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An approximation within Wertheim'’s second order perturbation theory is proposed which allows for the de-
velopment of a general solution for pure component fluids with an arbitrary number and functionality of as-
sociation sites. The solution is closed, concise and general for all second order effects such as ring formation,
steric hindrance and hydrogen bond cooperativity. The approach is validated by comparison to hydrogen bond
structure data for liquid water.
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1. Introduction

This paper is in honor of Dr. Yurij Kalyuzhnyi and his many outstanding theoretical contributions to
the thermodynamics and structure of associating fluids.

The thermodynamics and liquid structure of associating fluids pervades many areas of physical,
chemical, materials and engineering research and application. Associating fluids interact with highly
directional potentials with a limited valence. In materials research, patchy colloids [1] represent possible
avenues for self-assembled materials as well as primitive models for proteins [2]]. The thermodynamics of
molecular fluids such as water, alcohols, carboxylic acids, etc., are dominated by the effects of hydrogen
bonds, an association interaction.

Wertheim’s multi-density statistical mechanics [3 |4] has become a cornerstone in the theoretical
description of associating fluids. Dr. Kalyuzhnyi has extensively worked within this multi-density for-
malism to develop a series of integral equation theories [5H7] in order to predict the liquid structure of
associating fluids. Thermodynamic perturbation theories (TPT) within this multi-density formalism have
been widely adopted within engineering equations of state [§] for hydrogen bonding fluids as well as
primitive models [9]] for patchy colloids.

TPT is typically applied at first order in perturbation, TPT1. TPT1 treats each association bond
independently. This results in independent bonding probabilities for each association site allowing for
a simple, general solution of TPT1 for fluids of arbitrary complexity. This simplicity comes at a price.
Contributions to the free energy which arise through the interaction of three associating units (colloids,
molecules) such as steric hindrance, hydrogen bond cooperativity, ring formation, and multiple bonding
of a single association site cannot be described in TPT1. To include these effects one must go to second
order in perturbation, TPT2. Unfortunately, in TPT2 the simplicity vanishes and a general solution
to the theory cannot be stated in concise form. TPT2 theories necessarily lead to the evaluation of
recursion relations [[10, [11]] in fluids with > 2 association sites, which would be difficult to generalize.
This complexity limits the widespread applicability of TPT2.

In this paper a “middle ground” between TPT1 and TPT?2 is proposed. An approach which allows for
the inclusion of second order effects, but retains a portion of the simplicity and generality of TPT1.
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2. Simplified TPT2

In this section a pure fluid of N associating spheres in a volume V at a temperature T is considered.
The spheres containa set I' = {A, B, C, . . .} of association sites labelled with capital letters. The potential
of interaction between sphere 1 and sphere 2 is given by

0(12) = ¢y, (r2) + ) D 045 (12). (M
Ael Bel'

The distance between the centers of the molecules is 71, and the notation (I]) represents the position
and orientation of molecule 1. The term ¢, is the pair potential of the spherically symmetric hard sphere
reference fluid and ¢ 4p is the potential of interaction between sites A and B.

In Wertheim’s [3} 4] formalism, the density of spheres p, bonded at the set of sites a plays a central
role. Based on these set densities, Wertheim further defined the density parameters o, which act as field
points in the multi-density cluster expansion

u=> pa @

yCa

The monomer density is p,= 0, and the total density is given by p = or. The densities are related
to the fundamental graph sum ¢, through the following relation

Jo)
o _ Z HCT, (©)
Po  pa=ir} =
where ©
d  Ac®
c ¢ y #0. (&)

Y= BO'F_V v

In second order perturbation theory (TPT2) the graph sum is decomposed as

@~ cﬁgf) =Ac? = AC;O) + Acg(;) . (5)
©)

o 18 the contribution for the non-associating reference fluid, Ac}o)is the first order contribution which

(0)

contains graphs with a single association bond, and Ac/,

ation bonds. From equations @)—(5)

contains second order graphs with two associ-

(o)
Co = gﬁ‘r; =0 for n(a)>1,
(6)
_ ohery
Ca = ggr= =0 for n(a) > 2.

