18th European Symposium on Computer Aided Process Engineering – ESCAPE 18

Bertrand Braunschweig and Xavier Joulia (Editors)

© 2008 Elsevier B.V./Ltd. All rights reserved.


4

K.C.Satyanarayana et al.
Computer Aided Polymer Design using Group Contribution plus Property Models and Grid Technology       5

Computer Aided Polymer Design using Group Contribution plus Property Models

Kavitha Chelakara Satyanarayana, Jens Abildskov, Rafiqul Gani

CAPEC, Department of Chemical Engineering, Technical University of Denmak, 2800 Lyngby, Denmark

Abstract

Selecting the polymer repeat unit structure is an essential step in designing new products involving polymers. Computer aided molecular design (CAMD) is potentially extremely useful in such situations. Any CAMD application requires a set of property models to establish structure-property relationships. These relationships are developed in terms of group contribution plus property models (GC+) for polymers. Two case studies are presented in this paper to highlight to illustrate the application of the developed property models and the CAMD algorithm for polymer design.
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1. Introduction

The search for new polymers satisfying user-specified properties is a common activity in chemical industries as many consumer products use polymers in some form. The traditional experiment based “synthesize-and-test” approach involves protracted and costly series of experiments for synthesizing each product candidate and evaluating their ability to satisfy the demands placed upon them. Computer-aided molecular design (CAMD) methods1 can partially replace the experiments by forecasting promising (molecular level) polymer structures that meet the required target properties. To extend existing CAMD techniques to polymers, new property models as well as modified CAMD algorithms are necessary. The group contribution plus (GC+) models2, which integrate important aspects of previously established state-of-the-art techniques3,4 based on group and atomic contributions to polymer repeat unit properties, are developed in this work. In order to save development time for the GC+ models properties of polymer repeat units, OfficeGRID5, a grid technology based software has been used for parallel development of GC+ models. In all 20 property models for polymer repeat units were developed at a considerably reduced the time for model development1. 

2. Methodology

CAMD approach to polymer repeat unit design can be divided into two important stages: stage 1 corresponds to developing property prediction models and stage 2 to developing an algorithm for identifying candidates that match the target properties.
2.1. GC+ Models

GC+ Models are the combination of Marrero/Gani group contribution models and atom – connectivity index models, where the unavailable GC contributions are predicted from the atom-connectivity contributions, thereby expanding the application range of the “host” GC-model without the need for additional experimental data. 
Marrero/Gani group Contribution Method6
The Marrero/Gani group contribution model is usually written as,
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where Ci is the contribution of the first-order group of type-i that occurs Ni times, Dj and Ek the contributions of the second-order group of type-j and the third-order group of type-k, that occurs Mj and Ok times, respectively. In the first level of estimation, where w = z = 0, only first-order groups are employed. In the second level, where w = 1 and z = 0, only first- and second-order groups are involved. In the third level, both w= 1 and z = 1, and contributions of groups of all levels are included in the calculation. The left-hand side of Eq. (1) is a simple function, f(X), of the property, X
Atom-Connectivity Index Method

Polymer-repeat unit structures can also be given by an atomic representation for connectivity index-based models, as written by Gani et al. 7 
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X is the polymer property, Ai is the contribution of atom i occurring in the polymer-repeat unit structure ai times. vχ0 and vχ1 are the zeroth- (atom) and first-order (bond) connectivity indices, b, c, d are adjustable parameters.

Polymer property models for ten properties have been developed so far using the GC+ approach2, 10 for based on GC, and 10 based on CI to obtain the 10 GC+ models. 

2.2. CAMD algorithm for polymer design

As a set of polymer property prediction models were developed, the next step is to solve the reverse problem of designing a polymer-repeat unit structure for a given set of target properties. Here, the CAMD algorithm developed by Harper & Gani1 for molecular design has been adapted for polymer design, where the issue of calculating the missing group contributions, if required, has also been added.  The “generate and test” paradigm has been used again for identifying the polymer repeat unit candidates.

Any CAMD problem has two main criteria to be defined. Structural criteria – which gives the details like how the repeat unit structure should be represented. For example, for a representation by groups, how many groups (maximum and minimum) can be present, how many times a particular group can occur in the repeat unit, and rules for combining them. Moreover any chemical structure that is generated should also satisfy certain structural conditions, which for polymer repeat units and molecules are the same except for the two free attachments in the former. The combination rules have been adapted from those of Harper & Gani1. Property criteria – these constraints give the information of the target properties that the feasible candidates must have.  Mathematically, it can be written as Pl ≤ P(ni)≤ Pu, where ni is the number of times the ith group appear in the polymer, P(ni) is the vector of predicted properties for the polymer, Pl is the vector of lower bounds specified on the various polymer properties and Pu is the vector of upper bounds specified on the various polymer properties. 
The Marrero/Gani group contribution method6 is advantageous with respect to CAMD-based polymer design because it has a large range of groups, classified as either first -, second -, and third – order, and from which, new polymer property models can be developed and used for generation of polymer-repeat unit structures. Nevertheless, all GC-based methods need the entire polymer repeat unit structure to be described by the available groups defined for that method, in order for the relevant property to be predicted. This is where the GC+ models become useful because for any generated structure, if the group contribution is missing, it can be automatically predicted through the available atom-CI contributions.
Figure 2, shows the main steps of the CAMD algorithm adapted for polymer design. Through it, the polymer repeat unit structures, for the given set of structural and property (target) constraints, without having any limitations due to missing group or missing group contributions, can be identified. Given the limitations on the number of reliable data on polymer systems, one cannot expect to have extensive group tables covering all possible structures and properties – these needs to be developed over a period of time. However, as stated above, the GC+ approach has been adopted in the “testing” part of the CAMD algorithm to increase the application range for polymer design. 
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3. Case Study

