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0. Zusammenfassung

0. Zusammenfassung
Die zeitliche Entwicklung von angeregten Zustdinden molekularer Systeme wird standardmaBig
durch zeitaufgeloste Experimente mit gepulster Anregung abgebildet. Dabei bleibt die Kinetik
der Grundzustinde im Verborgenen oder raffinierte Pump-Probe-Experimente werden
erforderlich. Im Kern dieser Arbeit stehen das sogenannte Photon-Antibunching (Engl.,
abstandshaltende Photonen), ein reiner Quanteneffekt, und die Beobachtung, dass dieses
Phinomen es erlaubt Ratenkonstanten einer chemischen Reaktion im elektronischen
Grundzustand zu extrahieren. Die Analyse der Zerfallskonstante der Korrelationsfunktion 2.
Ordnung, d.h. die Evaluation der Zeitabstinde zwischen einzelnen Detektionsereignissen, wird
auf den Photozyklus einer Photosdure angewandt. In wéssriger, gepufferter Umgebung ergibt
sich so die bimolekulare Ratenkonstante der Reprotonierung im Grundzustand. Im aprotischen
Solvens ist der Zerfall der Korrelationsfunktion komplexer: Eine lange Zeitkomponente wird
der diffusionskontrollierten Riickprotonierung durch Siuremolekiile zugeordnet. Aus dem
langsamen Zerfall kann die Wahrscheinlichkeit bestimmt werden, mit der das Proton den
Coulomb-Kifig des Anions verlésst. Eine zusétzliche, schnelle Komponente kann mit dem s.g.
solvens-getrennten lonenpaar assoziiert werden, die angibt, wie schnell Proton und Anion im
Coulomb-Kifig rekombinieren. Die Experimente dieser Arbeit verdeutlichen, dass
quantenoptische Experimente Riickschliisse auf fundamentale Reaktionsmechanismen zulassen

konnen.
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0. Zusammenfassung

The analysis of excited-states and their time-evolution require time-resolved experiments with
pulsed excitation. Ground-state kinetics remain hidden or demand more sophisticated and
challenging approaches such as pump-probe excitation schemes. Rate constants of a chemical
reaction in the ground-state are extracted from the so-called photon antibunching, a purely
quantum optical effect, which is the main-finding of this work. The decay time of the second-
order correlation function, g(z), is analyzed, i.e. inter-photon arrival times are evaluated, in the
context of the Forster-cycle of photoacids. The bimolecular rate constant of the ground-state
reprotonation by buffer molecules is obtained in aqueous solution. In aprotic solvent, the decay
of g is more complex: The long-time component of the biexponential decay is associated with
the diffusion-controlled reprotonation in the ground-state. Moreover, the separation yield of
proton and base is obtainable from the long-time component. The additional, short-time
component hints to the so-called solvent-separated ion-pair, which lasts for 3+ 1ns in
agreement with TCSPC results. This work demonstrates that mechanistic conclusions can be
drawn from the implemetation of quantum-optical experiments and that open chemical issues

can be resolved.
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1. Einleitung

1. Einleitung
,,Der Spaf; fingt erst an, wenn man die Regeln kennt. Im Universum aber sind wir momentan
noch dabei, die Spielanleitung zu lesen. *
Die Worte Richard Feynmans verleihen dem Streben der Naturwissenschaft Ausdruck,
Prozesse innerhalb der Natur zu analysieren und fundamentale GesetzméaBigkeiten, denen sie
gehorchen, zu ergriinden. In der Chemie gehort es zu den groBen Herausforderungen,
Reaktionsmechanismen ganzheitlich aufzuklaren. So wurden bereits chemische Reaktionen auf
Einzelmolekiilniveau analysiert. Dabei wurden meist Anderungen der Fluoreszenzwellenlinge
oder der Fluoreszenzintensitit evaluiert.'
Zu den fundamentalen Reaktionstypen der Chemie zéhlt die Ubertragung eines Protons. Die
Protoneniibertragung in Losung spielt eine elementare Rolle in der Biologie, so in der
Enzymkatalyse’, dem Ansteuern von Ionenkanilen'®'! oder der ATP Synthese!’. Diese
Beispiele sollen die Notwendigkeit weiter verdeutlichen, ein umfassendes Verstindnis von
Protonentransferreaktionen in Losung zu erlangen.
Sogenannte Photosduren, eine Klasse von Verbindungen, deren Charakteristikum eine mitunter

t,1315 eréffnen nicht nur die

betrachtliche Erhohung der Sdurestérke nach optischer Anregung is
Moglichkeit der spektroskopischen Analyse des Protonentransfers.'®!° Ferner erlauben sie die
gezielte Freisetzung eines Protons und damit die Kontrolle des Startzeitpunktes der
Protoneniibertragung.’®*' Der Protonentransfer im angeregten Zustand eines Molekiils wird
ESPT genannt (Engl., Excited-State Proton Transfer).

Um 1950 untersuchte Theodor Forster den Protonentransfer der Photosdure HPTS
(8-Hydroxypyren-1,3,6-trisulfonat, Pyranin) in Wasser mit stationdrer
Fluoreszenzspektroskopie.?>?* Er beobachtete eine starke Verschiebung des Fluoreszenzlichts
zu hoheren Wellenlingen hin. Diese Rotverschiebung setzte er mit der Anderung der
Siurestirke in Relation, d.h. mit der Anderung der pKs Werte in Grund- und angeregtem
Zustand. Damit war er als erster imstande das Phinomen der Photoaziditdt zu beschreiben.
Die Verwendung ausgekliigelter Verfahren mit hoher Zeitauflosung ermoglichte es, Prozesse,
die auf die Photoanregung folgen, zu identifizieren und zu studieren — bis herab in die fs-

Domine.?* So wurden verschiedene Klassen von Photosduren mit fs-Pump-Probe,!®?>2

27-31 32,33

Fluoreszenz Upconversion, und zeitkorreliertem Einzelphotonenzdhlen untersucht.
Entsprechende Experimente wurden in einer Vielzahl verschiedener Losemittel durchgefiihrt,
darunter hauptsichlich protisch-polare, nimlich Wasser, Wasser-Alkohol-Mischungen®* und

Alkoholen verschiedener Kettenlinge®>. Weniger Studien wurden in aprotischen
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1. Einleitung

Losungsmitteln wie DMSO!"*637 (Dimethylsulfoxid) vorgenommen. Alles in allem konnten
intermedidre Spezies nachgewiesen werden, die nach optischer Anregung entstehen und die
zerfallen noch bevor die zur Photosdure konjugierte Base im angeregten Zustand gebildet
wird, 17:2138-42
Den ultraschnellen Methoden ist gemein, dass die Analytmolekiile initial in ihrem angeregten
Zustand prépariert werden. Wahrend der Messung wird dann die zeitliche Entwicklung der
Potentialfliche des angeregten Zustandes erfasst. Dadurch ergibt sich zwangsliufig, dass
Informationen iiber Prozesse im Grundzustand durch solche Methoden nur schwer zugédnglich
sind. 44

In der vorliegenden Arbeit wird gezeigt, dass sich diese Liicke durch die Analyse des
sogenannten Antibunchings, eines rein quantenoptischen Phdnomens im Zusammenhang mit
der Emissionscharakteristik einzelner Emitter,**" schlieBen ldsst. Ein MaB fiir das
Antibunching ist die Korrelationsfunktion 2. Ordnung, kurz g®.*% Diese steht in diesem
Kontext fiir die bedingte Wahrscheinlichkeit, ein Photon zu einem Zeitpunkt t+t zu
detektieren, nachdem zuvor ein Photon zu einem bestimmten Zeitpunkt t nachgewiesen wurde.
Durch die Emission des ,,Startphotons* werden die Molekiile in ihrem Grundzustand prépariert.
Dann wird die Zeit T bestimmt, die bis zur Detektion eines weiteren Photons der gleichen
Energie verstreicht.**° Dadurch, dass stets ein kompletter Photozyklus wihrend einer solchen
Messung durchlaufen wird, ist sdmtliche Zeitinformation in der Zeitkonstante des
Antibunchings enthalten. So werden Spezies fassbar, die wihrend der Riickprotonierung im
Grundzustand erzeugt werden und ihre Zerfallskonstanten bestimmbar.’!

Einerseits wird das Emissionsverhalten einer Photosdure auf Pyrenbasis in gepufferter,
wissriger Umgebung untersucht. Dabei wird ein monoexponentieller Zerfall von g® auf der
ns-Zeitskala festgestellt. Durch eine Messreihe, bei der die Pufferkonzentration variiert wird,
kann aus der Zerfallskonstante die bimolekulare Ratenkonstante fiir die Riickprotonierung der
Base im Grundzustand extrahiert werden. Diese stimmt mit literaturbekannten Werten {iberein.
Mit der neuartigen Ausnutzung des Antibunching Phinomens werden andererseits die
Messungen mit mehreren pyrenolbasierten Photosduren im aprotischen Solvens DMSO
durchgefiihrt. Dabei soll zunichst die entsprechende bimolekulare Reprotonierungsrate
bestimmt werden. Wider Erwarten zeigt g einen biexponentiellen Zerfall mit langer und
kurzer Zeitkomponente. Der kurze Zerfall wird mit dem sogenannten solvensgetrennten
Ionenpaar (SSIP, engl. solvens separated ion pair) assoziiert, welches in wéssriger Losung,
bedingt durch die wesentlich hohere Protonenmobilitdt, nicht gesehen wird. Der lange Zerfall

entspricht der Bildung des SSIP aus der freien Base (FSIP, engl. fully separated ion pair). Ferner
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1. Einleitung

konnen chemische Bedingungen etabliert werden, sodass der lange Zerfall nicht ldnger von der
applizierten Anregungsrate abhiangt. Dieser Sachverhalt wird durch ein Modell erklirt werden,
in dem die Bildung des FSIP im angeregten Zustand und der Zerfall des FSIP im Grundzustand
von den iibrigen Prozessen im Photozyklus entkoppelt werden. Diffusive und nicht-diffusive

Prozesse sind dann voneinander separiert.>?
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2. Protonentransfer

2. Protonentransfer

2.1 Das Phanomen der Photoaziditat

Von photoaziden Molekiilen wird gesprochen, wenn diese nach optischer Anregung eine
Erhéhung ihrer Aziditit erfahren, d.h. sich der pKs beim Ubergang vom Grund- in den
angeregtem Zustand, im angeregten Zustand wird von pKs~ gesprochen, signifikant #ndert.>
Diese Anderung kann viele Grofenordnungen betragen. So ist ApKs = pKs - pKs = 6 im Falle
des Molekiils HPTS (8-Hydroxypyren-1,3,6-trisulfonat, Pyranin, vgl. Abbildung 3).>*

Der pKs* bzw. die Siurekonstante K" ist dabei iiber das Protolysegleichgewicht der angeregten
Zustinde ROH™ und RO~ definiert (vgl. Abbildung 1, Glg. (1)).° Dabei bewegt sich das
Proton im attraktiven Coulomb-Potential V(r) des Anions. kesp: ist die Ratenkonstante des

ESPT, kg die der Riickreaktion.

Kesot _
ROH =—== RO "+ H*
kgr
Abbildung 1: Zur Definition des pKs".
ke = et v (1)
ar

Als Modell zur Erkldrung der bathochromen Verschiebung im Fluoreszenzlicht von HPTS
entwickelte Theodor Forster ein zyklisches Schema, fiir das sich heute gemeinhin die
Bezeichnung Forster-Schema oder Forster-Zyklus etabliert hat.?>? In diesem sind die Prozesse
zusammengefasst, die auf die Anregung folgen (Abbildung 2 a)). Vom Grundzustand ROH aus
gelangt das Molekiil in den ersten angeregten Zustand ROH". Von dort wird ein Proton
abstrahiert. Die assoziierte Ratenkonstante kespt kann fiir bestimmte Pyrenolderivate um
2.5-10" s in Wasser betragen und ist damit i.d.R. die groBte Ratenkonstante im System.! Fiir
bestimmte Super-Photosiuren werden ESPT Ratenkonstanten um 1.2-10" s gemessen.3*¢
Ebenso wird ROH" mit keron, welches um 2-108 s! liegt,”” entvolkert. Ein hohes Verhiltnis
kespt/keron ldsst sich durch das Fehlen einer ROH-Bande im Fluoreszenzspektrum (Abbildung
2c)) erkennen und auf einen sehr effizienten ESPT schlieBen. Folglich wird in sehr guter

Niherung ROH" alleine durch den ESPT depopuliert. Die korrespondierende Base RO~ kann
durch die Aufnahme des gleichen Protons geminant rekombinieren (vgl. Abbildung 2 a)). Die
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2. Protonentransfer

entsprechende Rate ker in Glg. (1) kann iiber den pKs" und kespe durch pKs" = kespi/ker auf 4-10% s°

1 31

geschiitzt werden.*! Die korrespondierende Base RO ~ gelangt alternativ unter der
Aussendung eines Fluoreszenzsphotons mit Ky in ihren Grundzustand RO . RO wird mit der
Ratenkonstanten k;, reprotoniert; dieser Prozess schlieft den Forster-Zyklus. Unter bestimmten
experimentellen Bedingungen spielen die in Abbildung 2 a) grau dargestellten Prozesse eine
unwesentliche Rolle. Wichtig dafiir ist ein pH-Wert, der so gewihlt ist, dass das
Grundzustandsgleichgewicht auf die ROH Seite geschoben wird. Gleichzeitig soll das

Protolysegleichgewicht auf RO~ Seite liegen. Folglich muss pKs << pH << pKj gelten.

a) b)
ROH* RO_*
R kespt RO * _
\ !
Kgr
Kexo K rom K Kexe Ky
Kp v
P 0
rRoH ® RO R
c) d)

05+

exc

0.0 L L - 0.0 0.0 e L . 1 - I
350 400 450 500 550 600 650 350 400 450 500 550 600 650

A/ nm A/ nm

Abbildung 2: Zur spektroskopischen Charakterisierung von Photoséuren.

a) Forster-Zyklus einer Photosaure fir pKs* < pH < pKs. b) Niveauschema einer Photosaure fiir
pH >> pKs.

¢) Anregungsspektrum und Emissionsspektrum der Photosaure bei pKs* < pH < pKs.

d) Anregungsspektrum und Emissionsspektrum der Photosaure bei pH >> pKe.

Die Verschiebung zwischen 0-0-Ubergang der Siure und 0-0-Ubergang der Base ist dabei ein
direktes MaB fiir die Zunahme der Siurestirke nach der optischen Anregung (Glg. (2)).%%°%%

AvK. = h(Vron — Vro-)
PRs = Tk,T - 1n(10)

2
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2. Protonentransfer

2.2 Strukturmerkmale und Ursprung der Photoaziditat

Strukturmerkmal aller photoaziden Molekiile ist ein aromatisches Ringsystem, an das eine

Gruppe mit azidem Proton, hier eine Hydroxylfunktion, kovalent gebunden ist.’*¢%! Der

einfachste Vertreter dieser aromatischen Alkohole ist das Phenol (P) mit pKs=9,8 und

pKs =4.0 (vgl. Abbildung 3).

P 2CP
OH ©i0>-<
©/ cN
pK, = 9.8 pK, = 7.0
pK* = 4.0 pK*= 0.7
1N 5CN2
OH
Crr”
CN
pK; = 94 pK, = 8.
pK," = 0.4 pKy* =-1.
HPTS HPTA )
I CFy
o o 0
HO 5 ° HO s N~ HO 5O CFs
LI LI ()
o L Lp oI T, o 1T,
s st ~y- s - s
0 g © |\‘1 o) d |T] Fac\(o 0 Il YCF3 FsC
CF, CFy
pKs =7.7 pK, = 5.7 pK, = 44
pK*=1.4 pK*=-0.8 pK* =-3.9

Abbildung 3: Photosauren auf der Basis aromatischer Alkohole.

Phenol (P)®2, 2-Cyano-Phenol (2CP)*%3,

5,8DCN2

CN

o

CN

pK, = 7.8
pK.* = -4.5

)

Q\S,o CFs

N

o

o I 1 o
S

AN
3

oy //S\O CF.
~ (o] le) ~3

pK, = 47
pK.* = -2.7

1-Naphthol (1N)%4, 5-Cyano-2-Naphthol (5CN2)*3, 5,8-Dicyano-2-Naphthol (5,8DCN2)3,
8-Hydroxypyren-1,3,6-Trisulfonat (HPTS)®®, 8-Hydroxypyren-1,3,6-Trisulfonamid (HPTA)%7,
Tris(1,1,1,3,3,3-Hexafluorpropan-2-yl)-8-Hydroxypyren-1,3,6-Trisulfonat (1)%7, Tris-(2,2,2-
Trifluorethyl)-8-Hydroxypyren-1,3,6-Trisulfonat (2)%7, 8-Hydroxy-N,N’,N"-Trimethoxy-N,N’,N"-
Trimethylpyrene-1,3,6-Trisulfonamid (3)%.

Durch die Einfithrung von elektronenziehenden Gruppen wie der Cyano-Funktion, -CN, oder

Sulfonatfunktionen lassen sich die Saurestirken Ksund K~ erhhen (2-Cyanophenol, 2CP).663

Mit dem einfachsten kondensierten aromatischen Alkohol, dem Naphthol (2N), lassen sich

durch zwei Cyano-Substituenten (5,8-Dicyanonaphthol, kurz 5,8DCN2) bereits Sdurestdrken

im angeregten Zustand erzielen, die mit Saurestéirken starker Mineralsiuren vergleichbar sind.>
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2. Protonentransfer

Da diese Cyanonaphthole azide genug sind, um organische Losungsmittel zu protonieren,
konnte erstmals der Protonentransfer in nicht-wéssrigen Losungsmitteln wie diversen
Alkoholen sowie im aprotischen Losemittel DMSO untersucht werden.®

Der Elektronendruck bzw. —zug eines Substituenten auf das aromatische System wird mit dem
sogenannten Hammet-Koeffizienten ¢ erfasst. Der Elektronenzug ist umso héher, je grofer der
Hammet-Koeffizient ¢ ist. Prémont-Schwarz et al.” haben Derivate von 1-Naphthol mit
unterschiedlichen Substituenten an 5. Stelle hinsichtlich des pKs und des pKs Wertes
untersucht und sind dabei auf Zusammenhinge gestoflen, die in Abbildung 4 dargestellt sind.
Es ist eine lineare Abhédngigkeit der Sédurestirken in Grund- und angeregtem Zustand vom
Hammet-Koeffizienten zu verzeichnen. Dabei fillt die Erhohung der Aziditit mit

zunehmendem ¢ im angeregten Zustand merklicher aus (vgl. Tabelle 1).

27—
LS, ]
ok INSBu _
: IN-5S IN-SCN ]
°F  pK =pK(IN)-po  R=099 p
oF =202 ]
- 4F ]
b L
& S,
Zr 1N-5tBu .
L 1N ]
or ]
-2 :'FJK‘,=F=K‘__|:1N:- po R=0.99 1N-5CN -
[ =406
.4- i 1 -1 i 1 i i i L4 i 1 i i 1 i P L i

-0.4 0.2 0.0 02 0.4 06 ['E:]

a
-]

Abbildung 4: Saurestarke und Hammet-Koeffizient.

Abhangigkeit der Saurestarken verschieden 5-substituierter Naphthole vom Hammet-Koeffizienten o
des Substituenten.5”

Reprinted with permission from M. Prémont-Schwarz, T. Barak, D. Pines et al., J. Phys. Chem. B,
2013, 117, 4594-4603. Copyright 2013 American Chemical Society.
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2. Protonentransfer

Tabelle 1: 5-substituierte Naphthole und pKs-Werte.®”

N IN-5tBu 1N-4S IN-5S 1N-3,6diS IN-5CN
OH OH OH OH OH OH
COICO|Co 99
H,C CH, SO5 SO5” CN
CH,
pKs 9.4 0.8 8.3 8.4 8.6 8.05
PKs 0.2 1.0 0.1 0.7 2.6 2.8

Ursachen fiir die Photoaziditit konnen sowohl auf der Eduktseite als auch auf der Produktseite
des ESPT gefunden werden. Weller®® fithrte 1952 stationir-spektroskopische Studien an
verschiedenen Naphtholen durch und war der erste, der einen n-m*-Ladungstransfer vom
Hydroxylsauerstoff in das aromatische System nach Anregung in S; postulierte. Die dadurch
geschwichte OH-Bindung wiirde die Abstraktion des Protons dann begiinstigen und zu einem

> an 2-

niedrigeren pKs fiihren. Agmon et al. wiesen durch differenzielle Solvatochromie
Naphthol ein Erstarken der Wasserstoffbriickenbindung zwischen Proton und Solvensmolekiil
nach. Dafiir wurde eine Positivierung des Hydroxylsauerstoffs im angeregten Zustand als
ursichlich angesehen, welche durch unabhingige semiempirische Verfahren® gezeigt wurde.
Weitere ab initio Rechnungen’ in Bezug auf Wasser-Phenol Cluster weisen auf eine
Verkiirzung und damit auf ein Erstarken der ROH---S Bindung hin.

Fiir das Photoprodukt, also die anionische Base, ldsst sich durch differenzielle Solvatochromie
eine signifikante Elongation der Wasserstoffbriickenbindung, der RO ---HS" Bindung,

verzeichnen.>?

Dies wird auf eine deutlich reduzierte Ladung am Hydroxylsauerstoff
zuriickgefiihrt und dadurch ein entsprechender n-n*-Ladungstransfer auf anionischer Seite
belegt.

Grundsitzlich kann auch von einem produktseitigen Ladungstransfer ausgegangen werden. !¢
Zum einen liefern die bereits 0.g. semiempirischen Verfahren einen deutlichen Beleg dafiir.
Hier zeigt sich (Abbildung 5), dass im Falle der Base durch Photoanregung ein deutlich hoherer
Ladungsbetrag in den distalen Ring transferiert wird als dies bei der Sdure der Fall ist. Ein
weiter empirischer Beleg fiir produktseitigen Ladungstransfer ist schlielich die Reduktion der
pKs-Werte, insbesondere des pKs', durch die Einfiihrung elektronenziehender Substituenten an

den Positionen 5 und 8. Dadurch wird die negative Mulliken-Ladung an den jeweiligen

Kohlenstoffatomen gesenkt und so das Molekiil thermodynamisch stabilisiert.>> So wird im
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2. Protonentransfer

Falle von 5,8DCN ein um gut vier logarithmische Einheiten kleinerer pKs" erreicht, verglichen

ROH RO-

Abbildung 5: Elektronendichteverteilung in 2-Naphthol.>5

Je roter, desto groRere positive Partialladung, griin ist neutral, je blauer desto grofRere negative
Partialladung.

Reprinted with permission from N. Agmon, J. Phys. Chem. A, 2005, 109, No. 1, 13-35. Copyright
2005 American Chemical Society.

mit dem 2N.

Gerade in Bezug auf die photoaziden Pyrenolderivate wurde ein der Protonenabstraktion
vorausgehender Ladungstransfer als Ursache ihrer Saurestirke im angeregten Zustand
ausgemacht.”! Zusitzlich spielt fiir neutrale pyrenolbasierte Photosduren der elektronische
Zustand, in den das Molekiil angeregt wird, eine iibergeordnete Rolle. So ist das elektrische
Dipolmoment des Molekiils signifikant groBer, wenn es in den s.g. 'L Zustand promoviert
wird.”> Im 'L, Zustand liegt das Dipolmoment parallel zur Lingsachse des
Pyrenolgrundgeriistes (vgl. Abbildung 6).”> Ob das Molekiil protoniert oder deprotoniert

vorliegt, spiele dann eine untergeordnete Rolle.”

Abbildung 6: *La und Lb Zusténde des Pyrens.
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2. Protonentransfer

2.3 Protonentransfer in Losung: Kinetische Betrachtung
Abbildung 7 zeigt Fluoreszenzzerfille des Pyrenolderivats HPTA in DMSO.*’

a) b) c)
ROH* o |
ke&ptA RO * HO 5O RO™*
= o 7
gr 1
1
kexc kf,ROH kf ‘O‘ kexc i kf
o) 0 |
Ko ~ ,\\S\\ ,/S//\ ~ —
P o ¢
RoH @ RO HPTA
d) e)

0.1 0.1

0.01 0.01

t/ns t/ns

Abbildung 7: Zur Kinetik des ESPT einer mittelstarken Photosaure.

a) Forster-Zyklus einer Photoséure in angesauertem DMSO.

b) HPTA

¢) Niveauschema einer mittelstarken Photoséaure in reinem DMSO.

d) Fluoreszenzzerfall von HPTA in angeséduertem DMSO. Anregung der ROH Form mit 405 nm und
Detektion der ROH Fluoreszenz (blaue Kurve). Anregung der ROH Spezies und Detektion der RO™
Spezies (griine Kurve).

e) Fluoreszenzzerfall von HPTA in DMSO. Anregung der ROH Spezies und Detektion der RO™
Spezies (griine Kurve) verglichen mit Anregung von RO und Detektion der RO Fluoreszenz
(hellblaue Kurve). d)-e) Datengenerierung durch C. Spies.

In Abbildung 7 d) sind Zerfille dargestellt, die durch Anregung der Séurebande mit 405 nm
(20 MHz) und der Detektion mit 470/40 nm (Sédurebande) erhalten werden (blaue Kurve). Im
Bereich weniger Nanosekunden weist die ROH-Fluoreszenz einen monoexponentiellen Zerfall
mit der Zerfallskonstanten Kszureform = Keron + Kespt = 1/1.8 ns™! auf. Zu héheren Zeiten zeigt sich
eine weitere Zerfallskomponente. Diese wird durch die geminante Rekombination mit der
Ratenkonstante kg im angeregten Zustand verursacht, die zu der Population von ROH" einen

Beitrag liefert.”’
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b)
01} 0.1
0.01} 0.01
0 0 5 10 15
t/ns t/ns
d) e)
1F T T T ] 1[ E T T T T T T T T T ]
—— IRF —ROH
— 1MTFA —— ROH*exp(t/t,, )
0.1F —— biexp. Anpassung 3 0
— 001} =l
0.01

0.001

P SR AP

5 10 15 20 25 30

o.oo1;
1E-4 Lo
0

Abbildung 8: Kinetik des ESPT einer starken Photoséaure.

a) (2)

b) Fluoreszenzzerfall von (2) in angesauertem DMSO. Anregung der ROH Form mit 405 nm und Detektion
der ROH Fluoreszenz (blaue Kurve). Anregung der ROH Spezies und Detektion der RO~ Spezies (griine
Kurve).

c) Fluoreszenzzerfall von (2) in DMSO. Anregung der ROH Spezies und Detektion der RO™ Spezies (griine
Kurve) verglichen mit Anregung von RO und Detektion der RO™ Fluoreszenz (hellblaue Kurve).

d) Zerfall der ROH-Fluoreszenz in DMSO mit 1 M TFA (blaue Kurve). Zu héheren Zeiten weicht der Zerfall
vom biexponentiellen Verhalten ab (rote Kurve).

e) Die Abweichung wird deutlicher, wenn das ROH-Signal (blaue Kurve) mit dem Fluoreszenzzerfall der Base
verrechnet wird (rote Kurve).

b)-c) Datengenerierung durch C. Spies. d)-e) Datengenerierung durch A. Griter.

t/ns t/ns
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Im Fall von (2) ist der Fluoreszenzzerfall von ROH deutlich schneller (blaue Kurve, Abbildung
8 b)). Das ist auf die wesentlich hohere ESPT Ratenkonstante kespe zuriickzufiihren, die mit dem
deutlich niedrigeren pKs" einhergeht. Auch hier ist die geminante Rekombination erkennbar,
deren Ratenkonstante kg bei hoheren TFA Konzentrationen (TFA: Trifluoressigsédure)
(Abbildung 8 d)) signifikant groBer ist. Besonders deutlich wird die Abweichung des Zerfalls
der ROH Fluoreszenz vom eigentlich biexponentiellen Verhalten, wenn der Zerfall mit exp(-
t/tr) multipliziert wird (Abbildung 8 e)). Dabei ist tr= 5.6 ns die Fluoreszenzlebensdauer der
Base 657477
Den zeitlichen Verldufen der ROH Fluoreszenz sind in Abbildung 7 d) und Abbildung 8 b) die
Zerfélle der RO Fluoreszenz gegeniibergestellt, die nach der Anregung von ROH erhalten
werden. Diese Zerfille verlaufen biexponentiell, mit ansteigender und fallender Komponente.
Die kurze, ansteigende Komponente kann der Bildung von RO mit der Ratenkonstante kespt
zugeordnet werden. Die lingere, abfallende Komponente liefert die Fluoreszenzlebensdauer
des Anions, Ty, als Zerfallskonstante.?!’

