UDC 532/533,536,537.226,538.9,541.135; PACS 61.20

POLYMER PERCUS-YEVICK IDEAL CHAIN APPROXIMATION FOR THE LENNARD-JONES CHAIN FLUID

Yu.V.Kalyuzhnyi�

Institute for Condensed Matter Physics of the Ukrainian National Academy of Sciences, 1 Svientsitskii St., UA–290011 Lviv, Ukraine

Received March 13, 1997

The structure and thermodynamic properties of the freely jointed linear chain fluid with monomers interecting by the Lennard-Jones potential are studied using the polymer Percus-Yevick (PPY) ideal chain approximation. The theory is based on the Wertheim’s multidensity integral-equation theory for associating fluids, appropriately modified to describe the polymer fluids. In the case of the chain system composed of 4,8 and 16 monomeric units the PPY ideal chain approximation is found to yield good agreement with corresponding computer simulation results for the internal energy at the entire range of the density and temperature studied. For the longer chains composed of 50 and 100 segments the agreement becomes slightly worse, especially at low values of the density. Predictions of the theory for the structure properties are less satisfactory, i.e. theoretical results for the intermolecular everage site-site distribution function of 16-mer fluid is only in semiquantitative agreement with Monte Carlo simulation results. It is expected, that the thery will be more accurate in predicting overall everage distribution functions and for the fluid of shorter chain length.

1. Introduction

During the last decade several off-lattice models for the structure and thermodynamic properties of the polymeric fluids have been proposed. Most of theoretical descriptions developed recently are based on the extension of the integral equation techniques developed for the fluids of small interactionsite molecules. These include the polymer reference interaction site model (PRISM) theory (see Refs. [1,2] and references therein), polymer Born- Green-Yvon (PBGY) theory [3,4], a version of PY theory for a mixture of associating species that associate into polymer fluids [5], theory based on the Chandler-Silbey-Ladanyi PY approximation for the site-site fluid [6] and multidensity polymer PY (PPY) theory for associating fluids [7,8] appropriatly modified to describe the polymer fluids [9,10,2,11,12].

However the majority of the applications of these theories are restricted to the case of the hard-sphere chain fluids. Although this model reflects the most characteristic features of the polymer fluids, i.e. excluded volume

�The author acknowledges with gratitute the hospitality of the University of Tennessee, and partial support of the Division of Chemical Sciences, Office of Basic Energy Sciences, U.S. Department of Energy.

cfl Yu.V.Kalyuzhnyi, 1997

ISSN 0452{9910. Condensed Matter Physics 1997 No 10 (51{60) 51 effects and effects of chain connectivity, it is still highly simplified due to the absence of attractive forces. The model, which in addition to the chain connectivity provides a realistic description for both repulsive and attractive interactions between the chain segments is the freely jointed Lennard-Jones chain (LJC) model.

The goal of the present paper is to study the structure and thermodynamic properties of the LJC fluid using the numerical solution of the PPY ideal chain approximation. The paper is orgenized as follows. In Section 2 we discuss the model and present the corresponding version of the PPY approximation together with the details of its numerical solution. Numerical results and their comparison with the corresponding computer simulation results rae discussed in Section 3 and in Section 4 our conclusions are collected.

2. The model and PPY ideal chain approximation

Let us consider the system which consists of the freely jointed LJ monomer chains with fixed bond length L, chain length of m monomer units and number density of monomers ρ. All the nonbonded monomers, regardless of wether they belong to the same momecule or to the different chain momecules interact via the following pair potential u(r) = 4ϵ [( σ r )_{12}

�^{( σ}_r^{)6} ] (2.1)

where ϵ is the potential well depth and σ is the distance at which the potential is equal zero.

The present model is studied using the PPY ideal chain approximation [7–9]. The approach is based on the multidensity integral equation theory for the associating fluids [7,8] appropriately modified to describe the chain polymer systems [9]. The derivation of the PPY ideal chain approximation for the hard-sphere linear chain fluid has been discussed earlier [9]. Its extension to the case of the LJ chains is straightforward and we shall therefore omit any detailes and present here only the final results, specified for the model at hand.

