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Abstract: We report molecular simulation at the atomistic level of crystalline 4,4’-

diphenylmethane diisocyanate (MDI) with n-butanediol (BDO) as chain extender, henceforth 

denoted as MDI/BDO, which is one of the most important components of thermoplastic 

polyurethanes. This work studies the structure and properties of crystalline MDI/BDO at 

equilibrium and under deformation. An atomistic molecular model of the MDI/BDO unit cell 

was constructed from fractional coordinates available for related model compounds and space 

group symmetry, and bulk properties of the subsequently equilibrated crystal were estimated 

by molecular dynamics. Overall stress-strain behavior of the crystal to small strains was 

simulated at different strain rates. The full stiffness matrix of crystalline MDI/BDO was 

extracted, allowing for the complete characterization of the linear elastic behavior of the 

crystal.  
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1. Introduction 

The term “thermoplastic polyurethanes” encompasses a broad family of polymeric 

materials with growing practical utility and commercial interest. From a scientific standpoint, 

these materials are of great importance, because they constitute multiphase, heterogeneous 

block copolymers having complicated constituent parts, in terms of chemistry and 

morphology. In general, thermoplastic polyurethanes are composed of relatively ordered and 

organized aggregates of species A interspersed at random orientations within a less ordered 

polymer matrix of species B. The two species, A and B, are chemically bonded to each other. 

In the literature, the organized aggregates are usually referred to as the “hard component”, 

whereas the less organized polymer matrix is called the “soft component”. These 

designations are empirical and stem from the response of these components to mechanical 

deformation.  

In all thermoplastic polyurethanes, the hard component consists of a first segment 

containing urethane bonds, which is connected to a second segment known as the chain 

extender. In many thermoplastic polyurethanes, the first constituent is diphenylmethane 4,4’-

diisocyanate (MDI) and the chain extender is 1,4-butanediol (BDO). These two segments, 

chemically connected to each other, constitute the hard component of some commercially 

important thermoplastic polyurethanes[1] and will be denoted henceforth as MDI/BDO. The 

chemical structure of the MDI/BDO repeating unit is shown in Figure 1(a). 

Over the past decades, the structure, geometry and overall morphology of the crystalline 

MDI/BDO segment have been extensively studied. The idea that neighboring polymer chains 

of the hard component of polyurethanes are held together by hydrogen bonds was first 

suggested by Schollenberger and coworkers[2] in 1962. However, it was not until 1966 that 

Cooper and Tobolsky[3] reported experimental evidence that polyurethanes indeed compose 

a two phase structure consisting of high modulus domains (hard segments or hard 
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components) interspersed within a rubbery matrix (soft segment or soft component) and held 

together by “secondary forces of valence nature”. Since then, extensive efforts by Bonart et 

al[4-7] and others[8-13] have led to a much greater understanding of the physical and 

geometrical structure of these materials. Bonart et al[6, 7] employed wide angle x-ray 

investigations to determine the arrangement of atoms within the hard segment layers in 

urethane elastomers having BDO as chain extender to understand better the hydrogen 

bonding between MDI/BDO segments of neighboring chains. They concluded that the 

formation of hydrogen bridges is only possible between the oxygen atom of the carbonyl 

group >C=O of one chain and the hydrogen of the amine group >N-H of a neighboring chain. 

A few years later, refinement of X-ray diffraction evidence[9, 12, 14] led to a proposed 

packing of the chains of the polyurethane elastomer in three dimensional space.  

In this work, we report the use of computational modeling and molecular simulations to 

validate and extend existing knowledge on the three-dimensional structure of the MDI/BDO 

unit cell, for which there is still ambiguity and contradiction in the experimental record. 

Attention is given to the construction of an atomistic model from basic principles. In 

preparation for simulation of the crystalline MDI/BDO system, we first built the perfect 

crystal by replicating the constructed unit cell in three-dimensional space. This report is 

organized as follows. Section 2 describes the materials and the process of constructing our 

atomistic model crystal. In Section 3.1, we describe the methods used to validate a force field 

by estimating equilibrium crystal properties and comparing them to available experimental 

data, whereas in Section 3.2, our strategy to conduct nonequilibrium deformation simulations 

is discussed. Our findings for both equilibrium and deformation simulations are reported and 

discussed in Sections 4.1 and 4.2 respectively. Finally, Section 5 summarizes the basic 

conclusions of this work.  
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2. Materials 

