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Uvod - Trocha historie alsem 2025

Joseph Black (1728 — 1799)

Teplo vs. teplota, koncept specifického tepla (Fahrenheitovy
experimenty) a latentniho tepla tani/vyparovani

LECTURES 3930

Clements of Chemistry,
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Johan Carl Wilcke (1732 — 1796)
Antoine Lavoisier (1743 — 1794)
Ice calorimeter (1783)




Uvod - Trocha historie Kalsem 2025
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Uvod - Trocha historie alsem 2025

Pierre Louis Dulong (1785 — 1838)

Alexis Théres Petit (1791 — 1820)

Dulonguiv-Petituv zdakon (1819)

Specificka tepla pevnych prvku vyndsobena atomadrni
hmotnosti jsou pfi pokojové teploté cca 6 cal/mol/°C

Franz Ernst Neumann (1798 — 1895)
Hermann Franz Moritz Kopp (1817 — 1892)

Neumannovo-Koppovo pravidlo (1831)
Kazdy chemicky prvek ma stejnou tepelnou kapacitu

jak volny, tak ve slitinach ci slouceninach



Tepelna kapacita Kalseww 2025

Tepelna kapacita C je mnozstvi tepla, které je potreba dané latce
dodat, aby se jeji teplota zvysila o jeden stupen.

C,= lim Q
AT— 0\ AT

X

Dulezité:
- za jakych podminek
- jaké ,mnozstvi“ latky (.../g, .../mol, .../cm?3)

Latka M N o) Com Co Cp S
(g/mol) (at/f.u.) (g/cm3) (J/K/mol) (J/K/mol-at) (JI/K/g) (I/K/cm?3)
6,91 1 0,53 24,62 24,62
183,84 1 19,25 24,30 24,30
NacCl 58,44 2 2,16 50,50 25,25 0,86 1,86
Al,O4 101,96 5 3,99 79,04 15,81 0,78 3,11
CgH,oN,O, 194,19 24 1,23 227,84 9,49 1,17 1,44
Kofein
C,-H,60 386,65 74 1,05 597,01 8,07 1,54 1,62

Cholesterol



Prispévky k tepelné kapacite

Kalsemw 2025

Vibrace krystalové mrize - fonony
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Vodivostni elektrony
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Magneticky prispéevek

— pfechody mezi lokalizovanymi el. stavy

— rozporadani poruch

— magnony

— magneticky fazovy prechod



Fonony - harmonicka aproximace Kalsem 2025
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http://nobelprize.org/nobel_prizes/physics/laureates/1921/einstein.html

Fonony - harmonicka aproximace Kalsem 2025
! : \“\E b-initio

* superburika

* vychylky atomu

ol &0 4,
" T Y

* vypocet elektronové struktury (DFT)

* Hellmann-Feynmanovy sily

» Hellmann-Feynmanovy sily

Fm) = - 2, ®(n, m) u(m)

* silové konstanty

» dynamicka matice D(k) = 1/M Ed}({], m) exp[-ik(R(0)-R(m))]

» vlastni hodnoty — frekvence fononu

- hustota stavi fonond ®*(K) e(k) = D(K) e(k)

program Phonon — K.Parlinski




MgO - Fononové spektrum a C,

Kalsemw 2025
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Entropie a C, - vliv hmotnosti a silovych konstant

Kalsem
2025
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Anharmonicky prispevek a C,- Cy Kalsem 2025

typical interatomic
symmetric (harmonic) potential \ interaction potentials are

asymmetric (anharmonic)
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‘ Cy - Kvaziharmonicka aproximace x C, Kalsem 2025

CVm a Cvib(E) , Cvib(D)
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Mg,Si0, - Kvaziharmonicka aproximace

Kalsemw 2025
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Mg,Si0, - Kvaziharmonicka aproximace

Kalsemw 2025
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Tepelna kapacita magnonu Kalsewm 2025
feromagnet antiferomagnet
2Jsa? h 2Jsa’ h
= - = ) — . =
@ %m o4 A \/ Oy 2J50° Jo @= O | a e 2Jsa’

dg_ | n 1
do \ Cev 8J5a2 x/g

3D

%
N(@)= " 4ﬂq2dq=V£ ; ]@

(2rx)’ do 42°\ ag,2Jsa’

%
hoN (o) B KT
=[G Comca(5 )

1D C ocT?

