Experimental techniques
in time-resolved
spectroscopy

(basic methods)
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Molecular energy levels:
Jablonski diagram

Phosphoresc.

Time-resolved fluorescence
spectroscopy

» Explores the time dependence of emission
spectra in:
— Molecules
— Solids

Molecular energy levels

Hydrogen atom Molecule

Electronic
and vibrational
states



Molecule is a diplole wih

respect to the external field
Hydrogen atom Molecule (cholorphyll a)
Vi M

)

In order for the molecule to interact
with the light field and change the
state, a dipole moment should
interact with that field. It is called
transition dipole moment. (It is
different from a permanent dipole
moment!)

Electronic spectra and n-conjugated
systems

General principle of physics: the smaller the box, the further apart are
the energy levels. A box can be the extent of the molecular conjugated
electron system, or the size of a quantum structure in a semiconductor.

Chlorophyll

e

Beta-carotene

l

p-carotene

Molecule is a dipole

The magnitude of the dipole
moment determines the intensity
of absorption/emission line

b =

Transition probability (a.k.a. Einstein
coefficient)

2

P, ~ ‘/U_ﬁ

Electronic spectra and n-conjugated
systems

The physical basis is the QM problem called particle in a
box. Analogy is valid because in pi-conjugated bond
system electrons are relatively free to move about.

The energy spacing between allowed states depends on the
size of the box!

Molecule (chlorophyll a)
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VIS/nIR spectra and & electron VIS/nIR spectra and & electron
systems systems
Bound diti lue of wavefunction at the start of the b
A Schrodinger equation for particle in the box: A P oundary condition (value of wavefunction at the start of the box)
z g2 B P =0,when x=0,L
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c The particle is free in the box, and has
S Energy spectrum:
only kinetic energy: 2o 2
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wall | s wall

Quantum dots: tiny three dimensional
boxes for electrons

‘Quantum Dot Size and Color

B = z = =
Bun i g % %
- S

=
¥ 3




p-carotene: the “model” carotenoid
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Carotenoids:
S

colorful pigments of nature

Absorbance
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Molecular energy levels Molecular energy levels

When the molecule becomes excited, there is a non-zero
probability for the spin of excited electron to flip. This
results in a triplet state (multiplicity=2xspin+1, 2x1+1=3,
hence triplet)

Singlet excited state anti-

Electrons fill in molecular orbitals in such a way that the
total energy of the molecule is lowest — two electrons
with opposite spins in each molecular orbital.

Triplet excited state, parallel
spins, net spin is 2x%=1

4]7

parallel spins

LMo
—+——— homo ™ —
L —

- LUMO The state with
(lowest unoccupied molecular orbital) zero net spin
are called

HOMO singlet states
(highest occupied molecular orbital)
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Several general rules about Several general rules about
molecular spectra molecular spectra

1. Absorption occurs from The principle of mirror
the bottom level of the symmetry: fluorescence
ground state (the spectrum is the mirror image
universal laziness of the absorption spectrum.
principle ©) The energy difference
. [ — between the fluorescence
. Emission occurs from )
il and lowest absorption
the bottom of the A | . . ,
maximma is called Stokes
shift.

excited state vibration
manifold (Kasha'’s rule)

Molecular energy levels:
Jablonski diagram

13001200, 900
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Fluorescence spectroscopy

After exciting the sample with light, we detect emitted
photons

Advantages:

« High selectivity

* High sensitivity

» Sensitive to the processes in the excited state
(relaxation)

Fluorescence spectroscopy

Measured emission intensity on the molecule

Depends BOTH on the molecular properties (i.e.
transition dipole moment), and the processes taking
place in the excited state and determining quantum
yield.

What is the relationship between the measured
fluorescence lifetime and radiative relaxation rate?

¢

Fluorescence spectroscopy

Quantum yield of
fluorescence

kﬂ

ky+k,+kg, +k

other

other can be:

* energy transfer,

* photoreactions

« fluorescence quenching...

Principle of fluorescence
experiment

sample cuvette

excitation fluorescence

heam ¢
ey, \
E@d filter

light source detector

22001 EM. Tissue
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Layout of a realistic spectofluorometer

Elliptical mirror

Mirror

l*—-\

Excitation
entry slit

Concave
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Excitation
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Concave
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Reference
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polarizer
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exit slit
—
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Emission

filter
Emission /
entry slit

Concave
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Grating

Molecule was excited. What can
happen?

