w (r) = -Cm,m,/r"
= force law (Fr)
F (r) = -dw (r) / dr = -Cm,m,/r"*
m,, m, = molecular weight
r = distance
C = constant
n = integer (values about 4 to 5)

¥ If n =1, the interaction due to gravity

- look the process of determining the value, n -

Mostly, the interaction between molecules doesn’t work properly,
son > 3.

The attractive potential between two molecules or atoms is
w = -C/r"




If regard the area of molecule that the density = p (one molecule
takes 1/v)

(the area can be a gas, liquid, solid, and universal space)

Look the process of adding to all of these interactions

e The number of molecules in the area between r and (r + dr) is
pdrridr

It is given in below that the energy due to total interaction,

total energy %l%(r)pwzdr: 471C,0%l% "dr

- 4rCp gn 3
“n o 20 ®>dr

ATCp
(n 3)o" 3

o : diameter of molecular
L : size of system




Mostly, o is very lower than L. (i.e. /L < 1)
So the contribution on long distance is disappeared when n < 3.

If n < 3, it become main factor. In this case, the size of system have
to be considered. If n = 1, interaction with other galaxies can be
influenced by gravitational force.




Problem 1. 2.
If >>R

—4Cp AN
1—(—
(n—3)r"_3[ (R) ]
— _4](?10 n-3
= ]1-
TED L
—-4Cp_ 1
= -1
n—3 [r’H ]
—4Cp 1
n-3 "
—4nCp

n—2
r

energy —

F(r)=

If r<<R
if n >3
~4nCp
(n=3)r""

energy =




Problem 1. 4.

energy = _[:w(r) PL2 17dr

=-27LCp[ '™
= o| r "dr

—21.Cp g,
= | R
(n—2)a”‘2[ (R) ]
21.Cp

(n-2)a"
[ pL27ir = pL27R

OoO<<r

ILW(L)pirzdl
= —7TCR j Rz—dl

1 1
__77. R2
w 2[12

:_ﬂ,aCRz[ _

lo




Cohesive Energy L = Self-energy
cet =X Of A ool AS m FH 2A2e o5 A
energy sum.
k2 A2 W(r)[pair-potential] £ECt p € ZR=E

for r>oc (wheren) 3)
for r<o

. =Xt2| hard sphere diameter

7 _[W(r)p4772dr——4mp/(n 3"

NI




Hole or Cavity formation

1270 2 XH7HX| =20 Of
cavity”/} ‘4 Z|

{\Q;‘;
671 + Of2f, 2 3704
=X17|2| holding 5t11 U= E2)

127 2XE& S = 6702 bond breakingO|
—6W(5) BFH29| energy Z 2
W(o)e T8 2X7t M2 r=60|lM &1 JUS I, pairing
energy &
guest molecule 0] E{ 2™ 12W (o) 2tZ energy 9HH
[t2tA net change= 6W (o)

My, = 6w(0)

12702 X7t H35t2 U= M total energy2| ¥ &




. M2tM = © cohesive energyc=
U == OILIliiq ~ _6NOW(0-)
o Tt MUAHOM ZXS LHE o=

_ l/molecular _ 1
= volume [(47T/3)(U/2)3]

-4 3x8
(n-3)0"” 4nc’

1, :% | “w(r)pAmrdr =
“12¢ 12 van der Waals interaction
= = w(Oo o N N
(n-3)d" n-3 (@) O = chapb &=

n=6 & oj

Hi, =4w(0) E= U=-4Nw(o) &




o | AMEHOI| A 2| cohesive energy= W (o) Z pairing energy2| 4

HH Ol A| 6Hf AIO|Z2 & £ 1 0] Zt2 close—packed systemOil A
= =2 WS Z4A =L

Pair potential W(r) 2 £E W & X9 free energys ™3|

=1

Al Lthe A= < =2SH.
XS SRM EAS £9 HE g
7| M =0|Ct.

4 < 2 £
T At ocx
et o (r)

59 = 912'—}, hErAel aolA Z2380| =E

—

< 12
| eference = Aol A12 AHeE| ]
(o]




O| M| 7} X| = solvent AtA| O] C off A B S X|BF solute 7t solventO|
=0l Y= 40 = 4= {HLCt

1 solute(s) =Xt7t 12 solvent(m) =Xtofl S2{ Mol <
soluteE free space O|A medium2Z O|HA AZI 4%

Hiy = —16w,,, (0)=12w,,(0)]

mIts 7t 22 FL

W (O) =W, (O)
Hig = 6w, (0)

2 ool Ziq} ZtC}




2.2. The Bolzmann Distribution

e dH2 2 LF systemO| Al §F S/ EXH0| CH5IH &
X &= AE energy/t 2420 i, 2t pi, 2 Ol £l 0 HE HEfO A
O SZIt X, X, ef etCtH 0| = AtO[0 = Bolzmann Distribution
£A 7t JUALCE

X, =X, exp[—(14 — 1)/ kT

U +kTlog X, = 1, +kTlog X,

HHO| KO Ul 0| 50| 25 equil SJEHO| RUCtL! S}

i 4 —
M, +kT'log X, = const for all states n=1,2,3,

- U chemical potential




« Klog Xn = M gt=l X9 entropy 0|11
ideal gas entropy
the configurational entropy
the entropy of confinement
the ideal solution entropy
the entropy of dilution
the entropy of mixing

Xn 2 mole fraction EE= volume fraction




e =0|zO0M =Xt HE pE ALt
,ui + kT log p :,ui + kT log p
Z VZ (0] (0]
et o = p exp[—(U —U)/kT] M.~ M, =mgz
p. = p,exp[-mgz/kT]

d level 0| A 2] r, Of CH Stz =00 M2 r,&

roun
g 4 Urt

electric potential @, 1t Y, AfO[O| A O| 29| =& ALt
O ™St= e)

P, =pexpl—el, -y )/ kT] Nernst equation




« 5 & systemOf| A p, i -p,'2 XIO|7F & &7ZHQ| intermolecular
interaction2| X0|0f| 7|QlI5t= AR : W =, +kTlogx,

one phase(n=2)= pure solid O|HL} (logx,=0) pure liquid ¢! &

et x, = x exp[—(u — ')/ kT] = x exp(-Au' / kT)

o) p'= =A2F A0 A= W2 energyO Ciet A LHOf| A 2

energyT 2 & U1, 0| x, solubilityO| C}.

