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What are liquid crystals?
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liquid
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Material

a8 A & ]

3F7HPhH?7

(S)- 4’-(1-methyloctyloxycarbonyl)biphenyl-4-yl
4-[7-(2,2,3,3,4,4,4-heptafluorobutoxy)- 3,
heptyll-oxy]-benzoate

perfluorinated chain

chiral centre

Molecule optimized by DFT method (def2-TZVPPD basis and B3—LYP).
Dipole moment components, determined by AIM method, are: u,, = 0.073, ), = 0.43, u, = —2.30.
Dipole moment u equals 5.9 D (OZ axis is perpendicular to the long molecular axis).

M. Zurowska, R. Dgbrowski, J. Dziaduszek, K. Garbat, M. Filipowicz, M. Tykarska, W. Rejmer, K. Czupryriski, A. Spadto, N. Bennis, JM. Otén, J. Mater. Chem., 2011, 21, 2144
K. Milewska, W. Drzewinski, M. Czerwinski, R. Dgbrowski, Lig. Cryst., 2015, 42(11), 1601



Why this compound?

Fluorinated compounds are very
8 good stabilizers for liquid crystal
mixtures for applications.
The presence of carbonyl groups
has an influence on the dielectric
anisotropy, a key feature making
a particular liquid crystal material
suitable for use in display devices.
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The long conjugated electronic

system of m—bonds causes a high
s/

. value of birefringence of molecules.

The presence of chiral centre
/7 6 favours the formation of a helical
\ Z/ structure in some liquid crystal
B phases and such substances can
be used e.g. in human body
temperature sensors.

It undergoes vitrification and

cold crystallization processes.
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Differential Scanning
Calorimetry (DSC)

reference sample
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Methods

Polarized Optical
Microsopy (POM)

(TOA)

test sample
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Methods

Polarized Optical

_ _ , Microsopy (POM)
Differential Scanning

Calorimetry (DSC) Thermooptic Analysis

(TOA)

Fourier Transform
Infrared Spectroscopy
(FTIR)

Broadband Dielectric
Spectroscopy (BDS)

https://www.ifj.edu.pl/oddzialy/no3/nz35/
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WHAT IS THE PHASE BEHAVIOUR? -




DSC recorded for a cooling/heating rate of 8 K/min

cooling

heating

Phase behaviour of 3F7HPhH7
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A. Drzewicz, E. Juszynska-Gatazka, W. Zajac, M. Piwowarczyk, W. Drzewinski, J. Mol. Lig., 2020, 319, 114153
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POM textures observed during
cooling heating

2SmC,° (173K)

SmC, (370K)

oSmC," (250K) Cr (330K)

A. Drzewicz, E. Juszyriska-Gatazka, W. Zajac, M. Piwowarczyk, W. Drzewinski, J. Mol. Lig., 2020, 319, 114153
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WHAT HAPPENS DURING SLOW
COOLING AND NEXT HEATING?




Slow cooling and next heating of 3F7HPhH7

DSC and BDS (cooling)
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A. Drzewicz, M. Jasiurkowska-Delaporte, E. Juszyrska-Gatazka, M. Piwowarczyk, W. Zajac, P. Kula, On relaxation dynamics of double glass-forming antiferroelectric liquid crystal, prepared



Idea of BDS

The scheme of parallel-plate
capacitor with a dielectric material




Relaxation dynamics of 3F7HPhH7 during slow cooling

Dielectric loss €" vs. frequency v observed during slow cooling (BDS)

