Layers of semiflexible chain molecules endgrafted at interfaces:
An off-lattice Monte Carlo simulation
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A coarse-grained model for surfactant chain molecules at interfaces in the high density regime is
studied using an off-lattice Monte Carlo technique. The surfactant molecules are modeled as chains
consisting of a small numbefe.g., seven of effective monomers. For the modeling of lipid
monolayers, each effective monomer is thought to represent seves@rGitps of the alkane chain,

but applications of the model to other polymers end grafted at solid surfaces also should be possible.
The head segments are restricted to move in the adsorption plane, but otherwise do not differ from
the effective monomers, which all interact with Lennard-Jones potentials. Bond angle and bond
length potentials take into account chain connectivity and chain stiffness. The advantage of this
crude model is that its phase diagram can be studied in detail. Temperature scans show two
phase transitions, a tilting transition at low temperatures between a tilted and an untilted phase, and
a melting transition at high temperatures where the lattice of head groups loses its crystalline
order. © 1995 American Institute of Physics.

I. INTRODUCTION rather tries to develop a coarse-grained model that exhibits
. some of the general features of the observed phase behavior,

Langmuir monolayers have recently attracted much aty, i g ill simple enough for extensive computer simulation
tention because of their connection to Langmuw—BIodgettover wide ranges of temperature and densities. In coarse-

clr?s r\iNEIChh may dibe rofmlri]terist fr?/r (;je\)/:ceri?npprilicano:s. Agrained models only those degrees of freedom of a full mi-

€y rich phase diagram IS obServed experime any. Froscopic description are kept which are believed to be most

phase transitions in Langmuir films can be seen in direc : .
essential for the observed phenomena. These models require

comparison to the transitions observed in liquid crystals. . : : .
: less computational effort than fully microscopic calculations,
Nevertheless the temperature behavior of these systems S . .
thus allowing one to simulate a larger number of surfactant

not yet well understood, because the surfactant molecules - . :
possess many degrees of freedom and the various phasrgéjlecules. Th's Is particularly important fqr the study of
involve both inter- and intramolecular degrees of freedom. phase trangtmns. M?”Y "i‘i‘othors us_ed Iattlc_e m_(_)del_s as a

It is a challenging problem to identify the nature of the Coarse-grained dgsgrlptlén, but this oversimplification
observed phase transitions experimentafiyespecially in prevented_g description of all phase transm_ons at high sur-
the liquid-condensed regime, because many of them occur if#C€ densities and the results were sometimes affected by
a small temperature range. The same general form of thiattice artifacts(e.g., gublc lattices allow only a square rather
phase diagram is observed experimentally for a large varietff'an the correct triangular structure of the head group
of film molecules? The microscopic interactions are not al- lattice”®). In previous works™*we focused on the transition
ways well understood, and consequently various types offom a phase with uniformly tilted molecules to one in which
models with different degrees of simplification have beenthe molecules were untilted. The rigid rod model used in
deve|oped3‘_20'|'he relevance of microscopic chemical detail those articles negIeCtS all intramolecular degrees of freedom
or the macroscopic phase behavior of lipid monolayers reby coarse graining the alkane chains into perfectly rigid rods.
mains an active research toﬁél“—l?vz%ut will remain out- The rods can rotate freely in continuous space around an-
side of consideration here. Apart from monolayers of fattychoring points forming a rigid hexagonal lattice.
acids or phospholipids at the air—water interface, there are In the present article we consider a coarse-grained con-
many other examples where more or less stiff polymers argnuum model of semiflexible chains. The molecules are rep-
grafted at surfaces of fluids and solfds?°Also in systems resented by chains of a small number of effective monomers.
of other such surfactants sometimes interesting phase trangtach monomer is thought to represent a group of about 2—5
tions have been observed. successive chemical monoméesg., CH or CF, groups of

The present article hence does not aim at trying to exthe chain molecule. This coarse-graining along the chain is
plain the specific properties of a particular material, butessential, since we do not take into account any torsional
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potentials. In previous work on single alkane ch&if$it

was shown that the distribution of the lengths of effective 2
segments formed in this way can be thought of as a result of

an effective bond length potential for the coarse-grained

model. Similarly, the distribution of the angle between sub-

sequent effective bonds can also be modeled by a suitable

effective potential for bond angles, and the correct persis- 0,
tence length of the chains can thus be reproduced, at least

roughly. Thus effective intramolecular potentials are intro-

duced to take into account chain connectivity and chain stiff-

ness. We feel that an off-lattice model is advantageous espe-

cially at high surface densities. Although lattice models b
allow more monomer trial moves per unit time the relaxation

times will be much larger than in a continuous model in view

of the restricted freedoms of motion.

