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The structure of the developers plays an important role in the colouring/de-
colouring process for the colour rewritable films. We study the chain-like
polymers structure of the developer through both the Monte Carlo and
molecular dynamics simulations. In these simulations we focus our atten-
tion on the thermal (temperature) effects as well as the effective interaction
between developers (chain-like polymers), and with these how the lamel-
lar structure can be constructed when the system is quenched from high
temperature (low density) to low temperature (high density). We found the
transition of the states from a disordered state to an aggregated state at
a temperature (282 K). We obtained the lamellar structure in a preferable
condition of the potential parameter, while in either smaller or larger inter-
actions, it is rather difficult for the developer chains to form lamellar struc-
tures.

Key words: colour rewritable film, leuco dye, developer, lamellar
structure, Monte Carlo simulation, molecular dynamics simulation
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1. Introduction

With a recent advancement of technologies of computer (both soft and hard
wares), the computer simulation comes to a new age that it can be notably help-
ful to design new materials in a much higher cost-performance than experimental
ways which usually take long time to go to final objects. Examples are seen ev-
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erywhere, like a molecular design by which structures of condensed matter can be
controlled from the origin of the molecular level with either the molecular dynamics
simulation or Monte Carlo simulation. It is expected that the development of digital
informatizing will contribute to paperless. However, the consumption of paper is
still increasing. One reads articles easier in sheets of paper rather than in display. In
view of the environmental problem, the development of rewritable thermal recording
paper is absolutely necessary. The colour rewritable (CR) film is one of the thermal
rewritable recording papers, which is composed of the leuco dyes and developers.
The colouring/decolouring process of the CR film originates from the structure of
the leuco dyes and the developers [1-3]. In the decolouring state, the developers
are crystallized and not directly contacted with the leuco dyes. When the CR films
are heated from the decolouring states, the crystallized developers are melted and
coloured because the leuco dyes can contact with the developers and then induce
changes of the electronic states. By slow cooling of this colouring state, the devel-
opers are crystallized and separated from leuco dyes and then the system turns to
the decolouring state. By rapid quenching, however, the CR films are solidified in
a colouring metastable state. For a system of pure developers without leuco dyes,
the developers can take two different structures by slow cooling and raid quenching.
These structures correspond to the colouring and decolouring structures of the CR
films [1,2]. Thus different structures obtained by slow cooling and rapid quenching
rely critically on the developers. In this paper, we investigate the structure of the de-
velopers by using both Monte Carlo and molecular dynamics simulations. In Monte
Carlo simulation, the temperature dependence of the structure of developers is stud-
ied at low concentrations. In molecular dynamics simulation, the interaction between
head molecules of each developer is varied to study the change of the structure of
developers.

2. Model and simulation method

CR films are composed of leuco dyes and developers. For the colouring/decolour-
ing process of the CR films, we have performed our simulations for a pure developer
system as a first step. Typical developers have a long alkyl chain, as shown in
figure 1a. The developer molecules are composed of two parts, i.e., the head monomer
and the tail monomers in an alkyl chain. It is known that the colouring/decolouring
process strongly depends on the kind of the head monomers [3]. We simplified the
developer molecules as shown in figure 1.

2.1. Monte Carlo simulation

Each developer is composed of 20 monomers and each bond length is 1.53 A. The
bond angle is fixed at 109.5 degrees. The head monomer on each developer has an
attractive interaction, while the other tail monomers have got repulsive interactions.
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Figure 1. (a) The molecular structure of a developer. (b) The model of the
developer chain. The large circle is the head monomer and the small circles are
the other tail monomers.

We used the Lennard-Jones potential between the head monomers alone.

Fussion =1 { (£) " = (2)'}, 0

where r denoted the distance between a pair of head monomers. In our simulations,
€ = 9¢q, where €y was 0.1984 Kcal /mol, and o was 3.6239 A. The repulsive interaction
between tail monomers and between heads and tail monomers was assumed by

4e{(7)? = ()" + 1}, 7 < 200,
0, r > 260,

Erepulsion = { (2)

where € = ¢q.
The torsional potential in the intrachain monomers was defined as

Etorsion = 1060(1 - COS(Q - 90))27 (3)

where 6 denoted the dihedral angle of a chain and 6y was 180 degrees. For the
intrachain interaction between 7 th and 7 th monomers, where 7 > 7 4+ 3, we also
used the potential energy given by equation (2). For the motion of the chains, both
translations and rotations were involved. The rotations of the torsional angles were
permitted only in each intrachain. Monte Carlo simulations were performed in three
dimensional space.

