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Thermophoresis — the effect =~ oo

(..., thermodiffusion, Soret effect)




Thermophoresis — the effect

j=-DVw-w(1-w)D,VT
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Steady state j =0
D- Ac
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"D AT

D - diffusion coefficient, j —flux,
W - concentration, T —temperature,
D; - thermodiffusion coeff., S, —Soret coefficient
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Mass effect: animation

“kinetic gas model”
higher momentum transfer from the warm side

21109116 I:> Enrichment of the heavy particles on the cold side
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Thermophoresis: Where is it used? < JULICH

Application examples: “Characterization of Soft Matter”
Thermal field flow fractionation

T - Field

Inlet "'

4 oOutlet

Accumulation wall Accumulation wall
or membrane

(A) (B)

temperature gradient
Spacer |
=P Channel —

SW., Introduction to thermal gradient related effects, in Functional Soft Matter, J.K.G.

21/09/16 Dhont, et al., Editors. 2015, Forschungszentrum Julich: Julich. p. F4.1-F4.24. Folie 5



Thermophoresis: Where is it used?

Application examples: “Biochemical reactions”
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Microscale thermophoresis

(a? Reoriented H,O

Microscale Thermophoresis:
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Technology and Applications

/INanoTemper GMBH
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Hydrogen bonds: temperature effect = m

21/09/16

Assuming local thermodynamic equilibrium

At low temperatures:

minimization of the free energy
F=U-TS

by forming hydrogen bonds (AU<O).

‘ water goes to the cold side

At high temperatures:

minimization of the free energy
F=U-TS

by entropy production (AS>0).

‘ water goes to the warm side

[Wang, Z., H. Kriegs, and SW J. Phys. Chem. B, 116 (2012) 7463.] Folie 7



gen bonds: temperature effect
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2109116 Bijomacromolecules, 11 (2010) 740]

0.1

>
!

0

10 20 30 40 50 60
temperature / °C

[Kishikawa, Y., SW, and R. Kita,
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Many, but not all aqueous
systems show a similar
temperature dependence

(T+ _7-]
1—exp
/s

empirical parameter S;',7 and 7

[lacopini et al., Eur. Phys. J.
E, 19(2006) 59]
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Validity of the empirical formula? < JULIcH
) T5-T
ethanol/water S(T)=5; {Fexp[ - ﬂ
10 — 0
- water :
' S rich
. ;\;\;\\’\‘.\;\0\‘ W=
. | Breaks down at low concentrati
< | thechomogeneity ofithe mixture at the
= 0f molecular-level is andssue. =
2 — < 0.3538 72N e,
. M/: ¢ 0.3987 ket FIN
| ——:’:‘T’*/ﬁ v 0.4998 20 mol % ethanol
-5¢ / £ 059
- 1 ethanol « : .
| frich e “pure water rings are formed
. e clumping of like molecules
10 20 30 40
temperature /°C
21/09/16 [O. Gereben, Journal of Molecular ~ _ .

A. Koniger, et al., Philos. Mag., 89 (2009) 907. Liquids, 211 (2015) 812-820]
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Systematic study of amides

Why amides? “.. serve as model of the peptide bond “

[Y. Lei et al. JPC A, 107 (2003) 1574]

N-Methyl- NN-
Urea Formamide Acetamide formeam};de Dimethyl-
formamide
O O O O @)
HNT S NH, NH, )‘\NHZ NH N—

More hydrophilic
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Temperature dependence
@)
)]\ ureain water
HoN NH;

« at low concentrations (w <0.3):

sT(r)=s;°{1—exp(T+T‘Tﬂ =

0

 more flexible fit function needed

3K 1
N
4\>
i

%*H' |

to describe T-dependence at 8
higher concentrations: 3 W=
) n 1t % woa T
A w=03
v w=0.2
¢ w=0.1
S(T)=5; +a-exp(-bT) ot S weoos -
20 40 60
temperature /°C
21/09/16 Folie 11

[Story and Turner, Faraday Trans., 65 (1969) 1810]
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Temperature dependence o
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l formamide in water
NH,

« at low concentrations (w < 0.2): 3 | | | |
conc. (w.f) e 0.2
T _T — i ® (.02 e 0.3,
S.(T)=5; {1—exp[ H X ® 005 0.5
0 o ol e 0.1 e 07

—

 more flexible fit function needed

~~
|_
to describe T-dependence at L ' '—*\o\‘\‘
higher concentrations: ® * e

SHT)=5t+a-exp(-b-T)

temperature /°C
[Niether, Afanasenkau, Dhont, SW, PNAS, 113(2016) 4272]
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Structural explanation OJUL'CH
3 .
v | T L Molecular dynamic simulations
2 \”\i\‘\\.\. [Elola & Ladanyi, JCP 125,(2006) 184506]
%) _
—
S =21 conc.=7?
O A erare rc suggest the following picture:
"\, p J }\
low w ’ ' ’ ' d ‘ J‘,)‘) b. » |higher w
. ‘ ‘ y ,.\\‘ 5 )
only FA-W ¢ '/ 1"‘ . o also FA-FA
hydrogen ~ - = . . ~_ ~hydrogen
bonds "/‘Q‘ ’k | @ |bonds
~t (’ ’ "’
’ ‘ﬁ ‘ (/’ L Q\ _/‘ -/
> ’ B b \k '/ < ‘\‘
' (/ ' o -
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slope S; >0 slope S; <0
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Thermophoretic accumulation
in hydrothermal pores
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( Introduction Results
Formamide has been shown fo form optimal width
prebiotic  molecules under  catalytic

