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Abstract

Strong-acid dissociation was studied in alcohols. Optcaitation of the cationic pho-
toacid N-methyl-6-hydroxyquinolinium triggers protommsfer to solvent, which was probed
by spectral reconstruction of picosecond fluorescencedrade process fulfills the classical
Eigen—Weller mechanism in two stages: a) solvent-cortrialeversible dissociation inside the
solvent shell and b) barrierless splitting of the encountenplex. This can only be appreci-
ated when fluorescence band integrals are used to monitdinteesvolution of reactant and
product concentrations. Band integrals are insensitisobeent dynamics and report relative
concentrations directly. This was demonstrated by firstaueiag the fluorescence decay of
the conjugate base across the full emission band and indepty of the proton transfer reac-
tion. Multiexponential decay curves at single wavelengtwilt from a dynamic red-shift of
fluorescence in the course of solvent relaxation, wheremndingle exponential decays are
obtained if the band integral is monitored instead. Therexté the shift is consistent with
previously reported femtosecond transient absorptiorsarements, continuum theory of sol-
vatochromism and molecular properties derived from quarnthemical calculations. In turn,
band integrals show clean biexponential decay of the pbtand triexponential evolution
of the conjugate base in the course of the proton transfeslterst reaction. The dissociation
step follows the slowest stage of solvation, measured mgiepiendently by ps fluorescence
spectroscopy in five aliphatic alcohols. Also, the rate tamtsof the encounter-complex split-
ting stage is compatible with proton diffusion. Thus, bages reach for this photoacid the
highest possible rates: solvation and diffusion controlthiese conditions, the concentration

of the encounter complex is substantial during the eantiasbsecond.

and bases, aqueous solution chemistry, kinetics, photaishg.
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; Introduction

5

? Intermolecular proton transfer is one of the most relevaat@sses in chemistry and biology.

8 The reaction involves three basic steps: diffusion of @stto form an encounter complex, el-
i‘f ementary proton transfer at collisional distances andesent diffusion of reaction products.
iﬁ, The overall process may reach the diffusion-control linfierw both reaction partners exhibit large
1451 enough differences in proton affinity. In that case, thetieagroceeds so swiftly that only ultra-
i? fast techniques succeed in probing kinetics at contacmtiss®©

ig Ultrafast electronic reorganization, solvent and hydrmegending relaxation are concomitant
32 to the primary proton transfer stéBut information about these processes is hard to obtairny The
5:23 develop so rapidly that the reaction is necessarily coetldby much slower events like barrier
gg crossing and/or diffusion. These limitations do not applyhotoinduced proton transfer to sol-
;g vent (PTTS) reactions because reactants are already inatomhen optical excitation starts the
gg reaction. Ideally, all individual stages can be identifiad &#raced by a combination of optical and
g; vibrational time-resolved spectroscopies scanning i@atime delays from femtoseconds (fs) to
gi nanoseconds (ns). Molecules which undergo ultrafast jpiaiced PTTS reactions in proton-
gg accepting solvents are termpHotoacids?

2573 Photoacids show much lower ghn the excited electronic state than in the ground state. The
ig pKa may drop as much as 10 units upon electronic excitatidrit! Thus, optical excitation of the
j; photoacid with a short laser pulse induces ultrafast phssodiation in proton-accepting solvents.
ji As has been long recognized, electronic redistributioredies the proton transfer process!1?

22 The rationale behind this effect is not unique. For instattoeoretical work by Granuceil al.3

j; indicates that excited-state acidity of phenols and cyhanpls may be explained by charge re-
gg distribution in the deprotonated form only. The latter reglsithe proton affinity of the conjugate
22 base in the excited state. Spry and Fayer suggested thaetiasior could be common to cationic
gi photoacidst* In contrast, Stark spectroscopy of several neutral pyréo¢oacids evidenced that
22 the photoinduced charge shift depends on the electrorie b&ang excited rather than the pro-
g; tonation state® It means that optical charge redistribution “instantarséguenhances acidity of
50
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neutral photoacid$*1° Thus, strong photoacid behavior demands coupling of thePfEaction
to intramolecular electronic redistribution.

Eigen’s model for the dissociation of an acid in proton-g@ticey solvents is shown in Scheme
1.17 Only strong photoacid behavior is discussed next. Protarodand acceptor (the solvent)
are in close contact when reaction starts. Photon absarjtituces intramolecular charge redis-
tribution at earliest time and thereby provides the drivimge for dissociation inside the solvent
shell. The process occurs typically in the femtosecondd¢og@cond timescales and is controlled
by solvent dynamics:® Diffusion of products completes the reaction on a longeetinale.

