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Macromolecules in solution

---- Introduction & Motivation

TUPAC definition:

A macromolecule is a larger complex molecule consisting of
many smaller structural units (molecules, group of atoms,
atoms) linked together.

Macromolecules
(polymers, proteins, lipids, PEO,
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Macromolecules in solution

---- Introduction & Motivation

TUPAC definition:

A macromolecule is a larger complex molecule consisting of
many smaller structural units (molecules, group of atoms,
atoms) linked together.

°*°” Structural unit (so-called bead of the macromolecule)
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Macromolecules in solution

---- Structure & Transport properties

Macromolecules:

® Very massive and complex (103-10° atoms)

® Slow (V. / Vioo <10°)

® Time scale of relaxation is much larger then the typical
relaxation times of simple solvents

Translation diffusion coefficient:

[R,©-R, )

-
! 6t

Center-of-mass (CM) diffusion coefficient:

< ‘Rcm 0)-R_, (t)’ >
DEM =

Rotational diffusion coefficient:

-

R

Time dependent correlation functions:

CF(t) = (A(0)A(t))



Dynamics of the macromolecules in solution

---- Macroscopic vs. Microscopic

Assumptions
& Molecule has internal structure (non-uniform).

“bead-bedd-interaction U
- Mokeciule much more heavy and slower than solvent
B % t partucies
Macroscopic (phenomenological) Basic mathematical assumptions:

% Solventis a uniform non-compressib|e medium. ® The beads are assumed to be “embedded” to the solvent flow

® Phenomenological boundary conditions

® Bead-solvent interaction: via random forces (Stoke’s law: F'= -& V)
(Gaussian distributed) ® The transport and diffusion are described via the Diffusion Eq.

(Fick’s laws)
The dynamical behaviour of the macromolecules more complex!

»-.. these mathematical assumptions must be questioned since macromolecule can not be considered as
sembedded“ into the surroundings but dramastically start to ,,emancipate* from the solvent*.

B. Dunweg and K. Kremer, J. Chem. Phys. 99 (1993) 6984.



Dynamics of the macromolecules in solution

---- Macroscopic vs. Microscopic

T N N S T T

Assumptions
& Molecule has internal structure (non-uniform).

“bead=bedd-interaction U

) [~ Mok ﬁule much more heavy and slower than solvent
™ ™. ™. Dbead-solvent intera . particle
Macroscopic (phenomenological) Microscopic
® Solvent is a uniform non-compressible medium. ® Solvent as set of particles with given mass m
® Phenomenological boundary conditions ® Discrete structure of the solvent
® Bead-solvent interaction: via random forces (‘solvent-solvent‘ interaction V)
(Gaussian distributed) ® Bead-solvent interaction: via potentials W

Semi-phenomenological approach to the study of the macromolecular dynamics

Total energy of the system (Hamiltonian) , . . Dynamical Simulations

/ (Newton’s equations)
H=H, +H, +H,,
* Phase-sp ace formalism
LIOUVI| equatlon§



Microscopic theory of molecules in solution
---- Molecular Dynamics Simulation (MDS)

. . N P
H=H, +H, +H,, Hamiltonian of the system RoR -
N PZ N n pz n N n \ ‘
=2 o ¥ LUR, Ry D420+ 2 V(5 -r D+ 3 L W(R, -5, ]) [, p)
a=1 M a<b s=1 2m s<t a=<lg=2 0 ZF g o °
M . MS o | @ o>
. . Numerical solution of the equations of the ° """"""""""""" ° .
Equations of the motion motion for given interactions U, V, W T 0

Macrom.:[ dR, _ E [HM +HMS] dP, _ _0 [HM +HMS] }

dt oP,  dt R, . .
MDS covers only time relaxation

} processes with duration approx.

100nsec, while relaxation time of the
typical macromolecules 103 - 103sec,

and longer.

