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Lecture Plan - Day 1

Basics of Differential Scanning Calorimetry
(DSC)

Modulated DSC (MDSC)
Examples

Basics of Laser scanning confocal
microscopy

Single Molecule Spectroscopy
Examples

5-dan-10



Differerential Scanning Calorimetry

ICTAC definition: A technique in which the
heat flow rate to the sample is monitored against
time or temperature while the temperature is

programmed. (International Confederation for
Thermal Analysis and Calorimetry)

 Why is it a popular technique to study

* glasses?

« Can measure heat capacity, CP, which can
* be used to estimate the glass transition

« temperature TG.
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Some Basic Thermodynamic Definitions

V )’ﬁf,n H=U+ pV
P H = [C,dT
¢, -39 _ ol
P dT dT 'p.n dQ reversible = ds
T S = f(CPfT)dT

AdH - dT T
ad — (gl
T Pt H=ICPdT+ﬂHf

dU = TdS + dF 0 T

CF‘
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Modes of DSC

Heat Flux Heat Flux Calorimeter
Power Purge-gas outlet
Compensation Oven e /
I - | I | Heating coi
: Sample pan Reference pan : it
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L N \ ®

Circular disc
— h\““x
- /f" '\_\ -

Thermocouples
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Theory of heat flux calorimeter

Biot-Fourier Eqgn. of steady state heat conduction
O

— = —o.VT
A

¢ is heat flow rate; A is area of pans; ois thermal con-
ductivity; T is temperature

oc(Ir=Ts)
Al

T
PFS

A

and

¢rr — 9(Tp—TR)

A Al

5-Jan-10 Al — distance between temp measurement point and furnace



Theory of heat flux calorimeter

TE, Tr, Tgarethe furnace, reference and sam-
ple temperatures, respectively.

If a constant (exothermic) heat flow rate (¢, <
0) is produced in the sample, 1's increases by
A'lg , the temperature difference TgE-Tg and
thus heat flow rate ¢pg decreases. Here, ¢ris
the reaction heat flow rate consumed/produced
by the sample. In the steady state, A¢pg= ¢r

Ao
Adpe == ——ANTec=—-—K.AT
PE'S @r N, S

Newlon's Law
dg/dt = K(T, - T,)
5-Jan-10 dQF/dt = K[fTb - Tr*j



Theory of heat flux calorimeter

Since there is no change on the reference pan,
Affp — &TSR — ’-Tf:' — 'TR and (;i‘h,n — &QTESR —
OFS — PFR

Hence,

Ac
by = ———ATlogp = —K.A'T
Pr N SR
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Theory of heat flux calorimeter

Finally,

Apgp = 3 ((JS — C'g ) = —K.AT

where, = % and Cgand Crare the respective

specific heats. Thus for empty pan reference

Cg=-KAa~L

while for a pan with reference material

N - AT
5-Jan-10 Cg=Cp— K5 10



Power Compensation Calorimeter

Flatinum sensors

Sample heatar Refarencea heatar

1101000 K 0.1-500 Kimin
noise ¥ pW  sample size up fo 75 mm3

DIFFERENTIAL Differential
TEMPERATURE power signal
AMPLIFIER

SAMPLE REFERENCE

. AVERAGE -
TEMPERATURE

AMPLIFIER

Temperature
signal PROGRAMMER

5-dan-10 11



PC Calorimeter — Steps in Measurement

Individual micro-furnaces heated separately

Programmer supplies same power to the sample and
reference micro-furnaces

In case of thermal symmetry same heating power for
sample and reference

For sample thermal transitions involving heat exchange
the sample’s heating power is regulated by a proportional
controller

AP =Kk, * AT and ¢, =k, * AT
Measured AT thus directly gives heat flow rate in sample
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Advantages of PC Calorimeter

» Fast heating/cooling rate

 Differential heating power directly
measures heat flow

5-dan-10
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What can you measure using
DSC?