The elementary dissociation step may occur in the quantuaiatic and non-adiabatic limits
for the proton coordinate, as proposed by Hynes and co-watReNote that electronic coupling
is strong and the process edectronically adiabatic In this picture the intrinsic proton transfer
potential is modulated by the solvent and hydrogen bondimgdinatesi.e. proton transfer is an
overall three-coordinate problem. Thus, the double-welign transfer potential evolves under the
influence of the solvent coordinate from an asymmetric dow@ll with global minimum in the
AH* form (reactant state) to the asymmetric potential of thelpcb state, where the global min-
imum locates at the & --H™ form. In between, the transition state shows iso-energksicatic
bound vibrational levels of the labile proton for Atdnd A:---H™. Reaction free energies are
constructed from thdiabaticvibrational energies of reactant and product as functiothefsol-
vent coordinate, which is the true reaction coordinatetd?rtransfer mirrors solvent relaxation in
the adibatic limit, in which the transition state is chaegizted by vibrational wavefunctions of the
bound proton extending over both potential wells. In tuatalized proton vibrational levels are
the hallmark of the transition state in the nonadibatictinm this case, kinetics develops slower
than solvation, even if the solvent coordinate continudsetthe relevant reaction coordinate.

Final separation of the proton and the conjugate base oocutise ps to ns timescales. The
rate is controlled by diffusion and the stage may be revkrsibPines and Huppel® reported
geminate recombinatidflin pyranine (HPTSY20-21A general theory of geminate recombination

was developed by AgmohThe process applies generally, but it is however enhancesirbyg
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Coulombic interaction between the conjugate base and thterprand may be best observed for
long-lived charged reaction producs.

In short, elementary proton transfer and proton diffusi@the key elements of PTTS, Scheme
1. Both steps occur in overlapping timescales simultarigauish electronic redistribution and
hydrogen bond reorganization. It is still a challenge takrall single processes individually via
representative observables, which is essential even éomtbst qualitative understanding. Our
contribution addresses exactly this point.

We analyzed PTTS for the photoacid N-methyl-6-hydroxyglimum (C). The process runs
under solvation control, as demonstrated previously byafissient absorption spectroscopWe
now shift the focus to the diffusion stage in the ps to ns tiarege.The subject was already con-
sidered by the group of Solntsev in two recent publicatidfdwhere the geminate recombination
model was assumed. This was analyzed with the applicatigmissinel’ and Agmon for solving
Spherically-Symmetric Diffusion Problem (SSD#)However, the program was adapted to ac-
count for the anisotropy of the interaction potential beswéhe conjugate base and the proton and
the effect of the counterion on proton mobility. An adequatee field was calculated by Brow-
nian Dynamics simulations of the same photodissociatiantien 23 The tailored SSDP program
was then used to fit fluorescence traces measured in alcdititfeeent temperatures. Kinetic and
thermodynamic parameters were deduced in thisWak defend here a more heuristic approach.

Time-resolved fluorescence with ps time resolution andtsgle@construction were applied
together with solvatochromic shift analysis supported lghHevel quantum chemical calcula-
tions. Reaction kinetics was monitored through the timehgion of fluorescence band integrals
instead of fluorescence traces at single wavelengths, bedthe latter still sense slowest stages of
solvent dynamicsProton transfer to the first solvent shell and diffusion wdisentangled. The
elementary dissociation step follows solvent relaxatiod #he proton remains, for the meantime,
inside the shell. The process is reversible. Proton difusiccurs on a slower timescale with no
indication for geminate recombination in this case, as@awed by clean exponential evolution of

fluorescence band integrals.
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Materials and Methods

Sample preparation and materials

N—methylquinolinium-6—olate ¢) and perchlorate of Nmethyl6—hydoxyquinolinium C)
were synthesized as described previodsly.Corresponding chemical structures are shown in
Scheme 1. Solutions were freshly prepared in spectrosappite(except 2-butanol and buty-
ronitrile, 99.5% and 98%, respectivelgpn-degassed solvents fromLBRICH and SHARLAU.
Double distilled water was employed to prepare aqueousisnij where the pH was set either to

4 or 9 by adding corresponding amounts of HI8 NaOH. Typically, sample concentration was
of the order of 10% M for steady-state absorption measurements and arourtiMdor fluores-
cence. In femtosecond transient absorption the concemtratis about @2 M. All solutions were
passed through.R2 um filters (CAMEO). Photodegradation was observed in dimethylsulfoxide,
dioxane and in acetone to a lesser ext@fitmeasurements were conducted at room temperature,

22 °C. The list of abbreviations used for the solvents isudet in the Supporting Information.

Absorption and fluorescence spectroscopy

Steady-state UV-vis absorption spectra were scanned iwRaaW Cary 3E double-beam spec-
trophotometer. Fluorescence spectra were acquired irran Bluorolog FL340 E1 Tifluorom-
eter at right angle geometry. Excitation and emission mbrmuoators were calibrated with a
Hg(Ar) pen-lamp (LoT ORIEL). The wavelength precisions of emission and excitationasbro-
mators were better than 0.5 and 1 nm, respectively. Fluenescspectra were corrected by the
baseline of the solvent. Three to five independent scans averaged. Resulting spectra were
multiplied by correction functions obtained by the methéGardecki and Maroncelf® Fluores-
cence emission spectra were further multipliedMyto convert the fluorescence quantum distri-
bution over wavelengths into cross-section of stimulatadsion Osg). Stimulated emission was
chosen because it is the proper counterpart of the absoritieshape’’ so that absorption and