9

dt 0 P, dt or,

Solvent:[ dr, _0[Hs+H,| dp, _ 0[Hy+Hy

Simulation of the relaxation processes of 1 ms is ~ 10 2 more - expensive than our
abilities in 2006

{ Moore’s law: this might be possible not before 2050 ]




Microscopic theory of molecules in solution

---- phase-space dynamics

o . s P
H=H, +H, +H,, Hamiltonian of the system RoRl e
N P p’ \ i o @
=2 R,-R, |)+Z +3 V(- |>+ZZW(| %D 5, p .
a=1 a<b s<t a= 0 K O o
M S .:
L : Liouville equations for the phase-space ° """""""""""" ° .
Liouville equation (LE) distribution function for given interactions U, V, W e

&t [L +1 +LMS]p (R, P}, {r, p}; t)}

Liouville Eqg. describes fully the time
evolution of the phase-space df of

DH 0 ,0H 0.0 . yswms the overall system ‘macromolecule +

"o op op, onf solvent’ and contains all information

B{R,20}, (r0,00D)= | B(RE] (6D (RE[eplind R Pldlep)  2POUE dynamics of the system.

Liouville operators: 1L, Z

\
Integration of the Liouville Eq. has the same difficulties like in the case of MDS
/
™
{ Fortunately, this ansatz can be the starting point for further simplifications.
Y,




Microscopic theory of molecules in solution

---- phase-space dynamics

. . . P
Liouville equation RoR -
. T|lLm tLs Ly p ({ R, P} ’ {I',P};t) {rs’ psI ‘
Liouville operators Ot .* @ Pse .-
- bH, 0. 0H, 0.0 |, |
L, = E— i 2= =M,S,M
i ZH@ ri a pi + a pi a ri H’ 1 9S9 S ’, ........................
Integration over all ° ol e
coordinates of the solvent 0

| 1w g|— | 1 [ 17 1.
p;\"qu}Pﬂ'f}rl_‘rdlrj} F:J'plqu}PqI}lrg;}F;f}rl

Initial conditions:

® Solvent is in equilibrium state (Deq

% Macromolecule and solvent do not interact before initial time 6 pN

® At the initial time, the full distribution can be factorized as — Z( ...; U, W)
p(O):pN(O) (I)eq 6 t
Projection operator formalism:

P(..) =J'd{rs,ps} (... Y=1-P

Bead-bead

Bead-solvent




A. Uvarov and S. Fritzsche, Macromol. Theo. Sim. 13 (2004) 241

Microscopic theory of molecules in solution

---- Fokker-Planck equation & Friction tensor

Liouville equation & B J—
Ix, Ik '

P =iy, +Eg+ L]0 (R {00
Liouville operators 5 t . ...........

L = ZEBH ¢ o8 9. |:|, i=M,S,MS
Dar o p; 8p 01, []

Integration over all . oo, X
coordinates of the solvent T @
p:\'I{Rﬂ}Pq};'fl:J‘d{r_l;}Fj}pl{Rg}Pg}}{rjﬁpj};rl = =
dynamical coupling between
. solvent and molecule
Fokker-Planck equation

Bead-bead

Friction tensors



A. Uvarov and S. Fritzsche, Macromol. Theo. Sim. 13 (2004) 241; Phys. Rev. Letter (2006) submitted

Fokker-Planck equation & Friction tensors

---- phase-space dynamics

; ‘Ra’ Pa} .
f.:-:l f:‘_-"l.r 4 Pﬂ. f.:-:l f:‘_-'ll.r - ':.:-] Ul: |Rﬂ. _Rbll:l :.:-] p_.'lf . ﬂ Eﬂb a n P!l .......
Thermod ic limit: n
ynamic limit:  n - e V - 005 B4 o, Roacss

A A bt j AN .
Series expansion of the time evolution operator: exp[—tYLMS] = Z%[YLMS !
=8 J

(ab) — (ab) — g(ab) (ab) (ab)
ap _z ap ;| aBo+ GB[1]+ aB[z]+”‘

|
J




Fokker-Planck equation & Friction tensors

---- phase-space dynamics

| R.B|
dpy N P odpy B dU(R —R,|) dpy ;. E.u- d N 2, o RO,
Translational motion Rotational motion

v friction tensors parameters
v single-bead molecules

v/ dumbbell molecules

v’ N-bead macromolecules

O various masses, shapes and bead-
bead interactions

O different topologies
o ..



