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What happens upon cooling?
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Polymer glass formers




Many polymer chains

What happens when we put many polymer chains together?




MD-determined glass transition
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* MD-determined T is displaced upward as compared to experiment
 The value of T,is strongly cooling-rate dependent

AVL, B. Vorselaars, M. Mazo, N. Balabaev, M.A.J. Michels, Europhys. Lett. 2005



Glass transition in thin polymer films




!! I | ' THE JOURNAL OF CHEMICAL PHYSICS
Volume 146, Issue 20, 28 May 2017

SPECIAL TOPIC:
DYNAMICS OF POLYMER MATERIALS IN THIN FILMS AND RELATED GEOMETRIES

- 26 focus articles

AVL, N. K. Balabaev, A. R.C. Baljon, G. Mendoza, C. W. Frank , D. Y. Yoon, J. Chem. Phys., 2017
S. Lee, AVL, C. W. Frank, D. Y. Yoon, Polymer, 2017
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Why films?

Nanocomposites
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(Redox) Flow Batteries

Electrode [| Membrane




. ng F Nafion (DuPont, 1960s)
C/ F~

O Qo K’ - hydrophobic backbone - strength
/ O S~ :,’?_0; .0 =0 * hydrophilic side chain - absorb water
F2C )“'9. 0 ‘.“‘ .b’:;‘:’.‘!. . .
(. o Walrgs e . o  high proton conductivity, 0.2 S/cm

X 3




Experimental Evidence

(d)
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a) — pristine membrane
b) - annealed membrane
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Glass Transition
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Fleury et al., Fuel Cells, 2016
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Ozmaian et al., J. Polym. Sci., Polym. Phys., 2014
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fion equivalent weight
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Temperature, K

- dry Nafioin cooled down with different cooling
velocities.

- shift of the 7, value of about 50 K is obseved for

fastest cooling.
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- increase of the glass-transition temperature
with increasing hydration level is clearly visible
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Is clearly visible upon further cooling

The second glass-transition temperature for water
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Ozmaian et al., J. Polym. Sci., Polym. Phys., 2014
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dry (A=0) Nafion, 600 K

development of the percolated water
cluster (blue) upon hydration (A=15),
T=600 K.

well-preserved percolated water
cluster produced upon fast
(cooling velocity 1K /ps) cooling
of a hydrated sample from
T=600 K to T=200 K, A=15.
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Slow Annealing Breaks Percolation

percolated cluster disappears upon
to T=200 K by the fastest slow annealing (0.01K/ps).
(1K/ps) cooling, A=15

22



Conclusions |

* No plasticization upon
hydration;

* Two glass transitions;

TR

D
Nafion "\M Annealing [

* Breaking of percolation
upon slow annealing,
leading to the pronounced
decrease of conductivity.

AVL, S. Sengupta, A. Varughese, P. Komarov, A. Venkatnathan, ACS Appl. Polym. Mater. , 2020, 2, 5058 23



Effects of Confinement

(mainly) PS, supported on silica wafers

400 420
A v 4104 N 350
380 o] ?
390 - O
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J.A.Forrest, K.Dalnoki-Veress, C.H. Park et al., M. Tress, A. Serghei, F. Kremer et al.,
Adv. Colloid. Interface Sci, 2001 Polymer, 2004 Macromolecules, 2010
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Effects of substrate
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388 | PMMA film on Au
= 886 - i
384 |- A
382 .
380 = .
100
film thickness/nm
998 Strong adsorption
PMMA film on
se6 b © | oxide-coated Si
Q
o
394 o .
Q
Eé o ° o o a
392 | 0%, o ° o o i
o © o 00 ©
o] 00 o =]
390 0o i
388 —. b | . L
10! 10%

film thickness,/nm

J.L. Keddie et al., Faraday Discuss. 1994
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< 360
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340 . : — 4
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Thickness(nm)

Z. Fakhraai, J.A. Forrest, Phys. Rev. Lett., 2005
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Cooperatively Rearranging Regions (CRRs)

% 0 T>>T,
@0 o — ; ;
D ° -4 Individual particle motion
® O at high temperatures
T2T, IS °0
.

