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V(R) = —/ F(z)dz = —/ —dx (5)
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comonents

U=TS-PV+ >  mn (6)

ou . .
Wi = ,  M;:chemical potential
on; S,V

comonents

H=U+PV =TS+ Z Him (7)
comonents

A=U-TS=-PV+ > wmn (®)
comonents

G=U-TS+PV= > pumn (9)



SI derived Units

Quantity Special name | Unit symbol SI equivalent
plane angel radian rad 1
solid angle steradian st 1
velocity m/s
accelaration m/ s>
angular velocity rad/s
angular acceleration rad/s?
frequency herz Hz s71
force newton N kg -m/s?
pressure,stress pascal Pa N/m?
work, energy, heat joule J N -m,kg-m?/s?
momentum Ns,kg-m/s
power watt w J/s
electric charge coulmb C A-s
electric potential volt 14 J/C,W/A
conductance siemence S AV, w1
capacitance farad f c/v
magnetic flux density tesla T N/(A-m)
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S, P,n H nlln AH >0
T,V,n A oo AA >0
T, P G o0 AG >0
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AG = AU — TAS + PAV (11)

gooo
1] 0000, 0000, 1998.

[2] Physical Chemistry, Berry, Rice, Ross, John Wiley & Sons, 1980.
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n

020 1(00 [1]0 Fig.16-100000)0000000000000000000000O0O0OOO7T0O VOO
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PV(P,T) =3P (4)
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T 22.40F 9 <
£ N,
S 2235
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0202 0000 (T=273.150000 PV(/(latm mol~*)0 P(/atm)0000000000000000PV

000 xO0ODO0O0)0000 000000000 224140000

000000000000 20 3(Figle-3(1) 0000000000000 0U0O0ORTOOOOOUOOD (compress-

ibility factor)Z
PV

7 = —
RT’

ooooog Zz=1 (5)
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gbobo2000000000000
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00000000000000 (kinetic theory of gases) 00000 0000000000000000
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2.2.1 Van der Waals 0 O O

a J—

(P+ —=)(V —b)=RT
V

OOVander Waals 0000000000000 OOOOO0OODOOOOOODOOOOODOOOOODOOOOO
oob0e, b0000D000DO0O0O0ODOODOOOOODOODDOPOODOODOODOOOOODOODOODODOO
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7 1 a
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RTV

b
v
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~]1+ (=
(7)

b2 b\®
_RTV+(V) +(v) o
a 1 b\ 2 b\?
:1 b—iz = = e
vo-mp+(p) < () +
goo
Boy(T) = (b— —)
2V - RT
a 1
Byp(T) = (b~ =) mr
goo 3000

O200000000000VanderWaalOODOUOOOOeO 00000000 DOO0OOOODOOOOOOO

Byy (T) = b°

O000o0D 20000000 20000000003000300000000000000Van der WaalsOO
oood

Bap(T) = —

(RT)? <RT ~2a0)

ggo

020200 20 50Fig.16-2,3,4,10,11) 00000000 By (T),B:p(T) 00D 0ODOUODOOOOODOOOO

a
Tp = =
57 R

gbooboobomoobooboboobbobooboobooo

O0000000B, 000000000 BoyleUO TpOOOOVander Waals DO OO0OO000O Bay(T), Bop(T)
uboooooooooobooobooboboboboboobooooooobooboobobobOooboooooooonoos

000000007 000000000000000O2
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T/K He Ne Ar Kr Xe

80 10.6 -11.8 -288.0

100 114 -4.8 -187.0

120 11.8 -04  -133.0 -308.0

140 12.1 2.6 -99.8  -229.0

160 12.3 4.8 -77.2 -179.0

180 123 64 -60.9  -143.0

200 123 7.6 -48.7  -117.0

240 121 94 -31.5 -82.4  -196.0
280 12.0 10.6 -20.1 -59.6  -147.0
320 117 11.5  -11.9 -43.7 -133.0
360 114 121  -58 -31.9  -884