emission spectra can be compared quantitatively.
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Fluorescence decay curves were measured by the timeatededingle photon counting tech-
nique (TC-SPC) in an EINBURGH INSTRUMENTS LifeSpec-psime-resolved spectrofluorometer.
The system is equipped with a diode laser as excitation sqifcOQUANT LDH-P-C-375 con-
trolled by a PDL 800-B unitAmax= 371 nm, maximum repetition rate 40 MHz, 60 ps FWHM and
10— 30 pJpulse). A microchannel plate photomultiplierAMAMATSU R3809U-50 with 50 ps
response time and detection range of 250 nm was used as detector. The repetition rate of the
excitation source was set to&2MHz and 4000 counts were acquired in the maximum at counting
rates of less than 125 kHz. The multichannel analyzer (MGCa#s) 4096 channels with minimum
width of 0.61 ps/channel. Magic angle polarization was employed. The insént response func-
tion (=~ 100 ps FWHM)was obtained by monitoring the scattered light at the mdshse Raman
band of the corresponding solvent.

All steady-state absorption and fluorescence measurememesdone in 1 cm-thick fused-
silica cuvettes and slit widths were chosen so that acclpsainal-to-noise ratios were reached:

2 nm of absorption, 8 nm for fluorescence and 16 nm for TC-SPC.

Pump-supercontinuum probe (PSCP) measurements

The pump-supercontinuum probe setup employed to measueafsent absorption was described
in reference 25 and a comprehensive account of the PSCPdaehnas published elsewhef@.
Briefly, basic pulses were delivered by a regenerative Tar8plifier (OLARK MXR, CPA-2001
0.9 mJ/pulse, 150 fs, 120 Hz). They were used to pump a non-colliopcal parametric am-
plifier (NOPA) tuned to 540 nm= 25 fs, 10uJ). The 540 nm pulses were split for red-edge
optical pumping of theZ form and for white-light continuum generation. The supetgaum
was filtered and split for reference before being imaged tresample cell (spot size 100 um
and 04 mm thickness). Transmitted and reference beams wereefurttaged onto the entrance
planes of separate homemade prism spectrographs anceredisty photodiode arrays with 512
pixels (HAMAMATSU S3901-512Q The average spectral resolution at the position of thausti
lated emission band & was 3 nm (about 100 cnt in this wavelength range). Measurements
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were performed at parallel and perpendicular polarizatenmd one transient spectrum represents
the average of 50 consecutive shots. Transient spectraaggtered with constant step-size. Step-
sizes ranging from 2 to 200 fs steps were employed and fowpieigdent scans were averaged.
Pump-probe cross-correlation was estimated by the namaes coherent solvent signal. The av-
erage cross-correlation FWHM was found to be 60 fs acrosfuthspectral window. Transient
spectra were corrected for the chirp of the supercontinlRECP measurements were performed

in methanol and ethanol onfy.

Quantum chemical calculations

Hartree-Fock (HF), Density Functional Theory (DFT) witle tB3LYP functional (denoted B3LYP
in the following) and second order Mgller—Plesset Pertiiwbhatheory (MP2) ab initio methods
were used for geometry optimization @fin the ground electronic state. Dunning’s correlation
consistent polarized valence cc-pVTZ and aug-cc-pVTZdssts were employed. Calculations
were carried out with the program packages Gaussidh &8 DALTON 20

The number of significant figures quoted is indicative of therficertainties or measurement

precision.

Results

Solvatochromism and Proton Transfer to Solvétisorption and stimulated emission (SE) spectra
of C are shown in Figure 1, Frame A. The absorption spectrum isactexrized by two bands with
maxima at 350 and 315 nm. The position of these bands is padlgtindependent of solvent
polarity. In turn, the emission spectrum (here and from novslbown as SE cross-sectiarnsg)
depends markedly on solvent properties. In acetonitril€@NA the emission band shows up at
450 nm. In aqueous solution at pH=4, a new emission band eppé& 600 nm while a weak
shoulder persists at 450 nm. The excitation spectra measub®th emission bands are the same,

which demonstrates that they originate from the same spatithe ground electronic state. As
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shown in a previous publicatiohthe bands monitor emission of the catiofi¢ and neutral *
forms,i.e. C* dissociates in the first excited singlet state in protic sots.
Optical spectra oZ are shown in Figure 1, Frame B. The first absorption bandsstofthe

blue by~ 5000 cnT! upon increasing solvent polarity, as measured by the pylpdrameter
e—1 nP-1

Af(e ) — _ 31-33
(&, E+2 n242

solvent, respectively. For instance, the absorption pesitipn is 19465 cm? in ethyl acetate

€ andn are the dielectric constant and refractive index of the

but shifts to 24380 cm' in water. A similar trend is observed for the cross-sectibiSB but
the shift is less pronounced in this case. Therefore, thkeStshift rises towards higher polarity.
Note however that the Stokes shift is 5295¢nn ACN but 7675 cmt in methanol (MeOH) de-
spite the similaiAf values shown by both solvents. Overall, the solvatochraift is consistent
with a decrease of th# molecular dipole moment upon optical excitation to thesgte. Devi-
ations between protic and non-protic solvents of simildapty (Af) suggest hydrogen-bonding
interactions contributing to the solvatochromic shift.

