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Binding energies of various atoms of elements

Energy required to form separated neutral atoms in their ground electronic

Table 1 Cohesive energies

I1-;38 2; 0 state from the solid at 0 K at 1 atm. The data were supplied by Prof. Leo = & s 2 e
y 63' 3 32" Brewer in units keal per mole, revised to May 4, 1977, after LBL Report g
a7 76_'"5'“" 3720 Rev. i
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Melting point of elements

T Be Table 2 Melting points, in K. B c N 0 g Ne
453.71 1562 (After R. H. Lamoreaux, LBL Report 4995) 2365 63.15 154.36 153.48 | 24.56
Na Mg Al Si P S Cl Ar
371.0] 922 933.5]1687 |w 317|388.4 1172.2 | 83.81
r 863
K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
336.3| 111311814 11946 2202 (2133 (1520 |1811 §1770 1728 11358 1692.7 1 302.9 11211 {1089 494 265.9 1115.8
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
3126 | 1042 11801 | 2128 2750 [2895 2477 2527 2236 1827 (1235 1594.3 | 429.8 | 505.1 1903.9 |722.7 1386.7 { 161.4
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2031 | 1848 | 1406 | 9310 913 1449 11613 | 1562




1. Crystals of inert gases and van der Waals forces

Interaction potential of a systems of charges is z Z
|R ~T; + r’|

At R>>r; multipole moment <. % %
expansion can bhe applied :

'v\’;’

R 1 1 1
ins = (4= daVa + 5QuaVa¥a+ ) (0 + 95 + 5Q5¥2Vs) 3

R
q= Zez’, d= Zeil‘i, Q= Zez‘(?ﬂ‘icﬂ'w — 17 84p),

First-order energy correction El ( R) — (OO'i ﬁz‘nt IOOI) o qq' /R.

is zero for neutral atoms:




1. Crystals of inert gases and van der Waals forces (2)

” 2
Second-order energy correction is E-(R) = ‘<00 lH"”tlm)|
non-zero even for neutral atoms: 2(R) = Eoor — Em

m#00’

. 1 1 1
Hint = (q —da Vo + gQaﬂvavB T ) (ql + dﬁyvv + —G'nyJV‘YVJ " ) R
Second-order energy correction comes from dipole-dipole interaction:

(d32d7°)(dg ™ d®) 1
Ey(R) = - Inang — 0ap)(3nns —0y5) —,

2(R) ; . (3namp =~ 0ap) (31915 = 045) 25

d™ = (m| dg|n); dT™ = (m'|da|n’); €n = Epn—Ey; €n = Ep — Ey

Van der Waals interaction C |d702|d% ™' |2
between neutral atoms is Ez(R) = —-Rg, C=6 e+ e :

nn'
Lennard-Jones potential contains

o\ 12 N
van der Waals force + hard core:  prJ(R) = 4¢ [(E) ~ ('R‘) ]



Crystals with van der Waals binding

Ne Ar Kr Xe
E., 3B/arom 0.02 0.08 0.12 0.17
Tm, K 25 84 116 161
At = hfovV Me 0.09 0.03 0.02 0.01
H2 D2 N2 CO CH4 COz
E., 3B/mo. 0.008 0.011 0.07 0.08 0.10 0.27
Tm, K 14 19 63 68 91 217
Tora; K 2.9 4.0 36 62 20
A = h/ovVMe 0.27 0.19 0.04 0.04 0.04 0.02
Ao = h/y/Ie, 4.8 3.1 0.46 0.31 0.63 0.04

Tabnuna 5.1. Queprun cBa3u F,, Temneparypsl maasiaeHust 1, ¥ OpHeHTa-
IIMOHHOTO ynopsanoueHus 1,,q4, 1 3HAYEHHUS IIapaMeTpPOB “KBAHTOBOCTH s
TPaHCJIAILMOHHOIO ¥ OPUEHTAIMOHHOIO JIBUIKEHUH, Ay U A,, O/ KPHOKDHU-

Van der Waals binding is so weak, that helium remains liquid
even at zero temperature! Other crystals of inert gases have
very low binding energy and melting temperature.



