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TMGout (Xout)
dz +
E = — _|_ OéXOUt —I— /By |
% B T B TMGin (x)
dt ~ pra? | LacY-GFP (y)
Ozbudak et al. (2004) Nature 0 Lacl
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dz
- = Tt aXou + By
dy 2
dt o+ ax2
Variables Constants
x: TMG,, a, p: Rate constants,

y: LacY-GFP o Tightness of Lacl repression
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skl | (MATLAB): Ozbudak modelZEH\ 9

dx

E: _$+O‘Xout‘|‘5y
dy 332

dt p+ 2

DHIE(EHH) x¢=0)=0, yt=0)=0
INGA—B(FE#H): a=0.1,=10,p=25,X,=5
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"ozbudak.m"Z42 O AO—KLTEREZIEHS

function ozbudak

time = 0:0.1:30;
N
X_init = 0; y_init = 0;
alpha = 0.1; beta = 10; rho = 25; x_out = 5;
sO = [ x_init, y_init ]; % Initial values
param = [ alpha , beta, rho, x_out ]; % Constants >

[t,time_course] = odel5s(@(t,s) ODE(t,s,param),time,s0);
plot(t,time_course)

end
)

function dsdt = ODE(t,s,param)

x =s(1); y=s(2);
alpha = param(1); beta = param(2); rho = param(3); x_out = param(4);

dsdt(1,:) =
dsdt(2,:) =
end
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function ozbudak_hysteresis_timeseries
(Bg3)
time = 60:0.1:120;

x_out =
X_Init
y_init

sO = [ x_init, y_init ]; % Initial values
param = [ alpha , beta, rho, x_out ]; % Constants

[t2,time_course2] = odel5s(@(t,s) ODE(t,s,param),time,s0);

figure(1)
plot([tl; t2],[time_coursel(:,2); time_course2(:,2)])
end

function dsdt = ODE(t,s,param)
X =s(1); y=-s(2);
alpha = param(1); beta = param(2); rho = param(3); x_out = param(4);

dsdt(1,:) =| |
dsdt(2,:) =

end
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"ozbudak_fig2b.m"#4 2 0O—kLTZEHFEEZIED D

function ozbudak_fig2b
(B%)

while x_out <= 20; % CdDwhileX (& Fig.2b TEZICHEH
sO = [ x_init, y_init ]; % Initial values
[t,time_course] = odel5s(@(t,s) ODE(t,s,param),time,s0);
y_end =] | % yDERFRIIDRRME(ERFDIE)Z y_end [CAAA
plot( x_out, y_end, 'ko");
X_out = x_out + 1;
param = [ alpha, beta , rho, x_out ]; % Constants
| ] % vy endZE, RDOZ=Z2L—>3>OYHAMEICT S

end

while x_out >= 0 % CdDwhile)L—(C(F Fig.2b LER(ICHEITIABTEEL

% CCICIE ED while )L—T EBIIERBEEZEL,
=1E U
% J0Ov T BB RIEmROTF(r+)ET B,

end
end
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dx/dt =0, dy/dt = 0 E73H B DEFY M55 HBHER

dx
E:_Qj_'_&Xout—i_ﬁy:O
dy 72
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"ozbudak_phaseplane.m"#4 > O—KL TZEEE
1#&H5b

function ozbudak_phaseplane
(8%, #HAME. /NS A—A(F x_outll4t, FE1 EECEDET D, )
X_out = % BAIRMEZENT &

function dsdt = ODE(t,s,param) (Bg)

function plot_phase_plane( time_course , alpha , beta, rho )
X_time_course = time_course(:,1);
y_time_course = time_course(:,2);
figure(1);
hold on;
plot( , ,'K'); % EROENEZ iR <
xlabel('TMG")
ylabel('LacY-GFP")
y = 0:0.01:0.8;

;7 % dx/dt=0
plot( x,y,'r); % ‘r'(Ereddr

x = 0:0.1:10;

;7 % dy/dt =0
plot( , , 'b");
hold off;

end »
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RN TOIREIRZR]
51, fEEZRDIRENTET IL (Sel'kov model)

Strogatz (1994) pp.205 I
—U1— F6P(y) 112 ADP(x) —UV3—
_ PFK(a)
U1 = , =12 — v3
Vo =Qy + Y .
V3 = X y = vl —v2

aredl-1: 2ol —2ar TIRBZHEEAL LD
INSA—%:a=0.06,0=0.6 #&am B#aa
DHE: (0) = 1,y(0) =1 HitEh: ix.

