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COUPLING BE~EN A ~S~~NFO~~A~~N SURFACE REACTION AND HYDRODYNAMIC 

MOTlON 

Received 16 May i974 

Canditions are given for chemical and hydrodynamic instabaiq of a cooperative tr~ninsconformation re-ction at the 
interface between two immiscible liquids. 

1. Introduction 

The purpose of the present paper is to anafyse the hydrodyn~ic and the chemical stability of an interface 
wtrere a tramconformation reaction takes place. 

The system consists of a flat plane layer of macromaiecules (polypeptides or proteins) spread at the interface of 
two immiscible fluids. External constraints of pH or of electrical potential may change the confo~ation of the 
spread molecules, giving rise to a change in surface tension. 

This phenomenon was recently observed [1,21 for the helix-coil transformation of a gayer of p&y-L-benzyl 
glutamate, poly-L-benzyl asp&ate and poly-L-alanin, 

~an~eux et al. have assumed 131 &at the pcrmeabiIity of the biological membr~o~s to ions could be corre- 
lated to the change of conformation of protein protomcrs. The same correlation between the structure of the 
carrier and the permeability to ions is observed in artificial lipid bilayers containing a cyclic antibiotic like, for 
example, &rnetycin [4]. In the system studied here, the permeability of the monolayer to the ions will be 
analyzed on the base of a carrying mechanism due to Changeux and Lefever [S] and Van Roten [6] for biolog- 
ical membranes;. 

Now, the question arises to know what the influence is of the change in conformation and of the ion transfer 
through an interface on the hydrodynamic stabifity. 

Numerous experimental evidences [7,8] exist showing surface insta~ities (surface turbulence, spontaneous 
emulsification) induced by the mass transfer of a surfactant. Stemling and Striven [9] gave a theoretical inter- 
pretation of these instabilities in term of a Marangoni effect. 

The same type of analysis wiil be carried out here to elucidate the connection between the surface reaction 
and the hydrodyR~c stability of the system. A first approach was already prefo~ed by the a&~ors E IO] for 
an autocatalytic reaction. From the biological point of view, the system studied here could provide a simplified 
model of the cell deformation during phagocytosis. The spread monolayer of macromolecules simdates the 
membrane, as it is now well known [ 11 ,121 that the living membranes have the consistency of a 1 i&t oil in which 
proteins are free to move. The change in surface tension due to the t~~sconfo~at~on reaction could give a good 
picture of the change in the mechanical properties of the biohq$cal membrane with the conformation of the 
proteins in the membrane*l3]. We shall use here the same formalism as Glansdorff and Prigogine El41 and 
Nicolis fl S] for the chernicaZ instabilitie;s and as Chandrasekhar [ 161 for the hydrody~~~ processes. 



2. Chemical aspect 

This section will deal only with the kinetic processes occurring in the layer. The layer of thickness d is located 
at a mean position z =zs It contains the insoluble macromolecules and two electrical double layers and lies be- 
tween two immiscible liquid phases (internal phase i and external phase e). We assume the following sequence of 
reactions to take place in the layer 

0% 17 
c, i;- c, 

(A) transconformation 

(C) fixation 

G’) 

diffusion-migration from the bulk 

where C is the concentration (in mass per unit volume) of the macromolecules in the layer; the subscripts 3,2 and 
I refer respectively to the molecule in the closed conformation, and to the molecule in the open conformation 
f&ed with an ion or free from ion. 

A and Ai are the concentrations of the ions respectively in the internal Double layer and in the internal bulk 
phase, B and Be for the external layer and bulk phase. 

The tramconformation step (A) is assumed to be characterized by a change in the dipole moment and, in con- 
sequence, the electric part of the standard affinity (or -AC) is given by 

s& = cUl - cr&-iRT, (1) 

with E the electric field (assumed to be unif&-m and normal to the interface, throughout the layer) and ~1 and 
13, respectively, the average dipole moment of the open moIecule and of the closed molecule. 