The theory consists of the Ornstein-Zernike (OZ) like integral equation

Ĥ(k) = Ĉ(k) + Ĉ(k)œĤ(k) (2.2)

where Ĉ(k), Ĥ(k) and œ are the matrices defined by

Ĉ(k) =

Ĉ_{00}(k) Ĉ_{0A}(k) Ĉ_{0B} (r) Ĉ_{A0}(k) Ĉ_{AA}(k) Ĉ_{AB} (k) Ĉ_{B0}(k) Ĉ_{BA}(k) Ĉ_{BB} (k) ,

Ĥ(k) =

Ĥ_{00}(k) Ĥ_{0A}(k) Ĥ_{0B} (r) Ĥ_{A0}(k) Ĥ_{AA}(k) Ĥ_{AB}(k) Ĥ_{B0}(k) Ĥ_{BA}(k) Ĥ_{BB} (k) , œ = ρ ρ/m ρ/m ρ/m 0 ρ/m^2 ρ/m ρ/m^2 0 , and PPY ideal chain approximation, relating the direct C_{αβ} (r) and total H_{αβ} (r) partial correlation functions

Y_{αβ} (r) = H_{αβ} + δ_{α0}δ_{β0} � C_{αβ} (r) (2.3)

where the partial cavity correlation functions are defined by

H_{αβ}(r)+δ_{α0}δ_{β0} = e_R(r)Y_{αβ} (r)+(δ_{αA}δ_{βB} +δ_{αB} δ_{βA})

m(m � 1) 4πL^2ρ δ(r�L) (2.4)

Here e_R(r) = exp [�βu(r)], β = 1/kT , Ĥ_{αβ} (k) and Ĉ_{αβ} (k) are the Fourier transforms of the functions H_{αβ} (r) and C_{αβ} (r), respectively, and the lower indeces α and β take the values 0, A, B and denote the bonding states of the corresponding particles [7–9]. Elimination of the cavity correlation functions Y_{αβ} (r) between (2.3) and (2.4) yields

C_{αβ}(r) = f_R(r)Y_{αβ} (r) + (δ_{αA}δ_{βB} + δ_{αB} δ_{βA})

m(m � 1) 4πL^2ρ δ(r � L) (2.5)

where f_R(r) = e_R(r) � 1.

In the present version of the theory the equilibrium properties of the system is described via everage overall g(r) and intermolecular g^{(inter)}(r) pair distribution functions, which are related to the partial correlation functions H_{αβ} (r) by [7–9] g(r) = 1 m^2 m∑ ij=1 g_{ij} (r) = 1 + ∑ αβ H_{αβ}(r) (2.6)

g^{(inter)}(r) = 1 m^2 m∑ ij=1 g^{(inter)} ij (r) = 1 + H_{00}(r) + 2H_{0A}(r) + 2H_{A0}(r) + 4H_{AA}(r)

(2.7) where i and j denote the site species and take the values 1, ..., m, g^{(inter)}(r) is the site-site distribution function between the sites i and j belonging to the different chains and g_{ij} (r) is the overall particle-particle distribution function between the pair of monomers, regardless of wether they belong to the different chains or to the same chain. In eq. (2.7) the symmetry property of the model is used, due to which H_{0A}(r) = H_{0B} (r) and H_{AA}(r) = H_{BB} (r). One can also defined the intramolecular distribution function ω(r) via the following relation [9]

ω(r) = 4πr^2ρ [ g(r) � g^{(inter)}(r) ] (2.8)

The set of the OZ equation (2.2) together with its closure conditions (2.5) form a closed set of equations to be solved. However direct application of the numerical methods of solution to this set of equations is not convenient. A form more appropriate for the numerical calculations follows from (2.2) and (2.5) written in terms of the correlation functions which remains finite when m approaching infinity. In addition it is necessary to eliminate the delta-function term in the closure (2.5) and perform the correspondent renormalization of the OZ equation (2.2). With this goal in mind

Figure 1. Internal energy mE/NkT of LJ 4-mers. Symbols are the MC results [13] for T � = 4, 3, 2 from the top to the bottom, respectively.Solid lines are the present theory.

let us multiply both sides of the OZ equation (2.2) from the left and from the right by the matrix X_{αβ} = δ_{αβ} [ δ_{α0} + (δ_{αA} + δ_{αB} ) 1 m ] (2.9)

which gives

^̃H(k) = ^̃C(k) + ^̃C(k)æ ^̃H(k) (2.10)

where ^̃H(k) = XĤ(k)X, ^̃C(k) = XĈ(k)X and æ = ( ρ ρ ρ ρ 0 ρ ρ ρ 0 )