A. Uvarov, S. Fritzsche, Chem. Phys. Lett., 401 (2005) 296

Translational motion of the macromolecule

---- a few, short examples

1. Friction tensor for the various bead-solvent interaction

o
Charge particles: (Coulomb-like interaction) °
Neutral particles: (Born-Mayer and van der Waals interaction) ° o °
[ ] [ ] [ ] [ ] [ ] °
2. Diffusion coefficient for the ,, weak* van der Waals interaction © ¢ , ° o
o
(cm) — (cm)-1 0 |:|” O EI
D =k, TE B, . o B8 ¢ s
W =[] r-— l |:| H
A: Single-bead macromolecule: B) otherwise
Diffusion coefficient as function of the mass ratio M/m. Equal mass density of the
T — bead and solvent particles
i ) g ' —*—MDS data 1 - | 1 —w—MDSdata
° \V ~— This work - E - \ ~— This work case I
3 90 \ =—Phenom. theory (slip BC) | a V1 = Phenom. theory (slip BC) T — . — 3
gzo \ ?\ = ‘= Phenom. theory (stick BC) g }? - -= Phenom. theory (stick BC)) kBT =& M, = 0.85/0
3 ?\ I ' ﬁ 454 d MD: J. Schmidt and S. Skiner,
§ 1% v, Casc 5 case 11 J. Chem. Phys. 119, 8062 (2003).
Q ¥, Q
_512. \zﬁﬂ d S 30- 1
7 i N\,
E \\ e g | | case Il
el TSma ™ G4 « _________% k,T=295,; n,=0.60/0"
‘--.-'—""ﬁl' r——r——————— — MD: Ould-Kaddour et al.,

75 90
Macromolecule-solvent mass ratio, M/m

0 15 30 45 60 75 90 105 120 0
Macromolecule-solvent mass ratio, M/m

105

Phys. Rev. E63, 011205 (2001).



A. Uvarov, S. Fritzsche, Phys. Rev. E73 (2006) 011111

Translational motion of the macromolecule

---- a few, short examples

1. Friction tensor for the various bead-solvent interaction R,, B

Charge particles: (Coulomb-like interaction)
Neutral particles: (Born-Mayer and van der Waals interaction) {rs, Ps=

2. Diffusion coefficient for the ,weak® van der Waals interaction if S,

D¢ =k _Tg ™! J 0 0" _moH lr
[ B W = EHEMS H EH H f <2.50
B: N-bead chain molecule: 00, otherwise

CM Diffusion coefficient as function of the degree of polymerization N

05 ] Rt el oy T
| =-=—2Zmm modal {"preavaraging™ hydr. intar.} i 3
05 4 Zimm modal (fluctuating” hydr. intar.); (B80S} k,T=112¢,; n,=0.90/0

= v= Data from this work

m MDE = MDS

MD (square): B. Dlinweg et al.,
J. Chem. Phys. 117, 930 (2002).

MD (hexagonal): K. Kremer et al.,
":-1..‘,_‘___ I J. Chem. Phys. 119, 6983 (1993).

