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Chemistry Essentials

Overview of Structures and Fundamental
Properties

— Conductive Polymers

— Charge-Transfer Complexes

— Buckyballs and Nanotubes
Piezoelectricity, Pyroelectricity, and Ferroelectricity
— Basic Principles

— Organic Materials System

Magnetism

— Basic Principles

— Organic Magnets
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One mole refers to the amount of substance
consisting of 6.02 x10%* (N,, Avogadro number)

elementary entities
1 mole of C weighs 12 g

1 mole of gas takes the same volume of 224 L
regardless of their chemical nature.

Number of molecules per unit volume (n) is given as

n:NA/O

,where p 1s density, M 1s molecular weight
Gas const (R) and Boltzmann const
R=k,N,

R=8.314472 JK'M™
ks =1.3806504 x 10 JK™'
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1884 Arrehenius : ions in water

Acid: H* generation when dissolved

in water (HCI etc)

Base: OH" generation when dissolved

in water (NaOH etc)

1923 Lowry & Brdnsted

Acid: H* donor

Base: H* acceptor (NH; etc)
1923 Gilbert Lewis

Acid: electron acceptor

Base: electron donor
pH=-log[H"]

pH=7 for water, [H*] is 1.0 x 107 mol L
Acids: pH <7

Base: pH >7
Doubled [H+] lowers pH by 0.3
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Ionization

NaCl(s) = Na'(aq) + Cl (aq)
Arrhenius Acid

HCl(g) - H" (aq)+ Cl (aq)

Broensted Base but not the Arrhenius Base:

Na,CO, etc
Lewis Acid but not the Broensted Acid:
ZnCl12, AICI3 etc

acid  base

HCl +NH, — NH,"” +CI" (molecule-molecule)
NH,” + OH" — NH, +H,O (ion-ion)

H,PO, + H,0 — HPO,” +H,0" (ion-molecule)
What about the position of equilibrium?
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HA +H,0 Kﬁa A +H,0"
Ka'= [A")[H,0] and [H,0]=55.4 mL'
[HA][H,O]
-AG’ =RT InK

We write the above equation in short for convenience
Ka
HA = A" +H" (NB, H'stands for H,O")

pKa = -log,,Ka

Compound Equilibrium PK, | AH® ikJ mol™ | -TAS? fkJ mol™

HA = Acetic acid HA=H"+ A~ 4.756|-0.41 27 56
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« Water: density ~1.0 gcm=3, [H20]=55.4 molL, self-ionization 1.0 x 107
mol Lt — [H;0*]/[H,O]=2 x 1079

» Proton is several orders of magnitude smaller than the water molecule,

thus attracted immediately to water molecules and surrounded by

them(usu. 4): H(H,O),*

lons dissolved in water forms hydration shell and weaken the structure of

H-bonding of water — lowers the Tm; freezing point depression — Salt
water has a lower freezing point than water

Water is polar (€=78) H-bond forming solvent

Water

A
0.9584 A Hydrog®

- -

\Water is a necessary solvent for all known life, and
an abundant compound on the earth’s surface

W
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Thermodynamics of solution:
‘like dissolves like's AG=AH-
TAS
Why solvents?
Processing to the required
shape

Fascillitate the reaction; more
collision via solvation and
heat dissipation

Polar & Nonpolar Solvents:

Dipole moment, Dielectric
constant, Miscibility with
water

Protic & Aprotic solvents

(Note the smallest size of
proton; stronger Coulomb
Interaction)
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Alcohol(R-OH): polar, protic, solubility in
water (depends on R), forms alkoxide
base RO-M+* with reactive metal or NaH

Aldehyde: polar, E* center (C=0)

Amines: unshared pair of electrons,
organic base, H-bonding, primary to
tertiary amines

Amides: carboxylic acid derivative

Carboxylic acid: acidity, pKa=4.76 for
acetic acid (0.02% ionized in water).