Crystals with van der Waals binding (2)
Neglecting quantum effects, ptot _ 1 NZ le

12 6
o
the total crystal energy is ( pi; R ) - ( pin)

For face-centered o _ -6 . 12 _
crystal lattice Se = Z p; =14.4539;  Sip = Z p;'% =12.1319

Taking into account only the nearest neighbors, the minimizing of Lennard-Jones
potential gives Ry/c=1.12. Minimizing the total energy, one obtains R,/c=1.09.

Experimental interatomic distance in crystals

Theory Ne Ar Kr Xe
R./o 109 1.14 1.11 1.10 1.09

In light elements the quantum kinetic energy is
Important, which increases interatomic distance

Cubic close-packed (fcc) crystal structure of the inert gases
Ne, Ar, Kr, and Xe. The lattice parameters of the cubic cells
are 4.46, 5.31, 5.64, and 6.13 A, respectively, at 4 K.




Compressibility and bulk modulus of elasticity of

crystals with completely filled shells

The theory can be tested in an independent K=Be—=—V dp
way, using bulk moduli of elasticity, defined as T dV

where V is the volume and p is the pressure. Compressibility is defined as the
inverse of the bulk modulus of elasticity. At absolute zero, the entropy is

constant, so that the change in energy U and the volume change accompanying it
are related by the thermodynamic identity dU = —pdV

= dp/dV = —d2UJdV? u d Ly

Usor (V) = 22— L. where b, = (12,13) Ns0'2, by ==(14,45) N'so®.
At equilibrium and zero pressure for the equilibrium volume we get:

dU i, 34!
tOt_____O_ : -VO (2!)12)/ ___(12,]3)/21\/0_3

dV V° ! Vé ’ bs 14,45
Bulk modulus of B (V A% ) 206, /\/__ b%
fcity~ 3 = f =
elasticity~ /o e % Py



2. lonic crystals

lonic crystals are made up of positive and negative ions. The ionic bond
results from the electrostatlc interaction of oppositely charged ions.

: JHzprus cpoacTBA K 3JAeKTpoHy (B 3B) naa oTpHUATE]bHBIX HOHOB
‘, Na } 4+ 514eV  —» -4 e
. Atom Teopis DKCHEpUMeHT Atom Teopus DKkcnepuMenT
[onization
Gas energy Gas T
H 0,7542 0,77 40,02 Si 1,39 —~
Li 0,58 -~ p 0,78 —
C 1,17 1,2540,03 S 2,12 2,0740,07
P N —0,27 — Cl 3,56 3,61340,003
e 4+ Cl, — 4 3.61 eV 0 1,22 1,4654:0,005 Br - 3,36340,003
F 3,37 3,4484-0,005 I - 3,06340,003
Electron Na 0,78 - W - 0,5049,3
Gas Gas affinity Al 0,49 - Re — 0,150,

Cohest-
Gas Gas Crystal energy

The energy per molecule unit of a crystal of
sodium chloride is 7.9 - 5.1-3.6) = 6.4 eV
lower than the energy of separated neutral
atoms. The lattice energy with respect to
separated ions is 7.9 eV per molecule unit.
All values on the figure are experimental.

CsClI




O6bwme cBeaeHUA 06 MOHHbIX KpUcTannax

Vonnas caasp sisiercst onpoit w3 HambOIIeE IPOYHBIX M HMEET TIOPSIOK
5‘1_0 3B/mon. Tak, sHeprus muccounaruy xpuctania NaCl va uonst Na™ u
Cl™ (re. SHePrus pa3BefeHUst 3TUX KOHOB Ha GECKOHEUHBIE PACCTOSHMS APYT
O Apyra) cocrapnsier Ei= 7.9 9B/won, a sxeprua uccounauun NaCl na
BeTpanbtie aromsr Na 1 Cl (r.e. sneprus cas3u) pasna E, = 6.4 3B /Mo
n::::::: }:JI‘C u E! nns pasubix MOHHBIX KPHCTAIIOB MEHSIIOTCS B IIHPOKHX
COOTBeTm:Be aK, mnga coemuuenuit LiH, KH u Al;O3 pemwunusr E. pasHbl,
Cranng 3HaHHO, 4.8,i 3.5 u 29 3B/mou., a AnA 1IETOYHO-TANOMAHBIX KpH-
Hasey S:Qjﬂdﬁ E; MEHFIOTCH B HHTEPBAIE OT 6 mo 11 sB/mon. Bonbimue
TeMHepaTy Oi SHepruMm npPUBOAAT K OTHOCHTEJBHO BBICOKHM 3HAUYEHUSAM