10*
10* 4 8 1% RS ., 0.006 en Cr, 253K
§§§ 80 . CGM ‘. %9% 04 % 0004 !
§§ 5, 60 . . 3 *'0099 o0l .- DI
103 i §§§ wf "k 10° 3 GQZQ:QQ 02l Py - P ) 0.002
20 H £ ’ po® P00 "< - 17 172 173 174
§§§ o | smC", 383 K| XN 0lisme;, 343KV 10 o
%?g 6 s 160 150 260 250 1024 « 9505, 32 34 36 38 4
ERRES Co%® '
102 3 g% §§§%9999 00%‘ Qit::% ’ Cr wwosééé%‘ S e”e
< v < &
- %3"“1‘§§§ SmC %9 - 1] ¢ :‘6 Q':::e e’e”%@o ?G %v 6% ¢ o
N o 4 S 109 Tes %, e +%0% * = o° PSAERECIRS he S \ed
w 10! 5 o% I3 *, o, o, 'e%f% SmC, . 9999 o j% ‘e % 2Tt
© S & @
06 %% %9 %% %:é‘ xt}e‘:e a2® : o o 99% ‘o o :e:é 0006
RPN s S 10° 4 o, % %6 20% o0 R s 00, 0% . 8800
0 s 04 ° SM ., %o 9, s o 7 “e‘ S oo? B $85000®
10" 5 W4 °~ . S i) oy ‘e, % 9293 +o058888 00 < *o0nsnnes®
02] ¢ SmA, 389 K| Soq JUE “% s, Co, o £2 3§§ % RS20 35 egeg Rl R
283 32343638 4 42 Sos00” oY 10 ©oa, 0, oy % 4" v?%@ge ’3@3%@& oot 582
' C Rl R o, 3 4
-1 £ ®s, T0p T94® <>
10 99999393080 “éé ¢ N 3¢
v
s 373K o 363K < 353K 343K 333K <%e°
. 389K o 387K ¢ 383K © 379K -2 -2 B 273K 263 K 253 K 243K
1072 -+ 10 323K ¢ 313K ¢ 808K o 293K . . 1077« ¢ 223K ¢ 203K s 183K
10t 10 10 10° 10® 10* 10°  10° 1 0 1 2 3 4 5 6 ] ' ' ' ' ' ' '
v [Hz v [Hz]
v [HZ]
. . n . . . .
Dielectric loss €" vs. frequency v observed with the bias field applied (BDS)
amplitudon phasons
SmA, 389 K .1 SmC*, 383 K °, SmCj, 343K 0,007 Cr, 253K crl
10%4 0°4, 923“3%3
° i 0.006 4 s,
. o, oM . 105, .30 :
2 1 \ b *
1024 10+, :é% e% - ee””e%e \\ @Q:z e: 0.005 ] . : s .
_ R *32:% Sousss? waoo@: . - ee:’o % - K ; : K
"6 qotd T 104 % o? % w14 o % W E H
10 20 R 33 1 g0, 00041 .3 s
%ZZQMNQW 0333 eg o, ® e S
é%‘ o es® T e 8333 333 zo s” .
0 94499 3o
1004 10 . ov £33 ee%% 3% . ov A o, 333 0.003 ] . oV N g0
s 10V ‘e Mo > 10V e, 0880 839 ° 10V M
3 P00s g% %
y”% Y, 2 014 = v 20V
1 -1 30V ° © 30V 3oV
10 & 10 Qv SM 1 s 40V Qv
T T T T T T T T T T T T T T T T T T T T T T T T T
10° 100 102 108 10* 10°  10° 10° 100 102 10° 100 10°  10° 10° 100 102 108 10* 105  10° 10* 102 10% 10* 10°
v [Hz] v [Hz] v [Hz] v[Hz]

A. Drzewicz, M. Jasiurkowska-Delaporte, E. Juszyriska-Gatazka, M.

Piwowarczyk, W. Zajac, P. Kula, On relaxation dynamics of double glass-forming antiferroelectric liquid crystal, prepared




Relaxation dynamics of 3F7HPhH7 during slow cooling and heating

Activation plots during slow cooling
(full points) and heating (open points)
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and asymmetric broadening of loss spectra.

A. Drzewicz, M. Jasiurkowska-Delaporte, E. Juszyriska-Gatgzka, M. Piwowarczyk, W. Zajgc, P. Kula, On relaxation dynamics of double glass-forming antiferroelectric liquid crystal, prepared
S. Havriliak, S. Negami, Polymer (Guildf), 1967, 8, 161; F. Alvarez, A. Alegria, J. Colmenero, Phys. Rev. B., 1993, 47, 125



Relaxation dynamics of 3F7HPhH7 during slow cooling and heating

Activation plots during slow cooling

(full points) and heating (open points)
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A. Drzewicz, M. Jasiurkowska-Delaporte, E. Juszyriska-Gatgzka, M. Piwowarczyk, W. Zajgc, P. Kula, On relaxation dynamics of double glass-forming antiferroelectric liquid crystal, prepared

S. Havriliak, S. Negami, Polymer (Guildf), 1967, 8, 161; F. Alvarez, A. Alegria, J. Colmenero, Phys. Rev. B., 1993, 47, 125

Havriliak-Negami equation (HN):

e'(w) = € + B,
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\WHAT HAPPENS UPON PRESSURE?