400 111 126 -1.1 -229  -69.8

450 109 130 34 -14.2 -52.5
500  10.7 133 6.9 -7.5 -38.8
600 104 138 119 2.0 -19.6

800 9.8 142 178 13.2 2.7

1000 9.3 143 211 19.5 15.0

23 0J00bObObOOoOoOooboboboooon

000000000 (0)0000oo00oUooO0O(-7)0ooooUooMOOOODODOOMOOOOOOOO
gboooobooboobboobooboobboobooboooboobo@muooboobboobooon

D0000002% 050 [3]0 Reifd Fundamental of Statistical and Thermal Physics Chapter 6[4]0

2.3.1 00000 (microcanonical ensamble)

0000000000 00o00o00000o0 (0000000000 0O0U0O0DO0U00o0OU0oOo0oDUoOoOooOn
00000000 0O000o0o0oo00oO) 0000000000000 00000DO00D0O0OEO E40ED 2
gbobooboobooboooboooboooboooooboobooboorbOO0O0ODbOO0OOOOOODbDOODbOOODO

OO00OD0E<E<FE4+4éE0000O0000DOCOOOODODOOODOOOOOO

300000 1000 10 (1961, March15) 00 0000000000000 00 (0000000000 000000000000000)
Oobo0+a 0O000O0COOOOOCOOOOOCOOOOOCOOO
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Ode; D00D0O0000 X;000000000000000000DWO Xyde; OOO0O0DDOOO 23, =V 0O
0000 X;=—-PO0O0O0O0O0wO —PAVOOOO,X;,]00000VOOO POOOOOOOOOOO

O000000000=00000000000000 FOOODOOOOOOOOOO Q(E,N,V,z)0000

o0 0OO0oOoo

Q(E,N. V)= > 1 (10)
0<E<E
gooono
1
Qo(E,N,V,z) = R3(Na+N5+- ) N,INg! - - /H<EdF (11)
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Elemental particles

Atoms
Any atom in molecules holds each
Molecles characteristics. Therefore, any molecule is
expressed using the atomic symbols.
In most cases, the name of molecule
Molecular assembles is used for its assemble, because the
character and property do not
liquids, solids change much in the assembles.

Today’s topics: Molecular interaction

Most of the properties are not much changed by the
interaction, and the molecule returns to the original form
by removal of the interaction




Most of examples: molecules form the living systems

N ! [
| H/F{‘I:\C/C\N/H
4 bases of DNA W A
\T/C\N/C\H r||
The covalent bonds bind the Adenine e
atoms in molecles
Almost all types of covalent T N /ﬁ\ »
bonds of H, C, N, O are found Hee” Ny ]
in bases of DNA and amino /JJ\ l\ \II/C\N/C\N,H
acids of proteins (except for " ) o H b
triple bonds) Cytosine Guanine
96.5% of the living systems is Pt What is the _
H, C, N, and O; that is, our ) /l\ cytosing characteristics
living systems are composed \°| \T of covalent
of these bonds. NP \? bonds?

20 amino acids forming any proteins

@ The covalent bonds are strong.
An O-H bond needs 460kJ/mol, a C-H bond needs 410kJ/mol, and an N-H bond needs 390kJ/
mol.
400kJ/mol is almost equivalent to the thermal energy of T=48000K, and the covalent bond is
thermally very stable.

@ Atom X and the number of atoms surrounding X determine the basic geometric structure around
X. For instance,

» C-H, N-H and O-H bond lengths are108, 100, and 96£3 pm, respectively.

» For a C atom having 4 bonds, the angle X-C-Y is almost 110°.
» Foran N atom having 3 bonds, the angle X-N-Y is almost 107°.
>

For an O atom having 2 bonds, the angle X-O-Y is almost 105 °.
The deviation from the above values is +10°.
The exception may be found for the ring molecules, but still the deviation is restricted.