P nnasnenns T,,. Tax, NaCl niasurca npu T, ~ 1100 K, B 10

Beymy
Huggy @, Hanmpumep, npocrsle merasisy Mg u Al umetor 3amerto Gonee
© Staserns T,, ~ 900 K.

OneKTpOHHbIe 0B0NOYKH MOHOB B MPOCTEHIIMX HOHHBIX KPHUCTAJLIAX CO-
OTBETCTBYIOT 000M0YKAM ATOMOB MHEPTHBIX Ia30B. TaK, 3MEKTPOHHbIE KO-
dburypanun #oHOB JuTHSA 1 QTOpa B Kpucrayie LiF uMeor Bua, cootser-
crBenno, 1s* u 15*25%2p%, T.e. aHANOrMYHB KORUIypALKAM ATOMOB rens
1 HEOHA, BMECTO IEKTPOHHBIX KOH(DHUTYpalyil HeHTPAIbHBIX ATOMOB JIUTHS
u dropa, 15225 u 15*2s?2p°. TlockombsKy 9TH 3aMKHYTIE 0GONOYKH UME:
0T CEPUYECKYd CHMMETPHIO, TO PacupeJeeHue 3apafa Kaxoro Mo
B TIPOCTBIX MOHHBIX KPHCTA/LNaX (TaKMX, KAK IIEJOYHO-TAJIOW/IHbIE) TAKKE
npub/mkerHo 06/1a1aer cepuyeckoit cuMMeTprel, KoTopas Hapymwaerc
TOJILKO B 00JIACTH CONPHKOCHOBEHMS COCEIHUX ATOMOB. JTO WILIOCTPUPY-

~

3HaueHUs IHEPrETHHECKOH MIEH B MEKTPOHHOM criektpe g, o1aen®
J0IIEl 3ATIONHEHHbIE HMEKTPOHHbIE COCTOSIHMS OT COCTOSHMIA B 30HE TPOBY
JUMOCTH, /11 HFOHHBIX KPUCTAJLIOB COCTABJISIIOT HECKOJIBKO SneKTpoH-BOTE
Tak, ni1a kpucraino NaCl, LiH n CdS 3naverns E, pashsl, cooTBeTCTBeH
HO. 8, 5 u 2.4 3B. Tlosaromy npu He CIMIIKOM BBICOKHMX TeMmmepaTypax HO
HbI€ KPUCTAJLIbI 00/1aaI0T BBICOKMM YIEIbHBIM COINPOTHBIIEHHEM, T
HbIM JIJIfl XOPOIIMX M30MATOPOB, HEOOMbIIMM TOKA3ATENEM npeHOMﬂeH“ﬂ’ )
00BIYHO IPO3PAYHbI B BUAUMO# 00/1aCTH 3/IEKTPOMATHUTHOTO CIIEKTPa- w
KOYACTOTHAs (MOHHAsA) ONAPHU3YEMOCTh HOHHBIX KPUCTAJLIOB, KaK npasi!”

