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Good for:
ü Isolate reactions coordinates
ü Compare potential energies
ü Build reaction networks
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Good for:
ü Sampling conformations
ü Get statistics
ü Get time information

Paradigms in chemical simulations

We need walking algorithms!

How can we get the best of both worlds?



Reactivity prediction

3 Wang et al., 2014, Nat. Chem. 

The ab initio NanoReactor

Accelerated MD

Virtual reaction 
chamber

Reaction 
detection

Refinement +
Kinetic model

Reaction network



What about photochemistry?
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o Requires accurate description of multiple electronic states, coupling 
and population transfers

o Difficult to catch rare events

The Nonadiabatic NanoReactor

A “black-box” tool to discover all photoproducts.

Step 1 Step 2

Find all accessible 
conical intersections

From them, find all 
possible photoproducts

h𝝼

We are not at 
equilibrium!
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molecular 
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Multidimensional spaces are hard to imagine
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Sn+1

Sn

CICI seam

Conical intersection

For a system with N
atoms, the potential 

energy surface has 3N-6
dimensions

The intersection seam is 
3N-8 dimensional

• 2 coordinates lift the energy degeneracy
• 3N-8 do not!
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There are infinite conical intersections
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Intersection seam

We need to find all CI types that can be 
accessed after the photon absorption
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Seam-constrained meta-dynamics
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𝑉 = 𝑉! + 𝑉"#$ + 𝑉%&'(

Sn+1

Sn

Intersection seam

MECI

MECI

MECI

Ø Collect thousands of conical intersections
Ø Cluster them
Ø Search minimum energy conical intersections (MECI) from centroidsWHY MECIs?

Grimme, JCTC (2019) 



MECIs represent conformational wells on the seam space
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t-SNE analysis on the coordinates of the S1/S0
AIMS spawning geometries for benzene

FOMO-CASCI(6,5)/6-31G

= MECI

MECIs seem to be suitable to represent 
a basin of CIs on the intersection space

= Spawning point



The cone sampling step
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g

hCI

Branching plane



The photoproduct search
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Benzene as a case study
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Domcke et al., 2004, Conical Intersections: Electronic Structure, Dynamics & Spectroscopy
Dreyer et al., 1996, Chemistry A European Journal

QY ranges from 0.016 at 

253 nm to 0.037 at 237 

nm

QY estimated at 0.006

dewar:fulvene:benzvalene

1 : 2 : 5

Kaplan et al., 1968, J. Am. Chem. Soc. 

Very rare photoproducts!

(?)



We found many accessible S0/S1 MECIs
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C-C bond

Pyramidalization

Main coordinates

FOMO-CASCI(6,5)/6-31G à SA3-CASSCF(6,6)/6-31G* à XMS-CASPT2(6,6)/6-31G*

S1/S0 seam exploration:

from ~2000 CIs
to 6 MECIs

MECI1 MECI2 MECI3

MECI

MECI

MECI

-0.82 eV

-0.63 eV

-0.69 eV

MECI4 MECI5 MECI6

-0.14 eV-0.82 eV

-0.65 eV



15

Exploration of the S1/S2 seam

Exploration of the S1/S0 starting from the 

S2/S1 MECIs reaches many of the S1/S0

already characterized 

S1/S0 MECI7 can only be reached when 

benzene is excited to S2

• 1.5 eV lower in energy than MECI1



The photoproduct search
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Benzene Benzvalene

MECI1

A well-defined volume 
of space needs to be 
accessed to form a 

specific photoproduct!

MECI

MECI

MECI

Dewar

Benzene

Benzvalene

Fulvene



Each MECI leads to different photoproducts
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MECI1 MECI2 MECI3

Benzvalene

trans-benzene
Prefulvene

Intermediate to 
Dewar benzene (~20 

kcal/mol barrier)

Intermediate to 
benzvalene and fulvene 
(~2 and ~15 kcal/mol 

barriers)



A crude model to estimate quantum yields
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Probability of forming photoproduct j Probability of reaching the i-th CI

Probability of forming j from i

𝑝 𝑃" =$
#

𝑝 𝐼# 𝑝(𝑃"|𝐼#)