Figure 2 shows th&* fluorescence decay curves measured in ethanol (EtOH) atre$sl|
emission bandThese results complete and are consistent with those peldlisy Gouldet al. in
Reference 9 The fluorescence decay is multiexponential and dependsgdyr on the emission
wavelength. A multiexponential global fit performed for 28ission wavelengths yielded decay
times of 4 ps, 39 ps,.20 ns together with a minor component 083 ns in EtOH3* The associated
amplitudes of the shortest decay times (mainly 39 ps) argiy®s the blue flank of the spectrum
and become increasingly negative in the red wing (6420 nm). Similar results are obtained for
other alcohols: methanol (MeOH), 1-propanol (PrOH), 2abial (2BuOH) and 1-octanol (OcOH)
although decay times vary significantly among the diffeedobhols. This behavior is consistent
with a dynamic red-shift of th&* fluorescence emission band.

The fluorescence decay curves were used to reconstructmeeetiolution of the SE cross-
section ofZ*, Figure 3, according to the procedure outlined in the Itte3>-38 Shortly, the
decay curves were deconvoluted and the response fundtiohg) were integrated analytically

in time for each wavelength(A ) = /

m
Ir(A,t)dt~ Za,-()\)ri. mis the number of exponential
band £
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functions andy;(A) are the amplitudes associated to the decay timasthe emission wavelength

_ 0sg(A)

A. The ratiox(A) = ) is calculated and used to multiply each response fundtoh,t).

The empirical correction factgy(A) accounts for the wavelength-dependent difference between

spontaneous and SE bandshapes and for instrumental $psectsitivity. The produck(A) x
Ir(A,t) provides the SE signal at delay tirh@nd discrete wavelengtils The time-dependent
SE bandshapesg(A,t) is approximated by &g-normalfit at each delay time, Figure 3. When
monitored with ps TC-SPC, the SE shifts to the red by few heddeciprocal centimeterss(
150 cn1! in EtOH) at early time and decays afterwards with constantibhape. The smalk(
150 cnml) red shift resolved in Figure 3 explains the complex wavgllerdependent fluorescence
decay shown in Figure 2. In turn, reconstructed band integifestimulated emission show clean
monoexponential decggee Supporting Information, Figure Sl 2)

A similar procedure was applied to reconstruct the timedian of the SE spectrum o*
in EtOH, Figure 4.C may be excited selectively in alcohols if the HGIConcentration is above
10> M. Consistent with previous observatiohs, significant part of the SE cross-section stems
from the neutral fornZ*. This means that PTTS occurs to a substantial extent dummgarliest
10 ps delay and remains unresolved in the measurementstaesbere3® This very early stage
of the PTTS reaction was studied previously by fs PSGRower stages are addressed now by ps
TC-SPC.

PSCP spectra af* in EtOH are shown in Figure 5 for 540 nm excitation. The transi
spectra present the negative signatures of bleach and 8thévgvith the positive contribution of
excited-state absorption (ESA). During the earliest tvampeconds, bleach and ESA stay constant
while the SE band shifts to the red by1000 cni1.2:25 This behavior was assigned to solvation
dynamics. It is shown here to quantify the spectro-tempasblution of the TC-SPC experiment
and guide characterization of solvent dynamics in alcottls longer aliphatic chains.

Quantum mechanical calculation§he molecular structure of tieform was calculated with
HF, B3LYP and MP2 methods. Geometries optimized at the HFBBLY' P levels differ signifi-

cantly but this is not the case when the latter are compargliP@results. The differences between
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the geometrical parameters calculated with the cc-pVTZ thedaug-cc-pVTZ basis sets with
B3LYP are on the third decimal for the bond distances and erfitkt for the angles. Therefore,

we considered the B3LYP/cc-pVTZ and B3LYP/aug-cc-pVTZimized geometries and evalu-

©CoO~NOUTA,WNPE

10 ated for both the ground state electrical properties. A samgrof these results is included in the
12 Supporting Information (Tables Sl 1 to SI 5).

14 Electric dipole momentsi() and isotropic polarizabilitiesa) calculated forZ in the ground
16 electronic state are summarized in Tabland in the Supporting Information (Tables SI 1 and Sl
18 2).4041B3LYP properties are considerably closer to MP2 than HF.ifstance g = 9.994 D at

20 the MP2/cc-pVTZ level but 10.542 D at B3LYP and 12.070 D at HEhwhe same basis. It was
22 observed that augmentation of the basis set is not needgddonetry optimization, but it makes a
24 significant contribution to the electrical properties (B¥Ldifferences up to 2.6% fqu and 7.3%

26 for a). Therefore, electrical properties calculated at the BBlaug-cc-pVTZ level of theory were
28 selected for solvatochromic shift analysis.