2.1 Crystal structure 

Initially, a triclinic unit cell was proposed for the crystalline structure of the hard 

segment[9] based on the structure of the model compound methanol-capped MDI (MeMMe*) 

having dimensions: a = 5.2 Å, b = 4.8 Å, c = 35.0 Å, α = 115
o
, β = 121

o
 and γ = 85

o
. The 

space group was 1 P  and the unit cell contained two repeating (asymmetric) units of a single 

chain. However, the proposed unit cell predicted a very high crystalline density ρcrystal = 1.58 

g/cm3. In an effort to improve upon that initial work, Blackwell et al[15] proposed a slightly 

modified triclinic unit cell for the polyurethane hard segment comprising MDI/BDO, having 

lattice parameters: a = 5.05 Å, b = 4.67 Å, c = 37.9 Å, α = 116
o
, β = 116

o
 and γ = 83.5

o
, with 

a lower, albeit still high, crystalline density of ρcrystal = 1.45 g/cm3.  Both of these densities 

were in clear disagreement with all known experimentally measured crystalline densities of 

polyurethanes having crystalline MDI/BDO as hard segment[16, 17]. The experimentally 

measured crystalline density for these structures amounted to approximately 

3exp
crystal g/cm010311ρ   .  .  ±= ; the uncertainty in the experimental density reflects the deviation in 

values reported by different research groups[16, 17]. Finally, Born et al[17] proposed a 

triclinic unit cell for a model compound of MDI/BDO, complete with fractional coordinates, 

that complied with the experimental density observations.  

The atomistic molecular model of the triclinic MDI/BDO unit cell used in this work was 

built based on the fractional coordinates of the model compound studied by Born et al[17]. 

The asymmetric unit of this molecule contained atoms 8 through 27 of the MDI/BDO 

asymmetric unit depicted in Figure 1(b). The lacking fractional coordinates of atoms 1-7 were 

calculated by exploiting the symmetry of the MDI/BDO unit. In particular, the missing atoms 

1-7 were assumed to have the same relation to atom 8, as atoms 21-27 have to atom 18. To 
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reproduce the missing atoms, we constructed them one by one starting off from atom 8 and 

calculated them based on the geometry and orientation characteristics of the already known 

atom group 21-27. For example, atom 6 is the nitrogen atom of the urethane group and is 

connected to the phenyl ring carbon atom 8. The distance r of the bond between atoms 8 and 

6 is already known from the bond distance between atoms 18 and 21. Therefore, atom 6 

should lie on a spherical locus having atom 8 at its center and radius r. To determine the exact 

location of atom 6 on that spherical shell, the orientation is needed. This was given by the 

azimuthal and polar angles of atom 6 with respect to an orthonormal reference system having 

at its origin atom 8. These two angles were given by the angles formed among atoms 6, 8, 13 

and 6, 8, 11 respectively and were identical to those formed by atoms 21, 18, 19 and 21, 18 

and 15. In an analogous way, the fractional coordinates of the rest of the missing atoms of the 

asymmetric MDI/BDO unit were calculated. Thus obtained, the starting fractional 

coordinates of the entire MDI/BDO unit cell are reported in Appendix A of the Supporting 

Information.  

The resulting triclinic unit cell includes two asymmetric units in a single chain and has the 

following lattice parameters: a = 4.92 Å, b = 5.66 Å, c = 38.35 Å, α = 124
o
, β = 104.5

o
 and γ 

= 86
o
. Two dimensional projections of this unit cell are shown in Figure 1(c) and 1(d). In this 

figure, the c-crystallographic axis has been aligned with the z-Cartesian axis. Figure 1(d) 

shows a representation of the conformation of two neighboring chains in the lattice in this 

model crystal. Hydrogen bonds are formed between the N–H group of one chain and the 

oxygen atom of the carbonyl group of the neighboring chain. The chain alignment of our 

model compares favorably to related experimental observations regarding the three 

dimensional arrangement of hard segment chains[4, 6, 18]. 
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Figure 1: (a) Chemical formula of the MDI/BDO repeat unit. Atom enumeration of the 

MDI/BDO asymmetric unit and unit cell projections along the: (b) a- and (c) b-

crystallographic axis of crystalline MDI/BDO. In part (c), two neighboring unit cells along 

the a-axis are shown to illustrate the formation of hydrogen bonds, depicted with three black 
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dots. Atom types are distinguished by character and number: CHn groups (C#); oxygen (O#); 

nitrogen (N#); hydrogen attached to nitrogen (H#). 