2| M| 7HX| interaction2 25 112 o}H
x, = x, exp[—(Au' + mglhz + pA@)/ kT]




1t 7| 51t 20| A= HO|X| i= WA =S 42t off 2 AT

SR & rol 7 2o JI§2 20 229, O transfer: 4
unfavorable energy = interfacial energy, A\.0f EH A & & &l
cyclohexane?| Yt&3 = 0.28nmez} StCt. 25°COl| A cyclohexane2| =0
Cff o 8ol =& <ot t.

4%3.142%(0.28%10" )’
42x10™

x50x10" =12

Sol) AU /KT =4y kT =

MEtM =g =6x10° 2 0| =S Zto|o}.

1

| =7} 55.5mol/L 0|22, x, =55.5x6X10" =3.4x10" M

7x107 M o]0 A& gte




7|d 2X7F M 2 ZEOolE7| = pair potential w(r)= -c/rm 2 & 4t

U, =—4ncp/(n—-3)0" =—-Ap

et = A7t AHX|St= F 4

4n .
BE X-"-C—)—l _I?I_Eli B = TU Oll:l-- (pzllv)#density (

CHetM, p=-Ap+kTlog[p/(1-Bp)]




1 kT
=—-A4p ———log(l1-B
for Bp<1, log, term S expandstH , AP T og(1-Bp)

log(1-Bp) = —B,O—;(Bp)z + [MM*= -Bp(1 +;B,0) =~ -Bo/(1 -;B) =~-B(V —;B)

KT cyp+ V‘i)(y -b)=kT  (van der waals 4!)

v-Lp
2

I _ 2
2 (n—=3)0"

b= =Xt37| o0l 2t 2| =5t11, repulsive part
a— attractive part =2




« kT(thermal energy)= system?| energy leveldl A 2| & X}
J2| 1 kT7} O 2A Q1 interaction strength2| 7| 0| = C}.
Gas — Liquid 2} 0 M 2| intermolecular attraction A| &t

l[’l;as + kT lOg Xgas = '['lliiq + kT log Xliq

I I
:uliq >> :ugas ] =

i i e i Xliq
ILIliq _lngas T _lLlliq = kT lOg( Xgas)

kT log( 22400 £ ) =7kT




O] Gas” PV = RTQI O| &7[|AH Al S ECHH, SIA 0| M log termO|
© = goa0xT4xory O] EICE, [F2EA 100<T<500k HH QLN O A = TOi| H2tA]
log termO| EO| HSHX| F=CF 2F 13% & =0 B BHC}

Ol 2 H2o|AM

-, =TTy EE - Nopfy, [Ty =7Nok = 7ROl EILCk.

OIIIH Tge BEE 2%0ICH

apor £ HiH=0 ZERst
2 &0,

-0l 2= TRt liquid
energy 2 HldI&tC=

| —

SN U\ =



L

Lvap:
+ RTBOl Ct.
2t A

. O _ or '1 '1
L, iTy =Wy [Tp)* R =TRR= 8R <70 JK "'mol
-0] A2 Trouton' s HE(ASA)D SAISH gt B0H=C.

. -1 -1
Lvap/TB =80 JK “~mol

Trouton' s Rule

L =80 JK “'mol !

vap /T g
Latent heat 1t Tp2t2 2

-0| g8t{2 cohesive energy ,ulil-qJP 9kT molecular 0 %




=0| Z=F

= =8 25X 7} condensed phase2| cohesive energy
ndlcatlonOI E| C}.

- A0 CHol A = Lvap — heat of subimation

Te — sublimation temperature

PEECEEE:
Xt ALO|O|AM 71 cohesive energy”t 9kT = Ct
2t=A =L

= AtZt pain mteractlon energy
, 312kTE £ 2| energy™

= 3/2kT7} =,
7oA = .

Average translational energy= gas, liquid, solid state0| 24
3/2kTO|C}. EHX| condensed phaseO| Al = &2 potential-energy0ll =
& O RULE. 3/12kT

O-I
I:IA
25|



Boltzman distribution2 spatial O|L} density distribution 0| 2|0f =
orientation distribution0fl = A2

~

pair potentialO| =XI7t2| &S orientation0f 2| =& 21 A< w(r) Of

angle dependant 5tA| = C}

W(r992)_ W(l",gl)
kT

X (0,)= X (6,)exp( -

)




@ Coulomb force. b/w charges

@ @ @ @ quadriepoles

@ Polarization forces
dipole mtm induced by e—field

— + - charge

— dipole

@ Quantum mechanical
« covalent chemical bonding
« steric interaction
« exchange interaction




Type of interaction Interaction energy w(r)

Covalent, metallic Complicated, short range

Charge-charge ' Q1Qa/4ne,r
(Coulomb energy)

u —Qucos 0 /4neyr?
; Fixed dipole

Charge-dipole

/ Q —Q%u?/6(4ne,)*kTr
Freely rotatmg
uy —uyuy[2cos @, cos 0 —
’{ 71\ sin 0, sin 0, cos ¢]/4neyr?
: Fixed
Dipole-dipole ”
“2 utul/3(4neo ) kTre
{Kct:sum energy)

Freely rotating




Charge-non-polar

Dipole-non-dipolar

Two non-polar
molecules

Hydrogen
bond

i 8
Fixed

u ¥
&
Rotating
o

¥

—Q%u/2(4ney)?r*

—u?a(1 + 3 cos?0)/2(4ney)?r®

—ula/(4dney)*r®
(Debye energy)

3 hva?

4 (4neg)*r®
(London dispersion energy)

Complicated, short range,

energy roughly
proportional to —1/r?

Fig. 2.2. Common types of interactions between atoms, ions and molecules in vacuum.
wi(r) is the interaction free energy (in J); Q, electric charge (C); u, electric dipole moment
(Cm); #, electric polarizability (C*m?)™7); r, distance between interacting atoms or
molecules (m); k, Boltzmann constant (1.381 x 1072 JK™); T, absolute temperature (K);
h, Planck's constant (6,626 x 10~ **]s}; v, electronic absorption (ionization) frequency
(s™1); &, dielectric permittivity of free space (8.854 x 10~ '2C*)™"m™"). The force is
obtained by differentiating the energy w(r) with respect to distance r.




