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JAROSLAW KACZMAREK!

Remark on the need of formulation of molecular catalysts
mechanics

In this paper the need of formulation and a form of mechanics of molecular catalysts is discussed.
The molecular catalyst is viewed as a molecule which is a catalyst of some chemical reactions and during
this process its composition does not undergo a change. The aim of mechanics of molecular catalysts is to
investigate a state of such a molecule or their ensambles. Thus, the catalyst is considered to be a stable
object with respect to its composition and can be controlled by a system of chemical reactions. Two
levels of description are suggested. The first one is the most elementary and is based on the quantum
mechanics. The second one is more averaged and could be useful for phenomenological description of
some chosen properties of the system.

1. Introduction

Catalysts can be classified with respect to conditions in which they act [1].
Consequently, we have homogeneous catalysts if they find themselves in the same
place with substrates and no interfaces appear. On the other hand, we have he-
terogeneous catalysts which are separated from substrates by some interfaces.
Furthermore, there is a category of catalysts called enzymes. They consist of
large organic molecules and create colloidal suspension.

Especially interesting property of catalysts is their stability of composition
during complicated chemical processes. This is important, for instance, in living
systems. Complex molecular catalysts are objects which are controlled by chemi-
cal reactions and can create structures just owing to their stability.

An appropriate example of such a case is myosin which interacts with chemical
reactions during the cross-bridge cycle. As a result of this, the monomer of myosin
can deform and create a force in contractile actin-myosin unit [2], [3]. At Fig. 1.
3] a scheme of a myosin monomer is shown. There, the flexible regions are dark.
The part marked by S1 interacts chemically with actin and ATP. Consequently,
a force and motion are generated.

An interesting example is also a virus tail sheath which deforms in the way

Unstitute of Fluid-Flow Machinery, Department of Machinery Dynamics, ul. Fiszera 14,
80-952 Gdansk
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Fig. 1. Myosin monomer. The flexible regions are the dark regions between S1’s and S2 and between S2
and LMM.

which is compatible with definition of the martensitic transformation. Therefore,
this example is widely discussed in metallurgy for underlining of universality of
the definition of the martensitic transformation [5]. At Fig. 2. and Fig. 3. [5] a
shape transformation of such a structure is illustrated. It is seen that the domi-
nant part of deformation is a shear deformation. This is just in accordance with
the definition of the martensitic transformation.

The role of considered catalysts in living organisms is considerable. On the
other hand, processes which are responsible for mentioned phenomena take place
on molecular or on submolecular level. In general, they are very complicated. Ho-
wever, with the help of discussed catalysts we could attain interesting technical
possibilities. A good example of interesting technical aspects for such a catalyst
is just myosin molecule. Myosin and actin in contractile unit are controlled by
chemical reactions. This form of control gives considerable dynamics of motion.

Similar, to some degree, systems are applied today for generation of motion.
They are based on shape memory alloys and are applied in robotics, for instance.
Hitachi Electrical Co. made a robot hand which is the same size as a human hand
with 13 degree of freedom where shape memory alloy TiNi is used [4]. However,
some difficulties appears with fast cooling in order to generate motion. Evidently,
the contractile actin myosin units controllable by chemical reactions are much
more attractive because of its dynamics and good controllability. However, they
are extremely complicated from technological and theoretical point of view. The-
refore, the purposes of theoretical investigations related to such systems have to
be significantly confined in this paper.

Accordingly, in the first step, the term of molecular catalyst is introduced.
This means that we consider only one, perhaps large, molecule which is not in
any solution. It can catalyze a system of chemical reactions and is stable with
respect to its own composition.

A mechanical description of behaviour of such a system is an interesting pro-
blem for investigations. Processes which are essential in evolution of such a mole-
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Fig. 2. Two dimensional lattice structure of virus tail sheath in (a) the metastable parent phase and (b)
the martensitic product phase with corresponding lattice vectors.

cular catalyst indicate that the most elementary description should be given with
the help of quantum mechanics or should be something more averaged only.