 

To create the crystalline model of MDI/BDO for simulation, the unit cell of Figure 1 

was replicated in the a, b and c-directions, for a total of (9 x 8 x 5) unit cells and a total size 

of 4.428 x 5.166 x 19.175 nm, containing 72 chains of 270 sites each, for a total of 19440 

sites in the simulation box.  

Patterson and coworkers[18] performed a conformational analysis for the MDI/BDO 

crystal structure. They based their research on the conformation energy of various possible 

chain alignments. More precisely, they found that there are two stable structural 

configurations for the hard segment crystal. Two distinct types of spherulites were visible in 

optical micrographs and diffraction experiments. Type I spherulites showed no visible 

birefringence, while type II exhibited the classic Maltese cross extinction pattern. 

Furthermore, the conformational analysis of these two types of crystal structures done by 

Patterson et al.[18] showed that polymer chains in the type II crystal structure assumed 

minimum energy configurations and close packing to form a highly ordered array, as opposed 

to the type I crystal structure, which were believed to be distorted and paracrystalline in 

nature. They proposed that the first crystal structure formed a double helix with only van der 

Waals interactions between the two MDI/BDO chains of the double-helix, while the second 

type formed hydrogen bonds between neighboring MDI/BDO chains. The results of their 

study were in accordance with other experimental studies investigating polymorphism of 

crystalline MDI/BDO structures in polyurethanes[19-24]. The structures depicted in Figure 1 

are closer to the denser structure characteristic of Type II, which corresponds to the hydrogen 

bonded conformation[18]. As Figure 1(d) shows, two hydrogen bonds are formed in the ac-
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plane between chains in two neighboring unit cells, for a total of two hydrogen bonds per unit 

cell. This trait of our model is in excellent agreement with related experimental 

observations[4, 6].  

3. Methods 

3.1 Equilibrium molecular dynamics (MD) simulations 

Three replicas of crystalline MDI/BDO were created based on the lattice details 

mentioned in Section 2. In the process, we have made sure that the atomistic models 

conformed to the chemical, structural and geometrical requirements of the unit cell proposed 

by Born et al[17]. The three atomistic crystal structures were then used as initial 

configurations and equilibrated by molecular dynamics simulations using LAMMPS[25] in 

the NPT statistical ensemble at T = 300 K and P = 1 atm, far below the experimentally 

observed softening temperature Tm = 503 – 513 K [6, 15, 26] of the MDI/BDO hard 

component at atmospheric pressure. The force field used in this work was based on previous 

investigations of molecules containing urethane bonds and polyol segments. Therein, 

harmonic bond stretching and bending potentials were used, along with a harmonic improper 

potential to maintain the planarity of the phenyl ring and of the overall structure of the 

urethane bond. The non-bonded Lennard-Jones parameters, as well as some of the bond 

bending contributions, were taken from a slight modification of the TraPPE-united atom 

(UA) force field[27-32]. Parameters for torsional and Coulombic contributions to the total 

potential energy were taken from the OPLS-UA force field or some recent modifications of 

it[33-45].  Originally, the conventional OPLS-UA force field was tested, but it failed to 

reproduce the target density and lattice structure. For this reason, the TraPPE-UA parameters 

for Lennard-Jones interactions (only) were substituted in their entirety, with satisfactory 

results; in implementing the TraPPE-UA interactions, intramolecular 1-4 interactions were 

explicitly excluded from calculation. The interaction parameters of the force field, as well as 
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the functional forms for the quantification of inter- and intramolecular interactions, are listed 

in Appendix B of the Supporting Information.  

The time step for molecular dynamics simulation was 2 fs.  The Velocity Verlet 

method[46] was used to integrate the equations of motion. The deterministic Nose-Hoover 

thermostat and barostat were used to maintain isothermal and isobaric conditions in the 

system[47, 48], with time constants of 100 and 1000 fs, respectively. In crystal lattice 

simulations, atomic displacements are due predominantly to fast vibrational motions, so 

crystal systems tend to equilibrate rapidly (< 1-2 ns) and sample phase space efficiently. Each 

simulation ran for a total of 20 ns, the last 15 ns of which were sampled every 500 fs for the 

calculation of ensemble averages. All simulations were run in triplicate.  

3.2 Deformation analysis 

The three constructed crystal configurations were subjected to a series of deformation 

simulations to assess the deformation mechanics of crystalline MDI/BDO. Prior to imposition 

of deformation, all configurations were equilibrated using MD in the NσT ensemble for 5 ns. 