Moreover we will assume in agreement with Changeux-Lefever [S] and Van Roten [6] that the transccmfor- 
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mation is caoperatke, which means that the standard chemical aftinity reads 

sQ&~=A*+r((CtfC2), (2) 

where q is a positive constant and Srz * the stan&a~d aEfrnitv in the absence of coo~erat~~~_ The standard af&ity 
sf is then g&n by 

sQ=sQ&&Wz~= ~*+?j(c~+C+-~~-~~)E- (3) 

The pseudoiequilibrium constant ki/k, then reads 

Fos the sake OF simplicity let us write (4) as 

is tie totl concentration of open macromolecules. 
The Rinetic equations are then 

(S) 

a=3 
x - -k&z, - ihcR C,) - d.i~ dC3 c D, As& , 

~=k~~~-k~~B~~~~~--k~~~~-~v~~+~~A~~, 01) 

Where Us is the mean surface vel.ilciQ? and As a two dunensiouaI bplace operator in the plane of the interface- The 
surface layer (macromolecules + double layers) is assumed to have a mean dielectric constant e, and the position 
of the fixation site in the layer is characterized by a parameter p. ‘!&ii quantity is the relative width of the layer 
occupied by the two dou’ole layers. According to E.&ever-mangeux 15) and Van Roten [6], we then write the 
tietic constants in trmas of phe reduced erect& potent&I difference thmu@ the layer, i.e., 

j+ = gpP-w4 , g-i-$ =g; ,ft-PW4 ) q = kg= &--P)d4 , &z = k$ e@-lkd4 , (13 
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k’-$ = k; e-PXf4, ki-, = &-- ePd4 , 

,i$ = k;* &=f4 , kEp = k;* e-pxj4 , 

where 

x= zFAV/RT 

is the reduced electric potential difference_ 

031 

(14) 

cm 

For an incompressible layer, the conservation law of the macromolecular species reads 

c,+c,cc,=c,. 

where CT is a constant. 
Moreover, we will assume here that the ftiation steps (B) and (C) are always in a quasi-steady state, i.e., that 

acz 
F”O_ (17) 

With klations (5), (6), (lo), (1 l), (12) and (16) the kinetic equations reduce to 

aCR 
* -=k,[CT-CR-Z e 

at 
AfiiRT AcR(CR - C&J - diV $CR f DRA’CR , (18) 

aA at = $ (Aie-&4 _ A ePx/4) + k$ C2et1-P)d4 _ krA(CR - C.J e(p-lhdQ - div V5A f DA A”A t 
(19) 

?$ = k$ [Beed - Be-d4] f k$ C2e (p-1)x/4 - kE’B(CR - C,) e(lmphd4 - div $B f DB A’B , (20) 

whereDR=D1=D2_ 

22. Statzimaiy stures 

In the absence of diffkion mbation and convection, the eqs- (9). (18), (19) and (20) read at the steady state 
(superscript 0) 

c;= 
k’ [/#e(P-‘w4 + @,(1+X/4] cg a 

kz [A”e@-‘)d4 +B”e(1-p)d4] +~~~sh(l _-p)xj4 ’ 

k: [Aie-M4 _ AO@‘d4] + k:Cz efr-@d4 _ k,‘A’(Cg _ ($) e(pmLw4 = 0 
9 (23) 

ki* [BzePXf4 _ B”e-d4] + k:C: &-1~4 _ kiB”(Cz _ C$) e(L-phd4 = 0 , (24) 

with 

AP’ = OrI - lu3)Jz ‘Fd, (25) 
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+k;== k,’ and kz=k$=ki. (26) 
Van Roten (cf. [6] fig. 11) shows, that for peculiar values of the constants, the system is characterized by multiple 
steady states (fig. 2)_ 

Fig. 2. hfole fraction C@3f of the open macromoIecuies versus 
.the reduced potentia’: x (see ref. [ 6) ); here 
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3. Hydradynamical aspect 

Let is now consider the hydrodynamic motion in the two homogeneous phases i and e, where the electric field 
is zero. For an infinitesimal perturbation of the steady state (at rest), the Navier-Stokes equations read 

(27) 

where cr is the viscosity coefficient, p the pressure and p the density. 
The stability of the reference steady state will be tested by means of a normal mode analysis (see for example 

[I6, chap. lo]). Using the continuity equation, the incompressibility condition and, the following boundary con- 
ditions 

i-e- s 
ur-u,r-u*, 

D& = DZJz = (Du,)” , 

where D = d/dz, 

at z=zs, 
(30) 

(31) 

p= -2 (D2 - k2)(hz)s I ( - P’ _.& (D2 _ ,$)@QS = I 
(32) 
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(33) 

(Landau-Levich conditions [ 17 I). (A similar equation is also writen for the y coordinate.) Here k is the wave 
number and u the surface tension depending on the electric field [18] - 

Let us now assume that the fluctuation of surface tension is related to the fluctuations of the concentrations 
of the chemical species by a state equation (local equilibrium [ 141): 

So = o1 SC, + a$A + a@ , (34) 

where nl, a2, a3 are constants. 
The solutions for the two volume phases can be read, for the amplitude of the velocity perturbation 

kz Gj=5f1e i-g e@ 1 ’ z<o, (35) 

Z~=d2e-kztCC3 e-q22, 2 z>CJ, (36) 

where q1 = (k2 + ~p~#)r’~ and q2 = (k2 + c,~p~/~~~)r’~. Th ese solutions must satisfy the boundary conditions 
(30)-(33). i.e., 

s4,+??3r-sQ,-Q32=0, (37) 

ko41+(11*1+k&+q2%2=0, (38) 

kp' f 
(pi _ Pe) VW 42&i - pe) %, = 0 . 