The corresponding version of the closure conditions (2.4) and (2.5)take the form

H̃_{αβ}(r)+δ_{α0}δ_{β0} = e_R(r)Ỹ_{αβ} (r)+(δ_{αA}δ_{βB} +δ_{αB} δ_{βA}) m � 1 4πmL^2ρ δ(r �L) (2.11)

C̃_{αβ} (r) = f_R(r)Ỹ_{αβ} (r) + (δ_{αA}δ_{βB} + δ_{αB} δ_{βA}) m � 1 4πmL^2ρ δ(r � L) (2.12)

To eliminate the delta-function term let us present these relations in the following form H̃_{αβ} (r) = h_{αβ} + Q_{αβ}(r) (2.13)

C̃_{αβ} = c_{αβ} (r) + Δ_{αβ} (r) (2.14)

Figure 2. The same as in figure 1 for LJ 8-mers.

where Δ_{αβ} (r) = (δ_{αA}δ_{βB} + δ_{αB} δ_{βA})

m � 1 4πmL^2ρ δ(r � L) and Q_{αβ} (r) is defined such that, together with Δ_{αβ} (r) it satisfies the equation Q̂(k) = Δ̂(k) + Δ̂(k)æQ̂(k) (2.15)

where the matrices Q̂(k) and Δ̂(k) contain the elements which are the Fourier transforms of the elements Q_{αβ}(r) and Δ_{αβ}(r), respectively.

Solution of this set of equations gives

Q̂_{αβ}(k) = (δ_{αA}δ_{βB} + δ_{αB} δ_{βA}) m(m � 1)ŝ(k) ρ(m^2 � ρŝ(k))

(2.16)

where ŝ(k) =^{sin kL}_{kL}

Substituting Eqs. (2.13) and (2.14) into the OZ equation (2.10) and making use of equation (2.15) we obtain the OZ equation in the renormelized form ĥ(k) = Ŝ(k)ĉ(k)Ŝ^T (k) + Ŝ(k)ĉ(k)æĥ(k) (2.17) and corresponding closure relation

c_{αβ} (r) = f_R(r) [t_{αβ} (r) + δ_{α0}δ_{β0} + (δ_{αA}δ_{βB} + δ_{αB} δ_{βA})] W (r) (2.18)

where Ŝ^T (k) is the matrix transposed to the matrix Ŝ(k), ŝ(k) = 1+Q̂(k)æ, t_{αβ} (r) = h_{αβ} (r) � c_{αβ} (r) and W (r) is represented by its Fourier transform

Ŵ (k) = m � 1 m ŝ(k) m^2 � ρŝ(k)

(2.19)

Now the initial set of equations is written in the form suitable for the numerical calculations. Solution of this set of equations is obtained using the method of direct iterations.

Figure 3. The same as in figure 1 for LJ 16-mers.

Figure 4. Internal energy mE/NkT of LJ 50-mers. Symbols are the MC results [13] for T � = 5, 4, 3 from the top to the bottom, respectively.Solid lines are the present theory.

Figure 5. The same as in figure 4 for LJ 100-mers.

3. Results and discussion

The equilibrium properties of the model at hand are defined by the reduced density ρ� = ρσ^3, bonding length L, which is choosed to be L = σ, chain length m and reduced temperature T � = kT/ϵ. We will present first the results for the residual internal energy E, defined by the standart relation E NkT = 2πρ ∫ 1 0 r^2u(r)g(r) dr. (3.20)

where N is the number of monomers, i.e. ρ = N/V .

In figures 1-5 the results of the theory for the polymer systems with the chain length m = 4, 8, 16, 50 and 100 at different values of the temperature

T �_{and density ρ}�_{are compared with the corresponding Monte Carlo (MC)}

simulation results [13].

For relatively short chains (m = 4, 8, 16) the agreement is very good at all values of the temperature and density, while for the longer chains (m = 50, 100) the agreement becomes slightly worse, although it is still reasonably good. For the values of the density approaching zero the agreement between theory and simulation for longer chains (m = 50, 100) is not that good, although the theory properly predict the nonzero value of E due to the intramolecular interactions.

