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Ø van`t Hoff law.

Scaled Rate Processes Respiration Rate of leaves
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𝑎A + 𝑏B ⋯ → 𝑐C ⋯
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d
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−
𝜕
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A = 𝒌(𝑇) A 𝝆

M. Nishiyama, S. Kleijn, V. Aquilanti, and T. Kasai, Chem Phys Lett 482, 325 (2009).

Reactants Products



𝐥𝐧 𝒌(𝑻) = ln𝐴 −
𝑬𝒂
𝑅

𝟏
𝑻

Activation Energy Interpretation.

Scaled Arrhenius Plot

A + B              Products 𝑘(𝑇)
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Scaled Rate Processes
Ø Arrhenius – van`t Hoff law.

𝐸# 𝛽 = −
d
d 𝛽

ln 𝑘 𝛽

𝛽 = ⁄1 𝑘!𝑇

N. D. Coutinho, et al, J Comput Chem 39, 2508 (2018)



non-Arrhenius cases
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𝑘(𝑇) ≡ 𝐴 1 − 𝒹
𝜀‡

𝑅𝑇

%& 𝒹

Scaled Rate Processes

Ø Empirical adaptation from Tsallis statistics.

Deformed-Arrhenius law
(𝒹 -Arrhenius)

Tsallis Statistics

C. Tsallis, J Stat Phys 52, 479 (1988)

𝒹 = 𝑞 − 1

V. H. Carvalho-Silva, et al, Chem Phys Lett 590, 201 (2013)
V. Aquilanti, et al, Chem Phys Lett 498, 209 (2010)

𝒹 = −
1
3
ℎ𝜈‡

2𝜀‡
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sub-Arrhenius

𝑬𝒂 𝜷 = −
𝐝
𝐝 𝜷

𝒍𝒏𝐤 𝜷



Boltzmann (1868)

Maxwell (1879)

Statistical Thermodynamics
ØThermodynamic limit. magnitude of Avogadro number 𝒪 10!"
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Nobel in Chemistry 1956

A molecule may, in a given collision, gain or lose
energy. Let us call one in which it gains energy,
favourable and one in which it loses energy,
unfavourable. To accumulate energy much in
excess of the average the molecule may be
supposed to need a lucky run of favourable
collisions. In a given collision let the chance of
spoiling a favourable run be ⁄𝟏 𝑿. Then the chance
of continuing it will be 𝟏 − ⁄𝟏 𝑿 . The chance
that the run continues for 𝒛 collisions is therefore

𝟏 − 𝟏
𝑿

𝒛

Euler’s limit of the exponential function

= 𝟏 − 𝟏
𝑿

: 𝒛
𝑿 (:𝑿)

:𝑿;𝒏
𝟏 +

𝟏
𝒏

𝒏 :𝒛𝑿

Chemical Kinetics

1940
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Chemical Kinetics

1941

1941
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Avoiding the Thermodynamic Limit

Thermodynamic limit

𝑽 → ∞;𝑵 → ∞; ⁄𝑵 𝑽 = finite lim
∀,; 𝒹→/

𝐴 1 − 𝒹𝜀‡𝛽 %& 𝒹 = 𝐴 𝑒01‡,

lim
∀𝒹; ,→/

𝐴 1 − 𝒹𝜀‡𝛽 %& 𝒹 = 𝐴 𝑒01‡,

0 𝑠𝑢𝑝𝑒𝑟

𝑖) 𝛽 → 𝟎; 𝒹 =
𝜀!

𝜀‡
= finite

𝑖𝑖) 𝛽 → ∞; 𝒹𝜀‡𝛽 → 𝟏

Kinetic limit

𝐴 𝛽 %& 𝒹 𝑠𝑢𝑏
lim

∀𝒹; 𝒹1‡,→&
𝐴 1 − 𝒹𝜀‡𝛽 %& 𝒹 =

Magnitude of Avogadro number 𝒪 10!"

Magnitude of Eyring number 𝒪 10#$

V. H. Carvalho-Silva, N. D. Coutinho, and V. Aquilanti, Molecules 25, 2098 (2020).
V. Aquilanti, et al, Rend Lincei Sci Fis Nat 28, 787 (2018).
T. Biró, et al, Entropy 16, 6497 (2014).