MD simulations in the NσT ensemble were realized by using the conventional “fix npt” 

command of LAMMPS and allowing the six independent components of the simulation box 

tensor to change independently. This step ensured that all three principal elements of the 

stress tensor were equal to about 1 atm, and that all off-diagonal elements were close to zero. 

As in the case of equilibrium MD simulation (Section 3.1), the deterministic Nose-Hoover 

thermostat and barostat were used to maintain isothermal and isobaric conditions in the 

system[47, 48], but with time constants of 100 fs for both. 

 As was done previously for simulations of crystalline and semicrystalline 

poly(tetramethylene oxide) (PTMO)[49], simple strain deformations were performed using a 

non-steady-state, non-equilibrium form of molecular dynamics in which each crystalline 
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specimen was deformed by changing one component of the strain tensor, at a constant strain 

rate ε̇ = 5 x 106 s-1, up to a true strain of ε = 0.1, while the other components were held 

constant at their equilibrium values. The full elastic stiffness tensor C was then extracted 

from the slopes of the stress-strain curves at small strain[50, 51]. The elastic compliance 

tensor S = C-1 was then calculated. The elastic moduli of crystalline MDI/BDO were finally 

expressed as the inverses of the diagonal elements of the compliance tensor[52] (in Voigt 

notation), Ei =1/Sii, i=1,2,3 and Gi-3,=1/Sii, i=4,5,6. Additionally, the elements of the 

compliance tensor have been used to estimate the isothermal compressibility 

( )[ ]132312332211 3 SSSSSST +++++=β  and the bulk modulus K = βT
-1.   

In addition to the simple strain deformations, uniaxial extension was also considered. In 

this type of loading condition, the system was deformed in one of the three principal 

directions, while allowing the two lateral dimensions to change in response to the barostat in 

those directions[53], so that a constant stress at about 1 atm was maintained. These types of 

deformation yielded independent estimates of the elastic (Young’s) moduli, Ei, and 

isothermal compressibility, βT, directly, and served as checks on the numerical accuracy of 

the first deformation method (simple strain), which is itself complete. All deformations were 

realized at constant deformation rate ε̇ = 5 x 106 s-1. As before, the time step was 2 fs, and the 

Velocity Verlet method was used to integrate the equations of motion. The deformation ran 

for 3 x 107 steps.   The Nose-Hoover thermostat was used to remove the thermal energy 

arising from deformation and ensure isothermal conditions; for thermal conductivities typical 

of organic crystals, the rise in temperature for a deforming sample size on the order of the 

simulation box is expected to be negligible. Here also, simulations were run in triplicate. 

4. Results and Discussion 

4.1 Equilibrium crystal properties 
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During the course of the equilibrium MD simulations, the dimensions of the simulation 

box were free to change. After the completion of this set of runs, the equilibrium crystal 

density was calculated from the time averages of the triplicate runs. The results are 

summarized in Table 1. Not only the density, but also the individual lattice parameters 

compare favorably to the experimentally reported crystal density and lattice parameters.  

These results confirm the stability and accuracy of the proposed MDI/BDO atomistic model 

under the action of the proposed force field.  

Table 1: Comparison of simulated equilibrium density and lattice parameters with the 

corresponding experimental values for crystalline MDI/BDO.  

 Simulation Experiment Ref. 
Crystal density (g/cm3) 1.31 ± 0.02 1.31 ± 0.01 [16, 17] 

a (nm) 0.494 ± 0.020 0.492 [17] 
b (nm) 0.574 ± 0.020 0.566 [17] 
c (nm) 3.803 ± 0.050 3.835 [17] 
α (deg) 122.3 ± 2.1 124 [17] 
β (deg) 105.06 ± 1.95 104.5 [17] 
γ (deg) 87.3 ± 1.72 86 [17] 

 

As an extra level of validation of the structure of the considered model crystal, but 

also of the selected force field, the static structure factor S(q) was calculated and compared to 

available experimental[14, 17] and computational results[18]. The static structure factor S(q) 

was calculated with the help of equation 1: 

( ) ( )[ ]∑ −⋅∝
ji,

jiiexp
N
1S rrqq          (1) 



12	
	

In equation 1, the angular brackets denote averaging over the entire ensemble of pairs of 

atoms i and j and q is the wave vector, which is connected to the d-spacing via 
r

q 2π
= .  