LR ¥ ] I...'_.,.... Nhnm

Center-of-mass diffuslon coefflclent

30 45 80 75 80 105 120
Mumber of the beads, N



A. Uvarov, S. Fritzsche, Phys. Rev. Lett. (2006), submitted

Translational motion of the macromolecule

---- a few, short examples

1. Friction tensor for the various bead-solvent interaction e . ° °
Charge particles: (Coulomb-like interaction) °
Neutral particles: (Born-Mayer and van der Waals interaction) ° o °

2. Diffusion coefficient for the ,,weak‘ van der Waals interaction ° . o

[ ] [ ] [ ] [ ] [ ] [ ] [ ] ° °

3. Transition from slip to stick boundary condition coefficient o

k y
C = B O - ¥
(cm) T ¥ ¥4 T T
[ D™ mR, 4 . /0 ]
/‘ v-v'""v‘
7- 2 v" -

Boundary condition coefficient as
function of the strength ratio ¢, /e

—m=— [IDS data
— —Phenom. theory (stick BC) |
— = Phenom. theory (slip BC) .

Boundary condition coefficient, ¢

M/m=200 —e&— This work (case A)
—v—This work (case B) -
L) - ) b | ¥ | ¥
4 6 8 10 12

Interaction strength ratio, sMSIsSS



Fokker-Planck equation & Friction tensors

---- phase-space dynamics

Roml
a"j="-’_|_Pﬂap:\’_aF”Ra_Rb”al':'_-\'z d gab 0 n Pl XU o
ot M OR, oP, 0P, dP,° |opP, kzTM|™™ . pl
Translational motion Rotational motion

V' friction tensors parameters v Restricted rotation of dumbbell molecules

v single-bead molecules v Bead-bead and bead-surface interactions

v dumbbell molecules O 3- and 4-bead chains
v’ N-bead macromolecules O different topologies
various masses, shapes and bead- O ..
bead interactions

different topologies

OO O




Rotational motion of macromolecules

---- immobilized on the surface

[etecior

emission light
detector

[;]:FI'E-::-Iu:u:m

wercolecims slags

excitation

|.|

detector

((a8(aD)*)
At

Rotational diffusion coefficient; DR =

Orientation correlation function: C[t) = %<3 cos” O(t) - 1>

Phenomenological view point
of the solvent



Rotational motion of macromolecule

---- immobilized on the surface

Bead-bead potential, U_/k

o
] 2

Hookean

4- ——FENE -
——DNA -

bead — bead interaction, bead — surface interaction,

B e e e A

00 02 04 06 08 10
Bead-bead distance, QIQO
Bead-bead interaction:

® Hookean
FENE
Fraenkel

DNA-type H

O 1

? @ @

U =kpnad

1o

Bead-surface interaction:
® Cone
® Effective double well (Sin)




A. Uvarov and S. Fritzsche, J. Chem. Phys. 121 (2004) 6566

Rotational motion of macromolecule

---- Configuration-space distribution

bead — bead interaction,

Fokker-Planck equation 0

surfacc mt ractl on,

9oy Pilpy 0 UllR,—R,l) dpy _ 3 o 0 ol ;;f /
3t M OR, 3P, 0P, 0P, |0P, *TH|" v‘) .
Restricted boundary conditions ‘ ,W
0<8<6,(<T%) -
0<$<2m Integration over all moments
0<Q<Q, of the beads

Bead-bead

W(Q=4,,8,050) = [dP,dP, p,(R,,R,, P, Pyst)

Bead-surface

\

Configuration-space distribution

B(Q,8,0;t) = ZZ by @)Y @)




A. Uvarov and S. Fritzsche, Progr. Coloid. Scien. 133 (2006) 95

Rotational motion of the macromolecule

---- a few, short examples

1. Rotational diffusion coefficient e e i b s fcction,

P =0l Yo ) |

Dumbbell-type immobilized macromolecule:

Rotational diffusion coefficient Dy e : s
[ N i a [ a [ » ' V2 - ‘ 4 '

x X X

Q 24

% = = Fraenkel bead-bead potential

0 2.0- - DNA-type bead-bead potential

& . — =Rigid rod

S 1.6- | |

- bead-bead interaction:

o 1 .

g 124 ® FreaaneI potential 2

% 1 UBI]; =kFr(Q_Qo)

E 0.84 ® DNA-type potentila

S .