2D C,ocT

dg h

do a,2J)sa°

N (o) = VZ( f Z)af

27\ a,e2Jsa

3
C., =Cyx R(ij




Tepelna kapacita v okoli mag. prechodu

Kalsemw 2025

M =tanh(J0Mj
RT

2
F = JoM* RT In(Zcosr(JoM D
RT
M(T) F(T)
U(T) C(T)




‘ Schottkyho anomalie Kalsem 2025 ‘
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Prispévek intrinsickych poruch Kalsew 2025

Intrinzické poruchy: Schottkyho poruchy, Frenkelovy pary

(0G/07,)51p =¥ (1% +RTINQ) = 4G°, +RTINK, =0 =  1,2= A, exp (-A4H°/RT)

A.Cp = AHP, (31,20T)= A, (AH° 2IRT2) exp (-4HP/RT)
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Nestechiometrie a izodynamicka kapacita Kalsew 2025

|zopletni: |lzodynamicka: konstantni aktivita volné slozky
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Experimentalni stanoveni tepelné kapacity Kalsew 2025

Kalorimetr je zarizeni ke stanoveni mnozstvi tepla
doprovazejiciho proces, ktery v kalorimetru probiha.

Klasifikace kalorimetru je obtizna
velky pocet rtiznych typu kalorimetru (vice nez 100)
ruzna klasifikacni schémata a kritéria

- Princip méreni (kompenzace tepla, akumulace tepla, vyména tepla)
- Podminky méreni (izotermni, adiabatické, isoperibolické ve
statickém Ci dynamické modu)

- Konstrukce kalorimetru (jednoduchy, zdvojeny/diferenéni)

: dQ lati dQexchange C |dT|
Qtotal _ aCCl(er;:'IU ation o _ tota:j : ca +K(TcaI_Tsurr)



Experimentalni stanoveni tepelné kapacity Kalsew 2025

Adiabaticka kalorimetrie, Q,, =0
A. Eucken (1909) W. Nernst (1910)

Kalorimetry home-made, obor teplot 4-90 K, ..., 400-1700 K

Tan Z. et al.: A fully automated adiabatic calorimeter for heat capacity measurement between 80 and
400 K. Journal of Thermal Analysis and Calorimetry, 92(2), 367-374 (2008).

- pasivni AC kalorimetry (dobra izolace kalorimetru — vakuum 103 az 10 Pa)
- aktivni AC kalorimetry (temperace tepelného stinéni mezi kalorimetrem
a okolim)




Experimentalni stanoveni tepelné kapacity Kalsew 2025

Adiabaticka kalorimetrie

Gagarin P. G. et al.: Heat Capacity and Thermal Expansion of LaMgAl ;0,4
Russian Journal of Inorganic Chemistry, 69, 879-774 (2024).
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Fig. 3. Consistent dependences of the heat capacity of LaMgAl ;0 g determined by relaxation (O ), adiabatic (O0), and differential
scanning calorimetry (<) methods.



Experimentalni stanoveni tepelné kapacity Kalsew 2025

Tepelné pulzni kalorimetrie, Q. = f(t)
A.G. Cole et al. (1960)

Thermal Bath
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Wires Sample / Platform
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2 mE Sk,
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PPMS, Quantum Design