30 Considering the above, the first-excited singlet-statengty was also optimized with the
32 B3LYP method and the aug-cc-pVTZ basis set. Electrical @riogs were calculated at the same
34 level, Table 1.Dipole moments were found to be collinear in both electretiétes and are there-
36 fore hereafter used as scalar quantiti@sound and excited state B3LYP/aug-cc-pVTZ optimized

geometries are included in the Supporting Information [@&$! 3 to SI 5).

43 Discussion

46 This section is organized as follows: first, the stationaryatochromic shifts of th& form are
48 analyzed in light of dielectric continuum theory of solhatifor a polarizable point dipole with
50 electric molecular properties obtained by high-level quanchemical calculations. The Stokes
shift is split into instantaneous and orientational sebraicontributions. The latter is essential
for estimating the time-zero fluorescence spectrum andtermée characteristic solvation times

(Tsoly) IN alcohols. Furthermore, the kinetic components assediaith pure solvation dynamics
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of the Z form are identified. They hinder direct mapping of conceidraevolution by means
of fluorescence traces at single wavelendthStimulated emission band integrals remain in turn
unaffected. We analyze next time-resolved emission spetitiained upon ps excitation Gfin al-
cohols and we find two regimes for the PTTS reaction. An edalgesoccurs in the fs timescale and
is controlled by solvent dynamics’ This stage accounts far 50% of the reaction and remains
largely unresolved in the ps experiment. In the second sshgeer decay of th€* emission band
and concomitant rise of th&" band is observed. The rate constant is consistent withsiiifucon-
trol. It implies that a substantial part of the dissociatieaction occurs in a dynamic but closed

solvent shel2-44

Polar Solvatochromic Shift of Z

The analysis presented in this subsection aims to measeidy/ttamic solvation shift of, to de-
termine the characteristic solvation times in alcoholstarestimate the peak position of tdé SE
band at time-zero. An accurate method based on the spetiftedirsd broadening of steady-state
spectral data in non-polar solvents was proposed by Malioacel co-workers* The method
cannot be applied here becausées essentially not soluble in non-polar solvents. Insteas ppt
for modeling the solvatochromic shift with the classicaldctric continuum theory of solvation.
The so-obtained orientational contribution is added todfa¢ionary SE frequency to assess the
peak position at time zero.

The solvatochromic shift of is summarized and analyzed in Figure 6, WhtokesiS the
Stokes shift an@maxis either the absorption or SE peak position. The negativagmhromism is

clearly recognized in absorption and emission spectra ascamase of the transition energy with
e—1 -1
e+2 n242
shift is steep in protic solvents (alcohols, empty squabes)much more modest in non protic

the solvent polarity parametérf (&, nz) = Note however that the solvatochromic
ones (filled squares). The behavior expected for point zalale dipoles sitting at the center of a
spherical cavity of radiua and immersed in a dielectric continuum with static dieleatpnstant

¢ and refractive index is given by the McRae equatiorf$:*

12
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2 ug “lf(n)

2H HO(UO—Ul)AHS,nZ)

2
disp
Vabs = Vgps+ AVIP 4+ — + he 3
C a
(1a)
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6 Uo(ao ai)
10 tie 2 Af?(g,n?)

12 _ saisp_, 2 Ho — Hf 2 pa(Ho— )
13 Vse = Vgg+ AV +hc e f(n?) +

14 48 p1(5p1 — 24ho) (a0
15 hc ab

(“0 “1) Af(s n )

Af(g,n?)
hc 8.3 (1b)

a1) Af?(g,n?)

18 AVstokes= AVgiokest — hc

1
19 E[(HoJrHl) —6111](0!0—011)“2(8 ?) (1c)

20 +
21 hc ab

23 In Equations (1) anda; are the dipole moments and polarizabilites of the electrstate
gg i, his the Planck constant arfdindicates the value of the superscripted magnitude in tise ga
2

phase. BrieflyAUd'SP and — he an M f(n?) depend linearly orf (n?) = -1 and report the

2n2 +1
instantaneous frequency shift by dispersion and dipotkidad dipole solute—solvent interactions,

respectively. The two instantaneous interactions acdoutte tiny solvatochromic shift observed
in non-polar solvents, the so-calladn-polar shiff which is the same for absorption and emission.
In the usual approach, the non-polar shift is quantified in-polar solvents only and is then
38 subtracted from the actual peak position observed in paidrreon-polar solvents. The desired
40 orientational part remains. It provides dipole moments @wmidrizabilities for ground and excited
42 states for a given cavity radiws An alternative method is however needed because of the poor
44 solubility of Z in non-polar solvents.