000 °0 00 °°°0 Critical scaling: cluster relaxation time is T. ™ f z

00a9,000 94 ¢
° 000,099 0

0a%00 Q@00 £ <D m) Maximum cluster size at some temperature

o° Q0

° 070

Q Below this temperature 2 T.~ D?
D,>D, > Dy
T, >T, >,
At low temperatures, cooperative
motion of many particles, which Size dependent relaxation = thinner
create a cluster of size ¢ films exhibit faster dynamics

G. Adam and J.Gibbs, J.Chem. Phys, 43, 139 (1965) F. Varnik, J.Baschnagel and K. Binder, Phys. Rev. E 65



| N 1 M
layers suported on
solid substrates (72)
B Elipsometry
Bl Brillouin light scattering
3 8DS
B DsC
[ Fluorescence
B X-ray reflectivity
] AC-calorimetry
B AFM force spectrocopy
I Positronium lifetime spectroscopy
B Rheology
B Thermal Expansion Spectroscopy
[ Neutron scattering
Dewetting
Bl Capacitive Scanning Dilatometry

20 -
15 4

104

Number of publications

-40 -20 0
shiftin 7, or 7, [K]

F. Kremer et al., J. Non-Cryst.Solids, 2015

freestanding films (21 ) -
Ellipsometry

[ZZ] Brillouin light scattering
CZZBDS

(ZZlosc

[ Fluorescence -
CZZ] X-ray reflectivity .
[ZZ] AFM force spectroscopy -
[ZZ] Nano-bubble inflation
] Raman Scattering

films suspended
on liquids (4)
Ellipsometry
BDS

DSC

Dewetting
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What and Where

Time scale

106 S

108 S
1012 §

mesoscale continuum

m

domain
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1000 M10°% M 10°M 104 M
Length scale
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Coarse-grained SBR (NBR) rubber

Styrene, Nitrile
{(::HE— CH=CH— I:Hz} CH— CH ™

I i

o C=N
- 80% A beads, 20% B beads, 100 freely-joined LJ chains, 50
beads/chain

- 0-8 crosslinks ger chain

Butadiene

C. Batistakis, AVL, M.A.J. Michels, Macromolecules, 2012
C. Batistakis, M.A.J. Michels, AVL, J. Chem. Phys., 2013

C. Batistakis, M.A.J. Michels, AVL, Macromolecules, 2014
T. Davris, AVL, Polym. Composites, 2015

T. Davris, AVL, J. Chem. Phys., 2015

T. Davris, AVL, Macromolecules, 2016
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Glass-transition temperature

Temperature = 1.50 [¢/k,]
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Structure

1 N
s<q>—ﬁ Z

Layering at substrates

Disordered middle layers
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Glass-transition temperature

1.30 - E 25
o " esp_1 ' : 2 . g
1.25F B N v Bulk e ¢ =10
— L =~ 9 ~ P
™ \._ ® D=30
Q 120_ :\ ® D=10 _
= 2 S SR - 20F o
e » > 35
o 115} o) o -, ] €
= . = il “\0\ 55
3 o™ g B Wy * e 1 == 15} -
Q. - ~"v‘: ‘:: ] - " ] ® .
1.05 E\‘\"‘ . - ! o ®
i . g M s =
1.00 - T, 7047 | T,7058 v\: u 10k E .
0.2 0.4 0.6 0.8 0 S 10 15 20 25 30

Temperature [units of £/K,)] Film thickness [units of o]

Film-averaged density and T :

