihedral reduces to ¢, = ¢5, and the total potential is defined

Uro(r, o = u(¢s) + uia(r) + u2z(|r — 13]) + uga(|r — 1u) — uas(|r — 15)), (14)

where 13 and 1 are fixed, while 15 is fixed along 65 but rotates through the dihedral angle, ¢s,
and, where necessary, U;, = U1, — u(¢5). Thus, the 3 unique angles in this system are (0, ¢, ¢p) =
(02, P2, &5). The second unique site-site coordinate system is coincident with one of the exterior
methyl group sites of the molecule. Given the coordinate system above for the interior sites, then,
keeping the methyl site labeled 4 fixed in orientation, then for any angle ¢5 the exterior site-site
coordinate system is given by simply translating site 4 to the origin, and similarly translating sites
1,3, and 5.

Using the interior coordinate system as an example, we recognize that the potential separates
naturally into 2 contributions, such that

U{U (r7 ¢b) = ui)/l) (T) + u%lfl) (r7 ¢b)7
u(l)'u(r) = UlQ(T),
Uy (1, db) = uas(|r —13)) + uoa(|r — 1y) — uas(|r — 15)), (15)

and we again use the labeling of Chandler, Silbey, and Ladanyi in recognition of the fact that the o,
or none, functions depend upon only r, while the [, or left, functions depend upon both r and ¢,.

Given this separation of U/, for any of the site-site coordinate systems, the closure equations
also separate naturally into o, [ pairs,

cip(r) = exp(=Bug,(r) +t3,(r)) — t5,(r) = 1,
Cév(rv d)b) = exp(_ﬁu?v (’I“) + t;’)v(r)) : <exp(_ﬁu7liv(r> ¢b) + tﬁv(rv (bb)) - 1) - tév(n ¢b)? (16)

and a similar separation holds for the molecular OZ, equation (3). A site-renormalized form of
these equations is determined by recognizing that tév(r, ¢p) in turn has a unique topological rep-

resentation, such that these terms may be separated sitewise,

th (v, 01) = Tl (r,d1) + D19, (Ir = ]). (17)
J#i

That is, the subset of terms in ., 7, (|r —1;]) are those diagrams in t!, which are simple coor-
dinate transforms of t7,, and thus depend only upon the position of the j 7# i site. Further, these
diagrams are simply those which, in the isotropic basis, are generated by the S-bond convoluti-
ons in the PISM equations, by definition. The Tilv(l‘, ¢1p) diagrams are then those which depend
simultaneously upon the position of more than one of the j # i sites in the solute. Recognizing
this diagrammatic distinction, we re-sum the left closure and OZ equations (in the isotropic basis)
with respect to t°,

e (r) = exp(—Bul,(r) +t9,(r)) <exp(—ﬂﬂﬁv(r,¢b)+T“0°O(T))—1> — 71000 (),
01,

ho,(k) = &, (k) + &, (k)phy(k),

ﬁﬁ;ooo(k) _ Eé;vooo(k) I [aﬁfoo(k) + igij(k)é.?v(k)] phy(K), (18)
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where the prime on the sum in the definition of ﬁl;ooo(k) means that the s45 term is not included,

e (r) = @00r) — @R (),
1,000 ) 1,
T ) = R0 =),
(v, 6n) = by (r,én) = Y 5, (e = 1)), (19)
J#i

the renormalization functions are defined by

), = Z(exp(—ﬂu%r,m)+t°<r—1j|>>—1)) it iA£4,5
e

and

o, = Z<exp(ﬂul(ra¢b)+to(r1j|)) 1)) +1°(lr —1s[)  for i=4,5,
J#i
(I)ﬁ;vOOO(T) = <¢év(ra ¢b)>9¢¢b' (20)

Again, the ij = 45 term is not included in the primed sum. The é(k), h(k) are the usual zeroth
order Hankel transforms of their respective r-space functions. The s;;(k) are the intramolecular
site-site distribution functions, with the usual rigid constraint definition

sig(k) = SE0) (1)

j

for all 4,7 pairs in the solute except for the s45(k) pair, the terminus site-site intramolecular di-
stributions. We exclude the s45(r) functions from the renormalized OZ equation, and thus use a
different definition of the ® functions in reference to the different generating topologies. This is
for the simple fact that, as discussed by Pratt and Chandler [8], the coordinate transformation
s(¢p) — s45(r) is dependent upon integrating over ¢, numerically in any case. Thus, unlike the
rigid bonds, there is no numerical advantage to directly pulling these terms through the molecular
equations. As such, we simply integrate ¢, in r-space and keep the renormalization terms, <I>§v, in
the form appropriate. This has the additional property that all ¢}, terms are chirality-preserving.
We further note that in the case that the ¢, angle is kept fixed, and all intramolecular degrees of
freedom held rigid, then sy45(r) is uniquely defined, can be included in the OZ equations, and ®},
and ®. have the same form as for the interior ®!, terms.

