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Learning objectives

To understand why surface analysis is important

To be aware of what an ultrathin film is

To be aware of the distinction of a model surface

To have knowledge of the common preparation techniques and analytical
methods for ultrathin films

Aalto University
School of Chemical

B Technology
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Content of the Lecture

Introduction of QCM-D method
Interpretation of QCM-D data

Ultrathin films (model surfaces) for wood-sourced
components

Information gained with the QCM-D method

Solid-liquid interface: 1) Adsorption of hemicelluloses 2) Attachment of living cells
Solid-air interface: Water vapour sorption of cellulose nanofibrils

Conclusions




QCM-D




QCM-D In thin film characterisation

= QCM-D measures mass changes with nanosensitivity due to
= adsorption and desorption
= dissolution and degradation
= physical changes due to e.g. heat, UV or enzymatic treatments
= physical changes due to e.g. swelling or vapour uptake

= Information on structural behaviour and viscoelastic properties of materials can be
simultaneously achieved.

= |In situ and in real-time — kinetics

= High resolution — very small mass changes can be detected
= Highly selective

= Does not require labelling — no artefacts

= Can be used both in liquid and gas phase

2.32022  VTT - beyond the obvious 5



Quartz Crystal Microbalance with Dissipation monitoring
(QCM-D)

» QCM is based on the piezoelectric
effect: application of voltage results in
mechanical deformation of the material

(a)

= AT-cut crystals which vibrate in
thickness-shear mode: alternating

< ta . . .
&= voltage results in cyclical deformation
e leading to an oscillatory motion
_slectrode - .
< Tansion X = AT-cut quartz crystal is cut from

the quartz mineral at a 35.25°
orientation to its optical axis

= Alternating current causes
mechanical vibration of the quartz
in the MHz range

Rodahl, K.; HO0K, F.; Krozer, A.; Brzezinski, P.; Kasemo, B. Rev. Sci. Instrum. 1995, 66, 3924.
HO0Ok, F.; Rodahl, M.; Brzezinski, P.; Kasemo, B. Langmuir 1998,14, 7290.

Reviakine, I.; Johannsmann, D.; Richter, R.P. Anal. Chem. 2011, 83, 8838-8848.

Ferreira, G. N. M.; da-Silva, A-C.; Tomé, B. Trends in Biotechnology. 2009, 27, 689-697.




QCM-D — Different set-ups

Measurement
chambers




Main principle of QCM-D method

; Quartz crystal oscillates at a
Sensor surtace resonant frequency

5, 15, 25, 35, 45, 55, and 65 MHz

quartz

Amplitude

Negative/positive change in frequency (4f) — mass u u

increase/decrease on the crystal
Time

Change in dissipation (4D) during the adsorption
process depends on the viscoelastic properties of Adsorbed mass
the adsorbed layer
Amplitude of the oscillation decays due to frictional Dissipation
losses in the crystal — dissipation of energy Euice
 soft —rigid layer D= Eor
e thick — thin layer
e water bound in the layer structure

Am = C Af nt




QCM-D working principle

» Frequency of the oscillating sensor crystal changes
when the mass is increased on the sensor surface

- - -

- — » Energy dissipation occurs when the driving voltage is
Rigid ’ switched off and the energy of the oscillating crystal
— Lot dissipates from the system

» Frictional losses lead to a damping of the oscillation
AR with a decay rate of amplitude that depends on the
viscoelastic properties of the material

Frequency signal
,:;;::::"\?
Dissipation signal

» The amplitude and the decay length of the acoustic
wave transmitted to the fluid decrease with increasing
sensor resonance frequency or overtone

Bulk liquid or gas
(py M)

(c)

8=Decay length

= Voigt based viscoelastic film model

» Propagation and damping of acoustic waves in a
uniform viscoelastic film in contact with a Newtonian
bulk liquid