Die in Abbildung 7 e) und Abbildung 8 c) als hellblaue Kurven dargestellten Zerfille werden
durch Anregung der Photosduren in DMSO mit 470 nm und der Detektion bei 583/120 nm
erhalten (Emissionsbande der Base). Diese weisen keine ansteigende Komponente auf, wenn
von der ansteigenden Komponente durch die Population von RO mit kexc abgesehen wird. Der
Zerfall liefert wieder die Lebensdauer der anionischen Spezies. Im Fall von (2) ist der
Unterschied zwischen den RO Zerfillen nach ROH und RO Anregung geringer verlichen mit
HPTA. Die Bildungsgeschwindigkeit von RO ist im Fall von (2) sehr gro3, was ein weiteres

Mal der deutlich hoheren ESPT Ratenkonstante von (2) zuzuschreiben ist.
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Bei der Verwendung von Methoden hoherer Zeitauflosung, insbesondere fs-Pump-Probe
Spektroskopie und Fluoreszenz-Upconversion, werden Reaktionsintermediate ausgemacht,
deren Entstehung und Zerfall mitunter mehr als zwei Groenordnungen schneller verlaufen als
die Emission aus den S; Zustinden.”® Diese Experimente wurden in erster Linie an HPTS,
HPTA und diversen Naphtholderivaten in protisch-polaren Lésungsmitteln, ndmlich Wasser,
Wasser-Alkohol-Mischungen und kurzkettigen Alkoholen durchgefiihrt. So hat sich ein
wesentlich differenziertes Bild des Protonentransfers etabliert, das mit dem sogenannten Eigen-

Weller Schema (Abbildung 9) kinetisch beschrieben wird. !7-21:38:41.60.79.80

ROH" ,, HBIP®  SSIP* FSIP*
1 . B .
_H.‘fi,.HB _______l_(g‘ ROH: ROH---(LM)n>>1---B
HBIP: RO ---HB*
kexc kf,ROH kf,HB kf kf i
. | SSIP: RO ---(LM)n=1---HB*
——=  k Kp — +
Kot a.SS FSIP: RO ---(LM)ns>>1---HB
ROH 975 HBIP SSIP FSIP

Abbildung 9: Eigen-Weller Schema: ein erweitertes kinetisches Modell.
Eigen-Weller Schema fur ein beliebiges Lésungsmittel LM und ein beliebiges Akzeptormolekul B.

Im Eigen-Weller Bild verlduft die Reaktion von der Sdure zur Base und umgekehrt stets liber
zwel weitere intermedidre Spezies, das HBIP (Engl. Hydrogen-Bonded Ion Pair) und das SSIP
(Engl. Solvent-Separated Ion Pair). Im HBIP sind die anionische Base und das protonierte
Akzeptormolekiil HB" iiber eine Wasserstoffbriicke verbunden, ohne dass ein weiteres
Solvensmolekiil beteiligt wire. Im SSIP sind Base und protonierter Akzeptor durch wenige
Solvensmolekiile separiert, das Proton bewegt sich nach wie vor im zentralsymmetrischen
Coulomb-Potenzial der Base.®®’*73! Ist der FSIP Zustand (engl. Fully-Separated Ion Pair)
erreicht, welcher im Forster-Bild der RO Spezies entspricht, sind Base und Proton vollstindig
separiert und bewegen sich unabhéngig voneinander. Die Reprotonierung verlauft analog: RO
und HB" diffundieren zueinander, bis sich die Coulomb‘sche Wechselwirkung einstellt und das
SSIP gebildet wird. Die Anndherung setzt sich fort, bis RO und H" iiber eine
Wasserstoffbriicke verbunden sind. SchlieBlich folgt die Rekombination. Bildung und Zerfall
von HBIP und SSIP sind dabei unimolekularer, die des FSIP bimolekularer Natur.

Konkret bildet sich im Fall von HPTS in Wasser das HBIP innerhalb bis zu 10 ps nach
Anregung, nach weiteren ca. 30 ps das SSIP.>*** Der ESPT von (1) zu Wasser findet innerhalb
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von ungefdhr 3 ps statt, in Ethanol ist der ESPT derselben Verbindung bereits rund 60 mal
langsamer.’!
Obschon der Protonentransfer verschiedener Photosduren in diversen protischen

Losungsmitteln im Fokus etlicher Studien stand,?®%>7881-85

wurden bisweilen weniger
Anstrengungen unternommen, den Protonentransfers in aprotischen Losungsmitteln zu
untersuchen. AuBBerdem beschrinken sich die zeitaufgelosten Studien meist auf die Kinetik der
Intermediate im angeregten Zustand. Uber die Rekombination des FSIP und des Intermediats
SSIP in ihren Grundzusténden ist bislang wenig bekannt. Das Proton weist in DMSO einen
Diffusionskoeffizienten von Dpmso(H") = 4.5 - 10 cm? s ¥ und von Duao(H") = 7-10° cm? §°
!'in Wasser®” auf. Demnach ist anzunehmen, dass der Protonentransfer in aprotischem Solvens
etwa eine Grofenordnung langsamer ablduft als in protischen Losungsmitteln. Durch die
wesentlich geringere Protonenmobilitit in DMSO ist im Besonderen der Zerfall des SSIP so

verlangsamt, dass dieser im Grundzustand mit TCSPC Zihlelektronik beobachtet werden

kann.>?
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3. Abstandshaltende Photonen und Korrelationsfunktion

3.1 das Phanomen abstandshaltender Photonen (engl. Antibunching)
Zunéchst wird von einem molekularen System ausgegangen, das lediglich zwei elektronische
Zustéande Sound S einnehmen kann, das an einem Ort fixiert ist und das kontinuierlich angeregt
wird (Abbildung 10 a)). Die Anregungsrate kexc und die Fluoreszenzrate kr fithren zur
Limitierung der maximalen Emissionsrate eines solchen Molekiils. Einzelne Photonen sind
zeitlich separiert. Der Zeitabstand wird durch tag = (Kexe + k¢)™! bestimmt (Abbildung 10 b)).%
%0 Fiir dieses Phiinomen abstandshaltender Photonen wird im Folgenden der aus dem Englischen
stammende Begriff Antibunching verwendet. Das Antibunching riihrt daher, dass im Fall
einzelner Molekiile exakt ein Photon pro Photozyklus generiert wird und so nie zwei Photonen

des gleichen Molekiils gleichzeitig erfasst werden,+46:48:91-95

a) c)
81 i w — TaB= (kexc ka) kT
0 1 2 3
kexc kf LR 1100
0.75 10.75
SO - [ ), ~
D os0t loso ©
b)
(kf + kexc)_1 L7, 10-25
AN 000 . . o
T/ns 0 1 2 3

TAB =0.8 Tf T/ Tf

Abbildung 10: Zur Erklarung des Antibunchings.

a) Zwei-Zustandssystem mit Anregungsratenkonstante kexc und Fluoreszenzratenkonstante k.
b) Photonenstrom eines Molekils mit den Zustanden So und Sa.

¢) Vergleichende Darstellung der Besetzung des S1 Zustandes und der Korrelationsfunktion 2.
Ordnung g®@. Im vorliegenden Beispiel sei kexc = 50 MHz und k; = 200 MHz.

Antibunching ist ein inhdrentes Charakteristikum einzelner Emitter, im Besonderen auch
einzelner Atome, Quantenpunkte, Nanodiamanten und Kohlenstoffnanoréhren, und gilt als
deren eindeutiger Nachweis.*’*>°*% Die absolute Amplitude des Antibunchings erlaubt es,
Molekiile zu zihlen.'%%1°! Uber die relativen Amplituden kann die Stochiometrie in Komplexen

bestimmt werden.!”? Die Zeitkonstante gibt Aufschliisse iiber die Kinetik von Prozessen, so
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iiber die Kinetik von exzitonischen Ubergingen in Halbleiter-Quantenpunkten® und
Nanodiamanten'® oder iiber die FRET-Dynamik'®* und damit iiber die Faltungsdynamik von
Proteinen'®,

Der experimentellen Erfassung dieses Phanomens dient das Konzept der Photonenkorrelation
bzw. mathematisch der Korrelationsfunktion 2. Ordnung, kurz g@.*4% In diesem Kontext ist
g® ein MaB fiir die bedingte Wahrscheinlichkeit, nach der Detektion eines Photons zum
Zeitpunkt t ein weiteres Photon zu einem spdteren Zeitpunkt t+ 1t zu detektieren. Dabei
entspricht g? der zeitlichen Besetzung des emittierenden Niveaus, normiert auf die stationére

Besetzung desselben Zustands (vgl. Abbildung 10 ¢)).%%!% Fiir das ortsgebundene,
kontinuierlich getriebene Zwei-Zustands-System ergibt sich Glg. (3).%8

[S11(7) _
[S1(o0)]

g(Z) (T) = 1-— e—(kexc"'kf)'f (3)

Nach Glg. (3) steigt die Chance, nach der Detektion eines Photons zum Zeitpunkt null das
nachfolgende Photon zu detektieren, monoexponentiell an (Abbildung 10 c)). Ist die Zeit
tAB = (kexe + ki)' verstrichen, wurde das zweite Photon mit einer Wahrscheinlichkeit von
1 - e = 0.63 detektiert, wenn von einer Detektionseffizienz von 100 % ausgegangen wird. Im
vorliegenden Fall in Abbildung 10 betrdgt kexc 50 MHz, die Fluoreszenzrate belaufe sich auf
200 MHz. Dann ergibt sich tap =4 ns <5 ns = tr.

Werden diffundierende Molekiile in Losung konfokal beobachtet, ist die Wahrscheinlichkeit
der zeitgleichen Besetzung des Beobachtungsvolumens mit mehr als einem Molekiil
verschieden von null. So fiithrt die Detektion von Fluoreszenzphotonen verschiedener Emitter

zum Zeitpunkt null zu g?(0) # 0. Glg. (3) muss dann modifiziert werden:®®
(2) 1 —(kexctke)T
g¥(r) = N(l — e~ (kexctkp)T) “4)

Die Detektion von unkorrelierten Untergrundphotonen fiihrt ebenfalls zu einer Erhohung von
2@(0).4197 Uber die g®-Messung wurden so bereits Anregungsraten einzelner, diffundierender
Rhodamin 6G Molekiile in Losung bestimmt, welche sich bei niedrigeren
Anregungsintensititen (< 100 kW/cm?) als Zwei-Zustandssystem verhalten.®® Durch Messen

der Korrelationsfunktion 2. Ordnung oder hoherer Ordnung lédsst sich das Beugungslimit
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mikroskopischer Systeme umgehen und hochauflosende Mikroskopie realisieren. Dies wurde

sowohl mit konfokalen Systemen als auch Weitfeld-Mikroskopen umgesetzt,!00-108:109
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3.2 Beitrage anderer Fluktuationsquellen zur Korrelationsfunktion
Grundsitzlich werden durch g simtliche Prozesse erfasst, die zu zeitlichen Fluktuationen des
Fluoreszenzlichts fiihren.!!%!!! Neben dem Antibunching kénnen im Falle frei diffundierender
Molekiile die Diffusion,''*!'* die Rotation,'" photophysikalische Prozesse wie
Interkombinationsiiberginge®®*+*7116117 ynd photochemische Reaktionen wie cis-trans-

118,119

Isomerisierungen zu Fluoreszenzfluktuationen fiihren (Abbildung 11). Das

Bleichverhalten eines Fluorophors hat ebenfalls einen Einfluss auf die Korrelationsfunktion. 2

- -,

’ S Y
,f‘ 1 \
/ _ \
i N \
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! . i Tgire
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Abbildung 11: Allgemeine Darstellung eines Photozyklus und moéglichen Fluktuationsquellen.

Diffusion mit der Zeitkonstanten tdir, Rotation mit der Zeitkonstanten trot, Interkombinationsiibergénge
vom Sz in den Triplett Zustand T1 mit kisc und zuriick (kiisc). Chemische Reaktion zum Produkt Po mit k¢
und zuriick mit k. Der S1 wird mit Kexc populiert, der Fluoreszenzzerfall wird wesentlich durch ks
bestimmt. Das Photobleichen fihrt aus dem Si mit kois bzw. aus dem T1 mit kot irreversibel in den
Dunkelzustand B.

Laufen nun diese Prozesse auf unterschiedlichen Zeitskalen ab, kann die Korrelationsfunktion
des Systems als Produktfunktion der gi®’s dargestellt werden. Die respektiven gi¥, d.h. die

jeweiligen Prozesse, die zur korrelierten Photonenemission fiihren, gelten dann als separabel.!!
— @ _ @, @ @, @, @
g = l_[gi = 9p1" " Yaifr "Y9pu "9aB " Grot Q)
i

Eine Korrelationsfunktion 2. Ordnung eines molekularen Systems mit verschiedenen

Fluktuationsbeitrdgen ist in
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Abbildung 12 dargestellt. Die Zeitskalen, auf denen die zugrundeliegenden Prozesse ablaufen,
konnen sich in der Praxis von Sekunden bis Nanosekunden erstrecken. Aus folgend genannten
Griinden wird auf eine weitere Darstellung des Einflusses der Molekiilrotation auf g®®
abgesehen. Erstens konnen Rotationszeiten kleiner Molekiille im Bereich weniger
Pikosekunden'?! liegen, d.h. es gilt trot << t, sodass dann Fluktuationen aufgrund der Rotation
keinen Einfluss auf g® haben. Zweitens sind Molekiilrotationen in der Korrelationsfunktion
dann nachweisbar, wenn im Emissionsstrahlengang eine bestimmte Polarisationsrichtung
selektiert wird.%’ Dies wird hier experimentell nicht realisiert. Die iibrigen Prozesse und ihre

Einfliisse auf g® werden im Folgenden konkretisiert.

a) b)
g(2) 20 T T T T T
g? 20 ; . ; -
15} - — = -—
Ksorc | 15| e
..................... N /e - Abfall Jise/C 7 { Dunkelzustand
i ; Krisc /-c (1.66-1.0) 460,
IIII10 E E I i 106
] S T — . % i osf
i H 5 0.0 L 1 L ! L
0.01 o i 1 10 100 1000 1E4 1E5 1E6

10 100 | 1000 1E4 (1E5 1E6
: ! : t/ns
it/ns
H ' v

¥
Il

Abbildung 12: Der Einfluss verschiedener Fluktuationsquellen auf die Korrelationsfunktion.

a) Gesamte Korrelationsfunktion. Diffusion, schnelle Kinetik (ISC, chem. Reaktion) und Antibunching
modulieren g@. Jeder Prozess wird durch eine bestimmte Zeitkonstante charakterisiert. Diese liegen
mitunter um mehrere GréRenordnungen auseinander. Die Prozesse gelten dadurch als separabel.

b) Gesamte Korrelationsfunktion eines molekularen Systems. Die relativen Amplituden werden durch
die effektive Teilchenzahl und die Ratenkonstanten der kinetischen Prozesse bestimmt.
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3.2.1 Diffusion und Analyse der Photostabilitét
Typische Farbstoffmolekiile weisen Diffusionskoeffizienten um D = 3-10 cm?s! auf.!'? Ihre
Diffusionszeiten durch einen beugungsbegrenzt fokussierten Laserstrahl, d.h. durch ein
konfokales Volumen in der Gréenordnung weniger Femtoliter, liegt damit im Bereich von
100 ps (tair=20%4D '2!). Die Diffusion der Farbstoffteilchen in das bzw. aus dem
Beobachtungsvolumen fiihrt zu zeitlichen Konzentrationsdnderungen und damit zu
Fluktuationen im Fluoreszenzsignal. Diese fithren wiederum zu einem hyperbolischen Abfall
von g? nach Glg. (6).'%*'?® Darin ist t die Korrelationszeit und tagr die Zeit, fiir die
g@(aitr) = 2 gP(0) gilt. wo entspricht dem minimalen Strahlradius und zo der Raygleigh-
Lange. Verr bezeichnet das effektive konfokale Volumen und <C> die mittlere
Teilchenkonzentration. Damit ist Ver<C> gerade die mittlere Besetzungszahl des
Beobachtungsvolumens, diese entspricht der inversen Korrelationsamplitude g@(0) (vgl.
Abbildung 12 b)). Die mittlere Diffusionszeit der Molekiile ergibt sich aus dem g@®-Abfall auf
72 (vel.
Abbildung 12 a)). Die Diffusionszeiten um 100 ps sind um mehrere Grdéflenordnungen
langsamer als die Fluoreszenzlebensdauer typischer Farbstoffe (um 1-10 ns). Folglich konnen
solche Molekiile als stationir angesehen werden, wihrend elektronische Ubergiinge stattfinden.
Das durch die Diffusion bedingte Korrelationssignal (Glg. (6)) kann dann isoliert analysiert
werden (violette Kurve in

Abbildung 12 a), b)).!?

g(Z) __r . . 1 123,122

diff = T

iff Verr(C) 1+Tdiff 1+(ﬂ)2 : (6)
A} Tdiff

Gleichung (6) kann zu Gleichung (7) reduziert werden, falls die riickseitige Objektivapertur nur
partiell ausgeleuchtet wird.!** Die partielle Ausleuchtung fiihrt zu einer Homogenisierung der
Laserintensitdt in axialer Richtung, sodass die Diffusion von Teilchen in dieser Richtung
wenige Schwankungen in der Fluoreszenzintensitit verursachen. Lediglich die Diffusion in

lateraler Richtung ist dann von Gewicht.

) 1 1

Yairr = Verr(C) 14 _ T (7)
dif f
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Die Anregung von Farbstoffmolekiilen mit relativ hohen Laserintensititen kann zum raschen
Photobleichen, d.h. zur Zerstdrung des chromophoren Systems, fiihren.!?*!?> Solche
Intensitéten liegen in der Grofenordnung von 100 kW/cm?, was bei manchen Farbstoffen der
Sittigungsintensitit entsprechen kann.'?® Das Photobleichen eines Molekiils wihrend der
Passage durch den Laserfokus fiihrt zu kleineren Diffusionszeiten t4ifr und zu einer scheinbar
schnelleren Diffusion. Dabei ist die Abnahme der Diffusionszeit proportional zur
Anregungsintensitit (Glg. (8)). Darin ist tai(lexc) die Diffusionszeit bei gegebener
Anregungsintensitit, tqir(0) die extrapolierte Diffusionszeit bei 0 kW/cm? und ky1 bezeichnet
die Bleichrate. Je geringer ky, desto photostabiler der Farbstoff. Demnach erlaubt die
intensitdtsabhingige Messung der Diffusionszeit die Bestimmung der Photostabilititen von

Farbstoffen.>’-124-126

Taifr (0)

Taiff (Texc) bt " Taiff(0) * Lexc ®
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3.2.2 Korrelationsfunktion und Photon-Bunching
Weitere physikalische oder chemische Prozesse konnen dazu fiihren, dass Farbstoffmolekiile
in einen Dunkelzustand gelangen, von dem aus keine Fluoreszenzphotonen emittiert werden.
Das fiihrt zu einem zusétzlichen Zerfall in der g® Funktion, dessen Zeitkonstante tg sich aus
der Ratenkonstante in den Dunkelzustand kp, und der Ratenkonstante aus dem Dunkelzustand
k-pu zu 8 = (kpu+ k-pu) ! ergibt (Glg. (9)).

gl()zg =1—-Du+ Du-exp(—1/15) 9)

Zu Zeiten, die in der GroBenordnung von 1 liegen, ist g > 1. Demnach werden Photonen mit
hoherer Wahrscheinlichkeit zeitgleich detektiert. Das System emittiert Photonen biindelweise
(Abbildung 13 b)). Das Faktum, dass auf einer Zeitskala der Kinetik des Dunkelzustands

Photonen in Biindeln detektiert werden, wird als Bunching (Engl. Biindeln) bezeichnet.**

a) b)
(kf + kexc)-1 (kDu + k-Du)-1

INEaEEEEE 1111 ot 111 L1

T/nNns T/ MS

Abbildung 13: Vergleich zweier Photonenstréme.

a) Antibunching in der GréfRenordnung der Fluoreszenzlebensdauer.

b) Bunching auf einer Zeitskala, auf der der Dunkelzustand zerfallt. Dabei wird der Dunkelzustand mit
kou populiert bzw. mit k-py entleert.

Dabei ist die Art des Dunkelzustandes fiir das Zustandekommen von g® >1 zunichst
unerheblich. Lediglich die Tatsache, dass eine Besetzung des Dunkelzustandes erfolgt,

induziert Fluoreszenzfluktuationen auf der Zeitskala der Besetzungsdynamik.*%!13
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3.2.3 Bunching Analyse und Interkombinationsiibergange

So kann, wie in Abbildung 11 plakativ gezeigt, das Triplett-Niveau T oder ein protonierter
Zustand Py ein Dunkelzustand darstellen. Im Folgenden wird ndher beleuchtet, wie sich die
Triplettkinetik durch die Korrelationsanalyse quantifizieren ldsst. Daran schlie3t sich die
Analyse des Protolysegleichgewichts einer Photosdure in ihrem Grundzustand auf der
Grundlage des Bunching-Zerfalls von g® an.

Der Triplettdynamik, deren Zeitkonstante hier um 0.1 — 10 ps liegen kann, wird durch gr®
(Glg. (10)) Rechnung getragen. Dabei reprisentiert T = Kise®™/(kisc®™ + kiisc) das Kontingent an
Molekiilen im Triplettzustand, Tt = (Kisce®™ + krise) ' bezeichnet die Zeitkonstante, die zwischen
der Detektion konsekutiver Photonenbiindeln verstreicht *%-106.110.16.127.128  Npit  der
Interkombinationsratenkonstante kisc wird der Zustand T bevélkert, und mit kiisc entleert. Die
effektive Ratenkonstante kis. ist dabei eine Funktion der Anregungsrate kexc. Nach Glg. (11)

ergibt sie sich aus der intensititsunabhingigen Rate ki multipliziert mit der

Besetzungswahrscheinlichkeit des Si-Zustandes. 2128
g;z) =1—T +T-exp(—t/tp) 2106110116128 (10)
k
A S L 11
isc Isc kexc + kf ( )

Durch die exponentielle Anpassung des Bunching-Zerfalls von g® kénnen so ts und damit
kise®™ und kise bestimmt werden. Uber eine intensititsabhingige Messung kann mit Glg. (11)
schlieBlich kisc erhalten werden. Die Zeitkonstante ts hidngt empfindlich von der vorliegenden
Sauerstoff-Konzentration ab,'?”'?° da es sich hierbei um einen effizienten Triplett-Quencher
handelt. So st allgemein t~1-10pus in Anwesenheit von Sauerstoff, unter
Sauerstoffausschluss werden Triplettlebensdauern um 50 ms erreicht.!?”'?° Die Bunching-
Zeitkonstante liegt im Fall der Photosduren bei Anregungsraten um 30 MHz im Bereich von
1 ps. Die Fluoreszenzlebensdauern liegen um 5 ns. Demnach kann die Triplettkinetik von g@qifr

und g®ap isoliert analysiert werden.
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3.2.4 Bunching Analyse und Protonentransfer
In den folgenden Publikationen wird der Protonentransfer im Grundzustand von Photosduren
u.a. dadurch analysiert, dass die Zeitkonstante des Bunchingzerfalls bestimmt wird.>!” Dieses
Vorgehen ist der Bestimmung der Interkombinationsratenkonstante sehr dhnlich. Im Kontext
der Analyse des Protonentransfers werden unterschiedliche Anregungsschemata appliziert, die
sich hinsichtlich Anregungswellenlinge (Aabs(RO ) oder Aas(ROH)) und der vorliegenden
Protonenkonzentration (pH >> pK; oder pH = pKs,) unterscheiden (vgl. Abbildung 14 a) und

C)).

a) b)
20 LI [ AL [ L L [ L [ L UL L [ L,
1.5 .
kexc kf

D) ]

o 1.0
B 0.5} 1

RO
0.0 il il il il | M |
1 10 100 1000 1E4 1E5 1E6
t/ns
c) d)
20 LI I LA LU o o AU L T [ L A [ LI AL [ L
15} ]
kexc kf

) ]

o 1.0

kp
_‘k/ B 05k 4
ROH ® RO
00 suaiaul | il suaiaul il sl
1 10 100 1000 1E4 1ES 1E6
t/ns

Abbildung 14: Vergleich zwischen a) Zwei-Zustandssystem und c) System mit Dunkelzustand ROH.
b) Im Idealfall, unter Vernachlassigung von Interkombinationsiibergdngen und Photobleichen, zeigt
die Korrelationsfunktion einen hyperbolischen Zerfall aufgrund der diffusiven Entleerung des
konfokalen Volumens.

d) Besetzt ein gewisser Grad an Molekulen den Dunkelzustand ROH, so zeigt sich die exponentiell
zerfallende Schulter im Bereich von t = 1/(kp + kp). Das ist der Fall, wenn pH = pKs.
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Zunachst wird pH >> pK; eingestellt, so dass eine komplette Entvélkerung des ROH Zustandes
gewihrleistet ist (Abbildung 14 a)). Unter dieser Bedingung kann durch Variation der
Anregungsintensitit eine eventuelle Triplettdynamik der betreffenden Photosdure untersucht
werden. Zeichnet sich eine Verbindung durch eine Triplettdynamik aus, kann so eine
Anregungsintensitit gefunden werden, bei der die Population des Triplettniveaus zu
vernachléssigen ist. Die Protonierungskinetik kann dann fiir sich analysiert werden.