3. Results

The potential model used here is the standard 4-site Lennard-Jones model system used by
several other groups [10,16]. In combination with the standard Lorentz-Berthelot mixing rules
[17], the Lennard-Jones parameters used here for CCly are eccy, /kp = 373.2 K, where K is units
Kelvin, and occy, = 5.27 A, while the unique sites (C; the interior, or methylene groups, and C.
the exterior or methyl groups) for the n-butane model are given by ¢;/ky, = 57.51 K, 0; = 3.983 A,
€e/kr, =91.19 K, and o, = 3.861 A. For the dihedral potential of the n-butane model, we use the
Scheraga parameters [16] for the potential form

V(pb) =0+ 71 cos(¢1) + 12 cos?(¢1) + 73 cos®(¢1,) + 4 cos’ (¢1,) + 77 (1), (22)

with torsional parameters

vo/ky = 11156 K,  ~v1/kp = —1462.0 K,
vo/ky = —15T7T8 K, ~3/k, = 368.02 K,
va/ky = 3155.6 K,  ~s/ky = 37875 K. (23)
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The theory for the conformations of n-butane in a simple fluid

The solvent phase point typically investigated for this system is at T = 298 K and pcci, =
0.0063 Molecules/ A3, In reduced units, this corresponds to a Lennard-Jones liquid at 7% =
kyT/e = 0.796 and p* = po3 = 0.922. For a useful contrast, both numerically and physically,
we also calculate the results of using solvent parameters corresponding to methane, where we take
the simple approximation that ecy, /kn, = 91.19 K and ocg, = 3.861, i.e. that to a first approxima-
tion solvent methane is equivalent to the methyl groups of the solute. For this choice of parameters,
the same Lennard-Jones liquid in reduced units is equivalent to pcy, = 0.016 Molecules/ A3 and
T = 72.6 K. We note that quantum effects for this phase point, especially with respect to the
dihedral rotation, may be discernible, but, with that caveat, the choice of methane should still be
reasonably illustrative for the model. Finally, in order to compare the results for the intermolecular
pair functions, we ran 2 molecular dynamics simulations for the CCly solvent with the solute fixed
in the cis and trans conformations, using standard simulation methods [26] and 1536 solvent atoms.
Numerical results for the integral equations were calculated using standard methods on a radial
grid of 2048 points and spacing dr = 0.0514 A. The angular integrations were all calculated using
a regular trapezoid rule method, and satisfactory numerical convergence for all angular integrals
investigated was found using (6, ¢, ¢,) = (16, 32,256) points.

Table 1. Various thermodynamic quantities calculated in this work.

Simulation This work
BUex /N
Solute-Solvent —18.6 ([15]) (~18.0(cis),~17.4(trans)) -18.56
Rotational 1.08 ([15]) 1.12
2g/2, (the dihedral K.,) 0.8 ([16]) 0.83

Our numerical results are summarized in table 1 and below. We report here only the solute-
solvent and solute thermodynamic results. The results using the HNCH2 approximation for the
solvent are discussed in previous work [18]. The excess solute-solvent internal energy, SUex /N, is
calculated from the usual molecular expression, though we take advantage of the fact that the
site-site definitions

BUex/N = 47TP0014/O <U(I‘,¢b)9(r7¢b)>¢b7"2d7’:47T,00014Z/0 Ui (1) gin (r)r?dr (24)

are exact here by construction. Note, the factor of 2 here for the solute-solvent energy, since there
are 2 equivalent solute-solvent terms in the total excess energy for the mixture. In table 1, the cis
and trans labels refer to the results from our own simulations with the solute fixed in the cis and
trans conformations, respectively. The excess rotational energy of the dihedral angle is, similarly,

BULIN = / "V(6n)s(dn)dpn- (25)
0

Finally, the equilibrium constant for the dihedral rotation, or, equivalently, the ratio of gauche to
trans conformers for the system, zg/x¢, is defined