B
BICOKa. JTO MpUBOIUT K Gonbiny 3HaYEHHAM CTATHYIECKORH AU3IeKTpHYe-

CK
OF MpOHMNAEMOCTH 1 K HaTHYHMIO ONTHYECKOH aKTHBHOCTH
HHS WM OTpasKers)

OnMmuNeckum hororx
TOK KpucTag, Aapyr
710, Xopomo pacrBop.
C BBICOKOj} CTeneHbio
Tepatypax 5o MHOr"
HPOBO.IIKMOCTI:, BILJI

(r.e. mormome-
B Jlasiexoit uHpakpacHoit obiacru, COOTBETCTBYIOIIEH
BIM KOEOaHUAM Pa3HOMMEHHO 3aPSIKeHHbIX ToZpele-
OTHOCHTENBHO Apyra. VoHHEIe KpHCTANBL, KaK IpaBy-
UMb B TAKMX HOHU3YIOUMX PACTBOPUTENIAX, KAK BOJIa,
Aucconnamuy Ha cBoboaHbie HoHbL [Ipu BRICOKUX TeM-
X HOHHBIX KDHCTAJINAX HAO/IONAETCS 3AMETHAA HOHHAS
Moro “CYHep-HOHHOI%T,,b C§2T06pa'3033HI/IH B HEKOTOPHIX K3 HUX TaK HA3HIB3E-
. OAHHA, B KOTOPOM HOHBI OJHOMN MJIH HECKOMbKUX
TIIPUIIOXKEHHOM 3/IEKTPHYECKOM TOJIE IO BAKAHT-

HOBHI-mﬂM 43
KBa3y- ”
AK rore H-XHIKuM" 06pasoM, Kak B JKUAKOM S/IEKTDOITHTe.



Interatomic interaction in ionic crystals

elR) The electron shells of all ions of a

t simple ionic crystal correspond to the
electron shells of inert gas atoms.

|
[
R | \ae—f7t Therefore, interatomic repulsion at
noteHuman "l small distances is very similar to them.
l
5‘ - ——t- R The total energy of interaction

of each ion with all others

KynoHoBckoe L ’ _ .
NpUTSXEHWUe U= Zf U:j: where i and

: e e Tij q*
Interatomic potential in ionic crystals U;; == Aexp (“— e

The total energy of

_ ag’
an ionic crystal Utot =NU; =N (z}\’e Rie R )

where is the Z ()

0 == —=~and r;; = p;iR  Z-numberof
Madelung Pi; “ Pii nearest neighbors
constant: {




BoiumcneHnume nocroasHHou MapgenyHra

B ctpygType xaopucroro Hatpus (puc. 3.11) y oTpHIAaTeABHOTO
Houa, B3SITOrO 3a HCXOAHLIH, UMeeTcsl B KadecTBe OJikafimiux co-
Celell WEeCTb NOJOKHTENbNbIX HOHOB (A HUX BBEACHHAS BbLIIE
BeJHuMia p=1), KoTophle AaAyT MOJ0KHTELHBIH BKIaA B ¢, pas-
unft 6/1. lanee umeercs 12 oTpuHaTeIbHBIX HOHOB (coceid, cie-

ayiowne 3a OMmixalimivn), A8 KOTOPHX p=4/2: 3T0 jaeT OT-
pHIaTeNbHBLIH BKJAA, PABHLIH — 12/\/5‘; BOCEeMb TOJOKHTEJIbHbIX
HOHOB € p=4/3 nanyT 8/4/3, imecrh OTpHNATENBEBIX ¢ p = 2
Aaaytr —6/2, u T. 1. B pesyantarte nosyuuM HHCJAOBOH psii:

6_ 12 8 6

1 9% TR
OyeBUAHO, YTO CXOAUMOCTDL Y ITOrO psAa Noxas.

+ ... =6,000—8,485 + 4,620—3,000 + ...