The calculated static structure factor S(q) for the MDI/BDO crystal is shown in figure 

2. Comparison of this structure factor to the location of peaks in the experimental X-ray 

diffraction measurements, indicated as dotted lines in Figure 2, confirms agreement between 

the experimentally measured structure and the computationally predicted one. The 

corresponding d-spacings calculated via simulations and measured by X-ray experiments are 

indexed and compared in Table 2. In Figure 2, we show that our simulation results provided 

very subtle diffraction peaks for (001), (002) and (003) which are not observed in experiment 

(no dotted lines are drawn); however, these peaks are calculated to be almost thirty five times 

weaker than the experimentally observed (004) peak. In addition to that, the conformational 

analysis of the MDI/BDO crystal structure implemented by Patterson et al[18], in which the 

hydrogen-bonded conformation for the MDI/BDO segments was the same as that used in this 

work, provided very weak diffraction peaks for these three Miller index sets. Hence, it can be 

concluded that the constructed atomistic MDI/BDO model describes well the structure of the 

actual crystal and, by extension, the force field captures accurately the inter- and 

intramolecular interactions. 
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Figure 2: Static structure factor calculated for the perfect MDI/BDO crystal at small wave 

vector q values. The dotted lines indicate the position of the experimental peaks where 

applicable.  

 

Table 2: Comparison between experimentally measured [14, 17] and simulated d-spacing 

distances for the MDI/BDO crystal. (*) dexp values are taken from conformational 

analysis[18]. 

Miller Indices dexp    [Å] dsim    [Å] 
  (001) * 32.1 32.5 
  (002) * 16.0 15.8 
  (003) * 10.7 10.3 
(004)  7.7 7.8 
(005)  6.4 6.2 

 
4.1 4.1 

3)1(0  3.9 3.9 

4)1(0  3.8 3.7 

(015)  3.3 3.3 

02)1(  4.3 4.4 

05)1(  3.5 3.4 

 

4.2 Linear elasticity of crystalline MDI/BDO 

Figure 3 shows the 36 averaged stress-strain curves resulting from the simple strain 

deformations of the crystalline MDI/BDO atomistic model at constant deformation rate. Each 

part of Figure 3 describes the response of all six stress tensor elements as a function of one 

nonzero strain element, up to 10% true strain. The slopes of these curves in the limit of low 

strain correspond to the elements of the stiffness matrix C. By calculating the slopes of 
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tangential linear fits to these curves up to a true strain of 2%, the 36 stiffnesses were 

estimated.  

A number of interesting features can be observed from the stress-strain plots of Figure 3. 

At low strains (< 2%), all of the stress-strain plots have finite slope, which is indicative of 36 

finite stiffnesses. Of these 36 stiffnesses, only 21 are independent because of the triclinic 

symmetry of the MDI/BDO unit cell[52]; this symmetry is confirmed by these results.  

Secondly, at low strains (0 < ε < 0.02), the stress-strain dependence was practically linear and 

elastic, as confirmed by reversal of the strains.  

Eq. 2 shows the complete stiffness matrix Ccrystal obtained for the crystalline 

MDI/BDO at the slow deformation rate. The calculated stiffness matrix was found to be 

symmetric about the main diagonal and positive definite, having all of its eigenvalues strictly 

positive. This indicates that the system was mechanically stable. The inverses of the diagonal 

elements of the compliance tensor are the elastic moduli of the material, Ei, i=1,2,3 and Gi-3, 

i=4,5,6. These values are listed in Table 3, where applicable, based on the method used for 

their estimation.  

     (2) 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

−

−

−

−−

−−

=

61.2
39.024.2
16.001.114.1
73.029.063.082.20
69.027.011.000.353.3
30.048.006.097.376.158.3

   
   

      
      

   
   

Ccrystal



15	
	

 

Figure 3: Linear-elastic stress strain behavior of crystalline MDI/BDO under simple 

straining (uniaxial and shear) at T = 300 K and P = 1 atm. The slopes of these plots, up to a 

true strain of 2%, were identified as the corresponding element of the stiffness matrix. 