(+4
A2




C _
w(r)=-— 50|83t XI5 o 2 EXt2| van der Waals 4] R
r

ub = [¢ a)(r)D,O Rardr = | _r6C

o 2C prr - 2C mp - nCp
:J. - d”' = e — :_D
’ o 40 ° 20 ° P

1 14

Oo [2 rr dr

A 1 - Bp

oo st e | fy

1 5 KT
- —D = log (1 - B
D p ——log (L~ 58p)




Strong intermolecular Forces :

covalent and coulomb interactions

Covalent bonds : electrons are shared b/w two or more atoms
Short range --- 0.1 ~ 0.2 nm




Table 3.1 Strengths of covalent bonds




= forces b/w unbounded discrete atoms and molecules
= physical forces -> Lack of specificity , stoichimetry
= chemical and / or covalent bonds

= chemical forces = strong directionality

Physical force 7| covalent bond & 77t X| Z
OtF 2| ksl = r.t O A A2 WA LHO|A =
hold & 4+ UL},




Free energy of Coulomb forces

a)(r): Q, Q, _le2ez

Aire, Er 4mmeE Er

€ . relative permittivity . or dielectric const. of medium .
r : distance b/w two charges
(e:1.602*10%¢c)

Z=+1 forNa*, Z=-1 forCl-, Z=+2 for Ca?




Coulomb force :

__dedr) _

F

09, _ 1z

dr

Charge 9| &
F: ("‘) (

4ire, €v°  ATTE, E1°

L (H) = (1), (F)= (=)

force 7| repulsive S}LC}.

() >=< (=)

force 7} attractive S}C}.




Charge Q0| A r 2FF EO{ &l 20| M| electric field .

O] E field lM r HZ|0] Q, & SUS [ force =

F=Q,E, = QQ

ATTE, E1°




*Na* 2t CI- 2 20| =702 MZ CtE ions r AHZ|0f EHO1EEE1 =or=r
ro| = 0|9 HrE 9| °*OE A st= 4 20| binding energy =

. 101
adr)= d. 60_122 107y —=-8.4x107"J
471(8.854x107)(0.276x10")

300 K O| | kT ( thermal E)=(1.38 *1022)( 300 )=4.1 *10>' J O| =2
=

w(r) ~ 200 kT °| S 7




e Work Example

1) Charge Density7} 6§ £ #5tAH = flat surfa Z X 0] charge e}
U220 Coulomb forceZl HE[0] &AH Q0] &H 22}

e~ 2t +8AL

N

y4

: Charge surfacel| SAlOAM FE A2

0 4ﬂ£0\_22+r2] 2¢,

® 27rdr cos 7 z0 J‘°°




2t R sho) ZRsH= 80| ;5 o|= 2 Azl 20 EA AT

Ol = ZA sl OF gt} O] FHO| 2{0f
of £85st= field=




z

Z - Rcoso




Charge®} Circular strip2t2o] Hg|=

J(Rsin 8)% +(z - Rcos )% =vz2 - 2zR cos 6 + R

2t x=z0| A 2| potential2

1/2
’ 47180[22—22R cos <9+R2] ETE

m 27TR >0 sin 6d 6
W, = | -

dy —0

2L electric field £ = = >~ 2} force F (F= eE)

dz 471e )z

RtermO| X2 2= 9| 37| RO| &&RI0| 72 S A0 & S5HIt

point chargel| 422} ZCt.

ol

=

N
=

L)

—




Coulomb forceZ Na*2} Cl-ion=2 §H =11, lattice@t0| A A =7}
wol 2 Sr=sE[HA 555t OX Ho HXE THEA =L o[2 et A
o
=
ionic bond2t ! St} 0|2} 20| isolatedEl Na*- Cl-ion= 2| binding

—

energy— MA latticel| B O|2Z & energys Al&tst=0H HF
ZHESHE

Coulomb force = long range0| Z&tCt. Ol = W(r)O| 1/r0f H|Z| €]l
A

T &As| 24 QULCt. Lattice energyE A &ts| 27| ?|5l M= Coulomb
force= lattice™ A| O] 20f O 5} A &HSH I 5 =01 OF SHCt. NaCl
ZA™0| 5t Na* = 702l CI-ionO| r=0.276nm0| U 11, CISO0 =
1271 2| Na* 0| 20| v2 re| AHe|of Y11, 20| = 87H2| CI-ionO| 3 r&]
AHelof JqUA = .




t2tA] NaCl ion2| 40 CH St total interaction energy=

2
yi e {6_12 8 6

+ - + [LIT1]
471€ (1 N, V3 2

[6 - 8.485 + 4.619 - 3.000 + I}

2
- €
471me (r

2
1 .748 € = —1.46 x10 "% J
47me or

4 7|M 1.7482 Madelung constantO| I C}Z Crystal £t =0 O 5t =
C}

O L_
u= 4=t

~

monovalent ion7} : 1.638~1.763 ALO| 2| €t= (NaCl,CsCl)
monovalent-divalent ionZt : ~<F 5))tX| &I} (CaF,S)
multi valent ionZ} O =2 US 7RI EKSi0,,Tio,)




* Net energy — negative (-) and it has a same value with order of
isolated pair
 Theoretical U( molar lattice energy, cohesive energy)

U=-N i =(6.02x107)(1.46x107*")
= 880kJmol™

(It is larger than experimental value. Because it ignores the
repulsive energy.)




Gas state 0| A condensed phaseES PH=%ICIHH reference state—=

y = 0 0 A 0|1, interaction= vacuumOi| Ao ZHE ST JHE .
(Therefore, lattice energy of ion crystallization includes out the
middle dielectric const.)

HEHO| liguid medium Q! A2, reference state= ZX| 2t solvent
medium2| dielectric const 7} L &tE| A = C}.

Coulomb force 7} gravitational forcex] & r -2 o] o]&38}7] W&o
long range 1 A OS2 AZ}E 4= 9l 01}, couter iond &) ste] &7 A
2101 4] exponential decay* & wjl-$- w2 A = o] X A Et}.




Electrostatic free energy (ion energy 2} &
A)

— single ion dl vacuum O|L} medium0f| = I CtE ion} &=
2 U= 4Rt =X St= energys St}
— VacuumO| M = self energy, mediumOi| Al = born £ = solvation
energyct StCf,

Ol= ionO| TtE 00| =AHL, =4tE0 S0 7t=Hl &85t O =0
0 < S Kot

<EXAMPLE> Yt40| a@l | XLt 10| ®SIE chargingst= UELE
O chargeO| M Q 7tX| chargeE =2ICt. 7 {E HO|M chargeE g
ct Sk, dq@tE AHZ D JHESHH O chargell S7t=2 FeH O AM
r=aZtX| 2t =0 {7t &2 =14 &,




471TE Ea

lon= charging 5t=0 20{7F 29| T =2 Orelj 2 £ L.