A major obstacle in the development of a general TPT?2 solution is the general enumeration of the
site densities. Consider spheres bonded with a set of 4 association sites @ = {A, B, C, D}

PABCD
——— = CACBCCCD + CABCCCD + CBCCACD + CCDCACB + CACCBCD + CBDCACC
Po
+CADCBCC + CABCCD + CACCBD + CADCBC- @)

As the number of sites increases in the set «, this enumeration becomes increasingly complex. In
addition, there is no general analytical way to evaluate these sums.

To develop a simpler analytical TPT2 theory, we assume that second order corrections governed by
the cqp will be small compared to the first order corrections given by c4. Hence, contributions to p,
which contain products for two or more second order terms capccp can be neglected. In other words,
we make the following assumption,

cocg =0 for n(a)=n(B)=2. 8)
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Theoretically, the simplification in equation (8] results in the limitation that each associating sphere
can only participate in a single second order interaction at a time. There can be multiple pairs of
association sites which exhibit second order properties, but any associated state of the sphere is limited
to a single second order interaction. Combining equations (3) and (8)

&zl—[c,q—i- ZCAB 1_[ cp. )
Po  4ea ABea Dea—-AB
From equation (3)
A AB A PB
ca=bli cpp= A8 _LALE (10)
po pO pO pO
Combining (9) and (I0)
o _ T]224 % (pﬁ _ p_AP_B) )
Po Aca Po ABea Po Po Po Dea—AB Po
_ PA 4 PAB PD PA PB PD
Aca PO ABea PO pDea—aB P°  ABca PO PO pea-ap Po
= PaB p—D—(/la—l)l_lp—A- (11)
ABea Po Dea-AB Po Aca Po

The constant A, represents the numbers of pairs of sites in @. Equation (11)) can be rewritten with the
aid of site operators [4]]

Ga= Y Gas || op-(a-D]]0n= ZQ?B—(AQ—U [Too a2

ABea Dea-AB Dea ABea Dea
where & = 04/ p, and
TA G ieas T2 (1 sea)(1+cp)+cap. (13)
Po Po
We simplify equation (12)
Oa CAB op
@ 1+ —A8 ) _a.-n|[]Z2
Po A;a( (I+ca)(1+ CB)) ‘ l ,:l)—EL 0
CAB 0D
=1+ Y — A8 T 22, (14)
( A;a (1 + CA)(1 + CB)) ll_EL Po
defining ¥, as
CAB
Vo =1+ YAB; YAB = T - (15)
¢ A;a (1+ca)(1+cp)
Equation (T4) can be written in the concise form
(% TA
— =Y — =Y 1+cy). 16
0o a 1_[ 0o a 1—1 ( A) ( )

Aca Aca

In TPT1 all c4p = 0 resulting in ¥, = 1.
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Consider 3 cases:a=1,a=I'-Aanda=1 - AB

or
L= Loy [Ta+ew.
Po Po AeT

or-A
=Yr_a ﬂ (1 +ca),
Po Ael-A

A8 gy [ (+ea). (17)
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defining the monomer fraction, X,,, fraction of spheres not bonded at site A, X4, and the fraction of
spheres not bonded at either site A or B, Xp, as

X, =22 x, =754, x, = IEEC (18)
P P P

From equations (I7) — (I8)) we obtain the fractions

1

+ = ¥r[]a+en,
o Aell

X

X—A = Yroa n (I +ca),
o Ael-A

X

oo = Yras [| (+ew. (19)
o Ael-AB

Equations (T9) provide a general TPT2 solution for a pure fluid of associating spheres with a set of sites I',
subject to the approximation in equation ().
The total Helmholtz free energy is given by

A — Aps =1n(p0) 0 Act@)
N

=4l —, 20
NkBT +p+ ( )

where Aj is the free energy of the hard sphere reference fluid, V is the system volume and 7 is the
absolute temperature. In TPT2, the Q function is given by

0 1 W
_:—1+—ZC70T—7=—1+Z(1—)(A)+ Z CAB I;PAB)(A)(B, (21)
P P Ael ABel r
y#0
_ ! (22)
XA = 1+ CA'

Equation is as far as we can go without defining a specific form for Ac(®). Equations completely
and concisely specify the associated state of the fluid, whereas the complete TPT2 solution [10, [11]
requires the evaluation of recursion relations. The simple form of equations (T9) will allow for wide
applicability. We will refer to this approach as simplified second order perturbation theory, TPT2S. In
section 3, TPT2S is applied to predict the effect of hydrogen bond cooperativity on the hydrogen bond
structure in liquid water.