 Radiative relaxation

* Internal conversion

* Intersystem crossing

* Excitation energy transfer

* Solvation

* Photoinduced reaction (e.g., isomerization)

When the state of the molecule changes, emission spectrum will
change. Therefore, emission is a way of observing all mentioned
processes.

Only useful while excited state is preserved!

Band structures in solid state

Energy
300K Ey=142eV
X-valley, [-valley Er=171eV
Ex=190¢eV
L-valley E,,=034eV
E
<1g> i <>
Wave vector
Es ‘ Heavy holes
Light hotes
Split-off band

Gallium Arsenide

Energy-level band diagram

Organic solar cell (dispersed heterojunction)

A solid-state sample (semiconductor, dielectric, metal,
amorphous/organic or crystalline) was excited. What can
happen?

» Band-to-band recombination (light output)

» Shokley-Read-Hall (trap-assisted) recombination
+ Radiative recombination (light output)

* Auger recombination

* Trap luminescence (light output)

* Non-radiative recombination (light disappearance)

If at least a fraction of carriers recombine in a radiative manner, the
carrier dynamics can be observed in time-resolved fluorescence
experiments.

Again, when the light output stops, we stop seeing it.




A quantum well/wire/dot was
excited. What can happen?

Bulk NC

* A hybrid behavior between solid
state (bands, state continuum) and

1Die)

molecules (discreet states). 1Pl e
15(e)
Energy gap | E,(bulk) E,(NC)
Valence 15(h)
band 1P
1D(N)

3/23/2020

V. Klimov Annu. Rev. Phys. Chem. 2007. 58:635-73

Simple kinetics
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Time resolved fluorescence techniges:

Time-correlated single photon counting

Fluorescence consists of single photons

Fig. 118: Single-photon pulses delivered by a R5900 PMT (left, 1 ns/div) and output signal of the PMT at a
photon detection rate of 107 s (right, 100 ns / div). Operating voltage -900V, signal line terminated with 50 Q.
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Excite the sample with high rep.rate
laser

Excitation pulse sequence, repetition rate 80 MHz

a (LR EERU TR EER D ERR R R

—
100ns

F signal (exp )

b ANV UMMV UGN UGSV

Detector signal, oscillocope trace

S IV O Y SR U T LI

Fig. 119: Detector signal for fluorescence detection at a pulse repetition rate of 80 MHz

Excite the sample with high rep.rate laser

gl Wl The histogram of photon arrival times (with respect to
(Diituion o photon the corresponding laser pulses) is the fluorescence
decay curve.

Detector L
Signal:
Period 1
Period 2 A
Period 3 P . . . .
Period & A Only the timing (not signal amplitude) noise is
Period S A important

Pariod 6
Poriod 7
Period 8
Period 8 A
Period 10,

Pericd N A

The method relies on statistics

after
many
Phatons,

photodiode

sample ;L

monochromator
U Time-to-voltage converter

Multichannel analyzer
N(A)

A )

Constant fraction discriminator: a way to avoid timing noise in
variable amplitude signal

Input Pulse

Input Pulse

Trigger Delayed Pulse
Threshold v

Zero cross point is
independent of amplitude

Timing Jitter

Difference

Fig. 158: Leading-edge triggering (left ) and constant-fraction triggering (right)

Constant fraction of the total amplitude of a particular pulse. The circuit also discriminates on the total amplitude
(threshold) to reject very small spurious pulses.




Constant fraction discriminator: a way to avoid timing noise in
variable amplitude signal

DEL1 DELZ =
i . JL i e
BT A ZCD - opF—
- D-FF
r\-\ ReseT
\'g " o =
G Lev
e
rare
=0 I E=
wow |
GFD of the SPG-x30 Versions Lila

Fig. 162: Principle of the CFD in the detector (start) channel of the -30 SPC versions

ZCD - a comparator (ultrafast infinity gain op-amp); D-FF — a leading edge trigger (similar to oscilloscope); LED —
leading edge detector.
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Time-to-amplitude converter (TAC): a ramp generator with
rudimentary brain