» If the double and single bonds are alternating as C=C-C=C. C=C-C=N. C=C-C=0,
these four atoms are almost in a plane(1T conjugation).

» Aringed conjugated molecule has aromaticity, and forms a stable planar molecule.

The linear structure of biological polymers is connected by the covalent
bonds and it forms the stable framework.




But!/

There is a freedom around the rotation of a single bond

(dihedral angle).

> t,: angle between a plane of
H,-C,-C, and a plane of C,-C,-

H,

> t,: angle between a plane of
H,-C,-N, and a plane of C,-

N1_H3

> 1;: angle between a plane of
H,-C,-C;and a plane of C,-C5;-

O,

N
(7]
T

[
=]
T T

NH, |

-1

9]
T T

CH,

V(9 /kJ mol
=)
—

ok

MP2/6-311++G(d,p)
[relaxed geometry]

Quantum Chemical
calculations

240 -180  -120

60 0 60 120 180 240

Dihedral angle

alanine

10kJ/mol is equivalent
to 1200K

Boltzman factor

What is the determining

factor for the barrier?

Cexple— 10
8.31*300

=0.018

10%)



Thermal energy RT,,,=2.493kJ/mol

A double helix in DNA
E E 9
P (AE)= eXp(__A } P, (AE)= exp(_ A ) comes loose at 90°C
RT300 R Tsos (363K)'
21
41 . ) -
1 The time scale of atomic motion in
6T molecules: < ps =10-12
A~ gl
_gflo_". The time scale in the basic
11 molecular processes ?
+ 0 [ o]
4T a0l
-16+ 204
-18 — ! : ! : } } } } 30+
0 20 40 60 80 100 =]
AFE/kJ mol™ <s0t
-60+
Of course, we have to take into ;g
account the number of possible 90 , , : :
100 200 300 400 500
states. AE/KS mol™

The steric structure of biopolymers (secondary, ternary and quartery
structures) are determined by interaction between the atoms and molecules
not directly connected by the covalent bonds.

The factors governing the internal rotation barrier and determining
the steric conformation

»Electron delocalization (chapters 4 and 7)

» Electrostatic interaction (chapter 3)

»Steric hindrance (exchange repulsion) (chapter 4)
»Hydrogen bond (chapter 6)

»Electron induction interaction (chapter 5)
»Dispersion interaction (chapter 5)

In many cases, a single factor can be identified.

These interactions play between molecules.

Below, each term is discussed.




Electrostatic interaction

Between point _Zf Ry, ;%AF
charges A
. . AZB
Coulomb interaction energy /hartree [ aee-2625 49963kimol
AB
An attractive force on A 496 x 107
7 (R V(R) = ————kJ / mol
Fo=——f| 2 \xZ7, R/ pm
2 s —
RBA BA R—r
: °
Between a point
charge and a V(R) = f px) .
electron distibution R — |

A charge distribution p(r)made of
electrons and nuclei creates the
potential energy map.

Electrostatic potential map of a water
molecule

A plane perpendicular to the molecule

In plane and containing an oxygen atom

A positive charge is stabilized around the red part.
A negative charge is stabilized around the blue part.



Electrostatic potential of cytosine

A point charge and a dipole
moment

+d

R R R,

'm—i m—i 'm—i
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Most stable at q=180

Most less stable at q=0
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dipole moments

m,
m et % AN
a
\ R, N
- ‘R ‘R
S e
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Induction Interaction (Polarization interaction
in a narrow sense)

Electron distribution is deformed (polarized) under an electrostatic field.

Induced dipole moment: proportional to the polarizability a

ind — aZ Ra ZOC
" " R|R V=-—
a a R - 24 ~m3
. aa =1.64 x104* cm
_

=1.64 x (0.529)3 bohr3

At R=500pm, the
interaction energy is
V=3.6kJ/mol for Z=1

a0 =(1.528, 1.415, 1.468)
Ra x1024 cm3

The induction term contributes to the non-additivity of the
interaction.

repulsive.