QCM-D DATA



Polyelectrolyte adsorption —
Examples of rigid and viscoelastic layers

 High charge density
 Low ionic strength

— Adsorbed amount is
low, and the layer is thin

 Low charge density
* High ionic strength

— Adsorbed amount is
high, and the layer is
thick




Interpretation of QCM-D data

Fully elastic layer — Rigid material

= Quartz crystal oscillates at a resonant frequency (5, Af | Hz 4D -10°
15, 25, 35, 45, 55, and 65 MHz) 0 MWNNM
2 08
-4
= Change in frequency, Af — change in mass on the . rl‘”\ﬂ,MkvaM 108
crystal g iy
* When material adsorbs on the crystal surface the )
frequency decreases -10 1 02
- Desorption is seen as frequency increase 12 MW\MWMW
e Am=C Afnl . 10

-16 \ \ \ -0.2

time (min)
= Change in dissipation AD — The damping of the
oscillation depends on the viscoelastic properties of
the model film
* soft—rigid w1 —F313 (Hz)
« thick — thin layer ekt

Viscoelastic layer — Solid material deforms under stress

=3

. ¥ 2ol § —F717 (Hz)
* solvent bound in the adsorbed layer structure < @  D3(ES)
2 o] f2 —DS(IE®)
3 g~ DT(ES)
© 30| . 8
[N =)
+ £ g
_ Ediss 2 5 3 .8
27Estor < g 40| ﬁ

i)

) -4E
Time

T T i
2ID 4‘0 6ID EID IDID léD l‘I}D 16|D léD 260 220 240 260

Tammelin, T., Merta, J., Johansson, L.-S. and Stenius, P. Langmuir, 2004, 20, 10900. Time (min)



Hooke’s law — Elastic part

o =0y .

o = tension

y = strain

L 4

G = elastic modulus

 The amount by which a material body is deformed (the strain) is linearly
related to the force causing the deformation (the stress)

= Deforms under stress but regains its original shape and size when load is
removed — fully reversible deformations

= Time independent




Newton’s law — Viscous part

dVv

O=nN—"—="ny [/ A S S
dt |
o = stress g
n = viscosity l o

dV/dt = rate of strain

v

V/d = y= shear rate v

Shear stress produces flow and the flow persists as long as the stress is applied

Newtonian liquid which after being subjected to a deforming load does not recover its
original shape and size when the load is removed

Energy needed to produce flow transfers into heat

Deformation is a linear function of time and is fully irreversible




Elastic layer - Rigid materials

» Materials which have only elastic properties
 The deformation of elastic material is reversible
* Quantitative data analysis

— Adsorbed mass is low and evenly distributed

Low 4D

— Sauerbrey equation: Am = C Af n't

-0

Af | Hz 4D '196

0 W]

2 | 08

M AR S e Y 1968

-6 -

8| 04
-10 1 0.2

14 |

-16

0 2

4 6
time (min)

8

-0.2

C =17.7 ng/Hz cm?
for a 5 MHz quartz
crystal

n=135,7,...
is the overtone
number



Viscoelastic materials

= |n liquid, an adsorbed film may consist of a considerably high
amount of water, which is sensed as a mass uptake by all QCMs.
The amount of water may be 90% or 10% depending on the kind of
molecule and the type of surface you are studying.

= By measuring several frequencies and the dissipation, it becomes
possible to determine whether the adsorbed film is rigid or water-rich
(soft) which is not possible by looking only at the frequency
response.

= With QCM-D the kinetics of both structural changes and mass
changes are obtained.