The aim of the present paper is to suggest only a possible form of mecha-
nics of molecular catalysts. This aim is so confined since extremely complicated
phenomena are involved in processes in question.

2. A concept of molecular catalysts mechanics

Let us note that quantum mechanical description related to chemical reactions
are a subject of a large branch of our knowledge called chemical dynamics [6].
Therefore, an approach based on chemical dynamics should be just this elemen-
tary level of description. However, in some cases, we are interested in averaged
to some degree, features of behaviour of molecular catalysts. It takes place, for
instance, in deformed catalysts such as myosin or virus tail sheath. Therefore,
more averaged models should also be introduced.
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Fig. 3. Cylindrical crystal structure of virus tail sheath contraction via a martensitic transformation.

Let us consider a molecule which is the catalyst considered. Coordinates rela-
ted to nuclei are given by vectors R = {R)}, A = 1,2,..., A, Ry = {Rx1, Rao, Rys}
and coordinates related to electrons are determined by vectors r.

Let us consider also some other molecules which can react with the catalyst
molecule. Then, the coordinates connected with nuclei of the a-th molecule are
marked by Ry = {Ry,}, Aa € {1,2,..., A} and similarly as before, coordinates
accompanied by electrons are given by vectors r,,.

The total hamiltonian which describes the system of introduced molecules is
assumed in the form

Hr =T, + FI& ) (1)
where
S (2)
Rt Be

= = Db 3
i Z( 2M,\)8R2.’ (3)

A Al
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He:He+ZHea+HI (5)

and h = % while My, My, are masses of A-th and A,-th nucleus respectively.
Thus, H, is the hamiltonian which describes electronic motion. Parts of the
hamiltonian which appear in (5) can be expressed as follows

He = Tu() 4 Uen(e, R) + Uuels) + Uan(R) ©)
Heoiis Te(a_i‘) -}z Uen(raa Ra) o Uee(ra) =5 Unn(Ra) 3 (7)

HI = Z(Uen(ra ,R) = Uen(r 3 Ra) F Unn(R 7Ra))+

a

+ Z (Ucn(ra )RB) + Uen(rﬂ 1ROt) + Uee(rﬁ ,I‘a) T+ Unn(Rﬁ 7Ra)) . (8)
afB

During different stages of chemical processes some molecules can be viewed as
separated but in some stages they interact with catalysts and each other.

Let us discuss an joined description of all molecules. Then, for simplicity, let
t = {r, ro} and R = {R, R,}. Many phenomena in molecule suggest that
the Born-Oppenheimer approximation is broken down; to cite a few: nonradia-
tive transitions in polyatomic molecules [7], the Jahn-Teller effect [8], vibronic
coupling effects in molecular spectroscopy [9], predissociation and perturbation
in the spectra of diatomic molecules [10] and charge transfer collisions of atoms
and molecules [11].

In the most general case, we are interested in total state of the catalyst mole-
cule. Therefore, mentioned phenomena suggest that such a state should be con-
sidered with the help of the non-adiabatic description.

Let ¥ = ¥i(T, R) be k-th eigenvector of the electronic hamiltonian He. It
means that the following equation is fulfilled

Hewk(fv R) &7 E(R)¢k(f, R) . (9)
Then, the total wave function in nonadiabatic approximation can be assumed in
the form - i 3
‘I}(f’ R) iy Z"pk(fv R)Xk(R) (10)
k
and the Schrodinger equation for our system of molecules is given as

Hr¥ = (T, + H.)¥ = Er¥ . (11)
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After detailed calculations we obtain the well known in literature [12] equation

o = h2 H2
STt ei(R) = Brl; + 3g3) | 05 rpadex

7

2 i
Ao e hdr L 12)
+ X 35) /%wjaRAwkdraRAXk 0 (

It is assumed that the catalyst molecule can react with the remaining
molecules or with part of them. Furthermore, some of a-th molecules can react
between themselves. However, the catalyst molecule is the same before and after
the sequence of reactions. Consequently, it is a general assumption that the equ-
ation (12) describes just such a situation. It means that initial conditions are
chosen in a way which guarantee required processes.