OFFsgr  Gain Setting Res. + Output window control
(CMP3, CMP4),
START _ | « Dithering for ADC to correct bit
ftrom CFD .
cor | noise
from SYNC
.
RESET

| BSY

Fig. 165: Principle of the TAC

ADC with dithering: bit noise reduction

ONT . DA(_)_generate_s an
additional periodic
— SUB signal for ADC. It is
later subtracted from
(DAC < > ONT the address, because
|I Address= . it 'is known.'
ADC - CNT| e + Since the time of
TAC it different photons with
crran I_ || identical arrival time
- . > TACOUT ADC | aoc is now randomized,
or e || the ADC
-1 characteristic
becomes smooth
ADC with Error Correction instead of step-like

Fig. 166: TAC/ADC principle used in the bh TCSPC modules

Dithering invalidates the edges of the ADC characteristic, but is worth it

[0 bit

The sides are ‘cut out’ of the window

Time [rs]

. off | 7 bit) o]

: {|[FWHM=75ps |rFwiv=7 6ps {|[FWHM= No significant effect on electrically
245 i v

| 8.2ps 5 .
I L measured time resolution
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Detectors for TCSPC Detectors for TCSPC

* MCP PMT - best time resolution, but tricky to operate;
« Expensive
« Easy to damage by overload

* PMT+HV module + TEC cooling + overload protection

[ e Stamanes

Rl 5|
TNy
) I— | 204

g. 134: Hamamatsu R3309U
MCP

Actively quenched SPAD detectors

Very good, but low active area (20-50 um diameter typical)

Hybrid PMTs

« Photoelectrons are accelerated and injected into an avalanche photodide
« Fast response, no afterpulsing

35 3256 |_0ee0
e 5397308 [ 10686

Photocathode

/ Diode Bias
__ Photoelectrons 200 to 300 V
= i
Avalanche Output ML e diode taser
P = 38 ps

Diode

-5000 to -10,000 V

Fig. 173: Principle of a hybrid PMT

Fig. 2: IRF at 785 nm. Count rates 5 MHz (blue). 2.7 MHz (red). and 62 kHz (black). Time scale
100 ps per division. The FWHM and the first moment of the IRF curves are shown in the insert.

11
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TCSPC spectral measurement

Laser sources can be cheap

Reference
Laser | 40 mm % 40 mm x 110 mm
Free-beam or fibre output
Photodiode o/ oo SPC Card Pulse width down to B0 ps
Repetition rate  MHz [ 50 MHz { switchable )
Laser Beam All electronics integrated
vertically Cleaning Filter Mono- Me external driver unit
polarised Variable ND pojaricer chromator Simple 412V supply
Filter 54.7°
Cuvette [ Eikﬂ)i_ili_rli_ ~
1\;?34 Lens  Fiiter

HV Power 4000-13000 EUR
supply

Fig. 354: Typical setup of a fluorescence lifetime spectrometer

by 1y ! BOSSM | amw | 2mw ﬁ|2mw | oamw

| ot s || P | | som | st | | R | el A low cost high repetition rate picosecond laser diode pulse generator.

50 Mz

Wilfried Uhring ™, Chantal-Virginie Zint", Jeremy Bartringer”

vcc

; T
BosS.SM | 6w 1 2w ! W | o

B assom | FWHMeBps (| FWbM B63ps
50 MHz ‘ I P correctag

g Froo boam | | I | I | for 32 pm
output | | ] {

T : Circuit_Input R1
P

| P 30ps | P pa

Laser_Diode

Fig. 1: simplified electrical schematic of the laser pulse generator

Article /11 Proceedings of SPIE - The International Society for Optical Engineering - September 2004
DOI: 10.1117/12.545038

Pulse shapes and power levels may

uge due to development in laser diode technology. Coupling efficiency into single-mode fbres is 40 1o
60%

19
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A low cost high repetition rate picosecond laser diode pulse generator.

Wilfried Uhring™®, Chantal-Virginie Zint", Jeremy Bartringer"

Common problems in TCSPC

Fig. 6(a). Streak image of
ptimal polarization ¢

Classic pile-up Classic pile-up
+ The TCSPC data is only correct when significantly less than one photon is detected during each « How much is too much?
measurement. Otherwise the first photon of the two, three etc. will be registered and the apparent lifetime
will be shorter. 1 T T T T = T T T
0905, A .
counnts ML i 0o \\ 4
Fluorescence Decay ok S~
P(0.1,k) \ ~~
051004 o5 \\\\7\ b
oo \ < dist)
P(2,k) 04F - 0.7 \\ -
peve T
~—_
o —3
counts & ~"5771” 0 0 ; s 2
Continuous Light N . " o , N
intemsity + If 5% error in lifetime is acceptable, the upper limit on the counting rate is
roughly 0.2 photons per detection period, or the counting rate should be less
than 20% of the laser repetition rate.

