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A Tutorial Introduction to Nonequilibrium Thermodynamics
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Figure 1. Equilibrium-to-equilibrium

2 at T, (a); inversion of the relative thermodynamic
stability of A and B (b);
nonequilibrium-to-equilibrium chemical reaction (c)..
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Figure 2. The Boltzmann distribution under
equilibrium at the states A, B, C, and D at low or high
temperature (a). The non-Boltzmann distribution is
also shown (b).
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Figure 3. Multiple paths in terms of microscopic
molecular structure in the equilibrium chemical
reaction (a) and the non-equilibrium-to-equilibrium
chemical reaction (b).
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Figure 5. The equilibrium-to-equilibrium chemical
reaction (a) and
chemical reaction (b) accompanied by temperature
change with macroscopic multiple paths.
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Figure 6. Nonequilibrium-to-equilibrium chemical
reaction of the esterification reaction. Catalysis is also
shown.
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AH° =-194 kJ/mol

Figure 7. Formation of ethyl acetate
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Figure 8. Description of no reaction: Concentration or
population being under equilibrium (a); the reaction
with high activation energy (b); the reaction in the
thermodynamically unfavorable direction (c)

4. AFENGEFEHER-FHEREZRE 450
< I RIILF—HEImE>

AER Tl 72 O VEAR /] 720 I P R — Al R b
PO TH D . ARG A-B IS A DA
) BAZ— AN HEA, O DHIEP K E <, K
JEDHEITITHE > TRONEEITR T3 5. 22T
SIS H O EZEAL DS OGN G- % D B IX by
INEL, ORI T D0, KRSt A—
B i3E b L, Z ATk L C R a2 A
R C BN EEZ D LN TE D, T
RIS DB CIRE 22T 5 & )s BoA H
IR THY, PNERBEBLICE S TREIK
IGRRBENELT D 2 DD, Al AR DI
A R SR L SO TR BRI 3R & < B
B TR, JIE CIRIEY A LAY B
DIZFNEX—ZENNEND T, RISFFICE -~ T
INAWERT S, BETIET R LT —ERRKE N
DTARAMINC /2D, 7221, RSERNRE LR
RAHOT, KHLTHERYED Z EIZITE®R D S.

AN~ K 91T, FHEMREBICK T H5AH & AS
DNTIHAESENRKE L PDOEHDLWIFAT
B DA, BURSHIC L » TR A LR
M B OTEXNLNX—ERNHWEETILI 1D D
(Figure 1b). Z @ X 9 72 A[3iHY 72 SOt 5% CHE Al
— VR DAL X 5 &, BRI KSR
B S DN | S B T 2R R 2 R



<HFRAYFIZDOWNT>

DFAA  FHEREIZINBANL & D WX ER
BEICE T o oSy FREEEZERD Z &
DTEDLRFICE-THRIAL, £ LI 0T
Y HFIETRAT 52 & WIIMMOmE
BHRICHE#T 52 LIk TEKDH DHEREIC
FERDTDHHEDTHS. i HEEICERTHUTA
TV —HEREICHWD Z ENTE, SEREREEAIC
HEINEE o —#EE LTHWS Z R T
5. VER, DFAA v TR EESE S 2
EIWZ Lo THERLEBIZFIHAT 22 B 26N
L. bbb, I, foiE, R, REQREOH
Ly THEE - AR T A2 2 R TE 5. 2
Z C R 7o JE A R R L RS B Ay A
A v TR T D &, SRR GRIEIC X -
THIM 72y AA » THREZ BT 5. LLFT
Hox OFNZHONTIRRS . = Z IR 2251
WigE & BRI T RERZHbETEET S
VERDH 5.

