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[ Summary ]

General considerations

Instrumentation

Major difference compared to standard EPR: non equilibrium polarisation
e triplet states

* radical pairs

e CIDEP of free radicals

Advanced EPR

sth_
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[General considerations, a little history ]

In the beginning... EPR study of photogenerated systems!
Species generated are generally paramagnetic, for instance photosynthesis = “garden

of Eden of EPR”. Life time tends to be short compared to EPR coupling: consequently
need in situ generation.

Simplest method: EPR under illumination, study of steady states.
Possible to observe “very slow” kinetics evolution.

Major observation: if we try to observe photogenerated species with a good time

resolution (less than 10-100 us), completely new phenomena observable =>non-
Boltzman polarisation
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Photolysis vs Radiolysis

Unusual line phase

Normal situation
3336.1 G\ k

Nﬂ N vy

0.25M iso-Prapanc! 0.61 mM MNP
NzO, HpO (Borate) 33349G_

e
3307.0 G :\'// }

Time
I 3276.1G—
\ \ \

ESR Signal Amplitude

0.5-us pulse of 2.8 MeV electrons
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I Time after LASER pulse (ps)
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Simple example

500 ns T

200 ns /L ~

3220 3260 3300 3340 3380
Magnetic field (G)

Photochemical reaction in solution

HO H3C HO H3G
hv \ \ .
\—\ + >:0 — CH  + /C—OH
OH H3C \OH H,C
Main points:

e line narrowing

e unusual emission/absorption pattern
e centrosymetric spectrum

e rapid intensity decrease

ath
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[Time resolution of any spectroscopy ]

Basic principle: in spectroscopy, lifetime limits the resolution of observation

General idea: to measure energy (frequency) with high precision, we must measure the
system for a long time (most evident with an FID measurement).
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[ Time resolution of EPR spectroscopy]

Application to EPR:
For g=2 species, 2.8 MHz correspondto 1G

Difficult to detect small hyperfine species (1 — 10 G) with rapidly decaying species
Quite easy to detect ZFS of triplet with D around 100 G

N.B. these numbers correspond to the theoretical maximum time resolution.
In practise, time resolution can be much worse due to instrumental/practical constraints.

Advanced EPR sequences (e.g. HYSCORE, pENDOR) last at least several ps.




[ Practical issues ]

e Sample degradation (bleaching) mm) altered sample
* No field modulation (too slow) =)  sensitivity loss for CW

* Laser repetition frequency =) sensitivity loss for pulsed EPR
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Basic setup

UV light (266 nm), liquid sample, CW EPR

Trigger (10 Hz)

A

=

N

Oscilloscope

EPRsignal —

Change sample /

Compu
ter
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Gaussmeter

B O
Electro magnets A
s LASER ~  [r==s==s= %.....:
— Time control
- =» Data Laser power
------ LASER beam

Flat cell

Cylindrical lens

LASER beam

optical window

Teflon Cavity

For visible wavelengths, easier to use optical fiber



[How to acquire a 2D (time, B) spectrum]

Major limitation:
impossible to rapidly
change magnetic field.
Even rapid scan methods
are too slow.
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First acquisition mode: constant B

Laser Flash

previous acquisition

I

Signal

New acquisition
with another B,

Repeat experiment
for different
B, values

—

Start of acquisition

EPR Signal

Signal over time

EPR Signal

at constantB,

v

time
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Time after LASER pulse (us)
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[ First acquisition mode: constant B ]
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[ Second acquisition mode ]

Spectrum for a ty
Laser Flash  microwave A
7t/2 pulse
FID
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[ Second acquisition mode ]

- * Only possible with pulsed measurement
-~ mode.
oo FET « Narrow species only.