time

12



Inter-pulse pile-up in high rep. rate measurements

Sync Photon Sync Sync deadtime Sync
Y ! Y =i Y
start-stop
time

Detection probability in this period

Average detection probability
over many periods

Fig. 342: Mechanism of inter-pulse pile-up
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Optical reflections

Looks like inter-pulse pile-up,
Hard to avoid, but can be
minimized by tilting the suspect
component, or placing it in
converging/diverging beam

. —
| i i i i i i i T T 1
05000 09000 13000 17000 21000 25000 29000 33000 37000 41000 4.5000
Time [ns)

TCSPC: features

» Time resolution 50-250 ps (limited by electronic jitter of
the detector)

* ‘Cheap’
* Good signal-to-noise (as good as you are willing to wait)

* No intense lasers necessary (semiconductor lasers are
enough)

+ Single-color
« Suitable for imaging (FLIM)

Time resolved fluorescence techniges:

Streak camera

11
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Light Electrons Light

\ 7

Entrance optics Exit optics T
CCD camera
Entrance slit photocathode
Microchannel
Acceleration
grid

Deflection Phosphor
electrodes screen

PDSPHOR MAE

SWEER VOLTNGE

A PHGEPHOR SCREEN
woremuar i N £

—- SPACE

Light Electrons Light

CHANNEL

CHANNEL WALL
s
/ OUTRUT
INPLIT ELECTRODE
ELECTRON s B

FAY o~ Fricim
weuTELECTRODE ] [ b
STRIP CURRENT

L— —

¥a

H

| - I
Acceleration
grid

plate

Phosphor

Deflection screen

electrodes,

PDSPHOR MAE

A PHGEPHOR SCREEN
woremuar i N £

—- SPACE

Streak camera

Simultaneous measurement of the spectrum and the
kinetics.

Very sensitive

Time resolution of synchroscan cameras down to 1-2 ps.

Expensive (~500 k€) ;

Time resolved fluorescence techniges:

upconversion

1



crystal

Isum (t) = Igate (t) x Iﬂuoresc. (t)

1 1 1
= +
A

sum ‘gate ‘fluoresc.

1.0+ .

o
[6)]
T
1

Intensity (a.u.)

0.0

0 100 200
Delay (ps)

Dispersed Fluorescence Upconversion Setup

RR
> BS

800 nm, 60 fs, 250 kHz

Sample

BPF e

\ 400 nm J

Fluorescence upconversion

Problem: calibration of spectral sensitivities at different
wavelengths

Time resolution down to 50fs!

A lot of excitation light required (bad for the samples)
Experiments take time (one wavelength is phasematched
at a time)

Wavelength resolution limited by the spectral width of the
gate pulse.

3/23/2020
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Time resolved fluorescence techniges:

Optical Kerr shutter

Kerr shutter

Nonlinear medium

Polarizer analyzer

Fluorescence

= AY

Spectrograpi”  CCD

n=mng+n,l

Optical Kerr effect — birefringence induced by the (polarized) electric field.
Nonlinear medium operates as a shutter that is open only during the gate pulse.

Optical Kerr shutter

Entire fluorescence spectrum measured at a time
» Time resolution down to 50 fs
Extremely high laser intensities required

Materials with large Kerr effect have intertial response
(CS,, water)

» Troublesome experimental implementation

Time resolved fluorescence
techniques:

Phase fluorimetry (a.k.a.
frequency domain fluorescence
lifetime measurement)

17
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25

v T v v
Excitation light .

+ phase shift
Fluorescence

2.0

1.5

1.0

Intensity (a.u.)

0.5

00 " 1 " 1 "
0 50 100 150
time (a.u.)

More frequencies — more complex decays can
be disentangled

/H‘\ Phase P 8
/ \'1 ¢ I’ ‘\
\
> ,f AT P
= VAR d_ABh 80MHz
- i it Y Nl i i A e ki
_'E’ Excit. Emis. ’f / v
— \\ % 5n
Modulation % / | A E
~
i et
b/a
Time
Figure 5.2. Definitions of the phase angle and modulation of emis-
sion. The assumed decay time is 5 ns and the light modulation fre-

quency is 80 MHz.