Zur Analyse der Protonierungskinetik werden Aexc = Aabs(RO ) und pH = pK; gewihlt, wobei
der pH etwas unterhalb des pKs liegen soll, damit das Protolysegleichgewicht auf ROH Seite
liegt (Abbildung 14 ¢)).>” Der ROH Zustand ist ein Dunkelzustand und durch die Wahl des pH
ist dieser relativ stark populiert. Dies fiihrt einerseits zu einer schnellen Kinetik mit
Zeitkonstanten um lps. Ferner ist die Kinetik umso ausgeprégter je hoher die Population des
ROH Niveaus ist (vgl. Glg. (12)). Die beiden Reaktionsraten k, und k., ergeben sich nach
Glg. (12) aus der Zerfallskonstanten bzw. der relativen Bunching-Amplitude, sprich der
Besetzung des ROH Zustandes.'*°

2 1 1 kgff eff eff
g = 1+ exp\— k + k_ T 12
v;ff<C>]_+- T kfif ( ( p 14 ) ) ( )
Lairf

Mit Glg. (13) lasst sich der pKs Wert der untersuchten Verbindung bis auf zwei

Nachkommastellen genau bestimmen.>’

keff
pK, = pH + log kiff (13)
-p

Wichtig ist der Hinwesis, dass es sich bei k™ und k.,*™ um effektive Ratenkonstanten handelt.
Beide hingen von der verwendeten Konzentration des Séure-Base Puffers ab (vgl. Glg. (14)
und (15)). Darin sind k,* und k.,* konzentrationsunabhingige, bimolekulare Ratenkonstanten.
Diese lassen sich nach Glg. (14) und (15) durch Variation der Pufferkonzentration

bestimmen.>!7130

kS = kbt [HBY] (14)
kIS = kP - [B] (15)

Seite | 29



3. Abstandshaltende Photonen und Korrelationsfunktion

Die Ratenkonstante k,* dient auBerdem als Referenz zur  bimolekularen
Reprotonierungsratenkonstante, die aus dem Antibunching extrahiert wird. Wie k,*' aus dem

Antibunching-Zerfall von g® erhalten wird, wird als Nichstes betrachtet.
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4. Abstandshaltende Photonen und Protonentransfer

4.1 Antibunching-Experimente
Im ,,Antibunching-Experiment® wird zunichst die Zerfallskonstante tag des Referenz-Systems
RO <« RO * ermittelt (Abbildung 15 a)). Dazu wird wieder pH >> pKj eingestellt oder es
wird in reinem DMSO gemessen, in dem sdmtliche benutzte Photosduren deprotoniert
vorliegen. Der ROH Zustand ist in beiden Fillen entvolkert. Es wird fiir alle verwendeten

Photosduren wird eine reduzierte Lebensdauer tag = 1/(kexc + kf) nachgewiesen (Abbildung

15 b)).88

a) b)
kexc kf
RO_ 00 ' ’FAB = (I‘(exc+kf)l-1 = 5 r:IS I I
1 10 100 1000 1E4 1E5 1E6
t/ns
c) d)
1.0 E
K

/@ 15ns

Tap ¥ (Koo tKy)! +@

=20 ns

|

1 10 100 1000 1E4 1E5 1E6

L

0.0 ¥

1/ns

Abbildung 15: Vergleich zwischen a) Zwei-Zustands-System und c) Vier-Zustands-System.

b) Die Zeitkonstante des Antibunchings ist, wie zu erwarten, tas = (Kexc + ki)™

d) Beim Vier-Zustands-System ist die Zeitkonstante tas vergroRert. Im Fall des Protonentransfers
DMSO, wo das SSIP beobachtet werden kann, ist tas um genau 1/kq, der Zeitkonstanten der
Ruckprotonierung verlangert.
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Im nidchsten Schritt werden Anregungswellenldnge und Protonenkonzentration so etabliert,
dass der Forster-Zyklus hiufig durchlaufen wird (Aexc = Aabs(ROH) und pH << pKjs). Die
Kopplung zweier optisch anregbarer Spezies im Grundzustand und im angeregten Zustand liber
den Protonentransfer fiihrt dabei zu einer deutlichen VergréBerung von tas.’! Durch Variation
der Pufferkonzentration [B] werden unterschiedliche Zerfallskonstanten kag([B]) erhalten. Fiir
verschiedene k, wird g®ap simuliert und die theoretischen kag(kp) bestimmt. Durch Vergleich
der experimentellen kap([B]) mit den simulierten kag(kp) ldsst sich die bimolekulare
Ratenkonstante der Riickprotonierung k,*' gewinnen. Der ermittelte Wert der Ratenkonstante
stimmt mit literaturbekannten Werten und den Werten aus dem Bunching-Experiment gut
iiberein. '

Wird DMSO als Losungsmittel verwandt, gestaltet sich der g®-Zerfall in der ns-Domine als
komplexer (

Abbildung 16). Der biexponentielle Zerfall von g® kann einzig durch die Annahme zweier

emissiver Spezies erklért werden.>

()

g

t/ns

0.00 —— . —_—
-300 -200 -100 0 100 200 300

T/ns
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b)
1.00 4=
0.75+
[tfa] / mM
82 050 1
[@)) AN — g
-3
0.25 1 :138
—RO™ ]
0.00 T T
-200 -100 0 100 200

T/ns

Abbildung 16: Korrelationsanalyse der Fluoreszenz von (1).

a) Biexponentieller g@-Zerfall von (1) in DMSO mit TFA.

b) Abhéangigkeit von g@ von der verwandten TFA Konzentration (hier sind normierte Fitfunktionen
dargestellt, die sich aus dem Experiment ergeben).

Reproduced from M. Vester, A. Griiter, B. Finkler et al., PCCP, 2016, DOI: 10.1039/C6CP00718J
with permission from the PCCP Owner Societies.

Das zugrundeliegende Eigen-Weller Schema wird zundchst auf ein 5-Zustinde System
reduziert (vgl. Abbildung 17). Die Annahmen bzw. Niherungen, die dabei getroffen werden,
basieren zum einen Teil auf dem vorhergehenden Antibunching-Versuch in wiéssriger
Losung’!. Zum anderen fuBen die Uberlegungen auf frither durchgefiihrten solvatochromischen

Studien am Protonentransfer und Ultrakurzzeitexperimenten mit Photosiuren.3!"!

SSIP* K FSIP*
-"“EI--_
kexc kf kf
*____‘_,._‘_4-—/
kq kD
ROH SSIP FSIP

Abbildung 17: Reduziertes Eigen-Weller-Schema.
Reproduced from M. Vester, A. Griiter, B. Finkler et al., PCCP, 2016, DOI: 10.1039/C6CP00718J
with permission from the PCCP Owner Societies.

Im Zuge der weiteren Analyse der Zeitkomponenten werden die diffusiven Prozesse, d.h. die

Bildung und der Zerfall des FSIP und die nicht-diffusiven Prozesse entkoppelt. Eine Separation
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der Zeitskalen ist dabei ausreichend gewéhrleistet. So wird das 5-Zustdnde-System als
Kombination aus zyklischem 3-Zustinde-System und 2-Zustandssystem beschrieben
(Abbildung 18). Die Kinetik des FSIP Zerfalls héingt dann primér von den Ratenkonstanten kq°ff
und kp ab. Damit konnen Antibunching Zeitkonstanten erklirt werden, die mitunter grofer sind

als Zeitkonstanten, die der inversen Anregungsrate entsprechen.’>

SSIP*
kexc kf eff
kd
4-—"""—-_’_ + _"'
kq kp
ROH SSIP A FSIP

Abbildung 18: Zur Reduktion des Funf-Zustandssystems.

Entkopplung der diffusiven und der nicht-diffusiven Prozesse im System. A représentiert das 3-
Zustandesystem.

Reproduced from M. Vester, A. Griter, B. Finkler et al.,, PCCP, 2016, DOI: 10.1039/C6CP00718J
with permission from the PCCP Owner Societies.

SchlieBlich werden im folgenden Teil Eigenschaften der ausgewéhlten Photosduren betrachtet,

die notwendig sind, um das Antibunching-Experiment durchzufiihren.
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4.2 Uber die Eignung der verwandten Pyrenolderivate

Damit der Protonentransfer durch die Fluoreszenzkorrelationsanalyse untersucht werden kann,
werden Farbstoffe gesucht, die sich durch eine mdglichst hohe, zeitlich stabile Emissionsrate
auszeichnen. Um den Protonentransfer in DMSO entsprechend untersuchen zu konnen, miissen
auBerdem die Photosduren azide genug sein, das Losemittel DMSO zu protonieren.

In Tabelle 3 sind wichtige Eigenschaften der drei hdufig verwandten Pyrenolderivate (1)-(3)
dargestellt. Allen ist das Pyrenolgrundgeriist gemein; auch werden die Molekiile durch
Substitution mit Sulfonsdureresten erhalten. Von (3) nach (1) steigt der Elektronenzug der
Substituenten. Dies fiihrt zu einer Erniedrigung der pKs Werte, wobei die Reduktion des pKs"
wesentlich grofer ausfillt. Beide Umstdnde sind vollig konsistent mit den Ausfiihrungen in

Kapitel 2.2.

Tabelle 2: Ubersicht tiber verwandte Pyrenolderivate.5”

Eigenschaft (1) (2) 3)
CF,
O o >cF Q o ™cF HO O\\S/rll\o/
: s HO s{ : .
o sk
Struktur “O “? !“
O\\ /O O\\ 2 W 7
F3CYO/SO OS\OYCF3 Fsc\/o/s‘\o O//S\O\/CFS /O‘N”S\\O d/S‘N/ ~
CF; CF; ‘ |
ROH 449 440 438
}\,abs/nm

RO 576 568 568

ROH C c 506

Aem/NM

RO- 580 574 576

ROH 0.2 04 1.4

T/ ns

RO 5.6 5.6 5.7

pKs 4.4 4.7 ®5.6

pKs* -39 2.7 -1.2

Aabs : Absorptionswellenldnge in DMSO, Aem Emissionswellenldnge in DMSO, Tt Fluoreszenzlebensdauer in DMSO,
apKs Werte in Wasser, durch FCS bestimmt, ® pKs Werte in Wasser durch Absorptionstitration bestimmt, pKs* Werte
in Wasser mit Gleichung 2 bestimmt. ¢ nicht bestimmbar wegen hoher ESPT Ratenkonstante.

Ein moglichst groBer ApKs, wobei insbesondere pKs* << 0 gelten soll, ist aus zweierlei
Griinden essentiell. Erstens miissen im Antibunching-Experiment Bedingungen etabliert

werden, so dass moglichst viele Forster-Zyklen pro Zeiteinheit durchlaufen werden. Dadurch
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ist die Ausbeute an Fluoreszenzphotonen pro Zeiteinheit moglichst hoch. Dazu muss fiir die
Besetzung der Grundzustinde [ROH] und [RO ] zum Startzeitpunkt eines Start-Stop-
Experimentes gelten: [ROH](t = 0) = 1 >>[RO ](t = 0). Es muss also bei niedrigen pH-Werten
bzw. hohen Protonenkonzentrationen gearbeitet werden. Gleichzeitig darf das
Protolysegleichgewicht im angeregten Zustand nicht allzu stark auf ROH* Seite verschoben
werden, da der ESPT nach wie vor effizient ablaufen soll, damit geniigend RO Photonen
erzeugt werden. Hier muss also gelten: [ROH*] = 0 << [RO*]. Zweitens muss die genutzte
Photosdure azide genug sein, um das Lésungsmittel DMSO zu protonieren, wenn DMSO als
Solvens und Protonenakzeptor verwendet werden soll. Dass sich solche Bedingungen etablieren
lassen, ist in den betreffenden Absorptions- und Emissionsspektren zu erkennen
(vgl. Abbildung 19). So wird im Falle des Losemittels DMSO das Protolysegleichgewicht des
Grundzustandes durch [TFA]>300 uM (Protonendonor) vdllig auf ROH Seite gebracht
(Abbildung 19 a)). Gleichzeitig fillt die Anderung im angeregten Zustand weniger stark aus,
da die Emissionsbande der Base das Spektrum dominiert (Abbildung 19 b)). Als wissrige
Losung wird eine gepufferte Losung bei pH 3 verwendet, so dass aufgrund von
[ROH]/[RO ] a Ky[H"]= 50 von k <<k, ausgegangen werden kann. Gleichzeitig bleibt das
Séure-Base Gleichgewicht im angeregten Zustand davon unbertihrt (pKs* ~ -3 << pKs = 4,5 >
K¢* >> Ko).

a) b)
0.20 . r r ‘ — r
[tfa] / EM 6004 [tfal/ uM i
0.15- —_—3 —_
—10 —10
S 15 . | |
° 0.10 25 g 0
Ty 30 -
_= 300 —_
1000
200 i
0.00 == e - z \ 0 ; ; :
400 450 500 550 600 450 500 350 600 650
A/ nm Al nm

Abbildung 19: Spektrale Eigenschaften von (2).

a) Absorptions und b) Emissionsspektren von (2) in DMSO bei verschiedenen TFA Konzentrationen.
Das Transmissionsprofil des Emissionsfilters (570/60 ET Bandpass) ist in Schwarz eingezeichnet.
Reproduced from M. Vester, A. Griiter, B. Finkler et al., PCCP, 2016, DOI: 10.1039/C6CP00718J
with permission from the PCCP Owner Societies.
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Das Einbringen elektronenziehender Funktionen in das Molekiil fiihrt nicht nur zu einer starken
Erniedrigung des pKs bei vergleichsweise konstantem pKs. Es bewirkt zudem eine
zunehmende bathochrome Verschiebung in der Emission.”’ Ein groBerer Stokes-Shift erlaubt
eine bessere Abtrennbarkeit von Anregungs- und Emissionslicht und so prinzipiell bessere
Signal-zu-Untergrund Verhéltnisse.

Der néchste zentrale Molekiilparameter, der Garant einer stabilen Fluoreszenzemission ist, ist
die Photostabilitdt. Diese ist invers proportional zur Bleichrate kyi, des Fluorophors, welche
wiederrum angibt, wie rasch ein Farbstoff bei gegebener Anregungsintensitit zerstort wird. 2+
126 In Abbildung 20 werden die Bleichraten verschiedener Pyrenolderivate verglichen. Dabei
wurde kb jeweils iiber eine intensititsabhéingige Messung von taifr und iiber Glg. (8) ermittelt.’
Rhodamin 6G, ein Derivat des Xanthens, welches bereits auf Einzelmolekiilebene

detektiert""132 und sogar abgebildet!’>!** wurde, dient dabei als Referenz fiir einen

vergleichsweise stabilen Farbstoff.!*
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Abbildung 20: Photostabilitdten verschiedener Farbstoffe.

Vergleich der Bleichraten, kn, verschiedener Pyrenolderivate mit Rhodamin 6G (R6G).5" (1), (2), (3)
sind die Substanzen, die in den Antibunching-Experimenten verwendet werden. X1 und X2 sind
Pyrenolderivate, die dort nicht verwendet werden.

Reproduced from Ref. ,B. Finkler, C. Spies, M. Vester et al., Photochem. Photobiol. Sci., 2014, 13,
548-562“ with permission from the European Society for Photobiology, the European Photochemistry
Association, and the Royal Society of Chemistry.

Die groBiten Erhohungen der Aziditdt im angeregten Zustand werden durch die Einfiihrung von
mehrfach fluorierten Sulfonsdureestern erzielt (Verbindungen (1) und (2)). Es wird in
Abbildung 20 ersichtlich, dass diese fluorierten Sulfonsdurereste aulerdem zur Erhéhung der
Photostabilitit beitragen.!*%!37 Ferner fiilhren Mehrfachsubstitutionen mit Fluor zu einer
erhdhten chemischen Stabilitit und zur weiteren Erhéhung der Photostabilitit,>”-126:136:137 Eg
wird davon ausgegangen, dass eine Redoxreaktion fiir die Photodestruktion eines Fluorophors
ursdchlich ist. Oft findet eine Elektronenabgabe aus dem angeregten Zustand des Fluorophors
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an das LoOsungsmittel statt. Demnach fiihrt eine Erhohung des Oxidationspotentials des
Fluorophors zur Erhdhung der Photostabilitiit.'*® Ferner kénnen Losemitteleinfliisse bei der
Stabilisierung des durch die Photooxidation freigesetzten Elektrons eine Rolle spielen. So gilt
Glg. (16) fiir die Abhidngigkeit der Reaktionsgeschwindigkeitskonstante zweier ionischer
Reaktionspartner von der Dielektrizitdtskonstanten des Losungsmittels im Fall stark verdiinnter
Losungen.'*® Daraus kann geschlossen werden, dass die Photooxidation eines Fluorophors in
einem weniger polaren Losungsmittel als Wasser, nimlich DMSO, langsamer ablduft, da das
Elektron vom Losungsmittel weniger gut stabilisiert werden kann. Demnach ist ein Farbstoff

in DMSO photostabiler als im Losungsmittel Wasser.

1 ZazbeZNA(l 1)

Ink = Ink, + —=
= o T e RTry, e,

(16)

Als weitere essentielle MolekiilgroBe gilt im Allgemeinen die Fluoreszenzquantenausbeute, die
moglichst nahe an 100 % liegen soll. Im Falle der verwandten Photosduren (1), (2), (3) liegt sie
bei 91 %, 87 % und 98 % (vgl. Tabelle 2).°’

SchlieBlich hingt die Emissionsrate pro Molekiil von der Triplettkinetik des Molekiils ab (Glg.
(17) und (18)).

kexc be

kem = — = (17)
L
S

Dabei ist die Sattigungsrate ks gegeben durch, falls ke >> kisc gilt:
by
kisc +1

risc

ks = (18)

Damit also die Emissionsrate pro Molekiil mdglichst hoch ist, sollte die Ratenkonstante fiir den
Interkombinations-Ubergang, kisc, moglichst klein sein.!**'4’ Tabelle 3 gibt in Spalte 2 einen
Uberblick der intensititsunabhingigen Interkombinationsraten kisc der Pyrenolderivate (1) - (3)
in DMSO und zusitzlich von (2) in wiéssriger Losung. Diesen werden literaturbekannte Werte
von kisc der hidufig gebrauchten Fluoreszenzfarbstoffe Rhodamin 6G (Rh6G) und
Fluoreszeinisothiocyanat (FITC) gegeniibergestellt. Die Photosduren sind hinsichtlich ihrer

Interkombinationsratenkonstanten mit dem guten Fluoreszenzfarbstoff Rh6G vergleichbar.
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FITC, welches bekanntermaBlen eine ausgeprigte Triplettdynamik aufweist, zeigt eine

signifikant hohere Konstante kise.”*!**

Tabelle 3: Parameter von Interkombinationsiibergdngen in verschiedenen Farbstoffen. Dazu z&hlen die genutzten
Pyrenolderivate in DMSO. Diese werden mit literaturbekannten Werten der haufig genutzten Farbstoffe
Rhodamin 6G (Rh6G) und Fluoreszeinisothiocyanat (FITC) verglichen. Vin wassriger Lésung.

Kexe = 30 MHz Kexe = 30 MHz
Farbstoff kisc / MHz kise® / MHz Ksisc / MHz tg / us
(1) 0.98 +0.03 0.13+0.01 0.63 +0.07 1.5
() 1.15+0.04 0.26 +0.01 0.74 +0.03 1.3
3) 0.85 +0.06 0.15+0.02 1.41+0.14 0.7
Q)" 1.4
Rh6GY 1.1%
FITCY 5.79-8.11%

Zusammengefasst bleibt festzuhalten, dass sich die verwendeten Farbstoffe aufgrund einer
hohen Quantenausbeute, einer hohen Photostabilitiit, einem niedrigen pKs', und niedrigen

Interkombinationsraten sehr gut zur Analyse des Antibunchings eignen.
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Highly Photostable “Super”-Photoacids for

Ultrasensitive Fluorescence Spectroscopy

Bjorn Finkler?, Christian Spies?®, Michael Vester?, Frederick
Walte?, Kathrin Omlor?, Iris Riemann®, Manuel Zimmer®, Frank
Stracke®, Markus Gerhards, Gregor Jung?

The photoacid 8-hydroxypyren-1,3,6-trisulfonic acid (HPTS, pyranine) is a
widely used model compound for the examination of excited state proton transfer
(ESPT). We synthesized five “super”-photoacids with varying hydrophilicity and
acidity on the basis of HPTS. By chemical modification of the three sulfonic acid
substituents, the photoacidity is enhanced by up to more than five logarithmic
units from pKa* = 1.4 to ~ -3.9 for the most acidic compound. As a result, nearly
quantitative ESPT in DMSO can be observed. The novel photoacids were
characterized by steady-state and time-resolved fluorescence technigues showing
distinctively red shifted spectra compared to HPTS while maintaining a high
quantum vyield near 90%. Photostability of the compounds was checked by
fluorescence correlation spectoscropy (FCS) and found to be adequately high for
ultrasensitive fluorescence spectroscopy. The described photoacids present a
valuable palette for a wide range of applications, especially when the properties
of HPTS, i.e. highly charged, low photostability and only moderate excited state

acidity, are limiting.

Introduction

Many aromatic alcohols like phenol-*® and naphthol-
derivatives®?® undergo an increase of acidity upon
electronic excitation, facilitating an excited state proton
transfer (ESPT) to the solvent or an appropriate base
molecule. Among these, the pyrenol derivative HPTS (8-
Hydroxypyren-1,3,6-trisulfonic acid, pyranine) is one of
the most investigated photoacids.>?446 Theodor Forster
was the first to describe ESPT of HPTS to water more
than 60 years ago,?*?5 but this molecule is still under
investigation.“%4! One important reason for the ongoing
interest in this dye is that the use of short excitation pulses
to trigger proton transfer reactions allows for monitoring
the molecular events which follow the dissociation of the
acid (ROH) by  time-resolved fluorescence
spectroscopy.28:30.31,33,35.39.42-45 Begjdes the examination
of proton transfer, HPTS has been used for various
biological applications due to its high water solubility*”
and low toxicity. Hence, a fluorogenic substrate for
different enzymes was developed by modification of the
hydroxyl group of the molecule.*® Having a pKa within
the physiological range, the chromophore has been
suggested for measuring of cytoplasmic and acidic
organelle pH in different cell types.*® However, the lack
of cell permeability due to of the negatively charged
sulfonic acid substituents yet limits the use of HPTS as
intracellular indicator.5°

The pKaof HPTS drops from 7.34° to 1.4 upon excitation
(pKa*).?” The latter value indicates a rather moderate

photoacidity in the excited state. 8-Hydroxypyren-
N,N,N’,N’,N’’,N’’-hexamethyl-1,3,6-trisulfonamide
(HPTA, 3f) is a more recently introduced derivative of
HPTS which also exhibits photoacidic
properties.>#44551.52 The substitution of the three sulfonic
acid groups of HPTS with more electron-withdrawing
dimethyl sulfonamide groups results in an increased
aqueous acidity in the ground state (pKa = 5.6) and even
more in the excited state (pKa* ~ -0.8). Suchlike
molecules with pKa* < 0 are referred to as “super”-
photoacids.'®% The high acidity in the excited state
induces ESPT to non-aqueous solvents like methanol,
dimethylformamide or dimethyl sulfoxide,® which in turn
enables the investigation of solvent effects on the
process.’® Furthermore, proton transfer in organic
solvents is characterized by simpler kinetics than in
water.® In fact, HPTA is hardly soluble in water.>?

In the past years, significant efforts were undertaken to
develop even stronger photoacids. Tolbert and co-
workers modified and intensively studied 1- and 2-
naphthol derivatives with several electron-withdrawing
functional groups to enhance the photoacidity of the
dye.8914 The most acidic compound among these is 5,8-
dicyano-2-naphthol (DCN2) with a pKa* =
-4.5 calculated by use of the Forster cycle.® DCN2 has
become an elaborately studied and valuable compound
for examination of ESPT.192253 However, the
examination of proton transfer to water is challenging,
because DCNZ2 is nearly insoluble in this solvent as
well.5

Photochem. Photobiol. Sci., 2014, DOI: 10.1039/C3PP50404B
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This limitation was overcome with N-methyl-6-
hydroxyquinolinium (NM6HQ") iodide.5355-57 Analysis
of the time-resolved data of its ESPT in water revealed a
pKa* of -7. This high photoacidity was attributed to an
intramolecular charge transfer from the hydroxylate
group to the positively charged pyridinium ring.53 In
another recent publication, quinone cyanine photoacids
were reported.54,58,59 The aqueous pKa* of these dyes
was estimated to be ~ -6 and below. Compared to the
ground state pKa of ~ 4.5, electronic excitation results in
an increase by at least 10 orders of magnitude. For both
classes of molecules, deprotonation rate constants above
1012 s-1 were reported, which are the highest values
recorded up to date. Nevertheless, the positive charge
present in both classes of photoacids aggravates the
analysis of ESPT Kinetics, since the typical description,
by the spherically symmetric Debye-Smoluchowski
equation for reversibility cannot be applied.53,54 In
addition, quantum yield of the RO*- form of the cyanine
based dyes hardly reaches 10%.54 Finally, virtually all
systems on the basis of naphthol and hydroxyquinoline
are excited by UV- or near UV-light. As a consequence
Raman scattering, photodestruction and background
fluorescence are intensified, which complicates the
investigation of ESPT by ultrasensitive spectroscopic
methods and their application for live-cell imaging.

The above mentioned shortcomings of existing
photoacids kindled our interest in the searchfor the search
of new “super”-photoacids for various purposes. In the
present manuscript, we describe several highly
photostable, bright “super”-photoacids on the basis of
pyranine. Sulfonic acid groups of HPTS were converted
by use of amines and alcohols to more electron-
withdrawing sulfonamide and sulfonic ester groups. All
described molecules exhibit a higher photoacidity than
HPTS and partially even higher than HPTA. Two of these
derivatives are well soluble in water. The lack of the
negatively charged substituents in contrast to HPTS
enables the use of the more lipophilic compounds as a
fluorescent probe for intracellular use in vivo.
Photostability, as verified by fluorescence correlation
spectroscopy (FCS), is comparable to rhodamine 6G.

Results

Scheme 1 displays the overall synthesis of the photoacids
starting from HPTS. Compounds 3d and 3e were

conceived as highly hydrophilic probes. To achieve this
aim, we used substituents with structural elements which
are known for good water solubility while maintaining
the similar electron withdrawing capability as the

dimethyl sulfonamides of HPTA.

The rationale of dyes 3a-c was to increase photoacidity.
Fluorinated alcohols were chosen for the synthesis of 3a
and 3b due to higher chemical stability of the
corresponding sulfonic esters compared to the
hydrocarbon analogs.®® The synthesis of 3a-f, as
illustrated in Scheme 1, followed a modified procedure of
Singaram et al.8® HPTS was converted into 8-
acetoxypyrene-1,3,6-trisulfonic acid (1) for protection of
the hydroxyl group in the following reaction.
Subsequently, the sulfonic acid groups of 1 were
activated as sulfonyl chloride substituents (2) by use of
thionyl chloride. Photoacids 3a-f were obtained from a
reaction of 2 with the corresponding alcohols and amines
in moderate to good overall yields (62-91%). The
complete substitution of the three sulfonic acid groups
could be proven by NMR-spectroscopy for all
compounds, while the pyrene core itself remained
unaltered.

Spectroscopic characterization with absorption and
steady-state fluorescence spectroscopy

For spectroscopic characterization, DMSO was chosen as
aprotic solvent due to its excellent dissolving properties
and because putative ESPT of “super”-photoacids might
occur in this medium. Other solvents are discussed in a
parallel publication® and time-resolved data with higher
time-resolution will be presented elsewhere.®

In pure DMSO, all compounds dissociate to a large extent
without addition of a base, as can be anticipated from the
absorption spectra (Figure 1a). A tentative explanation of
this high degree of dissociation is that it could originate
from the acidity constant in DMSO which is similar to
that in water, in combination with the low dye
concentration. This effect would not be surprising due to
the highly delocalized charge in the anion.®* Also,
spurious amounts of water might support the
dissiciation.®® The absorption maxima Jabs, max 0f anionic
compounds 3a-f are found between A = 554 and 576 nm
(Table 1).

Photochem. Photobiol. Sci., 2014, DOI: 10.1039/C3PP50404B
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HPTS 1

Scheme 1: Synthesis of HPTS-derivatives 3a-f.
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Figure 1: (a) Absorption and (b) emission spectra (Aex. = 500 nm or 520 nm) of the base form of the photoacids. (c) Absorption and (d) emission spectra
(Aexc = 400 nm) of the neutral photoacids in DMSO. (e) Emission spectra of the photoacids (solid line, acetone+TFA) and their base forms (dashed,
acetone+NaOH). (f) Absorption spectra of two photoacids in water before normalization, showing the excellent water solubility of 3d (10 mm path

length) and 3e (1 mm path length).

Emission spectra in pure DMSO (Figure 1b) exclusively
exhibit fluorescence of the anionic dyes (Jem, max = 565-
581 nm). Stokes shifts of the anionic species decrease
from AV = 380 cm™ (12 nm) for 3e to A¥ = 150 cm™ (5
nm) for the sulfonic ester derivative 3b. Molar absorption
coefficients (Table 1) are highest for the sulfonic esters
(3a, 3b) and slightly smaller for the sulfonamide

derivatives.Molar absorption coefficients (Table 1) are
highest for the sulfonic esters (3a, 3b) and slightly
smaller for the sulfonamide derivatives. Addition of 3 uLL
trifluoroacetic acid to DMSO (1 mL) assures a complete
protonation of the dyes in the electronic ground state
(Figure 1c, 1d). The normalized absorption spectra
(Figure 1c) display a shape similar to that previously

Photochem. Photobiol. Sci., 2014, DOI: 10.1039/C3PP50404B
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described for neutral 3f5 (Aaps, max = 430-449 nm), whereas
no absorption of the anionic species is discernible.
Absorption spectra of neutral and anionic 3d and 3e
almost coincide with those of 3f,> whereas absorption
bands of 3a-c are distinctly red shifted. A similar red shift
is also present in the fluorescence emission of the excited
RO- form, only the order of the close lying maxima of 3a
and 3c is reversed.