* Problem if the signal is broad (triplet...): only
measures a small part at a time.
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* Especially good for systems with numerous
narrow lines (multiplex advantage).
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Intensity of an EPR transition

In (EPR) spectroscopy, intensity of a transition between two levels is proportional to:
* transition probability (quantum mechanics)
e population difference between these two levels (cf. Curie’s Law)

In absence of saturation, polarisation rather low.
Line alwaysin emission (without lock-in) In photogenerated species, non-Boltzmann
populationswith huge polarisation

r = & — e—AE/kT — e—g/.lB/kT
P
Classical methods to increase population difference: If non-Boltzmann population, return to equilibrium
* increase static magnetic field with characteristictime T, (cf. inversion recovery
* decrease temperature experiment in pulsed EPR)

Population differencein EPR:

Room temperature, X band, g=2, r = 0.9985

4 K, Xband, g=2, r=0.892

4 K, Wband, g=2,r=0.32 15
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[ General overview (simple casel) ]

1*D_A Radical pair!
— 1(D°+-A°- m J, D comparable/o.int m
4 \ (D A ) P

—_ \(D°"=A") ISC(RP) 3(D*—-A%)

I

— o+ o-
DA 3
m free radicals!

| “classical” triplet! J, D negligible/o.int
J, D strong/o.int
D-A

o.int : other interactions (Zeeman, hyperfine...) in the hamiltonian

Polarization in transient EPR is the result of all these processesg,
Spin states have a major impact! 16




[ Triplet /Singlet states ]

H =J(S%-3/2) + SDS + Ze, + Ze;
=J(S%-3/2) + D(S,2 =S?/3) + E(S5,2-S,%) + Ze, + Zeg

1/2
T, = 00 S
To = (aaBg + Bacts)/2°7
T,= ﬁABB
So = (ataBg - Pacts)/29
312

Singlet and triplet states well isolated from each other

ath
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[ Triplet /Singlet states ]

If ] and D strong enough, we can work only in the triplet state

H = D(S,%-5%/3) + E(S5,>-S,?) + gBBS,
= D(S,2 =52/3) + E(S5,2-5,2) + @S,

Here D>0, E<O, B//z

D 0 E
H={0 0 0|-2D/3 W

E O D B//z
L=T, E,=-2D/3 Y (D/3 +E)
X= (T+1'T_1)/205 En= D/3' E
Y=(T,, +T,)/2°°5 E.=D/3+E Z(-2D/3) To
Zero field eigenfunctions and eigenvalues

T_1 sth

(To, T.1, T, are the high-field eigenfunctions) EFEPR
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[Powder spectrum with Boltzman population]

. ZFS << Zeeman << J
Classical case

B//X B//Y B//Z

No field modulation:
In CW classical EPR, we obtain derivative of this spectrum

> BO 8_th'3 N ,,.: \
EFEPR



[ TR—EPR: Prototypical example ]

21|
<~ [D{+3[E]

SLEL I - Without modulation, and after light excitation
| o * unusualsign patterns
» patternsdiffer from each other

-

But basically the same compounds (complexvs isolated)
Note that D and E are (nearly) the same!

B

“———— [Di+3g

<~ [Dl-38 —-

Why is polarisation so different?

HWmT
m——

Magnetic field

BRNO

Di Valentin, ..., Mobius, Chem Phys Lett, 1996, 248, 434 scHooL



[ Polarisation from spin orbit ISC ] ZFS << Zeeman <<

B//x B//y B//2
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Spin orbit ISC rules

Spin orbit ISC efficiency is not the same with XY Z states (O field)
We observe the “projection” of these populationson high field functionsT,; T, T,;
(see Budil and Thurnauer, BBA, 1991, 1057, 1)

T,, —O—
To
T,

B//x

SO-ISC

B//y

N <X

Ve
o™ U
\

B//z

o tIt 1

22
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[ Polarisation from RP ISC ] 7FS << Zeeman << |
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[ FrOm (RP) ISC ] ZFS << Zeeman << J

Y 24 _ sé_H.b_orL. b




LrESR intensity (narm.)
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Same phenomena with more complex systems:

\

Singlet Fission

300K
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Weiss, ..., Behrends, Nature Physics, 2017, 13, 176
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Singlet fission

[
= c

Echointensity

Echointensity

time
Nutation experiment : Quintet proof
E
] |
854 Hﬁ'v’“/\‘/ 50K
3.5 c & 30K
30 Q’ T . 2,
25 ofi7 e = ]
15 ™=
gg - | | | Magrotrystalline E
"0 1 2 3 4 5 6 7 =g A e T T e
Pulse length (norm.) = 0.28 0.30 0.32 0.34 0.36 0.38 040 042
.%I:] ' = 04 Magnetic field (T)
5 Qr T ’
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r e 0.0 _ GEIR
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[ General overview (simple casel) ]

1*D_A Radical pair!
— 1(D°+-A°- m J, D comparable/o.int m
4 \ (D A ) P

—_ \(D°"=A") ISC(RP) 3(D*—-A%)

I

— o+ o-
DA 3
m free radicals!

| “classical” triplet! J, D negligible/o.int
J, D strong/o.int
D-A

o.int : other interactions (Zeeman, hyperfine...) in the hamiltonian

Polarization in transient EPR is the result of all these processesg,
Spin states have a major impact! 27




[ A key intermediate ]

Photogenerated Radical pair (RP)
A radical pair can be “created”

OJN Mg
Q Q * in asinglet state
* inone of the triplet states
< >

H=J(S%2-3/2) + SDS + Ze, + Ze;
=J(S%?-3/2) + D(S,> =S?/3) + E(S,2-S,%) + Zep + Zeg

* Exchange interaction J (exponential decay with r)
* Dipolar interaction (1/r3 decay)

» Different resonance frequencies (g and hyperfine included) s

EFEPR
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[ RP Hamiltonian ]

We neglect dipolar interaction (for the moment)

Tl TO SO T-l

J/2+Q 0 0 0 \ A =0.5(w, — 0p)
0 J/2 A 0
0 A —=3]/2 0 Q =0.5(wy + 0p)
0 0 0 J/2- Q/

Triplet-singlet functions are eigenfunctions of H (S good quantum number) if |J]| >> |A|
Direct product functions are eigenfunctions of H if [J|<< |A]

Singlet-triplet functions mixed if [J| = |A| gt
EFEPR
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+Q+J/2
0L Olg

+A=-1/2

-A-1J/2

o
ABB BAaB

-~ Q+1J/2
BaBe

A>0

OOl

W, +J

Ba0is

[ T_, systems

T, systems easy to guess!

sth
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+Q+J/2
Ol Olg
+A=-1/2
OaPs - A _J/ZBAaB
-~ Q+1J/2
BaBe
A>0
OlaOlg
O‘)B +J (DA + J
oL P —O—
ABB — — BAOLB
Q)A'J Q)B -J

BaBs

[ T,/ Sy systems ]

J>0

J<O0 | |
[ | : >

31
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[ With dipolar |nteract|on

We can add ZFS as a first order perturbation

vl

L,

-

sth
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[ RP ISC ]

I >> | A
Y(0) =T, (from a photochemical reaction)
|J| << |A|
P(t) = (aafp e+ Prog €)/2°° 4  W(t) = cos(At) T, —i sin(At) S,

This is the same result, just written in two different bases!!

* Even a pure singlet (triplet) state takes on a triplet (singlet) nature after a period of time (ISC).
 Recombination to a triplet state with lower energy is possible when the “triplet nature” is important.
* Populations in the direct product basis do not change. gt

EFEPR
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[ General overview (simple casel) ]

1*D_A Radical pair!
— 1(D°+-A°- m J, D comparable/o.int m
4 \ (D A ) P

= \\{(D°*--A*) ISC(RP) 3(D°*--A*) o
SCON T~ o T =f
e =
- free radicals!
| “classical” triplet! J, D negligible/o.int
D-A /J,Dstrong/o.int

o.int : other interactions (Zeeman, hyperfine...) in the hamiltonian

Polarization in transient EPR is the result of all these processesg,
Spin states have a major impact! 54




[ Model systems: J, D... well defined ]

These phenomena are difficult to study for (flexible) systems in liquid state.
J, ZFS change rapidly with the distance (and time): complex simulations needed
for quantitative results.