Viscoelastic materials

Polymers

. Rheological properties depend on
—  Shear rate

—  Molecular weight

—  Polymer structure (linear — branched)
— Temperature



Viscoelastic materials

» Materials which have both elastic and viscous properties
» Solid material deforms under stress
— Part of the deformation is reversible (elastic part)
— Part of the deformation is irreversible (dissipates as heat)

« Quantitative data analysis _
— High 4D = Viscoelastic modelling

Change in Frequency (Hz)

20 40 60 S0 100 120 140 160 180 200 220 240 260
Time (min)

2

(931} uonedissig ui eBuey)

— F313 (H2)
— F5/5 (Hz)
—F717 (H2)
D3 (1E-6)
D5 (1E-6)
— D7 (1E6)




Barnes, H.A., Hutton, J.F. and Walters, K., An Introduction to Rheology, Rheology Series, 3, Elsevier, Amsterdam,
1989. Ferry, J.H., Viscoelastic Properties of Polymers, 3. ed., John Wiley & Sons, New York, 1980.

Voigt model for viscoelastic solid

Adsorbed layer is described using a frequency dependent complex equation when layer is
subjected to oscillating stress:

* = complex shear modulus = G’ +iG” = + i2nfn;

G’ (real part) describes the adsorbed layers ability to store energy
« elastic i.e. reversible deformation, storage modulus

G” (imaginary part) describes the energy which changes in to heat (energy dissipation)
* viscous i.e. irreversible deformation, loss modulus

The larger G*, the stronger the structure

—— Q




Interpretation of viscoelastic layers
QTools-modelling

Af and 4D are interpreted as adsorbed mass and
structural changes during the adsorption process

Known parameters: viscosity (n,) and density
(p) of bulk liquid, Af ja AD measured using
several overtones

Estimated parameter: Density of the adsorbed e )
layer (py) 35t *K & BAdsorbed film
Modelled parameters: Elastic modulus (p), Y Ne e

viscosity (n;) and hydrodynamic thickness (d;) of
the adsorbed film

Preconditions: The adsorbed film covers the
sensor’s entire active area, is homogeneous,

and has a uniform thickness. The medium is a
bulk Newtonian fluid, no slip conditions Voinova et al. Phys.Scr. 59, 1999




WOOD-SOURCED
COMPONENTS



Background

Ultrathin films and model surfaces for
wood-sourced components

\_‘"3; X

R CELLULOSE FIBRES
A  Heterogeneous in chemistry « Difficult to understand specific
and morphology ‘ interactions
 Large and rough * Not suitable for QCM-D

Cotton fiber network THIN FILMS AND MODEL SURFACES
 Small amount of carefully characterized compound or compounds
 Evenly deposited on a flat substrate (QCM-D sensor)
 Well-defined

e Chemical composition

Crystallinity

Thickness

Roughness



Ultrathin Films of Cellulose
Well-defined chemistry and morphology

Cellulose |
nanofibrils

Cellulose Il

YT

Amorphous Cellulose |
cellulose II nanocrystals

Tammelin, T. et al. Cellulose, 2006, 13, 519; Kontturi, E., Tammelin, T. and Osterberg M. Chem. Soc. Rev. 2006, 35, 1287; Kontturi, E. et al., Langmuir, 2007, 23, 9674, Ahola, S. et al., Biomacromolecules, 2008,
9,1273. Eronen, P. et al., J. Colloid Interface Sci. 2011, 373, 84. Hakalahti et al., Biomacromolecules, 2017, 18, 2951.



Model Surfaces for Main Fibre Components
Spruce Fibre

substrate

extractives

cellulose lignin

= Thin model surfaces prepared by spincoating or Langmuir-Schaefer technique

Tammelin et al. Cellulose, 2006, 13, 519.Tammelin et al. NPPRJ, 2006, 21, 444, Schaub et al. Adv.Mater. 1993, 5, 919



Examples of wood-based thin films and model surfaces

Regenerated cellulose made from TMSC Cellulose | Other wood-based
polymers
60% crystalline Amorphous
CNF Lignin

cellulose I cellulose

» Langmuir-Schaefer  « Spin coating * Spin coating * Spin coating * Spin coating
deposition * Low negative charge » Cellulose | with » Cellulose | and thin « Chemistry defined by

* Low negative sulfate half-ester layer of the type of the
charge groups hemicelluloses dissolved lignin