Molecules are acting as an integrating filter in
electronics

M Simuiated Data
50 T=10 us
" e

PHASE ANGLE (degrees) or MODULATION (%)
o 3
o o o
T
-
"
S
5
-
/ 1
><) .
I \
|
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4
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100
3 A«
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= h

ol i
107" 10° 10" 10
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Phase fluorimetry (time domain lifetime
measurements)

» Current modulation techniques allow wideband
sweeping of the modulation frequency to de-
construct response curves.

* Non-intuitive artifacts.

» Decay recovery is based on the assumptions
on the (exponential?) decay of emission.

* No expensive equipment required (?)
» Good choice for ‘quick and dirty’ analysis of
multiple samples.

1Q



Processes we will look at:

+ Solvation

+ Excitation energy transfer (EET)
+ Vibrational relaxation

» Charge transfer (electron, proton)

3/23/2020

Conceptual example: solvation

Excited state at t=0  EXcited state after

Ground state '
~ some pme

Adjustment of solvent molecules around the solute to minimize
the overall system energy.

Energy

Absorption

—
-
n
8

Conceptual example: solvation

A

Emission

|

Emission intensity (a.u)

/ \ t=1ps
/ \ =10 ps
S N_t=100 ps

1=1000 ps

A Relaxation B ‘ ‘ ‘ ‘ ‘
Bl%/ [ / \ =100fs |
T

300 350 400 450 500 550
Wavelength (nm)

T
o

Solvation coordinate

600

Forster energy transfer

- — = — — -85

Energy

_._

Donor Acceptor Donor Acceptor

_.__._

Donor Acceptor

So
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Forster Resonance Energy Transfer

Assumptions
2 4
s = 9ln(1?)K ¢ ¢D6 IFD (a))fﬂ‘ (@) do When transfer is over, the correlation between donor
80zxn"N ,7,R w and acceptor state is lost
No orbital overlap between donor and acceptor
(large distances)
Molecule 1 Molecule 2

Fluorescence|

Dipole-dipole coupling
Donor has relaxed to the bottom of its emissive state

ACCEPTOR

Intensit

After all these assumptions it is almost a miracle that

the model works, but it does, and does it amazingly
well.
Wavelength

FLIM and FRET

» Optical ruler for ~10
nm distances.

Energy transfer and donor lifetime

Intensity

Laser

eUTo

Laser

FRET
unquenched donor
Donor Donor Acceplor Acceplor quenched
Absorption  Emission  Absorption Emission donor

Donor fluorescence lifetime is reduced, because the acceptor is “sucking away”
excited states

Wavelength

MT"TN
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could J_ust quk at the acceptor Time-resolved ERET
intensity, but

* Direct measurement of the reduction in donor lifetime

— Donor and acceptor concentrations in the
cells are not known precisely

— Absorption spectra may overlap

— Calibration and control is tricky
1. No FRET - slow donor decay Intensity
2. Yes FRET - part of the donors

disappear quickly. 'm_e:c'::g Donor
€ decay

) =ae UTfrety pe -UT0
eUto
non-interacting

timelps.

Vibrational relaxation Vibrational relaxation

Energy Energy
L " Narrow distribution = less overlap possibilities Imensily
Broad dls.mbutlon = more cve:lap poss\bll!t\es (red (less red frequencies accessible), and = lower . .
frequencies accessible), and = higher excited state excited state energy (no frequencies accessible) 0fs In simplest case, IVR will

result in the narrowing of the
emission spectrum. For typical
molecules, the lifetimes of
vibrationally excited states are
of the order of a few ps.
Overall (when many modes
combine, the typical lifetimes
can be 100 fs or less,
depending on the density of
1ps vibrational states coupled to
the electronic transition)

A

energy (blue frequencies accessible)

200 fs

Overlap = transition .
probaility he

{ D

(5%

Early time

Later time

71
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Charge transfer = production of different Charge transfer = production of different
molecule molecule

+ Large shifts in spectral positions

 Large changes in dipole strength

+ Spectra impossible to predict, but the dynamics will be
sensitive to external electric fields, e.g. solvent polarity

Molar absorbance x 10~

OH O OH OH
R A (AL " A A . . X
NAD" (N e 240 280 320 360
_— Wother Neture's
e e”‘lf;f‘,:ﬁs Hnﬂll.mn;\:fin)‘cf:ﬂ‘ Wavelength (nm)

Solvation dynamics

T T T

FIG. 1 Femtosecond fluorescence up-conversion data for coumarin 343
anion (sodium salt, 10 * M) in aqueous solution. The traces show data
obtained at wavelengths ranging from 460 nm (bottam) to 570 nm (top)
in steps of 10 nm.