0 4 Ea 8 TTE Ea

(7e)’

8TTE  Ea

IQ qdq 0 °

Born energy— dielectric constE %= mediumO| A ion2 F&J[A
free energyS ZotCt. 29| gtS 4= A 2 unfavorablest”| M =O|LC}.
42 M5t QF #9 BHHO =&A7ZI AS m7Xst=d S07i=

energyO| 7| If = O|LC}.




lon= low dielectric const. €12 Z'= mediumO| A high dielectric

- ©0

const. £,=5 4= medium2ZE F7|=0 free energy Hal= 59| @t
S 717
= X 3

]* kJ per ion at 300k
5 )

69 , 1

] * &J mol =T
a &1 En

=NOAIui=

nanoneter )

1) olM 22 O|X(e = 78) E =0
4= 71d)

1
78
E Zjof| A partitionO| &= %

« Monovalent cationO NS (EZ
=0.1

= free energy &= 22 (a

=~ - 1000 kJmol

(1 -




Coulomb energy2} born energy= NaCl<| lattice energy’| Ol & &
= g;tom =O0|L} high dielectric const.E Zt= 00| == 0|/ E
OI-7-|| |_

coulomb interaction It = O 2} = attraction medium @t 0| A =
E factorft2 ZE0{ =L}

ALEH Ol A dielectric const. & 2 mediumOf A{
H3l= of2i 2t &Ct.

-a*2a=Na*2Cl9 0|2
~ - 0] 2+ coulomb attractionO|
471€(a, +a )| associationO|7| mZ0f FS &

- entropy of dilution] =0{| & 52| O[= 3fi 2.



& o A sat. solnS J A= iong &% Xst o ¢ 23 A,

= exp( —-Au'/ kT )
~ exp[ - e 1 ] (3.11 )
P 4me kT (a, + a_) '

- Xs+ electrolyte”} =9l 5= &3 =& &3t} NaCl in water$]
7§ (a*+a’)=0.276nm°] i, (£ =78) at T=298K o] L&

Xs = e % = 0.075
« Electrolyte®] 3% &2 saltol] tisto] &3l =+ e_COSt'/goi] ] 9] 3o}

log Xs& | / g9l plot3}¥ Fig.3.1%} 22 straight line & &7 €t

(3.11)2) 9| 4] larger ionE ©|
O solublestth= A= & <
AT}, CsBr, Ki7} NaF, LiFXE.
E} o2 &4 o soluble

glycine




« 1% 3.1° data=E5E{ NaCl<Q| inter-ionic
distance(spacing)= Al AH5H0{ 2t
12| =0l Al NaCl slope =

& 3.11= AF8oH 2.303%x5/0.069 =—167

(a, +a_)=(1.602 x10 _19)2/47T(8.854 x 10 _12)><
(4.1x10 _21)(167 ) = 3.4 x10 10
= 0.34 nm

O|Z{2 dry crystal 0| A{ 2| Zt=C} 0.06nm3LC}.




 Solubiligationgs F712| process & LI+0{ 2zt

o Lattice gas ion solvation

Lattice energy Born energy

for water ( Born E > lattice E)

=0 A = lattice radiiZt 0.02 — 0.09nm O & A= LA




Continuum molecular
interaction
dielectric (H bond, dipole)
bulk density structure

=749 approach 7t




O[ 22| Born energy — ion+% 2| electric field0f| £tA =
Free energy 2| 2 O|C}. X 7| O] =0 EM 117 Holof| 2 5Hod
Y= electric field o] At70HX| = EHRIFIE

B 37T Ea




1. & 7|H Self — energy”} ion0| &SE| X &1 jon FLI0
MH ™o =2 HAHULCE
r=a0lA r =R 7IX| & &5H

H2fA 0.1nm radius ion Off L3 A= 0.2nm sphere®to]| 50%2]
EnergyZt Z&E AT, 1.0nmF2H0 = 90% 7t UL,
[Ct2tA Born energy equationO| Al = ionO| Al 0.1nmE O & FA (&

2 80 EXte A7|ECt 4 &2)0 M E012| dielectric constant
Z+0| Bulk2} H| 3l & O st}

. Field energyd| 0O|Z35t™ interactionO] L}2 =0, O] coulomb
Interaction = + charge’} & Z5IH Al Born energy®| Hat=2 42
st & QIC}. =235t HE medical? dielectric constantES 4 Z2Hst i
chargeAtO| 2+ M2t Otz| 11 charge 9| & Ch M2zl of SHoh=
Zi0|C}. & F charge 7t E0{U0| & O x| & ZA B




3.1 Lennard — Jones Potential W (r) = B /r'"” — A4 /r° 7t
chemical bond 2} physical bond0| &5 —.% |'o StCL. Attactive
term2 #3521 0| 2 ™St repulsive termO| 5 interactionsS T o}
A = .

2AXtol tisted 4 = 10 "7 Jm ° ol equil distance
r, = 0.35( psysical )0.15 nm (chemical )°|T} .

Q| 71 0| St Ji ™Sk, ZH2e] A 20| Of Ol'O:I min
210171 ?[9 &7 1 FEE =X =2fst¢ 5.




d_W:O’re :(Z_B),B :ér;
dr A )

~77
For physical B:lo2 (3,5)(1()_10)6 — 992 x1071

=77
For chemical B = 102 (1,5x10‘10)6 =57x10""

9.2x107 1077 _92x10™* 1077

" (3.5%1071)"° (3.5x107°)°  3.4x10™™  1.8x10°
=2.7%x107" =5.6x107* =-2.9%x107"

5.7%107" 1077 )
min ' J10N12 . —— =4.3x10 P —9gx107"
(1.5x10 ) (1.5x1077)

=—-47%x107"




_10—77 _10—77
S 2[01.5%x107°)°  3.6x107

=-2.8x107*




- 3.2 &2 37|19 50|=2= Ho|=20] Hst=F Hix|g O & 717t
Al HHIIOP:':I net Coulombic Of '—1II7P =2lats A== 7%?