Solution: use a study rigid system!!

Large body of work to develop models for (artificial) photosynthesis processes!

ath
EFEPR
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Energy (eV)
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0 480 520 560 600 640 680 720 760 800
Wavelength (nm)

BRNO

Colvin,, ..., Wasielewski, JACS, 2011, 133, 1240 e




(RP)ISC vs Field (ll)

B//Y /)2
T+1 T+1 T+1
p
X _/r/ X
7 T Y
0 Z
Z _\lYm‘\
T4 . )
W band T,
1.0
2 0.8
5 06!
> 0.4-
8 02] )
2 0.0 -
2o RPisclf .
2 -0.41
N -0.6-
5-0.3_' B
£ 1.0] .
3300 3350 3400 3450 athEPR

Magnetic Field (mT) Radical pair scheme! 37



(RP)ISC vs Field (llI)

B//X B//Y B//Z
T+1 T+1
Y X
p VA
- T, \Z( b T,
_\lYm‘\ Zm
T-l T-l T—l
X band Ti
0
w 50-
5 -1004
> -150
£ -200- So
8 250 RP-ISC
i- =300 To
£ -350-
E, -400+
€ -450-
50—
250 300 350 400 450

Magnetic Field (mT) Radicalpair schemels



e

.

Chemically Induced Dynamic Electron Polarization
(CIDEP)

~\

J

What is the residual polarization of radicals when they no longer interact with
each otherin the liquid state?

Formally, prevent coupling between centres in radical pair (increase distance)

and

see what happens

In reality, re-encounters play a significant role, because what happens in the
intermediate regime (and the kinetics of it) is very important.

Detailed quantitative computations are a nightmare.

39
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CIDEP: Triplet versus Radical Pair mechanism

™

k A
1ps ”‘\J'\-AJ L A $ 4 Gauss
U E

A

1.0ps
(x 10)
19us

B

umww4Nqw»ﬁ\'f\\\/qiz;;;\/fhvjf/vfquwru

C
0.7 us

3300 3340 3380
Magnetic field (G)

Forbes, Photochem Photobiol, 1997, 65, 73

BRNO
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[ CIDEP: naive picture ]

>

B,

N

N
R
b b
-0 o~

RP

T, or S, : no net signal

B,

T,, or T, : net signal !!

A B

B,

O

. th .
free radicals 8"
EFEPR
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[ CIDEP: naive picture ]

T; =004

To = (aaPBp + Bacts)/2°°
T =PaBs

So = (aBp - Bacip)/2%°

(A B) A + B 2



[(RPM) CIDEP: cornerstone]

J model

time



[ CIDEP: density matrix analysis ]

1ol During RP ISC (T, initi -
0= uring (T, initial state):
p 05(_1 +1) Population ’

1 41 Coherence p(t) = exp(-iHt) p(o) exp(iHt)

10=0.5

P (b1 1) (> ©)

oaBs  Pa0s 0 —A

+1 e-2iAt
p®=05( 5 4 )
Again simple (RP) ISC does not change the population |

44



[(RPI\/I) CIDEP: cornerstone]

model

T, initial state

time

p(t) = exp(-iHt)) exp(-iHt,) p(0) exp(iHt,) exp(-iHt,)

p(t)=0 5(“00 alO) Populations change in this model!
e sign of J and D matter!
* time dependence

* same method with S, am
EFEPR

Aopr Aqq

Qoo = 1 +sin(2]t)) sin(2At,)
a1 = 1-sin(2Jt)) sin(2At,)

45



CIDEP (11} ]




[ Singlet vs triplet precursor ]