METHOODS. A coherent Mira mode-locked Ti:sapphire laser operating
at 850 nm was used. The second harmonic (425 nm) was generated in
a 0.4 mm BBO (f-barium borate) crystal and used 10 excite the couma-
rin dye, which flowed through a 1 mm quanz cell. The remaining B50

nm light was used to gate the fluorescence by mixing the fluorescence
emission in another 0.4 mm BBO crystal. The cross-correlation of the
425 nm and 850 nm pulses was measured as 100-110fs (full width
at half maximum). The intensity of the sum frequency was measured
as a function of time delay between the 425 nm and 850 nm pulses,
controlled with a stepper motor. By angle tuning the mixing crystal, 12
emission decays were collected at 10-nm intervals. The data plotted
here are the relative intensities of upconverted light as a function of
delay time. These data were fitted using global analysis, thereby con

structing a set of time-resolved emission spectra which reproduce the
measured data. The solvation response function S{t) (equation (1)) was
then calculated from the set of spectra

Time resolved fluorescence:
applications

ive intensity

N L

1 i .
0.0 0.5 1.0
Time (ps)

P

15 2.0

R. Jimenez et al.

NATURE - VOL 369 - 9 JUNE 1994 471
© 1994 Nature Publishing Group
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Figure 1. Schematic diagram of how an electronic transition in a solute  teristic
can be used to study the dynamics of solvation. Shown here i1s a 02.05
ref 51 for more details.)

12984 J. Phys. Chem., Vol. 100, No. 31, 1996

ift with time charac-

s. The times represented are 0, 0,05, 0.1
in order of decreasing peak intensity. (See

Stratt and Maroncelli
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Leaf response to prolonged illumination —
reduction of fluorescence

o

P. Mueller et al. | Plant Physiology 2001 American Society of Plant Physiologists

N
N

Fluorescence quenching in plants

Carotenoids: colorful pigments of nature

Carotenes (AcCN/MeOHITHF}
toena, Prytofiuens, I-Carot

ane, MEUrasporans,

Jand
1.0 . .
08 oA
. e | 1| i
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g Joh ||
! 1 ./ 1
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a2y A \
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‘Wavelength (nm)

(Takakchi Shinichi)
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Carotenoid functions:

1.Structural
2.Light harvesting
3.Photoprotection

4.Regulation

Evolution is blind and not very smart

—— Solar spectrum reaching Earth
Solar spectrum at sea level

L e e

' —— Bacteriochlorophyll a
081 —— Chlorophyll a

Excitation energy transfer

Donor Acceptor Donor Acceptor

5 o — - — — -e— 5
[}
by
= =
—o— - —o—

Donor Acceptor

0.6 J
04F 4
0.2} 1
0.0 = 1 1 1 1
500 1000 1500 2000 2500
Wavelength nm)
: -
Photoprotection _ Jem\
B Nt
Excited chlorophylls (in solution) have ~64% probability of ISC: "\‘l[\":'{ ?‘}”;”{”
b Koo 7 S
Nl

'Chl* — *Chi *

This state is dangerous because it can excite an oxygen molecule via T-T
annihilation: 3 % 3 1 P
Chl +°0, > Chl+ 0O,

Singlet oxygen will take electrons from anything, and is dangerous.
Carotenoids have a triplet state lying below that of the excitation of oxygen
molecule. It can quench Chl triplets:

3Chl” + Car — *Car” +'Chl

Carotenoid triplet relaxes within several ps, and is harmless.
Carotenoids also effectively quench singlet oxygen after it has been formed:

'O + Car — 0, +°Car’

Alomic
arbital

Aboinie
orhital

Oxygen ground state is
a triplet (Hund'’s rules)

Incidentally, singlet oxygen generation is the major mechanism employed in photodynamic cancer therapy. No

carrots for cancer patients!
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Lessons to learn:

* Triplet states are sensitive to oxygen!