The main problem is related to the state of this molecule during the sequence
of reactions and later.

Let us assume that at an initial instant, states of molecules are approximately
described by separate for each of them hamiltonians. Thus,

Hy=EFEyp, Hba= 8B, . (13)

Then, ¥(to) = ¥(to) 1, Ya(to)- It is assumed also that ¥(ty) satisfies conditions
which secure that the desirable sequence of reactions will take place. The to-
tal energy of the system is Ep(to) = E(to) + 3., Ea(to). After the sequence of
reactions at an instant 7, we can have the situation

B(T) = [ 4(T)Hy(T,)drdR > B(to) . (14)

In this case the catalyst molecule has obtained an excitation as a result of men-
tioned reactions. Then, the main problem is related to the evolution of excited
state of this molecule. Similar problems are discussed in photochemistry (see for
instance [13], [14]).

Similarly, £(T;) can be less than E(t). Both cases can induce complicated
processes which lead to changing properties of the molecular catalyst. In parti-
cular, these changes can consist in transformation of shape of molecule as in the
case of myosin.

Let us note that for organic molecules full solution of equation (12) is extre-
mely complicated. Some view on this problem can be worked out with the help,
for example, [15], [6].

Difficulties in solution of equation (12) for too large systems suggest that as a
primary step of investigations should be finding out possible small organic mole-
cule which is a catalyst for possible simple chemical reactions and next to develop
description and calculations as far as possible for this prototype.

In this place, methods of chemical dynamics [6] should be applied and deve-
loped. This direction of investigations is viewed to be the most elementary one.
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In order to analyse only some chosen properties of more complicated systems a
dimensionally reduced description can be appropriate. We assume first that such
a description is based on known wave function evolution ¥ (¥, R, t). However, it
is expected that such simplified models can be useful also on thls more averaged
level by some phenomenological assumptions.

Let us consider a set of admissible wave functions My, = {¥(z, R)} for our
molecular system. Let T' = [to, to + Ti] be a time interval and let (My X T) =
{U(F, R, t): teT, U, R, t) € My, ¥, R, to) =9, R)[I, Yalfa; Ra)}-

The evolutlon of function ¥ is determined by equation (12). Thus, with the
help of this equation an infinite dimensional dynamical system DSI is introduced.

Behaviour of complex molecular system is very complicated. Sometimes, we
are interested in some characteristic features of this behaviour only. Then, a sim-
plified dimensionally reduced description would be convenient. Such a situation
appear when we try to describe a deformation of the complex molecule. Let us con-
sider previously discussed deformable virus tail sheath illustrated at Fig. 2. and
Fig. 3. Observed there deformation process indicates on similarity with objects
which are usually described by relatively simple continuum models. Therefore,
we should discuss also a dimensional reduction of DSI into a finite dimensional
dynamical system.

Continuum models which are derived by means of dimensional reduction of a
finite-dimensional dynamical systems are discussed in [16]. Method of simplifica-
tion of description considered in this paper is similar to that from [16].

Consequently, let us consider a system of variables d = {d;}, i € I where
I=1{1,2,..,N}and N be a number of subsystems of our molecule. Let M = {d}
be a set of all admissible values of these variables. We can discuss an evolution
function x(C, do, f)(t) which depends on unidentified at the moment parameters
C, external forces f and d(tp) = do.

We can define the space (M X T)cr = {x(C, dq, f)(t): t € T, dg € M}. Let
us note also that forces create a space F. They are also processes which create a
space (F xT) ={f(t): teT}.