Comparison of theoretical results and corresponding MC simulation results [14] for the intermolecular distribution function g^{(inter)}(r) for 16-mers at three values of the density ρ� = 0.898, 0.5, 0.102 and different values of the temperature T � = 8, 4, 2 is demonstrated in figures 6 and 7.

In general the agreement here is only semiquantitative, although in the case of ρ� = 0.102 and T � = 4 the agreement becomes quantitative. For the sake of completeness on the same figures we show the overall pair distribution function g(r). Unfortunately computer simulation results are not available for g(r). As one would expect, with the decrease of the density the difference between g(r) and g^{(inter)}(r) increases. Similar, as in the case of the hard-sphere chain fluid [9], at r = 2L g(r) has jump discontinuity, which reflects the rigidity of bonding between the adjacent monomers. Finally in figure 8 we show the intramolecular distribution function ω(r) for 8-mers at

Figure 6. Average intermolecular distribution function g^{(inter)}(r) from the present theory (solid lines), MC simulation (symbols) and everage overall distribution function g(r) from the present theory (dashed lines) for 16-mer LJ chains at T � = 2; ρ� = 0.898, T � = 2; ρ� = 0.5 and T � = 4; ρ = 0.102 from the top to the bottom

Figure 7. Average intermolecular distribution function g^{(inter)}(r) from the present theory (solid lines), MC simulation (symbols) and everage overall distribution function g(r) from the present theory (dashed lines) for 16-mer LJ chains at T � = 8 and ρ� = 0.898, 0.5, 0.102 from the top to the bottom

Figure 8. Average intramolecular distribution function ω(r) from the present theory at T � = 2.5, 3, 8 from the top to the bottom.

different values of the temperature. Again, computer simulation results are not available here. Similar, as in the earlier studies [9] the intramolecular distribution function ω(r) obtained within PPY ideal chain approximation is not sensitive to the changes in the density, at r = 2L it has a jump discontinuity and for r > mL ω(r) is nonzero, although its value is relatively small there. The increase in temperature causes the overall decrease of ω(r).

4. Conclusions

In this paper the internal energy, everage site-site intermolecular and particle-particle overall pair distribution functions of the fluid of freely jointed Lennard-Jones monomers are studied within the PPY ideal chain approximation. Theoretical predictions for the internal energy of the systems consisting of the chains of the length m = 4, 8, 16, 50, 100 are in good agreement with the corresponding computer simulation predictions. The structure properties are predicted less accurate, i.e. the results of the present approach for the intermolecular distribution functions of 16-mers are only in semiquantitative agreement with MC simulation results. The accuracy of the present theory for the structure properties has been assesed only in the case of 16-mer system, since computer simulation results are not available for the shorter chains. We would expect, on the basis of previous studies [9,10] and studies carried out here, that the PPY ideal chain approximation will be of higher accuracy for the overall pair distribution function and for the chains of shorter length, but this remains to be tested.

References

[1] Schweizer K.S., Curro J.G. PRISM theory of the structure, thermodynamics, and phase transitions of polymer liquids and alloys. In: Advances in Polymer Science, ed. L.Monnerie, U.W.Suter, Spring-Verlag Berlin Heidelberg, 1994, vol. 116, p.320-377.

[2] Kalyuzhnyi Yu.V., Cummings P.T. Solution of the polymer Percus-Yevick approximation for the multicomponent totally flexible sticky two-point model of polymerizing fluid. // J. Chem. Phys., 1995, vol. 103, No 8, p. 3265-3267.

60 Yu.V.Kalyuzhnyi

[3] Taylor M.P., Lipson J.E.G. A Born-Green-Yvon equation for flexible chainmolecule fluids. I. General formalism and numerical results for short hardsphere chains. // J. Chem. Phys., 1995, vol. 102, No 5, p.2118-2125.

[4] Attard P. Polymer Born-Green-Yvon equation with proper triplet superposition approximation. Results for hard-sphere chains. // J. Chem. Phys., 1995, vol. 102, No 13, p. 5411-5426.

[5] Chiew Y.C. Percus-Yevick integral-equation theory for athermal hard-sphere chains. Part I: Equation of state. // Mol. Phys., 1990, vol. 70, No 1, p. 129-143.