<BHMERXRTLYVRA>

FTrI~V 2@ LTI LAY T —
DEREERONIELZIT>TND. ~U
1,12-dimethylbenzolclphenanthrene & m~7 =
LU E 2RFERECHEMS LAY I~v—I1X
Wi T ot e ka2 BT % (Figure 9). =
DIRINT, THFLY, RANVKCTIK, 73/
AF Ly, FXRVATF U UFERITIMBRENC &
S TR G 2 2 3. T rriny 7
PR R b TN E R D Z N TED. R
WA T IR 4 BRGM-1 OREBESSDET) )
INT A =B —TFEBRAJICAH =+ 267 kJ mol 1, AS
=+ 0.75 kJ mol! K1 T& % (Figure 9). (M)-1 1%
ER CHEBEL 72T X b a A WIREETH 23, K
BCE2n T2 L7y “E&fiiEs &
L CH z % (Figure 1c).

~ %

? heating ? % O@O‘

? _ BocNH, NHSO, SOLNH| NHBoc
«——

€ SN cooling : A

R=CO,m-Cyohyy

random-coil (M)-1

AH = + 267 kJ mol!
AS =+ 0.75 kd mol'' K (0.5 mM, m-difluorobenzene)

helix-dimer

CHil ——

CHy + I

AH =+ 237 kJ mol!

AS =+ 0.12 kJ mol! K- (gas)
Figure 9. The reversible helix-dimer formation
induced by cooling and heating and dissociation of
methyl iodide. Enthalpy AH and entropy AS changes
for the reactions are noted. Chemical structure of

sulfonamidohelicene (P)-tetramer
shown.
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Figure 10. Hysteresis in the bulk and in dilute
solution.



(Figure 10a). %y 1-& 2 \WIIKL - O HEAEH D
RO T, METRIZ T 2 0SB DN < HEZZ R
BEAELD. WITNDDOGTH D5 WITRL D EE
T 5 & TR EBIERE L TT X THEERRE
\ZEET D

ZNVR T XK 4 &R 3 A EER T Ty
F LB 2T LY 2R T2 L & R
L7 S Z0BMIE 2T L ¥ A ORI A B TR TR
TN LIZIREECTEZ 2 8I2HD. o1
DNEA 2 2B B I — RIS eD THWO T, H
HIZ X o> THERKR T CHELZERELZ LT 5
Z L imE e ®E 212 < W (Figure 10). RIZHEZRE
RENAELTZE LTS, HFIEmHLTWLOT
NV T B D WITEERRED X 5 721 fAH BAE
T 22 < v, FEZRRICE 2 OWFZELLRTN AR
BT L ULOB e 2T LY R TSR
IR otz.

mY 7 AR F1(0.5 mM) T, 70 °C O
T E N VRO % 0.25 K/min O
THWEIT HE, 40 °C T TIHEMHEZ 520
(Figure 11). & HIZREEZ FTIF 5L 7y &K
R LAADHT 5 °C TiE1 /2RENRT B
BIRERD., ZZDREIUEETIEAT S L,
40 °C FHEE TIFZBIL L2y, bl EIiCHiE
T2 L fRBEA BT T0°C T & LA VIREE
2 5. INEREIRE TR B BOMREE 2 B D O
T, BMUE AT LV ATHD. 72, ZORTE
BERSAIREIER L CEERIEE e b2 &,
TROLOFLNLVEGETHD Z & ITMENDT
b5, ZOERBRTIIMARE A% 27T 0.5 K/min
LT 5HE, 5°C CTRIFET DM R D, ik
EHIEEE & 5 REREI AN B 2 BIGA oy 1-H i &
FERRWIMA R B e B2 - RAHZ ENTE S,
Ae (320 nm)/Temperature Profile (Tetramer, 0.5 mM, 1,3-F2C¢Ha)

1500

=== equilibrium
=== (.25 K/min experiment

helix-dimer B = 0.5 K/min experiment

1000 I~

Ae (M'em™)

random-coil A

0 20 40 60 80
Temperature (°C)

Figure 11 Molecular thermal hysteresis of
sulfonamodohelicene (M)-tetramer (M)-1.
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