All corresponding fluorescence emission spectra (Figure
1d) show maxima at A =565-581 nm, which coincide with
those of the excited base. This finding hints to the
occurrence of ESPT to DMSO. A second maximum at
higher energies in the spectra of 3c-f arises from the
excited photoacid.> While the peak height at Zem, max
(ROH) is about 50-70% of the anionic emission for 3d-f,
it is just around 20% for compound 3c. In the spectra of

Table 1: Spectroscopic properties of 3a-f in DMSO.

3a and 3b nearly no emission of an excited neutral
photoacid is visible, indicating a high efficiency of the
ESPT process for these compounds in DMSO. Stokes
shifts as the phenomenological difference between
absorption of ROH and emission maxima of the
conjugated base RO" lie in the range between A7 = 5000
and 5600 cm™ (132-138 nm).

The pure emission of the neutral species can be observed
in less polar solvents. Fluorescence emission spectra of
3a, 3b and 3f in acetone are shown in Figure le.
Interestingly, whereas 3f shows exclusive emission of the
excited neutral species, a second distinct band at higher
wavelength is discernible in the spectrum of 3a and even
more 3b.

3a 3b 3c ad 3e 3f
Aabs, max, NM(ROH) 440 449 438 431 430 431
Aem, max, NM (ROH) - -l 506 479 477 477
Aabs, max, M (RO") 568 576 568 555 554 554
Aem, max, NM(RO) 574 581 576 567 566 565

Dy 0.87M 0.91M 0.98M™ 0.871 0.95 0.840

£abs, max (RO?), L molt cm® 60000 60000 53000 - 35000 37000

@ could not be determined due to nearly quantitative ESPT in DMSO.

I comparative quantum yield; sulforhodamine 101 (&4 = 0.95 (EtOH)™) and rhodamine 101(®4 = 1.00 (EtOH)™) used as reference.

[ comparative quantum yield; rhodamine 6G (®q = 0.94 (EtOH)™?) and fluorescein (@ = 0.95 (0.1M NaOH)™) used as reference.

[ could not be determined due to hygroscopy of the compound.

The maximum of this peak (1 = 570 nm) coincides with
that of the excited ROspecies in this solvent.
Consequently, we attribute this observation to some
ESPT of 3a and 3b to the solvent acetone.Finally,
absorption spectra before normalization demonstrate the
solubility of compounds 3d and 3e in water (Figure 1f).
Both compounds are readily soluble in concentrations >
10*mol/L, yielding an optical density above 2. From the
necessary dilution, we could estimate a saturation
concentration of 3e above 10 mM. This should be
adequately high for biological use and for transient
absorption measurements in water,56-6°

Acidity constants

Photoacids are characterized by their acidity constants in
ground and excited state. pKa values of 3c-f were
analyzed in aqueous solution via absorption titration.
Absorption spectra of 3e in buffer solution with various

pH values are shown in Figure 2a. An isosbestic point
indicates a proper conversion from ROH to RO~ with
increasing pH. Fluorescence correlation spectroscopy,
which provides an alternative access to pKaat very low
concentrations, was used for pKa determination of the
hardly water-soluble sulfonic ester derivatives 3a and 3b
(see supporting information for details).” pKa values are
roughly the same within the experimental error for all
sulfonamide based photoacids (pKa = 5.6), but formal
substitution of the sulfonamide by sulfonic ester groups
decreases the pKa by roughly one logarithmic unit (pKa =
4.4-47).

Fluorescence titration and Forster calculations were used
to evaluate the pKa* of the photoacids 3a-f. Figure 2b
shows absorption and emission spectra of compound 3a
in perchloric acid of different concentration,
characterized by their Hammett acidity values Ho.”>7 At
all Ho values, only the neutral species is present in the

Photochem. Photobiol. Sci., 2014, DOI: 10.1039/C3PP50404B
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ground state. Its absorption is deformed at Ho = -0.2
presumably due to the formation of non-fluorescent
aggregates as a result of reduced solubility at low
perchloric acid concentrations, i.e. high water content.
For the same reason, fluorescence emission intensity is
diminished at low acid concentrations. Nevertheless, with
decreasing Ho values the emission of anionic molecule
decreases, since the high proton concentration shifts the
dissociation equilibrium towards the fluorescence
emission of the excited ROH form. Figure 2c illustrates
the fluorescence intensity ratios of acid to base emission
for all photoacids. pKa* values (Table 2) were evaluated
according to equation 1.77

In equation 1, R is the fluorescence or absorbance ratio of
Amax (ROH) and Amax (RO"), whereas R1 resp. Rz represent
the minimal and maximal ratio values observed at very
high and low proton concentrations. Among the
sulfonamide based dyes, 3f seems to be the less acidic
compound, whereas 3c and 3e are the strongest, which is
slightly different to the ordering of the RO/ROH ratios
in the steady-state fluorescence spectra in DMSO (Table
2). However, the differences are cancelled in the excited
state acidities calculated by use of the Forster cycle. The
change of the pKa value ApK, can be calculated from the
fluorescence excitation and emission maxima in aqueous
solution according to equation 2. The so determined pKa*

1 ) values will be refered to as Forster-pKa* (see Tapie 2).
R=R{+ (R, —Ry) PRI With exception of 3a and 3d, the Férster-pKa* values are
found to be lower than those calculated from ratiometric
titration.
(a) (b)
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Figure 2: (a) Absorption titration of 3e in buffer with the acid form absorbing at A = 423 nm and the base form at A = 495 nm. (b) Absorption and

emission spectra of 3a in perchloric acid of different concentration. The s
ratios of acid to base peak signals (Anax see Table 1).

Table 2: pK,-values; Aaps, max (H20) and Aem, max (H20) given in nm. Perc

olubility decreases with higher water content. (c) Fluorescence intensity

hloric acid was used for acidification.

3a 3b 3c 3d 3e 3f
RO ROH RO ROH RO ROH RO ROH RO ROH RO ROH
Aabs, max 516 426 526 414 509 429 499 427 495 423 494 422
Aem, max 558 480 564 490 555 481 551 478 548 476 547 473
pKa 471 4.4 5.6 5.7 5.6 5.6
pK* -2.7 -3.9 -1.2 -0.8 -0.9 -1.0
pK* -2.9 -2.5 -1.0 -1.0 -0.6 -0.3
@ determined by FCS.
] determined via absorption titration.
Photochem. Photobiol. Sci., 2014, DOI: 10.1039/C3PP50404B
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[ determined via Forster cycle.

[ evaluated by fluorescence titration.

In any case, the sulfonic ester derivatives turned out to be
about two logarithmic units more acidic than the
sulfonamide based molecules independent of the method.

ApK, = (hvroa—hvro-) @

kTIn(10)

Time-resolved spectroscopy

ESPT of the photoacids to DMSO was studied in more
detail by time-correlated single-photon counting
(TCSPC). The TCSPC histograms of the excited bases in
neat DMSO (Figure 3a) follow a mono-exponential
decay. Fluorescence lifetimes for all bases lie between
5.5 and 5.7 ns (see Table 3) indicating that the variation
of the substituents does not greatly affect the fluorescence
lifetime of the excited RO™ form in this solvent. A similar
value was previously reported for 3f.*> In agreement to
this long fluorescence lifetime, the fluorescence quantum
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yield in DMSO is found to be close to 90% or even higher
for all excited RO" species (Table 1).

Both the mono-exponential decay and the high quantum
yield indicate that competitive processes to fluorescence
are negligible. Furthermore, no distinct triplet population
can be found in FCS experiments (see below).

In TFA acidified DMSO (Figure 3b) the fluorescence
decay of neutral 3a-f (laet = 420-460 nm) follows
complex kinetics, which could not be entirely resolved by
our experimental setup (IRF ~ 300 ps). Average decay
time constants (g avg) are in the range of 2.2-0.4 ns (see
Table 3). The fluorescence signals of neutral 3d-f appear
to decay similar, but slower than those of the further
photoacids. Especially 3a and 3b exhibit rapid
fluorescence decays.
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Figure 3: TCSPC-Histograms of the various photoacids: (a) Aex = 470 Nm, Ager= 550-600 nm, DMSO. (b) Ay = 405 nm Ager = 420-460 nm, DMSO+TFA. (c)

Aex = 405 nm, Ager= 560-610 nm, DMSO+TFA.

Fluorescence decay of the excited acid ROH (zg ron) IS
expected to be determined by the sum of the natural

radiative rate constant of the photoacid k.,4 and the rate
constant of the proton transfer in the excited state kggpr
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(equation 3).6 A mono-exponential decay is thus
anticipated.

1

t1.ROH kraa+kespr @)
However, the observed fluorescence decay is non-
exponential and deviates especially at longer times from
purely exponential progression. This indicates that more
processes influence the fluorescence lifetime of the ROH
form. Aberration from an exponential decay of the ROH*
fluorescence has been observed for different photoacids
in water and was attributed to arise from a geminate
proton recombination  process.192627.46  Currently,
experiments are undertaken to explore whether
diffusional processes or recombination in the excited
state could be the reason for the unexpected behavior here
as well.
At Aget = 560-610 nm, TCSPC histograms of 3a-f (Figure
3c) are described by two exponentials. The longer time
component,
i.e. the decay, agrees with the lifetime of the anionic
species determined by the histograms in Figure 3a. The
short, rise time component with negative amplitude is
attributed to the formation of the excited RO~ form caused
by ESPT. Short time-components obtained by
reconvolution analysis span the range between 1.8 and
0.2 ns and show similar values as the component
determined at Adet = 420-460 nm but are slightly smaller.
Yet, the average decay time of 3b at gt = 420-460 nm
obtained by reconvolution fit (t ~ 0.8 ns) seems to differ
from this trend. This constant is about four times longer
than the rise time component at Adet = 560-610 nm (t ~ 0.2
ns), which in turn is in good agreement with the excited
state acidity of this compound (see discussion). This
deviation is attributed to an enhanced detection of
background fluorescence due to the low intensity of the
ROH emission in the case of this strong photoacid.
However, it is assumed that the rise time component of
the RO~ form mirrors the same process as the main decay
component of the ROH fluorescence. Consequently,
these values reflect time component of the proton transfer
in the excited state (tgspt) (See Table 3).

Table 3: Fluorescence lifetimes of 3a-f.

3a 3b 3c 3d 3e 3f
Thavg: NS
(DMSO, ROH) 04 0.8 1.4 22 2.0 1.8
TgspT) NS
(DMSO. RO") 0.4 0.2 0.9 1.8 1.7 1.6
Tf,RO™ ns
(DMSO, RO 5.6 5.6 5.7 55 55 55

Photostability

A fundamental factor for usability of a chromophore in
ultrasensitive spectroscopy is the resistance to
photobleaching. The use of HPTS in such assays is
hampered by its low photostability which is assumed to
arise from the permanent negative charges.”®"° Especially
for microscopic applications, a good photostability is a
key feature. Since all dyes are sufficiently soluble in
water for FCS measurements, we determined their
relative photostability in aqueous buffer solution (pH =
7.5) by use of this technique.®® At the employed pH,
almost two units above the highest pKa values, all dyes
exist solely in the anionic RO form. Furthermore, RO" is
the exclusively emissive form in water and its direct
excitation with green light results in a lower background
and simplifies the analysis since protonation can be
ignored as a competitive source of fluctuations.

Shortly, fluorescence fluctuations arising from molecules
into and out of the detection volume are autocorrelated.
The longest time component of the autocorrelation decay,
hence, results from diffusion through the detection
volume. However, any light-driven, irreversible process
competing with diffusion, leads to a smaller apparent
diffusion time t4i¢. The extent, by which ;¢ is reduced
upon increased excitation intensities, is a measure of the
photostability. Equation 4 represents the Kkinetic
description of photobleaching as competitive process to
diffusion in analogy to the Stern-Volmer analysis.®® ki,
is the photobleaching rate constant and can be determined
by plotting 74ir(0)/Taire(I) @against the excitation
intensity 1.

0
zzllffff((l)) =1+ ke~ 7aisr(0) - 1 @
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Figure 4: Investigation of the photostabilities of the photoacids in an aqueous medium. (a) Normalized FCS-curves of 3d at various laser-intensities
(Aexc = 488 nm). (b) Measured diffusion times for all photoacids. (c) Stern-Volmer type analysis. (d) Rate constants of photobleaching after correction

with the relative excitation cross sections.

All dyes were excited with intensities spanning more
than two orders of magnitude. As reference, we selected
rhodamine 6G (R6G) which is used for single-molecule
experiments and known for its excellent
photostability.81:82 Its excitation and emission maxima
beneficially are similar to those of deprotonated 3a-f.
Figure 4a shows the normalized auto-correlation
functions of compound 3d at intensities ranging from
6.7 to 1000 kW cm2, It turns out that the higher the laser
intensity, the shorter t4;¢. This behavior is also observed
for all other measured dyes (Figure 4b) and obeys the
linear form of equation 4. Electronic saturation of all
analyzed dyes was calculated to occur above 300 kW
cm2. Accordingly, deviations of the linear relation at
high intensities (> 500 kW cm2) likely result from
saturation® and were therefore excluded from the
analysis. The ky, values shown in Figure 4d were
obtained from dividing the slope of Figure 4c by 74;¢(0)
and further correction by the varying extinction

coefficient at A = 488 nm. Thus, the photostability of the
examined molecules can be unequivocally compared
due to the same experimental conditions.

It turns out, that the photostabilities of the fluorinated
sulfonic esters are very close to the reference dye R6G.
3a exhibits a bleaching rate constant ky,; less than the
triple of R6G, while this value is even more lowered for
3b being only about twice as high. All sulfonamide
derivatives are commonly less  photostable.
Nevertheless, even the sulfonamide derivatives show
sufficient photostability for in vivo fluorescence
measurements.

Perspectives for biological application

Finally, we also investigated the capability of the
photoacids for a potential live cell use. As mentioned
before, highly negatively charged HPTS cannot
penetrate intact cell membranes leading to a negative
fluorescence staining (Figure 5a).
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Although 3d and especially 3e can be dissolved in
millimolar concentrations (Figure 1f), incubation for all
cultures can be performed at lower concentrations.
Unfortunately, compound 3e does not cross the
membrane of an intact cell, presumably due to the high
hydrophilicity. Subsequently, we chose dyes with higher
lipophilicity 3a and 3c and incubated Hep-G2 cells.
Figure 5b-d show  multiphoton  fluorescence
micrographs after treatment of Hep-G2 cells with 3a and
3c. The used dyes apparently cross the cell membrane
within 20 minutes (3c) to 1 hour (3a) and accumulate in
the cytosol. The accumulation may be due to adsorption
of the lipophilic molecules to cellular compounds which
are absent in the nucleus. Especially compound 3c
appears appropriate as fluorescence in the cytoplasma
can be found within 1 minute after incubation (Figure
5c). A further staining of the nucleus is not observed.

Figure 5: Clusters of Hep-G2 cells (Aex= 800 nm) incubated with (a) HPTS,
Adet = 495-591 nm, after 60 minutes; (b) 3a, Aget = 495-623 nm, after 60
minutes; (c) 3¢, Aget = 495-591 nm, after 1 minutes and (d) 20 minute.

Discussion

A series of new photoacids, all derived from pyranine as
starting material, is presented. They can be divided into
two groups, i.e. the sulfonamides and sulfonic esters.
The variation of the acidity of the sulfonamide
derivatives can be understood by comparing the
properties of the substituents. The acidity of the
protonated 2-methoxy-N-(2-methoxyethyl)ethanamine
and 2-(methylamino)ethanol lies in a similar range as
that of dimethylamine (pKa ~ 9-10).83-85 Consequently,
the electron-withdrawing strength of the corresponding
sulfonamides is expected to be similar to that of 3f. In
contrast, the protonated form of N,O-

dimethylhydroxylamine shows a pKa. of 4.758
indicating an increased electron withdrawing strength of
the corresponding sulfonamide in relation to the above
mentioned amines. An even higher electron-
withdrawing strength is anticipated for the sulfonic
esters, due to the higher electronegativity of the oxygen
atoms of 3a and 3b compared to the nitrogen atoms of
the sulfonamides 3c-f. A pKa of 9.3% for 1,1,1,3,3,3-
hexafluoro-2-propanol in contrast to pKa = 12.4 for
2,2,2-trifluoroethanol® reveals the reduced charge
density of the oxygen atom and hence points to a higher
electron-withdrawing strength of the corresponding
sulfonic ester. Accordingly, compound 3b is expected to
exhibit the highest acidity of all derivatives, even higher
than that of 3a. Therefore, although the Hammett-
coefficients are not known for all substituents, acidity is
expected to decrease in the order 3b >3a > 3c >3d ~ 3e
~ 3f. Actually, the substituents influence the
experimental ground state acidity in the anticipated
order with exception of 3c.

The small change in pKa by only one unit from the esters
to the sulfonamides compared to the enhancement of the
excited state acidity by more than two orders of
magnitude, illustrates the greater impact of the
substituents on the excited state properties. This
behavior is also observed for substituted 1-naphtols.t’
The tendency of the excited state acidity is established
in the computed Forster-pKa* values. While 3d and 3e
exhibit the lowest and 3c the highest acidity of the
sulfonamide photoactids, the pKa* of 3b was calculated
to be the lowest of all compounds. As these values are
calculated from spectroscopic data, i.e. Stokes shifts, it
is understandable that absorption maxima of the ROH
species as well as the emission maxima of RO largely
follow the same ordering. However, specific
interactions are analyzed elsewhere.5?

The ESPT kinetics observed by TCSPC correlate well
with the Forster-pKa values, yielding a good agreement
between thermodynamical and kinetic analysis. The
acceleration of the fluorescence decay is attributed to the
rising efficiency of the ESPT from 3e to 3b. The ESPT
time constants tggpr Of 3a and 3b are more than twice
as small as for the strongest sulfonamide based acid 3c
(0.9 ns), which is half of the ESPT time constant of the
other sulfonamide derivatives. Accordingly, the ratio of
the emission intensity of the neutral species to that of the
corresponding base by excitation of the ROH species is
a measure of the ESPT efficiency. While compounds
with the most electron-withdrawing substituents 3a and
3b show nearly quantitative ESPT in DMSO, 3d and 3e
which contain less electron withdrawing groups only
partly dissociate after excitation.

Besides some minor variations like the different rate
constants for the similar sulfonamides 3d-f, noteworthy
deviations from the general tendency derived above can
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be found. pKa" values determined by fluorescence
titration do not exactly match the ordering of the
ROH/RO" ratios observed in the steady-state spectra in
DMSO. Especially the weakly water soluble derivative
3b points to lower excited state acidities by more than
one order of magnitude compared to pKa* determined
via Forster calculations. In addition, the pKa* of 3f (pKa*
~ -0.3) is slightly different to previous results® and does
not fit to the above mentioned ordering. Also, the
apparent higher pKa* of 3a in comparison to that of 3b
also contradicts the findings of the steady-state and
time-resolved fluorescence spectroscopy in acidic
DMSO. The divergence is ascribed to the fact that
especially neutral 3b, and to a lesser extent 3a as well,
is hardly soluble in water, which results in a low
absorption and fluorescence intensity. The weak
solubility of these two compounds is likely due to the
increasing quantity of fluorine atoms in the molecule.
Hence, titration experiments are affected by the low
solubility of some neutral species as the ratio of the ROH
and RO form at low pH-values is vague. This
hypothesis is supported by the observation that the
values of the strongly water-soluble photoacids are
distinctly less diverse. Nevertheless, the experimentally
determined pKa* values serve as a good approximation
as a change of the ratio is clearly visible, but the ordering
of the excited state acidities determined by Forster
calculation is in better agreement with all other
spectroscopic observations. Yet, it should be noted that
also the Forster-pKa* values present an approximation,
since changes in the molecular geometry and solvation
relaxation are not taken into account.%!

Some more correlations of the Forster-pKa* values with
other spectroscopic data can be found. The Stokes shift
of the bases and also the width of the anionic
fluorescence emission band from Arwnm = 25 nm for 3d
and 3e to Arwnm = 18 nm for 3b, are diminished in the
same order. Both observations could be qualitatively
understood if one takes into account that the excited
bases are the conjugated bases to the photoacids.
Therefore, their spectroscopic behavior reflects the
tendency of the acid in reversed order, i.e. the
corresponding base of the strongest photoacid is the less
interacting with the surrounding.

It is also worth to note that the photostability follows the
trend 3b > 3a > sulfonamides. A unified picture, which
comprises all mechanisms of photobleaching, is still
lacking. Triplet states, higher excited states and/in
combination with molecular oxygen are commonly
regarded as reason for this degradation process.8%87:88 |t
was reported for numerous chromophores that
fluorination or trifluoromethylation of the aromatic core
leads to an enhanced photostability.8%% Yet, the
stabilizing effect of core-fluorination and -
trifluoromethylation is ascribed mainly to the strong

electron  withdrawing  properties of  fluorine
substituents.®® Moreover, there are several examples of
chromophores substituted with electron withdrawing
cyano groups, that are also characterized by higher
photostability = compared to the unsubstituted
molecule.?-% So, the electron withdrawing strength of
the substituents could be the explanation for the
enhanced photostability of the sulfonate based
compounds 3a and 3b, and could explain why
photoacidity and photostability are related. The fact that
a clear and reproducible FCS-trace is observed for each
dye can be interpreted as hint for sufficiently high
photostability for further single-molecule experiments,
especially as no triplet population could be detected by
FCS.

Conclusions

We have synthesized a series of five new derivatives of
HPTS. The physical- and photophysical properties of
the HPTS backbone can be greatly modified to give a
palette of photoacids with varying properties.
Substitution of the sulfonic acid substituents can
increase the excited state acidity up by to ~ 5 logarithmic
units. Especially the chemical and photostable sulfonic
ester derivatives exhibit almost quantitative ESPT in
DMSO. In contrast to HPTS, all compounds lack
negative charges and are sufficiently photostable for
ultrasensitive fluorescence spectroscopy. All derivatives
exhibit high quantum yields. While showing similar
photochemical properties as 3f, compounds 3d and 3e
exhibit a significant solubility in aqueous media,
whereas 3c is strongly membrane permeable. Various
applications in life sciences can be foreseen. Recently,
we have addressed the origin of the enhanced
photoacidity compared to HPTS in detail by
solvatochromic studies.®? Furthermore, the kinetics of
the ESPT are investigated by femtosecond time-
resolved spectroscopy and allow for examining its
solvent-dependence.®®  Altogether, worthwhile and
improved alternatives to HPTS are reported.

Experimental Section

General

8-Hydroxypyrene-1,3,6-trisulfonic acid (purity > 98%)
was purchased from Acros Organics. All other reagents
and solvents were obtained from Sigma-Aldrich, Merck
or Acros Organics and used without further purification.
For the chromatographic purification of 3e, silica gel
was washed prior to use with an 8:2 mixture of
methylene chloride and methanol and dried in vacuo.

UV/Vis and Fluorescence Spectroscopy

Absorption  spectra were recorded with Jasco
Spectrophotometer V-650, fluorescence emission and
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excitation spectra with Jasco Spectrofluorometer FP-
6500. Concentrations of the measured solutions were in
micromolar range if not otherwise stated.

Time-Correlated Single-Photon Counting

TCSPC measurements were performed with a home-
built setup. Excitation was done with pulsed laser diodes
(PicoQuant, LDH-P-C-405, 1 = 405 nm resp. PicoQuant,
LDH-P-C-470, A = 470 nm; pulse width = 60-120 ps)
which were controlled by a diode laser driver unit (PDL
808 MC SEPIA, PicoQuant). A single-photon avalanche
detector (PDM 100ct SPAD, Micro Photon Devices) in
combination with a photon counting device (PicoHarp
300, PicoQuant) was used for detection. The overall
instrumental response function was ~ 300 ps (FWHM).
Obtained data were analysed by the SymPhoTime
(PicoQuant) and FluoroFit (PicoQuant) software.

Fluorescence Correlation Spectroscopy

FCS measurements were performed using a custom built
setup. Continuous-wave lasers (Picarro, Soliton, 1 = 488
nm resp. Guided Laser Technologies, Fiber Laser
FL546, A = 546 nm) with a beam diameter of 0.7 mm
were used as excitation source. The laser was coupled
into an inverted microscope (Axiovert 200, Zeiss) and
reflected by a dichroic mirror (495 DRLP resp. 555
DRLP Omega) into a water-immersion objective lens
(PlanApo 63x, NA 1.2 WI, Zeiss). The beam was
focused into a diffraction limited spot above the cover
slide (0.17 £ 0.01 mm, Assistent). A drop of nanomolar
dye solution placed on top of the cover slip served as
sample. Emitted fluorescence was collected by the same
objective, passed the dichroic mirror and focused by the
tube lens onto a 50 um pinhole. After filtering through a
band pass filter (HQ 585/50 or HQ 590/70, AHF
Analysentechnik), the light was split into two beams by
50:50 beam splitter. Photons were detected by two
avalanche photodiodes (SPCM-14-AQR, Perkin-Elmer
Optoelectronics). The output of these modules was
cross-correlated by a hardware correlator (FLEX 02-
01D/C, Correlator.com). Laser power was varied from
20 pW to 3 mW, corresponding to an intensity of 6.7-
1000 kW/cm?. Correlation data was analysed according
to the 2D model consistent with Ref [80].

Two-photon-excitation laser scanning microscopy

Laser scanning microscopy was performed with a
confocal laser microscope (LSM510 META, Zeiss;
Objective: Plan-Neofluar 40x/1.3, Zeiss). Excitation
was performed with a Ti:Sa laser (Chameleon XR,
Coherent) operating at 2 = 800 nm.

Cell culture

HepG?2 cells were grown in IBIDI p-dishes (& 35 mm
ibiTreat 33327), RPMI 1640 medium with 10% FCS

(Gibco, w/o phenol red) and incubated at 37°C, 5% CO2
for 1-2 days. Before the experiment the cells were
washed with PBS and new medium was added.

FTIR-spectroscopy

FTIR measurements were performed with a Bruker
Vertex 80v spectrometer using a home-built liquid cell
with a path length of 1 cm. This cell contains a stainless
steel housing, PTFE spacer, a viton gasket and CaF-
windows. In case of 3e, a home-built liquid cell with a
variable pathlength has been used, in case of 3e a space
of 75 um was chosen. The IR spectra are measured by a
using a HgCdTe photoconductive detector. An average
of 64 spectra (in case of 3e 128 spectra) at a resolution
of 1 or 2 cm* has been recorded. All substances (except
3e) have been solved in CCl4 by using concentrations in
the 10 mol/L range. Species 3e has been solved in
CDsOD with a concentration of 2*10-2 mol/L. The IR
measurements are used to characterize the structure of
the investigated substances in the electronic ground
state.

Syntheses

Trisodium 8-acetoxypyrene-1,3,6-trisulfonic acid
(1): Trisodium 8-hydroxypyrene-1,3,6-trisulfonic acid
(2.28 g; 4.35 mmol) and sodium acetate (35.7 mg, 0.44
mmol) were suspended in acetic anhydride (25 mL) and
refluxed for 35 hours. After the suspension was cooled
down to room temperature, it was diluted with THF and
filtered off. The residue was washed with acetone and
dried in vacuum yielding a grey powder (2.26 g, 3.99
mmol, 92%). UV/Vis (H20): ZAmax = 368 nm;
fluorescence (H20): Amax = 389 nm. 'H-NMR (400 MHz,
DMSO-d6, 25°C): § = 9.24 (1 H, d, 3J(H,H)= 9.6 Hz,
Ar-H), 9.15 (1 H, d, 3J(H,H) = 9.6 Hz, Ar-H), 9.12 (1 H,
d, 3J(H,H) = 9.6 Hz, Ar-H), 9.08 (1 H, s, Ar-H), 8.27 (1
H, s, Ar-H), 8.13 (1 H, d, 3J(H,H) = 9.6 Hz, Ar-H), 2.57
ppm (3 H, s, COCHs), 13C-NMR (100 MHz, DMSO-d86,
25°C): ¢ = 169.9, 143.0, 142.6, 141.1, 140.9, 127.7,
127.3, 127.0, 125.9, 125.7, 125.1, 124.7, 124.6, 124.5,
122.9, 119.8, 119.2, 20.8 ppm. MS (ESI): m/z calc. for
Ci1sHoNa3011S3: 565.90 [M]*, found: 566.48.