I

)dtﬂ



“selkov.im”&x4&

function selkov()

% selkovET)L
sO = [1, 1]; % ADP(x)D#IERME & F6P(y) (DFIEAE

param = [0.06, 0.6]; % /\5XA—% a, b

time = 0.01:0.1:100; % > =1L —=>3 > 17D

—FLTZERHZIED S

[t, time_course] = ode45(@(t, s) ODE(t, s, param), time, s0); % ODEZfz<

figure(1)

plot(t, time_course(:,1), 'r, t, time_course(:,2), 'b"); % #&Eh: BFfE . #itEh=E Tplot

legend({'ADP','FE6P'});

end

function dsdt = ODE(t, s, param)

X =5s(1); % ADP
y =5s(2); % F6P

a = param(1);
b = param(2);

<

it

<

dsdt(1, :)
dsdt(2, :)
end

[ ]
[ ]
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% FEPODIFEIZAL
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=N EHDINTGA—3FEET A E
forXZ{#

. function selkov()

(B%)
[t, time_course] = ode45(@(t, s) ODE(t, s, param), time, s0);
figure(1); fori = 1:n
(BR)
. end (X)
., L end
____________________________________________________________________________ 0O “5: ‘}i
' function selkov_parameter_dependency() { (X)%n %*DLE_
()
b=0.1:0.2:11; numel(&c5Y)
fori = 1:numel(b) |
T param(2) = b(i): @Eﬁu@gé’?@'ﬂﬁlyﬂ

o [t, time_course] = ode45(@(t, s) ODE(t, s, param), time, s0);
figure(1);

hold on; subplot(numel(b), 1, i);
plot(t, time_course(:,1), 'r, t, time_course(:,2));

end iz &5 [Xselkov parameter dependency.mZxZ R
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—U1— F6P(y) v2 ADP(x) —V3—
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V1 = b

V2 = |y T a;zy
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* OzbudakTETILIZ3DHSETE R DEZEZEKROLEILY
- BEE =951 DRXH

end

Syms X y;

function S = ozbudak_fixed point( )

S =solve(x+0.1*5+10*y =0, ...

l, 'X', lyl);

%

=]

ERDERERT

Matlab@® Symbolic Math Toolbox HN A E

(BFEEASEREE L 2—DMatlablZ (X
AV A= ILENTULVELD T,
CDOR—VEEARIELTLZSLY
or FEE TrEFR > TLFEELY)
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x>0 XBREDARIRIL
X<0 [FEREDARIEIL

F9. x>0 &B4EEIT

x=-x+aX _  + py>0

X, T
y> T ou ¢ s fo)
BB

X=0DXILI514>DKIE

y=—-—X_ ThHdhd, Xx=0%
BB

EwELTEAIA X >0, FRIA X<O0
Thb,

y BREIER

76



NEZRDEER 4 -RJMLIE-
NIR LI,

S NI NLOy#RRIDES]); !
THilT 5.
Bl ZIE,

R0,0&£QDEENENIRRELT:
RIRIL(CK) (5,4) E(2,-3) EHE-WMEE (.
qUiver([OIZ]l [Oll]l [51_2]1 [41_3])/

ETNIEKLY,

X ERIZIE, —BREUOININMNLOESHAV2IZHS
FOITHRBIEShTLES, 7



NEZRDEE 4 - RHOKN)LI5-

/\gl\)bo)ynl\\o)lﬁ&)ﬁ
(0, N,) (N,, N,) [X,Y]=meshgrid(0:Nx, 0:Ny)
J V meshgrid(0:4, 0:5)
| > X= Y=
............................................................ ) 0O 1 2 3 4 O 0 O O o0
s S N 0 1 2 3 4 1 1 1 1 1
........................................................... ) O 1 2 3 4 2 2 2 2 2
R e N 0 1 2 3 4 3 3 3 3 3
................................................ ) 0 1 2 3 4 4 4 4 4 4
C—— | v 28 > 222
D Rt — g X’ Y%{ﬁo-t\
S N e == ) £1t/{7|\)l/§*&)é
—_e )r DX= - -
(0, 0) (N,, 0) DY= - ;

quiver(X, Y, DX, DY);.
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B (MNEEME)2: RIMILIGZEHS(MATLAB)