In Sec. Il we now specify the model in detail and moti- \
vate the choice of its parameters. In Sec. Ill we analyze the U
classical ground state of our model, because we feel that
understanding the nature and detailed structure of the ground
state Is essentla.l mformatlon.Of the behgwor a}t elevatec.i ter.rl:-IG. 1. Schematic description of the model studied in the present work: The
peratures. Section IV describes our simulation tEChnlque%pid chain molecules are represented by chains of effective segments whose
while Sec. V gives a detailed overview of our simulation head groups are restricted to move in the adsorption plane @t The bond
results. Finally, Sec. VI gives a discussion and outlook on th&ectors connecting neighboring chain segments form anglesThe tilt
further development of our model, which at this point is still angle6 of one molecule is defined as the angle between the surface normal

. L. . ... 2 and the end-to-end vector of the chain.
too coarse grained to allow a quantitative comparison with
real materials, but already gives useful qualitative insight.

z=0

e[(o/d) 12— 2(o1d)®]— €[ (1/dE2) —2(1/d®))]:

Il. THE MODEL
VLJ(d): fOI’ d$d|_JO' s
Our model represents a film of rodlike amphiphilic mol- 0: for d>dyo
ecules whose heads are attached to a surfeice 1). The €)]

surface is ideally flat, structureless and rigid, and hence at

this level of idealization we do not distinguish whether the\yheree measures the strength aodhe range of this poten-
substrate is a fluid or a solid. Each grafted molecule is 83| andd is the distance between two monomers.
chain of seven effective monomers. If one accepts the above oy rodlike chain molecules are a coarse-grained repre-
mapping to a chemically realistic alkane chain, this wouldsentation for amphiphilic molecules such as fatty acids or
correspond to a degree of polymerization of about 20. Th‘?)hospholipids. Such molecules are known to exist in a
monomers within a chain are connected by a harmonic postretched conformation at low temperatufehe restriction
tential with minimum at distancel, and spring constant of the head groups to they plane represents a strong inter-
Cp1=>0 action of the polar heads with the water surface. Capillary
Cy(d—dg)?: for |d—dy|<d waves anq the molecular structure of the water sqrface are
bl o o ="bl (1)  neglected in our model. Similarly all chemical detail of the
wo: for |d—do|>dp, lipid molecules, such as size and shape of the head groups
and tails are averaged out in our coarse-grained description.

which is cutoff atd,,>0. In addition to the harmonic bond Simil ed at dels h b ? tioated usi
length potential, which ensures the connectivity of the chain- imifar unfted atom modeis a\_/% een investigated Using
molecular dynamics simulatiod3:1’ In these united atom

like molecule, we introduce a bond angle potential to simu-

late chain stiffness. The bond angle potential is chosen as models a Lennard—\]ongs fgrce cen.ter represerjts fdCH
CH, group, and there is still a torsional potential present,

Vpa(6)=Cp1+cog6)], (2)  While in our model several such groups are represented by a
single Lennard-Jones center, and the torsional potential for

wherec,,>1 is the force constant ardi is the angle formed these effective bonds is zero. As is well known, the approach
by the three monomeris-1,i,i+1 (i=1,...]—2). Here to equilibrium for chain molecules without torsional poten-
we have numbered tHemonomers, such that the head grouptial is much faster, and therefore our crude model is better
has index 0. The head groups are restricted to move irRyhe suited for the study of phase transitions than the more real-
plane. istic modelst®>~!" Previous continuum Monte CarlMC)

All monomers except nearest neighbors within a chairsimulations have studied the rigid rod model suggested by
interact with a Lennard-Jones potential, which is truncated aBafranet al1® where the polar head groups are fixed on one-
d=d, ;o0 and shifted so that it is zero there and two-dimensional latticed:12