HekoTopble 3Ha4yeHua noctossHHon MagenyHra,
BblYUCIEHHbIEe ANA eAUHUYHbIX 3apAA0B UOHOB :

CTpykTypa a
Xaopuetet natpuit NaCl 1,747565
Xaopuerstit neaunit CsCl 1,762675
Hunkosas oOMaixa ZnO 1,6381

CTPYKTYPHI
XJIOPHCTOTO HATPHA, HCHOJBb-
dvemas OJs pacueTra HOCTOMH-
Hoil Maneayura no MeTody
Inreya. ITokazana o/Ha 3.e-
MerTapHaa sueiika. IpoGu Ha
pucyvHKe 0003HAYAIOT TY 4acTh
3apsila HOHA, KOTOPAast 10JiKHa
CuiTh npuniycasa OAHOH ane-
MeHTapHOH sauefike. Tak, el
NpHHAJLJAEKHT 3apaa —+1/e oT
Kaxzoro Hona Na®*, pacnoso-
JKEHHOro l1a rpanu, 3apsag —1/,
oT kaxagoro nona Cl |, pacno-
TOXKEHHETo Ha pebpe, u 3apsia
—+'/, OT Kampmoro uoHa Na®‘,
PACNOJMOXKEHHOIo B yray



Bulk elasticity modulus of ionic crystals

d 2
Bulk elasticity modulus K= B=— V=, {éVZ .
dU _ dU dR . dR 11 dV

dv = dR 4V ' dV ~ dV/dR 6N R?

d?U d?U(dR 2 . dU d®R

dv? T dR? \ dV ''dR dV?-
In equilibrium R=R,, a dU/dR=0; )
d*U 1 2 ] dazlt
B=YV 2 ( ) ) - Z
dR 6NR I18NR, dR
(dz[é) _ NzA p—Ro/0 2Nag? Naq (Rg 2)
dR o’ Ro
R
Bulk elasticity modulus =— R4 ( - 2)
This relationship can be solved p, using the experlmental values of R,
and the modulus of elasticity. For KCl we get R, ISRSB |
B KCI R, = 3,14A. Thus, the repulsion '_p_: ag? ' 2~ 104,
manifests itself in a region of size 0.3A )
KCI crystal total energy ot __ % (1 _ i) ~ — 796 5B
(in experiment —7.397 eV) N Ry Ry ’



Metallic bond

Metals are characterized by high electrical conductivity, and
therefore it should be thought that a significant part of the
electrons in the metal must be free in order to be able to move.
Usually an atom has one or two free electrons. Electrons capable of
participating in the phenomenon of conduction are called
conduction electrons. In some metals, the interaction of ionic cores
with conduction electrons makes a large contribution to the binding
energy; however, a characteristic feature of the metallic bond is the
decrease in the kinetic energy of the valence electron in the metal
as compared to the free atom.

&4

Metallic bond energy is

2,2 2.2
2 € L eT ”“”"”":”ﬁ’}‘g’} 7
EFTZFA(IR,-—RA)—NW. S
i Pasnosecrsiit o0sem

6z262 Jepeur 8. +1
Ey =—-N o aMm r, = (30/4m)L/3 e+l { N\ 7_{:
8

Tomenyuansiay
CtpykTypa OLIK 'K 'y anEpei . const
aM 1.79186 1.79172 1.79168




The metal energy weakly depends on the lattice structure
and is determined by conduction electrons

Ees = %/ ( )@(r)dB 2/ (r)p( )d37‘d37" VZ k2 75 PkP—k,

v =l

ze 22 62

Charge density oo(r) = ) zed(r — R;) - q Energy Ey =-N o
1 8

IMponsmocrpupyemMm 3Tu coobparkenusi pacderom Fp B mogenu cdepu-
yecKux siueek Burnepa-3eitna, T.e. B npubnuxkedun Epys ~ Neg, rae e; —
3JIEKTPOCTATHYECKAA dHEprus oauoit chepudeckoit adyeiiku Burnepa-3eiina.
IToncraBisisi Ojist 9TOro ciyvas Boipaxkenue (7.1) ana p(r) B oburyio dopmy-
ay (6.11), HaxoauM, YTO €5; PABHO CyMMe ABYX BKJI3JIOB, -3JIEKTPOH-HOHHOTO
IPUTA>KEHUA egi ¥ JIEKTPOH-3JIEKTPOHHOI'O OTTAJIKMBaHUA €5°:

aMm

- z2e2 d3r 322
ei . _ ar_ 12
€s Q /,,<r‘ r T2 ’ (7.12)
2,2 d3 d3 ! 2,2
ef =22 / drdr _3ze (7.13)
22 J ey, T — 1| 5 74