» Specific Heat (Cp)
* Entropy, S s - fc,/m)at
* Enthalpy, H

H=fCPdT

5-dan-10
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Measurement of Glass Transition by DSC

cooling rate:

Glass

o=

_'_'_'_'___,—u—-

Temperature

Wunderlich, Thermal Analysis of Polymers (Springer)
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Measurement of Glass Transition by DSC
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Fictive Temperature

Structural Relaxation in Liquids

fast slow
. I+,
T
- T2
- T1
H
Ts
- T2

Fig. 1. Schematic plot of enthalpy H and fictive temperature T, versus time during isothermal structural
relaxation following a step change in temperature.
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Fictive Temperature

I(-T " .
Pl1) = - Tz _ Zg;-':xp(w dr’fr;) x (0=sx<1)
Non-linearity parameter
] In +xaH*+{1_x}ﬂH*
nt, = Tip
RT RTy TNM Eqgn
o5t 4=k _ 8204
04
g
=}
U
Q3
400 480 TK) 560 640 720
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Modulated Differential Scanning Calorimetry
(MDSC)

In MDSC, a sinusoidal heating profile is overlaid
on the standard linear ramp

From this experiment, the standard Heat Flow
curve is separated into two components called the
Reversing Heat Flow and the Non-Reversing Heat
Flow

Total Heat Flow is the same as in standard DSC
Reversing Heat Flow is the Cp component

Non-Reversing Heat Flow is the Kinetic
Component

Available frequency range 2-200 mHz
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Principle of MDSC
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Theory of MDSC

e Linear Response theory - FDT
Xfﬂ:uEthrH%f alt — t)F(t") dt’ p y

lim alf) = agy
f—0

alw) = ay + f a(t)e ™ dt

al w) = -‘.'l:'F'-r_I.A.-' ) — i':ft"r'r'-r_l.-'.,:':'

(x?y = i)

iR
1L

) Cst
T LA

“ Caynlt —t") o
AT(t) = F(t) and dS(t) = X(t). —f e —— AT(t")dt

Schawe, J Poly Phys (1998)
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Theory of MDSC ..

Clt)=0C4 + Cyynlt)

Clw)=C4 + f Cagnlt"re™Ydt" = C'(w)

0
— iC"(w) = Cyp + Clin(w) — iC"(w)

Often the measured heat capacities are also interpreted in terms of reversing and
non-reversing heat capacities.
The reversing heat capacity is given by

| C )|
Cpl) =%r A, is the ampl of modulation of the heat flow (response)
A, is the ampl of modulation of the heating rate (Force)
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Typical Parameters for MDSC

 Modulation Periods — 10 — 200 secs
 Amplitude —0.1- 2.0 K

5-dan-10
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MDSC - Examples

Polysty]rene

gotherma '7
MDsc Irm:h:unr:n':nnt: r/‘r.-

at decreasing

temperatures 7 / / p=3Ds

Heat Capacity i !

(arbitrary units) 1
Sl [ T ] [
IOOEEY| 340 350 380 370
RO Heat Capacity Temperature (K)
s JHK g)
reasurament .-'.-;-7"" .-_i_ _ : i
at constant i . .
Al (Max. -* _.D". ETQ: ; 1 0.2|
o5 v L7 | i Temperature (K)
350 360 370 380 390 400 Polystyrene
MDSC
period 80 s Ar = 10K
heating and v
cooling ratas | ]
1 Kimir 3?“ 3?0 380

5-Jan-10 24



5-dan-10

MDSC - Examples

Separation of glass
transition & relaxation
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MDSC - Examples
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Glass Transition of Polymethyl methacrylate

Srivastava and Basu, Phys Rev Lett 98 (2007)
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MDSC —Spectroscopy
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Heat Capacity Spectroscopy
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Dynamic heterogeneity or CRR from DSC

Vo= & = kgT'"A(l/cy)/po T

N, = V,p/M,

temperature / °C

Hempel et al, J Phys Chem B 104, 2460 (2000).
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Assumptions

OT is the temperature fluctuation of one CRR
T fluctuation is obtained from FDT
Central part of imaginary C; is Gaussian

o drdho g constant across the dispersion zone
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TABLE 1: Summary of the Investigated Substances

DsC TMDSC
zukstance, My, Te. T, Acy, EulT. T.(fpfs)l oI Agy &iT.),

no.  abbreviation o'maol fullnzme “C E e K nm o E .T.-'g?( mm rem.