Vpi(d)=
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In our simulation we concentrate on chains of length
I=7. We choose dimensionless units by settingl and

o=1. In these units the bond length, is set tody=0.7, ¢ e
d,=0.2, andd, ;=2. This choice ensures that the rods do 0.8

not intersect each other for the temperature range of our

simulations. The energy scaleg, andc,, of the intrachain 06 |

potentials are chosen to kg, =100 andc,,=10 which is
large in comparison to the Lennard-Jones interchain poten-
tials, i.e.,cp;, Cpa=€. Our model description is completed by
choosing a rectangular simulation area in #yeplane with o it &
sidelengthg., andL and periodic boundary conditions. The 02

z coordinates of al particles are non-negative and we choose

the system size in the direction to be much larger than the 0
length of the chain.

do

04 r

IIl. THE GROUND STATE
) ) ) FIG. 2. The ground-state phase diagram in thedf) plane is plotted as
For the ground-state analysis we assume uniform tilt andalculated from the simple geometrical arguméinte) and for the energy
head groups fixed to a triangular lattice with lattice constanf(mnlmlzstgn for a LJ poten(t;al Wlkt)h putgf_r a}tq oz; (i;ar:ondz anqhais
: . crosses Squares represent data obtained in Ref. or rods wit po-
a. Because we are interested in the C,ase Wh,gra:b?>e tential centers. The no-tilt phase at high densities is enclosed by the curves.
the bond angle and bond length potentials are idealized to be

infinitely rigid for purposes of the ground-state analysis. This

eliminates the corresponding degrees of freedom and thus ¢ rrespond to the points where the tilt angle drops to zero
simplifies the analysis considerably. In the following we fo the first time with decreasing and fixedd,. We invari-
present two types of calculations for the ground-state phasgyy obtained next nearest neighbor tilt. The phase boundary

d|agr_am: . . is only slightly affected by the Lennard-Jones cuthff. The
(i) asimple geometrical argument, _ boundary calculated from the hard sphere argument differs
(if) energy minimization on the total potential energy from that of the energy minimization because the geometri-
surface. cal argument applies only for hard core or very short ranged

Representing the Lennard-Jones force centers by hargentials. Systematic differences in the transition region,
spheres and assuming uniform tilt allows to view the systémjynere the spheres in more than one tetrahedron become im-
as a stack of planes of effective monomers. &erdo=1the  portant are to be expected. For comparison we have also
spheres form a face centered cubic structure. In this case the-|,ded in Fig. 2 the phase boundary from the ground-state
tilt angle between the molecular axis and the surface normalp|ysis of the rigid rod model in Ref. 11. The dotted square
is arcsmilh/ﬁ). By virtue of periodicity within the stack itis gatg points are taken from Fig. 2 of Ref. 11 and they corre-
sufficient to look at only two of these planes. The spheres ipond to parameter values 15, Cp=, andc,,= in the

spheres in the first plane and the tilt is directed into the next

nearest neighbor chain directighlNN direction). Decreas-
ing the bond length, pulls the spheres in the second plane
closer to one of their neighbors in the first plane while the
distance to their other two neighbors in the first plane is kept 0s | curve type
constant at 1. This observation leads to a simple expression

for the tilt angled as a function ofa andd,

04

Y i @
si = © 03}
\/§ado 03

independent of chain length. The phase boundary between o2}
the tilted(sin #>0) and the untiltedsin 6<0) phase is given
by the conditiona®+ d3=1 describing a circle in théa,d,) o1
plane.

In the second calculation the potential energy of one rod 00

05

interacting with its uniformly tilted neighbors is minimized.
The minimization is performed with respect to the tilt angle
0 and the tilt direction. The head separatianand bond
lengthd, are varied as parameters. The results of these caF/G. 3. The tilt angle at the ground state is plotted as a function of head
culations for different values &f, do are summarized in Fig. lattice constana for two different d|stance_s|9 o_f monomers along a chalr_l

. . . (0.7 and 0.8 as calculated from energy minimization for LJ potentials with
2 which shows th@ =0 phase boundary separating the tilted ctoff at 2, and 3r. The result of the “hard sphere” argument is also shown

phase from the nontilted one. The data points shown in Figdenoted as h.
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(b) (d)

FIG. 4. Snapshot pictures at temperatu@sr=0.1,(b)T=1.0,(c) T=2.0,(d) T=8.0 for the system containing 144 chains. Each monomer is represented
by a sphere of radius/2=0.5.