3. Application to hydrogen bond cooperativity in water
In this section we demonstrate the accuracy of TPT2S for the description of hydrogen bond coopera-

tivity in water. Marshall [[12]] developed a full TPT2 theory for water to describe positive hydrogen bond
cooperativity. In this section, we compare TPT2S to this standard TPT2 solution.
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Water is taken as a sphere with 4 association sites, 2 oxygen acceptors and 2 hydrogen donors, in
the set I' = (Oy, Oy, Oy, Hy). The pairwise hydrogen bonding energy between an oxygen acceptor and
hydrogen donor is eog. However, it is well known [13]] that water exhibits substantial hydrogen bond
cooperativity (HBC). HBC is a cooperative effect resulting in the energetics of a given hydrogen bond
interaction being dependent on the hydrogen bonding state of the molecule. Marshall [[12] developed a
simple treatment of this non-additivity by proposing that trimer chains in which the center molecule is
bonded at a hydrogen and oxygen, HO-HO-HO, will exhibit a strengthening of the pairwise contribution.
In a later paper, Marshall [14] also accounted for negative cooperativity for trimer chains in which
the center molecule was bonded at either both hydrogens, HO-HH-OH, or both oxygen sites, OH-OO-
HO. Accounting for negative cooperativity requires a resummation which we will not perform here.
Hence, attention is restricted to the case of positive cooperativity in HO-HO-HO trimer clusters. Note, in
Wertheim’s multi-density formalism all trees of associated clusters are then created from the first order
H-O and second order HO-HO-HO contributions.

The energy of an HO-HO-HO trimer is given by

EHOHO = 2&0H + A&HOHO = £0H + E0OH+- (23)

The quantity Aeygono is the cooperative contribution and goy, is the effective energy of the second
hydrogen bond. The first and second order contributions to the fundamental graph sum are [12]

Acﬁo) 1
v =3 Z Z OT-A0T-BAAB, (24)
A€l Bel
Ac<0) 1
V” =5 Z Z Z 0r-A0T-B0T-CcDAACABD (6CD — 1), (25)
Ael' BeI' Cel' Dell
where [12]]
Aap = kapgrd® fou (26)
% if CDeOH,
ocp = 27
1 Otherwise,
EOH EOH+
- o). = —|-1. 28
fon = exp (ka) Jon+ CXP( T ) (28)

Note, in the double sum over sites C and D in equation it is understood that or_cp = or_pc-
In equation (26)), g, is the contact value of the pair correlation function and d is the sphere diameter.
Equation (23)) relies on the linear superposition of the triplet correlation function. In the application to
hydrogen bond cooperativity, TPT?2 is applied to correct energetic contributions to the free energy, not
structural effects.

For conical square well association sites, the bond volume x4 is given by [15]

KAp =n(1—cose)2(%’—1). (29)

Conical square well association sites assume that if the centers of two spheres are separated by a
distance r < r. and the angles 84 < 6, and 6p < 6., the two association sites are considered bonded.

Table 1. Model parameters [12].

d(A) | eon/kp(K) | eons/kp(K) | Kon
3 1587.7 1873.5 0.015
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Figure 1. (Colour online) Comparison of model predictions to spectroscopic data [16] for the fraction of
free OH groups in liquid water. TPT2 calculations were reproduced from Marshall [12].
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Figure 2. (Colour online) Comparison of TPT2S (solid curves), TPT2 (dashed curves) and molecular
simulation data [17]] using the iAOMEBA force field.

This specific form is the result of an approximation of the integral of the reference correlation function

over the bond volume.

From equations (6)), (24)-(23))

CA

¢cD

Z or-pAap + Z Z Z or-cpor-AacAsp (6cp — 1),

Bell Bel' Cel' Dell
Z Z or-a0r-gAacABp (6cp — 1).
Aell Bel

(30)
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Enforcing the following relations among unbonded fractions

Xo, = X0, = Xu, = Xu, = Xu,

(3D
Xo,H, = Xo,H, = Xo,H, = Xo,H, = X0H,
equations (30) can be further simplified,
cu = 2pXulon + 80> XuXouAdy (Sou — 1),
con = 4p*X5A%,; (Bon — 1), (32)

€0,0, = CHH, = 0.