» Strong negative Low negative charge  Less hydrophilic than
charge cellulose



ADSORPTION AT SOLID-
LIQUID INTERFACE



Tools to analyse solid-state rheology of
hemicellulose layer adsorbed on cellulose

» Hemicelluloses isolated from unbleached thermomechanical spruce pulp
* O-acetyl-galactoglucomannans, arabinogalactans, arabino-4-O-
methylglucuronoxylans
* Anionic polyelectrolytes

* Adsorbed on weakly negative cellulose surface
* The effect of ionic strength on the adsorption behaviour

* Qtools modelling of the formed hemicellulose layer structures
 Viscoelastic properties and film thickness

Tammelin, T., Paananen A. and Osterberg, M. Hemicelluloses at interfaces: Some aspects on the interactions In: The Nanoscience and Technology of
Renewable Biomaterials Lucia, A. L. and Rojas, O.J. (Eds), Wiley- Blackwell Publishing Ltd, West Sussex, UK, 2009, p. 149-172.



Adsorption of Dissolved Hemicelluloses on Cellulose

lonic strength=10 mM

—F3i3 (Hz)
— F5i5 {Hz)
— F717 (Hz)

D3 (1E-6)
— D5 (1E-6)
— D7 (1E-6)

—x

Change in Frequency (Hz)
—
(9-31) uonedissig ul sbBueyd

T I"L'l T

T T T T T T T T T T T T T T T T T T T T T 1
t0 100 150 200 250 200
Time {min)
4005 5.5 284 2005 15:30:57

= Af and 4D measured using three frequencies (15, 25ja 35
MH2z)

= Af decreases ja 4D increases — viscoelastic hemicellulose
layer is formed



QTools modelling

= The layer density is assumed to be 1200 kg/m3

= Viscosity and density of the water as well as Af ja AD are known and
measured

= Voigt based model for viscoelastic solid

— F313 (Hz)
— F5/5 (Hz)
— F717 (Hz)
= 3 fit
= 5 fit
= 7 fit
D3 (1E-6)
D5 (1E-8)
— D7 (1E6)
a D3 fit
a D5 fit
a D7 fit

-14
_15_
_16_
_1?_
_18_

Change in Frequency (Hz)

(g-31) uoped;ssiq uy aBueyn

40 &0 80 100 120 140 160 180 200 220 240 260 280 300

Time (min) 1=10 mM



Viscoelastic properties of the hemicellulose layer

1.7EES
0.00175 (1. 7ES —— Shear viscosity
|} F1.65ES Shear elastic modulus
0.0017 ' L [L6ES
F1.55ES g
% 0.00165 | l. H.5es 8
=} II||, 3 . . . . . .
8 o] § % » High viscosity and increasing elastic
g 3 modulus indicate that strongly bound
ﬁ 0.00155 o . .
£ hemicellulose layer is formed
0.00154 “ . . . -
» Decreasing viscosity and elasticity as the
0.00145) adsorption proceeds indicates more mobile

and loose layer

Time {min)
TI05 5.3 26.4.2005 1545114



Hydrodynamic thickness of the hemicellulose layer

Thickhess

300

40 &0 =N 100 120 140 160 180 200 220 240 260 280
Time {min)
14005 8.3 26 4 2005 15:28:52
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Adsorption of dissolved hemicelluloses on cellulose

High ionic strength, 1=110 mM

-15 — F3i3 (H2)
® — F515 (Hz)

-201 ! — F717 (Hz)
! D3 (1E-6)

oc] B — D5 (1E-8)
— D7 (1E6)

1
L
aq

Change in Frequency (Hz)
5 4

~
(9-31) uopedissiq u) sbueyn

|
B
n
1
ra

20 40 60 8O0 100 120 140 160 180 200 220 240 260
Time {min)
1802050 26 4 2005 43:58:29