11.7%

𝑝 𝐼# =
1
𝑄
𝑒$

∆&
'!(

QY(benzvalene)
Theo.=0.10
Exp.  = 0.04

QY(Dewar benzene)
Theo.=0.005
Exp.  = 0.006

Approximations:
• Equilibrium between the MECIs
• Each part of the cone is equally accessible
• Temperature estimated from the kinetic energy as 𝐾 = 𝐸!" − 𝐸#!$%&



Directions to improve the model
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• Dynamics in the photoproduct search phase (instead of optimizations)

• Impact of conical intersection topography

• Sampling from the whole intersection seam instead of just MECIs

A. Optimization only

B. MD with 
zero initial 
velocity

C. MD with 
random 
velocities

g

hCIOPTIMIZATION ONLY
11.7%

NO INIT. VEL.
6.7%

RANDOM INIT. VEL.
1.7%

Dynamics seems to matter!



CARBENEPREFULVENE

Directions to improve the model
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• Dynamics in the photoproduct search phase (instead of optimizations)

Include the transformation of intermediates into final 
products à branching ratios

BENZENE BENZVALENE DEWAR BENZENEFULVENE

Stable (final) photoproducts

TRANS BENZENE H-TRANSFER

Intermediates

We have the MEPs!



Directions to improve the model
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• Dynamics in the photoproduct search phase (instead of optimizations)

• Impact of conical intersection topography

• Sampling from the whole intersection seam instead of just MECIs

Peaked SlopedVS.

Does the topography impact 
the accessibility of cone?

σ = length of the projection of 𝑆

σ = 0   à ideally peaked CI

σ > 0   à more and more sloped CI{

Yarkony, J. Phys. Chem. A (2001)

Benzene S0/S1 MECIs à 3 sloped, 3 peaked



Directions to improve the model
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• Dynamics in the photoproduct search phase (instead of optimizations)

• Impact of conical intersection topography

• Sampling from the whole intersection seam instead of just MECIs

En
er

gy

MECI
2

MECI1

Benzene 88%
Benzvalene 12%

Benzene 89%
Twisted 11%

?

?

MEC
I2

MEC
I1

Initial 
guess

Seam-
Constrained 

path

MECI4



Directions to improve the model
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• Dynamics in the photoproduct search phase (instead of optimizations)

• Impact of conical intersection topography

• Sampling from the whole intersection seam instead of just MECIs

Is there a relationship between 
the selectivity of a CI and its 

topography?



Conclusions
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Experimental results reproduced.

Trans-benzene is a possible intermediate to 

Dewar benzene; new path to fulvene found

New predictive tool!

FINDINGS:

• Qualitatively accurate, even for rare photoproducts, through 

systematic sampling.

• Quantitative description à work in progress!

• Great exploration tool

The Nonadiabatic NanoReactor

A hypothesis-free tool to systematically explore 
photochemistry.

Step 1 Step 2

Find all accessible 
conical intersections

From them, find all 
possible photoproducts

So many remaining questions on the foundations of 
photochemistry!
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Questions??



The other MECIs
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MECI5

MECI6

MECI7

Prefulvene

1,3-cyclopentadienylcarbene

H-transfer

Open question: how “rare” 
each MECI type is?



Info on crude model
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𝑄 =$
#

𝑒$
∆&"
0!(

𝑇 =
𝐾

1
2 (3𝑁 − 6)𝑘1𝑇

𝐾 = ∆𝐸 = 𝐸23 − 𝐸4#567



Initial velocity sampling
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A. Optimization 

only

B. MD with 

zero initial velocity

C. 
MD with 
random 
velocities

g

hCI

Sellner, Barbatti & Lishka, J. Chem. Phys. (2009)

Vector of gaussian 
distributed random 
numbers

Tensor of inertia Total classical angular momentum

Desired initial kinetic 
energy
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P
1

P
2

CI
Dynamics

Optimization

Test different tdyn
and monitor 
convergence 

tdyn

Length of MD before quenching



Inclusion of dynamics in the photoproduct search
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JUST OPTIMIZATION

11.7%

DYNAMICS WITH ZERO 
INITIAL VELOCITY

DYNAMICS WITH RANDOM 
INITIAL VELOCITY

Always 1.7%

tdyn=10 fs : 8.3%
10 fs<tdyn<180 fs : 6.7%
tdyn≥180 fs : <6.7%

Benzene

Benzvalene

Prefulvene

Carbene