from (i) and(ii) is shown in Fig. 3 for two values a@,. The  configuration with an even number of rows and columns. In
results from(i) are in good qualitative agreement with our the following we refer to the system sizeg=8 andL,=12
results for the Lennard-Jones potentialée¢1 but fail again  mainly. At this density the spreading pressure is positive for
in the transition region. the temperature range of interest, i.e., near the order—
disorder transition. It was found however, that for low tem-
peraturesT— 0, negative spreading pressures occur. This is
IV. SIMULATIONAL DETAILS less serious than it may appear at first, because the uniformly
To simulate the model at finite temperatures we emplo i!ted structqrg is still metastable u.nder these conditigns. At-
higher densities where the spreading pressure remains posi-

a Metropolis Monte Carlo algorithm. A single monomer is . for T—0 th Id b hvsicallv high
randomly selected in each trial move. The maximum jumptIVe or T—0 the pressure would become unphysically hig

width is adjusted to optimize the acceptance rate and to pré'Flt e"?"ated te.mperellture.s. Such problems cqn be avoided by
vent crossing of chain bonds. The restriction on the interacSaTYing out simulations in a constant spreading pressure en-

tion range allows to employ a link-cell algorithm for storing semble. Because these are technically more demanding they
the interacting neighbors. have not been attempted here.

We divide our simulation box into rectangular subcells ~ Scans over a broad temperature range were performed
of sidelength greater than or equal to this interaction lengthcovering two decades in temperatuf@.1<T<10). For
In this way a particle in one subcell interacts only with par-€ach temperature the first 20 000 Monte Carlo steps per
ticles in its own and adjacent cells. A special data structure ignonomer(MCS) were used for equilibration followed by
implemented to keep track of the cell contents. The dat®0 000 MCS for taking averages. Every 500th MCS was
structure consists of linked lists of pointers onto a self-included in the average to suppress correlations between sub-
referencing vector starting from each cell. In this way thesequent configurations. The simulations were carried out us-
structures can be used recursively to take all cell memberieg several 100 hours of IBM RS 6000 370 CPU time.
into consideration. The algorithm was tested extensively on To check for hysteresis in the measured quantities, we
dense polymer systems with and without obstatleshe  performed both heating and cooling runs. The heating runs
dimensions of the simulation box are chosen to fit a hexagowere started from the ground-state configuration obtained by
nal monolayer structure, i.eL,X/Ly=2/\/§. The density was energy minimization at the lowest temperature. The results
taken to be 2{/3 chains per unit area correspondingate 1 for small system sizes depend upon the box geometry. In the
for the lattice constant of the hexagonal lattice of head segfollowing we refer to the hexagonal box geometry intro-
ments. The numbers of particles were chosen to support duced above where no significant hysteresis was observed.
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FIG. 5. Voronoi diagrams corresponding to the conformations in Figa4dT=0.1, (b) T=1.0, (c) T=2.0, (d) T=8.0. The projection of the vector
connecting the head grodgdenoted by a dgtand the end group of the surfactant molecule is shown together with the Voronoi tesselation for the head group
lattice in the adsorption plane.

Additionally we considered a quadratic box as in Ref. 18by inspecting Fig. &). At T=2.0 the average tilt is rather
setting up 120 chains in an orthorhombically distorted consmall and defects begin to form in the head lattice.
formation of ten rows and twelve columns inside axl®

box. Large hysteresis loops are observed during heating and , i

cooling runs, because a configuration with boundary induce- Density profiles

defects and shear components of pressure in the adsorption Figure 6 shows the monomer density profiles in the di-
plane is energetically preferable to a regulal@ configu-  rection perpendicular to the substrate for each monomer at

ration. different temperatures. At low temperatures structures that
consist of approximately equally spaced layers are formed.
V. NUMERICAL RESULTS This justifies the assumption of the geometrical ground-state