2.3.2022

QTools Modelling

» The layer density is assumed to be 1200 kg/m3

= Viscosity and density of the water as well as Af ja AD are
known and measured

= \Voigt based model for viscoelastic solid

— F313 (Hz)
— F545 (Hz)
— F717 (Hz)
- £3 fit
= f5 fit
= 7 fit
D3 (1E-6)
D5 (1E-6)
— D7 (1E6)
a D3 fit
a D5 fit
= D7 fit

Change in Frequency (Hz)
(9-31) uonediss|q ul sbueyn

20 40 60 B0 100 120 140 160 180 200 220 240 260
Time {min)
1802050 26.4.2005 13:58:29
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Viscoelastic properties of the hemicellulose layer

High ionic strength, 1=110 mM

0.003 230000
0.0023 225000 —— Shear viscosity
0.0028] 220000 Shear elastic modulus
0.0027] (215000 ¢
20,0026 10000 8 @ Viscosity and elasticity
g 0.0025) 2os000 2 @almost remain constant
2 0.0024 F200000 & )
= 0.0023 Lasoon 3 © Higher values when
£ 0 on2z] 100000 & COMpared to low ionic
0.0021 esoon £ Strength
0.oo2 20000
0. Uﬂlgimn 1175000
0.0018 l | Lmuuu
100 150
Time {min)

1802050 26 4. 2005 14:49:40
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Thickness of the hemicellulose layer

High ionic strength, 1I=110 mM

9,5E-0
OE-o
8,5E-9]
o d=9.5nm
7 5E-9
7E-0-
&, GE-O]
6E-9]
5.5E-0
5E-9]
4,5E-9
4E-9
3,5E-9]
3E-9

Thickhess

0 40 A0 80 100 120 140 160 180 200 220 240 260
Time (mir
JAQ2055H 26,4 2005 1553425
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Viscosity and elastic modulus of the
hemicellulose layer

The effect of ionic strength

Viscosity (-10'3)/Nsm'2 Elastic modulus (-104)/Nm'2
4 24
[ ]
3 18
2 [ 12
| :- )
0 - -0
Unbleached Unbleached in 100 mM NacCl
B Viscosity B Elasticity

Voigt model, pH 5.6, t=300 min



2.3.2022

Thickness and conformation of the hemicellulose
layer on cellulose

The effect of ionic strength

lonic strength

e

Voigt model, pH 5.6, t=300 min



Tools to investigate immobilisation
mechanisms of living cells

» Photosynthetic microalgae cells immobilised in nanocellulose matrix
» Construction of cell factories to produce e.g biofuels and other chemicals
* Anionic cyanobacterial filaments

« Passive entrapment inside the nanocellulose network or strong attachment on the

surface of nanofibrils?
* Anionic TEMPO CNF network
« TEMPO CNF cationised with polyethylene imine (PEI)

Jamséa, M. et al. J. Mater.Chem.A., 2018, 6, 5825-5835.



Cell iImmobilization via direct

attachment

QCM-D Open Module:
Real-time detection of
surface interactions

between TEMPO CNF CRRGRAReAs _
films and cyanobacteria & NLLE  Microalgae
U _’ surfaces are
Pl SR e e S PR e e R ] anionic:
TEMPO CNF thin film CyanoBacter{é attachment Electrostatic
on solid support attraction/

repulsion

PEI for TEMPO CNF
surface cationization Cyanobacteria

A 4

/

TEMPS CNFThin film Cationi;ed TETMPO CNF CyanoBacterEl attachment
on solid support

39



Cell iImmobilization via direct

attachment

Solid-liquid interface

/—J

4 Frequency 8
Anionic TEMPO ,
N g L _2
Weak surface
1 Dlssnpatlon k

attachment Buffer Cyanobacteria ke
stablllzatlonl attachlment 5

0 1 2 4

Time (h)

Cationized
TEMPO CNF:
Strong surface
attachment

. Solid-liqqid interface

{Dissipation

Buffer Cyanobacteria
stabilization attachment
0 1 2 3

Time (h)