« Typically, they relax on micro-to-millisecond time scale.
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Excitation annihilation concept: the ‘Highlander’ story

Singlet-singlet annihilation:

Sz ‘
S, ¥ Dy
So

1 2 3 4

When two excitations migrating in the molecular assembly occasionally visit the same molecule, the latter
is promoted to the higher excited state (S,). The higher excited states usually relax very fast (dashed line)
back to the first excited state (S,). The net result of such process is one excitation left out of the two that
have collided.

Singlet-triplet annihilation:

(8)
S, Tn —— S

—o— —eo—S5=> ' — s

v
Ground S Gound g 5 Ground

state

Identical to singlet-singlet annihilation, but the triplet does not migrate, it acts as a trap for singlet

excitations.

1 state 5 state

o I =
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10468

Biochemistry 2000, 39, 10468— 10477

Generation of Fluorescence Quenchers from the Triplet States of Chlorophylls in
the Major Light-Harvesting Complex IT from Green Plants”

Virgmijus Barzda,** Mikas Vengns,># Leonas Valkunas,{ Rienk van Grondelle.* and Herbert van Amerongen®

450 nm band-

700 nm cut-off

Xenon

pass fliter 1

Frequency-doubled
Nd:YAG laser (Quanta-ray

lamp

DCR2)

Pulsed dye laser (Quanta
Ray PDL2)

Dye: Rhodamin 6G.
Enussion parameters
Pulses ~8ns fwhm,
Energy ~10mJ per

pulse
Wavelength: 590 nm

Fig. 6. The general block scheme of experimental setup for laser-flash induced transient fluorescence

10468

Generation of Fluorescence Quenchers from the Triplet States of Chlorophylls in
the Major Light-Harvesting Complex II from Green Plants’

Viginijus Barzda,** Mikas Vengns >+ Leonas Valkunas } Rienk van Grondelle,’ and Herbert van Amerongen!

Biochemisry 2000, 39, 10468—10477
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Molecular basis of photoprotection and control of
photosynthetic light-harvesting

Andrew A Pascal’, Zhenfeng L, Koen Broess’, Bart van Oort’, Herbert van Amerongen’, Chao Wang
Peter Horton", Bruno Robert', Wenrui Chang’ & Alexander Ruban'
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Figure 2 | Quenching of chlorophyll fluorescence in LHCII. a, Confocal
fluorescence image of LHCII crystals, b, Fluorescence li ne image of an
LHCII arystal. The false colours indicate the fluorescence lifetimes in the
corresponding pixels, and the colour code is presented below the panel. One
picture consists of 64 X 64 pixels. Scale bar, 50 pm. ¢, Fluorescence decay
curves of trimers (blue trace) and crystals (red trace), the latter obtained by
averaging decay curves from an area of 11 X 11 pixels within the crystal.
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FLIM for FRET

Time-resolved FRET — detailed spatial
information on molecular interactions

40

20

I !

FICURE 3

P.I.H. Bastiaens and A. Squire,
Trends in Cell Biology, 1999. 9(2):
p. 48-52.
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Technical implementation of FLIM:

e In your confocal microscope,
TORATILER replace excitation laser by a
picosecond diode laser, and use
a photon counting detector
connected to TCSPC electronics

DEFEETOM MMHOLE
e TCORIOCAL APTRTE]

Boumcr P
LA AL

AN VPLITTERS

— U LT A
e CHITM- AR LT A

FLIM of autofluorescence for cancer
imaging: FAD

W
- ——

Ve e

0.lns M w

I:Eﬁf N et
Figure 50. Fluorescence lifetime images of FAD in vivo. normal i

(A), low-grade precancer (B). and high-grade precancer (C) L4 ﬂr‘-"’
squamous epithelium tissues (ex. 890 nm, 400—600 nm emission) T W 1P

The number in the corner indicates depth in gm. Reprinted with D::)F .LIW P

permission from ref 488. Copyright 2007 National Academy of
Sciences. U.S.A.
Skala, M. C.; Riching, K. M.; Gendron-Fitzpatrick, A.; Eickhoff, J

Eliceiri, K. W.: White, J. G.; Ramanujam, N. Proc. Natl. Acad. Sc
U._S. A 2007, 104, 19494

7



Local environment probing: Ca?* imaging

tm 700ps m— s—1700ps.