46 We concentrate on alcohols. Dipole moments and isotrod&rizabilities were replaced in
48 Equations (1) with the values found by quantum chemicalutatons (Table 1). The gas-phase
50 Stokes shift and the absorption peak positions were fitigether with the cavity radiusby a non-

52 linear least squares routine. Note that the dispersiorribotion is considered together with the
54 gas-phase peak positions. This implicitly assumesifigt, is small and approximately constant

56 for solvents with similar refractive indexes, as is neahly tase for linear aliphatic alcohols. The

13
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absorption peak position was fitted first. Optimal values &fg.+ AVgisp = 16900+ 2400 cnt?
anda=4.0+0.5 A. ais consistent with the molecular size Bf but this parameter is not well
defined for non-spherical molecules liKe Consequentla is just the radius for which the contin-
uum model best mimics the actual polar solute-solventaatesns. Eventuallya may even capture
small deviations due to specific hydrogen-bonding intévast We fixeda = 4 A in the fits of the
the SE peak positions and the Stokes shift, so that gas-phases are obtained with better pre-
cision. Optimization yieldg, .= 50404300 cnt and | + Allisp of 12040+ 200 cnt?
(Figure 6). The fit is reasonably good, despite hydrogerdimgninteractions. Absorption and
fluorescence bands deviate less th&500 cnm! from the continuum prediction, our spectral res-
olution being 200 cm?!. Larger deviations are observed for the Stokes shift in wateOH and
2BUOH and we will come to this point later. The extrapolated-ghase peak positions corrected
by dispersion interactions are blue-shifted4p00— 700 cnm ! compared to those derived from
guantum mechanical calculatiorig} .= 16400 cnt! and g, = 11300 cnr. This suggests that:
a) dispersion interactions have a minor contribution teatichromic shift, probably in the range
of 500 cnt! and b) hydrogen bonding energy is very close for ground- astidicited singlet
states. If b) were not true, slopes of solvatochromic skitiald depart clearly from the prediction
of dielectric continuum theory in hydroxylic solverftécontrary to observation.

It is conceivable that the: 700 cnT! deviations observed for the Stokes shift in water and
MeOH arise from hydrogen-bonding interactions. In suppdliblio and Sebastiani calculated in
a recent studif that thez.- - - H,O hydrogen bond weakens significantly upon excitation irewat
but the associated reorganization enerdjyg) is less than 1 mHartree. Thus, the maximum limit
for the hydrogen-bonding contribution to the Stokes shifiig < 400 cnm . The latter should be
even smaller in long chain linear alcohols. Therefore, thalscontribution of hydrogen-bonding
reorganization is parameterized by the cavity radiughich has strong influence over the slope
of the solvatochromic shift?

Next, the SE peak position at time zenasg(0), is estimated by evaluation of the orienta-

tional solvation contributions: dipole—dipole and inddcipole—dipole. These are calculated with
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the corresponding terms in Equations (1), where the opéichzavity radiusa and the electric
molecular propertiest{ anda;) calculated by B3LYP were usedisg(0) equals the sum of the
steady-state SE energy and the orientational shift, FiGuaed Table 3. The method reports dy-
namic Stokes shifts of 3410 and 3170 thin water and MeOH, respectively, consistent with
experimental values: 3050 and 2850 ¢hby fs PSCP in the same solvefts and 3130 cm?

by broadband fluorescence up-conversion in wit&P.>1Thus, we conclude that continuum the-
ory explainssemiquantitativelywithin +£500 cnt!, the solvatochromic shift aZ in hydroxylic
solvents.

We finish this section with a short remark about the solvatmtiism in non-protic polar sol-
vents. Unexpectedly, no solvatochromic shift is observéils contrasts with the semiquantitative
and consistent picture provided by continuum theory in ladt® and water. We can only con-
jecture that this effect arises from specific hydrogen-lrgéhteractions with water traces in the

non-protic solvent but no clear-cut justification can beaauhed at present.

Characteristic Solvation Times in Alcohols

We discuss now the dynamic red-shift of tAé emission band. A band shift of a few hundred
cm~1 is resolved by ps fluorescence spectroscopy in aliphatahals (Figure 3). The extent of
the spectral displacement is solvent dependent. Thusptbereed shift iz 100 and 150 cmt in
MeOH and EtOH but reaches 800 thin OcOH. This is however a (small) part of the fluorescence
red-shift previously deduced for solvent orientationéxation, Table 3 and Figure 6.

Figure 7 compares the fluorescence red-shift measured inHVE@ EtOH by broadband fs
transient absorption and ps fluorescence. Transient aimorponitors the SE band directly, while
the peak position is obtained by spectral reconstructidtusrescence measurements. The latter
were vertically shifted by a small amoudifor better overlap between both sets of data at long de-
lays. ¢ is well within the spectral resolution of the TC-SPC expemi About 70% of the dynamic
solvation shift could be resolved by fs transient absomtibhe solvation correlation function is
constructed by combining the time-zero peak position frolmegochromic analysis with the time-
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Vse(t) — Vsg(e)
Vsg(0) — Vsg()
monitors the position in the solvation coordinaté,).>? In contrast, ps TC-SPC artificially red-

dependent peak position measured by fs transient absorptip = . The latter

shifts the SE band for time delays shorter than the FWHM ofMBeSPC instrument responée.
Note however that both curves overlap precisely at longketydewhere the SE peak position can
be measured faithfully by spectral reconstruction of psrégsoence datalt means that only the
latest~ 10% of the solvent displacement occurs in the ps timescaléei®H and EtOH buk(t)
could still evolve from 0.6 to 1 (equilibrium) in this timeae in viscous alcohols, see beloan
important consequence of this observation is that fluorescdecay curves measured in alcohols
with sub-100 ps pulses still sense spectral shifts indugesblvent dynamics, despite limited time
resolution. This effect is strong enough to prevent diregpping of excited-state population evo-
lution from time-dependent fluorescence signals measurgdge wavelengths. The observation
is distorted by the underlying spectral dynamics.