The dimensional reduction is introduced here by means of a map 77 : (My X
T) = (M xT)§ x (F xT), where np = {71, irs}, 7 : (My xT) = (M xT)y,
7~TTf - (M¢ X T) — (f X T), (M X T)f = {d(t) . d(t) =7pW¥, ¥ e (M1/) X T)}

The space (M x T is a space of processes related to the catalyst molecule,
(F x T) represents interactions induced by chemical reactions related to each of
a-th molecules where a = 1, 2, .., A and any other external forces.

The evolution function x(C) of catalyst molecule is unidentified at this mo-
ment since it depends on a parameters C. Therefore, we will indicate a possible
way of specification of these parameters.

As it was previously assumed the molecule is divided on N parts. Each i-th
part, where i € I, consists of a given and unchanged number of atoms. For each
i-th part, we introduce some variables with index <.

Let us introduce the following variables a = {am:}, £ = {0, n}, 0 ={6;}, n=
{nagi}, e ={ey}, m € Inm, B € Ig, v € 1, i € I. The variable a is slowly varying.
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It can be, for instance, a measure of deformation which would be accepted for
example, for virus tail sheath transformation. The variable & represents average:
effects which are connected with more quickly varying processes. 6 is a counte:
part of temperature and 7 represents variables related to nonequilibrium states
0 is a variable which is connected with external interactions following from rea

ting molecules on the catalyst molecule. Introduced sets of indices are establishe

during defining kind of variables and characterizing their number.

With the help of these variables we can introduce the following functior
V(CV7 ay:€s 9)7 K(CK7 a)7 H’L(CHH & sk, Q)a QJij(CQ&j, 8yl
(] €l, d €l Aﬁi(cA,ﬁi: a, &, Q)a B e I,B: R‘/i(cR‘/ia 8,65 g)v yedy
Nuk(Cwuk, a, & 0), p € I, k € Iy C I. Above mentioned functions depenc
on constants C € C, where C is a set of all admissible constants of this kind. T*
function V represents potential energy with respect of slowly varying variable =
K is the kinetic energy related to the variable a. H; are forces conjugate wit
variables 6;. Qs;; is a function which represents an amount of energy transforme
from i-th part into j-th part of our system. N, uk represents an amount of energ
which is transformed from external molecules into k-th part of catalyst molecul
Api, Ry are functions which describe evolution of variables ng; and o.;.

By means of these functions we can postulate an expression for energy of o=
molecule in dimensionally reduced description in the following form

E:V+Hi9i+K, (1?

where the summation convention is applied.
The balance of energy equation is postulated in the form

E:fmidmi+ZNpk+ngi> QGIQ' (1
Mok ot

Thus, fmi, Nuk, T play a role of external interactions of our catalyst molecu’:
with external ones.

Let 5 5 5
K g 1" gk
~ 0 T L [ R mn"n'a
A Tl ) Dl Bn )i g
where agl"fk (0) is assumed to be equal to zero. Furthermore, let 2 5025 Qazg =

Then, using (15) we can transform the balance energy equation (16) into the forr
ov .

[W = Jfmi + Mpjmid ] (o H 0+
D mi njmiQnj | dmi a6, 1%
SO a
+Hi9i+5—n5i+a—97i+ZQ‘W_ZTW_ZNM’“:O' (17
g o 8,i#j oi pk

It is assumed that the equation is valid for arbitrary time processes. T hen, the
following system of equations is postulated with the help of (17)
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ov

Mnjmibnj i _3ami + fmt ) (19)
. ov . av:..
Hifi + 5 —fgi + 5 —0yi + S Qeii—Y e~ Nu=0. (20)
s Rk 8, oi ik

We assume also the evolution equations for n and p as

ngi = Api(Capir a, &, 0) (21)
Q.vi = Ryi(CRq'iy a, ga Q) 3 (22)
and the equation
oV
H;, = — | 23

Equations (18)-(22) determine the form of evolution function x(C)(t) for
our dimensionally reduced system with d = {@mi, bmi, i, 7gi, 0y} and f =
{ fmi> Toiy Nuk}. Determination of the constants C completes determination of
the evolution function. Consequently, we should give a procedure for doing it.