In this configuration, two w = % R, .
induced dipoles are R\ R, '




Dispersion interaction (including Van der Waals
term)

Attractive interaction, always between any pair of atoms.

The attractive force which caused the rare gases and hydrogen molecular gas
liquefied and solidified.

The attractive interaction because the positions of an electron r* on atom A and
an electron r8 on atom B are not independently determined (correlated)

Molecule A 2 electron density function P, (I'lA,I'f)

. A
To reduce the electron repulion, p, (r”,r,)’)

tends larger for larger rlA - rQB and

p,(r,r) tends for smaller

A B
rl r2

Molecule B

mA, mB
For instance, for z component, the probability of — e is higher than

thatof e— <«—o

Similarly, for x component, the probabiliy of I is rI'gher than that of I

In both cases, the configurations having a larger inter-electron distance cause the
attractive induced dipoles.

R,5 dependence

A “virtual” dipole moment m#, on atom A creates an electrostatic field on atom B,
proportional to 1/R3.

Under this field, a “virtual” dipole moment m&, is induced on atom B.
This mB, induces m#, on atom A self-consistently.

The induced dipole moments are proportional to 1/R3 and the dipole-dipole interaction is
also 1/R3. Thus the leading term of dispersion interaction is proportional to 1/R8, which
is the Van der Waals term.




The characteristics of the dispersion term

From theoretical and computational points of view,

almost additive

less directive. There is an exception for the [¥] conjugated systems.

The molecule, which has strong alllowed electronic transitions in low energy
regions (at near-infrared and visible regions and/or whose ionization energy
is small), shows a large dispersion interaction with the other molecule.

In the molecular orbital theories, the electron correlation theories are
required to estimate the dispersion energy. At least the MP2 level is required.
Near the minimum of the potential energy curve, the CCSD(T) level of
calculations with a large basis set give the reasonably accurate binding
energy.

In DFT, the specially designed split of the exchange and correlation term and
the hybrid of the exact exchange and a exchange functional may work for
“accurately” estimating the dispersion term.

Exchange Repulsion

Repulsive interaction between any pair of atoms when the distance is
shorter than a characteristic distance of the atoms

The repulsive (destabilizing) interaction between a singlet pair of electrons
in atom A and a singlet pair of electrons in atom B.

It is unfavored to make the new pairs between
ﬁ_f* molecules by breaking the electron pair inside of
A B each molecule.
| 4 The mathematical formula for the exchange repulsion is

complicated; it consists of several negative and positive
terms. They are canceled each other and eventually the
positive terms win.

The exchange repulsion is different from the electron exchange term in
Hartree-Fock theory and in density functional theory (DFT).

It is physically equivalent to the exchange parameter in the theory of
magnetism, and it originates from the valence bond theory.




Lennard-Jones potential energy function
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A hydrogen atom in a covalent bond X-H can make a “bond” with an atom Y
which is already saturated in terms of the covalent bonds around atom Y. The
bond between H and Y is called Hydrogen Bond.

A dimer of water molecules

0.0961nm
HA

£ 0.2055nm
0.0965nm HD
O
0.0959nm

19.0kJ/mol

MP2/6-311++G(d,p)

dominant.

The electrostatic term is




Complex of cytosine and water

49.9kJ/mol

48.4kJ/mol 0.2010 C.~~~..,9j2028 o~ An H of water is around

the red region, and O
of water is around the

26.4kJ/mol :
blue region.

Dong-Xia Zhao

MP2/6-311++G(d,p)

Characteristics of hydrogen bonds 1

»Hydrogen donors (HD)X-H: N-H, O-H, F-H. For ionic systems, N*-H, O*-H.

»There has been a controversy whether C-H can be a hydrogen donor in
hydrogen bond. Recently more papers with the positive answer are reported.
In particular, when the C atom is connected to large electronegative atom(s),
the C-H makes a hydrogen bond.