Several case studies reported earlier8, 9 have been solved to verify the applicability of the developed CAMD algorithm for polymer design and the polymer property models. In all cases, the reported solutions were identified in addition to new ones not reported earlier. In this paper, two new and more realistic polymer design problems are introduced: case study A deals with the design/selection of polymers that has applications as coatings while case study B deals with the design/selection of polymers that can be used as synthetic fibers (to be used as textile products).   
3.1. Case Study A
Problem formulation: Designing a polymer that has its applications in several areas, such as, coating in cookware, pipes or containers, in insulation cables, bearings, gears, etc., could be very interesting for the modern society. For the polymer to find its applications in the areas mentioned above, several criteria need to be satisfied. To find an application as coating in cookware or pipes or containers, the polymer should be chemically inert, very low friction (which also gives the polymer a non-stick texture) and high heat resistance. The low friction property also allows the polymer to be used in applications where sliding action parts are needed, such as, bearings, brushings, gears, and slide plates. Dielectric constant plays an important role for selecting a polymer to be used as an insulator.

Physical property constraints
Dielectric constant (ε): Normally the dielectric constant of polymers at room temperature is in the range 2 to 10. The lower values of dielectric constant are generally being associated with the lowest electrical loss characteristic10. Any material that can be used as an insulator should provide low electrical loss, which implies should have low dielectric constant. Therefore, upper and lower bounds for this property can be written as 2 ≤ ε ≤ 2.5.
High heat resistance: As the desired polymer repeat unit structure should have high heat resistance so as to find its applicability as coating in cookware, it implies that the melting point of the desired candidate should be higher than the cooking temperature. It is therefore desired that the melting point of the polymer should be within 320 to 370 °C. That is 320 ≤ Tm ≤ 370. Using the following relation between melting point and glass transition temperature as given by van Krevelen3.
‘Polymers with Tg/Tm ratios below 0.5 are highly symmetrical and have short repeat units consisting of one or two main-chain atoms each carrying substituents consisting of only a single atom. They are markedly crystalline. (Tg/Tm ≈ 0.5)’
the lower and upper bounds for Tg can be obtained as 297 K ≤ Tg ≤ 322 K.

Young’s Modulus: Young’s Modulus measures how ‘stiff’ the material is. As the desired polymer is required to coat on the surface of the cookware (our target product) the desired candidate should be flexible enough to be coated in its applications while retaining optimum strength. From the plot of Young’s Modulus-density15, the constraints can be taken as 0.3 GPa ≤ E ≤ 0.6 GPa. From the same plot15, for the upper and lower constraints of Young’s modulus in the polymer region, density is found to have the lower and upper bounds as, 1.0 g/cm3 ≤ ρ ≤ 2.4 g/cm3. Note that using the density as a property constraint and the plots15 of Young’s modulus against density, we avoid the need for a property model for Young’s Modulus for polymers. 
Structural feasibility constraints: The basis set of 6 Marrero/Gani groups are taken as shown in table 1. Since, glass transition temperature and melting point relationship is considered, the minimum groups in the generated repeat unit structure is taken as 1 and maximum groups are taken as 3, so as to have a short repeat unit structures. 
Final Candidates: Out of the generated candidates, 55 candidates satisfy the structural constraints. The group –CHF-, which was used in the basis set, did not have the Marrero/Gani contributions for glass transition temperature and dielectric constant. Its contributions were determined using atom-CI models for these properties. Out of 55 candidates, 47 satisfied the density criteria; 12 satisfied glass transition criteria and 27 satisfied dielectric constant criteria. But on the whole, only 4 candidates satisfied all the three criteria. Teflon16, which is commonly used in cookware, insulation material, etc., was one of the 4 final candidates satisfying all the property constraints. From the literature it is found that teflon has very low friction, enabling it to be used in several applications like the ones discussed above in the problem formulation part. The predicted values for teflon match very well with the reported literature16 values.
3.2. Case Study B
Fibers play a vital role in textile industries. Natural fibers played a vital role for decades, but due to reasons like low tensile strength, high moisture absorption, variable quality, lower durability, etc.11, synthetic fibers have gained preference over the natural fibers for certain applications. It is therefore, desired to design a synthetic fiber that can decrease the disadvantages of the natural fiber while retaining the advantages of natural fibers. The desired fiber is supposed to have good strength, should be elastic and should not creep (as it is used in textile industry).
Physical property constraints

