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Introduction/Motivation

» Organic materials may present high nonlinear optical processes
* Flexibility to tune the nonlinearity by manipulating the molecular structure

« Some biomaterials present, by nature, interesting optical and electrical

1

» ultrafast optical switching

properties

* multi-photon absorption
» multi-photon fluorescence imaging
» microfabrication of devices for photonics and opto-electronics

« optical power limiting
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« Experimental



Experimental

We have been using three main techniques

fs-laser Z-scan with the optical parametric amplifier
white light continuum Z-scan

Z-scan with pulse trains



Z-scan (nonlinear absorption)

open aperture Z-scan
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Nonlinear spectrum

nonlinear absorption \
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Intense laser (ultra short pulses)
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Nonlinear absorption spectrum

Optical parametric amplifier

460 - 2600 nm
~120 fs
20-60 14




White light continuum Z-scan

To get the spectral response of the nonlinearity
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Z-scan with pulse trains

I —
70 ps 13 ns

 Nd:YAG Q-switched/modelocked laser
e 532 nm and 1064 nm
« 70 ps




Pulse train Z-scan

Allows the discrimination between fast and accumulative contributions

Fast process Accumulative processes

H —
70ps 13ns

Dynamic of the nonlinear response
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* Results
» Resonant optical nonlinearities in cytochrome ¢



cytochrome c

* Photoactive protein that mediates biological process
» cell apoptosis
» cellular regeneration upon laser therapy
« electron transfer in cells mitochondria



Molar absorptivity (x10° M'em™)
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Z-scan measurements
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Resonant nonlinear absorption spectrum
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Nonlinear spectrum
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Nonlinear spectrum
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Nonlinear spectrum

1000

-
o

cmz)

A7

800 Solid circles (e)

excited state abs. cross-section
600
Open circles (o)

400 2PA cross-section

200

Absorption cross section o (x 10
(WD) ¢ uonaas ssosd uondiosqe uojoyd-om|

0 2 1 2 1 . " i 0
450 500 550 600
Wavelength (nm)




Outline

* Results

» Two-photon absorption spectrum in all-trans retinal



all-trans retinal

» light transduction in nervous impulse
« optoelectronics devices: ultrafast isomerization in bacteriorhodopsin




Linear absorption
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2PA: Sum-over-states model
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Quantum-chemical calculations

equilibrium geometry of all trans retinal




Quantum-chemical calculations

1PA and 2PA states of all trans retinal

DFT - response function formalism

1PA 2PA
transition
energy oscillator probability  2PA cross-
state (eV) strength energy (eV) (au) section (GM)
S, (mm*)  3.37 1.2244  3.37 (368 nm) 20000 22
S; (mr*)  4.59 0.2033  4.59 (270 nm) 32800 51
Ss (m*)y 497 0.0855 4.97 (250 nm) 155000 391

S (n*)

3.54 0.0001  3.54 (350 nm)  0.475



Two-photon absorption spectrum
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Two-photon absorption spectrum
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Two-photon absorption spectrum

Spectroscopic parameters used/determined in the SOS

spectroscopic
parameters SOS model
vor (cm™ ') 25290 (395 + 5 nm)
Vo2 (cm™ 1) 25940 (385 &+ 2 nm)
Vo3 (cm ') 33350 (300 + 2 nm)
o o) 39960 (250 + 2 nm)
[ (cm™h) 4485 (70 £ 5 nm)
ot 5530 (82 + 2 nm)
et 6440 (58 + 2 nm)
o4 (cm™1) 5760 (36 + 2 nm)
Ug, (Debye) 3.5+ 1 (fo; = 0.15 £+ 0.08)
1tes (Debye) S = T
23 (Debye) 2.6 £ 0.5
U~y (Debye) 6.5 £ 0.5
Atto; (Debye) 12 4+ 2
Aty (Debye) 4 + 1

parameters obtained from the linear absorption



Two-photon absorption spectrum
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* Results

» Two-photon absorption of carotenoids derivatives



carotenoids derivatives

 1-conjugated molecule with high electronic delocalization
» ultrafast dynamics
* similar to all-trans retinal



1PA cross-section (x10"°cm?)
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1PA cross-section (x10"°cm?)

1PA cross-section (10"°cm?)
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1PA cross-section (x10"°cm?)

1PA cross-section (10"°cm?)