»Hydrogen acceptor(HA): The atom having non-bonded paired electrons,
suchas N, O, F, S, Cl etc.

»0O and S, having two non-bonded paired electrons in the molecule, may
accept two H-X. Therefore, an oxygen of water molecule can form two
hydrogen bonds in addition to two covalently bonded H. This determines the
unique character of water in liquid and solid phases.

»The closed shell anion atoms, such as F~, CI” and Br™, can be a hydrogen
acceptor. In this case, it is called ion hydrogen bond. The anion can accept
more than one H-X.

»Recently it has been widely known that the 1T conjugation attractively
interacts with an H-X.




Characteristics of hydrogen bonds 2

»In X-H---Y, a pair X, Y almost determine the geometric structure. The word “almost”
is important; it is not uniquely determined.

»In most cases X-H---Y is nearly co-linear. If not because of some other reasons
(such as the steric hindrance), the hydrogen bond becomes weak.

»The X-H bond is lengthened and its harmonic frequency is lowered. The exceptions
are found; so called blue-shift hydrogen bond. The cause of the reason is not fully
understood yet.

» These characteristics are mostly understood by the electrostatic interaction and
induction interaction. But, the electron-donor-acceptor (charge-transfer) interaction
does contribute to the hydrogen bond; the hydrogen acceptor is the electron donor
and the anti-bonding orbital of the hydrogen donor receives the electron.

»The hydrogen bond is not additive; in particular, the three-body terms are important.
For instance,

PN

This hydrogen
makes a stronger

E hydrogen bond.

Many, many hydrogen bonds in the living system

»The 70% of the weight in cell is occupied by water molecules.

»Any amino acids in proteins have both hydrogen donor and hydrogen
acceptor sites.

asparagine

(Asn, or N)

H O
I

|
—N—C—C—

H,
> The bases of DNA and RNA also have both sites.

»The phosphoric acids, forming the framework of the nucleic acids, have
the hydrogen acceptor sites, and, of course, the sugar parts have both
sites.




The base molecules in DNA have both hydrogen-donor sites and
hydrogen-acceptor sites

The base pairs G-C and T-A in the double helix use only a part of those sites.

r ]
| H PN O
N~ I |
H_C/ \Tl \T H/C\N/C\O
\ |
'i‘/ C\N/C\H H
B Thymine
Adenine
H | Q
r ﬂ
N N
H\C/C\N H_C// \Tl T v
| | N PO
H N X b N N

| H

. Guanine
Cytosine

There are un-used hydrogen-donor and hydrogen-acceptor sites.
Therefore, without unfolding of the helix, DNA can form the hydrogen
bonds with the amino acids of proteins.

An example: which side of a G-C pair is an asparagine residue located?

asparagine
residue
(Asn)

Hamin

C G

G-C + Asn : 53.3kJd/mol G-C + Asn : 25.5kJ/mol

What causes the difference: the dipole-dipole interaction and the three-
body term resulting from the induction interaction.

G + C ~ 96kJ/mol

T. Yoshida & M. Aida, Chemistry Letters Vol.36, No.1 (2007)



Charge-transfer Interaction (CT), or

Electron-Donor-Acceptor interaction (EDA)

If the molecular complex is formed by the CT interaction, in most cases, the
color of the system is drastically changed. Often the new electronic
transitions are found.

Concluding Remarks

»Molecular interaction is at most 3 O kJ/mol for a pair. It is one order larger
than the thermal energy RT300, and one order smaller than the covalent

bond. Importantly, in most of cases, there are many interaction sites for a
pair of molecules.

» So the electronic and geometric structures of the system are changed to
favor the total system including the molecular interactions, even by
sacrificing the covalent bonds.

» In particular, the steric structures of biopolymers (secondary, ternary and
quartery structures) are determined corporatively by many pairs of

molecular interaction, and as enzyme reactions, the covalent bonds are
rearranged and broken.