Experimentalni stanoveni tepelné kapacity Kalsew 2025

Tepelné pulzni kalorimetrie

Heater
Power

Time

Temperature

0 t Time



Experimentalni stanoveni tepelné kapacity Kalsew 2025

Tepelné pulzni kalorimetrie

. P(t) T(Z() Ctota dT (t)
— ‘..‘platform Hl P(t) CtOtaI dt KW (T(t)_Tb)
..... ........ UKW ..... ..%.(T(t)—Tb) AT (t)= ATmaXexp[—ij, rlzm
: : : : : (41 KW
) Q _Riy

max

Ivlsam e
Cpm = (Cplatform/sample _ C:platform) :

sample



Experimentalni stanoveni tepelné kapacity

Kalsemw 2025
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Tepelné pulzni kalorimetrie

Sedmidubsky D. et al.: Chemical bonding and thermodynamic properties of gallium and indium
monochalcogenides. The Journal of Chemical Thermodynamics, 128, 97-102 (2019).
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Experimentalni stanoveni tepelné kapacity Kalsew 2025 ‘

Differencni skenovaci kalorimetrie, Q. = f(t) alt. Q_, =0
A. Tian and E. Calvet (1922)

4-wire leads
for cuvette ~

,Negative poles of both stacks

Sensor L

Placement of

the sample \

LTCC cuvette with

Positive poles of both stacks
integrated Pt500 ~ i

Measuring point
/ for temperature

Heater for

/ isothermal block

Isothermal block

Isolation

Schubert F. et al: Optimization of a sensor for a Tian—Calvet calorimeter with LTCC-based
sensor discs. Journal of Sensors and Sensor Systems, 5, 381-388 (2016).



Experimentalni stanoveni tepelné kapacity Kalsew 2025 ‘

Differencni skenovaci kalorimetrie, Q,, = f(t) alt. Q_, =0
E. S. Watson and M. J. O'Neill (1962)

Pt-resistance thermometers

— ] Sample ™ Reference 1

Sample Reference

/}ic:mml thermocouple
AT
N
Heater
Individual heaters
Obr. 9a Obr. 9b
Heat flux DSC Power compensating DSC

Zakladni teplotni programy pro stanoveni tepelnych kapacit
- Continuous heating (kontinualni ohfev, T, - T,)
- Step-by step heating (krokovy ohrev, AT; = 5-10 °C)



Experimentalni stanoveni tepelné kapacity Kalsew 2025

Differencni skenovaci kalorimetrie
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Experimentalni stanoveni tepelné kapacity Kalsew 2025 ‘

Vhazovaci kalorimetrie
R. Bunsen (1870) — ice calorimeter (T - T,, T, = 0°C)
P. A. Giguere et al. (1955) — difenylether (T - T,, T, = 27°C)
SETARAM (1974) — invers drop calorimetry (T, - T)

M
. Sample
m ,Sample (T ) H m,Sample (Tref ) o mlceAfus hIce
mSample

m ,Sample (Tcal ) H m,Sample (I-O) J‘ T C pm,Sample dT



Experimentalni stanoveni tepelné kapacity Kalsew 2025

Vhazovaci kalorimetrie

Multi HTC-96, Setaram



Experimentalni stanoveni tepelné kapacity Kalsew 2025

Vhazovaci kalorimetrie
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Zpracovani experimentalnich dat Kalsem 2025

- Oblast velmi nizkych teplot (do cca 10 K)
- Oblast nizkych teplot (10 — 350 K)
- Oblast strednich a vysokych teplot (nad 350 K)

Leitner, J. et al.: Heat capacity, enthalpy and entropy of calcium
niobates. Journal of Thermal Analysis and Calorimetry 95, 397-402 (2009).



Zpracovani experimentalnich dat

Kalsemtw 2025
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Zpracovani experimentalnich dat Kalsem 2025

Experimentalni C, data, 7= 10-350 K

3n-3

Chr=Cop+ ZC hEi
i1

N

3 X, €4
Conp = 1 9R I Xp eXp (Xp) dx CphEi _ -
1-oapT o (

Rx% P (Xgi)

2 (Y. 2
Xp exp (xp) —1) 1-ogT (exp(xgi) —1)
1 1 Empirickd korekce na anharmonicitu vibraci
1_aDT ’ 1_0‘EiT " Martin C. A.: Simple treatment of anharmonic effects on the specific

heat. Journal of Physics: Condensed Matter 3, 5967 (1991).