Esters: H-bond acceptor but not donor,
distinctive odors- artificial flavouring and
fragrances

Ethers: H-bond acceptor but weaker, low
boiling point, anesthesia

Ketones: polar, acetone is most common
solvent

Thiols: mercaptan, strong odour, special
binding to Au surface

Nitrile: polar, electron withdrawing
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Benzene & fused benzene rings derivative, Heteroaromatic compounds

Aéc()jma, Aromatic stabilization energy, substitution reaction rather than
addition

Huckel rule: delocalized n-electron system, planar, 4n+2 electrons

Five and six membered heteroaromatic rings: different use of unshared
electrons; basicity and electron density in the ring

Most important molecules for ‘Molecular Electronics’

. . Fable 5.3 Example of aromatic molecules contaimng heleroalonms.
Chemical compound Chemical compound
“ Molecula | Structure | [ Molecule | Structure
Anthracene QGG Benzo[a]pyrene OGG Pyridine [ =, ridole
| |
| | "
‘O M [ I
| )
Chrysene Coronene O‘Q — ! i ! |
OO Pyrazine M Purine -
C M
M
Caorannulene Maphthacens OOGO | _ _ M g
Pyrimidina y Furar O
& > [
Iaphthalene Pentacene C]:fE::C:I::] I
Thiophane g | Oxazole "
O ® | 2
Phenanthrene O O Pyrene OQO :
| Pyrrole H . [ Thiazale .
13 J M o
AN i
00 ~<
Triphenylene -.\_;_}_{_\,_-. Cwalene O“‘
VIR AR X
O S8
=l =
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Polyacetylene (PA)

Poly-p-phenylene (PPP)

Polythiophene (PTh)

Polypyrrole (PPy)



Electronic Parameters (PA,Ppy,PPP*)

| L) | EA) | EeV) | Vo | Ve
PA 4.7 3.2 1.5 0.4

-1.1
PPy 3.8 0.8 3.0 -0.6 -3.6
PPP 5.6 2.3 3.3 1.2 -2.1
PTh 2.2 11
o7 PA PPy PTh PPP

3.0 eV T V.,
A i —T— 32 eV T -

| S— , E=38ev 2.2 eV i l N > SSCE
E,=6.5 eV S V (Standard Sodium
6 E,=3.5 eV ®  Calomel Electrode)

gl X E, :Band Width



HzN@NHZ @ R=(CHy) 1CH;  O(CHy) (CH3  n > 6

" mp=190°C when n =5 (alkyl)
Aqueous solution 150°C when n =7 (alkyl)
(NH,) ,S,04 , HCI

Dl DA

Poly(p-phenylene vinylene
Polyaniline 97% H,SO, y(p-pheny ylene)

Soluble in NMP;
Emeraldine salt form obtained 7\
n

S
O N Polyisothianaphthalene
Poly(1,6- hept|ad|yne eg~1leV (FWudl)

L S
fs-NH- {e=c fe=cy, H O 56 ‘Lcjt L)
" CmHam+1 _ |
H C=N—- < o
g T, G RS L G v ¢
y CmHom+1 @N:Nf CHs




PEDOT:PSS Transparent

Conducting Polymer

 Poly(3,4-ethylenedioxythiophene): insoluble polymer,
transparent and stable in oxidized state

« PEDOT:PSS is water soluble complex

 Potential apc‘allcatlon capacitors, antistatic coatln% printed
circuit board, semi-transparent electrode for OLE

« Shows electrochromic properties (Fig 5.6)
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Donors Acceptors
MG i:: CN
NC CM
TCHQ
Nc>=/ﬁ
== CN
Lo~
— cN
TNAP
: -3
| B 8- B 5 |
=] s~ LN )|
s 5 8 -] ]
FIE. Ni(dmit),
HaC Se Se._-CHs
T =T
HC™ Se  Se” "y, Anions
TMTSF _
PF, Hexaflucrophosphate
8 s e S ClO, Perchlorate
( :E oo X o)
PR i 8 el K Triiodide
BEDT-TTF (ET)

Figure 5.7 Examples of compounds that can form charge-transfer complexes. Electron donors are
shown on the left: peryvlene, tetrathiafulvalene (TTF), tetramethylietraselenafulvalene (TMTSF) and
bis(ethylenedithio)-TTF (BEDT-TTF or ET). Electron acceptors and anions are shown on the right:
tetracyanoquinodimethane (TCNQ), tetracyanonaphthalene (TNAP) and Ni(dmit); (Hadmit = 4,5-
dimercapto-1,3-dithiole-2-thione ).

Conductivity (S cm ™

108

1072

(TMTSF);
clo,
\ perconductivity
kit Td ~ 9K
| cunes), 5
*aa {. i polyacatylere
| Metallic

Behavior
500 S cm!