¢« MATLABZ%{E>TOzbudakET LD ILIEEEL

=LY,
function ozbudak_vector_field()
(B%)
function vector_field( alpha , beta , rho, x_out )
[X,y] = meshgrid( );
DX =
DY = SRR NI
R IR
figure(1) §§§ KON
quiver( ); RN Do e
3ok oy w0 s « S~
end . NN
N &&

{0 79 12
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r1 = fl(mla"' 73371)
w.n — fn(wla"' 73377,)
[ZDULNT
ofr O f1
8331 8£Bn
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Ofn ... Ofn
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HEZRDEER 5 -VaETHIEEEE-
aE T EMATLABZ FALNTR O BIZI1E.
RSN =R (x1, - xn) &
B f = f(x1, --- xn)
2% LT, Mz T oBEZdiffZ RALS,

Matlab@® Symbolic Math Toolbox AN IAE
Bl1: C e (BALAHEHEB L E—OMatlabl=[%
syms X y; % =2 iNLX,yZER AV RP—LENTOELNDT,
f=x"2+ y"3; % BEEfzER COR=TEFERARIEL TS
dfdx = diff(f, x); % FEXTHS or FEH TR TSl

subs(dfdx, x, 2) % x=20 & DM 1%ER

15112:

syms X y; % > NLx,yEEE

f=x"2 + y"3; g =xMN*y; % Bz ERE

J = [diff(f, x), diff(f, y]@ diff(g, x), diff(g, y)]; % VO ET3=:tE

e g [ m b

subs(J, [%, V], [1, 2]) % x=1, y=2D &L E=D17 175! o
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MATLABTREIAE-BBHENIRLZRKDSHIZIE,
B #keigzxALVS,

1
[V,D] = eig(A),;

T

V: 175, I MNEZBEHRITRILIZS T it
D: 1751, B2 IZBEFIE.
HABRINILDF|E S EXT I
151 2:
d = eig(A);
T d: EIEEDORILIL
BB EDOENENNMDOTHIELL., BERIZFRE
HEEOEENETALL BERAITETE
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Steven Strogatz [ RAH VY JERRA A FIHVREAF R, AEHIR
- AEYIEZOFINSILERMEGREA T VR HERBHE

*  Ozbudak, E.M. ef al., “Multistability in the lactose utilization network of
Escherichia coli”, Nature 427(6976):737-40, 2004.
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* Bhalla, U.S. and Iyengar, R., “Emergent properties of networks of biological
signaling pathways”, Science 283(5400):381-7.
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* Tanaka, R.J. et al. “Skin barrier homeostasis in atopic dermatitis: feedback regulation
of kallikrein activity”, PLoS ONE 6(5):e19895, 2011.
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HEEF XD (EHI&ME) BT IV (FitzHugh-Nagumo model)

FitzHugh, Biophys. J (1961)
Nagumo et al., Proc. IRE (1962)

) Neurotransmitters
Synaptic

vesicle
Neurotransmitter
Voltage- re-uptake pump . Axon
gated Ca'* terminal
channel

Neuro-
transmitter

R receptors .
° Synaptic

Post-synaptic / }cleft
densit
y F Dendritic
spine

AHDHEMRE.

Hodgkin-Huxley & @4k D
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IR FE N
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(AZZEh . BE5%)

MEMIZEF<EBEIR
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EARNTOIRIIER?

HEEF XD (EHI&ME) BT IV (FitzHugh-Nagumo model)

FitzHugh, Biophys. J (1961) Hodgkin-Huxley & @4k D
Nagumo et al., Proc. IRE (1962) RAEBNAETIT2EHETIL

dv v3

gzv 3 w + Input
dw

T—=2v—a — bw

2L, W: AR E R
(BERRIEIC K> TERY)
FHREEE2-1: 22l —ar TR ZHEZELEDS
INFGA—R-a=0,b=1,Input =0,7 =10
PEAE: 2(0) =1,y(0) =0 §
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5

“fitzhugh nagumo.m”%4% > AO—kL TZEHZIE

function fitzhugh_nagumo()
% FitzHugh-Nagumo€>)L
% ODEZZER(CEZ<
sO = [1, 0]; % RREAL(v)DFIHME EAEIEEZEZ(wW) DFHRE
param = [0.0, 1, 0, 10]; % /\=X—%4 a, b, Input, tau