8-Acetoxypyrene-1,3,6-trisulfonyl  chloride (2):
Compound 1 (1.09 g, 1.93 mmol) was suspended in
thionylchloride (5 mL). After addition of
dimethylformamide (30 pL), the mixture was heated to
reflux for 5 hours. The solution was cooled down to
ambient temperature and poured on ice. After
precipitation, 2 was filtered off and was obtained as
orange powder after drying in vacuo. (1.04 g, 1.88
mmol, 97%). 'H-NMR (400 MHz, DMSO-d6, 25°C): §
=9.67 (1 H,d, 3J (H,H) = 10.0 Hz, Ar-H), 9.62 (1 H, s,
Ar-H), 9.50 (1 H, d, 3J (H,H) = 10.0 Hz, Ar-H), 9.44 (1
H, d, 3J (H,H) = 9.6 Hz, Ar-H), 8.91 (1 H, s, Ar-H), 8.82
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(1 H, d, 3J (H,H) = 10.0 Hz, Ar-H), 2.68 ppm (3 H, s,
COCHa).

General procedure for synthesis of derivatives 3a-e:
Triethylamine (see individual procedure) was added to a
solution of alcohols resp. amines in methylene chloride
(1 mL /0.5 mmol of reagent) and the mixture was cooled
to 0 °C. Compound 2 was dissolved in methylene
chloride (5 mL /0.1 mmol of 2) and added drop-wise to
the reaction mixture. After warming up to room
temperature and stirring for 48 h, hydrochloric acid (1
M, 20 mL) was added to the solution. The organic phase
was separated, extracted three times with hydrochloric
acid (1 M) and saturated sodium chloride-solution
before being dried over sodium sulfate. After
evaporation, the crude product was purified via column
chromatography.

Tris(2,2,2-trifluoroethyl) 8-hydroxypyrene-1,3,6-
trisulfonate (3a): Following the general procedure,
2,2,2-trifluoroethanol (118.5 mg, 1.18 mmol) was
reacted with 2 (131.2 mg, 0.24 mmol) after addition of
trietylamine (132.3 mg, 1.30 mmol). Column
chromatographic purification (eluent: ethyl
acetate/petrolether 40-65 = 3.5 : 6.5) gave a yellow
powder of 3a (121,0 mg, 0.17 mmol, 73%). UV/Vis
(DMSO+TFA): Amax = 440 nm, (DMSO): Amax = 568 nm,
g(s68) (RO") = 60000 L mol* cm-?, fluorescence (DMSO;
DMSO+TFA): Jmax = 574 nm. IR (CCls): ¥ = 1377,
1742, 2855, 2928, 2959, 3118, 3531 cm*. 1H-NMR (400
MHz, acetone-d6, 25°C): 6 = 9.38 (1 H, s, Ar-H), 9.27
(1H,d,3J (H,H)=10.0 Hz, Ar-H), 9.15 (1 H, d, 3J (H,H)
=0.2 Hz, Ar-H), 9.04 (1 H, d, 3J (H,H) = 9.2 Hz, Ar-H),
8.99 (1 H, d, 3J (H,H) = 10.0 Hz, Ar-H), 8.62 (1 H, s,
Ar-H), 4.90 ppm (6 H, m, 3 CH>-CF3). 3C-NMR (100
MHz, acetone-d6, 25°C): 6 = 156.5, 135.4, 134.1, 133.6,
132.4, 130.5, 129.1, 127.1, 126.9, 126.4, 126.1 (q, 1J
(C,F) = 277.3 Hz, 3 C, 3 CF3s), 125.2, 123.3, 122.9,
122.0, 121.0, 118.4, 66.5 ppm (g, 2J (C,F) = 37.4 Hz, 3
C, 3 CH2-CF3), 1®F-NMR (376 MHz, DMSO-d6, 25°C):
0 =-74.96, -74.98, -74.99 ppm. MS (ESI): m/z calc. for
C22H13F9010Ss: 702.94 [M-H], found: 702.84.

Tris(1,1,1,3,3,3-hexafluoropropan-2-yl) 8-
hydroxypyrene-1,3,6-trisulfonate (3b):

Compound 3b was obtained following the general
procedure. After application of triethylamine (213.3 mg,
2.11 mmol), 1,1,1,3,3,3-hexafluoroisopropanol (322.1
mg, 1.92 mmol) was reacted with compound 2 (214.2
mg, 0.38 mmol). Compound 3b was purified by column
chromatography (eluent: ethyl acetate/petrolether 40-65
=3 :7) and was obtained as orange powder (274.0 mg,
0.30 mmol, 79%). UV/Vis (DMSO+TFA): Amax = 449
nm, (DMSO): Jmax =576 nm, &s76) (RO?) = 60000 L mol-
L em?, fluorescence (DMSO; DMSO+TFA): Amax = 581

nm. IR (CCls4): ¥ = 1053, 1112, 1186, 1300, 1380, 1413,
1622, 2857, 2928, 2975, 3129, 3464 cm™L. 'H-NMR (400
MHz, acetone-d6, 25°C): 6 = 9.41 (1 H, s, Ar-H), 9.36
(1 H,d, 3 (H,H) = 9.8 Hz, Ar-H), 9.25 (1 H, d, 3J (H,H)
=9.5 Hz, Ar-H), 9.08 (1 H, d, 3J (H,H) = 9.5 Hz, Ar-H),
9.06 (1 H, d, 3J (H,H) = 9.8 Hz, Ar-H), 8.67 (1L H, s, Ar-
H), 6.48 (1 H, hep, 3J (H,F) = 5.8 Hz, CH(CF3)2), 6.39
(1 H, hep, 3J (H,F) =5.8 Hz, CH(CF3)2), 6.35 ppm (1 H,
hep, 3J (H,F) = 5.8 Hz, CH(CF3)2), 3C-NMR (100 MHz,
acetone-d6, 25°C): ¢ = 157.3, 136.0, 134.5, 134.0,
132.4, 131.2, 130.3, 126.7, 126.5, 126.4, 126.1, 125.0,
123.3, 123.2,120.9, 119,8 (6 C, q, XJ (C,F) = 278.8 Hz,
6 CF3), 118.8, 73.4 ppm (3 C, hep, 2J (C,F) = 35.2 Hz, 3
CH-(CF3)2), F-NMR (376 MHz, DMSO-d6, 25°C): &
= -74.34; -74.37, -74.41 ppm. MS (ESI): m/z calc. for
C2sH10F18010S3: 906.91 [M-H]-, found: 906.97.

8-Hydroxy-N,N’,N’’-trimethoxy-N,N’,N*’-
trimethylpyrene-1,3,6-trisulfonamide (3c):

Synthesis of compound 3c follows the general
procedure. N,O-Dimethylhydroxylamine hydrochloride
(164.4 mg, 1.69 mmol) was deprotonated with
triethylamine (312.8 ml, 3.09 mmol) and reacted with 2
(156.1 mg, 0.23 mmol). After column chromatographic
purification (eluent: ethyl acetate/petrolether 40-65 = 6
: 4), 3c was obtained as yellow powder (103.0 mg, 0.18
mmol, 62%). UV/Vis (DMSO+TFA): Jmax = 438 nm,
(DMSO): Amax = 568 nm, ges) (RO) = 53000 L mol?
cm?, fluorescence (DMSO; DMSO+TFA): Amax = 576
nm. IR (CCl4): ¥ = 1157, 1346, 2856, 2929, 2980, 3137,
3452, 3589 cm?. 'H-NMR (400 MHz, acetone-d6,
25°C): 6 = 9.51 (1 H, d, 3J (H,H) = 9.8 Hz, Ar-H), 9.48
(1 H,d,3J (HH)=9.5Hz, Ar-H), 9.32 (1 H, d, 3J (H,H)
= 9.8 Hz, Ar-H), 9.29 (1 H, s, Ar-H), 9.01 (1 H, d, 3J
(H,H) = 9.5 Hz, Ar-H), 8.50 (1 H, s, Ar-H), 3.78 (3 H, s,
OCHs), 3.76 (6 H, s, 2 OCHs3), 2.96 (3 H, s, NCH3), 2.95
(3H, s, NCHs), 2.92 ppm (3 H, s, NCH3), 3C-NMR (100
MHz, acetone-d6, 25°C): 6 = 154.9, 136.5, 135.5, 135.3,
131.3, 131.0, 127.3, 126.8, 126.7, 126.3, 125.8, 125.7,
124.0, 123.5, 123.0, 119.1, 63.9, 63.8, 63.7, 39.2, 39.1,
39.0 ppm. MS (ESI): m/z calc. for C22H2sN3010Ss:
586.06 [M-H]-, found: 586.07.

8-Hydroxy-N,N,N’,N’,N”’,N’’-hexakis(2-

methoxyethyl)pyrene-1,3,6-trisulfonamide (3d):
Following the general procedure, 2 (62.3 mg, 0.11
mmol) was reacted with  2-methoxy-N-(2-
methoxyethyl)ethanamine (51.2 mg, 0.39 mmol) in
presence of triethylamine (61.2 mg, 0.61 mmol). The
crude product was purified by column chromatography
(eluent: ethyl acetate/petrolether 40-65 = 9 : 1). After the
solvent was removed in vacuo, 3d was obtained as
yellow, highly hygroscopic powder (Yield could not be
determined). UV/Vis (DMSO+TFA): Amax = 431 nm,
(DMSO): ZAmax = 555 nm, fluorescence (DMSO;
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DMSO+TFA): Amax = 567 nm. IR (CCls): ¥ = 1115,
1151, 1373, 1687, 2931, 2984, 3591 cmt. 1H-NMR (400
MHz, acetone-d6, 25°C): 6 = 9.26 (1 H, d, 3J (H,H) =
10.0 Hz, Ar-H), 9.24 (1 H, s, Ar-H), 9.09 (1 H, d, 3J
(H,H) = 9.8 Hz, Ar-H), 9.01 (1 H, d, 3J (H,H) = 10.0 Hz,
Ar-H), 8.90 (1 H, d, 3J (H,H) = 9.8 Hz, Ar-H), 8.44 (1
H, s, Ar-H), 3.65 (12 H, m, 6 NCH2CH0), 3.48 (12 H,
m, 6 NCH2CH:0), 3.13 (6 H, s, 2 OCH3), 3.08 (6 H, s,
2 OCHs), 3.07 ppm (6 H, s, 2 OCHz), 3C-NMR (100
MHz, DMSO-d6, 25°C): 6 = 154.6, 136.9, 132.1, 131.8,
130.9, 130.8, 130.7, 128.9, 128.1, 126.1, 125.8, 125.5,
123.7, 121.6, 119.1, 115.5, 70.1 (2 C), 70.0 (2 C), 69.9
(2 C),58.0 (2 C), 57.9 (4 C), 47.3 (2 C), 46.9 (4 C) ppm.
MS (ESI): m/z calc. for Cs4H49N3013S3:826.23
[M+Na]*, found: 826.21.

8-Hydroxy-N,N’,N’’-tris(2-hydroxyethyl)-N, NV’ ,N”’-

trimethylpyrene-1,3,6-trisulfonamide (3e):
Compound 3e was synthesized according the general
procedure. 2-(Methylamino)ethanol (55.9 mg, 0.74
mmol) was reacted with 2 (82.7 mg, 0.15 mmol) after
addition of triethylamine (82.9 mg, 0.82 mmol). Crude
3e was purified by column chromatography (eluent:
methanol/methylene chloride = 1 : 9) to give a yellow
powder (854 mg, 0.14 mmol, 91%). UV/Vis
(DMSO+TFA): Amax = 430 nm; (DMSO): Amax = 554 nm;
g(s54) (RO7) = 35000 L mol* cm-?, fluorescence (DMSO;
DMSO+TFA): Amax = 566 nm. IR (CD30D): ¥ = 1337,
1415, 2615, 3345 cm™. *H-NMR (400 MHz, DMSO-d6,
25°C): 6 = 9.14 (1 H, d, 3J (H,H) = 9.8 Hz, Ar-H), 8.97
(1 H, d, 3J (H,H) = 9.6 Hz, Ar-H), 8.94 (1 H, s, Ar-H),
8.86 (1 H, d, 3J (H,H) = 9.8 Hz, Ar-H), 8.80 (1 H, d, 3J
(H,H) = 9.6 Hz, Ar-H), 8.23 (1 H, s, Ar-H), 3.49 (6 H,
m, 3 NCH2CH-0), 3.26 (6 H, m, 3 NCH2CH-0), 2.88 (3
H, s; NCHzs), 2.86 (3 H, s, NCHz3), 2.85 ppm (3 H, s,
NCH3), ¥3C-NMR (100 MHz, DMSO-d6, 25°C): ¢ =
154.6, 135.6, 132.2, 131.0, 129.8, 129.6, 129.0, 128.3,
126.1, 126.0, 125.6, 123.7, 121.6, 120.5, 119.2, 115.5,
59.1, 59.0 (2C), 51.7, 51.5 (2 C), 35.4, 35.2 ppm (2 C).
MS (ESI): m/z calc. for Ca2sH31N3010Ss: 652.11
[M+Na]*, found: 652.27.

8-Hydroxypyren-N,N,N’,N’,N’’,N’’-hexamethyl-
1,3,6-trisulfonamide (3f, HPTA):

Compound 2 (168.5 mg, 0.30 mmol) was suspended in
a cooled (0° C) 5 mL dimethyl amine solution (40% in
H20). After stirring for 24h and warming up to room
temperature, the solution was acidified with
hydrochloric acid (1M) causing a precipitation of crude
3f. The yellow solid was filtered off, dissolved in ethyl
acetate and washed twice with saturated sodium
chloride-solution. After being dried over sodium sulfate
and evaporation, 3f was purified by column
chromatography (eluent: ethyl acetate/petrolether 40-65
=6 :4) and obtained as yellow powder (102.8 mg, 0,190

mmol, 63%). UV/Vis (DMSO+TFA): Amax = 431 nm,
(DMSO): Amax = 554 nm, g@s4y (RO7) = 37000 L mol-?
cm?, fluorescence (DMSO; DMSO+TFA): Amax = 565
nm. IR (CCls): ¥ = 1114, 1162, 2855, 2928, 2960, 3280
cmt. 1H-NMR (400 MHz, DMSO-d6, 25°C): § = 9.27
(1H, d,3J (H,H) =10.0 Hz, Ar-H), 9.15 (1 H, d, 3J (H,H)
=10.0 Hz, Ar-H), 9.02 (1 H, d, 3J (H,H) = 10.0 Hz, Ar-
H), 8.98 (1 H, s, Ar-H), 8.87 (1 H, d, 3J (H,H) = 10.0 Hz,
Ar-H), 8.31 (1 H, s, Ar-H), 2.83 (6 H, s, 2 NCH3s), 2.81
ppm (12 H, s, 4 NCH3), $3C-NMR (100 MHz, DMSO-
d6, 25°C): 6 = 154.7, 133.8, 132.7, 131.6, 130.0, 128.0,
127.8 (2 C), 126.3, 125.5 (2 C), 123.8, 121.7, 120.7,
119.6, 116.3, 37.4 (2 C), 37.3 ppm (4 C). MS (ESI): m/z
calc. for C22H2sN307Ss: 539.09 [M]*, found: 539.10.
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Determination of pKa values via fluorescence correlation spectroscopy (FCS)

For determination of the pKa values of the weakly water soluble photoacids,

experimental procedure of Widegren et al. [5!]

we followed the

The actual system consists of an acid, the corresponding base and buffer HB*/B for stabilizing

the equilibrium. A 20 mM HPCE-buffer (citric acid / sodium citrate, Fluka) was employed for

the pH values 4 and 4.5. Protonation and deprotonation is widely mediated by HB* and B with

the bimolecular rate constants kb, and k3.,.,. (Equation S1), which are experimentally

determined to lie in the range of ~ 108 Ms%. At a total buffer concentration of 20 mM, where

[HB*] ~ [B], direct, diffusion-controlled protonation by H* and deprotonation can be neglected

at pH-values > 4.554

bi
deprot

ROH + B RO + HB"

prot

The kinetic description for the equilibrium leads to:

d[RO7]
dt

= _kgiot[RO_][HB-l-] + kgieprot[ROH] [B] =0

The effective rates are defined as k7/J, = kbl - [HB*] and ki) . = kb,

S2 can be converted into:

[ROH] _ K7,
[RO-] kT,
—1 _ [ROH]
Ka "~ [H*][RO™]

Combination of (S3) and (S4) leads to a relation for the pKa:

eff
prot

pK, = pH + log o7

deprot

(S1)

(S2)

- [B], so equation

(S3)

(S4)

(S5)
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The rate constants kf/:’;t and k?z];mt are directly accessible in a FCS-experiment by

photoexcitation of RO™ and detection of its fluorescence (Figure S1).

RO™
S
546 nm 557 nm
kefft
pro
) g S,
ROH K&/ 1 RO
deprot

Figure S1: Schematic representation for pKa-determination: excitation of RO (3b) was
performed at Jexc = 546 NM (Labs, max = 515 nm at pH 4; Aem, max = 557 nm at pH 4),

fluorescence was detected at Aget = 555-625 nm. The dark state ROH is populated with the

eff eff

prot: whereas kdepmt

rate constant k describes the depopulation the dark state.

Fitting the obtained correlation functions G(t) according to equation S6 (Figure S2) gives the

eff keff

rates kprot' deprot

and consequently the pKa value depicted in Table 2. The outcome of this

approach was verified with 3f.

<l
G(r) = —— (1 + ke;)f : eXP(_(k;)];];t + kfiigrot)r)) (S6)

T
N —_—
(N) 1+‘L'D deprot
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= 107 ( 5) pis

204 K = 1.5 (£0.13) Mz

eff
deprot

=221 (+0.14) MHz

G()

0.5

0.0
Rk L L L L | LAY MR | LR |

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01

0.1

Figure S2: Normalized correlation function of 3b. Excitation was performed at A = 546 nm

with a laser intensity of 168 kW cm™ in a 20 mM citrate-buffer at pH 4.5. Fluorescence was

detected at Adget = 555-625 nm. A pKa of 4.4 is calculated as a mean value of two

measurements.

Characterisation of the described compounds with NMR- and mass spectroscopy:

O A
)’I\ o \\S\\,O

o)
\S,CI

Scheme S1: Synthesis of HPTS-derivatives 3a-f.

: R®=-OCH,CF,

: R®=-0OCH(CF;),

: R®=-N(CH3)(OCHa)

: R3=-N((CH,);0CH3),

: R®=-N(CH,)((CH,),OH)
R® = -N(CHa),
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Compound 1:
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Figure S3: 'H-NMR spectrum of 1.
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Figure S5: 33C-NMR spectrum of 1.
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Figure S7: mass spectrum of 1.
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Compound 2:
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Figure S8: *H-NMR spectrum of 2.
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Compound 3a:

o

Photochem. Photobiol. Sci., 2014, 13, 548-562
Reproduced by permission of The Royal Society of Chemistry (RSC) on behalf
of the European Society for Photobiology, the European Photochemistry Association, and RSC

Seite | 68 http://xlink.rsc.org/?doi=C3PP50404B



http://xlink.rsc.org/?doi=C3PP50404B

5.1 Photochem. Photobiol. Sci., 2014, 13, 548-562

1.0BF96X.001.001.1R.ESP
09
o.s—i
07
2 0.6—5
g 3
= 054
ERE
T
£ 047
[=} E
E
0.3—% g §
3 =) ™ N
0.2 lsg ©
3 [ce)
3 Ga
0.1 N
| LA
———
0.927 0.982 0.999 1.001 1.010 0.994 6.046
T T U
14 13 12 1 10 9 8 7 6 5 4 1
Chemical Shift (ppm)
Figure S10: *H-NMR spectrum of 3a.
IBF96X.001.001.1R.ESP
0.30—5
0.25—5
E ©
] ™
i (2]
2 0.20
%] i
5 ]
. g
o 4
N 0154 5
: ] 2
5 i 3 8 8
z ] 2o o 3 I
0.103 S o | e T2
] | < e |
1 [e2]
; | |
0.05—5
1 J
L 0%27 0982 (0999 1001 1010 0.994
LLANLSLINL N (L NL L DL (LI L LN DL L L LN NNLUNLEL L BLENL L L LN NNL AL L LI L L L L L L INLANL LI L NL LN L L LN LA LB BB |
9.4 9.3 9.2 9.1 9.0 8.9 8.8 8.7 8.6 8.5
Chemical Shift (ppm)
Figure S11: *H-NMR spectrum of 3a (zoomed).
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Figure S12: 3C-NMR spectrum of 3a.
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Figure S13: 3C-NMR spectrum of 3a (zoomed).
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Figure S14: mass spectrum of 3a.
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Compound 3b:
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Figure S15: *H-NMR spectrum of 3b.
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Figure S16: *H-NMR spectrum of 3b (zoomed).
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Figure S17: 3C-NMR spectrum of 3b.
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Figure S18: 3C-NMR spectrum of 3b (zoomed).
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Figure 23: 1*C-NMR spectrum of 3¢ (zoomed).
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Figure S24: mass spectrum of 3d.
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Figure S25: *H-NMR spectrum of 3d.
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Figure S26: *H-NMR spectrum of 3d (zoomed).
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Figure S28: 3C-NMR spectrum of 3d (zoomed).
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Figure S30: *H-NMR spectrum of 3e.
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Figure S31: *H-NMR spectrum of 3e (zoomed).
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Figure S35: *H-NMR spectrum of 3f.

Normalized Intensity
8.307

—8.881
—8.857

.

1.049 1.027 1.0290.986 1.015 1.006
| ] | ] | ]
L o I o o B o e L I e o B e B L e e e
9.3 9.2 9.1 9.0 8.9 8.8 8.7 8.6 8.5 8.4 8.3

Chemical Shift (ppm)
Figure S36: *H-NMR spectrum of 3f (zoomed).
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Figure S37: 3C-NMR spectrum of 3f.
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Figure S38: mass spectrum of 3f.
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ABSTRACT: The direct observation of chemical reactions on the single-
molecule level is an ultimate goal in single-molecule chemistry, which also
includes kinetic analyses. To analyze the lifetime of reaction intermediates, very
sophisticated excitation schemes are often required. Here we focus on the kinetic
analysis of the ground-state proton transfer within the photocycle of a photoacid.
In detail, we demonstrate the determination of the bimolecular rate constant of
this process with nanosecond resolution. The procedure relies on the exploration
of a purely quantum-optical effect, namely, photon antibunching, and thus on
evaluating interphoton arrival times to extract the reaction rate constant.
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In the past few years, efforts were taken to visualize chemical
reactions on the single-molecule level.'™ The interpretation
of such experiments is mainly based on the evaluation of
spectral shifts, which occur during the chemical reaction. A
kinetic analysis of reaction intermediates could provide a better
understanding of underlying reaction mechanisms. To monitor
the time evolution of transient species, complex excitation
schemes are often necessa\ry.ﬁ’7 We will determine the lifetime
of a reaction intermediate by exploration of photon-
antibunching, a purely quantum-optical effect.

Individual quantum emitters such as atoms, semiconductor
nanocrystals, nanodiamonds, or single molecules are charac-
terized by so-called photon antibunching.*™"® This term
indicates that these systems emit photons, which are temporally
well-separated, and that no two photons are emitted
simultaneously. Thus, it is possible to distinlguish between
classical and nonclassical light emission.'*” ° Beyond its
fundamental meaning for quantum optics, the observation of
antibunching also serves as the ultimate proof for the presence
of individual emitters in single-molecule experiments.'”'"!7~2°
Moreover, the antibunching amplitude can be utilized for
determining the number of fluorophores.” ™ Thus, the
stoichiometry of biochemical complexes or aggregates can be
determined.”* Rate constants of photophysical processes™**¢
even of conformational fluctuations>>* are also accessible with
antibunching. Finally, super-resolution microscopy is per-
formed using second- and higher-order correlation func-
tions.”® ' These examples provide applications of photon
antibunching. Despite this interplay between molecular science
and quantum optics, antibunching has not been exploited to
measure chemical reaction rates so far. Consequently, the
question arises of how a system has to look like for providing
chemical rate constants from antibunching.

< ACS Publications  © xxxx American Chemical Society

1149

We previously introduced several photoacids, that is, an
aromatic alcohol, which exhibits a considerablzr higher acidity in
the excited state than in the ground state.”” In the present
study, we use the photoacid tris(2,2,2-trifluoroethyl)-8-
hydroxypyrene-1,3,6-trisulfonate (Figure 1A) because of its
pronounced photostability, high fluorescence quantum yield
(®y; = 0.87), and sufficient water solubility.** This compound
and its conjugated base represent a pair of two-level quantum
systems, coupled by a chemical reaction in the ground and the
electronically excited state (Figure 1B).* Reaction conditions
can be tuned in such a way that a full photocycle, the so-called
Firster-cycle, is traversed once the photoacid is excited. A
contribution of the triplet state to the photodynamics can be
neglected. (See the Supporting Information (SI VIII) for
details.)

Upon photoexcitation of the ROH species with A, = 445
nm, the acidity is raised from pK, = 4.7 by roughly seven orders
of magnitude to pK,* = —2.8. This change of the acidity
constant, ApK,, corresponds to a difference of the electronic
transition energies of the photoacid and its conjugated base
according to eq 1.**

ApK, = h(vron = vroo)

T kT In(10) (1)

where Loy and L. correspond to the frequencies of the
emission maxima of ROH and RO, respectively. A proton is
transferred to nearby water molecules within a few pico-
seconds.* This process is called excited-state proton transfer
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Figure 1. (A) Chemical structure of the photoacid tris(2,2,2-trifluoroethyl)-8-hydroxypyrene-1,3,6-trisulfonate of this study. (B) Forster cycle of the
photoacid. Depicted are the rate constants within the photocycle: k,,, excitation; kypoy, fluorescence of the acidic form; k,,,,, excited-state proton
transfer; Kiecomp geminate recombination; ky, fluorescence of the basic form; k,, reprotonation in the ground state; ky, deprotonation in the ground

state. k,,, is applied in the control experiment for directly exciting the conjugated base at pH 11. Colored: mandatory for discussion. Gray: negligible
under experimental conditions. (See the text for details.)
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Figure 2. (A) Fluorescence excitation (dotted lines) and fluorescence emission (full line) spectra of the photoacid at pH 11 (blue curve) and pH 3

(purple curve). (B) Recorded autocorrelation gABm(T) at pH 11 (blue; 20 mM buffer concentration, I, = 880 kW/cm?) and at pH 3 (purple; 20
mM buffer concentration, I, = 200 kW/cm?). Monoexponential fits are shown as solid lines. Color code as in Figure 1B.

(ESPT), generating the corresponding base in its excited state. optimal measurability, the reprotonation rate should be as low
Subsequently, a fluorescence photon is emitted. Afterward, as possible.

reprotonation in the ground state occurs, reforming the Antibunching is seen as a dip of the second-order correlation
photoacid, and the photocycle is completed. pH 3 < pK, g5 is function gAB(Z)(T) at short correlation times. The second-order
chosen for the experiments to ensure that the ground-state correlation function is proportional to the probability of
equilibrium is largely shifted toward the photoacid at the detecting a second photonzsat some lag time 7 after the
beginning of a photocycle (Figure 2A). Because the transition det(ezci‘tion. of a first photon.™ For a singl.e two-level system,
wavelengths of both two-level systems are optically well- g (1) increases monoexponentially starting from 7 = 0. The

antibunching dip at 7 = 0 is a hallmark of the impossibility to
detect two photons from a single emitter during one
photocycle. The normalization procedure to obtain gABm(T)
out of the measured autocorrelation gM(Z)(T) can be found in
the Supporting Information (SI VII).