Two-photon absorption spectrum
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Equilibrium molecular geometry
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Quantum-chemical calculations

all-trans-p-
carotene
1PA 2PA
. Transition 2PA cross-
o Energy Oscillator Energy - .
States Transition Nature I Jiy  probability section
(cm™)  Strength (cm™) A.U) (GM)
(HOMO -1 - LUMO +1) 3% 20919
*
Si(rm®) (HOMO — LUMO) 47% 478 nm)  +1%6 20970 79 0.3
(477nm)
o oo ~Tinio T % 29239
) (HOMO -1 — LUMO)  45% . o 2PA
. (HOMO -1 — LUMO +2) 3% 31381 at 635 nm
S (HOMO — LUMO +1)  44% o -
(HOMO -3 — LUMO) 2%
(HOMO — LUMO+4) 1%
38758 38876 v
3k 0
S4(mn*) (HOMO — LUMO +6)  11% (58 nm) 0000 (2570m) 3.22E6 6599

(HOMO — LUMO +7)  25%
(HOMO — LUMO +14) 3%

Three two-photon states that are forbidden by one-photon

P

centrosymmetric molecules



Quantum-chemical calculations

carotenal _
1PA 2PA
. Transition 2PA cross-
States Transition Nature Enet:lgy Oscillator Energly robabilit section
(cm™)  Strength (cm™) P AU y (GM)
| (HOMO -1— LUMO +1) 2% 21212 21293 ,
>y (HOMO — LUMO) 46% @720m) %0 (470 nm) i 36
(HOMO -2 — LUMO) 1%
(HOMO -2 —» LUMO +1) 1% | 4
Sy(mm*) (HOMO -1 — LUMO)  44% (’:59?9 ?;n) 0.081 (;2% r?li) 9.21E5 945
(HOMO -4 — LUMO) 22 ‘ ‘
(HOMO -4 — LUMO+1) 15% 2PA
(HOMO 4 — LUMO+2) 7% at 635 nm
. (HOMO -1 —» LUMO +2) 2% 31553 31617 .
) (HOMO — LUMO +1)  44% clom (316 nm) o 0
(HOMO -3 — LUMO) 3%
(HOMO -3 - LUMO +1) 1%
36620 36620
k _ 0
S4(m™) (HOMO -2 — LUMO)  36% 73nm 070 (273 am) 4.04E5 721

(HOMO -2 - LUMO +1) 1%
(HOMO -1 - LUMO +1) 4%

Four two-photon states allowed by one-photon too



1PA cross-section (x10™°cm?)

1PA cross-section (10"°em?)

Two-photon absorption spectrum
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Two-photon absorption spectrum

Spectroscopic All-trans trans-B-apo-8’-
Parameters B-carotene carotenal
v (em’) 21280470 +2nm) 20000 (500 £2 nm)
v (cm™) 29687 (337 £ 2 nm) 30020 (333 £ 2 nm)
vos (cm’) 31020 (322 + 2 nm) 31020 (322 + 2 nm)
Vo4 (cm™) 35714 (280 + 2 nm) 35700 (280 + 2 nm)
TiichEy 4000 (88 £ 3 nm) 3335 (83 £ 3 nm)
Ty (cm™) 4200 (48 + 5 nm) 4000 (45 + 5 nm)
T3 (cm™) 3870 (40 + 5 nm) 3670 (38 + 5 nm)
Los (cm™) 3335 (26 + 1 nm) 3335 (26 + 1 nm)
lo; (Debye) 14.8+1 14.0+ 1
1> (Debye) 125+ 1 9.0+ 1
i3 (Debye) 13.0+1 11.0+1
14 (Debye) 16.0 + 1 14.0+ 1
Apy; (Debye) -- 13.0+1

parameters entered in the fitting



Conclusions

cytochrome c

We determined the nonlinear absorption spectrum;
reverse saturable absorption A < 520 nm
saturable absorption 520 nm <A <570 nm
saturable absorption + two-photon absorption A > 570 nm

all-trans retinal

The 2PA peak at 790 nm is attributed to two distinct electronics states; a transition
to S, (one-photon allowed) and to a S, only allowed by two-photon absorption

carotenoids derivatives

all-trans-B-carotene and trans-beta-apo-8'carotenal present high two-photon
absorption cross-sections (10000 GM) around 570 nm. The noncentrosymmetry of
trans-beta-apo-8’carotenal lead to an extra 2PA band around 1000 nm.

using our experimental techniques we are able to characterize and understand the
nonlinear optical properties of interesting biomaterials
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Final Remarks

Besides the results presented here, we have been working in
 resonant nonlinearities in porphyrins and phthalocyanine
 two-photon spectroscopy in other materials (organic/inorganic)
* multi-photon absorption in ZnO
« ultrafast laser micromachining of polymeric surfaces

 microfabrication of 3D doped microstructures (2PP)
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