 

Table 3 shows that the elastic constants calculated by the two different deformation 

protocols are consistent. It also shows the anisotropic nature of crystalline MDI/BDO. The 
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stiffness along the chain direction (E3) of crystalline MDI/BDO is almost 7 times larger than 

the stiffnesses in the other two principal directions, yet substantially smaller than the stiffness 

of crystalline polyethylene (PE) (E3 ~ 283 GPa)[54] and PTMO (E3 ~ 67 GPa)[53] when 

stretched along their chain directions. This is probably a consequence of the bent zigzag 

molecular conformation of the MDI/BDO chains in the chain direction (see Figure 1), which 

allows for easier extensibility compared to the linear all-trans conformations of PE and 

PTMO. This conformation imparts increased flexibility to the MDI/BDO crystal, which can 

then be translated to decreased stiffness along the chain direction. Contrary to that, the two 

lateral stiffnesses of the MDI/BDO crystal, E1 and E2, along with the corresponding shear 

moduli, Gi, i=1,2,3, are larger than the ones of crystalline PTMO[53], which is a consequence 

of the dense packing in the MDI/BDO crystal lattice opposing shear or lateral deformation. 

The isothermal compressibility of the MDI/BDO crystal (0.41 GPa-1) is intermediate between 

that of crystalline PE (0.15 GPa-1)	[54] and crystalline (0.63 GPa-1) PTMO[53].  

Table 3: Basic mechanical properties calculated by NEMD for the MDI/BDO crystal at T = 

300 K and P = 1 atm. Uncertainty in all elastic moduli is of the order of 0.05 GPa. 

Crystal MDI/BDO 

Method 
Simple strain Uniaxial strain 

Property 

 E1, E2, E3 [GPa] 2.08, 2.29, 14.26 2.01, 2.32, 14.19 

 G1, G2, G3 [GPa] 0.62, 1.20, 2.22 N/A 

βT [GPa-1] 0.41 0.36 
 

At intermediate strains (0.02 < ε < 0.1), the stress-strain plots of Figure 3 become 

nonlinear. Within this strain interval, there was no clear evidence of a yield point such as that 

typically observed in plastic deformation of amorphous polymers. Instead, a gradual rollover 

behavior was exhibited in most cases, indicative of strain-induced softening.  The notable 
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exception to this behavior is the σ3-ε3 curve, which is significantly stiffer than the other 

curves and exhibits strain-induced hardening. We believe that the σ3-ε3 response is the result 

of loading the intramolecular degrees of freedom within the chains, which becomes 

increasingly resistant to deformation as the zigzag-shaped polymer chains become more 

extended and aligned with the strain direction. This is equivalent to an increase of the angle 

formed between the two consecutive phenyl rings (i.e., angle formed by atoms C11, C14 and 

C15) of the asymmetric unit shown in Figure 1(b).  By contrast, the other responses are 

predominantly intermolecular in nature, controlled by van der Waals forces, and become 

softer as the density of the crystal declines with increasing strain.  The lack of a clear yield 

point could be due, at least in part, to the absence of defects such as twists, jogs or chain ends 

within the simulation, which can act as stress concentrators for onset of plastic deformation. 

 

5. Conclusions 

In summary, we report the use of molecular simulations to study the structure and 

properties of the MDI/BDO crystal, as one of the major components of thermoplastic 

polyurethanes. For the first time, a molecular model of the MDI/BDO crystal was built, 

equilibrated and studied in atomistic detail. Α united atom force field has been shown to 

capture accurately the inter- and intramolecular interactions for this system. The equilibrium 

crystal density and lattice parameters obtained by simulation compare favorably to 

experimental measurements. Further structural analysis of the model crystal revealed good 

agreement between the three-dimensional conformation of MDI/BDO chains in the crystal 

and existing experimental observations. 

 Analysis of deformation of the MDI/BDO crystal was also performed. The crystal is 

mechanically anisotropic, with reduced stiffness along the chain direction and intermediate 

compressibility compared to PE and PTMO crystals. This observation was attributed to the 

spatial arrangement and general conformation of the MDI/BDO chains in the crystal, which 

allow for increased extensibility along the chain direction. Contrary to that, the MDI/BDO 
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crystal showed increased stiffness when deformed lateral to the chain axis or when sheared. 

This behavior is attributed to the dense packing of chains in the crystal. 

Using simple strain (uniaxial and shear) loading conditions, the overall stress-strain 

behavior up to a true strain of 10%, and therewith the entire stiffness matrix of the system, 

was obtained. Thus, the linear-elastic mechanical behavior of the crystal is quantified for the 

first time. Knowing the full stiffness matrix could facilitate the parameterization of 

micromechanical models and provide useful input for micromechanical homogenization 

processes for the study of composite systems that contain crystalline MDI/BDO as one of 

their constituent parts, such as thermoplastic polyurethanes.  

Supporting Information 

Appendix A: Fractional coordinates of all atoms in the crystalline MDI/BDO 

unit cell 

Appendix B: Force field functional forms and parameters 
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