5 04 é 1 1 2 1%

0 - S e . Ut =kpaO——-"-Q+ Qz —~ L

o ® * e e e e oe . QM 4° 2Q 4
0.0 ———————————————————r———| ?E-QOH %

2.0 2.5 3.0 3.5 4.0

Bead-bead distance parameter, QD



A. Uvarov and S. Fritzsche, Chem. Phys. Letter (2006) in print

Rotational motion of the macromolecule

---- a few, short examples

1. Rotational diffusion coefficient bead — bead interaction,

2. Orientational correlation function

P,(t) = % (3< cos” 6(t)> — 1)

Dumbbell-type immobilized macromolecule: M X
Time dependent orietational CF, P,(t)

L P —
) — - = Approx. form
1% e BDS data
0.8 s —A—This work -
. = —Approx.form | bead-bead interaction:
'\ = BDS data o Fromel ootentia
0.6 This work 1 ® Frenkel potentia

Uk =k, (Q-Q,)’

Normolized Correlation Function, <P (t)>

0.4+ .
bead-surface interaction:
0.2+ 0,-66.4° T % Sin+cone potential
el TP VR [k Sin’0, if 0<6,
0.0 , :

— UBs:Elp

000 015 030 045 060 075 090 , otherwise

Time, t



A semi-phenomenological approach to the structure and
transport properties of macromolecules in solution

--—- Summary

A semi-phenomenological approach

'al‘j.-v_l_Pa ap:‘t’_aHHRn_RbH dPn _ 3 ge d_ . "
ot M OR, 0P, dP, 0P, |0P, kyTM
Translational motion Rotational motion
V' friction tensor parameters v’ Restricted rotation of dumbbell molecules
v single-bead molecules v/ Bead-bead and bead-surface interactions
v/ dumbbell molecules
v/ N-bead macromolecules
v various thermo dynamical regimes
/ A. Uvarov, S. Fritzsche, Macr. Theor. Sim. 13 (2004), 241; A. Uvarov, S. Fritzsche, J. Chem. Phys. 121, (2004), 6566; \
A. Uvarov, S. Fritzsche, Chem. Phys. Letter 401 (2005) 296; A. Uvarov, S. Fritzsche, Progr. Coloid Polym Scien 133. (2006), 95;

A. Uvarov, S. Fritzscl ne, FPhys. Rev. /5. (Z000) 011111,

A. Uvarov, S. Fritzsche, Phys. Rev. Letter (2006), submitted.
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Structure and transport of macromolecules in solution

---- Goals for future studies

B Salvation dynamics & transport properties of the dense MS
> friction, diffusion and conductivity of the solution
> different thermodynamics states of the MSs.
> behaviour of time-dependent correlation functions.

B Semi-phenomenological approach for the ILs
> interaction among the molecular components of IL (cations and anions)
> interplay with various dissolved nanoparticles and clusters

® Choice and parameterization of the interactions
» Coulomb
> Van der Waals
» Hydrogen-bonds

B Orientational properties of free and immobilized macromolecules
> Extension of the semi-phenomenological approach on the rotational motion

» 3-and 4- ... N- bead chains

» Complex molecular structures (different topologies) \




Acknowledgements

Universitit Kassel Institute Molecular and Atomic Physics

* Prof. Dr. Stephan Fritzsche

 Prof. Dr. Burkhard Fricke

— Drs: W.-D. Sepp, J. Anton, A. Surzikov,
E. Rykhlinskaia, P. Kovals, T. Inghoff,
C. Sarpe-Tudoran

— T. Radke, L. Borowska, L. Tatarinova,...

Dr. Alexander Blokhin
Dr. Maxim Gelin

Acad. Prof. Vitaliy Tolkachev

Thank you for your attention!