2.2. Molecular dynamics simulation

Each developer is composed of 20 monomers. In molecular dynamics simulations,
the Lennard-Jones potentials, given by equation (1) were used as interactions be-
tween all monomers. The interaction between head monomers is assumed to have a
different value of € from the interaction between other monomers. For the interac-
tion between the head monomers, we studied three different cases, i.e..,e = 3¢, 6¢q,
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and 9¢y. For the interaction between heads and tail monomers and between tail
monomers, we all assumed € = ¢;. The angle-bend potential energy was assumed to
have the following form.

Epena = %kijk(gijk —0)?, (4)
where the subscript ¢jk denotes subsequent ith, jth, and k& th monomers, 6;;;, was
the bond angle between ij bond and jk bond, 6, was 108 degrees, and £;;; was
500 Kcal/mol/degree?. The bond length was fixed at 1.53 A by using the non-
interactive matrix method [4,5]. We performed molecular dynamics simulations for
two dimensions in the present work aiming at more effective calculation in a lim-
ited short time than for three dimensions as well as for its simplicity. To save the
computational time, we used the cell index method [6]. The temperature was kept
constant by the constraint method.

(a)T=423K(=1.0) (b)T=141K(B=3.0)

Figure 2. The typical configurations of the developers obtained by the Monte
Carlo simulation. The temperatures are (a) 423 K and (b) 141 K.

3. Results

3.1. Monte Carlo simulation

We performed Monte Carlo simulations to investigate the temperature depen-
dence of the developer structures in three dimensions. In our simulations, the number
of the chain was 63 and the simulation box length was 80 A. The concentration of the
developer chains was thus very low (number density p = 0.061). The temperature
was varied from 423 K to 141 K.

Figure 2 shows a typical configuration of developers. At high temperature T" =
423 K, the developer chains dispersed almost uniformly in the simulation box. At low
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Figure 3. Average head energy of the developers obtained by the Monte Carlo
Simulation.

temperature 7' = 141 K, the developer chains aggregate and make some domains.
The head monomers of the developers aggregate to the center of each domain be-
cause of the attractive energy between the head monomers. From the temperature
dependence of the total energy, the developer configurations change rapidly from
disordered states to the aggregated states around the temperature 282 K as shown
in figure 3. In real CR films, the change from the colouring state to the decolouring
state takes place in a similar way.

In order to see further correspondence between our result and experimental in-
formation for real CR films we have carried out another Monte Carlo simulation by
compression of the system. Figure 4 shows a configuration obtained by such Monte
Carlo calculation as the box size was reduced from 80 A to 40 A, in which partially
layered structures are found.

3.2. Molecular dynamics simulation

We performed two dimensional molecular dynamics simulations. The number
of the developer chains was 120 and the simulation box size was 160 A. In these
simulations, we investigated the configurations of the developers for three different
head potential interactions. We used the Lennard-Jones potential, equation (1),
between monomers. The head potential interactions were taken as € = 3¢q, 6¢g,
and 9¢p. The other potential interactions were taken as € = ¢;. In annealing, the
temperature was decreased form 1100 K to 400 K during 8 ns.

Figure 5 shows the typical configurations of the developer chains obtained after
4 ns at a constant temperature, 400 K. For the head potential parameter ¢ = 3¢,
the developer chains make some ordered (layer) domains. These domains disperse in
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(a)box size 804 (b)box size 40A

Figure 4. The change of simulation box size from (a) 80 A to (b) 40 A at 282 K
(8 =1.6).

parts, because the attractive energy of the head monomer is not large enough. For
the potential parameter 9¢,, the developer chains also exhibit some ordered (layer)
domains. These domains aggregate each other closely but irregularly because the
head potential energy is too large. For the head potential parameter 6¢y, the devel-
oper chains show a clear lamellar structure. From our analysis of the pair distribution
function of the centers of gravity of each developer, the peak corresponding to the
length of the developer chains is significantly higher for € = 6¢, than that for other
potential two cases.

In figure 6 the time development of (cos6?) is shown, in which 6 is the angle
between any pair of developers (chains) and (cos #?) is an average over all pairs. It
turns out that for case (b) the number of pairs of developers belonging to cos? =
0.9 ~ 1.0, which is shown by the blue curve, is significant, compared with the other
two cases. They exhibit a remarkable increase after 4 x 10° time steps. This is
consistent with the configurations shown in figure 5.

Figure 7 shows the partial pair distribution function of head monomers for var-
ious € (in terms of ¢). The first peak, which corresponds to the nearest head —
head neighbour, is increased rather monotonously as the head to head interaction is
increased. This is not surprising.