JE3 S ()de

47 /3 :
orts S(6)do
We note that, in all cases, the thermodynamic results for the present theory are numerically within
the error of the simulation results. The intermolecular distribution functions given below show that
this result is predominately due to the very close agreement of the predicted intermolecular pair

functions to the simulation results outside the first solvation shell.
The most intriguing result of this work is the intramolecular distribution function, s(¢1,).
The ratio x4/ indicates that the structural results for this function are in strong quantitative

Ty = 2 (26)
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agreement with the simulation results of Rebertus, et. al. [16] This is confirmed in figure 1. The
distribution function is essentially indistinguishable from the simulation results, and is a signif-
icant improvement over the results from the XRISM theory. We note that the construction of
equation (11) is, in an important sense, an exact definition of the basic results of the theory of
Pratt and Chandler [8], in that the packing forces of all solvent atoms in the system on the solute
molecule are aggregated in their effect upon the conformational distribution. The close agreement
of the theory presented here, given the form of the integrand in equation (11), indicates that the
intermediate and long-range structure of the fluid, in aggregate, is an essential part of the force
influencing the conformational distribution of the molecule. We further illuminate the effects of
the solvent through changing the solvent to methane, the results for which are plotted in figure 2.
The effect of the smaller solvent molecule is essentially negligible, and is dominated mostly by the
temperature change, though there is still a qualitative solvent effect.

5

1.5

SO ] S(0) ]
2 — —
05 - L A
] — —
L \ L
00 00 /3 T S5n/3
o
Figure 1. S(¢p), the intramolecular distri- Figure 2. S(¢1), the intramolecular distri-
bution function for the dihedral angle of n- bution function for the dihedral angle of n-
butane in CCly. The solid line is the simula- butane in methane. The solid line is the ideal
tion result of Rebertus, et. al. [16], the dashed gas distribution, the dashed line is the integral
line is the result for this work, the dotted line equation result for this work.

is the ideal gas result, and the dot-dashed line
is the XRISM result.

To investigate the intermolecular pair functions, we follow Pratt and Chandler [8] and calculate
the site-site solute-solvent radial projections as a function of the dihedral angle, g(r, ¢1,), defined as

T 2
gl o0) = 1= /0 /0 G (r, &) sin d6dg. (27)

The complete functions for the interior methylene and exterior methyl groups, g;(r,$1) and
ge(r, ¢1), respectively, are given in figures 3 and 4. We compare these functions for g(r, ¢1, = 0, 7)
against our simulation results for the fixed solutes in figures 5-8. There are two primary results
that we take from these plots. First, in the first solvation shell, the integral equation theory ap-
pears to overemphasize the solvent affect on the interior methylene groups of the butane, at the
expense of the solvation of the exterior methyl groups. Second, the secondary solvation structure
is extremely well-represented by the integral equation theory as constructed. In order to further
illustrate the situation, in figures 7 and 8, we show the results of holding the solute fixed in the cis
and trans conformations, respectively, in the integral equation theory. From this, we conclude that
the construction of the integral equations, in particular the choice of using only the linear terms
in the construction of the renormalization functions, overemphasizes the contribution of the inte-
rior methylene groups with respect to the solute-solvent interaction. Further, the sharp secondary
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Figure 3. g;(r,¢1), the solute-solvent aver- Figure 4. gc(r,¢1), the solute-solvent aver-
aged radial distribution function as a function aged radial distribution function as a function
of the n-butane dihedral angle, ¢1,, between of the n-butane dihedral angle, ¢1,, between
the interior methylene groups and the CCly the exterior methyl groups and the CCly sol-
solvent groups at p = 0.0063 molecules/ A3 vent groups at p = 0.0063 molecules/A3 and
and T = 298 K. The distances on the z, y axes T = 298 K. The axes are as in figure 3.
are in A.
25 25

20 — 2+ —

g F

1 —
05+

0 /| \ \ \ \ 0 /| \ \ \ \

0 5 10 15 20 25 30 0 5 10 15 20 25 30

1, in Angstroms r, in Angstroms

Figure 5. g;(r, ¢ = 0), the solute-solvent av- Figure 6. g:(r,¢ = m), the solute-solvent
eraged radial distribution function with the averaged radial distribution function for
solute angle in the cis conformation, between the trans conformer, between the methylene
the interior methylene groups and the CCly groups and the CCly solvent groups. The line
solvent group. The solid line is our simulation types are as in figure 5.

with the solute fixed, and the dashed line is
the result of the integral equation theory.

shoulder in the exterior distribution function is partially an artifact of holding the solute fixed,
since this feature is qualitatively reproduced in the theory by holding the solute fixed. The overall
effect of the theory as constructed appears to be to push the first solvation shell out some distance
from the exact result for the model.