All relations in this section have been entirely consistent with the original TPT2 approach. Now, we
employ TPT2S to obtain the solution for the hydrogen bonding state of the system.

CAB

W = |+4-— AB
r 0T e U +cp)
CAB
Wy = 142 4B
=t (I1+ca)(1+cp)
Yr_on CAB (33)

T T ey ren)

The required bonding fractions are then obtained through equations (19). So, once the ¢y and con have
been calculated from the fundamental graph sum, application of TPT2S is trivial.

The model parameters were estimated through a combination of direct measurement and quantum
mechanical calculation. We refer the reader to the original publication [12]] for additional details. The
parameters are summarized in table (T}

Figure [T] compares model predictions for the fraction of free OH groups (Xg) to the spectroscopic
data of Luck [16]. We include predictions from TPT1, TPT2S, as well as the full TPT2 solution of
Marshall [12]]. As can be seen, TPT2S and TPT?2 give similiar predictions while TPT1 is in significant
error. TPT2S predicts a slightly larger XH as compared to TPT2, meaning TPT2S predicts a slightly
lower degree of hydrogen bonding. This is consistent with expectation due to the neglect of contributions
which contain the product cogcoy in TPT2S.

Figure [2] compares model predictions using both TPT2 and TPT2S to the molecular simulations of
Fouad et al. [17] for the fraction of molecules hydrogen bonded k times in liquid water. Both TPT2 and
TPT2S give a good representation of the simulation data. Further, the predictions of both approaches for
the fractions k = 0 —3 are nearly identical. There is a small difference in the fraction of molecules bonded
4 times (k = 4), where TPT2S predicts a lower fraction of fully hydrogen bonded water as compared to
TPT2. However, the two theories give practically the same overall result. This demonstrates the utility of
the assumption in equation ().

4. Conclusions and future work

A simplified TPT2 solution has been obtained for a pure fluid of associating spheres with any number
of association sites. The solution is general in that it allows for inclusion of a variety of second order
effects including steric hindrance between association sites, ring formation, double bonding and hydrogen
bond cooperativity. The hydrogen bonding state of any species in TPT2 can be obtained through solution
of equations (I9). The simplicity of this result will allow for a general implementation of the theory in
which each pair of association sites can participate in these second order effects. This concise form was
made possible by the assumption in equation (8). It was demonstrated that the simplified second order
theory (TPT2S) gave nearly identical predictions to the rigorous TPT2 theory for the prediction of liquid
water hydrogen bonding structure.
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MpocTta TepmognHamiuHa Teopis 36ypeHb Apyroro nopsaAKy Ans
acouiaTUBHUX NJINHIB

b. . Mapwan
JocnigHuubka rpyna ExxonMobil, 1545 Pt. 22 Ict, AHHaHAein, NJ 08801

MponoHyeTLCA anpoKCMMaLLis B MeXax TepMoAnHaMiYHOi Teopii 36ypeHb BepTraiima Apyroro nopagky, ska 4o-
3BOJIIE OTPUMATK 3arabHU PO3B'A30K AN KOMMNOHEHT MAVHIB 3 A0BINbHOI KiNbKiCTIO Ta GYHKLiOHANBHICTHO
acouiaTMBHMX LieHTPiB. PO3B'A30K € 3aMKHYTWM, CTUC/IUM Ta 3aralbHUM /15 BCIX ABULL, APYroro Nopajky, Takux
K GOpMyBaHHSA Kinelb, CTePUYHUX NepeLLKoj Ta GyHKLiOHaIbHOCTel acoLiaTUBHUX LieHTpiB. JieBicTb AaHOro
MeToZy NiATBEPAXKYETLCA LLUIAXOM NOPIBHAHHA 3 JaHUMU LWOAO CTPYKTYPY BOAHEBUX 3B'A3KIB Y BOAI.

Kniouosi cnoBa: TepMO,ql/lHaMiKa, K/acuyHa CTaTtucTUYHa MexaHika, caM036ipKa
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