(B%)
figure(1);
plot(| );
figure(2);
plot(| );
(B%)
end
function dsdt = ODE(t, s, param) function plot_nullcline(param)
v = s(1); % fREEf: a = param(1);
w = s(2); % NEMHEEE b = param(2);
a = param(1); Input = param(3);
b = param(2); tau = param(4);
Input = param(3);
tau = param(4); v =-2:0.05:2;
wl =
dsdt(1, :) = w2 =
dsdt(2, :) = plot(v, wl, 'r', v, w2, 'm");
end | end
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1

function dsdt = ODE(t, s, param) function plot_nullcline(param)
(B8) (BZ)
dsdt(1, :) = v -v.~3./3 -w + Input; wl =v-v.~3./3 + Input;
dsdt(2, :) =1 ./tau .* (v-a-b.*w); w2 =1./b .* (v -a);
end plot(v, wl, 'r', v, w2, 'm');
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end



FitzHug

Input

-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4

f

n-Nagumo-

=T )LD NS A—A R TR

Sel'’kovETILDEZEZXSZIZLDDBAHTHELTHS !

a-

o

50

100

150

200

—

o

50

100

150

200

o

50

100

150

20

o

100

o

o

o

o

O—=N _O—=N _NON _NON _NON _NON _NON _RNON _ NON

o

77 Febe
A
L

50 150 20
50 1 CI)O 150 200
50 1 CI)O 150 200
5IO 1 CI)O 1 ’:'30 200
; 1 CI)O 1 ’CL)O 200
5IO 1 (I)O 1 ':'30 200

{5 (fitzhugh nagumo parameter dependency.m)Z=ZSHa ©

e

= Input =-04
=Input =-0.3

= Input = -0.2

Input = -0.1
Input =0
Input = 0.1
Input = 0.2
Input = 0.3
T Input=04

&

;Y
vODIRIBIXIRIE—FE
EOLTHLENTHEGWNG S,

\ \
LAY y i
Y4
\ // 4
\ %

DiZa.



RN (?) TOIRIRE3

3. 1) T L L—~A— (Repressilator)
X RAIZIFZWEAETHE. ATHIZE R

P lacO1

R"”e SEDS VBN
BFREGZDIVINDED
TOE—S—EEICHES -

e FEIRZHNH

pPSC101
origin

» cl-lite

P, tetO1
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(AN (? ) TOIRE;IHE 3

3. 1) T L L—~A— (Repressilator)
JAE—S—mEEICEALE

Wﬁﬁsﬁ?ﬂt J Inhibitor[2kHFEIRDEE
.
dm,; Qo
dt 1 +p?
532 (mRNAIZ L 451) mRNADEFEFEH
P ' FHZE
m’ﬁﬁ““ﬁ ] SR (52 /S OB BIZILH)
dp; B
s (Mi — Di) &1 \5r—2RERTALTHS
"

#MER (mRNA(Z EEA5I)
(1,7) = (TetR, Lacl), (Lacl, Acl), (AcI, TetR)
a=100,a0 =1,86=5,n=2 .



FERERRE3-1 “repressilatorm”Z 3 D A—RL TEREEIEH S

function repressilator()
% Repressilatort€7)L
% ODEZ#UBERY(CAZ<

(B%)
figure(1);
plot( D,
% e FE]. #MeE e C 0wy ~ (31EREDSY 2 /\TJE(CDU )
figure(2);
plot3( );
% #@mEf: TetR, #tEh:Lacl. m<EH: Acl
end
3ReDTOY b
funC(t;HZr)w dsdt = ODE(t, s, param) | plot3([xDEcH!], [yDEcsl], [zBc5!], &)
dsdt(1, :) =| % tetR-lite
dsdt(2, :) = % lacl-lite
dsdt(3, :) = % Acl-lite
dsdt(4, :) =| % TetR
dsdt(5, :) =| % Lacl
dsdt(6, :) =| % AcI

end

92



T
——— Tot R

i STEFED A B
MHEEZFOTHI !