_ (TMTSF); " PF;

TTF-TGNG K

J | | | | Peierls
: & o 10° distortion

Temperature (K)
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» Becomes electrically conductive on oxidation (I,, Br etc)
Hosts various transition metals (M=Fe, Cu, Co, 1\I|

%\/p HSC@N \p
hSos SRRt TR

——= Phthalocy mm-. - HN;":@
(a) (b) /
Figure 5.9 (a) Metal phthalocyanine; (b) substituted phthalocyanine fompound. @i

CO-NH;

CO-NH;
Methyl substitutions gives ©:¢::|-NH,

SOIUb'I'ty Typical gtarting materialz for the gyntheziz of &
ohthalocvanines

Porphyrin
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« Discovered in 1985 by Kroto, Curl, and Smalley (1996 Nobel prize in chemistry)

« Diameter is about 1 nm. Comprises 20 hexagones and 12 pentagones

« 5-membered conjugated rings are source of electron affinity: to make cyclopentadienyl
anion.

« Good electron acceptor; at least 6 electrons and possibly up to 12 electrons

* Doped C60 with potassium metal: K;Cg, is @ conductor and shows super conductivity at
below 18 K
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Figure 5.1 f represent
Pat (Valis vs Fe'F ctrahidral 1 I
Fipure 211 Reduction of Cyy i CH3CN-toluene solution a L mEimg (a) oy It ety @t
g 1im &' ses nmd (B differential pualse voldiarn ey (S0mY pulse widib, JHIms penos .
W !" |Ir-'-l' SCal :.Il'l.': :I. : |.':|. oL Ill:' :l'llllll: el wiith !'|'I'I|!”1- il !Ill'll J Am I: METRL ok 114, I‘\l ¢ 1) Tetrahedral Slte
Perez-Uonders, BEche@oyen, | Al '|.-.'||' nacnl detection of l._.- and"o': emhanced sanability of OCta hed ral s'te
allerides 1 solution’, pp. 39782980, Copynight {1992) American Chemical Society

A soccer ballis a modelof &
the Buckminsterfullerene C..



deposition

1991 Sumio Iijima at NEC discovered CNT

Synthesized initially by arc discharge but since 1993 by PECVD

Diameter down to 0.7 nm, metallic or semiconducting properties with doping capability
and excellent mechanical properties

Achiral SWNT: armchair (n,n) and zigzag (n,0), Chiral SWNT: others

Metallic when | n-m | = 3I (I is an integer)

Semiconducting with Eg=0.45/R eV (where R is the radius of chiral SWNT)

Multiwall nanotube: structured like Russian doll

Tensile strength 45 x 10° Pa (20 x steel), Young's modulus (1.3- 1.8) x 10° Pa (10x steel)
T

Radius of SWNT

~ Figure 5.14 Three classes of single-wall carbon nanotube (SWNT): (a) (10,10) armchair SWNT; (b)
o (12,7) chiral SWN'F; and (c) (15,0) zigzag SWNT.

(n, n) armchair
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32 Crystallographic symmetry classes

|
| |

Piezoelectric : pressure-induced dipole moment

P=0
() 11 Centrosymmetric 21 Non-centrosymmetric
e @, l
S X Lhp 20 Piezoelectric
() pontaneous polarization L
S ~N
. v
10 Pyroelectric 10 Non-pyroelectric
@ (b) © Polarization reversal
woly
v .
Ferroelectric Non-ferroelectric
Table 5.5 Piezoelectric and pyroelectric properties of common materials [12-14].
Material Tc (°C) & d (pCN™1) p (uCm—2K™1)
BaTiOs3, barium titanate 120 1900 190 200
TGS, triglycine sulfate 49 43-50 25 280-350
PZT, lead zirconate 200400 1000-2000  250-500 60-500
titanate, PbTi;_,Zr,O3
Table 5.6  Piczoclectric and pyroelectric propemies of polymers [12-14].
Proiymer e unit il e s o a B
| (G | oy | {pC N} | [ m= K]
PYC H H |83 F1F] 35 |07 i ;
-+ | |
i H gl [ |
PVDF F H -38 175 12 (28 40 1
_$_+_
|
F H
Myion-11 | N @ 88 195 [37 (03 |6
; _H_BTGH*ku e | J
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PVDF is typically 50-60% crystalline. To give the material its piezoelectric properties, it is mechanically
stretched to orient the molecular chains and then poled under tension. PVDF exists in several forms:
alpha (TGTG'), beta (TTTT), and gamma (TTTGTTTG )[B)hases, depending on the chain conformations
as trans (T) or gauche (G) linkages. When poled, PVDF is a ferroelectric polymer, exhibiting efficient
piezoelectric and pyroelectric properties. These characteristics make it useful in sensor and battery
applications. Thin films of PVDF are used in some newer thermal camera sensors.