BDS measurements upon pressure

Range of pressure: up to 600 Mpa

Range of temperature: 253 K—-393 K

Average temperature increment upon heating and cooling: 2 K/min
Pressure medium: nonpolar silicon oil

p is approx. 6 times
greater than p in
the deepest point of
the Marian Trench
(110 MPa there)!!!

https://www.scientificamerican.com/article/the-mariana-trench-is-7-miles-deep-whats-down-there/



Relaxation dynamics in SmC," phase at ambient and elevated pressure

Dielectric loss €" vs. frequency v measured at one isotherm at 333 K (BDS)
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A. Drzewicz, M. Jasiurkowska-Delaporte, E. Juszyrnska-Gatazka, W. Zajac, P. Kula, Effect of high pressure on relaxation dynamics and crystallization kinetics of liquid crystal, prepared



Pressure-induced melt crystallization (mc) kinetics of 3F7ZHPhH7

Avrami plots under various (T, p)

conditions for pressure-induced mc (BDS).
Inset presents temperature dependence -51 T=308K T=318K
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of the characteristic time of mc.
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Avrami model: kinetics of pressure-induced

Aey(t) =1 —exp(—K(t —t,)™4) mc of 3F7HPhH7 depends
primarily on nucleation
Logarithmic form:
log(—In(1 — Aey(t))) = logK + nylog(t —t,)

A. Drzewicz, M. Jasiurkowska-Delaporte, E. Juszyriska-Gatgzka, W. Zajac, P. Kula, Effect of high pressure on relaxation dynamics and crystallization kinetics of liquid crystal, prepared
M. Avrami, J. Chem. Phys., 1939, 7, 1103; M. Avrami, J. Chem. Phys., 1940, 8, 212



WHAT HAPPENS DURING FAST
COOLING AND NEXT HEATING?




DSC thermograms

Fast cooling and next heating of 3F7HPhH?7
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A. Drzewicz, M. Jasiurkowska-Delaporte, E. Juszyriska-Gatazka, M. Piwowarczyk, W. Zajac, P.

Kula, On relaxation dynamics of double glass-forming antiferroelectric liquid crystal, prepared



Relaxation dynamics of 3F7HPhH7 during heating after fast cooling

Activation plots during heating after fast cooling

SmA SmC”
S Cr gSmC, 7, Ea =221 ki/mol
4 . Soo0sse
= 6 » - Crl = %ﬁ-\EA = 504 kJ/mol
® j | ®

) % ‘% B

= 4- % X

el i(xz OQ ‘/EA = 44+2 kJ/mol
Q N 0%

= N s,

= 21 & s

= T oA 3 .

o 1 Q 1 202

— ale S, .

\\\ i -1 QQ{TQ‘Z
TSP R B e —
oo 1 9,1+ ¢ 9,2 4 45 5
-2 I \ ”””” / ”””” 1000/T [1/K]
I ! I ! I I ! I ! I ! I
2.5 3 3.5 4 4.5 5 5.5
Vogel-Fulcher-Tammann equation (VFT): 1000/T [1/K]
D¢ T where:
Ty = TeolXp| =—
a = TSP\ T

T, - structural a-relaxation time, 7, - pre-exponential factor,
Dy - constant parameter, T, - Vogel temperature.

A. Drzewicz, M. Jasiurkowska-Delaporte, E. Juszynska-Gatazka, M. Piwowarczyk, W. Zajac, P. Kula, On relaxation dynamics of double glass-forming antiferroelectric liquid crystal, prepared
M.D. Ediger, C.A. Angell, S.R. Nagel, J. Phys. Chem., 1996, 100, 13200



Relaxation dynamics of 3F7HPhH7 during heating after fast cooling

Activation plots during heating after fast cooling
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A. Drzewicz, M. Jasiurkowska-Delaporte, E. Juszynska-Gatazka, M. Piwowarczyk, W. Zajac, P. Kula, On relaxation dynamics of double glass-forming antiferroelectric liquid crystal, prepared

C.A. Angell, Science, 1995, 267, 1924




Vibrational dynamics of 3F7HPhH7 during heating after fast cooling
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ISOTHERMAL AND NON-ISOTHERMAL |

CoLD CRYSTALLIZATION




Two steps of crystallization:

‘ion
Crystallization during cooling:
n
) ‘

4
temperature

Cold crystallization during heating:

>
temperature

or cooling fast enough to avoid crystallization



Isothermal cold crystallization (cc) of 3F7ZHPhH7

_ 6.61R? = 0.993 264 K
Avrami plots at T, for
. Y 6.4 & 263 K
isothermal cc (DSC). =
& 62 262 K

Py

The inset presents temperature
dependence of the
characteristic time of cc.