8
40 50 7

6

5

4

33

8

6 8
6
4 4
2 2
93



ek
i

E SRra3-2: Repressilator® /N T A—{K1FTE

0 mRNAD E M FEIR

(87

50 50

repressilator paramater dependency.m
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dm, n x N
— _mi o

dp;

dt o /B(mz - pz)

MIZEHNGA—ERFEZRNEK
-JOFE—5NDERSE: o
* Inhibitor D B3R TE: »
*mRNADFERZEE R V2 INDE D DR
(IMRNAERAINDE D EEIRED L)

)




Repressilator & D T=&H(Z

INGA—URTFEZRART-TE
-mRNADEREFHIT: o
JOF—3DES: o
"mRNADFFRZERE RV

BOINDE DR ERE: p

Protein lifetime/mRNA lifetime, 8 &

*JEE)J 7‘3\‘ E: %) %ﬁ; [ j: . M1:;<imum p:'oozteins pe:iell, o (x /1<0,;)
A BRI (a,) HMEL, TOE—42 (a) HAFELD
B. mMRNAEZU NI B DR EREDINTURX(B) BRI TS

ETILETIC RESZRITEOHICHEXTIThbh=2E&- -
A. &R EEEAR, 300~5000fEFKIRTSHTAOF—42%{FH
B. 7O7T7—EDRHBEEZRIGIZDIT. ANV B DL BRERE

Elowitz M. B., Leibler S. (2000) Nature
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Sel'kovET JILIZDUNT,
(1) R ILiGERE T

2) (FEET)IBEERERD L
3) (FEHET)VIETIIZERKRD &
4) (FHETBEEEZKRD. ATRDETEHZTHNL,

(5) INTA—=R D (a,p)ZTZEILIE T, FBABENED LI
ZIET HMERAREK,
(tE8H: o, MtEAPELCT. B E R DL EHREZRE

Ek:
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/

BIEDEEREE

= ESEFRAR L’CL\%>0)75\)

(6) B/NTA—ZONEHEZEILSE T, FEMEZT I
L—a L., IREEMNIENSIGEEIZHEITSH. IRENEL-
RIBEIDORERZFANK (NSGA—FZZILSE T, 18
B FRENEL - fitEm: IR TTOVER) , £, () EDRTIE
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FERRERE 5
FitzHugh-NagumoE7T JLIZDUNT,
(1) R ILiGERE T
2) (FErEC)BRAERZTZROHEK
3) (FHET)VIETIIERDH X
4) (FErEC)BEHEZRO. BERDEEMEZRNL,
5) INTGA—AD [ ZZISETC. BERRVEEANDE

EENEDIIIZEILT HMNFANK,
(51 teh: 1, #tdh: EERD x EE, 8. FEH)

(6) BlDINTGA—=R[ZDNTH, ) ERFRIZERARK,

(7) FINTGA—ZONEABEZEILSE T, FHEEZ VI
L—Larv L, IRBENENDSIGEIZE TS, IREE-
IRIEFA DREARZIRANK(INSGA—ZFZLEILSE T, &
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{ £1;81L TAH?D(EHudson Bay Companyh’
BULVZIT-EEDO#

D. A. McLulich (1937) 101




NEEIRER) masy 1

T dz

ax |— bxy
T

HEBEELEETLHIER
[ZEE45IL TR

EBOENZITNIFIEZ LT L

cry|—|dy




Lotka-Volterra® T JLZfEKEZEDFE R

Lotka-Volterra® T JL CHHE ZHa< L.
EEIZIIEAMEER~T

T DFFoded5TRHRIEFEZKRDDHE |
NHERFORANEISESENDT
SFRIRETEAD

(AT FOESZEM) Yy

function lotka_volterra
% Lotka-Volterra®=>) L= 3B (CEE <
time = 0:0.01:150;
param = [1,0.01,0.02,1]; % a, b, ¢, d

sO = [20, 20]; % x0, y0

options = odeset('RelTol', 1e-6, 'AbsTol’, 1e-3); L
[t, time_course] = oded45(@(t, s) ODE(t, s, param), time, sO, options);
(B%)

end 103
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Rebirth of a Dead Belousov—Zhabotinsky Oscillator

Hitomi Onuma,’ Ayaka Okubo, Mai Yokokawa,® Miki Endo, Ai Kurihashi," and Hiroyuki Sawahata®

Mito Dai-ni Senior High School, Oh-machi, Mito, Tbaraki, Japan

ABSTRACT: Long time behaviors of the Belousoy—Zhabo-
tinsky (BZ) reaction are experimentally analyzed in a closed
reactor. The amplitude of the oscillation is suddenly damped
after about 10 h. After about 5—20 b, the dead oscillator is
suddenly restored with nearly the same amplitude as before it &

o s

stopped its oscillation for certain values of the concentrations of - "

sodium bromate and malonic acid (MA). With the other ou |

domains of the concentrations, the oscillator simply damps o @ w0
Time hou

and never restores its oscillation. The phase diagram of the

different types of damping behaviors as a fnction of the concentrations is obtained.