Frequency (Hz)

-500 4

-1000 -

-1500 -

Solid-air interface B —— .i%
0' B In----—-—n—-—- R -~ < 9 X '- - . ’ (:':‘ ";.-:::_;
= 5] Frequency | Areal 500 E T B -
t ; " ” o
< 10 ; Mass 400 @ -\.&_/ :
> ( £ - : |
2 -15; 300 8, S |
g % :
& 201 . 200 E ol
& 251 J S o
! 100 & |§ L
-30+ ' < T ‘ : g
35 l—l—l—l—l—-—‘ —e—a—a Lo = } ; 4.. E 50”m
0 20 40 60 80 100 120 140 s - ; ﬁ

Time (sec)

Solid-air interface

Am = 560+5ngcm2

Frequency| ,
}
I
t
i
!
J
I

P |

—— -

Areal
Mass

—a—a——a—1—a |

0 20 40 60 80 100 120 140

Time (sec)

- —
Am = 34000 £ 6600 ng cm 40



WATER VAPOUR SORPTION
AT SOLID-GAS INTERFACE



= Ultrathin film with well-defined composition and morphology (TEMPO-CNF, CNC)

Surface analytical approach

Measurements as a function of RH%:
@pectroscopic Ellipsometry (SE) \ @artz Crystal Microbalance (QCMm

= Optical method = Acoustic method
= Changes in thickness and refractive »= Changes in areal mass and dissipation
index of energy

= Supported ultrathin film
- Athickness = Avolume

K‘ Thickness and volume isothew \‘ Mass isotherm /




Water vapour uptake with QCM-D humidity
module

= Change in frequency, 4f — change in mass
on the crystal
* Due to the film swelling and water vapour
penetration the mass detected by the
crystal increases — the frequency
response decreases
e Am =C Af n't

= Change in dissipation 4D — The damping
of the oscillation depends on the
viscoelastic properties of the model film
* solvent bound in the film structure
generates softer and more mobile layer

Salt solution
Salt solution Relative Humidity (%0)
LiCl 11 Membrane
MgCl, 33
Mg(NOS)2 53 Humid air
NaCl 75
K,SO, 97 Film

pure milliQ H,0O 100 Sensor crystal



Ultrathin films of cellulose nanofibrils with
well-known chemical composition and
morphology

» TEMPO oxidized cellulose nanofibrils
from bleached softwood pulp (charge
0.9 mmol/qg)

= Fibrillation with high pressure fluidizer
= Chemical composition by acid
hydrolysis and HPLC

= Hemicellulose content ~ 10 wt.-%

= Ultrathin films by spincoating

= Au substrate
= Fibrillar network, uniform fibril distribution
random orientation

Saito, T., Nishiyama, Y., Putaux, J., Vignon, M., & Isogai, A.
(2006). Biomacromolecules, 7, 1687-1691.

Eronen, P., Laine, J., Ruokolainen, J., Osterberg, M. (2011)
J. Colloid Interface Sci, 373, 84-93.

02/03/2022 44



Initial Thickness of the Cellulose Film

Thickness determination by

QCM-D
N T T T !!_”_”1_.—‘_1 [ 35 CAf
' 30 Am =
0 255 N
N 100 205
T 10- | [ 8 h= AmSauerbrey
—=—F1:3 | (102 —
-200 - ——thickness | |5
: 10 Assumed
5

» Frequency change measured in air before and after cellulose layer
deposition

= Sauerbrey equation is valid to estimate the mass change

= Assuming the density values of the film, the thickness can be calculated

Peresin, S., Kammiovirta, K., Setéla, H. and Tammelin, T.*, Structural features and water
interactions of etherified xylan thin films. J Polym Environ., 2012, 20, 895-904.