 Strength: A fiber should not be too weak (as it can break off easily) or too strong (as it should not be rigid for use as textile). From a literature source, it is found that most polymers that are used as synthetic fibers have optimal strength at densities12 from 0.9 to 1.3 g/cm3. Therefore, 0.9 ≤ ρ ≤ 1.3.
Temperature: Any textile material is supposed to be stable up to 70 °C, so that it can be used at different conditions. Moreover, below the glass transition temperature the polymer is elastic and brittle. Above the glass transition temperature the polymer is viscoelastic and often creeps13. Considering these points, the criteria for glass transition temperature is set as 70°C ≤ Tg ≤ 110°C.
Water absorptivity: The synthetic fiber should not be hydrophilic (as the textile material could get clogged with moisture) or hydrophobic (as moisture penetration through the textile is required to some extent for the comfort of the user2). Hydrophillic materials have higher value for water absorptivity and vice versa for hydrophobic materials. Taking these into account, the desired candidate should have the water absorptivity value in between 0.02 ≤  W  ≤  0.12. 
Structural feasibility constraints: The basis set of 4 Marrero/Gani groups are taken as shown in table 1. The minimum number of groups in the generated repeat unit structure is taken as 2 and maximum number is taken as 6. No other specific structural constraints are taken into account for this design of polymer repeat unit structure. 
Final Candidates: 205 candidates satisfying the structural constraints were generated. As the groups taken in the basis set has Marrero/Gani contributions for glass transition temperature and density, no parameters were needed to be determined using atom – CI model. 13 candidates satisfied glass transition temperature criteria, while 38 candidates satisfied density criteria. 9 candidates satisfied both these criteria. As water absorptivity prediction model has not yet been developed for GC+ models, van Krevelen group contribution method has been used for calculating water absorptivity for the 9 candidates that satisfied both glass transition and density criteria. Out of 9 candidates, 7 candidates satisfied water absorptivity criteria. Polyacrylonitrile (PAN) and Nylon, the most important polymers, used as synthetic fibers in textile industries, were identified (as one of the seven final candidates) in this case study. From literature14, it is found that PAN is a very important polymer in textile industry and its brittleness can be decreased by adding co-monomers. The search space for designing a synthetic fiber is now reduced to seven candidates. Based on the other criteria required by looking into some literature, the best candidate/candidates that can be used as a synthetic fiber can be selected from the set of seven polymer repeat unit structures.
Table 1. Final Candidates satisfying the structural and property constraints in both case studies
	
	Case Study A
	Case Study B



	Basis Set
	CH2, CH3, CH, CF2, CHCl, CHF
	CH2, CHCN, CHCl, NHCO

	Final Candidates satisfying the structural and property constraints in both case studies

	
	Tg (K)
	ρ(g/cm3)
	ε
	
	Tg (K)
	ρ

(g/cm3)
	W (g of H2O/g of polymer)

	-[CF2-CHF]n--
	296.8
	2.06
	2.23
	-[(CH2)5-NHCO]n-
(Nylon)
	374.7
	1.1
	0.12

	-[CF2-CH(CH3)]n- 
	310.3
	1.49
	2.18
	-[(CH2)4-(CHCH)2]n-
	343.7
	1.09
	0.017

	-[CF2-CH(CH3)-CHF]n-
	302.8
	1.53
	2.01
	-[(CH2)3-(CHCN)2-CHCl]n-
	381.5
	1.23
	0.015

	-[CF2-CF2]n-
(Teflon)
	317.1
	2.4
	2.1
	-[(CH2)3-(CHCN)2]n-
	364
	1.12
	0.019

	
	
	
	
	-[(CH2)3-CHCN-CHCl]n-
	350.5
	1.21
	0.011

	
	
	
	
	-[CH2-CHCN]n-
(PAN)
	378
	1.18
	0.022

	
	
	
	
	-[(CH2)2-CHCN-CHCl]n-
	372.5
	1.27
	0.012


4. Conclusion

The results from the case studies showed that the adapted CAMD algorithm plus the corresponding property models can solve realistic polymer design problems. In this case, the use of the GC+ property models proved to be very useful and efficient. Even though the case studies, which should be regarded as proof of concept studies, have been solved for relatively low number of basis groups, having the corresponding software means that size is not really a factor. The important issue is whether realistic problem can be solved and useful candidates can be identified. The reported results show that the design algorithm and the property models can satisfy this demand. Wider applications mean more groups and contributions for more property models. The design algorithm, however, is generic and can handle any number of groups and/or models. The focus of future work is in the area of new properties as well as higher level of polymer models where the organization of the polymer repeat unit is considered.  
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Figure 1. Algorithm for Computer Aided Polymer Design
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