analysis. The distances between the topmost and bottommost
layers to their neighboring layer is slightly higher than the
Snapshots of the monolayer at different temperatures arether layer distances, because the end segments feel less
shown in Fig. 4. At temperatur€=0.1 the configuration is Lennard-Jones interactions.
in a crystalline state with uniformly tilted molecules. The With increasing temperature the density distributions be-
chains are still in the tilted phase @t=1.0 but with less come broader. Because of the limited chain length, the up-
orientational correlation and a lower tilt angle. A+=2.0 the  permost monomers tend to fold back into lower layers at
average tilt is almost zero. higher temperatures. This is indicated by the asymmetry of
In Fig. 5 the Voronoi constructions corresponding to thethe monomer density distributions.
configurations in Fig. 4 are shown. The dots represent the The total density profile in Fig. 7 shows that the layered
lattice of head groups, the cells are the Voronoi cells. Instructure is washed out with increasing temperature starting
addition the projections of the molecule directors intoxlye at the surface. During this surface melting process a film
plane are plotted. We choose the molecular diredibte be  with uniform density is formed whose thickness increases
the vectors connecting the end monomers of each chainith temperature. At the highest temperatlre 8 mono-
While at low temperatures the tilt is strictly towards next mers from the second layer start to occupy defects in the
nearest neighbors no preferred tilt direction can be observeldead group lattice.

A. Configurations
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FIG. 6. Monomer density profileg(z) in thez direction perpendicular to the grafting interface. Different curves belong to different monémers chain
as indicated in the figuréa) T=0.1, (b) T=1.0, (c) T=2.0, (d) T=8.0. All densities are normalized to one.

C. Structure factor one for the head groups only denot8g k) and one for all
We calculate two structure factdfs monomers denoted &k). In the first casen is .the number
] ) of head group monomers in the adsorption plane and
1 S gtk 5 r;=(x;,y;) are theirxy coordinates, in the secomddenotes
nl- | e (5) all monomers and;=(x;,y;) are the projections of their
i=

coordinates into the adsorption plane. Periodic boundary
conditions imply that the components of the scattering vector

6 ' ' ' ' ' k=(ky,ky) can only be multiples of &/L,, 2m/L,.
1 T=01 —
; T=1.0 The head group structure fact8y,(k) allows to study
51 ;:gg o] the positional order of the head latti¢cgee Fig. 8. Due to
the relatively small system sizes under consideration we
. 41 nol clearly cannot contribute to the discussfombout hexatic
5 3 ; phases or quasi long range positional order in the low tem-
& perature phases. We observe a change from a hexagonal scat-
2| | tering pattern to a ring pattern at about8 and therefore
expect a second phase transition connected with the melting
1L ] of the head group lattice to take place in this temperature

B regime.
i The calculation of the structure factor for all monomers

5 allows a better understanding of the monolayer structure as a
whole. At low temperatures the film consists of hexagonal

_ _ ‘ o monomer layers packed one on top of each other, and dis-

FIG. 7. Total monomer density profilgg,(2) in thez direction at tempera- placed in NNN direction. For this reason the original hex-
tures as indicated in the figure. The densities are normalized to 6. Note that . .
the grafted monomer at=0 (which would yield as function thergis not ~ agonal sca_tterl_ng pattern for one layer becomes_ quulated n
included. the NNN direction in the overall structure factor in Fig. 9. As

X
.
4
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FIG. 8. Plot of the structure fact@®;, (k) for head monomergh=144). (a) T=0.1,(b) T=1.0,(c) T=2.0,(d) T=8.0. The units ok, are chosen as#L, and
the units ofk, as 2m/L,, respectively.

the positional correlation between different layers disappearmternal degrees of freedom. It is therefore interesting to in-
with increasing temperature the hexagonal pattern reappeangestigate how the two-dimensional melting process of the

The ring pattern is observed again at abdst8. head monomers in the adsorption plane is affected by the
behavior of the chains connected to them, respectively, how

D. Tilt order the restoration of ergodicity propagates through the adsorp-
tion plane.

The average of the absolute value of the tilt angle de-

fined as the angle between the molecular director and th':-z .For this pur.pose we study the absolute value of the fol-
) S . owing quantity:

surface normal is shown in Fig. 10 as a function of tempera-

ture. It decreases monotonically unfil=2 and then in- n 46

creases again. This increase is caused by stronger tilt angle WBZ_E _Z el (6)

fluctuations in the chain configurations especially after the L 6;:1

melting transition af =8. (Note that the average of the ab- . : .
. . : where 6;; is the angle between the line connecting head
solute value of the tilt angle in the disordered phase wherée o . . )
: : . . . monomeri with its nearest neighbgr and a reference axis.
the mean tilt angle is zero is proportional to the width of the . o .
. 2 . o .. The actual choice of the reference axis will only result in a
(Gaussiap distribution of this angle which increases with

temperaturg. This is corroborated by the probability distri- constant phase within the apsolu'_ce_ value_and therefo_re wil
. - : . C not affect the overall result. Since it is too time consuming to
butions for finding a molecule with a given projection of the . : :
) . iy perform a Voronoi construction each time of measurement,
molecular directoD into thexy plane shown in Fig. 11. At

low temperatures the distribution is sharply peake®#0, we always sum over the six neighbors with lowest distance.