- increase under confinement;
- increase with increasing the polymer-substrate interaction strength.
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"

atactic polystyrene

% 4 chains
H—C—H
O ~15A1 §
H—C—H p-CH
H_‘lj@ CH CH
= =L -
H—(:Z—H " 8 chains
@C—H o-CH ‘ o-CH il
H—(:j—H C ~ ZOA i e
o wds
~0) .
H— ]
£ 16 chains
~ 50A

- Monomers per chain: N, =80

- Molecular weight: M ~ 9000 39 chains

- Number of particles: 2564-20512 ~ 90A




Force Field

van der Waals interactions

 Nonbonded:

12 6
L Oj Oj
Vnonbonded = Z4gij L
L] b b

e Stretchi na: Bond vibration

o/%
2
Vbonded = ZkB,ij (rIJ _Iij)

)

Angle vibration

e Bending: iy

Vbending = Z kﬁ,ijk (gijk B eo,ij )2

I,k

Torsion potentials

e Torsion:

Vpr,im = Z kn¢,ijkl Cos(nﬁjkl)

.kl

e Substrate potential:

o34

Strength of attraction:
e = 0.1 kcal/mol - 3.0 kcal/mol
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"
Equilibration and cooling

>

540K 1ns production

Temperature

Simulation time

- Equilibration (20ns) at 540K;
- Cooling with constant cooling velocity (0.01K/ps);
- 1ns MD production runs for each (every 20K) intermediate femperature;

36



" A
Equilibration of aPS film, 540K




"

Characteristic ratio
Cy =(R*)/NIZ_,

10 T 1 1 1
Film e, keal/mol
8t 0.4=o~ 1
3.0 o
r\)’/
—
0.8 1.0

Cy =C, (1-aN,*?)

C,.=82%0.1

o = 0.43 (simulations)

o=0.48 (Wittmer, Baschnagel et al.,
PRE, 2007)
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Density profile

Free-standing 32-chain film

Supported (£=1.0 kcal/mol) 16-chain film

3

Density (g/cm )
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(=3 o0
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T o 0 T
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o ool . e ‘
| o Substrate layer 150k T
1 R / —— T=400K
rho ——T=540K 7
o ggéi — 7]

Density (g/cm’)

1.5+

1.0 4

0.5 -

0.0

16-chains aPSs film

—T=300K

1 || 1
05 00 05 10 15 20 25
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|

3 4 5
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39



"
Density profile

-
3

Density, gicm’

1.4

1.0+

0.8 -

5
3

Density, g/cm’

o

o

_--. strong attraction (¢=3.0 kcal/mol)

weak attraction (¢=0.1 kcal/mol)

supported films (T=540K)

thin ( 8 chains)
medium (16 chains)
——thick (32 chains)

£,= 0.1 keal/mol

g,= 3.0 kcal/mol

]

Thickness., /

20

40 60
Thickness. A

80 100
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Density (g/cm:z)

Glass transition temperature

Density measurement

Y

TE

Thickness (A)

Temperature (K)

Thickness measurement

Temperature (K)
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Glass transition temperature

500
450
& 400

350

300

Thickness dependences of the glass ftransition temperature for the aPS films with weak and

Density measurement

. kcal/mol
01 O
2 10 © A
30 A
P N D N T S R ek """""""'T_.f.#-d'
— O,.-i
20 40 60 80 100

Total film thickness H (A)

strong attraction to the substrate.

Solid lines represent the best fit using the equation ~ T,""(H ) =T 1—(

g

Dotted line indicates the value of T, for the bulklike layer.
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"
Glass transition temperature

Surface layell

Middle layerI

- H

mn

Thickness

43



"