It is useful to investigate whether these effects are a result of the theory, or whether the
combination of model and theory is to blame. We do this by changing the solvent relative to the
solute, making the solvent size and interaction equivalent to the exterior methyl groups, which
is basically equivalent to making the solvent equivalent to liquid methane. The results for these
calculations are shown in figures 9 and 10 for the cis and trans conformers, respectively. The key
feature here is that, even though the solute is not held fixed in these calculations, the relative size
change makes the solvation structure significantly more detailed, and the theory produces these
results for this system without modification. This indicates that the relative contribution of the
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Figure 7. ge(r,¢ = 0), the solute-solvent
averaged radial distribution function for the
cis conformer, between the exterior methyl
groups and the CClsy solvent groups. The
solid and dashed lines are the simulation and
the integral equation theory, as in figure 5.
The dot-dashed line is the result from the
integral equation theory holding the solute
fixed in the cis conformation.
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Figure 9. g(r, @), the solute-solvent averaged
radial distribution function for the cis con-
former, between the solute groups and the
methane solvent groups. The solid line here
is for the exterior methyl groups, the dashed
line is for the interior methylene groups.
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Figure 8. gc(r,¢1), the solute-solvent av-
eraged radial distribution function for the
trans conformer, between the exterior methyl
groups and the CCly solvent groups. The line
types are as in figure 6.
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Figure 10. g(r,¢b), the solute-solvent aver-
aged radial distribution function for the trans
conformer, between the solute groups and the
methane solvent groups. The line types are as
in figure 9.

30

renormalization functions in the theory is sensitive to the details of the system under investigation.
Given the structure of the theory, and the results here, it would seem that this particular choice
of renormalization function should be most useful for the study of solutes that are large compared

to

the solvent constituents.
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4. Conclusions

In this work, we presented an angle dependent site-renormalized integral equation theory for
calculating the intramolecular and intermolecular pair distributions of n-butane at infinite dilution
in a Lennard-Jones solvent. The equations were derived from the diagrammatic expansion of the full
angular dependent molecular system of equations by resumming the series self-consistently. To first
order, the numerical results of these site-renormalized equations were shown to be a quantitative
method for predicting the intramolecular conformational distributions and solute thermodynamics.
The intermolecular pair distributions between the solute and the solvent molecules were qualitati-
vely reasonable.

We found that the thermodynamics and conformational distributions of the solute were es-
sentially indistinguishable from the simulation results. The intermolecular pair distributions were
also shown to be in qualitative agreement with simulation, but especially better with regard to
the intermediate and long-range solvation structure of the liquid. These results were for a simple
test case. Further work in this area will focus on developing the analysis of intramolecular distri-
butions for larger, more complex molecules, especially polar and charged systems, as well as the
contributions from higher order terms in the angular basis set expansions.

Acknowledgements

We gratefully acknowledge the support of the several agencies responsible for funding this
work. K.M.D, J.S.P., and B.M.P acknowledge the support of the Robert A. Welch Foundation
and N.ILH. The work of G.S. was supported by the Division of Chemical Sciences, Office of Basic
Energy Sciences, Office of Energy Research, U.S. Department of Energy. The work of K.M.D. done
at Stony Brook was supported by the National Science Foundation NIRT Award 29963.

References

Chandler D., Andersen H.C. J. Chem. Phys., 1972, 57, 1930.

Chandler D., Silbey R., Ladanyi B.M. Mol. Phys., 1982, 46, 1335.

Kovalenko A., Hirata F. Chem. Phys. Lett., 1998, 290, 237.

Cortis C.M., Rossky P.J., Friesner R.A. J. Chem. Phys.. 1997, 107, 6400.

Kovalenko A., Hirata F. J. Chem. Phys., 1999, 110, 10095.

Imai T., Hiraoka R., Kovalenko A., Hirata F. J. Am. Chem. Soc., 2005, 127, 15334.

Kovalenko A., Hirata F. J. Chem. Phys., 2000, 112, 10391.

Pratt L.R., Chandler D. J. Chem. Phys., 1978, 68, 4202.

Pettitt B.M., Karplus M. Chem. Phys. Lett., 1985, 121, 194.