Initially, we performed an antibunching experiment at pH 11
3> pK,, where the corresponding base is excited at A, = 546
nm (Figure 2B). Here the system should behave as a classical
two-level system, and the characteristic time of the antibunch-
ing should be related to the sum of the excitation and the

separated according to eq 1, reexcitation of the conjugated base
is largely avoided (Figure 2A). In a kinetic perspective, the
conjugated base is regarded as intermediate; that is, it is not
stable in a thermodynamic sense. Because the reprotonation is a
bimolecular™ process, the lifetime of this intermediate depends
on the concentration of the reprotonation counterpart. The
reexcitation and consequently the emission of another photon
can then only take place after base-proton recombination. In
other words, the minimum time between two photons emitted

from the same molecule is exactly the time the molecule needs fluorescence rate constant by ko + kg = 1/7355>" Koy is
to complete one photocycle (Figure 1B) because photons are composed of I, and the absorption cross section and amounts
emitted only upon excitation of the acidic state. Therefore, it to roughly 180 MHz. Actually, the characteristic time is found
should be possible to increase antibunching by adjusting the to be significantly smaller than the fluorescence lifetime of the
reprotonation rate. Conversely, this means the reprotonation molecule (74 = 3.2 + 0.5 ns < 6.1 £ 0.1 ns = 75 = 1/ky), as
rate, that is, the decay kinetics of the intermediate, should be expected. In contrast, at pH 3 < pK,, excitation of the photoacid
accessible by analyzing the antibunched fluorescence. For an at Ay, = 445 nm provides an apparently slower antibunching
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Figure 3. (A) gm,m(r) at different citrate buffer concentrations [B]. The full lines result from monoexponential fits. (B) Plot of experimental

antibunching decay rate constants versus the total buffer concentration [B]. The fit according to

eq 2 is shown as full line.
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Figure 4. (A) gﬁﬂm(z‘) obtained by solving the three-level scheme analytically (eq 3, dotted curves) for different reprotonation rate constants. These
gm(z)(r) are compared with numerical solutions of the four-level scheme (solid lines; see also eq S1 in the Supporting Information). (B) kyy as
obtained from a monoexponential fit of the analytical gAR(Z)(T) plotted versus theoretical reprotonation rate constants k. The full line depicts the fit

according to eq 10.

time (745 = 16.6 + 0.5 ns > 73 = 6.1 + 0.1 ns =1/ky), which can
be traced back to the photochemical delay (Figure 2B). Please
note that the emissive state is identical in both experiments
(Figure 2A).

As previously stated, the reprotonation of the conjugated
base in the electronic ground state is a bimolecular reaction.
Because protonation capability is restricted not only to “free”
protons but also to weaker acids, that is, buffer molecules, a
dependence on their concentration is expected. Moreover, this
procedure enables us to drive the kinetics from a cyclic reaction
scheme to a two-level system. To quantify this effect, the
measurements with excitation of the photoacid are repeated at
varying buffer concentration (Figure 3A). pH 3 was chosen
because lower pH values would hide any buffer effects due to
rapid reprotonation by ubiquitous protons and larger pH values
would, however, populate the conjugated base to a higher
amount. The obtained antibunching time constants from
monoexponential fits are plotted versus the total buffer
concentration (Figure 3B). The experimental rate constants
nicely follow a saturation behavior according to eq 2.

kqexp[ B]
kAB = kO,exp + —
Koy + [B] (2)
Here [B] is the total concentration of the buffer, k., is an

offset, and kpo, + ko is the maximally obtainable
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antibunching rate constant. The saturation constant K.,
corresponds to the buffer concentration where kyy = ke, +
kyexp/2. koexy is obtained as 39 + 14 MHg, k., is obtained as
139 + 11 MHz, and K., is 47 + 24 mM (Figure 3B). The
maximally observable antibunching rate constant, kap ., is 178
+ 18 MHz and thus larger than kg A direct comparison with
the control experiment at pH 11 in Figure 2B, however, is
misleading as different excitation conditions (4, I.) are
employed.

To understand the antibunching kinetics quantitatively,
gAB(z)(r) is derived from the coupled kinetics of the quantum
system under investigation. Actually, its simulation (Figure
4A,B and Supporting Information SI I) enables us to connect
the buffer concentration dependence (eq 2 and depicted in
Figure 3B) to the bimolecular reprotonation rate constant k, in
Figure 1B. For that purpose, the time-dependent population of
the four involved states was examined (Supporting Information
(SI 1)).253657

Numerical calculations, based on available experimental data,
were performed to estimate the influence of the reverse
chemical Erocesses (Figure 1B, gray arrows) on the
kinetics.>>** We used kg as determined from time-correlated
single-photon counting (ks = 160 MHz), K, from fluorescence
upconversion measurements (K, = 250 GHz),™ ko, from
pK.* = —log(keopt/Krecomn) = —2.8, and k., from the excitation
intensity and the absorption cross section. In particular, the
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minor absorbance of the anionic species at pH 3, corresponding
to <10% of the whole population, was expected to distort
gAB(Z)(r). However, we found that reprotonation kinetics in the
excited state (Kcomp & 400 MHz << ko, & 250 GHz) has no
impact on the autocorrelation function. Moreover, the
deprotonation in the ground state can be neglected as long
as the forward reaction rate is at least about one magnitude
larger than the reverse reaction rate. (See Figure II in the
Supporting Information (SI I).) In addition, we verified that the
population of the excited photoacid is close to zero for all times,
as the ESPT rate constant is about three orders of magnitude
larger than all of the other rate constants in the four-level
system.34 Thus, the four-level scheme can be reduced to a
three-level description (eq 3) without loss of significance
(Figure 4A).

[ROH] “kue 0k, }([ROH]
%[RO‘*] =| kae —ka 0 [[[RO]
[RO] 0 ki —kN[ROT] 3)
[ROH] 0
RO™]| =]o0
— 1
[ROTT)_, @)

The initial condition (eq 4) was chosen because the molecule
is prepared in its anionic ground state after the emission of the
first photon. g,®(7) finally becomes (eqs 5—9; see Supporting
Information (SI II) for details)

@ _

g =1- %{exp(sllrl) — exp(s,lel)}

- %{exp(sllfl) + exp(s,lzl)}

(8)
s, =1/2(-0 £ A) (6)
6= ke + kg + k, 7)
P = ek + Kok + gk, )
A=\Jo* - 4p (9)

In general, the full solution turns out to be composed of two
exponentials with varying amplitudes for different k,. As the
experimental data are fitted well by monoexponentials, which is
likely due to inherent shot noise and timing jitter of the
detectors,” we reduce the analytical solution to the
experimentally accessible functions (Supporting Information
(SI I1I)). Antibunching time constants, which were obtained in
this manner, also follow a saturation-like behavior when plotted
versus k, (Figure 4B).

s,8imp

kyp = ko gim + P
sim p

(10)
In this coarse-grained approach, kg, is 25 + 4 MHz, kg, is
194 + 7 MHz, and K, is 115 + 16 MHz. These values should
be connected to the experimentally determined data kg exp Ky exp
and K, for accessing the bimolecular reprotonation rate
constant by citric acid and by ubiquitous protons. Two limiting
situations of the analytical solutions (eqs $5—9) are studied
before explaining the curve progression for varying buffer

1152

concentrations (Figure 3B) and reprotonation rate constants
(Figure 4B), respectively.

In the limiting case of a very fast reprotonation (k, > k.,
kg) at high buffer concentrations (see Supporting Information
(S IV) for details), the gz function approaches that of the
two-level case, where the molecule cycles only between ROH in
the electronic ground state and the excited RO™*, in agreement
with atomic or molecular two-level systems. The experimental
and the simulated kyp,,,, should coincide in this limit.

ka‘xckﬂ

kag & k
A +ky =k,

exc+kﬂ7k

exc

a4 kexr: + kﬂ = kABJmax

(11)
kgm = 194 MHz corresponds to a value of kyp ., = 219 MHz,
and thus it is considerably too large compared with the
experimental value of 178 MHz. However, the simulated data
points in Figure 4B level off much faster than approximated by
the saturation fit. In other words, the simulated k,y does not
exceed k,, + kg, as predicted by eq 11. It should be emphasized
that the offset, kg, in Figure 4B corresponds to the excitation
rate, which was set to 30 MHz as realistic starting point for the
calculations. (See later.)

In the limit of slow reprotonation kinetics, that is, kg 3> ke
k,, the antibunching rate constant, can be well described by the
sum of the excitation rate and the reprotonation rate constant.

exckp

kyap ~ k -
AR ko — kg + K,

+k, - ® ko tk,

exc

(12)

At millimolar or larger buffer concentrations (as long as k, << kg
is fulfilled), k, is composed of the rate constant for
reprotonation by buffer molecules, k,(HB'), and the rate
constant for reprotonation by protons, k,(H"). The exper-
imental k.., = 39 + 14 MHz should comply with the sum of
ke and kP(H+) as only the buffer concentration is varied. Using
an excitation rate constant of k,,. & 30 MHz for I, = 200 kW/
cm? the experimentally determined rate constant for
protonation by ubiquitous protons is on the order of 10
MHz, in approximate agreement with an almost diffusion-
limited rate constant for direct protonation by H* at pH 3.>***

The remaining parameter K can be interpreted in the
following way. At this reprotonation rate constant, where ky, =
ky + ky/2, antibunching changes from chemical to electronic
saturation. Below, reprotonation is rate-limiting, and eq 12 can
be applied when k, < kg (ie, kag & koo + k). Under these
experimental conditions, kyy can be interpreted by chemical
kinetics and allows for assessing decay constants of
intermediates. At higher buffer concentration, the former
three-level system converges toward the well-known two-level
system with kyy & k.. + Kk (eq 11).

To bring the experimental antibunching time constants at
varying buffer concentrations in agreement with the bimolec-
ular reprotonation rate constant of buffer molecules, k,([HB"])
is adjusted manually. A matching of k,;([B]) (Figure 3B) with
kys(k,) (Figure 4B) indeed can be achieved with a bimolecular
rate constant for the ground-state reprotonation around 2 X
10° M™! 57!, This value is close to the value for phosphate-
buffer-mediated fluorescein protonation, as determined by
fluorescence correlation spectroscopy (FCS)™ (2.8 x 10° M~
s™! in phosphate buffer), and comparable to the bimolecular
rate constant determined by FCS at pH 4 and excitation of
RO~ (3.5 x 10° M™' s7', Supporting Information (SI V)). It
should be mentioned that, however, the latter obtained
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bimolecular rate constant only serves as a lower limit for the
antibunching experiment. Because citric acid has three close-
lying pK, values (3.13, 4.76, 6.4),* the most abundant species
at pH 3, that is, mostly triply protonated citrate, likely exhibits
considerably higher protonation rate constants than doubly
protonated citrate, the predominant form at pH 4 where FCS
was performed. The same is true for comparison with
phosphate-assisted reprotonation. Even more, the higher
bimolecular rate constant in the antibunching experiment
could hint, to some extent, to a preoriented photoacid buffer
encounter pair.””*" Such a loose complex in the ESPT reaction
might lead to higher reprotonation rates in the ground state
than provided by the limit of diffusion-controlled reaction
dynamics.

In summary, reprotonation rate constants were obtained by
analyzing photon antibunching, that is, interphoton arrival
times, when k, << ky (eq 12) holds true. The key step was the
manipulation of the lifetime of an intermediate in a cyclic
reaction scheme. It should be emphasized that the decay
kinetics of an intermediate can be determined from the
antibunching modulation, which otherwise requires technically
more demanding excitation schemes like pump—dump—probe
spectroscopy.”’ Our kinetic analysis, however, sets an upper
limit to this method, which works well only if electronic
saturation is avoided. In the future, we will use the antibunching
modulation to investigate the influence of different electrostatic
environments on the proton back-transfer. Also, modulation of
antibunching by electrical fields that stabilize charge separation
is anticipated. Finally, we imagine that electron-transfer
processes can modulate antibunching as well.*
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(S 1) Evolution of |R0'*||t[ — numerical calculations

Influence of reverse chemical processes on kinetics.

krecomb

kexc kﬂ'ROH Kexe Ky

p kp

ROH RO ROH RO

Fig. I(a): Forster cycle: 4-level-scheme, Fig. I(b): Reduced Forster-cycle.

containing seven rate constants.

To judge the influence of the reverse chemical processes, i.e. excited-state recombination Kyecomp
and ground-state deprotonation kg, as well as the fluorescence decay of the photoacid with the
decay rate kpprou, on the kinetics, the four-level-scheme in Fig. I(a) was solved numerically

using 4™ order Runge-Kutta procedure.

[ROH]\ (-(k,, +k,) k 1 xon 0 k, \ [ [ROH]
dI[ROH']| | ke kgt himon) Ko 0 | |[ROH"] s
dt| [RO ] 0 Koo —(ky +K,ppy) O [RO ]
[RO™] k, 0 k, ~k, | \ [RO"]
[ROH| 0
d|[ROH']| |0
dr| [RO”1| |0 (52)
[RO] 1

t=0
The result for the excited-state population of the anion was compared to gas®(1), i.e. the

normalized population of the excited anion state, which was obtained analytically by adopting a
three-level scheme without the excited acidic form (eq. (3), (4) in the manuscript). We used as
input in the calculations the experimentally available data (see manuscript: Kexc =30 MHz,
ka =160 MHz, kegpe = 250 GHz, Kpecomp = 400 MHz, kgron =210 MHz) and varied k, between

30 MHz and 300 MHz covering all experimentally accessible rate constants for reprotonation. kg
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was altered with respect to k, (see Fig. II). In all three cases, data points of the numerical
simulations are indistinguishable from the simplified analytical solutions as long as the forward
reaction rate constant is larger than the rate constant for the reversed process by at least a factor
of 3. We conclude that the population of the excited acidic state ROH* and the processes
depicted as light gray arrows in Fig. I(a) can be neglected when describing the generation of

consecutive photons.

107« o e—— 1.0
| )
) =
] o |
o= .
S £
o 054 05 ©
©
= 3 1 MHz *!._'
%) ..... 3 MHz O
—— 30MHZ —.—10MHz 1 g
100 MHZ  =+=-. 30 MHz
~———300 MHZ  +esee+ 100 MHz
0.0 ; S — 0.0
0 10 20 30 40 50

T (ns)

Fig. II: Comparison between four-state kinetics (Fig. I(a)) and three-state kinetics (Fig. I(b)). The
solid curves represent the analytically obtained gap”(t) from the three-level scheme. The
different dotted lines show the time-dependent, normalized population of RO™ for the four-level
case. Also the influence of different ground-state deprotonation rates on the evolution of the
basic excited state is shown. kex, kn, Kespt, Krecomb, knron were set to 30 MHz, 160 MHz,
250 GHz, 400 MHz and 210 MHz. For three different reprotonation rates k, the deprotonation

rate kq was varied.
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(S IT) Three-state kinetics and g(z)

The four level-scheme is reduced to a three level one, which consists of the excitation of ROH to
RO™, the fluorescence decay of RO™ and the protonation of RO™ to reform ROH with the rate
constants ke, kn and k (Fig. I(b)).

[ROH]) (~k, 0 &k, )(IROHT) (IROH]

0
L [ROT]|=| k ~k, 0 |-[[RO1|, |[RO]| =|0O (S3)
1

dt exc
[RO"] 0 k, -k, )Jro1) \[RO1),

The resulting eigenvalues:

fl

0, s,=—1latlfo®—4p (S4)

o= kz'.\'(' + kﬂ + kp > p = kc’.\’t'kﬂ + kt’.\'('k[) + kﬂkp (SS)

The time-dependent population of RO™ is obtained as:

exc™ p exc™ p

+

& k(’\‘('kp
RO™ (1) =— ;
[ Iz 518, 8,08, —5,) SR $,(8, —5,)

[RO™](t) is normalized to [RO'*] t5» to receive the autocorrelation, gAB(z)(r).

exp(s,1) (S6)

[RO™](1) 55
=1 2 :
[RO™" ()] " 5, — S, LA+ Sy =S5,

Eq. (S7) is rearranged for obtaining eq. (S8). This shows, that the gas®(t) is real-valued for

s,

g5y = exp(s,7) (S7)

every combination of k, key and k.

1
g®@)=1- + {exp(s,1) —exp(s,1)}— 5 {exp(s,1) +exp(s,1)} (S8)

2\Jo" —4p
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(S III) Monoexponential vs. Biexponential decay of g(z)
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Fig. Ill(a): The two monoexponential Fig. III(b): The two  monoexponential
contributions to gAB(z)(t) (eq. (S7)) in the contributions to gAB(z)(t) (eq. (S7)) in the
limiting case of k,=> . Exp(s;t) decays limiting case of kp, = 0. The exp(st) decays
much faster than exp(sit). Moreover, the also much faster than exp(s;t) in this limit.

amplitude of exp(s,t) is much smaller.

4-05

g™ (arb. units)
o
o

_'ku’o
—kp.f

P
s,/(sy-s;)"exp(s t) (arb. units)
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Fig. I1l(c): Resulting gAB(z)(r) (eq. (7)) for the two limiting cases of kj. Additionally, the

respective exp(s;t) are shown as dotted lines.

Fig. ITl(a) and III(b) contain the two exponentials, which build up the gag(t), for the two
limiting cases of k,<<kg, kexe and kp>>kq, kexe, respectively. For a given kp, the exp(sit)

increases much slower than exp(s,t). Fig. III(c) shows, that the gAB(z)(r) is mainly determined by

Reprinted with permission from J. Phys. Chem. Lett., 2015, 6, 1149-1154
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the slower rate constant s; in the nanosecond time range in the two limiting cases. Thus, gAB(Z)(t)
is well described by monoexponentials in these cases, which is in particular true as the depth of
the dip at t=0 is hardly discernible in the experimental measurement due to background

contributions.

Reprinted with permission from J. Phys. Chem. Lett., 2015, 6, 1149-1154
Copyright 2015 American Chemical Society.
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(S IV) Approximation of kag
As was stated above, only the slower exponential has to be taken into account when modeling

the antibunching. Accordingly, the smaller rate constant can be simplified, when regarding the

limiting case of kp << kg, kexc.
2
\/m = \/(kexc - kﬂ + k;D) - 4kexckp (S9)
K gxckiy (510)

exc kﬂ + kp)

(kexc kr + kp) 1-

5 (S11)
k 2k ok
~ (kexc ke + kp) 1- Kexcky >+ ( = p) T
kexe — kg + kp) (Kexe = ki + ky)
; (S12)
_ exckp
- (kexc - kfi + kp)
exc kfl + kp)
2kgxcky (513)
= (Kexe — kg1 + ky) (1 = )
(Kexe = pu + k)
 2Kexcky (S14)
= koye— ke tk
e s P kexc kfl + k
In case of kj < kexe < kn eq. (S15) is valid.
2 (S15)
( 2kexcky ) « Ahorcky
2 2
(Kexc — ki + ky) (Kexe — ki + kp)
1 Keoxck (S16)
Kunw = — 2 _4p) =k k, —— X
A8 2(‘” 07 = 4p) = kexe + ky Kexe — ki + K,
For the other limiting case of kp >> kg, kexe!
— 2
o2 —4p = \/(kExc + k= k)" = Heexckp S17)
Ak orckp, (S18)
= (kexc +kp — kp) 1-— 3
(kexc + ke — kp)
) (S19)
4”kexckfl (Zkexckﬂ)
(kexc + ks — kp) 1-— >+ Y
(kexc + kﬂ - kp) (kexc + kfl - kp)
.
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_y 5 (S20)
l
= (kexc + kfi ( e ] 2)
exc + kfl k )
2k gckpy (S21)
= (kexc + kfl 1- 2
(kexc + kfl p)
Zkexckﬂ (822)
= kpwe + kg — k - '
exc fl! kgxc + kf[ _ k
In case of kp >> Kexe, kpi, €q. (S23) is valid.
2Kk gk ? Ak k (823)
( excfl ) « excVfl
2z 2
(kexc + kfl - kp) (kexc + kﬂ - kp)
1 kexckﬂ (824)
kag ==(0+ 02 —4p) = keye + kpy — ——"d—
AB 2 (0' P) exc fl Kore + kﬂ — kp
8
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(S V) ECS data
o1 | ko= 9.2 (0.9) MHz -
3 il ky= 4.4 (0.5) MHz -
o ke |Ka
£ ]
= k
O ‘/kv/
_ ROH RO™

Fig. IV(a): Example curve of FCS data at pH 4.0 Fig. IV(b): Excitation scheme for the FCS
and 10 mM citrate buffer.

measurement.

0.2 0.3
[B] (M)

Fig. IV(c): Determination of the bimolecular rate constant of the ground state protonation at
pH 4 by FCS. A linear fit yields k,pi(HB")=3.5 + 0.6 x10° M"'s™ and ko(H")= 7.0 + 5.0 MHz.
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(S VI) Material and Methods

A diluted solution of the photoacid [24,33] (~ 1 nM) at pH 11.0 was created with a buffer
solution of Sigma Aldrich (20 mM, HPCE grade). For the measurement at pH 3, buffer solutions
were made from citric acid and Trisodiumcitrate-dihydrate.

Confocal Set-Up

A diluted solution (~ 1 nM) of the photoacid was excited with cw radiation at 445 nm (Coherent
OBIS 445-LX) or with cw radiation at 488 nm (Soliton Picarro) in a confocal microscope. The
set-up is based on a Zeiss AxioVert 200 with an immersion objective (water, Zeiss ApoChromat,
63x, 1.2 N.A.). Collected fluorescence was focused through a pinhole of 50 um diameter.

Measurement time

The measurement time was in the range of approximately three to four hours depending on the
buffer concentration of the sample.

Measurement of the second order correlation function

TCSPC ' .

Fig. V(a): The fluorescence is split, Fig. V(b): Detection events are written into
detected, and correlated. two lists and are correlated afterwards.

10
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Collected fluorescence light passes a 50-50 beam splitter and is focused onto two avalanche
photon detectors (APD, Perkin Elmer SPCM-AQR-14), which are connected to a time-correlated
single photon counting module (Picoquant Picoharp 300).

The measurement is performed in the T2 mode, which yields binary files containing the arrival
times of all detected photons. To further process the binary files, the workgroup of Christoph
becher kindly supplied us with a C-routine [30]. Only a short description will be given here, for a
more detailed description please consult reference R1. In a pre-analysis step, for each detector a
binary file (L1 and L2) is generated containing the respective photon arrival times. The main
program computes the histogram g(t), where t is the time between two photon events on
different detectors. Therefore, bins of width 1y, have to be defined.' This implies a bin number
of nyux = T/tpi, where T is the total displayed g(l)(‘r) histogram time width. Then, the lag times
Tij, given by Tjj=ti; —tr;; are calculated one by one, where ty;; (t.2;) are the photon arrival
times in L1 (L2). The lag times are evaluated for each event in L1, but the respective events in

L2 are limited to those at times t;»; for which

T
=5 Steistyts

holds. In order to be able to plot gm(t), the 7;; have to be sorted into the respective bins with the

central time t. given by

T 2n+1
te= =5+ ——="Tbin

wheren € [0, 1, ..., npax-1].
Programmatically the sorting is done by incrementing the number of occurrences in the bin for

which

1 .
Tphin Was set to 1 ns for our experiments.

11
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Thin Thin

tC—TST['J' <t +T

holds by 1 for each 1;;. This yields an ASCII formatted list containing lag times and their number

of occurrences. This gm histogram is not yet normalized.

12
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(S VII) Normalization procedure to obtain 2.5 2(1)

A B Cc

° ' (coincidences)

g,

t (ms) V t (ms) t(ns)
Fig. VI: (A) Measured autocorrelation function gy'”(t) as obtained from the procedure described
in S VL. (B) Normalized correlation function gn'”(t). (C) Properly normalized autocorrelation

function gAB(Z)(t)‘

The gy®(t) histogram, which is obtained by the procedure described above, is normalized by a
factor t - Tp;, * 1y 1y according to eq. (S25) to give gNQ)(r), where t is the total measurement
time, Tpin the chosen width of the time bins and r; and r; the count rates on APD,; and APDZ.RZ

Each process that induces fluctuations in the fluorescence light contributes to the autocorrelation
function. Assuming freely diffusing molecules, which also undergo intersystem crossing (for
experimental proof see S VIII), the autocorrelation function consists of three respective
contributions, gdjff(z) for the diffusion part and ng for the triplet contribution. gAB‘Z) accounts for

antibunching. Assuming a separation of time scales (tgir = 100-200 ps, Tr= 1 pus and tap = 1-

10 ns), g(z) can be written as (S25).R3

2 2 2 2 2
gz(w) =g‘(u-})rf'g;)'g§;3)'t'Tbin'rl'rz zgﬁl)'t"fbin'ﬁ ‘7, (S25)
The gy decays biexponentially as can be seen in Fig. VI (B). These two exponentials
correspond to ng and gdiff(Z); the respective decay times are around 1-3 us and 150 ps. We are
aware of the fact that the assumption of an exponential decay of gdiff(z) causes an error, especially
at longer correlation times. Therefore, gag” does not approach gag” =1 for longer lag times

when dividing gNm by gT(Z)' gdiff(z). Nevertheless, gABQ’ is normalized such that gAB(z)(ioo) =1is

fulfilled.
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(S VIII) Influence of intersystem crossing on the second order correlation function
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Fig. VII(a): Experimental autocorrelation of Fig. VII(b): Same measurements, but in the
the photoacid at pH 3 in the nanosecond microsecond  time-range.  Solid lines
time-range. Solid lines represent represent monoexponential fits.

monoexponential fits.

At this point the bunching behavior of g(z) should be mentioned. Bunching can be satisfactorily
explained by intersystem-crossing (ISC). Due to the low quantum yield for ISC and the different
time scales for ISC, this process did not play any role in the antibunching experiment. Both the
intersystem crossing (ISC) rate kisc and the rate kt, with which the triplet state is depopulated,
are independently determined by fluorescence correlation spectroscopy (FCS). Intensity
dependent FCS measurements yield an ISC rate constant of 1.4 (0.1) MHz and a common rate
constant for triplet decay of about 0.7 (0.3) MHz, which is close to the expected value due to
triplet quenching R4, Thus, at I.,. = 200 kW/cmz, a bunching contrast of C = ks5c(200 kW/sz)
k' =0.36 is expected. The mean value of the experimental values for C is 0.37 (Tab. SI).
Furthermore, the bunching decay rate increases with increasing buffer concentration. We
attribute this finding to a higher amount of photocycles per time window at higher buffer

concentrations providing additional evidence for electronic saturation according to eq. (11).
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Tab. SI: Overview of the experimental antibunching kg and the bunching rate constants kg and

the contrast C = kisc/kr of the gT(Z}—function.

[B]/ mM kag / MHz ks / kHz C/1
300 159 + 14 519 0.31
200 160 29 549 0.43
150 134+ 19 468 0.38
100 137+ 15 500 0.46
30 94 +5 392 0.22
10 63+ 1 315 0.41
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Biexponential Photon Antibunching: Recombination Kineticss/cscroos.
within the Férster-Cycle in DMSO

Michael Vester!, Andreas Griter®, Bjorn Finkler®, Robert Becker®, Gregor Jung®

“Biophysical Chemistry, Saarland University, 66123 Saarbriicken, Germany

Abstract

Time-resolved experiments with pulsed-laser excitation are the standard approach to map the
dynamic evolution of excited states, but ground-state kinetics remain hidden or require pump-
probe schemes. Here, we exploit the so-called photon antibunching, a purely quantum-optical
effect related to single molecule detection to assess the rate constants for a chemical reaction in
the electronic ground state. The measurement of the second-order correlation function g, i.e.
the evaluation of inter-photon arrival times is applied to the reprotonation in a Forster-cycle.
We find that the antibunching of three different photoacids in the aprotic solvent DMSO
significantly differs from the behavior in water. The longer decay constant of the biexponential
antibunching t; is linked to the bimolecular reprotonation kinetics of the fully separated ion-

pair, independent of the acidic additives. The value of the corresponding bimolecular rate

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

constant, k, = 4 x 10° M's™ indicates diffusion-controlled reprotonation. The analysis of t; also
allows for the extraction of the separation yield of proton and the conjugated base after
excitation and amounts to approximately 15 %. The shorter time component ts is connected to
the decay of the solvent-separated ion pair. The associated time constant for geminate
reprotonation is approximately 3 + 1 ns in agreement with independent tcspc experiments.
These experiments verify that the transfer of quantum-optical experiments to problems in

chemistry enables mechanistic conclusions which are hardly accessible by other methods.
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Introduction

rticle Online
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Proton transfer plays an important role in biochemistry and physiology, like in enzymatic
catalysis', ATP synthesis®, triggering of calcium-channels®*, or protein environments®® and it
is one of the most fundamental reaction types in chemistry. To study proton transfer reactions
and enlighten their underlying mechanisms, so-called photoacids were implemented as
molecular triggers for proton transfer in the past few decades.”!* More than 60 years ago
Forster was the first to explain an increase in the acidity of a pyrenol based molecule, namely
HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid, pyranine), upon excitation. The acidity
constant, pK, falls by six orders of magnitude and a corresponding red shift of its fluorescence
in water is observed.'* The so-called Forster cycle, in which the conjugated base is formed after
excited-state proton transfer (ESPT) and reprotonation occurs in the electronic ground state to
generate the photoacid again, was derived from steady-state fluorescence spectroscopy.'