1 PMMA 100 poly{methyl methacrylate) 93 51 0.25 1.3 756 853 033 11 &g

1 FEMA 114 poly(ethyl methacrvlae) i 38 0.26 1.8 735060y 75 022 1.1 f

i IPrMA 128 poly(n-propy] methacrylate) it 48 0.20 14 650600 100 018 09 g

4 I'mDMiA 142 poly(n-butyl methacrylate) 23 54 0.1% 1.2 2560 80 016 0% g

3 PnPenMA 136 poly(n-pentyl mwethacrylate) 7 1.0 029 1.0 50600 113 020 08 ¢

& PnHMA 170 polyin-hexy] methacrvlate) =20 2.8 0.4 1.0 —12(60) 121 033 e g

7 BIBE 268 benzom zobutyl ether —31 ) 0.49 31 —4B5(60y 28 049 17

& AMPEK 196 poly(ether ketone) from ICI 153 20 0.25 31 133e0m 22 024 30 ag

8 Fs 104 poly(styrene) PS168N BASE 100 23 0.28 30 1035¢60p 34 028 153 ag
10 PVAC 26 poly(vinyl acetzte) 40 23 044 3.1 43502y 36 030 13 g
11 CEN 126 40CaMNCz)r G0KNO; 64 24 0.55 3.1 GE5(60) 29 046 16 bhg

2 Hax0-5102 91 natrium disilicate 458 5.0 27 1.3 470750 121 0328 14 bg
13 DG 9 standard zlass 1 from DGGY 238 121 023 14 eIy 140 045 1.3 og
14 35N4 854 ligid sulfur bridged twin erystal®® 72 25 0.45 1.1 e(1omy 27 042 L1 hg
13 EBR1:M) Gl siytens— Duladiene— rubber, =5k 24 046 2.0 =6 {60 32 045 22

23% siyrene
16 PmBMA_=farS) 141 potyin-hntyl methacmylare- i 43 0 1% MA@y T 01 09 afg
%8 stat-styrene) 2% styrene

17 ZrssApsCumrsNip 78 metallic glass 37 6.3 0.24 26 3E980) 134 018 16 dh
12 MAG a5 mized alkali glass 477 10.8 022 13 e
19 glyceral 2 —B84 25 1.02 28 —B0(80y 26 057 246 i
20 =alol 114 phenyl salicylate =34 1.8 0.33 il —=rien 23 0.:2 L
21 OTP 230 o-tzrphenyl —24 23 0468 30 e, i
22 sorbitol 182 (=7 sorbitol -12 2.0 1.04 36 e,
23 BMPC 206 bisimethexy phenylleyclohexane —31 21 041 30 —I6506y 23 036 21 0
24 selenmm 79 37 27 0.38 EX e
25 IWC 2 poly(vinyl chlonde) ] 2.4 031 il e ¥
26 silicate glasses 3058 4T6—545 17633 027 £005 1.2 e
27 cyclohexanol 100 phase I(0ODIC) —124 20 0.2 24 e, 5
28 BxOs 70 bortrioxid 274 81 0.50 13 30500y 123 041 L3
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Examples
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However DSC does not provide the spatio-temporal picture of the glass formation
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Imaging and Particle Tracking in Glasses

rotating
mirrors screen with
\ laser pinhole

detector (PMT)
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: I |

| e
Y y

fluorescent
specimen

Schematic of a Laser Scanning Confocal Microscope (LSCM)