The fs-resolved SE peak positions in Figure 7 were fitted withlitiexponential functions,
Table 4. The characteristic solvation tiMig,,,) is calculated agtsqn) = /OOOC(t)dt = ia. Ti,
whereC(t) is the solvation correlation functiom is the number of exponential funclti:ons with
decay timesr; employed in the fit ofC(t) andg are the relative amplitudes associated to each
exponentiali. We measuredrtsq) values of 2.8 and 6.1 ps in MeOH and EtOH, respectively,
when the orientational solvent contribution is taken intoaunt337:47-50This contrasts with the
slowest components of solvatiag,,,, determined in this work by ps fluorescence in the same
solvents: 21 and 39 ps. Despite thigo, can be combined with SE peak positions at time-zero
to define an interval enclosin@soiy): Tsiow > (Tsolv) > aslowTslow- aslow IS determined by the ratio
between the SE shift decaying with o, and the full solvation shiftagow = D;EC(O) _NOSE(OO) .

Vse(0) — Vsg(e)

Table 4 summarizes the characteristic solvation timesimddain this work. MeOH and

EtOH were characterized with highest accuracy. The timestamits are in line with previous
reports337:47:50(1. ) deviates by not more than a factor of 2 from the longitudiimabs 1. =
£/ €0Tp, Wheregy is the static dielectric constant of the solvest,is the high-frequency limit of
the frequency-dependent dielectric constant anis the Debye relaxation time Only the slow-
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est Debye relaxation time is considered, although diatedtspersion is best represented by 2-3
Debye terms in alcoholss, is calculated as- 1.1n3, wherenp is the refractive index at sodium
D-line. For all other alcohols, for which fs measurements ot available, solvation times are

characterized by, and the limits defined bysjow andasiowTsiows Figure 8

Picosecond proton transfer to solvent

Figure 4 shows the time evolution of the fluorescence spextneasured after ps optical excitation
of the C form in EtOH. The spectra were reconstructed from fluoreseatecays measured at
single wavelengths. Earliest ps spectra show a significanuat of theZ* form, consistent with
the fact that dissociation occurs to a large extent on aafakt timescalé.ps evolution shows
further decay of th€* band and rise of th&* band. The latter decays within few ns. Slow stages
of the proton transfer to solvent reaction are analyzed. next

The emission spectra reconstructed in Figure 4 were decsmdpotoC* andZ* bands by
non-linear least squares fits performed at each delay tirng-riormal lineshapes were assumed.
The method reports time-dependent peak positions and tiekibtegrals. Th&* peak position
mirrors the redshift observed f&* alone and can be definitely assigned to solvation dynamics.
Consequently, fluorescence decays measured in the blueedrildmnks of the bands show decay
and rise components associated with the underlying spegmamics, Figure 2:%42In turn, band
integrals are void from this artifact. Besides, the ostollatrengthfysc of the S, — & transition
is proportional to the SE band integral. Therefore, banegréls report the relative excited-state
concentrations of reactant and product because bothticarssbear similar oscillator strength in
this case.

The time-depender@* andZ* SE band integrals are shown in Figure 9 and Sl 4 for the proton
transfer reaction to EtOH. Th&* form accounts for about 70% of the signal at time zero. The
concentrations o€* andZ* decay and rise concomitantly. Strikingly, the data are brglained
by biexponential decay d@* and triexponential time evolution &* with two rise components.
Rate constants of 26.7 and8Ts ! fit simultaneously the decay @ and the rise kinetics at*.
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The latter decays with a 19 ns time constant, which coincides with the fluorescerfegrtie of

Z* in ethanol (120 ns) as determined by independent measurenoéfiteorescence band integrals
(see Figure Sl 2 in Supporting Informatiorssentially the same behavior is observed in MeOH,
deuterated ethanol (EtOD), PrOH, 2BuOH and OcOH (see TattelF-igures SI 2 and SI 5 in the
Supporting Information).