Mass uptake by QCM-D I{M

2ME

storage

»  Quartz crystal .J,. Pulse relay
sandwiched between @

two electrodes

= Measures the
frequency and
energy dissipation of

Pulsed electric field
(AC voltage) makes
the quartz crystal

oscillate at acoustic

Power supply

the resonating resonance
crystal frequency
P Am = C Afnt : _
H E i Quartz/Au sensor spincoated
) D= —dstadon with TEMPO CNF and
Time storage mounted to a QCM-D

In-situ data on humidity chamber

» thechanges in areal mass due to binding of water molecules over a wide RH% range (RH 6-97%)
Mass isotherm
» viscoelastic properties of the CNF layer interacting with water vapor (amplitude of the oscillation
decays due to frictional losses in the crystal — dissipation of energy)

02/03/2022 46



How to interpret QCM-D data during water vapour

sorption and desorption

= The quartz crystal oscillate at specific frequencies when a current is applied across it.

= Change in frequency, Af — change in
mass on the crystal

=  When vapour adsorbs on the crystal
surface the frequency decreases

= Desorption is seen as frequency increase
= Am=C Afn?

= Change in dissipation 4D — The damping
of the oscillation depends on the
viscoelastic properties of the model film
= soft - rigid
= thick — thin layer
= solvent bound in the layer structure

Example of QCM-D humidity
module measurement

[+ - D_1:1
v -@ D_1:3
W —&— D_1:5
v - D_1:7
W —%- D_1:9
A - F_11
<p—"—F'IZS
v —d— F_1:5
[v = F_1.7
v —- F_1:9

Af

Time

Steps indicate the gradually increasing and
decreasing relative humidity (RH%) inside the
measurement chamber




Mass isotherm by QCM-D

. . 6% 8% 11% 0
= Negative change in 0+ SR 5% —f1
frequency due to %H —3
water vapor uptake 50 — 5
= Minor dissipation e ;jg
response can be . £11
detected at __-loo4 | 97% '
N
RH > 75% sy 6 —u
* TEMPO CNF layer < 504 2 e —
shows viscoelastic < 4 —
behaviour at high 2 —D:il1
relatlve humldlty (75_ -200 - . 6% 8% 11% 33% 53% 75% 97%
97 RH%) 3
0 2'0 4'0 6'0 8'0 160 150 1:10 16'30 150 2(')0 250 2:10 26'30
-250 - Time (min)
Af | | | | | | | | | | | | | |
Am = —-C=< 0 20 40 60 80 100 120 140 160 180 200 220 240 260
n

Time (min)
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Spectroscopic Ellipsometry (SE)

Complementary technique to estimate thin film thickness

» Optical technique for determining film
thickness and optical constants

» Measures the change in the state of
polarization of light upon reflection

= Changes in thickness and refractive

index as a function of RH% (RH 0-90%) lnearly
olarize
= Supported ultrathin film P light

- Athickness = Avolume

. . VAPOR
Thickness and volume isotherms |, 1

02/03/2022

Arbitrary
amplitude
& phase

,  ELLIPTICALLY
POLARIZED
LIGHT

elliptically
polarized
light

HUMIDITY
CHAMBER
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Thickness Isotherm by Spectroscopic Ellipsometry

60 - - RIcrystalline
(ﬁ”;lose
50 Refractive index 1150

=
(@)
(700 nm)

'g40—
£ .
2 o Capllla_ry 1 3
= condensation or 40 e
= clustering of water g
N - [ &)
— 20 molecules? 2 B
(O]

10 -

o
o
A

Optical thickness
= thickness, x RI,

X

water

-t
N
()]

0 I 1 I ! ! ! I I |

0O 10 20 30 40 50 60 70 80 90 100
RH%
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Thickness Isotherm by Spectroscopic Ellipsometry
Langmuir - Flory-Huggins — Clustering model

02/03/2022

Fraction of

water

0.9 4
0.8 -
0.7 -
0.6 -

0.4 1
0.3 9
0.2 1
0.1 -

Flory-
Langmuir Huggins clustering
A A |

+ f(a, x) + Ca™

V=VL+VF+VC=

1+ Ba

from optical thickness (SE)

Clustering (RH >75 %)
Ve =Ca™

Flory-Huggins (RH 10-75 %)

Ina, =InVp + (1= V) + x (1 — Vp)?
x=0.67

Langmuir (RH <10 %)
Ka
/VL =
1+Ba

Hernandez, R., Giacin, J., Grulke, E. The, Journal
of Membrane Science, 1992, 65, 187-199.