Fig. 513: Barley root tip. stained with Oregon green. Courtesy of Feifei Wang, Zhonghua Chen & Anyn Salih.,
University of Confocal Bioimaging Facility, University of Western Sydney, Australia. Leica SP5 MP with bh

SPC-150 FLIM module

environment probing: pH imaging

High pH_: Deprotonated BCECFY

g. 512: Left: Lifetime image of skin tissue stained with BCECF. The lifetime is an indicator of the pH. Right:
Fluorescence decay curves in an area of low pH (top) and high pH (bottom)
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Local environment probing: Ca?* imaging

Fig. 514: FLIM image of cultured neurons stained with Oregon green OGB-1 AM. Colour range from Tm =
1200 ps (blue) to 2400 ps (red). Decay curves of regions with low Ca (top) and high Ca (bottom) shown on the
right. Data courtesy of Inna Slutsky and Samuel Frere, Tel Aviv University, Sackler School of Medicine

Isomerization of retinal in
bacteriorhodopsin

T1Q
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Bacteriorhodopsin, summary of: Function:

+ Light drive proton pump that pushes
protons across the membrane against the
direction of the|electric i

— Nature — 35 papers (1990 — 2018) Found in purple

— Science — 46 papers(1990 — 2018) Halobacterium

membrane mass..

» Widely investigated:

(Source: Web of science)

Structure: membrane protein Advantages:

« Structure resolved to 1.65 A.

7 . I ) . » Chemically stable and photostable
. alpha helices containing a retinal \ G
chromophore P g 0 « Well known structure, easy to crystalize
' « Bacteria grow a lot of it

 Fast, photoactive and therefore
interesting

» Can be used as biomolecular tool or a
model system for photoreactions

70
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Green fluorescent protein

Aequorea victoria: jellyfish GFP protein Marker for molecular biology




Fluorescence from GFP originates from “1*’:
Excited-state proton transfer

Energy transfer in LH2 of purple bacteria

Detect here

Excite here

B850 750 B50 850
wavelength (nm}

S.N. Dikshit. S.E. Bra Fle Ji emistry
1996. 100(16): p. 6825-6834
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GFP GFP-D

T T T T [T T T T TrT

= 460 nm

et

A

ATOF. PR T T

Upcenversion Signal

1 1
508 nm

Lo laaals
lc«

@
=1

1
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M. Chattoraj, B.A. Kimg, G.U. Bublitz, and $.G. Boxer, Proceedings of the Narional
Academn of Sciences (USA), 199693 p. 8362-8367.

Fluorescence of the acceptor pigment develops with the
delay after the excitation. The delay is equal to energy
transfer time.

Lox10*

=

Counts

L L
500 1000
Time (fs)
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Energy transfer between isoenergetic pigments

« If the excitation energies of different pigments are equal,
emission wavelength does not change due to energy
transfer;

» Therefore, the fluorescence appears at that wavelength
without any delay.

* However, the polarization of the emission will change!

Fluorescence anisotropy

Light & | X
Source Ll ’ A

Detector

Figure 10.1. Schematic diagram for measurement of fluorescence

anisotropies

Dipole radiation diagram

355

-
" 7 @@))ﬁ,

Figure 10.3. Electric field from a radiating dipole oriented along the
z-axis. The thin arrows on the lines indicate the direction of the elec-
tric field E. The wide arrows indicate the direction of energy migra-
tion, which is symmetrical around the z-axis.

Molecular dipole moment
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Figure 10.4. Emission intensitics for a single fluorophore in a coordi
nate sysiem,
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Photoselection of molecules in the sample

T

Excitation_

Figure 10,6, Excited-state distribution for immobile fuorophores
with r, = 0.4,
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Returining to energy transfer in LH2 of purple
bacteria

Detect here

B850 750 B50 850
wavelength {nm}

R. Jimenez, S.N. Dik:
1996. 100(16): p. 682

Application:
photosynthetic
reaction centre
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Fic. 1. Spontaneous emission decay of P* in Rb. sphaeroides
R26 with excitation at 850 nm and emission at 940 nm. Solid line is
a double exponential fit with a, = 80.8%, n = 2.7 ps, a2 = 19.2%,
and r2 = 12.1 ps. Res., residual.

Emission of the special pair in the reaction center decays mostly with 2.7 ps
lifetime, corresponding to the first step in the charge transfer chain.

membrane

Fluorescence is good, but...

» Contains only the information about the excited states,
whereas interesting things happen in ground state as
well...

Therefore we switch to...
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