Appendix

---- a_few additional results
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Fokker-Planck equation & Friction tensors

---- phase-space dynamics

{Ra’ Pa}
aF’Jx'+Pa dpy © U“RE_RHH al‘:’,\r_ 0 gab .

ot MAR,  @OP, 0P, 0P,

P
a+ap
OP, kyTHM

Thermodynamic limit:  n - e; V - 0o B0 n,

. . ~ ~ tJ N~ ~
Series expansion of time evolution operator: eXP[‘tYLMs] = ZF[YL
J= ¢

(ab) - R R

(ab) — (ab) — (ab) (ab) (ab) ! b\
EEGBH apy ¥ S +Sapy o

g =£.(R,,R,; W;;CEO™) = AM(R,, R, ; W;CEC™) 8,5 + B{T” (R, , R, ; W; CEo™™) q™g ™

apy;]
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Translational motion of the macromolecule

---- a few, short examples

Friction tensor parameters,
A_lE,and B_ /g,

1. Friction tensor for the various .,weak‘ bead-solvent interaction

(ab) — (ab) . T (ab) (¥) = (V) exp[-r/ 0]
LE‘“B =2 &anj =Ean, J W = s
;

r/o

(BM) — ¢(BM) _
Charge particles: (Coulomb-like interaction) W Evs  exp[-r/0]
Neutral particles: (Born-Mayer and van der Waals interaction) 0 EbDﬁEl

WD = g4g@D) -
s HH "BHA

7

N-bead macromolecule: . O T
Friction tensor parameters as function of the bead-bead distance A, =R -R, Yakawa
- <=Dborn-Mayer
v ' . T . T v 15 = =Lennard-Jones
1 ) M ) L AL L A B |
a p—\UPL b) m M o o M M
09 \ ) A(Y)ablﬁ(Y)0 i 12 —A" 5" B e, |
BM BM BM BM
- e B ablé'; 5 % O e @ A( )ablg( )0 - 5 B( )abﬁ;( )0.
{BM} 1. (BM) oV, b
016' \ - -A abl(tv 0 g &Pg
(BM) 1. (BM) & 10 07 14 21 28
\ °° B abl(% 0 gg O’ Case a) Bead-solvent distance, ric
ey 1k;T=12¢,; n,=0.86/0
e 0,
2 - ;
e}
g 034 { caseb)
L 1 !
06 |k, T=12¢,; n,=0.30/0"
0 3 6 9 12 15 18

Bead-bead distance, Aablc
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Rotational motion of macromolecule

---- Configuration-space distribution

LP\,g (Q’ UBB ’UBS

Restricted boundary conditions

0<8<6,(<T%)
0<sd<2n
0=Q=Q,

Bead-bead interaction:
% Hookean
® FENE
® Frankel Ut =k, (Q-Q,)
® DNA-type

H E

UMM =k, g Q 1L
o =Koy Lo,
Hel

Bead-surface interaction:
® Cone

1
O 22

® Effective double well (Sin)

U™ =k, sin’ 0

Radial distribution

DNA potential

n=1, m=0

bead — bead interaction,

Un(Q)

bead — surface interaction,

, b

Normolized RDF, .«

ized ROF, ¥ ¢
Cr;lormé)hzeg g

Normolized RDF, ¥

8 Nongnolize:g RDF?)VJ“ g

Normolized RDF, \VV;

Normolized RDF, va‘

Frankel potential

'
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Rotational motion of the macromolecule

---- a few, short examples

1. Rotational diffusion coefficient

Dumbbell-type immobilized macromolecule:

P =0l Yo ) |

bead — bead interaction,

Rotational diffusion coefficient Dy

Rotational diffusion coefficient, D,

Rotatlonal diffuslon coefficlent, D

&
o

214"
1.8 -
15
1.2
0.9

0.8 -

o
N
1

&
&%
1

&
&
1

Frenkel bead-bead potential

/oo ¢
) —~ — =40°
_an0
. 60
L~ —and
— 90
03 0.6 09 1.2 1.5 1.8
Time, t
DNA-type head-bead potential

Rotational diffusion coefficient, DR

1.8

AN\

- Frenkel bead-bead interaction
—— DNA-type bead-bead interaction
— - 'Rigid rod model

Bead-bead distance parameter, Q