The implementation of more sophisticated, time-resolved experiments allowed for a sharper
view onto processes following photoexcitation down to the femtosecond regime. Pyranine and

cyanonaphthols as well as quinoline-derivativs were investigated by fs-pump-probe'®?2

fluorescence upconversion”~2%, IR-pump-probe’™?® and time-correlated single photon

counting® instrumentation. These experiments were carried out in protic-polar solvents like

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

. ; ) N . N .
water, water-alcohol mixtures’!, short-chain alcohols® and also in dmso®. In this way,

additional species, which show up before the freely diffusing conjugated base is generated in

its excited state, have been proven, and both their formation and decay kinetics were determined

21,26,

with fs-resolution. 2?2340 It turned out, that, after excitation and intramolecular charge

transfer, the proton is released to form a strongly hydrogen-bonded ion pair (HBIP) within up

19.20'in which the protonated acceptor molecule resides

to 10 picoseconds in the case of HPTS,
nearby the anionic species without any additional solvent molecule in between (Fig. 1 a)).

Within tens of picoseconds, the so-called solvent-separated ion pair (SSIP) is created, in which
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the photobase and the protonated solvent molecule are separated by at least one up to some few

e rticle Online
DOI: 10.1039/

CPO0718J
solvent molecules.'®* In the SSIP, the proton diffuses inside the centrosymmetric, attractive

potential of the negatively charged corresponding base*'. Due to the electrostatic interaction,
proton and base can reform ROH" with a certain recombination probability. In water, this
geminate recombination takes place within approximately 3 ps.%’ If proton and anionic base do
not recombine, diffusion takes place until both ions are fully separated (fully-separated ion pair,

FSIP).'"* Now, both proton and anion move independently from each other.

a) b)

ROH" g, HBIP* sSsIp FSIP*
T = Ki e K
x
== e
~
HAC,
kexc kfROH kl,HB kf k,f RO* S_O e H_O-S(CH3)2+
— — H3
P B L8 “n
*—": kq,ss kn
ROH %"& HBIP SSIP FSIP

Figure 1: a) Eigen-Weller scheme. b) RO™ ---H-dmso* ion-pair. The number of dmso molecules is n =0
for the HBIP, and for the FSIP n >> 1. In the SSIP the proton is separated by few solvent molecules
from the anion, but still moves within the Coulomb potential of RO™.

Taken together, kinetics in the excited states is understood well so far. The reprotonation in the

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

ground state should proceed in an analogue manner. Base and proton diffuse together in close
proximity to form the SSIP. Subsequently, the approach continues until the HBIP is created
and, finally, proton and anion recombine. The processes described above are usually depicted
in the so-called Eigen-Weller scheme (Fig. | a)).

Common to all ultrafast techniques implemented to study proton transfer is the initial
preparation of the molecules in their excited state; afterwards the excited state potential surface
is mapped. The ground state kinetics of HBIP and SSIP is not easily accessible in that way.
Their associated decay rate constants, which may not necessarily be the same as in the excited

states, are not accessible.
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Here, we bridge this gap by analyzing the so-called photon antibunching, a purely quantum-

rticle Online
CP00718J

optical effect with no classical analogue. Under cw-illumination, individual quantum emitters,
such as single atoms, semiconductor nanocrystals, nanodiamonds and molecules, provide a
stream of photons well separated in time. The emission is antibunched then, because exactly
one photon is generated per photocycle.***® Photon antibunching is experimentally captured
by measuring the second-order correlation function g, This latter function g is a measure
for the time needed to detect a second photon after the initial detection of a first photon®’, i.e.
the time it takes to undergo a full photocycle. A common time-correlated single photon counting

instrumentation is needed to run the g®

-measurement, in which the timing device is started
with the detection of a first photon, i.e. in the moment, in which the molecule is prepared in its
ground state. As a consequence, g usually depends on the kinetics of each step in the
photocycle, i.e. the excitation step and the fluorescence in the case of a two-level system. The
associated rate constants can be determined by analyzing the antibunching decay.*****’ We see
the great benefit in analyzing the g® function in the fact that the complete kinetic information

of the whole photocycle is stored therein. It should be mentioned, that additional information is

embedded in the relative amplitudes of g'®. The stoichiometry of biochemical complexes or

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

aggregates®™ can be yielded in that way.

Recently, we were able to extract the chemical rate constants in a cyclic chemical reaction
scheme, namely the reprotonation rate constant in the ground state within the Forster-cycle in
water>! In the following we transfer these experiments to the proton transfer in dmso. Three

different, recently described photoacids™®-**>

are investigated together with different acidic
additives. Evidence is provided that exclusively the system H'/dmso is probed with our

approach. We find that the antibunching behavior apparently differs from the previously studied

antibunching in water. As in the aprotic solvent dmso the proton mobility is slowed down
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compared to protic solvent, measuring g@ allows for separating both the SSIP and the FSIP_

DOI: 10.1039/C6eCP0O0718]

decay kinetics. A simplified expression approximates the kinetics within the framework of

Fig. 1 a). Hence, the separation yield of proton and anionic base is experimentally accessible.

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.
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We use the photoacids Tris(1,1,1,3,3,3-hexafluoropropan-2-yl) 8-hydroxypyrene-1,3,6-

trisulfonate (1), Tris-(2,2,2-trifluoroethyl)-8-hydroxypyrene-1,3 6-trisulfonate  (2), and
8-Hydroxy-N,N',N"-trimethoxy-N,N',N"-trimethylpyrene-1,3,6- trisulfonamide (3), which
were synthesized in our lab.3? Their structures and their most relevant properties are found in
table 1. Whereas the ground state acidities in water are close within one order of magnitude,

excited state acidities span more than 2.5 orders of magnitude.

Table 1: Photophysical and photochemical properties of the photoacids used in this study.5?

property (1 (2) (3)

CFs |
0, 0,
o} )\CF: ). o7 cF,

. N
HO 50 Ho. 5/ HO 50
o oL %
sructure OO O ()
o X Lo
% 5" ?‘S O E‘;P O“ O ’?
S

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

s
FiC. 0" & TO._-CFy F3C._ 0% 0. CFs /O\N,S\\ S, -0
T, T, ° | o |

ROH 449 440 438

Aabs/nm
RO" 576 568 568
ROH c c 506

dem/nm
RO" 580 574 576
ROH 02 0.4 1.4

Tr/ ns
RO" 5.6 5.6 5.7
pKa 444 4.7 b3 6
pKa* -39 =27 -1.2

Aabs : absorption wavelength in dmso, Aem emission wavelength in dmso, T fluorescence lifetime in dmso, 2pKa
values in water by FCS, ® pKa values in water by absorption titration, pKa* values in water by Férster-calculation.
¢ cannot be determined due to high ESPT rate constant.

Each of (1) - (3) 1s dissolved in dmso (purchased from Acros chemicals, dimethyl sulfoxide,

99.7+%, Extra Dry over Molecular Sieve, AcroSeal®). Dmso is vacuum-distilled before use to
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further reduce background. Although the water content continuously increased during . . -
DOI: 10.1039/C6eCP0O0718]

measurement and was on average 10 % or below, the decay constants of antibunching do not

change significantly during the four hours of measurement time (see SI 1). For the actual
correlation measurements, the solutions are further diluted down to roughly 1 nM. For the
kinetic analysis of the Forster-cycle, trifluoroacetic acid (tfa; Lancaster chemicals, 99 %), d-tfa
(Sigma-Aldrich, 99.5 atom % D) or methanesulfonic acid (msa, Sigma-Aldrich, > 99 %) is
added to the solutions to shift the ground-state equilibrium towards the acidic form of the
photoacid (Fig. 2 (a)). Concentrations of these additives up to 300 mM are used. Excitation is
achieved with cw radiation at Acxc = 445 nm (Coherent, OBIS 445-LX) (in the case of the
Forster-cycle experiment), with cw radiation at Aexc = 546 nm (Guided Color Technologies,
fiber laser FL546) in the control experiment without addition of tfa. Fluorescence is collected
in a home-built confocal microscope (Zeiss, AxioVert 200) with an immersion objective (Zeiss,
a-Plan-Fluar 100x/1.45 oil), focused through a pinhole of 50 pm diameter and passed an
emission filter (AHF, 570/60 ET Bandpass), a 50-50 beam splitter and, finally, focused onto
two avalanche photon detectors (Perkin Elmer, SPCM-AQR-14). These two APDs are
connected to the input channel (Ch 1) and the sync channel (Ch 0) of a time-correlated single

photon counting module (Picoquant, Picoharp 300). The antibunching measurements are run in

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

the so-called T2 mode, in which a binary file is created containing all arrival times of all
detected photons. The obtained data is correlated by a commercial software (Picoquant,
SymPhoTime 64) thus providing the second-order correlation function g,

In this procedure, the overall second-order correlation function is obtained, which consists of

every process that leads to fluorescence fluctuations, that is diffusion, photobleaching, singlet-

54.55

triplet transitions and antibunching. If these processes occur on timescales, which are well

£.36-

separated, the respective attributions can be split.**>? The process of interest, in this case the

antibunching decay, can then be treated independently. In the actual experiment diffusion takes
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place in some 100 ps, photobleaching even occurs on a much longer time scale, if at_all.__
DOI: 10.10:

Bunching kinetics are found in the range of 3 -7 us at low tfa concentrations (0 to roughly

3mM) and 0.2-0.1 pus at high tfa concentrations (>30 mM, see SI2). The longest
antibunching decay times are about 150 ns (around 1 mM) and shorter at higher tfa
concentrations, i.e. 5 to 10 ns (> 300 mM), thus differ from triplet dynamics by at least one
order of magnitude. Therefore, we independently analyze antibunching with strong support
(2)

from theory.’*" During the analysis of gap'?, i.e. the antibunching decay of g® which is

obtained by the separation of time scales, is normalized such that gag®(+o0) = 1 is fulfilled.”!

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.
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Results

DOI- 10.1039/C6CP007169
Spectra of compound (2) are depicted in Fig. 2. Without addition of tfa, the three compounds
are almost fully deprotonated in the ground-state. Addition of tfa leads to the population of the
respective ROH state. As we run the antibunching experiments at [tfa] > 1 mM up to 300 mM,
all the three compounds are fully neutralized. After excitation of ROH, fluorescence almost
exclusively (= 95 %) arises from the RO™ * state in case of (1) and (2) (Fig. 2 b)). However, (3)
still shows some noteworthy emission of the ROH* state®? (SI 3). The preponderance of RO™ *

emission is explained by a very fast ESPT (pKa* = -4 — -1). In summary, chemical conditions

can be established so that the Forster-cycle takes place very efficiently.

a) b)

0.20
[tfa] / gM 6004  [tfa]/ pM
0.151 —_3 _3
. —10 —10
=} 15
© 25 S 4004 15
~  0.101 20 © —25
_£ 300 = oo
====1000, 200] ——1000
0.05-4 3000 ——3000
0.00- e e J\ &
400 450 500 550 600 450 500 550 600 650
~/nm Al nm
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Figure 2: Absorption a) and emission (excitation at 410 nm) b) spectra of (2) in dmso at different tfa
concentrations. The transmission profile of the emission filter (570/60 ET Bandpass) is illustrated in
black dotted lines.

Antibunching experiments are carried out at various tfa concentrations (Fig.3). At tfa
concentrations in the order of 1 mM, g® decays biexponentially with a short-time (t;) and a
long-time (t1) component (Fig. 3 a)). The former time-constant is about 10 ns, t; is roughly
160 ns in this example. Astonishingly, we retrieve values for ti at low proton concentrations,
which are longer than the average time needed for excitation, texc = 1/kexe =30 ns. At tfa

concentrations higher than 10 mM, the biexponential decay collapses to a monoexponential
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(2)

curve (Fig. 3 b)). If the tfa concentration is further increased, g'* approaches the antibunching .

DOI: 10.1039/C6CP00718J
decay, which is obtained when the molecule only cycles between the RO™* and the RO™ state
under excitation at 546 nm (red curve, Fig.3Db)). Here, the antibunching decay time

(5.1 £ 0.2 ns) is smaller than the fluorescence lifetime of the RO™ form (5.6 ns from tcspc) as

expected from theory.*’

1.00

0.751
[tfa] / mM

—

(2)
AB

0.50

o

—Q
—3
10
_ —30
t/ns 1 —RO
0.00 T T T 0.00 T T T
-300  -200 -100 0 100 200 300 -200 -100 0 100 200

0.254

T/ns t/ns

Figure 3: (a) Experimental g function of (1) at 3 mM tfa. red: biexponential decay, blue: long-time
component, green: short-time component. (b) Normalized g® of (1) at different tfa concentrations.
These are normalized fit functions of the experimental data for better visualization (for experimental
correlation functions see Sl 4). Antibunching measurement of the pure RO~ emission under RO~
excitation yields the red curve.

Fig. 4 provides a comparison of the decay constants ts and t; of the three photoacids in dmso at
various tfa concentrations. The other photoacids (2) and (3) show an analogue behavior with
respect to ti and ts. Neither ti nor ts systematically depend on their respective pKa or pKa*. The
short time-component, ts= 8.5 + 0.8 ns, turns out to be constant with respect to the proton
concentration (Fig. 4 a)). The apparent tendency of (3) to slightly lower values of ts likely arises
from some contribution of the ROH emission as can be noticed in the emission spectrum (SI 3).
For increasing tfa concentrations, the long-time components, ti, levels off for all three
compounds (Fig. 4 b)). The saturation behavior is better seen when the corresponding rate
constant, ki, is plotted against [tfa] (Fig. 4 ¢)). We obtain values for k; for all three compounds,

which are smaller than kexe =30 MHz. However, a linear proportionality to [tfa] is only found
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below 10 mM (Fig. 4 d)). Again, no significant impact of the proton donor (methanesulfonigc or

Article Online

DOI: 10.1039/C6CP0O0718]

d-tfa instead of tfa, SI 5, SI6) on the long-time decay is noticed. Because of these findings, the
observed reprotonation behavior is supposed to be universal, i.e. to be solely dependent on the

solvent properties.

a) b
15 . . . r 200
150 [
10 l
ks ; I € 100, {
4 & ‘ - I
o o by |
i : !
. i p - i 0 : . ‘
0 2 4 6 8 10 0 10 20 30
[tfa] / mM [tfa] / mM
C)

ki/ MHz
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[tfa] / mM [tfa] / mM

Figure 4: a) ts against tfa concentration. The compound (1) is depicted in red, (2) in green and (3) in
blue. The apparent tendency for (3) to slightly lower values of ts likely arises from some contribution
of the ROH emission (Sl 3). b) Dependence of ti on the tfa concentration. ¢) Rate constant ki against
tfa concentration. d) Linear relationship between ki and [tfa] in the mM range.
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Discussion
DOI: 10.1039/C6CP0O0718]

Different kinetic models were assessed for describing the experimental behavior of g®. It

turned out that the experimental, biexponential behavior with decay times t; > 1/kexc only can

be reproduced if two emissive species with different recombination kinetics contribute to the

detected fluorescence. Within the Eigen-Weller scheme, at least three of the four specimen

provide fluorescence in distinguishable spectral ranges. The ROH* emission is hardly, or only

to some amount for (3), detected in the experiment (Fig. 2 b)). The HBIP* emission is expected

to lie in between the emission of ROH* and FSIP*, blue-shifted to that of RO™* ¢*! Except

from these experimental studies, our previous solvatochromic studies® with various hydrogen-

bonding donor solvents also allow for estimating the emission wavelength range of the HBIP:

We conclude from the higher acidity of protonated dmso compared to hexafluoroisopropanol

that Aen(HBIP) << Aem(RO~ in HfiPrOH) = 550 nm. Furthermore, the lifetime of the

intermediate HBIP is presumably short®”. Thus, the rate constant kesp describes the formation

of the SSIP* 352 Summed up, the populations of the ROH* and the HBIP* state are close to

zero for all times under experimental conditions®" and the Eigen-Weller scheme is reduced to a

more suitable five-level scheme (Fig. 5 a)).

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.
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Figure 5: a) Simplified 5-level-scheme.

b) Simulation of the numerical solutions of the 5-level scheme at different reprotonation rate constants
kp. kexc was set to 30 MHz, ki to 180 MHz, kq to 330 MHz and ka to 10 MHz, which corresponds to tfa
concentrations about 3 mM.

c¢) Comparison of numerical calculation and experimental data (1 at [tfa] = 1 mM). Choosing of slighty
altered fit parameters, which still lie within the error margins of the measurement, leads to a curve that
fits the simulation well.

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

The system of coupled, differential equations, which corresponds to the five-level scheme, is
solved numerically (SI 7) on the basis of independently accessible experimental data as far as
possible. In this process, kexc is set to 30 MHz, kr to 180 MHz, kq to 10 MHz, kq to 330 MHz
and kp is varied. kexe was derived from the extinction coefficient’?, and kr from lifetime
measurements®. kq was, first, approximated based on former experiments’! and later-on
verified by further simulations (see SI 8). 1/kq tentatively matches 3 ns, which we extract from
the experimental t; = 8.5 ns. Since the molecules are either prepared in the SSIP state or in the
FSIP state after the detection of the first photon at T = 0, the initial populations of the remaining

states are set to zero. Due to the relative amplitudes, which we observe experimentally (table 4
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in SI), [SSIP](0)=0.33 and [FSIP](0)=0.67 are chosen as starting conditions for _the

w Article Online

DOI: 10.1039/C6CP0O0718]

simulations. Assuming the same brightness and similar fluorescence decay rate constant of the
SSIP* and the FSIP* (see SI 9), g can be derived from the sum of the respective excited state

92 g which are obtained in this manner, show a biexponential decay for low

populations
reprotonation rate constants kp, which becomes monoexponential for higher kp. Thus, simulated
g comply with the experimental behavior (Fig. 5 ¢)). An even better agreement between
simulation and experiment is achieved when ki, ks and A, As are slightly altered, within the
error margin of the experiment.

We simplify the five-level scheme in order to obtain approximate analytical expressions for g'»
(SI 10). Suchlike approximation is intended to explain the fact that we find t1 > texe = 1/kexc and
to extract chemical information from the antibunching experiment, which is otherwise only
obtained from comparison of simulated with experimental data. Due to the distinct separation

of kr and kg, we are able to describe the five-level scheme as a combination of a cyclic three-

level sub system and a two-state super scheme (Fig. 6).

a) b)

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

SSIP~

— FSIP*

t= —
k k, eff
exc f kd
—_—
- k
Kq 3-level p fully
ROH SSIP FSIP sub separated
~ < system
fully
3-level sub system separated

Figure 6: a) Approximate description of the five-level scheme for low [tfa]. An analytical expression of
g'@ is derived from combining the 3-level sub system with the 2-state super system (b).

Previously, three-level systems containing the So, S1 and a triplet state T; were simplified in an

63-6

analogue manner,*~* for which a separation of time scales of the singlet-singlet and the singlet-
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triplet transitions was provided. In our case, the three-level sub system consists of the states.

Article Online

DOI: 10.1039/C6CP0O0718]

ROH, SSIP* and SSIP, which was already solved analytically®! (Fig. 6 a)). In the two-state
super system, these three states are unified in one system and the second state corresponds to
the arrangement, in which proton and anion are fully separated (Fig. 6 b)). kp describes diffusive
reprotonation and corresponds to the reprotonation rate constant in the five-level description of
the Eigen-Weller scheme. k4 is the effective rate constant for the FSIP* formation and is kq

multiplied by the likelihood of SSIP* excitation (E1).

k
eff _ exc
ko =kag ky

(E1)
The time scale of FSIP creation and FSIP decay and the time needed to cycle the three-level
scheme differ enough to assume a separation of time scales. This assumption is valid at least at
low proton concentrations in the lower mM range (ts = 10 ns vs. t1 = 150 ns) (see SI 2).

As the molecule is either prepared in the SSIP state or in the FSIP state after the detection of
the first photon, the following boundary conditions are chosen. If the three-level scheme is
initially cycled, the molecule is prepared in the SSIP state, i.e. [SSIP](t=0) =1 is selected. If

the ion-pair is fully separated at t =0, [FSIP](t = 0) = 1 is picked for the two-level sub system

(Fig. 6 b)). The analytical expressions for [SSIP*] and [FSIP] are given in table 2. g® is then

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

derived from the linear combination of these two populations with variable amplitudes. Please
note that no distinction is made between FSIP and FSIP*in the mathematical description of the

combined system in Fig. 6 b) and table 2.
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Table 2: Analytical expressions for [SSIP*] and [FSIP*]. In a coarse-grained approach, g'@ is derived from lhe_"Ii_ne_ar B

o ) DO 101039/
combination of these two populations.

three-level sub-system two-state super system

SSIP*

eff
Ky
kexc kl k
3-level b fully

—r
kT 4k,

The solution for [SSIP*], which describes the fast recombination kinetics, is composed of two

—— sub separated
Kq system
B ROH ssIP
g decay S12 = 1/2 (—a +A) (E2) s3=—(kq + k) (E7)
(=]
= constants
S T = Kexe +kp + ky (E3)
z P = Kexcky + Kexeky + kpkg  (E4)
£ A= a2 —4p (ES)
E excited-state [SSIP*](E) (EB) | [FSIP](t) (E8)
=]
Y i f
3 populations _ keoxchy + kexcly exp(s;) _ K&
.é 550 5055 —51) k:ff +k,
z
g Kexck
a excltq
s ——exp(s;yt
= 5251 — 5 P2 - exp(= (kST +16,))
(3]
=
g
2
£

exponentials, of which only s; is physically meaningful for the time resolution of the
experiment.’' s1is simplified for didactic reason (see SI 11) and (E9) is obtained.

1 o 1

1
te=——x—x ———m+ —=1, icar T T
s S1 P Kowe T kf kq classical q (E9)

The experimental short time component ts is composed of the sum of the “classical”
antibunching decay time tejassical = (kexe+kr)™! and the time needed for reprotonation within the
SSIP, tq= 1/kq. Under excitation with 546 nm at 200 kW/cm?, which also corresponds to
kexe = 30 MHz, tn.aB = (kexetkn)' = 5.1 £ 0.2 ns is obtained. Taking (E9) and t;= 8.5+ 0.8 ns

into account, the reprotonation time tq is obtained as 3 + 1 ns. tq in the exited state is also
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recorded by TCSPC with excitation of the ROH species and a proton concentration up to,
DOI: 10.1035/

(see SI 12). Independently, the time needed for excited state reprotonation is obtained as

M.

icle Online

CP00718J

2.5+ 0.1 ns and nicely verifies the validity of our model.

The decay kinetics of the FSIP on a longer timescale is determined by both k¢ and k.
According to (E7), [FSIP](t), thus the experimentally obtainable long-time component of the
¢? decay, is fairly independent from the excitation rate constant ke at low proton
concentrations. Consequently, values for the long-time component of g are indeed obtained
that are longer than texc = 1/kexe. Finally, in order to extract the bimolecular rate constant for
diffusive reprotonation ki([tfa]) is analyzed at low [tfa] (Fig. 4 d)).>"® A linear fit of the long
time component at low proton concentrations, where our model splitting is valid (Fig. 6), yields
the bimolecular rate constant for the reprotonation k" as the slope. Its value is about
4+1x10°M's! and thus diffusion-controlled (Fig. 4 d)). Please note that the three-
level + two-level approximation may break down in the case of higher proton concentrations
([tfa] > 10 mM) as the separation of time scales is not valid any more. The saturation behavior
of ki is therefore not comprised within the model of Fig. 6. To estimate the probability ®es for
the proton to leave the Coulombic cage of the anion, kq is assessed. ke is obtained from the

linear fit of ki([tfa]) as 4 + 1 MHz as the intercept. (E8) yields kq as 30 + 7 MHz.

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

ka

q)E?SC = ka‘_ + kf

(E10)

The escape probability (E10) is then about 15 +£4 %. At the end, some remarks about the
amplitudes Ai, As are noteworthy. The simulation in Fig. S11 and S12 b) as well as equations
(E6) and (E8) provide evidence that the partition among the relative amplitudes is very sensitive
to kexec whereas the constants ki and ks are not dependent thereon to same amount (Fig. S12 a)).
We therefore attribute their distribution in table 4 in the SI, at least in parts, to varying excitation
conditions within the Gaussian shape of the focused laser beam. Although we used the relative

amplitudes as starting point for the calculations (see eq. S5), the amplitudes for the long and
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short time decays are not a measure for the escape probability, as one would assyme,

=W Article Online

DOI: 10.1039/C6CP0O0718]

Complicated dependencies of amplitudes were previously described for strongly coupled 4-
level systems.®”%® In addition, the limited time resolution and the contribution of ROH emission
in the case of (3), may aggravate an accurate extraction of Aj and As. We therefore renounced
an analysis of the amplitudes in the antibunching experiment. Moreover, slight changes of the
amplitudes while the time constants are kept within the error limits, lead to a better agreement

between experiment and simulation in Fig. 5 ¢).

Published on 11 March 2016. Downloaded by Universitat des Saarlandes on 20/03/2016 15:32:11.

18 of 23

Reproduced from PCCP, 2016, Accepted Manuscript DOI: 10.1039/C6CP00718J
With permission from the PCCP Owner Societies.

http:/pubs.rsc.org/en/content/articlepdf/2016/cp/c6cp00718j Seite | 131



http://pubs.rsc.org/en/content/articlepdf/2016/cp/c6cp00718j

5.3 PCCP, 2016, Accepted Manuscript

Page 19 of 23 Physical Chemistry Chemical Physics

Conclusions

View Article ¢
DOI: 10.1039/C6

We studied the ground-state reprotonation within the Forster-cycle of three photoacids in the
aprotic solvent dmso. Antibunching analysis was chosen as experimental method as the
associated decay constant contains information about all rate constants within the photocycle.
The exponential decay of gap® yielded two different time components. The longer decay
constant was linked to the bimolecular reprotonation kinetics of FSIP by acid. The value of the
corresponding bimolecular rate constant, ky =4 x 10° M's”! indicates diffusion-controlled
reprotonation and is, thus, comparable to that by buffer molecules in water.>' Analysis of ki also
allowed to extract kq, from which an escape probability of the proton of approximately 15 + 4 %
could be deduced. The shorter time component was connected to the decay of the SSIP and was
hidden in the gag® in water due to the inherent fast proton-diffusion therein. t; = 8.5 ns is
roughly the sum of the “classical” decay time, tclassical and the time found for geminate
reprotonation from SSIP to ROH, tq. The latter time constant was tq =3 + 1 ns in agreement

with independent tcspc experiments.
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(1) Sequential correlation of the photon stream

To study the influence of the water content, which did not exceed on average 10 Vol-% and
below, on the g® decay, the fluorescence signal of (2) at 2 mM tfa concentration is analyzed
in more detail. The photon stream, which was recorded over 4 hours, is equally split and is
correlated for each of the four hours of measurement time. The separate correlations of each
hour of measurement time do not yield significant deviations from each other with respect to
the decay constants within the error margin of the experiment. We conclude that the behavior

of H" in dmso is not significantly altered up to a water content of 10 Vol-%.