1. INTRODUCTION
The Belousov—Zhabotinsky (BZ) reaction has been well

s

(batch reactors) and open systems (continuous flow reactors). In
the open system, reactants are supplied at a constant rate, and
steady states such as a periodic oscillation, multistable states, or
chaotic behaviors have been observed. On the other hand,
reactants are consumed with the progress of the reaction in the
closed system, thus the system eventually approaches chemical
equilibrium as oscillatory states die out, It has been reported that
arich and complicated behavior is shown in the closed system of
However, in their studies they
have mainly focused on the complex behavior of the oscillation
and ot on the way the oscillation dies away. In this paper, we will
focus on this dying away process.

To see this process, we performed experiments of the BZ
reaction in a closed reactor for a very long time. For example, if

we leave the ferroin catalyzed and surred a BZ solution in a

various reaction conditions.

g time,
and blue ceases and turns into a monotonic hghl yellow. Thiscan
be explained as follows: In general the reaction in a closed system
should reach a thermodynamic equilibrium state.'® In our case,
the ferroin/ferrin, which is an iron catalyst in the BZ solution of
an acidic condition, slowly dissociates in Fe**/Fe™* and the 1,10-
phenanthroline ligand." At the same time, other reagents are
also gradually consumed as time goes by. Hence, the chemical
oscillation cannot last forever, and the oscillating state is dragged
into one of some stady sates depending on the nial concentra

$ h. After this rebirth, we found that the
monotonous thermodynamic equi-

steady period is about

of about 1-2 min has been previously provided as a result of
‘model calculation.'® However, to our knowledge, the phenom-
enon with such a long dead time reaching several to 20 hours,
which is 3 orders of magnitude longer than the time scale
observed in ref 15, has not yet been reported. Furthermore, it
was clarified experimentally that the phase diagram of the initial
concentration of [MA], and [BrO; ], of BZ oscillator with the
long dead interval had a well-defined domain. Hence, it scems to
us that this long time behavior may be categorized as a new
dynamical phenomenon. The main purpose of this paper is to
report this interesting new observation.

2. EXPERIMENT

Our experiment has been performed as follows: A beaker of
20 mL was placed in a thermostatted water bath to keep the
reaction temperature constant at 25 °C. In all experiments, the
initial concentrations of sulfuric acid and ferroin were fixed as
0.80 M and 20 x 10> M, respectively, while the initial
concentrations of sodium bromate and MA were changed in
the values shown in Table 1. The free surface of the BZ solution
contacted with the atmosphere. To perform all experiments, we
first prepared a solution without ferroin just before the experi-
‘ment, then the oscillation began when ferroin was added next.
Therefore, the total volume of the reaction mixture was kept
constant at 20 mL, and the stirring rate was 190 rpm through this
study. We measured the profiles of the redox potential Eqrp by

— h— — tion % using a electrode (HORIBA, 6861-10C), which is
et b 2 and ot ' e e composed of a Pt wire and Ag/AgCl clectrode utlzing
case for almost all cenccfnmhm!s of the ingredient of the solution. saturated K>S0, aqueous solution as an internal solution, and

However, we also found that, for a certan value of the  the data were recorded by a personal computer through an AD
concentrations, the dead BZ oscillator suddenly resumes its
oscillation after about $—20 h, with nearly the same amplitude  Received: January 5, 2011
as it did before the oscillation stopped. An example of these  Revised:  October 14, 2011
phenomena is shown in Figure 1, where the intermediate quiet Published:  October 14, 2011
g ACS Publications. « o aneicanchem ey 14137 0102120103y Ch A 2O, 315 1714142
9 Onuma et al., J. Phys. Chem. A 115, 14137 (2011)
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