For convenience let us consider a more general space of processes C' = C(dg) =
{ot): ¢: T — M, ¢p(to) = dg € M}. Let us introduce a metric p: C x €' —
Rt U {0} on this space. Let i : (M x T)§ X (F x T) = C and i¢ : (M X T)cy X
(F x T) — C be injections of processes into space C' which are obtained firstly
by calculation based on the nonreduced system (12) and secondly by assuming C
and calculations with the help of equations (18)-(22).

Using introduced injections we are able to define the following function

h(do) = inf plicx(C, do, f), inr?) (24)

By C* we denote the constant C € C which realizes a minimum for the function A.
Consequently, C* = C*(dg) depends on dg. A satisfactory approximation should
have the property that C* displays weak dependence on the initial conditions.
Thus, we assume an averaged value of this constant

C= AU{C* : C*=C*(dy), do € M}, (25)

where Av means an averaging procedure. At this moment the evolution function
is fully determined.

Equations (18)-(23) could also be introduced phenomenologically by assump-
tion appropriate constants C. This happens only if sufficient number of experi-
mental facts would be known.

Summing up these considerations, let us notice that we have obtained next two
possibilities in modelling the molecular catalyst. The first one is in fact multiscale.
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Then, the more averaged model is derived with the help of the most elementar:
one. The second possibility rest on introducing phenomenological assumptions
related to C and based on experiments.

The model given by equations (18)-(23) can be viewed as a step for descriptior
of larger complexes of molecular catalysts by further averaging.

3. Final remarks

In the paper a concept of mechanics of molecular catalysts is discussed. The
need for such mechanics follows from meaning of such objects. They can perforn
miscellaneous functions and are controllable by chemical reactions. Their key me-
aning rests on stability of their composition during chemical processes. Therefore
they can create more complex structures which coexist with chemical reactions.

Molecular and submolecular levels of processes which appear in these mole-
cules suggest quantum mechanical description on the way related to chemica!
dynamics. Complicated phenomena and complexity of equations suggest neces-
sity to look for an appropriate molecule which is relatively small and which is
a catalyst for relatively simple reactions. Such a molecule would be convenient
prototype for developing descriptions and calculations.

In order to describe only some chosen properties of evolution of catalysts di-
scussed, averaged models are also introduced. They can be created with the aid of
known evolution of the wave function if it is the case. If not, models of this kind
could be introduced by phenomenological assumptions on variables and form of
functions V, K, H, @, N, A, R without any dependances on unknown con-
stants.

This level of description applied, for instance, to myosin-actin contractile unit.
perhaps would be a good way for description of mechanics of cytogel. Model of
cytogel based on mechanochemistry is introduced in [17]. Then, discussed here
concept for modelling the cytogel would be a complementary for the mechano-
chemistry approach.

At this stage a more complicated situation when the molecule is in a solution
is not discussed.

Manuscript received in September 1996
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Uwagi o potrzebie sformulowania mechaniki
katalizatoréw molekularnych

Streszczenie

W pracy przedyskutowano potrzebe sformulowania mechaniki katalizatoréw molekularnych. Pojecie
katalizatora molekularnego zwiazane jest ze stabilng, ze wzgledu na sklad chemiczny, molekula, ktéra
bierze udzial w reakcjach chemicznych. W rezultacie molekuly tego typu moga tworzy¢ wigksze struktury,
ktére sa stabilne podczas ich oddzialywania z reakcjami chemicznymi. Celem mechaniki katalizatoréw
molekularnych jest badanie stanu tego typu molekul podczas oddzialywania z wymienionymi reakcjami.
Rozwaza sie dwa poziomy opisu, pierwszy — bardzie]j elementarny — zwigzany jest z mechanikg kwantowa,
drugi — bardziej usredniony — umozliwia wprowadzenie zalozeni fenomenologicznych.