0-50 T T T T T
-300  -200 -100 0 100 200 300

t/ns

Fig. S1: Experimental correlation function of (2) at 2 mM tfa concentration. Each full hour of the
photon stream, which was recorded over 4 hours, is correlated separately. The same result is
obtained in other runs, where one-hour cut-outs could be studied.

Tab. 1: Fit parameters of g,g@. t; long-time component, ts: short-time component. The dt are the respective
errors, A, As correspond to the relative, unnormalized amplitudes.

T/h t / ns dt;/ ns ty / ns dt, / ns A A,
1 122 11 7 2 0.25 0.11
2 103 10 12 4 0.26 0.09
3 124 16 14 3 0.24 0.12
4 99 12 15 6 0.25 0.08
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(2) Triplet kinetics

The g function, which is obtained in the experiment, is dependent on each process that leads
to fluorescence fluctuations, that is diffusion, photobleaching, singlet-triplet transitions and
antibunching.!> If these processes occur on timescales, which are different enough, the
respective contributions can be segregated: The process of interest, in this case the
antibunching decay, can then be treated separately. > Diffusional time constants of single
molecules in solvents with viscosities around 1 mPa-s usually lie in the order of 100 us, the
photobleaching occurs on a much longer time scale, if at all.”

To prove the separation of the triplet and the antibunching time scales, we determine the
intersystem crossing rate constant (isc, ki) and the rate constant for the depopulation of the
triplet state, kysc in two experiments in dmso. In the first one, the deprotonated form is excited
with 546 nm and the intensity is varied (Fig. S2, left). 10 uM of CsCO; is added as base to
ensure that no other species than the FSIP is excited. The intensity independent isc-rate ki
constant is determined with equation S1, where ki * is the isc rate constant at a given
excitation rate. In the second experiment, the ROH is excited with 445 nm and ki i1s
determined in a similar manner (Fig. S2, right). Here, the proton concentration is varied

instead of k..

kef‘f _ kisckexc (Sl)
B Tk + kg

c

ssiP* FsIP* T
FSIP* L

k.
- kisc T1 T~ isC

kexc kf / kexc k‘f kf %
krisc risc

-‘“”’__ k
FSIP Kq P
ROH SSIP FSIP

Fig. S2: Excitation schemes for the investigation of the triplet kinetics. Left: the deprotonated form is
excited with 546 nm. Right: In the “Férster-cycle” experiment the ROH form is excited with 445 nm.
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Tab. 2: Triplet kinetics of the photoacids used in this study in dmso. The second column lists the intensity

independent rate constants for intersystem crossing. The third one provides the effective isc rate constants at
30 MHz excitation rate, which is implemented in the antibunching experiment. Together with the rate constant for

bunching time constant tg, kesc, the triplet lifetime at kex = 30 MHz is obtained (fifth column).

at ke, =30 MHz at ke, =30 MHz
Photoacid kis. / MHz ki / MHz Kyisc / MHz tg / us
(1) 0.98 +£0.03 0.13£0.01 0.63+0.07 L5
(2) 1.15+0.04 0.26+0.01 0.74+0.03 13
3) 0.85+0.06 0.15+0.02 1.41+0.14 0.7

Tab. 3: The dependence of the effective inter-system crossing rate constant kis.¢" and the bunching time tg of the
photoacid (2) on the proton concentration during the Férster-cycle experiment.

[msa] / mM kit / kHz Kyise / kHz tg / ps
1 4+3 144 £ 72 6.757
3 28+ 7 230 £36 3.876
10 4+1 3543 0.256
30 9+1 818 0.111
100 11+1 75+7 0.163
=t
KL+ by

(82)

In the case of ROH excitation at various proton concentrations the time constant tg (S2), on

which bunching occurs, lies in the range of 6.8 us and 0.1 pus. The corresponding

antibunching decay times (the t; component) range from = 150ns at 1 mM proton

concentration to below 10 ns at > 30 mM proton concentrations.

Thus, the antibunching decay is at least 10 times faster than the triplet associated kinetics. We

conclude that antibunching and triplet decay can be separately analyzed.

It is noteworthy that the time constant of the photon bunching, tg, decreases as the proton

concentration increases. We explain this unexpected bahaviour by proton quenching of the

triplet state, which has been observed in the fluorescence of 2-Naphthol in a similar manner.®
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(3) Spectral properties of (3)

The absorption spectra of (3) resemble those of compounds (1) and (2). The emission spectra
of (3) show a stronger ROH emission than in the case of (1) and (2). The “contamination” of
the analyzed photon stream by ROH photons likely explains the tendency of shorter t; in the

antibunching of compound (3) (see Fig. 4 a)).

a) b)

[tfa] / pM
— 4
—3
5
—8
10
—100

[tfa] / pM
038 —0
_3
5
-8
10
100

0.6

I,/ a.u.

0.4

I/ @.U.

0.2+

0.0

Al nm

Fig. S3: Absorption a) and emission c) spectra of compound (3). The transmission profile of the
emission filter (570/60 ET Bandpass) is also depicted in c).
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(4) Experimental autocorrelation functions
Experimental correlation functions of the three photoacids (1)-(3) at 1, 2 and 3 mM tfa
concentration are shown in Fig. S4 a), ¢) and d). The normalized fit curves are depicted in the

manuscript in Fig. 3 b). Table 4 gives an overview of the associated fit parameters.

a) b)

2)
98

)
9

[tfa] / mM
S—

— 3

00 200 100 O 100 200 300

c) d)

@
9ne

@
g

.50+ T T T T T 1 0.50+ T T T 1
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300

t/ns t/ns

Fig. S4: Experimental correlation functions of compounds (1)-(3). a) Compound (2) at 1-3 mM tfa
concentration. b) Compound (2) at 100 mM tfa. c)-d) Photoacids (1) and (3) at 1-3 mM tfa.
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Tab. 4: Fit parameters of the g.g@ of (1)-(3) at 1-3 mM tfa concentration.
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Compound | [tfa] / mM ti/ ns dt;/ ns to/ ns dt, / ns A/ % Al %
(1) 1 161 83 9.5 34 46 54
2 93 14 82 35 66 34
3 54.4 5 5.6 22 66 34
(2) 1 156 142 93 1.3 64 36
2 111 5.7 12.2 1.7 72 28
3 93.8 4.7 9.3 1.8 74 26
3) 1 107 35.6 3 2.4 40 60
2 147 45.6 5.1 1.3 39 61
3 64.4 10.6 4.8 28 61 39
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(5) Antibunching decay with addition of methanesulfonic acid

To find out whether the progression of ki(c) depends on the proton donating acid or not, the
antibunching measurement is repeated with methanesulfonic acid (msa) instead of
trifluoroacetic acid (tfa). The influence of the proton donor on the long time component of the
antibunching, respectively k;, is negligible in the linear range, from which the bimolecular
reprotonation rate constant k, is extracted (Fig. S5 left). Consequently, this hints to a
common mechanistic reason behind the ground-state reprotonation in the linear regime. Both
plots differ only in the saturation range. We ascribe this difference to slightly different
dissociation of msa and tfa in dmso, which we proved by NMR spectroscopy (not shown). As

a consequence, a certain acid concentration leads to a higher decay rate constant in the case of

msa.
50 Y . . . . 150
= Msa
. tfa
100+
] N §
T L] B
= E ot
el =~ —
= 50 -7
&
0 T T T T
0 25 50 75 100
Sl ¢/ mM

Fig. S5: Dependence of antibunching decay rate constants on proton acid concentration in the linear

range and in the range of 0-100 mM.
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(6) Isotope-effect
The progression of k(tfa) is compared to that of kj(d-tfa) (Fig. S6), whose bimolecular rate
constants differ by 5 %. This is similar to the error in the determination of the bimolecular

rate constant for the different photoacids. Consequently, no clear isotope effect is detected.

150 ' ' ' ' "] 50
* tfa =
% = d-tfa 404 . tfaf d
d-tfa
100 i _— -
e ff £ ™
~ ' = /
50 - = /
10 B
' L]
. . e
0 : . , y . 0 - ; r ‘ .
0 20 40 60 80 100 0 2 4 6 3 10
c/mM c/mM

Fig. S6: Investigation of the kinetic isotope effect. The long-time decay constants (left) and decay rate
constants (right) over the added amount of tfa and d-tfa, respectively. The bimolecular rate constant
for protonation k" by tfa is 4.1 + 0.2 x 10° M-'s*! and by d-tfa 5.0 + 0.2 x 10° M-'s-1.
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(7) 5-states-system

SSIP* K FSIP*
—
kexc kf kf
‘-—"“ﬂ__“/_
Kq K,
ROH SSIP FSIP

Fig. S7: 5-level-scheme.

Equation S1 collects the transitions within the 5-level-scheme.

Esipty (TR0 0 kq O\ isip
4| Esip ke o —ky-s 0 0 0 FSIP
—| ROH | = 0 0 -k —s 0 .'cq ROH (S3)
dt| gs1p- 0 0 ke  —kp-kg-s 0 ||ssip*
SSIP 0 k 0 ky ~k,-s|\ SSIP
or
FSIP* FSIP*
dq| Fsip ESIP
1| ROH |=K| ROH (S4)
ssIp* sSIP*
SSIP SSIP

For the numerical -calculations, ke =30MHz, k;=180MHz ky=10MHz and
kq=330 MHz are set and k;, is varied. S5 is chosen as initial condition as the molecule is
either in the SSIP state or in the FSIP state after the emission of a photon. The distribution

among FSIP and SSIP is chosen according to the amplitudes of the antibunching decays.

FSIP* 0
d| FSIP 1/3
—| ROH | =0 (85)
atl ss1p* 0

SSIP 2/3

(8) Dissociation constant kg

In order to estimate the magnitude of kg, gag® is simulated taking the 5-level scheme as basis.
In the present case, key was set to 30 MHz, k¢ to 180 MHz, k; to 330 MHz and k, to 3 MHz.
kq is changed in the range of 3 to 30 MHz. k; fits the fluorescence rate constant and the
assumed k, roughly matches the experimental k, at 1 mM tfa based on a bimolecular rate

constant of about 4 x 10° M-1s1,
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The obtained, simulated curves are compared to experimental gag® at 1 mM tfa (Fig. S8 a)).
The comparison hints to experimental kg in the range of 3 to 60 MHz. These values were
initially used as input for other numerical calculations. Besides, kg much lower than 3 MHz is
not in agreement with the experiment. kq significantly higher than 30 MHz leads to gap®,
which also strongly deviates from experimentally seizable correlation functions (Fig. S8 b)).
We learn from suchlike simulations that k4 likely lies in the range between = | and 60 MHz.
Thus, we conclude that ky is considerably smaller than k; which allows us to introduce the

approximation in (S9).

a) b)

(2)
AB
(2)
AB

g
9

(1), 1mM tfa
seeee (2), 1M tfa

Fig. S8: a) Comparison of experimental correlation functions at 1 mM tfa and simulated data at
different ky. The simulated data is obtained by numerically solving the 5-state scheme. ke. was set to
30 MHz, ks to 180 MHz (corresponding to fluorescence lifetime), ky to 330 MHz and k;, to 3 MHz,
which roughly fits the experimental k, at 1 mM tfa. ky is in the range of 3 to 30 MHz at tfa
concentrations between 1 to 5 mM. b) Simulated g® for ky between 3 and 100 MHz. At k4 higher than
60 MHz, g@ is no longer biexponential with two amplitudes of the same sign and, hence, do not
reproduce experimental behavior.
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(9) TCSPC data: Comparison of SSIP* and FSIP*

During the derivation of the g of the five-level scheme, the SSIP* and FSIP* are assumed to
decay in a similar manner. Figure S9 a) depicts the fluorescence decay of compound (2),
which are obtained with excitation of the ROH form (405 nm) and the RO~ form (470 nm)
respectively. In both cases, the RO fluorescence is observed. Although different excitation
schemes are applied, the respective tcspc data show monoexponential decays. The associated
decay constants differ by 3 % and less (Tab. 5). The apparent difference between 405 nm and
470 nm excitation in the case of (3) is due to the buildup of the RO * population. This
buildup is less obvious is the case of (2) because of its distinctly higher espt rate constant.
Hence, the assumption of similar decay constants of SSIP* and FSIP* is backed by the tcspe

data.

a) b)

excitation at excitation at
——405 nm ~——— 405 nm
——470 nm ~———470 nm

0.1 0.1

0.01+

t/ns t/ns

Fig. S9: Fluorescence decay of a) (2) and b) (3) in dmso with excitation at 405 nm and 470 nm. The
emission filter is 570/60 ET Bandpass.

Tab. 5: Decay constants of the (2) and (3) fluorescence. The error is between 1 and 2 %.

t/ns
(2). exc. at 405 nm 5.61
(2). exc. at 470 nm 5.78
(3). exc. at 405 nm 5.56
(3). exc. at 470 nm 5.62
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(10) 3-state-system plus 2-state-system

The goal is to obtain a valid approximation of gap®, which ought to be chemically
interpretable. Therefore, analytical expressions for the SSIP* and the FSIP* population are
obtained by splitting the five-level Eigen-Weller scheme into a 3-level-scheme and a 2-level-

scheme.

SSIP*
kexc kf eff
Kg
—4—"’/__ & _—' -
kq kp
ROH SSIP A FSIP

Fig. S10: Combination of 3-level and 2-level-scheme.

The transitions within the 3-level sub scheme are combined in the equations

d ROH _kexc_s 0 kq ROH
E(sszp‘)= Kexe —kp-s 0 (SSIP‘ (S6)
SSIP 0 ke -k, - s|\ SSIP
or
4 ROH ROH
e SSIP* | = K4|SSIP* (S7)
tssip) —\ssip

The molecule is found in the SSIP after the emission of a photon from the SSIP* state.

Therefore, S6 is set as initial condition.

4 ( ROH 0
&y Tl =10
oty 0= (1) o
detKy == (5" + s(kype + Kp + k) + Kok + ko ko + kok,) == 5(s, - 5)(s3- 5) (S9)
1
iy 1= S S5~ 2p) (810)
and?= kexc+kf+kq' pzkexckf+ kexckq+kfkq (S11)

The implementation of the residue theorem (each pole of K; is separated from the fraction and

becomes an exponential function) leads to S12.
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3
detX
[X1(6) = ;@exp(sir) (S12)

The matrices X in S12 account for the initial conditions. So, the SSIP* matrix, which

corresponds to the SSIP* state is given by S12.

~k,e=s 0 kq
SSIP™ = ey 0 0 (S13)
0 -1 -k, -s
q
Then, the determinant of SSIP* is
[SSIP”| == kK, (S14)

This finally leads to

k,..k k,.k Kook
[$SIP*](6) = ——2 4 — 1 _expii(s,t) + ————expiii(s,t) (S15)
§283  Sy(s3-57) s3(s2 - 53) '
For the 2-level-system equation S16 is valid.
dpsipy_(~k,-s KU \Esip
H U R Y 16
kg is given by (E1):
exc
el =k E (E1)

In S16, A accounts for transitions within the three-level system.
S17 is chosen as boundary condition, because the system is in the FSIP state the moment just

after the emission from the FSIP* state.

%(stp)f =0~ (3}) (817)
or
DetK, =-s(s + k, + k) (S18)
with 1= 0> 55 == (k, + k%)) (S19)

Again, the residue theorem leads to
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5
detX
X1(t) = - -t
(X1 ; G, (i) (S20)
In the present case:
-
[FSIP)(£) = ———— - ————explii( - (k, + k)) (821)

ke, + Ketf k, + Kketf

g is approximated by a linear combination of [SSIP*] and [FSIP].

1 R Ay A3 A
g@ e N—([SS!P | +[FSIP])=1+ N—exp(sz.‘:) + §oxP (s3t) - N—expizfzj(ss t) (S22)
g g g g
with
k,. k Kkelf
NB. _ exc''q + d (823)
5253kt ke’;f
k. ke ke, J kel
excq A= excq A d (524)

2= » A3 = » A5 =
5y(s5-52) 53(5, - 53) k,+ ke‘;f

Fig. S11 a) shows numerical solutions of the five-level Eigen-Weller scheme for various
excitation rate constants Kee. As input kp=180 MHz, kg=10MHz, kq=330MHz and
kp, =3 MHz is used. Thereby, k, matches the SSIP reprotonation rate constant we determined
in the antibunching experiment. In the experiment, kq is in the range of 3 - 30 MHz (see SI 8),
so kg is set to 10 MHz for the following calculation. k, =3 MHz is expected at 1-3 mM tfa
concentration. The predicted dependency of the amplitudes of the g® function (eq. S22-S24)

is reflected by experimental correlation functions as depicted in Fig. S11 b).

a) b)
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(2)
gAE
@
gAB

T/ns 1/ns

Fig. S11: a) Numerical solutions of the 5-level scheme for different kex.. b) Experimental correlation
functions at different excitation rate constants. These have been normalized to be comparable with the
simulated curves.

In summary, k; only changes by a factor of 2 when ke is raised from 3 MHz to 100 MHz, i.e.
by a factor of about thirty (Fig. S12 a)). Based on that, the long-time component of g,g‘® only
shows a minor dependence on the applied excitation rate. The splitting of the 5-level scheme
into the 3-level and the two level system is valid in a good approximation, especially at
Kexe = 3-100 MHz in the time range between 0 and 200 ns. The influence of k., on the relative
amplitudes A and A, is shown in Fig. S12 b). In the range of 0 to 300 MHz, A; monotonically
decreases as A increases. Also this behavior is described by our model, where As, which is
associated with the long-time component, decreases as ke, thus also k4T, increases.
Accordingly, the 3-level-2-level approximation also describes that experimental behavior
well. However, the most sensitive parameter to a variation of ke, is the distribution among the

amplitudes which might partially explain the experimental variation in table 4.

a)

k , k i/ MHz

200

150

100

50

25

5II]
k... ! MHz

75

b)

VA

1.00

0.50

0.25

0.00

25 50 75 100
K, ! MHz

Fig. S12: a) Dependence of k; and ks on the excitation rate constant k... b) Dependence of the

relative amplitudes A, and A; on Key.

(11) Simplification of s, for didactic reasons

16 of 19

Reproduced from PCCP, 2016, Accepted Manuscript DOI: 10.1039/C6CP00718J
With permission from the PCCP Owner Societies.

Seite | 152 http:/pubs.rsc.org/en/content/articlepdf/2016/cp/c6cp00718j



http://pubs.rsc.org/en/content/articlepdf/2016/cp/c6cp00718j

5.3 PCCP, 2016, Accepted Manuscript

s - (-t = 3p) (525)
4p (526)
= 1/2 -o+to 1-?)
1 14p (S27)
~ /2(—a+5(1—§))
__P (S28)
- o

The approximation of the square root is assumed to be valid because of p << o.

f=— L g (529)
5 p
kot ke t+ kg (S30)
T+ gk + Kk
kq . kexc+kf (S31)
quf+kexckq+kfkexc quf+ kexckq-l'kfkexc

1

1
k.. ==k k.. =~—k
Cexe 6 f and exc 10

Approximation: % thus Kexe <kpk,

1 1 1

t. =—— ~ - 4= -
ST s = kf+kexc kq (S32)
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(12) TCSPC data: Geminate recombination

The fluorescence decay of the protonated form of (2) is shown in Fig. S13 with excitation at

405 nm, detection at 470/40 nm and with 1 mM and 1 M tfa concentration. The biexponential

fit provides two time components. The short one is associated with the sum of kr and ke, the

long one with the recombination in the excited state. The diffusion-assisted geminate

recombination in the excited state also explains the deviation of the decay curves from a

purely biexponential behavior.®!* In the consequence, geminate recombination takes place

within = 2.5 ns. Less than 10 % of the molecules recombine in the excited state, which can be

derived from the relative amplitudes A, and A,. Therefore, the approximation [ROH*](t) = 0

is valid in dmso with proton concentrations between 1 to 300 mM.

T & T ¥ T L T » T

1 ]
—IRF
——1 M tfa ]
0.1 — biexp. decay, 1M 3
— 1 mM tfa
‘ ——— biexp. decay, 1mM
= 001
@ :
~~
1E-3
1E4+—F—TF——7—— 17— 17—
0 5 10 15 20 25 30

t/ns

Fig. S13: Fluorescence decay of the protonated form of (2). Excitation at 405 nm, detection at 470/40.

Tab. 6: Parameters obtained from biexponential reconvolution fit of the tcspc data. t; and t, are the decay
constants, A; and A, the respective, relative amplitudes.

ti /ns A, ty/ ns A,
1 mM 0.401 +0.009 0.96 + 0.02 2.58+0.06 0.04+0.01
1M 0468 £0.011 095+0.01 249+0.07 0.05+0.01
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6. Ausblick

6. Ausblick

Im Fokus dieser Arbeit stand die Analyse des Zeitabstandes abstandshaltender Photonen, d.h.
der assoziierten Zeitkonstante tap. Klassische Experimente mit Zwei-Zustandssystemen
wurden zunichst auf zyklische Vier-Zustandssysteme ausgedehnt. In diesen waren die beiden
emissiven Spezies ROH und RO iiber Protolysegleichgewichte im angeregten Zustand und im
Grundzustand gekoppelt. Die Kombination aus dem sehr schnellem ESPT und der relativ
langsamen Grundzustandsreprotonierung fiihrte zu einer Abhidngigkeit von tap von der
Reprotonierungsrate kp. Somit konnen allgemeine Bedingungen ausgemacht werden, um eine
Grundzustandskinetik unter Ausnutzung des Antibunching zu analysieren. In einem zyklischen
Anregungsschema miissen zwei Spezies in threm Grundzustand und ihrem angeregten Zustand
miteinander im Gleichgewicht stehen. Die Reaktion muss im angeregten Zustand so schnell
ablaufen, dass das emissive Produkt rasch gebildet wird. Gleichzeitig muss die Reaktion im
Grundzustand geschwindigkeitsbestimmend sein, also langsam genug ablaufen. So ist eine
Ausdehnung der Experimente auf PET Reaktionen (Engl., Photoinduced Electron Transfer)
denkbar, in denen ein Elektron nach optischer Anregung iibertragen wird. lonenpaare werden
sowohl beim ESPT als auch beim PET gebildet. Das sollte auBerdem eine Mdglichkeit bieten,
die Kinetik des Antibunchings mit elektrischen Feldern zu manipulieren. Es sollte so zumindest
theoretisch mdglich sein, beispielsweise die Protoneniibertragung im Grundzustand zu
verlangsamen. Als praktische Limitierung ist hier allerdings die molekulare Helligkeit zu sehen.
Wird die Grundzustandsreaktion zu sehr verlangsamt, ist die Dauer eines Photozyklus zu hoch.
Damit wire die Emissionsrate pro Molekiil zu gering um in ertriglicher Messzeit eine gute
Statstik zu erreichen.

Die Antibunching-Experimente wurden um Versuche im Ldsemittel DMSO erweitert. Das
emissive, intermediir gebildete SSIP fiihrte zu einer kurzen Zerfallskomponente in g®ap.
Damit konnte die komplexere Kinetik des Grundzustandsprotonentransfers, einer konsekutiven
Reaktion, durch das biexponentielle Antibunching erfasst werden. Hierfiir war eine Reihe
weiterer Bedingungen notwendig. Im zyklischem Reaktionsschema mussten erstens zwei
emissive Spezies, SSIP und FSIP, miteinander im Gleichgewicht stehen. Zweitens musste der
Zerfall des SSIP auf der ns-Skala stattfinden. Drittens mussten bei der bimolekularen Bildung
des SSIP aus dem FSIP Proton und RO  zunéchst zueinander diffundieren. Das fiihrte zu einer
Abhidngigkeit der langsamen Komponente von tap von der vorliegenden
Protonenkonzentration. So war es moglich diese Reaktion so zu verlangsamen, dass das
biexponentielle Verhalten von g@ap zu Tage trat. In dhnlicherweise konnten weitere zyklische
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6. Ausblick

Systeme untersucht werden, die eine konsekutive Reaktionsfolge zwischen emissiven Spezies

beinhalten.
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8. Abkirzungsverzeichnis

<C> mittlere Konzentration

<N> mittlere Teilchenzahl

ApK Anderung der pKs Werte durch optische Anregung

I Zustand der durch Anregung'rr‘lit Licht erreicht wird, das parallel zur
Langsachse des Pyrens polarisiert ist

L Z}.lstand der durch Anregung'rr‘lit Licht erreicht wird, das quer zur
Langsachse des Pyrens polarisiert ist

IN 1-Naphthol

2CP 2-Cyanophenol

2N 2-Naphthol

5,8DCN2 5,8-Dicyano-2-naphthol

5CN2 5-Cyano-2-naphthol

ATP Adenosintriphosphat

d.h. das heif3t

Dpwmso(H") Diffusionskoeffizient des Protons in DMSO

Du2o(HY) Diffusionskoeffizient des Protons in Wasser

DMSO Dimethylsulfoxid

Du Dunkelzustand

e.g. exempli gratia, zum Beispiel

Engl. Englisch

ESPT Protonentr'ansfer aus dem angeregten Zustand,
Engl. Excited State Proton Transfer

FCS Fluoreszenzkorrelationsspektroskopie, Engl. Fluorescence Correlation
Spectroscopy

FITC Fluoreszeinisothiocyanat

FRET Forster-Resonanz-Energie-Transfer

fs Femtosekunde

FSIP Engl., Fully-Separated lon-Pair

g® Korrelationsfunktion 2. Ordnung

g@ap Antibunching-Zerfall von g

g@y Einfluss des Photobleichens auf g

g@disr Diffusionsteil der g® Funktion

g@py Bunching-Zerfall von g®
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g@por Rotationszerfall von g®

Glg. Gleichung

HBIP Engl., Hydrogen-Bonded Ion-Pair

HPTA 8-Hydroxypyren-1,3,6-Trisulfonamid

HPTS 8-Hydroxypyren-1,3,6-Trisulfonat

ie. id est, das heil3t

Lexc Anregungsintensitét

Kb Ratenkonstante des Photobleichens

Kois Ratenkonstante des Photobleichens aus einem Singulettzustand

Kot Ratenkonstante des Photobleichens aus einem Triplettzustand

Ke/-c Ratenkonstante einer chemischen Hin- / Riickreaktion

Ky Ratenkonstante des diffusionskontrollierten Zerfalls des SSIP im ersten
angeregten Zustand

Kpw-Du Ratenkonstante in / aus dem Dunkelzustand

Kespt Ratenkonstante des Protonentransfers aus dem ersten angeregten Zustand

Kexc Anregungsratenkonstante

ke Fluoreszenzratenkonstante der Basenspezies, des FSIP und des SSIP

kfron Fluoreszenzratenkonstante der Sdurespezies

Ker Ratenkonstante der geminanten Rekombination

Kisc Interkombinationsratenkonstante

Koio Ratenkongtante der diffusionskontrollierten Reprotonierung /
Deprotonierung

kq Ratenkonstante der unimolekularen Reprotonierung innerhalb des SSIP

Krisc Ratenkonstante, mit der das Triplettniveau entleert wird

Ks Saurestdrke im Grundzustand

K" Sdurestirke im ersten angeregten Zustand

nm Nanometer

ns Nanosekunde

P Phenol

ps Pikosekunde

R6G Rhodamin 6G

RO Sdure in deprotonierter Form

ROH Saure in protonierter From

S/HS* Solvensmolekiil / protoniertes Solvensmolekiil

s.g. sogenannt
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So elektronischer Grundzustand

Si erster angeregter elektronischer Zustand

SSIP Engl., Solvent-Separated Ion Pair

T erstes Triplettniveau

TCSPC zeitkorrelierte§ Einzelphotonenzéhlen, Engl. Time-Correlated Single
Photon Counting

TFA Trifluoressigséure, Engl. Trifluoroacedic acid

u.a. unter anderem

Vesr konfokales Volumen

vgl. vergleiche

Zo Rayleigh-Lénge

o Hammet-Koeffizient

™o minimaler Strahlradius, Abfall der Laserintensitét auf 1/e2

B/ HB* Akzeptormolekiil / protoniertes Akzeptormolekiil

T Korrelationszeit

TAB Zeitkonstante des Antibunchings

B Zeitkonstante des Bunchings

Tdiff Diffusionsdauer

Tr Fluoreszenzlebensdauer

Trot Rotationszeit
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