A. L. Kuzemsky, Int J Mod Phys B (2014).
C. M. Van Vliet, Equilibrium and Non-Equilibrium Statistical Mechanics, 2008).
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The Scaling of Relaxation Processes
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Renormalization Group
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“Beta plane”



A Scaling Formulation – Transitivity Function
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The linearized equation

Aquilanti,  Coutinho, Carvalho-Silva, Philos Trans R Soc Lond A 375, 20160204 (2017)
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A Scaling Formulation – Transitivity Function
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Universality Classes in Rate Processes

𝜸 𝜷; 𝜻 =
𝟏
𝜺‡

𝟏 − 𝜺"𝜷 𝜻

𝜁 = 0 Arrhenius (Boltzmann)
𝜁 = 1 Deformed-Arrhenius (Tsallis)
𝜁 = 2 Vogel-Fulcher-Tammann (VFT)

Universality Classes
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V. H. Carvalho-Silva, N. D. Coutinho, and V. Aquilanti, Molecules 25, 2098 (2020).
V. H. Carvalho-Silva, N. D. Coutinho, and V. Aquilanti, Front Chem 7, 380 (2019).

𝜻 Universality class exponent



A Scaling Formulation – Transitivity Function

𝜸 𝜷; 𝜻 =
𝟏
𝜺‡

𝟏 − 𝜺"𝜷 𝜻

17
V. H. Carvalho-Silva, et al, Rend Lincei Sci Fis Nat (2023). Accepted
D. De Fazio, V. Aquilanti, and S. Cavalli, Front Chem 7, 328 (2019) 

𝑘 𝛽; 𝜻 = 𝐴 exp −
1

𝜻 − 1
𝜀‡

𝜀# 1 − 𝜀#𝛽 $%𝜻 ,

Renormalized Transitivity plane
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super-Arrhenius

V.H. Carvalho-Silva; N.D. Coutinho; V. Aquilanti; Unpublished

VFT
𝜒 𝑇 = 𝜒! 1 −

𝑻"

𝑇

⁄$𝜺‡ &'"
𝜒 𝑇 = 𝜒! 𝑒𝑥𝑝

𝑬𝑽𝑭𝑻
𝑅 𝑇 − 𝑻𝟎

𝓭-Arrhenius

⁄𝒹 = 𝑞 − 1 = 𝑅 ∆𝑐(
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Rise and Decline in Arrhenius plot
M. W. van der Kamp, et al, Nat Commun 9, 1177 (2018).

𝑙𝑛 𝑘 𝑇 = 𝑙𝑛
1
ℎ𝛽

− ∆𝐻"
‡ +

∆𝐶$
‡

𝐑
1
𝛽
−
1
𝛽"

𝛽 +
∆𝑆"

‡

𝐑
+
∆𝐶$

‡

𝐑
𝑙𝑛

𝛽"
𝛽

Macromolecular Rate Theory (MRT)
𝒸) =

d 𝐸)
d 𝑇

= −𝑘!𝛽'
d 𝐸)
d 𝛽

= 𝑘!𝛽'
d'

d 𝛽'
ln 𝑘 𝛽

Ø La Mer’s Interpretation V. K. La Mer, J Chem Phys 1, 289 (1933)

Constant

Constant

Constant?
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Activation Heat Capacity
Ø Perspectives – Expanding La Mer’s Interpretation 

𝒸) ≡ 𝑘!𝛽' −
d 𝐸)
d 𝛽 = 𝒸‡ −S

*
𝒸*

‡

𝑹

−
dt

d lnR 𝑡 = 𝜏 𝛽 R t $%+

−
d 𝛽

d ln 𝑘 𝛽 = 𝛾 𝛽

𝛾
𝛽
d ln𝛽
d ln 𝛾 =

𝑅
𝒸)

Renormalized Differential Equations

Vibrational
and

Rotational Contributions

Translational
Contributions

Linearization

𝒸% = 𝒸‡ −9
&
𝒸&

𝒹 = −
1
3

6𝑘!𝜃, ' − ℎ𝜈‡ /2 '

𝜀‡ + 6𝑘!𝜃, '

𝒹 = −
1
3
ℎ𝜈‡

2𝜀‡

!

𝒹 =
1
3
6𝑘&𝜃'
𝜀‡

!
sub (𝒹-TST) super

energy
barrier
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