2pik2 A1 f p’(qf + k2; q1 - 2pek2-d 2 - pe(q$ f k2) 92 - k2a1 el- k2a2 ez - k2a3 e3 = 0, (40) 

‘khere eI, &, Q3 are the amplitude respectively of SC,, 6A and, 6B. 
Other boundary conditions are reIated to the kinetics of the reactions in the surface layer. From eqs. (19), (20), 

(20) and (22) one writes for one normal mode 

{w + k,_[l - r)*(l - r”) f Z’l\*P eAp*x] f k2DR) f?, = 0, (41) 

k’A”&-‘hJ4 e1 + 
*(I -,O)&mx/4 

a 
o f k;ePYIQ f CTk, * 

r*gfeu'x I 
c2=0, 

k'B"e(1-Pw4el + c~+k;e-d~+ kiCTcl 
._#) ,(l-Plx/4 

a ~*l\*#'efWfx 
e3=0, 

(42) 

(43) 

where r0 = CifCT, q8 = qCTfRT, A*P = AC& For the sake of simplicity, we have assumed here that all the terms 
in SC2 are small in comparison with the other terms. The determinant of the system of eqs. 137)-_(43) gives rise 
to a secular equation vtbich reads 



where CD H is the determinant of the hydrodynamic eqs. (37)-(4(J). 

4, Chemical and hydradynamic stability 

in the present paper we will restrict our analysis to an inviscid system. It is easy to see that the c~nt~butions 
to the instability are only given by the product 

where X is the wavelength X = l/k. The pure hydrodynamic condition (Rayleigh-Tailor instability 116, p. 4351) 
is: 

u2z--g 

t 

P”-Pi 00 

1 p”ip’ 1 X2%tp”Cpi) * 
(45) 

If pe < pi the arrangement is stable; if pe > pi the arrangement is stable for X Cc X, where 

&= [($-$)gfoo]-“z , (461 
while for 0 > h > k, with pe > pi, the arrangement is unstable. The mode of maximum instability is reached for 
a wavelength X, and a frequency w8. 

&=5:&Y (47) 

w, = [2~pe _ ,i)3~2$‘2/33=~e +.Pi)(oo)r~z] 112 . (48) 

The surface tension stabilizes the system. The pure chemical condition is 

w = -kc]1 - $(l - r”) f r*A*@ eAFtxl -D&? ; (491 

the chemical state is stable if 

k&l - r"> < k,(l +m*p) -W&2 , (SW 

and unstable if the sign is reversed. The diffusion has a stabiliig character. After the instability threshold, the 
pure chemical system has an infinite wavelength for the mode of maximum instability. In the absence of diffusion 
and convection, the intermediate steady state is unstable while the two other ones are stable (for example if 
X = -2,$ = 5, 1 = 221). 

However when we consider the convection, the two stable states can become unstable if pe > pi with 
0 > X > X, Furthermore the concentratioti A and B become dependent with the critical wavelength X,. On the 
other hand, even if the pure hydrodynamic stability conditions are fulfihed, an unstable chemical intermediate 
state may induce convective motion in the two homogen~us liquid phases. Et means that the surface fayer 
undergoes an ~f~t~~ defo~atlo~ 6z, (because z@w = Szs) that will grow in time. 

Remark: Calculations l-rave been made Fvithout the gumption on the smallness of the terms in SC2 The pure 



chemical stability condition is then different from (49) and after the i~~b~ity aloud, the system couId reach 
a mode of maximum instabiIity fir a finitt: critical waveiength. The chemical instability could then induce a 
hydrodynamic instabifitjr (i.e., a deformation of the interface) of the same wavelength. 

5. ConclusiorilF 

lhe present an&&s shows that a chemicaI instability of a reaction occurring at the interface between two 
immiscible fluids is able to induce a mechanical instability. 

Reciprocally, a mechanical instability may induce a chemical instability in a reaction taking piace at the inter- 
face. Moreover, the velocity patterns appearing after the instabaity threshold induce chemical patterns of the 
species at the w&ace. 

The modei studied here could give a picture 5ftk def~~a~~R of the biofogicat cells when they receive a 
chemical “message”. 
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