Zichi D.A., Rossky P.J. J. Chem. Phys., 1986, 84, 1712.

. Gan H.H., Eu B.C. J. Chem. Phys., 1995, 103, 2140.

. Dyer K.M., Perkyns J.S. Pettitt B.M. J. Chem. Phys., 2005, 123, 204512.

. Dyer K.M., Perkyns J.S. Pettitt B.M. J. Chem. Phys., in press.

. Blum L., Torruella A.J. J. Chem. Phys., 1971, 56, 303.

. Bigot B., Jorgensen W.L. J. Chem. Phys., 1981, 75, 1944.

. Rebertus D., Berne B.J. Chandler D. J. Chem. Phys., 1979, 70, 3395.

. Hansen J.P., McDonald I.R. Theory of Simple Liquids. Academic Press Inc., London, second edition,
1986.

18. Perkyns J.S., Dyer K.M., Pettitt B.M. J. Chem. Phys., 2002, 116, 9404.

19. Gray C.G., Gubbins K.E. Theory of molecular fluids, vol. 1. Clarendon Press, Oxford, 1984.

20. Dyer K.M., Perkyns J.S., Pettitt B.M. J. Chem. Phys., 2005, 122, 236101.

21. Kalyuzhnyi Y.V., Stell G. Mol. Phys., 1993, 78, 1247.

22. Wertheim M.S. J. Stat. Phys., 1984, 35, 35.

23. Wertheim M.S. J. Chem. Phys., 1987, 88, 1145.

24. Morita T., Hiroike K. Prog. Theo. Phys., 1961, 25, 537.

25. Rushbrooke G.S., Scoins H.I. Proc. Roy. Soc. A, 1953, 216, 203.

26. Allen M.P., Tildesley D.J. Computer Simulation of Liquids. Oxford University Press, Oxford, 1987.

PN T W

e e e T e T Rt
N UAWN R OO

341



K.Dyer et al.

OpieHTauinHO-3anexHa By30/1-NepeHopMoOBaHa Teopia
KoHdopmMauii n-6yTaHy B npocTtomy ¢bnioia,i

K.Oiep™?, N.Mepkinct, B.MeTit!, ICten?

1 XimiuHuit pakynsTeT, yHiBepcouTeT X'I0CTOHa, XI0CTOH, WwTaT Texac 77204-5003, CLLA
2 XimiqHui dakynbTeT, yHiBepcuteT CtoHi Bpyk, CtoHi Bpyk, CLUA

OTpumaHo 21 yepsHsa 2007 p.

OpieHTaLiiHO-3aexHa By30J1-NepeHOpMOBaHa TeopIis iIHTerpasbHUX PiBHAHb PO3BMHYTA A/ PO3PAXYHKY
[erigpunbHOro KOHGOPMAaLIMHOro PO3NOAINY i MiXXMONEKYNAPHUX NapHUX po3noainiB n-6yTaHy npu 6es-
MEXHOMY PO3BELEHHI B PO3YMHHUKY 3 B3aemogieto Tuny JieHHapaa-xoHca. PIBHSHHA OTPMMaHi Ha OCHO-
Bi TOMOJIONYHOrO AiarpaMHOro PO3BUMHEHHS 419 3aNeXHOI Bif, KYTiB MOJIEKYSIPHOI CUCTEMU LUJIIXOM Me-
pecymMyBaHHS psifiB 3 BPaxyBaHHSIM BHYTPILLUHbOMOJIEKYNSPHUX CTYMEHIB BINbHOCTI. B nepuomMy nopsiaky
no KyToBOMY 6a3uncy 4YMcesibHi pesynstaTti, OTPUMaHi Ha OCHOBI By30J1-NepeHopMOBaHOI Teopii, BeayTb 40
CMCTEMATMYHOTO KiIbKICHOTrO MOKPAaLLLEHHS pe3yNibTaTiB, OTPUMaHMX NONepeaHiMn MetToamkamm. 3okpema
TepMoauHamika i KoHdopMaLiiHWIA PO3MNoAiN PO3YMHIOBAHOI MOJIEKYNIN MaiXe He Biapi3HATLCS Bif, pe-
3ynbTaTiB KOMM'IOTEPHOrO MOJENOBAHHS.

Knio4oBi cnoBa: cTpykTypa piavH, IHTerpasibHi PIBHSIHHS, POTAMETPUYHI CTaHU

PACS: 05.20.-y 05.70.-a 61.20.Gy
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