A }
Absorpti
pon Direct photolysis ‘ Singlet state
Emission
30 Gauss Initial state is not the same!
B

Triplet sensitization - Triplet state

F 9 hv 3
GF;CF:CF,D—?-'E-D — 2 CFCF,CF0—C+ + (O,
2

|
- - gl
BRNO

Forbes, Photochem Photobiol, 1997, 65, 73 scHooL



[ Advanced EPR with transient species ]

CW ENDOR Classical pulsed EPR sequences and double
resonance methods can be used.

time

Davies ENDOR

Transient species are generated following a
N B-———

time
Mims ENDOR

Il fake note of
° Tl

time

. . .
HYSCORE Laser repetition time

U I I l L * A/E features

time

48




Advanced EPR with transient species

Pulse ENDOR

I
\ 1 , 4 T=10K
X o+
E H +9.6 ' %Psso
E‘ 0 7 Y .‘-Ab"‘_w——-—“d '
% r ; i
% | + 1Lk {a} ” 1 *
m; #\ 1 ; e
| I 1" ‘.‘. ‘.hn
! _ I K " 2 8 4
! E; : |= \ Mm“\/\-/\w——v—
! | ¥p g | | \ I'. . B
Lo B — z o6 1 a
2013 14 15 16 17 1B 19 W 3 2 13 o 3% f \l ' z A
i l Y f U'Tj ]] “L'-ML‘»A—.J\M*—‘
i ) '.\I +8.7 : Voo
j .n’l l ‘l‘ E "I B
H R ﬂk A E H { '
= e A o I : A
.?J {b) MOIs 16 17 18 19 20 31 22 23 24 35 sg tE 4 1 i3 SChia
:r:. + {16 RF Frequency / MHz @)
E l ummwﬂﬁ\ﬂhwwfi
z - 0.7
1 1 1 | | 1 1
J‘ - 14 -10 =5 0 5 10 15 20
/ -54 Venpor —Vh [MHZ]
v 1 A
i
o E

e b e - - A * S L
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BRNO
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Di Valentin, ..., M6bius, Chem Phys Lett, 1996, 248, 434 Lentzian, ..., Lubitz, BBA, 2003, 1605, 35



[ A complete (and complex) example ]

Pl P2
¥
J%\ v+ Xt Z A{n\\ X~z
- X- ¥ W Z- X RH;—W Electron distribution changes
3‘} 3$ ¢

E l
300 320 340 360 380 300 320 340 360 380 400
By [ mT Bo / mT ,
* D changes sign from P1to P2

z * D principal axis changes
o P1 * Populated levels change

BRNO

Richert, Tait, Timmel, IMR, 2017, 280, 103 scHooL



A complete (and complex) example

20 20 Pl
: P1Z- . P2 X"
lﬁ_ - 6 r - .‘-
N : 1 I\ ‘
g 12+ 24 E 379.0mT
S, R SRR 1 :
(3] = 4 ; ’ l
= H
& & ] 3F1L0ml
s Ae dq . dq
4 { 1 c] s A i
4] : T T %??;E r_”T E46mT 350.0mT ) ) o
0O 4 8 12 16 20 MK\ .
v, / MHz Y VX
332mT 325.0m1
mg = 0 k X
I Am‘&.ww ey -
ms = —1 3232mT N30mT o
I -_Mh;_lf\—'j/\/\“‘-\-. j‘*‘\_f — __\.I')’\.L s £
P17 NN 316 4mT 3 imT o
int exl T T T T T T T T T
S_ﬂ ," -5 -4 3 2 ]U ]. 2 3 "1 5 -5 -4 -3 -2 -1 0 1 2 3 4 5§
ol T Ny vrp—tay | MHz vpe—iny | MHz
; -—
PE x- -1
2 4 i} i 10 12
vrr [ MHz

* D principal axis changes ,
* Hyperfine coupling reduced JM\
Richert, Tait, Timmel, JMR, 2017, 280, 103 scHooL
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