The expectation value is shifted to zero during the tiItingFor a review about bond-orientational order see, for ex-

transition while the distribution becomes broader. ample, Refs. 29.and 30. . .
The correlation¥g function starts at unity at low tem-

peraturegFig. 12. A change in slope occurs at abolit 2
near the expected tilt transition indicating that head-lattice
Thin films are intermediate between two- and three-order is coupled to the orientational order of the chains. The
dimensional systems. Our monolayer model system can b&trong further decrease ne@r=8 and the onset of strong
viewed as a two-dimensional system of head monomers witkize effects are further indications of the melting transition.

E. NN bond orientational correlation in the head lattice
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FIG. 9. The 2-D structure factd@(k) for all monomergn=7x144). (a) T=0.1, (b) T=1.0,(c) T=2.0, (d) T=8.0. The units ok, are chosen asL, and

the units ofk, as 2m/L,, respectively.

F. Orientational correlation of bonds within a chain

A bond order parameter for each bomdalong a chain
can be calculated from

Si=K[3 cos(0;)—1]), @)

0.45 T T T T T T T T T
o 144 chains ——
04 " 64 chains ——

035} *

03|

<|Q[>
o
o
[

0.15 “

0.1} . "

0.05

FIG. 10. Average tilt angle as a function of temperature. The tilt afdgée

where®; is the angle formed by the bond vector connecting
theith and(i +1)th chain segment and the molecular direc-
tor (see Fig. 1 The correlation functions are shown in Fig.
13; S, decrease monotonically with temperature. The
changes in slope 8t=2 and 8 indicate the phase transitions.
S, and S, fall off most strongly because the end segments of
each chain feel only one chain neighbor. The distribution of
the bond angle®; is not expected to yield significant struc-
tural information about different phas&sand thus is not
reproduced here.

G. Orientational correlations between nearest
neighbor (NN) chains

The quantity

1381
Knn=| 5 2 5 [3 cod(6) —1] ®

measures the orientational correlations between NN chains.
O\ is the relative angle between two NN chains. As above
the nearest neighbor chains are always taken to be six chains
with lowest head segment distance to the initial chain head

defined as the angle between the vector connecting head and end group oggolJp'

molecule and the axis. The symbols belong to the system sizes indicated in

the figure.

For steric reasons this quantity gives a rather high value
(0.88<Kyn<1) for all considered temperature&ig. 14.
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FIG. 11. Probability of projectionB (D) of molecular director®=(D,, D,) into the adsorption plane for temperatutasT=0.1, (b) T=1.0,(c) T=2.0,(d)
T=8.0.

The sharp decrease #fy, at aboutT=8 is a further cor- model was designed to study phase transitions in the high
roboration of the melting transition in this temperature re-density regime, where lattice models are problematic. At
gion. densities corresponding to a uniformly tilted ground state, we
find at least two distinct temperature driven phase transitions
on the basis of our data. The transformation at lower tem-
peratures is characterized by a continuous decrease in tilt
In the present model we have studied a coarse-grainegingle. The low temperature phase resembles a bulk crystal-
model for lipid monolayers or dense layers of alkane-typeine phase while at higher temperatures, as may be inferred
surfactants endgrafted at surfaces using an off-lattice Montggom Figs. 6c), 7(c), and &c), the fluidized tail groups co-
Carlo technique. The surfactant molecules were representegist with frozen crystalline head groups. This situation cor-
by chains consisting of seven effective monomers, the first ofesponds to a highly constrained surface melting transition. A
which (the head groupwas fixed in the plang=0. This  second phase transition at much higher temperatures is ap-

VI. DISCUSSION
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FIG. 12. NN bond orientational correlation functigi’¢|) as a function of
temperature.

FIG. 13. Bond order parametgy for bond numbei=1,...,6 as a function of
temperature.
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