+ simulations show optimal width L, for
accumulation

+ optimal width depends on substance (Sy)

conditions [ These findings assume a
high formamide concentration. On early
earth this would only be possible through

accumulation.™ The thermophoretic and average temperature
i of the for water system ”
was measured. Finite element simulations 10°p oFIES . iatiniiniasolmulation
show that a high degree of formamide — i i 4 5
accumulation in hydrothermal pores is 10 U e + accumulation fold against aspect ratio r with

width L, fixed to optimal value for the
respective temperatures
effective accumulation only if pore is high
enough (r has to exceed a certain value)
at high aspect ratios accumulation saturates
independent of starting concentration at

ide concentration of ~ 85 wt%

possible.r

(1P Saladine ef al., Physics of Life Reviews 8 (2012) B4
(2] Miyakawa ef af Ori L e Evol Biosph 3203} (200) 185
[3] D. Niether ef af. Proc MatfAcad Sei USA13(

015 4272

accumulation
3.

2

/

( Precursers of life

9 formamide

W

o 10
[ minerals " accumulation rate )
-~ IRKiRODRERY + accumulation against time shows similar 10 F 105

RS eTYes
.0

profiles for different starting concentrations 510

« lower starting concentrations result in longer S, %
times to reach saturation g
8

« for a starting concentration of w, = 10~ 10 k|
accumulation takes 45 - 90 days B

e

amino acids n&l\"
N

. - Toa5C
P = — - at low aspect ratios accumulation is " [=137.5
Concentration problem flective, no rise of lation rate O
o time / 10f
early earth lab conditions w 10! e @ me °
: L0 A heuristic model
low concentrations high concentrations | | &1 {
ocean ~107 wt% (50 - 100 wi%) Z10t % + effective accumulation only if
shallow lake ~103 wt% Gl A 2

L_y N (Ly: Veony + D Byw)Ly

L, " 4L, w(1—w) Dy AT
+ maximum accumulation rate around
w = 0.5 due to maximum in the term

1 8
10
(6)
Josto e,

00

Miglied der Helmholtz-Gemeinschaft

bytemperature 5, =
gradient
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DT T w(-w)AT

— W 0w w(1— )
‘sianting concendsation s, x
@ . .
Thermophoretic accumulation
CORREtoH transport mechanism in gases or -
liquids temperature and
= cold, denser material sinks down, . .?:nmmn-ali-;\ lii;]‘;rv Fﬁ\“
. jant parameters |
| het, lighter material moves up Teold Thot L m:mmmm éw {
Ly + Soret coeffcient {
thermodiffusion 5 :"E"
. .. thermodiffusion _ e
s:’ f_&‘E Wac] b desoribeel by convection b + thermal conductivity
t'l:“ 7= —Dhw — w(l — w)DyAT
- " N simulation model: porous mineral at hydrothermal vents
movement of steady state j = 0 maximal pore sizes L, ~50 - 200 pm
particles driven Dr 1 Aw accumulation Lv ~1-20mm

combination of thermodiffusion and convection leads to
accumulation of formamide in cold bottom corner
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A way to achieve sufficiently
high formamide
concentrations to form
prebiotic nucleobases under
early earth conditions

by

Doreen Niether
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bonding strength?

[solute]

| P =| octanol
o9 Og([solute]ﬂvrgfe”r'zed
K Hydrophilic compound: log P <0
; Hydrophobic compound: log P >0

W"’ octanol
v/ water

Marvin 16.5.2.0, 2016, ChemAxon (http://www.chemaxon.com)
G. Klopman et al. J Chem Inf Comp Sci, 34 (1994) 752-781. _
21/09/16 V. N. Viswanadhan et al. J Chem Inf Comp Sci, 29 (1989) 163-172.  Folie1®




,log P* a ,Scale bar“ for hydrogen 0JU'-'CH
bonding strength?

N-Methy!| NLN-
Urea Formamide Acetamide fo-rmeamyoie Dimethyl-
| formamide
O O O O O
HzN)]\NHZ I\NHZ )‘\NHZ kNH kN—
Log P =
-1.30 -1.13 -1.03 -0.89 -0.64

More hydrophilic

Marvin 16.5.2.0, 2016, ChemAxon (http://www.chemaxon.com)
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,log P* a ,Scale bar” for polar solvents ?