[6] Kalyuzhnyi Yu.V., Cummings P.T. Solution of the Candler-Silbey-Ladanyi equation for the multicomponent hard-sphere site-site molecular fluid: Percus- Yevick approximation. // J. Chem/ Phys., 1996, vol. 105, No 5, p. 2011-2019.

[7] Wertheim M. Fluids with highly directional attractive forces. III. Multipole attraction sites. // J. Stat. Phys., 1986, vol. 42, No 3/4, p. 459-476.

[8] Wertheim M. Fluids with highly directional attractive forces. IV. Equilibrium polymerization. // J. Stat. Phys., 1986, vol. 42, No 3/4, p. 477-492.

[9] Chang J., Sandler S.I. The correlation functions of hard-sphere chain fluids:

Comparison of the Wertheim integral equation theory with the Monte Carlo simulation. // J. Chem. Phys., 1995, vol. 102, No 1, p.437-449.

[10] Chang J., Sandler S.I. The Wertheim integral equation theory with the ideal chain approximation and a dimer equation of state: Generalization to mixtures of hard-sphere chain fluids. // J. Chem. Phys., 1995, vol. 103, No 8, p.3196-3211.

[11] Kalyuzhnyi Yu.V., Lin C.-T., Stell G. Primitive models of chemical association. II. Polymerization into flexible chain molecules of prescribed length. // J. Chem. Phys., 1997, vol. No , p.

[12] Kalyuzhnyi Yu.V., Lin C.-T., Stell G. Polymer Percus-Yevick ideal chain approximation for the mixture of heteronuclear hard-sphere chain fluid. // J. Chem. Phys., 1997, (submitted).

[13] Johnson J.K., Muller E.A., Gubbins K.E. Equation of state for Lennard-Jones chains. // J. Phys. Chem., 1994, vol.98, p.6413-6419.

[14] Li X.-J., Chiew Y.C. Monte Carlo simulation of equation of state and structure of chain fluids. // Chem. Eng. Science, 1994, vol. 49, No 17, 2805-2813.

ZASTOSUVANN˚ POL�MERNOGO NABLIȷENN˚ PERKUSA{`EV�KA TA �DEAL^NOGO LANCıGA DL˚ OPISU R�DINI LANCıGOVIH MOLEKUL Z VZA�MOD�ı LENARDA{DȷONSA M�ȷ SEGMENTAMI.

ı.V.Kal¸ßniæ

Za dopomogo pol˛mernogo nabliıennffl Perkusa-„ev˛ka ta nabliıennffl ˛deal~nogo lancga dosl˛dıen˛ r˛vnovaın˛ vlastivost˛ r˛dini, wo sklada‚t~sffl z lancgovih molekul z potenc˛alom vza‚mod˛Ý Lenarda-Dıonsa m˛ı segmentami lancga. Teor˛ffl bazu‚t~sffl na bagatogustinn˛ȷ teor˛Ý ˛ntegral~nih r˛vnffln~ Verthaȷma, v˛dpov˛dno uzagal~nen˛ȷ na vipadok pol˛mernih r˛din. Vifflvleno, wo u vipadku sistemi, wo sklada‚t~sffl z molekul, dovıino 4.8 abo 16 monomernih odinic~, rezul~tati nabliıennffl dobre uzgodıut~sffl z v˛dpov˛dnimi rezul~tatami komp’ternoÝ simulfflc˛Ý dlffl vnutr˛xn~oÝ energ˛Ý. Dlffl lancg˛v dovıino 50 ta 100 segment˛v ce uzgodıennffl dewo pog˛rxu‚‚t~- sffl, osoblivo pri malih gustinah. Rezul~tati teor˛Ý dlffl strukturnih vlastivosteȷ ‚ menx zadov˛l~n˛. U vipadku sistemi, wo sklada‚t~sffl z molekul dovıino 16 segment˛v teoretiqna m˛ımolekulfflrna atomatomna funkc˛ffl rozpod˛lu ‚ lixe v nap˛vk˛l~k˛sn˛ȷ zgod˛ z v˛dpov˛dnimi rezul~tatami komp’ternoÝ simulfflc˛Ý. Sl˛d spod˛vatisffl, wo teor˛ffl bude naȷb˛l~x usp˛xno u vipadku povnoÝ atom-atomnoÝ funkc˛Ý rozpod˛lu ta dlffl molekul v˛dnosno korotkoÝ dovıini.