Glass transition temperature

500 - T
e, kecal/mol ¢=0.1 O
01 O =10 O
450 |- 10 o A 450 + - =30 A |
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I [ -~ I | RN - S S a.
2 a00f s Z a00f l%‘ e -
(.\:4. *\"‘ . <
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300 1 1 1 1 300 ! !
0 20 20 50 30 100 0 20 40 60 80 100
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500 T T T T 15 B 16"Chains ﬁlm Ur ace ayer
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: < o9 | e
450 + . %- mbs'ééé?éf%??é?o? o
A s 3 F - ’ .
I e R A Ry A A'_ ___________________ o 0 1 | | I 1 |
:-ﬁ 400 [ ¥ 18 1 1 | I 1 I
o I & o 15 | 46-chains film .
& keal = 42 Lo  EE 4
asol 1l ! 04 O . ,,3 ; ¢ = 3.0 kcal/mol A5 A
10 © e I A A ' 7
30 & PR LTl ARES TR <
Substrate layer \ T [4A441847 74 _
300 L L 0
0 20 40 60 80 100
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"
Glass transition temperature

0¢
dpoy, . ,
Pug (T)=Phg + 20T P - [Film, Bulk
o 0 0
Tg=- d,opg pg,O Pg 1 > Melt state
(dTl {7), 3 / T, J
Valid for a bulk and a film Glassy state
Sp = p(film) — p(bulk)
( change in average density due to the confinement) T
60, — 5Py
T, (film) pg —p?
T,bulky  d . d .
g 1+ dT P dr P
dpg dpm




Glass transition temperature

. 1
,O(fllm) - H—(hsbpsb + hmdpmd + hsf psf )

f

om
bulk) + —
p(bulk) o

f

h,.op.. +h.o
p(film) = p(bulk) + 6p = p(bulk) + s0OPsp T Nt OPg

1.02
£ 0.96 F
&
2
L0
(=X

0.90 F {= = bulk

O O
= non-wetting
O
0.84 L . L !
0 20 40 60 80 100

Total film thickness H’, (f\)
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In general: om :5m(Hf ,T)

6P, — n

1+
Py — Pn

, dT

d d
5pg _75pm

dT
dpg . dpm
dT

dT

If om IS constant :

_ 1+C15—T
T, H(T)
T 1+C, 5@
H(T,)

o 1 [a(m)-al

#f(H) p(Ty)| g (Ty)—an (T,



Weak adsorption Strong adsorption

cm:)

A

{
!

'
s 4]

Lx10™ (g

!

pxH
=

&

om

L
@

>

£=0.1 kcal/mol

..0
- o+@_0--o/& O i T
"o ‘% 08} —0— 36 MPa
e (=%
O 37 MPa
A o 06}
& \A——A/& v - I 38 MPa
wH g 04 7 39 MPa
02}

300 350 400 450 500 550
Temperature 7' (K)

300 350 400 450 500 550
Temperature 7 (K)

sm=om(H) sm=6m(T) om=sm(T)

i 1+C15m/H(_g)
T, 1+C,6m/H (T,

)

C,=C,=-1.14£0.2 cm3/g
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"
Glass transition temperature

500 | I | I

450

350

300

Total film thickness H , (A)

D. Hudzinskyy, AVL et al., Macromolecules, 2011, 44, 2299
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" A
Conclusions II

- The glass transition temperature:
- remains constant for supported PS films down to ~2nm
- decreases by ~ 50K for supported films thinner than ~2nm

- Substrate: T9 increases
- Middle: remains the same for films down to ~2nm:;
- Surface: T, decreases

- The thickness dependence of averaged film density can be
used to explain the thickness dependence of T, in films.

50



too complicated....

what if there are no substrates????



Fig. 4. Measured T, values for free-standing polymer films. The solid symbols are obtained with
ellipsometry and taken from reference [18]. The hollow symbols are obtained using BLS, with a vertical
bar indicating the data from reference [24] and a horizontal bar indicating data from reference [36].

Free-standing films

-

120k -378 k

200 400

600 800

h (A)

Low-M,, PS: the same effect, but larger reduction
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2 Hypotheses

- Chain ends: concentrated in the interfacial layer (de Gennes),
the T, reduction for ring polymers smaller.