Metoda trial-and-error + optimalizace (simplex) :> ®E aE aD

C,m(298,15), H,,(298,15) — H,,(0), 5,,(298,15)




Zpracovani experimentalnich dat

Kalsemw 2025

Experimentalni C, data, 7= 10-350 K

Tabulka-59
Parametry pro-popis-teplotni-zavislosti-tepelne-kapacity - Cpp,-“CaNb,Og|
veoblasti-teplot-0—350-KY|

Vibra¢ni'-mody- | Degeneraced| Opresp.- O (K)a| apTesp.-og (K)o
(celkovy-pocet)a

Akustické-(3)a 30 234+ 1o 3,0.10"0
Opticke(24)a 1o 148-+-1c 2,5.10"a
Q 70 303+ 1x 1.4.10"c
Q 80 502+ 1x 0,8.10c
hje 903+ 1 0,5.10c
30 1332461 0,3.10"c

|ONNONNONNORNEONRO!



Zpracovani experimentalnich dat Kalsem 2025
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Zpracovani experimentalnich dat Kalsem 2025

Experimentalni data C, + AH, T> 298 K

Com=A+B-T +£2
T

B 1 1
ArH =H ~H_(298) = A(T-298)+—(T?—-298°)-C| = ——
o = H () H,, (298) = A(T-298) -5 (77 ~2987)~C [ £ -]

Ne, N

F(A B C) Z ( pmexp pmcalc) +Z

2 )
( m,exp _AHm,caIc )i — Min
' GC GAH




Zpracovani experimentalnich dat Kalsem 2025

Experimentalni data C, + AH, T> 298 K
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Zpracovani experimentalnich dat

Kalsemtw 2025

m

H (T)-H_(298) (kJ mol”)

Experimentalni data C,+ AH, T > 298 K
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Odhadové metody ... Kalsem 2025

Metody prispévkové

Cpm :Zcpm,i

Prispévky Cpm,i — atomarni, iontové, strukrurni, ... (NKR).

Metody korelacni
Com=1 (X)

Fyzikalni vlasnost X — napf. molarni objem, ...



Odhadové metody ... Kalsem 2025

Neumannovo-Koppovo pravidlo

,Each element (in the solid state) has essentially the same specific or

atomic heat in compounds as it has in the free state.”

Kopp H.: Investigations of the heat capacity of solid bodies,
Phil. Trans. Royal Soc. London 155 (1865) 71-202.

Cpm (VSip) = Cpm (V)+ 2Cpm (V) =
24,93+ 2x19,96 = 64,85 J/K/mol (64,34)

C i (M7Si04) = 2C;n (MGO) + C o (107) = -
2x 37,26+ 44,43 =118,95 J/K/mol (118,42)

400 4
3004

2004

(298,15 K) (JK " mol")

Zdroj Pocéet | Chyba Do 2% Nad 5% = 100-

C
p

TCA (2003) 295 3,3% | 135 (46%) | 65 (22%) ‘ e
0 100 200 300 400 500 G00

Aktualizace 421 3,3% | 184 (44%) | 91 (22%) C,.-(298.15 K) (JK" mol”)
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Korelace C, vs. V,

Glasser L., Jenkins H.D.B.: Ambient Isobaric Heat Capacities, Cpm, for ionic solids and
liquids: an Application of Volume-Based Thermodynamics (VBT).
Inorganic Chemistry, 50(17), 8565-8569 (2011)

1000

C . (298,15K) =1316,9V,

m

(R* = 0,926)

500

Cpm(298) / J K mol-!

Korelace molarni tepelné kapacity (C ) pfi teploté 298,15 K na objemu vztaZeném na vzorcovou jednotku dané pevne latky
(Vy, = Vo (nm3)/Z . Zy j€ podet vzorcovych jednotek ptipadajicich na elementarni buiku)
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Dékujeme za pozornost
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