Prasad, Weeks et al J Phys Cond Matt 19, 113102 (2007)
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LSCM - Applications

Advantages over conventional fluorescence
microscope

* Rejection of out-of-focus light — better visibility
 Ability to perform depth resolved measurements
Disadvantages

* Image acquisition rate slower than video rate
Systems which can be studied

« Colloids and nanoparticles
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LSCM - Examples

SN

L G UL
mﬁa.mwh.ﬂmmwmw., 7
LR

—ﬂ-ﬂ.ai dﬂﬂ-ﬂwnm.ﬂu_..ri _.-_‘...._.a

. 3
AT

35

15 20 25 30 35
X

10

0 5

-

L N B R B e R
2 4 & 8 10121415
P I

ady e

“‘

Kegel et al Science 287, 290 (2000)

5-Jan-10



What can you measure?

VVan Hove Correlation function,

R
GJlx,1) = T(S lx + x,(0) —_1',={T}]>
i=1
B N(x.,T)
- —
Non-Gaussian parameter,
Gt
%(7) AT
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1 L .
" &, akbh o
01y Rl La gj-o o’
o . & ﬁ' o o e B _ﬁ_iﬁ__n
vooly ﬁ_dﬂ—_-—-ﬁ-"— R 9
1E-39 . ‘
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What can you measure?
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Big Particles — fast; small particles — slow
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Other applications..

Particle Tracking Micro-rheology (MR)

-
(a) Particle () ©) Tom Waigh (2005)
# trajectory
- trajectory N )
(i ///J.-
Probe G VT -
particle === iy
e
[]
- »
LEx]
Track naticles Find Caleulate linear
using wnege fluctuation viscoelasticity
enalysis - [ SpeCirLm ——- GG aza
sofiware <r*>asa functicn of
function of frecuency (o)
tarme ' .

Generalised Stokes-Einstein relation
Mason & Weitz,

2Kgl PRL (95)

(5] = f gy
T 3rRs (AF2(s))

You can now connect to conventional Rheology discussed by
5-Jan-10 Ranjini — but MR can be done with spatial resolution. 40




<Ax'(t)= (uan’)

MR - Examples

10
]ﬂ-ﬁ
1
10 E o
] E b b4 - § ——8 1t
10 E L - —
1w g ,
E F-lmnima:ﬁ}c-u—o 10 Ta—o
. F
10 ! 1,“"
W l (@) " (b}
I 1.16 1.08
Elﬂ # 1 - 'D 'I ks o [P T |
= L 10 1e w w! i it
ot
a1 o=
= A e
[ - ek x >
E D3] ﬂjﬁo‘ ..I".
o' Wk o
3
' .
(©) i)
' 087 |l 0.70
pavanl Lonyawnal [N A | 1 1
2
10 w! ' w' 1" 0t

5-dan-10

Kandar et al (submitted, 2009)

@ (Hzx)

41



Dynamic Heterogeneity from Spatially resolved single
molecule dynamics (SMD)
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Specifications of SMD

 Fluorescence lifetime fluctuations and their
time autocorrelations

* Fluorescence intensity anisotropy and its
time autocorrelations

 Measurements are usually made with dyes
or quantum dots in glasses within a
temperature range TG = 10-15K.
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SMD - Lifetime Fluctuations

For lifetime fluctuations one can write

(A(t+1)A(1))

Clt) =
(A(r)Alr))

where A(t) is the Fluorescence lifetime at time t.

fluorescenca lifetimea
— — rJ P L)
i) i) [ - L]

-
=
i

-
3]
i

" 20 40 60 80 41X 00 01 02 03
time | s DCCUFTRCE

5-Jan-10 Vallee et al PRL 91, 038301 (2003)
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SMD - Lifetime Fluctuations
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h is the fraction of
holes and
¢ is dielectric constant.
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SMD using Fluorescence Intensity Anisotropy
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