- Phenyls: concentrated and ordered at the surface —
deficit of phenyls in the interfacial layer —
weaker 1t-  interactions there —
lower T, there —
lower T in thinner films;

linear vs. ring
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(atactic) polystyrene

CH;—CH—

linear vs. ring

370 ¢

350 |

340

® 130K/min
® 50K/min

A 1K/min

10 20 30 80

Thickness(nm)

effects of cooling rate

90
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UA model

nx V. zg,,(( - j+stu(f—'u)

+ 2 Ko (O = 65)° + D Koy COS(2005)

i 1K i1k
% 7 + Z Ks.iikt COS(3;9)
i1k

* Degree of polymerization 80, M, ~ 8400

'J

* Temperature range 240K - 600K

/ \Q\ * Pressure 1 bar
~@ | g







Films

8 chains, ¥2.5nm 16 chains, ¥~ 5nm 32 chains, ¥10nm 16 chains, ~20nm
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Equilibration: bulk

Characteristic ratio, PS, bulk, T=600K
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PS bulk vs experimental PVT data
(Zoller, Walsh)
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a) b)
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bulk aPS (a) linear and b) ring). Experimental results for linear aPS, M,,=9000.
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Glass-transition temperatures: bulk

_ LINEAR POLYMERS RING POLYMERS

I TS 447 (5) 454 (5)
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Cyclic vs. linear

155
' Z_ | Cyclic PDMS
150+
' 0O O
1454
Ts(K)
140-
] linear PDMS
1351 Fox—Flory curve
130_: TS o Ts,inf N K/Mn
ST B 5

In(n)

Fig. 2.13. The reference temperature 75 of the WLF equation used to fit the tem-
serature dependence of the dielectric relaxation time of linear and cyclic PDMS
slotted against the logarithm of the number of repeat units of PDMS. From Kirst

o al. [86], by permission.

(Kirst, Kremer, Pakula, Hollingshurst, J. Coll. Polym. Sci. 1994, 272, 1420)
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Cyclic vs. linear

Tg - dielectric measurement by G. Floudas, 2014
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$

moromer densaty, ky/m

PS film.
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moromer densaty, ky/m

PS films

PS film, 16 chains

PS film, 32 chains
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Glass-transition temperatures

L -7 (10) 4546)
S

446 (5) :

443 (5) 433 (5)
D 428 (5) 441 (5)
DL S 391 (5) 213 (3)
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Thickness dependence

d | L £0.92F
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0.88f
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370 +

< 360
=
_ ® 130K/min
350 ¢ l ® 50K/min
A 1K/min
340 . 3 — 4
10 20 30 80 90
Thickness(nm)

Z. Fakhraai, J.A. Forrest, Phys. Rev. Lett., 2005
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aPS, supp- simulations
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Fraction of end vectors
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Chain ends

T I T A R T
z (Angstroms)

More ends are concentrated at the interface for PS film




probability

Phenyls vs backbone
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Explicit atom force field: G.D. Smith et al., J. Phys. Chem. A 102 (1998) 4694-4702
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Phenyls vs backbone (all-atom model)
(Sanghun Lee, Do Yoon, AVL)
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S. Lee, AVL, C. Frank, D. Yoon, Polymer, 2017



Phenyls vs backbone

PS film, 16 chains, all monomers, backbone and phenyls only
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Order Parameter

0.6 I

0.4
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Order parameter

Phenyls vs backbone (all-atomistic)
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Conclusions

- T, thickness dependence is (mainly) due to - «
interactions ;

- Chain ends also play role; interfacial layers are different for
linear PS and PS cyclic;

AVL et al,, J. Chem. Phys. v. 146 (special issue), 2017
25-5-2022 S. Lee, AVL, C. Frank, D. Yoon, Polymer, 2017 78



Challenges

- Comparison of “static” T, to that measured dynamically;
- Role of m-  interactions
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