&= 2Xt= &4k 0| =20] gitt. 2|t dipole(& =%} & &d

HATF MXE EOHEAAM permanent dipole mtmO| =
—> ol&d =5 =d = Akt SHEL.

—>

H*'-Cl H° —Cl°

glycine Glycine in water
| |
O|& ZAZ ZwitterionO| 2} &t.
O| EXt= dipole= U1, L M5} QO{A
O] &X}& dipolar ion0| 2t = &t




dipole mtm= U= q[

L distance b/w two charges

1D =1Debye =3.336x10" cm

Z} bond mtmOi| =XtZ+HS A L =% 2l dipole mtm A &H7tS

|
Moy = ZCOS(E O) (U o)) =2c08(52.257)%1.51=1.85D




dipole= ion M & (Born self E.) self-E7| 2 C}.
dipole?| self-E= 5 &5t 9 Born-EO|A] &= ChargeE XA A=K}
£ D0FE Coulomb-EE il Zd0|C},

M2 X} Self-E = 2 Born-E - Coulomb-E




« [}2LM ion2 Born-E2t= CfEX O =
medium©| dielectric const.0i| 2| =L},

. [M2tA I8 3.1 oA 9 glycinel} ZO
7t SIt5tA =Lt

->

u = Solventol 2t 7|7t HE & YOS 2 jon2 Lt ST,

=At7FionZCH M 37| I 20f van der Waals Self energy”}
S25tA 7|4 4 UL




u=ql
Dipole mtm

T Z0] I

- 1 T ; 1 oo T'
AB=[lr— Zlcost )* +(=lsind )°] °

= &

AC=[lr+ l". osf )* + |l lzind )¢ B

ol &




ro| dipole ZO|2C} EM  Z T

&y

' b « "
T |.__';|"' | = 11 |...-;r'-:I |'_'.|I | e

I

— L




« Fig4.2AMdd
dipole2| (+) &9l (+)charge O &AM b
dipole2| (—) charge 7} &8t A< HE|of

O]
AKX

oSO OF A O
[ EI-_I_ II-_*l'-

¥ ro0| 2 2CH &2 AL0 210 %0| A9 XI0|E 2 F2 &
RULE.
© dipolar moecule Q! A0 = Al 452Ct H 2 interaction2 2 &

ion dipole interaction >> kt at (0.2-0.4nm)
typica interactomic separation

Ct2tA ion= polar molecule O bind5t1l align 5t= Zi0| 0f @ Z5tCt

- [=3 A
= A= & UL




Attractive Forces — long-range physical forces

o) € 0.14nm 2 E1& Z2X}IZ point dipoleO| 1.85 DZ 7} 511
(AMZEs M S&st @Mst 225 7HX[ 22 Y=)
Na + (z=1, a=0.095nm)”7} 7}7}0| RUZSM maximum Interaction
Energe= ?

-(1.602 x 10 -1%) (1.85x3.336x10-3%) /
W (r,0 =0°)= cmemmecemmmece oo = 1.6x10-19J

47 (8.854x10-12)(0.235%x10-9)2
9kt or 96kj / mol at 300K

3.
(A& 2t 100kj / mol 2t O 2 EAHE

Hi ©1 Z2 (a= 0.068 nm ) 50kt (125kj /mol) (A& Zt 142 kj / mol)

Mg 2+ (z=2, a=0.065nm)=>100kt, Be (z=2,a=0.03nm)=>150kt
O|Z2 A Z&tinteractionO| ionic nucleation 0 2|8t Rain 7t55HA &




ion-water interaction 0| =1} Z= XA RUULCHH, 80H| Hx L=}
OFSICH E= 2| dielectric const BFE 1L} small divalent &£ =

14
multi valent ion2| 4 20| FAl ~= QiLC}.

=]
S

Reference state= E00=XAt=0| ion &2 0l A randomgkH| Hi X| =™
K energe = average out &|O0{A{ 00| = C},

[ £ =9| A<= ion dipole energyS S0|A £A 510 kt 2Ct 20| DA
ion 32|0f orientationO| Z&|0{ strong 5tA align & AEH0| 7| L 20| C}

Al(2.28)

Z7{L} Ct719| ionemf2 ion-dipole interactionO| Zall A ion =20 2 X}




0 = 0o near cation
0 = 180 near anion

Z0| M Li+, Be 2+,mg 2+, Al3+ ion =2 S| HIZH S A 2HA 2 =Xl
== ol ACH . o/ 0|22 solvated ions £= $£3l= 0|2

(hydrated -ion)O| 2tgr E&eol E-'-IPOI +E hydration number 2}

-Table 4.2-
ol &&0|X| 4
T ULt

 hydration radius-> Large hydration radius (tight binding)

<= hydration number2} radii 573 &

hydration #, diffusion, compressibility conductiuity solubility emd

Thermo dynamic & spectroscoac deta of electricity




Rotational correlation time

> (29 ER) ==At= =0[AM OA Bl &E| = O 22[= AlZE r.to| Al dir
10-11s I—I EC”

ion 0l bound & A< 10-""~many hour &

CH;

CHi_iNhCH3 ,Cl-,Br-, 12 3% =1 20}

3
K+, Na+, Li+ 2| 4% 10°%s

Ca 2+, Mg 2+ 2| 2<% 108~10-6

Be 2+2| 3= 103

Al 3* La 3, Cr3 ->4 sec ~ Al 7}

0| AL0l= =3} complexZ 0| 2L} ( Mg(H,0),)?*, (Be(H,0),)?*




Primary hydration shell ; the first shell of water molecules aiourl ion
=> =9 AS0| 0f 2 A et &[0 ATt
(C+= shell2 AS0| Xt At 2R &)

Solvated zone 2| dielectric const
=X17t field O] == CHEED jonOf| E&E /U1, =&t H S0]| A otx| 0

UL EZE (diel. c.) 7| FOIE AL = of &=l C}.
(2Lt =9 dielctric const 7t S 2CH XC I 22 HOj Y £~ /L)

O] S| A2 dielectric const = =4 &
(80 2} O 2 C+S A 0| LC}.)




