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NSTC 
Central Florida: Orlando, FL  
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NSTC 
University of Central Florida  

is Second Largest in US (~60,000 students) 
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IN THIS TALK   

• Photochromic chromophores 
 

• Optical data storage 
 

• Two-photon absorption 
 

• Prediction of photoswitching properties 
– Excited state surfaces 
– Kohn-Sham orbitals 

 
• Two-photon absorbing photochrom 

NSTC 
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IN THIS TALK   NSTC 
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EXAMPLES OF OPTICAL MATERIALS   

• Photovoltaics (light into electricity) 
 

• Photosensitizers (light into triplets) 
 

• Frequency doubling (red light into green light) 
 

• Optical limiting (prevent photodamage) 
 

• Optical switching (change properties under light) 

NSTC 
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Dithioarylethenes: the photochromic chromophores 
that are thermally stable and fatigue resistant 

PHOTOCHROMIC MATERIALS FOR 
OPTICAL DATA STORAGE NSTC 

Colorless                                                    Colored 
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NSTC 

P1PA
 ~ t s1PAI  / ħw P2PA

 ~ t s2PAI 2 / ħw 

TWO-PHOTON (2PA) ABSORPTION  
MAY HELP IN MULTILAYER RECORDING 

Proof of concept: Kawata, Proc. IEEE, 87, 2009 (1999) 

Multi-layer 
optical 
recording 
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PRACTICALLY USEFUL MATERIALS NEED 
LARGE 2PA CROSS-SECTIONS NSTC 

2PA absorber 

Ultrafast 
photoswitch 

No photoswitching 
in this molecule 

Experiment: Belfield, unpublished (2005) 
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NSTC 

Material Structure 

Material Properties 

Material Composition 

INVERSE PROBLEM IN MATERIALS DESIGN   

Desired? 

Prediction 

Photochemistry & NLO 

Quantum 
Chemistry 



-10

0

10

20

30

40

50

60

70

80

90

1.3 1.8 2.3 2.8 3.3 3.8

C-C reaction coordinate (A)

En
er

gy
 (k

ca
l/m

ol
)

rTD-uM05-2X/6-31G*//uHF/6-31G*
uM05-2X/6-31G*//uHF/6-31G*

11 

Efficient photoswitching   
 

NSTC 

Large 2PA cross-sections 

HOW TO COMBINE THE PHOTOCHROMISM 
WITH 2PA SUCCESSFULLY? 

σ2PA = Im<γ> 

RR

AA

ω 

Dynamic Second 
Hyperpolarizability 

Ground and Excited State 
Potential Energy Surfaces 



VERTICAL ABSORPTION 

NSTC 
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NSTC 

Excited states: linear response 
TD-DFT 

Ground state: density functional 
DFT 

TD-DFT (LINEAR RESPONCE) IS USED  
TO PREDISCT ABSORPTION SPECTRA 
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disturb electron density 
with external field, 
assume harmonic 
potential,  
find resonances 



TIME-DEPENDENT rDFT PREDICTS 
ABSORPTION SPECTRA WELL NSTC 

TD-M05/6-31G*/PCM//M05-2x/6-31G*/PCM level of theory  

Experiement: Irie, et al., Chem. Commun., 747 (1999)  
Patel, Mikhailov, Belfield, Masunov, Int. J. Quant. Chem. 109, 3711 (2009) 
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TWO-PHOTON ABSORPTION (2PA) NEEDS 
LARGE STATE-TO-STATE TRANSITION DIPOLES  NSTC 

2PA cross-section in Sum-Over-State formalism: 

>=< '||' ezez
eeµ

State to State Transition Dipole moments: 



OUR ATDA-DFT APPROACH ACCURATELY 
PREDICTS 2PA CROSS-SECTIONS NSTC 

Tafur, Mikhailov, Belfield, Masunov, Lecture 
Notes Comp. Sci. 5545, 179 (2009) 



μαβ ALLOW 2PA ANALYSIS  
IN TERMS OF ORBITALS 

S4= (1-4')+(2-1') 
S2= (2-1') 
S1= (1-1') 
S0 

1’ (LUMO) 

4’ (LUMO-3) 

2 (HOMO-1) 

1 (HOMO) 

NSTC 

donor donor 

acceptor 

Masunov, Mikhailov, Eur. J. 
Chem., 1(2), 142 (2010) 