261 K

61, E=1336 ki/mol
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N Toand 72 Ink with 2 T

 log(-In(1-D(1))

kinetics of isothermal cc
of 3F7HPhH7 depends

1
N
| 1
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primarily on diffusion rates 18 2 22 24 26 28 3
Avrami model: log(t-t,) [S]
D(t) =1 — exp(—k(t —t,)"4)

L ithmic f . where:
ogaritnmic torm: k — depends on nucleation and crystal growth,
to -thei ion time of llizati
]og(— ]n(l — D(t))) — logk + ny log(t _ to) o - the induction time of crystallization,

Ny - Avrami exponent.

A. Drzewicz, E. Juszynska-Gatazka, W. Zajac, M. Piwowarczyk, W. Drzewinski, J. Mol. Lig., 2020, 319, 114153
M. Avrami, J. Chem. Phys., 1939, 7, 1103; M. Avrami, J. Chem. Phys., 1940, 8, 212



Isothermal cold crystallization (cc) of 3F7ZHPhH7

Avrami plots for isothermal cc at 261 K (FTIR).
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Isothermal cold crystallization (cc) of 3F7ZHPhH7

Time evolution of BDS parameters during isothermal cc at 261 K:

dielectric permittivity &' dielectric loss €" spectra
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Non-isothermal cold crystallization (cc) of 3F7ZHPhH7

Ozawa plots for 1- s : .
non-isothermal cc (DSC). 05 - e ‘
o~ . . T e
no~3 = R S % e 205
slow heating: 7 logZ with 7T/ 5 07 PR * 44 203
i .
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-1.5 4
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Ozawa model: 0 02 04 O 6 0 8 1 1. 2 1. 4 1.6
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Logarithmic form: ,
where:

log(—ln(l - D(T))) — logZ _ nolog(dT/dt) Z —the Ozawa crystallization rate,

ng - Ozawa exponent.
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T. Ozawa, Polymer, 1971, 12, 150




Non-isothermal cold crystallization (cc) of 3F7ZHPhH7
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T. Liu, Z. Mo, S. Wang, H. Zhang, Polym. Eng. Sci., 1997, 37, 568

to Ozawa n, exponent.




Non-isothermal cold crystallization (cc) of 3F7ZHPhH7

Kissinger method

Kissinger and Augis-Benett plots
for non-isothermal cc (DSC).

Two distinct regions of different
linear dependences,
corresponding to heating rates

Kissinger model:
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Augis-Bennett model:

| <dT/dt> E
N\ )= ———Tcocons
T, — T, RT,

In((dT/dt)/T7) [1/K-min]

Augis-Bennett method

30>dT/dt>5 5>dT/dt>2
-84 ¢ § -1.5
| e * R2=099% =
e ®  E=51+2 kJ/mol =
-8.5 =
e rl 35
94 e |
o R?=0.994 e ., R?=099 L 0.5 =
E=49+2kJ/mol . $ E =130+11 ki/mol e
-9.5 - | “0\ [ =
* e 0 B
* =
107 . =
1 . F-05E
: R -
-10.5 - - R?=0.996 o |
'E =131+12 kJ/mol
3.4 3.45 3.5 3.55 3.6 3.65 3.7
lOOO/TIo [1/K]
where:

T, - the maximum of the crystallization peak,
T, - the initial crystallization temperature,

R —the gas constant,

E — the activation energy.

A. Drzewicz, E. Juszyniska-Gatazka, W. Zajgc, M. Piwowarczyk, W. Drzewinski, J. Mol. Lig., 2020, 319, 114153
H.E. Kissinger, J. Res. Natl. Inst. Stand. Technol., 1956, 57, 217; J.A. Augis, J.E. Bennett, J. Therm. Anal. Calorim., 1978, 13, 283
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Conclusions

Slow cooling of 3F7HPhH7 causes its crystallization, while fast cooling results in its
vitrification.

BDS spectra show the weak Crl mode in the Cr phase of 3F7HPhH7, so it suggests that
the observed Cr phase is conformationally disordered (CONDIS) crystal type.

Pressure-induced melt crystallization of 3F7HPhH7 studied under isochronal
conditions depends primarily on the formation of nuclei.

Two glass transitions of 3F7HPhH7 were found at T;; = 239K and T, = 259K
which are associated with freezing of anti-phase motions and reorientation around
long molecular axis in the SmC," phase, respectively.

Non-isothermal cold crystallization in 3F7HPhH7 occurs via diffusion when the sample
is heated slowly (as under isothermal conditions), while during fast heating, nucleation
phenomena dominate the process.
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