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Photochemical processes in molecular systems:



Radiative and Non-Radiative Rates:

𝑄𝑌 =
# of photons emitted

# of photons absorbed

𝑄𝐹 =
𝑘𝑟

𝑘𝑟 + σ 𝑘𝑛𝑟

Rate constants [s-1]:

kr = radiative (ex. fluorescence, phosphorescence)

kchem = photochemistry

kdec = decomposition

kET = energy transfer

ket = electron transfer

ktict = proton transfer

ktict = twisted-intramolecular charge transfer

kic = internal conversion

kisc = intersystem crossing



Radiative decay (Fluorescence):

Excited state life-time =  
𝟏

𝐭𝐫𝐚𝐧𝐬𝐢𝐭𝐢𝐨𝐧 𝐫𝐚𝐭𝐞
[𝒔]

Ԧ𝜇 𝐐 = Ԧ𝜇0 + 

𝑖

ቤ
𝜕 Ԧ𝜇

𝜕𝑄𝑖 𝑄=0

+ ⋯

Frank-Condon (FC)
approx.

Herzberg-Teller (HT)
approx.

Transition dipole moment:

Qi – vibrational normal mode displacements

Fluorescence → spontaneous transition from (S1, vi) to (S0, vj)

- vibrational effects could be important !!!



λabs

λflu

Radiative relaxation:

S0

S1

Time scale: ≈ 100 ps – 100 ns



Nonradiative relaxation 
over the conical 
intersection points

λabs

S1S0

S0

Time scale ≈ 100 fs – 100 ps

Conical 
intersection (CI)



Theoretical studies are based on:

1. Ground state geometry optimization (S0)

2. Vibrational analysis of the ground state (S0)

3. First excited state geometry optimization (S1)

4. Vibrational analysis of the first excited electronic state (S1)

𝑘 𝜔 𝑖𝑓 =
4𝜔3𝑛2

3ℏ𝑐3
Ψ𝑒𝑙−𝑣𝑖𝑏,𝑖 ො𝜇 Ψ𝑒𝑙−𝑣𝑖𝑏,𝑓

2
𝛿 𝐸𝑖 − 𝐸𝑓 ± ℏ𝜔

Transition rate:
Absorption (S0 → S1), Fluorescence (S1 → S0)

where ħω is the photon energy (absorbed or emitted)

ORCA QC package

ωB97X-D3 DFT XC-func.

ma-def2-TZVPP

Water as solvent



Experimental studies are based on:

A. UV-Vis Spectroscopy measurements
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B. Time-Resolved Fluorescence 
Spectroscopy measurements

20

1

10

100

1000

Time/ ns

In
te

n
s

it
y
/ 
a
.u

.

 315 nm

Absorption and 
Fluorescence spectra

Exited state life-time and 
rate constants 



Dopamine photochemistry:

Ground state geometryS0

First excited state geometryS1

S1(opt)



UV Absorption spectra:

made at low pH (5.5)

281

222

206
Experimental values: 281, 222 and 206 nm



UV Absorption spectra:
Experimental values: 281, 222 and 206 nm

Theoretical results:

ωB97X-D3/ma-def2-TZVPP/CPCM S1: 240;   S2: 218 and   S3: 206 nm

SCS-PBE-QIDH/ma-def2-TZVPP/CPCM S1: 256;   S2: 224 and   S3: 208 nm

Double-HybridSTEOM-DLPNO-CCSD/ma-def2-

TZVPP/CPCM
S1: 264;   S2: 226 and   S3: 204 nm

Coupled-cluster (with singlet and doublet)



Fluorescence spectra:

0-0 energy difference: 318 nm

The fluorescence life-time: 3.16 ns

Experimental: 317 nm

Experimental: 0.95 ns

The deactivation process may not be 100% radiative

≈ 3 times faster



Enol ↔ Keto isomerization ???:

Enol form

Keto form

ΔE = 14.4 kcal/mol

TS Geometry

ΔE = 74.3 kcal/mol



Enol ↔ Keto isomerization at the excited state level ???:

Enol form

Keto form

ΔE = -23.0 kcal/mol

TS Geometry

ΔE = 20.52 kcal/mol



Why the keto form of the dopamine does not exist?

S1 keto form

TS geometry
Conical intersection

ΔE = 20.5 kcal/mol

S0 enol form

Non-radiative deactivation !!!



UV Absorption spectra of dopamine o-quinone:
made at low pH (5.5) in 
the presence of Laccase 
enzyme

470-475

307

291
Experimental values: 470-475, 307, 291 and 210 nm

210



UV Absorption spectra of dopamine o-quinone :
Experimental values: 470-475, 307, 291 and 210 nm

Theoretical results:

ωB97X-D3/ma-def2-TZVPP/CPCM S1: 512; S2: 366; S3: 277 and S4: 214 nm

SCS-PBE-QIDH/ma-def2-TZVPP/CPCM S1: 512; S2: 367; S3: 302 and S4: 218 nm

Double-HybridSTEOM-DLPNO-CCSD/ma-def2-TZVPP 

/CPCM

S1: 581; S2: 375; S3: 248 and 

S4: 213 nm

Coupled-cluster (with singlet and doublet)



Fluorescence spectra:

0-0 energy difference: 543 nm

The fluorescence life-time: 3.55 μs

Experimental: ≈ 477 nm

Experimental: 4.89 ns

The deactivation process might be strongly non-radiative !!!

≈ 3 order of magnitude faster

Investigation of the deactivation mechanism is in progress.



Conclusions

❑ The photochemistry behaviour and the excitation deactivation mechanism 
of the dopamine were described in detail at DFT level of theory. 

❑ The results for the vertical excitation energies, fluorescence band origin 
and excited state life-time of the dopamine match well with the 
experimental values. 

❑ The dopamine’s excited state deactivation mechanism shows strong 
radiative character. 

❑ The dopamine o-quinone’s excited state deactivation mechanism might 
shows strong non-radiative character (deactivation via internal conversion). 
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