In figure 8 the time autocorrelation function of unit vectors along each developer
is shown. It is seen that the time dependence changes rather drastically between
€/eo = 4.5 and 6. For €¢/¢y > 6 it exhibits a significant slow behaviour, compared to
that for e/eq < 4.5.

Figure 9 shows an illustration which summarizes the present result obtained by
the molecular dynamic simulation in 2D.
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Figure 5. The typical configurations of the developers obtained by molecular
dynamics simulations for three different cases (a) ¢/eg = 3, (b) €/€g = 6, and (c)
e/eg = 9.
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Figure 6. Time development of {cos #2), where 6 is the angle between any pair of
developers.
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Figure 7. Partial pair distribution function g(r) for the head monomers alone.
The numbers shown in the figure denote the values of €/¢g.
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Figure 8. Time autocorrelation function (n(0) - n(¢)), where n is a unit vector
along each developer. See also the captions of figure 7.
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Figure 9. Tllustration of disordered layer structure, ordered layer structure and
bi-layer structure, associated with the strength of the head to head interaction.
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It is suggested that the developer chains hardly form the lamellar structures,
when the head potential energy is either too small or too large. Thus we conclude
that the head potential energy of the developer chain plays an important role in
forming the lamellar structures.

4. Conclusion

From Monte Carlo simulations for three dimensions, it turns out that the de-
veloper chains aggregate notably at the temperature 282 K. The developer chains
exhibit some aggregated domains. In these simulations, any clear lamellar structure
was not obtained because the concentration of the developer chains was very low. It
is naturally predicted that if the concentration of the developer chains is increased,
the domains of the developer chains aggregate to each other and the developer
chains form inevitably lamellar structures (bi-layer at least) at high concentrations.
The transition from the dispersed state to the aggregated state corresponds to the
colouring to decolouring process in real CR films. From the molecular dynamics
simulations for two dimensions, we obtained a clear lamellar structure of the de-
veloper chains for the case that the interaction between the head monomers is 6¢.
The lamellar structure well corresponds to the colouring/decolouring structures of
the developers. The head potential energy of the developer chains plays a key role
for obtaining the lamellar structure. If the attractive interaction between the head
monomers is either too small or too large, it is rather difficult to form the lamellar
structure. The colouring to decolouring process may depend on the cooling rate. We
will further investigate the effect of the cooling rate upon the formation of the struc-
ture of developers. These studies will be of a great importance for a new development
of the colour rewritable films, which are currently undertaken.
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OTtpumanHo 25 nunHa 2000 p., B oCTaTO4HOMY BUIMISA| — 6 BEpPECHS
2000 p.

CTpyKTypa nNposiBHUKIB Bifirpae BaxIMBYy pOJib B NpoLeci 3abapBreH-
Hsi/3HEOAPBNIEHHS 1S KONbOPOBUX 3aMMCYIOYMX MiBOK. Mu BUBY2EMO
NaHUIOXKOBOMNOAiOHY NofiMepHY CTPYKTYPY NPOsIBHMKA MeTOA0M MoHTe
Kapno i MonekynsapHoi AnHamiku. B umx MogentoBaHHSAX MU 30Cepexy-
€MO yBary sik Ha TEpPMi4HMX (TEeMNepaTypHUX) edpekTax Tak i Ha epeKkTmB-
Hi B3aeMOA|i MiXX MPOsSIBHMKAMM (TAHLIKOXXKOBO NMOAiOHMMM nosniiMmepamm)
i Ha TOMY SIK LLapyBaTa CTPYKTypa Moxe OyTu CKOHCTPYMNoBaHa, KOau CUC-
TemMa € Pi3KO OXOJI04KEeHa Bif, BUCOKOI TemMnepartypu (HU3bKOI NYCTUHU)
[0 HN3bKOT TeMnepartypu (BUCOKOI ryCTUHU). Mun 3Hanwnm nepexig cta-
HIB 3 HEBNOPSAKOBAHOIO CTaHy A0 arperaTHOro CTaHy npm tTeMneparypi
(282 K). Mun oTpumanu wapyBaTy CTPYKTYPY NPW NMEBHIA YMOBiI NOTEHLi-
aNbHOr0 NapamMeTpa, TOAI 9K NPU Cnabkmx i CUITbHUX B3aEMOZiSX LWapy-
BaTa CTPYKTypa NposiBHUKA GOPMYETHCSA BaXKO.

Knio4oBi cnoBa: ko/s160p0Ba 3anucytoda raiBka, nposiBHUK, LLapyBata
CTPYyKTYpa, Metoa MoHTe Kapnio, MeToa MOAEKYASPHOI ANHAMIKU

PACS: 05.70.Jk
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