EXCITED STATE POTENTIAL SURFACES 

NSTC 



1) thermal stability;  
2) fatigue resistance;  
3) efficient photochromic 

reactivity: high sensitivity 
and rapid response;  

4) high solubility in polymer 
matrices;  

5) non-destructive readout 
capability;  

6) sensitivity at diode laser 
wavelengths 

POTENTIAL ENERGY SURFACES IN RATIONAL 
DESIGN OF PHOTOCHROMIC MATERIALS NSTC 

Practical requirements to photochromic materials 
(from M. Irie, Chem. Rev. 100, 1685 (2000) ): 

Ea 

ħω 
byproducts 

CASSCF(10,10)/6-31G* data from M. Boggio-Pasqua, 
M. Ravaglia, M. J. Bearpark, M. Garavelli, and M. A. 
Robb, J. Phys. Chem. A, 107, 11139 (2003) 

Reaction coordinate (ring-closing C..C distance) 
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NSTC POTENTIAL ENERGY SURFACE (PES) 

1. Relaxed scan along the bond forming distance 
2. Ground state geometry and energy at uDFT 

level 
3. Single excited state geometry at α-STS level 
4. Double excited state geometry at αβ-STS level 
5. Single excitation energy at rTD-DFT level 
6. Double excitation energy as rTD-DFT*2 
7. We use Truhlar’s M05-2X functional 
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NSTC 
BARRIERS ON PES MAKE THE 
MOLECULE PHOTOINACTIVE 

S
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O

O

N

what is the origin for this barrier? 
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HOMO/LUMO ORBITAL TOPOLOGY ENSURES 
THE LOWEST STATE IS REACTIVE NSTC 

   antibonding        bonding 

     HOMO                  LUMO 

NSTC 
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LUMO 

HOMO 

ELECTRONIC STRUCTURE OF THE PROTOTYPE 
NSTC 

HOMO-1    antibonding         

bonding 

donor 

Donor HOMO of 
2PA pendant 
percolates HOMO-
LUMO gap of the 
photoswitch.  

This produced 
barrier on S1 PES 

S

S

N

O

O

N
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SOLUTION PROPOSED 

To stabilize the 
donor MO 
below the 
photoswitch 
HOMO (e.g. by 
perfluorination 
of the 2PA 
pendant group) 

NSTC 
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Mikhailov, Belfield, Masunov,  J Phys Chem A, 113(25), 7080(2009) 
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LUMO+1 

-0.209  

-0.179  

-0.093  

-0.032  

HOMO 

-0.225  

-0.214  

-0.099  

-0.076  
LUMO+1 

HOMO–1 

LUMO 

HOMO-1 

LUMO 

HOMO 

ORBITAL ENERGIES INDICATE THE FIRST 
EXCITED STATE TO BE PHOTOREACTIVE  NSTC 

PROTOTYPE  
FLUORINATED PROTOTYPE  
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NSTC 
PES AT rTD-uM05-2X/6-31G* LEVEL 

AFTER FLUORINATION 
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NSTC 
PES at rTD-uM05-2X/6-31G* LEVEL 

BEFORE FLUORINATION 
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MODIFICATION DOES NOT AFFECT 2PA  NSTC 
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ANOTHER SOLUTION FOUND 

ΦOC=0.9  
in hexane 
ΦOC=0.04  
in DCM 
ΦOC~0.0001 
in both 

NSTC 

Luchita, Bondar, Yao, Mikhailov, Yanez, Przhonska, Masunov, Belfield, ACS 
Appl. Mat. & Interfac., 3(9), 3559 (2011) 
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POTENTIAL SURFACE NSTC 
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2PA RECORDING DEMONSTRATED NSTC 

Luchita, Bondar, Yao, Mikhailov, Yanez, Przhonska, Masunov, Belfield, 
ACS Appl. Mat. & Interfac., 3(9), 3559 (2011) 
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NSTC CONCLUSIONS  

• Unrestricted DFT appears to be necessary to 
build smoothe surfaces of both ground and 
excited states 

• Approximate second-order TD-DFT method 
allows for both quantitative prediction and 
qualitative understanding of 2PA spectra and 
photoreactivity 

• Failure of the prototype 2PA photoswitch was 
explaind based om PES and orbital topology; 
simple chemical modification was suggested to 
correct it 

• New 2PA photoswitch based A-π-A design was 
found to be sensitive to solvent polarity 
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Thank you 
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