__ Hb .9
W(r,86,,¢ = —47;€&3 [2(:0&91 cosd, —sind siné, cos{é}
« 5 dipoleO| in line =™ maximum E

W (r,0,0,®) =2 U, U, /4T gy €13

£ dipoleO| MZ OFHEO parallelst 2220 = {2

1 Debye3 ?| F712| dipoleg &l& S0l A in-line2 = interactions}A
=
o

53, r=0.36nmOl| A kT2l 4SZ S energy7t 211, parallel5tH| 5t

0.29nmOf| M kT2 &€=

O] HE|= LEIA QI solid?} solutionO| Al =XIZF HE2|2F 22 orderO]
o2, 420 dipolar interaction= 0 2 dipole 2 = X}0l| Cf5t0] A
E 50 =2 + U= &%t interaction= .




In-line

0.1 0.2 0.3
r (nm)

A=)

Hydrogen Bond — HO| &2 sizeZlAM &=




Dipole7to| HE[7} HALE, e 40| =2 &2l E 2,
thermal energy kT O|5tZ interaction energy”7t 2%l A2
— dipoleO| XAt 7&H & & US.

cos &, sin 0ZtS0| X 27t0] CH5t] H#5tH zerot & £ Y2
L}, Boltzman weighting factor| =0{ angle-averageZ! potentlalc._>

O|&AX X7 energy w(r, 2)° angle-average
energy w(r)= potential distribution theoremO]|




e—w(r)/kT = J‘e—w(r,Q)/deQ /,[dQ —< e—w(r,Q)/kT S
dQ = sin 0d 0d ¢, (@ : azimuthal angle, & :polar angle)
JdQ =1 dellsin 8d0 = 4m

— - 4 1 - 1
. w(r)kt — o r w(r.0.9)/ kI S _ _Ign d(pf{fe w(r,0,9)/ kT sin 8d 6

41T

1 1
cos 28 >= ———["cos 2@ sin 8dO |7 dop = —
477" o 4P =3

sin 29 >= =
3

) > 1
sin © @ >=< COS ~ @ >= 5

sin @ >=< cos 8 >=< sin @ cos € >= 0

<sin @ >=< cos @ >=< sin @cos @ >= 0
When w(r, Q) ( kT

e—w(r)/kT :1—W(r)+D]:[[D]:< 1_W(7’,Q)+1_ W(I",
kT kT )
w(r,Q)*

2kT

(

+ [TI>

O w(r) =< w(r,Q) -




charge dipole interaction2| 4 < angle-averaged free E—
Qycosd . Qu y c0329+
diiser®  Amge””  2kT
2.2
- QU prkTy
6(4rrge)™ Tr 411&&r

attractive & T dependent

w(r) =<-—

[

—~
—~

(4.13)

« 7 :\/Qu/47750£kT HrF H AL, dielectric cont of €2 =M S0l
A

polar solvent2} ionQ| interaction®! Z%, & 4.130| & 4.5%C} 4t
o &.

( Q=e, uy=1.85D, £=802 M r = 0.2 nm, 0.1nm ion0| Al 0.1NnmM 2 =)
L2t A | first shellO| S 2 ¢t.




2,,2
W(I/') — /'Il ILI; - fOf kT > lLIllLI2 -
3(4mg,E) kTr 4718 61

— orientation or keesom interaction

HL Ax9 Ha| o|at0| E|™ interaction EZ} 1/r3 £Ct 2| HO{ A
[t 2tA], long-range interactionO| {2 &.

? 2| free E= const. volumeOj| A Y0{ 1+ Z410|E 2, Helmholtz

free EQ!.

A= total internal E. U2} Gibbs-Helmholtz equation2 £ ZtA = .

U=A+TS=A-T(OA/OT), =-T20(AI/T)/OT

e =12l ZIZ0| Al angle - average dipole — dipole interation=

__ 2ptu; O free EQ| FHE Y.
3(4me,)’ kTr

condensed phasel| M= G=A +PVO|AM PVII 2222 G = AY.




interaction Free E < internal E 2! O| = =X} aligning st=0|

energy 22 [ 7| I =. — Entropic effect

A 4155 CHA| AT

A=U=-TS =U +T(0A4/9T)

Entropic contributionO| U0 {5 & !

Charge-dipole 1} dipole — dipole angle averaged interact 0|

St A4 [ L
T

T@A/0T)=-A ©atd A=U-A=~U




A EQ| interactionst= 7| =0 XA 2 S5 ULCE

Dipole 9| rotational freedom

=

A7} 20|22, T(34/0T)S = free ESP S LI AN,

Solvent0j Al interationst= 4% , €0 Q| dielectric const.
gLt g7t 220| UA STk

€ 7} Temp. dependent O|2t™ | interaction energy=
TO| et = ™=s| LtEFLA| = 2 X| B interaction Energye=

Entropic componentE & 2 £+ QI C}.




(o) Born Energy A= Q2 /87'[6(‘)5‘61

Coulomb Energy 4 = Q1Q2 /877EO£a

1 1
. (5

0A T 0¢ T 0¢
9 = =) s 2 (0 = 22
oT 8rre ca £ 0T E 0T

H © £ colomb EnergyO0i CH 504

0A4 T o¢ T o0&
R e R GALLE P TEALLE
oT Adrre ca £ 0T E 0T




midiumO0i| A| angle-averaged
charge-dipole, dipole-dipole & & 20| Of 5} =

==) entropic contribation=
@ solutel| orientational motion

@ soluent moleculeX}2| orientional motion
0

o = = solvent molecule 0] |2} 22 ASAZ()

O|5tH configurationO| 2133 0| I 20| Ct.




ion2} 9| dipole interaction 21 42

S7} 29 Zt0| 2 Z restricted motionO| =
Q, % Q,0 + 2 -2l 0=

4.21 Alo] 20| E|2Z S Zt0| SI}I5HA = L.




slope 2.303x3/0.05 =138

(1.602 x 10-1°)2/ 47T (8.854 x 10-12) (401 x 10-27) (138)
=41x10"%m
—{=41A

o At the intercept, 1/e=0
The electrostatic energy become zero.