RH%
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Water Vapor Sorption described by a simple additive
Langmuir/Flory-Huggins/Clustering model

a) Clustering S _
- |
"7 e Optical thickness (from SE)} Volume fraction Fibrillar F;]reCIEe |_n3||ght (')Q the cr;arr:ges in
e Thickness (from SE) network the physical attributes of the
084 e Mass (from QCM-D) } Mass fraction loosening moisture-sensitive nanocellulose
. ‘ films due to water vapor sorption
0w = . .
é $ o06- Flory-Huggins g = Enables further evaluation of the
50 . population of water - sorption kinetics of water
5 2 Langmur i ' o ! molecules
5§ 047 adsorption Multilayer formation ::"
he . . %
Monolayer Strong interfibrillar ”::..:,. l
027 formation bO’;d:“,,s:.. .
| $ e - -
eseg® FETTLT LA = Diffusion and permeability
¥ O'O-OF_' 10 20 30 40 50 60 coefficients of water vapor in

CNF film can be determined

= Important parameters when
considering the utilization of
complex biobased materials in
water sensitive applications

Hakalahti, M.; Faustini, M.; Boissiere, C.; Kontturi, E.; Tammelin, T.
Biomacromolecules, 2017, 18, 2951-2958.



Nanofibre network swelling
Three specific regimes of water sorption with cellulose nanofibres

1 -~ ¥y

The data enables

e understanding on the
) mechanism of water vapour
g sorption at different conditions

Fraction of
water v v

v |° -

v e evaluating sorption kinetics

Flory-Huggins ,

mixing « determination of relevant
L § materials parameters such as

Specific|sorption. -~ diffusion and permeability

coefficients

% RH 100

Hakalahti, M.; Faustini, M.; Boissiére, C.; Kontturi, E.; Tammelin, T. . .
Biomacromolecules, 2017, 18, 2951-2958. Hakalahti et al. Biomacromolecules 2017, 18, 2951.



Nanocrystal network swells

s s b Three molecular layers of

CNC fil .
" |water envelope each CNC in

the network.

Front view

-y Thickness of
| CNC film and
adsorbed water

Water vapor
adsorption

Front view

—— 2 e
140 ﬂl’]"l-___ e, ,1\'59' Tam+ (3 +3)
a monolayers of water,
Snm

_

Niinivaara et al. Langmuir 2015, 31, 12170.



Conclusions

By combining practical problems and macroscale phenomena with (@)
fundamental surface chemistry studies, the behaviour of the materials can
be further clarified and understood

The ultrathin model film approach and surface sensitive methods can
effectively link the material behaviour at interfaces to the macroscale
physical properties

QCM-D method enables the usage of approach which link the material eaay o ELEG
behaviour at interfaces to the macroscale physical properties ' ;

» Affinity and interaction studies — controlled compatibility and film
formation, essential parameters when considering e.g. strength
enhancement of bioinspired (hano)composites or various
immobilization strategies

» Degradation and dissolution studies — enables e.g. the determination of
the optimal usability of (modified) biopolymers (e.g. choice of solvents
and other solvent parameters for example pH and ionic strength,
hydrolysis)

* Changes in material properties — Physical changes of biomaterial
based films and coatings due to heat, UV or enzymatic treatments can
be systematically studied.

» Swelling and water vapour uptake studies — enables the investigations
related to the barrier and membrane films and water interactions using
the specific QCM-D humidity module

(b)

.

Z-scale:5.nm