Unlike other popular piezoelectric materials, such as PZT, PVDF has a negative ds; value. Physically,
tklﬂs me?cnslcithat PVDF will compress instead of expand or vice versa when exposed to the same
electric field.

Copolymers of PVDF are also used in ;%iezoelectric and electrostrictive applications. One of the most
commonly-used copolymers is P(VDF-TrFE), usually available in ratios of about 50:50 wt% and 65:35
wt% (equivalent to about 56:44 mol% and 70:30 mol%). Another one is P(VDF-TFE). They improve the
piezoelectric response by improving the crystallinity of the material.

While the copolymers' unit structures are less polar than that of pure PVDF, the copolymers tgpically
have a much higher crystallinity. This results in a larger piezoelectric response. d;; values for P(VDF-Tr
FE) have been recorded to be as high as -38 pC/N7 versus -33 pC/N in pure PVDES.

++ HfFE+HFE+H
6 -+ +
! — e el = 2l = = |
fin el v D=g2 P, Ps
T
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Magnetic dipole moment (m_ )
= |Au,
*1) m_, of pairs of electrons in closed subshell cancel each other

thus only unfilled subshells contribute to the m

atom

M (magnetization; Am™ ) = magnetic dipole moment per unit volume

H (magnetizing field; Am™) = total field that would be present if the field were in vacuum

B (magnetic field: T)=total flux magnetic field lines through a unit crosssectional area of material
B=x,(H+M) andalso B =z, z,H

where 1, is the permeability of free space (47x107 Hm™), 4 is relative permeability

M = 7. H where y (= /£ —1) is the magnetic susceptibility

Spin
= DR it
Jp St e PR gt B e b  Ep Electron ]
gl AL EE 1A :
A A \ e ~
- % “——+ B
X / l\ \
I |
3 P =
i P I\ Orbit
Orbi
Figure 5.20 (a) Magnetic dipole - B A
g 2 dghelic dipole moment my,. (b) In a magnetic field. a maenetic dipole e
experiences a torque - s 1 magnetic dipole moment

Figure 5.21 Motion of an electron around the nucleus of an atom.



Antiferromagnatism

Small and
positive

OOOLO®
QOO
OOOO®
@OO®O®

Opposite and
equal magnetic
moments on two
different
sublattices

Salts and
oxides of
transition
metals. e.g.
MnO, MiQ

Type of magnetism |  Susceptibility Atomic Example
arrangement
Diamagnetism Small and Au, Ag, Cu,
negative many polymers,
| O O O O man oy
! O O O O closed shells
| negative y,, O000O
*1) universal prgperty O O O O
*2) y,, = —1 for the
superconductor below Tc :"nt:&i;_‘g"rﬁu':ﬁam
Paramagnetism Small and Gaseous and
positive liquid oxygen.
O @D Q @ |liquid o
@ @ @ @ transition
positive y . metals
Curie law @ ® @ @
L, -C OIOXCIC,
T
. . Atoms have
(C is Curie T randomly oriented
magnetic
moments
Ferromagnetism | Large and Fa, Co, Ni
pste | DODD

OOOO®
GOOO®
0J0J010

Atoms have
parallel aligned
magnetic
moments

Ferrimagnetism

Large and
positive

QODO

OO0
OOV

OO0

Magnetic
moments on
different
sublattices do not
cancel

Ferrites

' e
+ / / Initial
i He L 1

magnetization

Magnetisation, M ——»

| | / -
.Mr

Magnetic field intensity, H ——

Figure 5.25  Typical magnetization versus magnetic field intensity curve for a ferromagnetic material.
H,. = coercive field; M, = remanent magnetization.




Organic Magnets: Molecule-based

Magnets

Molecule based magnets currently remain laboratory curiosities with no
real world applications. As indicated, this is largely due to the very low
critical temperature at which these materials become magnetic.

Specific materials include purely organic magnets made of organic
radicals 12, mixed coordination compounds with bridging organic radicals
BBl Prussian Blue related compounds 4, and charge transfer complexes ..

Molecule based magnets derive their net moment from the cooperative

effect of the spin-bearing molecular entities, and can display bulk
ferromagnetic and ferrimagnetic behavior with a true critical temperature.

CHj
H3C CHg
H5C CH,
Fe
CH,
HEC CH3
HsC CHs

(@)

Figure 5.26 (a) Decamethylferrocene; (b) tetracyanoethylene.

NC CN
jo=C|
NC CN

(b)

CT complex
Radical cation/radical anion
Tc ~4.8 K