CknanpiBasi BeipakeHus (7.12) u (7.13) u yuyursiBas onpenenenne (7.11),
noay4aeM: apr = 1.8. CpaBHUBaAA 3TOT pe3yJbTAT C TOYHBIMH 3HAYCHHSAMU
ap B Tabn. 7.1, BuouM, yro npubim>kenue cepudeckux sdyeek Burmepa-
3eiflla MO3BOJIAET HAXOOHUTBL (py C TOYHOCTHIO Bbiue, yem 0.5%. Drto mon-
TBEP2KOAEeT MPUBEIEHHBIE BbINIE€ KAYECTBEHHbIE COOOPaKeHHUsI.



Covalent bond

H C O O
H:Q:H C:Q:C o:§i:0:§i:o
- H C O @

Binding energy of several covalent crystals

Ge Si C SiO4
E., 3B/mon. 3.9 4.6 7.4 17.6

Ceazsp H-H (C-C Si-Si Ge-Ge P-P O-O Te-Te Cl1-Cl

Ey,,5B 45 3.6 1.8 1.6 22 14 14 2.5

Melting points are usually very high:
Tm(a—Si0y) = 1986K; T,,(c—SiO2) = 1883K; T,,(Si) = 1696K.



Covalent-bonded crystals are usually
dielectrics.

Tabauna 8.3. [llupuHa 3anpenieHHON! 30HbI IPU HYJIEBOHI TeMIlepaType Eg %
npu KOMHATHO# Temmneparype E} 1/ HEKOTOPbIX KpHcTaios (1o [1] u [3])
Energy-gap width at zero and room temperature:

Kpucrann C SiC Si Ge InP InAs InSb GaAs ZnS ZnSe CdTe

E‘g), 54 3.0 1.17 0.74 1.29 036 023 1.52 391 - 1.61

kg, - - 114 067 1.35 035 0.18 143 3.6 26 145



Hydrogen bonds

Since neutral hydrogen has only one electron, it must have one
bond, allowing it to join with only one atom of another kind.
However, it is known that under certain conditions a hydrogen
atom can be connected by significant forces of attraction
simultaneously with two atoms, thereby forming the so-called
hydrogen bond between them. The energy of such a bond is
about 0.1 eV. The hydrogen bond is believed to be mainly ionic,
since it arises only between the most electronegative atoms,
e.g- F, O and N atoms. In this limiting case the hydrogen atom
loses its only electron and, giving it to one of the two atoms of
the molecule, turns into a proton, which carries out the bond
between the atoms. The small size of the proton does not
allow it to have more than two atoms by its nearest neighbors;
atoms are so closely spaced that in such a short spot more
than two atoms cannot fit. Thus, the hydrogen bond is only
between two atoms

oo £ An example of a hydrogen bond between

.} fluorine ions in HF- A l[imiting case is shown

-/ when the bond is carried out using a proton.




Hydrogen bonds (2)

The hydrogen bond is the most important form of interaction
between H20 molecules and causes, together with electrostatic
attraction, the electric dipole moments of the amazing physical
properties of water and ice. The hydrogen bond limits the size of
protein molecules and determines their usually observable
geometric structure. It also plays an important role in such
phenomena as, for example, the polymerization of hydrofluoric
compounds and formic acid. It is essential for explaining the
properties of some ferroelectric crystals, such as potassium
dihydrogen phosphate (KDP), and plays an important role in
molecular genetics, partly due to the possibility of such a process
as the pairing of two helices of the DNA molecule.
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Hydrogen bonds in DNA

A DNA macromolecule consists of two parallel,
unbranched polynucleotide chains twisted
around a common axis into a double helix. Such
a spatial structure is retained by a multitude of
hydrogen bonds formed by nitrogenous bases
directed inside the helix. Hydrogen bonds arise
between the purine base of one chain and the
pyrimidine base of another chain. These bases
are complementary pairs.
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