L ow concentration
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Ethanol (Kobniger)
Dimethylformamide

5wt% In wate

Acetamide
Methylformamide
Urea
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Formamide

® o 00pSH

N HH 5

- | R @)
I ‘"\\ NH,
' N NH, O
| AL A
I\ﬁ-lN

NH2

-é—@———% k "ean

N NH:
@ NH;
N

N

I Ll I I I

N
N

[206 (6002)68 "BeN "sojiud “1e 18 ‘v ‘1abiuoy]

. | . | =15
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slope S (T) /10 °K?

T/°C

0
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Comparison: low and high concentration #) J0LICH
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o)

'~ DMF| o o - _hydrop_hobic systems:
_ | Increasing concentration:
O
lkNH NMEL o o | solute be(_:c_)mes more
| _ | thermophilic
jj\acetamide - o< O T
NH, i ]
. . _
[ formarnide | —pa | _hydrop_hlllc systems_.
NH, _ | Increasing concentration:
j\ real o e @ 10°C | solute becor_nes more
HN N thermophobic
0 2 4 6

S.(50wt% e )
S.(5wt% O )

[ 10°K™
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,10g p* scales S; change with concentration

0.0 —

log P

-1.5

21/09/16

-1.0

»—-k
)'\ '_"‘\

N

I

-1.5

—1.0

-05 OO

AS_(50wt%-5wt%) /10K ™

0.5
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,10g p* scales AS;inrespecttoc and T

0.0

log P

-1.5

21/09/16

-0.5F

-1.0
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TogP
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. | o
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)J\ B |
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NH» —~—0
o S NH,
)I\ —0~
N
AN
H2N NH2 N
........................
1.5 -1.0 0. 0.5

AS_(50wt%-5wt% /107°K™

0.0
0.5}
-1.0f

-1.5

N
N— ] o
I AN I
0O® "« TNH, O
)]\ .
NH, HNC @ NH
N
...............
10 -5 0 )

slope S(T) / 10°K™

correlation between
log P and the change of S; with
. concentration

. temperature
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D H,0 79 Reoriented H,0 FORSCHUNGSZENTRUM

Take home message

Thermophoresis Is

sensitive to changes of
the hydration layer

T breaks down at high w
H | breaks down at low w

5.(T)=5; {1 - exp(
due to Inhomogeneities

Log P correlates with temperature
dependence of S, =

Log P correlates with s
concentration change of Sy

21/09/16 Folie 21
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Fernando Bresme's group
Silvia di Lecce
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MATTER INFRASTRUCT!
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How do we measure? < L

Typical gradients: 1K/m
Measured quantity:
Intensity of the
diffracted beam

//

optical plane

write
homogeous
E?O hm temperature "o“ : o= ‘T
and particle 8 © 99 00,4°
distribution

IR-TDFRS — InfraRed -Thermal

Diffusion Forced Rayleigh Scattering !aser grating . . . . ]

: AT=20-100 uK
Advantages: fermperatirs

® small AT grating

® no fluorescent labeling & «—>| 20 um

required refractive index B ©
. grating - o L

® wide molecular range
Disadvantages: ., thermal diffusion

® buffer solutions: difficult concentration l°l l’l l
* colloids >100 nm: difficult. grefing - B9 0.4

21/09/16 Folie 24
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Formamide vs. N-methylformamide
A@B@
c®0®

“Whereas formamide is almost encaged by the
oxygen density, the influence of the methyl group
disrupts this pattern rigorously”

NH,

o)
l formamide
o)

|I\ methyl-
NH  formamide
|

I_
209l [A. K. H. Weiss, et al. PCCP, 13 (2011) 12173] rolle 29
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Dimethylformamide/water

& 0 dimethyl
* imethyl-
Q water lkN formamide

doubts about the Force field ?

“The increases in the peaks of RDFs between water
molecules are not so much caused by an increase In
the structure of water as they are by the tendency of
water to remain in aggregates in the mixtures.”

[Lei, Y., et al., JPC A, 107(2003) 1574

Vasudevan, V. and S.H. Mushrif, J. Mol. Lig., 206(2015) 338 ] Folie 26
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Comparison: low and high concentration

N

Dimethylformamide
A 5 wt%
A 50 wt%

Methylformamide
VvV 5Swt%

11 v 50 wt%

1 Acetamide

O 5wt%

4] ® 50 wt%
- [Formamide

O 5 wit%

€ 50 wt%

| Urea

O 5wth

B 50 wt%

21/09/16 Folie 27
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(a)
laser on 't

laser off

fluorescence

mirror ' IR-laser initial
state

Objective

fluor

capillary

Py

unéound
——— partially bound
~——— partially bound
fully bound

(e}
o
L) L] L]

—

|
l,...(normalized)

uor
72 74-T'p< “d "ydInC :yoNne winpuszsBbunyosiod ‘STOZ "SIoNP3 “[e 19 ‘uoya

"6 “J9NRN YOS [eUOIOUNS Ul ‘S193))a pale|al JuaipelB [ewiayl 01 uononNpoul “MS

(00]
(&)

0 20 40 60 10° 10" 10%> 10° 10

time /s concentration
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