Xs is attributed to the non-electrostatic free energy
Xs=102=exp[-pn/kt]

— -4.61x4.12x102'=-p

—>n= 1.9x10-20

41=10""m

4TTr2 = 47T (2 x 10-19)2

— -19
2.05x 101 m >4 x40 m2

1.9%x107%




[, : interfacial energy

Apt = 4772l

i =50mJd m?2  for water/ hydrocarbon

Apl [ kt = 4TTr2 T,/ kt
= 4x3.142 x(2x10-1%)2 x 50x 103/ (1.38 x 10 2%)(293)
= 6.22

X,/ X!=e®622=2x103




— e 1__J
4ﬂ£oa+[80 }

_ -19y
(L602xX10710) 4 4gq) =1 1x10

477% (8.85%10™)(0.1%10")

Xs = exp (- A/ kt)
=exp[-1.1x10-18/(1.38 x 10-23)(293) ]J
=exp (-2.7x10%) = 0




2= X2t FX7} polarizable S}t
Ming = 2E

+24 0f| Cff 510 —, e-S 0|

HI1 80 A O] SEl= RO,

=48 =X 220 = 0] &4 0|22 0] AJ| [H= 0
Ct S section0| A Ct= 1.

-0| sectionOjl Al= Bl =4 Z X8k CIE L.

->0| &2 polarizabilityE d,= ot At.




E-fieldo| A orbit”} LEFZE shift7} & ) C}.

Iuind = aOEJ = le




Field EOl| 2|510{ 4 71 external force F, =
Fext = eE
External force2}l X X2} s 7t9| attractive force2l #&
coulomb force=
= e?/41g,R2? 0] 1) field & & .
e’ e\ e

F_ = sin @ = .
" 4me R ATTER®  ATIER’ Hind

rCEl) O“ kl E I:ext = |:int

U =4mERE=0,E (- 9,=/4m e R}0|D2 )

1



The unit of polarizability
41 € x(volume) EE= C2m?3J-

O| 2} Zt0| N X} O| ™ (displacement)0| L}= polarizabilityS electronic
polarizabilityc} .

¥ 37| = (= AHEHE )3 2Ot 2t

o) = : <90l47Z80=1.48x10'3°m3=(0114nm)3
— - O] g2 =2

0.1352C} 15% 2 L.




Table 5.1 2 bond - polarizabiliy L&

*CH, = CH polarizability 2| 4H|

H,C=CH, = 49, + 9cc

HEE Z% LHOoIA L

0l) CH,OH
32,4+ 9con=4m € (3 x0.65+1.28) x 10-3°

=471 €,(3.23 x 10°°m3)




Polar molecule ¢! 4 0| = & X9 0| =0 2| &t polarizability &+ 2+ OfL|

Al

Dipole 2| rotation0i| 2| &t orientational polarizability = Z}2t5t0{ OF SHCt,

E field7| 2 4 <0 = orientatienO| A|ZF0]| Ci 5t average out =] X| &
=Lt = &=7ZH A2 Xt pot fieldOll CHoLO! 82 28 S CHH, field B &
© 2 9| dipole mtm = pcos@J)t =L}, Field0| A 2| Energy= —

1 Ecos @ (4 4.6) O =10, 2tof 5t HA= g2

uEcos6/kT >

m. , =<pcosbe

2 2
:y—f<c0529>:3’L]I€—TE UE << kT




[t2tA polar = AtS| F A polarizability—=
0 = d,+ 123kT (the Debye-Langevin equn)
[} 2tA permanent dipole « =1D = 3.336x10-3°Cm

(at 300K) 2! = XI2| orientatianal polarizability—=

_(3.336x107)?

=9x107° C*m*J

orient 31,38 x10723)300
= (47768 %107

O| 4t electronic polarizability2l 4 &




0 £ =2 field
ol M= pE>>KT & M
Low temp

-dipoleO| E field2} Z0| align =| 11 orientational polarizability=
H |___|.
HA -

=> Electrocin polarizability= Al & ZX{ §+LCt.




E field of the ion

E = Zeldtreer?

molecule Indurced dipole mtm

Ming = 0E=0Zel4Tr € o€ r?




Na+ =& ot
HXILSH AHel 2

e (1.602x10™°)
4rregr’  4x3.142x8.854x10™ x(0.4x10°)

E—




Induced dipole mtm=

U =0,E =4me (2.6x107°)(9.0x10")
=2.60 x10 " cm
=2.60x107*°/3.336 x10™ = 0.78 D

h=]

Change separation distance / =

AN=u,, /e =0.016 nm

0| Zd 2 methane? radius 0.2nm2| 2F 8%0]|LC}.

MethaneO| 2= 47 49| electron 50| 25 SZ&QICtn X
O] &0l HE|= 0.004nm EE= &KX} HFH 9| 2% A7} =L},
2k 1D Z7t710| E[ = 440| induced =l C}!!




reaction field

‘ From induced dipole

= AO|O|M = attractive field7| &H&

lon0f 2|51 M=l induced dipoled| 2|5t reaction field=
o= T 2Huy _ —20E -20(Ze)

" dmeer’  Ameer’  (4mee)

[} 2tA attractive force—=
F = —(Ze)Er = — 26(26)2 /(47'[506‘)2 7

=—Lop
2




H7|M Ex= =X10| &= 0| X = ion2| polarizing field.
O| gt permanent dipole dl aligned = 42| energy®l H| 1 5tH, =
XtQ| 10| = Ct.

w(r)=-uE =—0E* O permanentdipole®)] align® 7d-5-

Energy’t %2 & O|/&

% polarizingst=0| energy 225U 7| I &
Fig 5.1 £ =O07tAl ™ X7} displace &|0{AM &+ El energyE internal
forceS B =510 A &g &= ULCEH
NP dh _ (eA)? _(GE) 1

- : —0E”
04776 R° 87T R 20 2

Wing (1) = J- int 4

2t Al 514 w(r)=-0E> O] 1/20E° 8 5t Al 513 F=-1/20F
AH =Ct Al 5.42010=0,+12/30,T (total polarizatityof polarmoleculey
Hom™ o|20f 25t FEE net interaction EE 22 4 UL

w(r) = (Ze )26 _ (Ze )2
2(4me e ) r*  2(4mey e )r?




e jonO| solvent =XI2} &5 ZE35l= energys &5 Al A
e Jon -radius a

¢ pa(ze) 4rF dr _ 0a(zey’
24ree)’rt  Sméga

W, j i) AT dr = j

p: UE (B9 2IY S 2Xt 4)




% molecular polarizability a 2} dielectric const. ¢ 1}2| Zt7|

22 7} nf = Q| electric susceptibility x £ (YXt& 2

ot 21| S polarizability = dielectric const. ¢ 2} C
X =(&-1)

dielectric const.”7| ¢ ,2! mediumO| A ¢ ,2] medium2 = ion0| O| =
= A% free energy & 4

Au' =

_J‘Xz (ze)’ g = — J‘:z (ze)’

X 871E,E%a . 87TE,E° a
ze)> 1 1
=ty 11,

871g,a & €,

=) Born energy2| H43}(molecular approach2 = FEX|QLC}.)

-0 A2 A=K ZHETE HF AL iondt AHE[0f| mEr S0 <
polarizability 7| 2| Z& 0| ot H 2|0 A O.K.



- Polar molecule 12} non-polar molecule 22| &% &

—LE 2.20] M o

?-

- fixed dipoleOf 2[5t E field=,
E = u(1+3cos’ 6’)% | 4718, 81

- Interaction energy—,

w(r,0) = —%GOEZ = — 110, (1+3cos 0)/ 2(471E,€) r°

A HX 9l dipole momentum u« 2t a O CHal A= w(r,8) @40l
M EE orient A|Z|7[0]] L5 &L}
[t2tM angle average = 4ft= |5l OF SHC}.

Cos2 8 2| angle average at= 1/30|E £,

aXr) = ~40, (41T5E) r°




& O dUtAE 0l case=,
dipole mtm y, 2} 1,
polarizability o, 2 a,, ¢! EF
net dipole induced dipole energy,

_[/112602 + /Uzzam]

@ir) = (4718,8)° r°

=> Debye interaction == induction interaction

=> 0| interactionO| vander Waals interaction0 7|C{sl= M 71X &
S O| Ct.
NHM = dipole-dipole interaction (Keesom interaction)2 £
A= Aoy = H2/3KT 2 B . 3BF p, O Cf 5104

Keesom free E=

B /'llzll’l22
3(4me, &)’ kTr °

w(r) =




- angle average interaction2 &t JH2| X0l Mog H

UL,
- polar molecule 12 - polar molecule 2

_ Q1 3ch71
w(r) = ( e )((477505))

2

_ Qﬁ 3KT 44
__[2r4 + .6 (3kT 01)]( +0’02)/(4IT€0£)

Q2 AW 2xio| Mot
u —dipole mtm, a — polarizability
(& 5.25 & sl F71)




=> keesom-orientation 2} Debye-induction0l| 2§t &Skt van der
Waals interaction0i| 7| 4.

(MH® 242 dispersion force O|Ct -> C+S chapter £ X.)

41 5.25= & o= Ol ArE2 + UL

ol) Q,=e=1.6 X10"9C
n,=D =3.3 X102%°Cm
Aot = (47T € ) 3 X103 m?
r=0.5nm
T = 300K




5540M [ ] ot [—ze Ml termQ| ratio=,

(Q 2/2r%) : (1 ,2/r%) : (3kT @ ,/r¥) ~ 800:3:1

¥ =9 40| = dipole mtmO| Of & = 11, polarizability 7}
02 A0 M u2:3kT a, = 20 :1 O| C}.

o 8%0l= dipoled| 2/et £&0| =7t = Lt

= =
_|,E

 p2/roo] &A == A0|7] =0 x4 ALt &= HE0|
Z 0| o1, = Ful'e pof LhA = Tt




f

¢ OF = ¢factor2t= interaction EJ} S0{ E

Lo = pet 2= 21, O] oznor {25t US A
RULF.

S0fLiolM SHY 320 = S0 =Atet wetsS ofA = o T2t Soj
polariz ab|I|ty(excess polarizability)E 4 =7l7t &
EMZ Zr=CtH polarizabilityS A 0| At2tX|A| = Ct.

Brp ol 2
otCt. A2t &€=




Al O
E%*Oil 202t CHE Z2|= dielectric medium2 2 ZtF
St

HI74a:) dielectric const. € : 0| 1

medium?| dielectric const. ¢ field EO| 2|5t0{ polarizedX|0{ A
excess dipole mtm

£.-€
E.+2¢&

_/'Iind _4]7-8 gUZL‘ ( )Cl?E

O| 4 2 excess polarizability =
£.-€
. +2e’ !

4 =4me,e B (

ANA v, =mal (BA

Z) high ¢, in free space

2 =4me,a’ (2 5.4 9

e g > ¢, %1 4% PolarizabilityJt S 0| Ch.




Al 5268 Al5.240] C l5HH

o) = [ e U e

gre ey’

a
+2€

|. o 7:|§
J8 53(b)Q AR0MAY & EXt7L 00 SOtUE L 2tz
2 €1 €2€ 2 4O A2l I 7|0f EErErO -+ 712 & ULCL

Ion._ high dielectric const.& Zt11 &2 X}0of| = attractivestA &2 5}
1. low dielectric const. 9] —.-_—IPQPE Ht&t =2 = StA| =L

9 &2 A7, M5tIt 8= particle® (€1=€2 )Aj A off ZAH 10| A
Z ZotHI|A =t (o, & A[M 8t air bubble2 EHULIOIAM MZE &
OtE7| = & o] &ZErC}

O| approachte
dependent
st Z10] QUL

larger molecule, macromolcule, small particle0| = & & &| L},

small moleculed| = A ilf stA =Lt £79 fJ.z' PSS SmEet 7*
\/] . K




5.26410| BtCt= A S = A}E dielectric sphereZ 7! 11 gas phase ()
Ol M total polarizability=

2
)= + 2L (B B

grigey” Y & +2e &, +2¢

ya,  Clausicis—Mossotti equn.

€= static dielectric const of molecules

Electronic polarizability a.0f Clf 5t = #t2 visible range & A| 0f| Cf 5t
o Sdot 4ol 2l n e} 2t (n2 medium?2 refractlve index)

O  3kT &€ , &€

w(r):_[Sﬂ%gy“ + y4 (£1+2£ a; 1( £ +2¢

ya,  Lorenz—Lorentz equn.

# 5.20] ao 2 *'347*O| N dipole mtm 7| QU C}.

w(r)= [Sﬂigy 4 (

f 0% 0 B e 4
JE

H# 20| M polarizability a. 2} agt= 4 5.292} 5.28=
C}.




/7

< electric polarizability a0 = 4! 5.29F AM=H5|

<+ Total polarizability a0 = 22 =4 ¢l CHCIs;, CéHsOHO|| C
Z & ot=r} 0 2AM0| 2 H.OLH acetonel| 40| = &
CH:OH — CsH:OH —— C6H130Hi'l EE.' —E—Ifjf 9" Jél 4\—