Biexponential decay of the excited cation can only be ergldiby reversible dynamic®. A
trivial mechanism by which two sub-populations@f dissociate at different rates also complies
with observations but can be regarded as unlik&lgo, it may be argued that biexponential decay
of the cation reflects solvent dynamics, which is multiexgaial and controls the dissociation
stage. This is also unlikely because solvation dynamicsoisaaxponential in the ps timescale in
all the alcohols investigated, except OcOH (Figure Sl 2 ip@uting Information). Therefore,
reversible dynamics is considered. Triexponential evatudf Z* demands an intermediate stage
as proposed in Scheme 2. The reaction proceeds as folloWwatiea controls the intrinsic proton
transfer step with characteristic rate constien® Note that the ps experiment probes the later
stages of solvation only,e. ultrafast components of solvation explain non-zero cotreéion of
Z* at time zero and thu&; corresponds to the “tail” of the solvent resporise'?-23The primary
dissociation step is assumed to be reversible with a ratetantk 1. The encounter complex
Z*...H' may deactivate to the ground electronic statekyiar split with a rate constarkb. The
latter process could, in principle, be reversilBleut we found no indication for that, as the small
concentrations of protons a@d could anticipate.

The rate equations derived for the mechanism in Scheme 2integrated analytical3* with
the definitions in Equations (2). The resulting time-depsmidoncentrations are collected in Equa-
tions (3). Associated amplitudes were shifted to the Supmpinformation. Note that, for sim-
plicity, P* refers to the encounter complex whité denotes the fre&* moleculesj.e. those for
which the proton has already abandoned the first solvatieth $t andF* have the same spectral
properties at the spectral resolution of the ps measurenbentdifferent time evolution. There-

fore, the band integral af* is calculated as the sum of thoseRif andF*. To account for the
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non-resolved stages of the reaction, non-zero initial entrations ofC* andP* were assumed.

©CoO~NOUTA,WNPE

X =Kk +ke (2a)

12 Y=k tkz+k 1 (2b)

14 Z= /(X —Y)2+ dkik 4 (2¢)

1
1? Pr=5(X+Y+2) (2d)

19 b= (X+Y~2) (2€)

26 [C*](t) = AT exp(—Bit) + AS exp(—Bot) (32)
o [P*](t) = AD exp(—Bat) + Ab exp(—Bat) (3b)
31 [F*)(t) = AT exp(—But) + A5 exp(—Bat) + Af exp(—kzt) (3¢)

33 [Z7](t) = [P](t) + [F](t) = AT exp(—Put) +AZ exp(—Bat) + Agexp(—kzt) (3d)

37 The deduced time-dependent concentrations fit the datarkabig well when the amplitudes
39 are calculated by solving the overdetermined system oéfiequations in the least-squares sense,
41 Figure 9. Optimal values @1, 32 andkg1 are shown in Table 5 for all solvents investigated. Also
43 remarkable, the global fit is not significantly worse whenahwelitudes are restricted to the values
45 predicted by the model in Scheme 2 (Equations (3), Equa&bi@sin the Supporting Information
47 and Figure 9). This is quite a strong condition, which ensitihee calculation of th&* andF*

49 transient concentrations. Interestingly, most of the makes remain encapsulated in the solvent
o1 shell for the earliest 500 ps. In viscous solvents, like O¢@bbut 50% of th&* emission stems
53 from the encounter complex (Supporting Information, Feg8t 5).

55 We can now operate witfs;, B> andkz to obtain the unknown rate constamts k 1 and

57 ko. The assumption is made that+ ko, + kz > k_;. This is justified by the small contribution
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of the second exponential in the decay@f, i.e. the elementary proton transfer stage is nearly
irreversible.ConsequentlyB; + B> ~ ki + ko + kz and B x B2 = ki(ko + kz). Sincekz is known
by independent measurementsZdffluorescence decg@gupporting Information, Figure SI 2§;
andk, can be obtained precisely. Resulting values are colleotédble 5. We first note thdxlfl is
almost coincident with the slowest solvation componenasasimed by the kinetic modgTables
4 and 5). Next, we observe thagt = kz‘1 shows typical values of a diffusion-controlled reaction,
depends linearly on solvent viscosifyand is much longer than the corresponding solvation times
(Figure 10)17:°556\\je analyzer, in terms of hydrodynamic diffusion theory.

According to the model in Scheme &; is the splitting rate of the encounter complex. We
assume that the process is barrierless and occurs in thsidiffcontrol limit. Thereforé; must
be proportional td, which is the mutual diffusion coefficient &* and H", Equations (40>
D is approximated aBy only because of the smaller radius of the proton comparetdabdf
Z*. The diffusion coefficient is estimated via the Stokes-Eimsexpression for classical hydro-
dynamic flow of spherical particles in non-slip conditioEsjuations (4).R* is the on-contact
center-to-center distance betwegnand the proton, whil@dV is the volume of the spherical shell
surroundingZ* and accommodating the proton. Therefore, a linear fibef kgl versus solvent

ok

. : . . R . .
viscosity provides the geometrical param%, whereRy is the radius of the excess proton.

R>(<
k2 - 47TDN (4a)
KT
D:DZ+DHzDH:6 - (4b)

The thickness of the spherical shell may be estimated semigatively by assuming that
Rz ~ 4 A, as deduced previously by analysis of solvatochromittshA thickness of about 4 A
is deduced. In other words, the average @ distance in th&*---H"-..O(H) — R hydrogen
bond is about 4 A in alcohols. In support, Marx et al. caleediah O --O distance of 2.8 A for

non-centrosymmetric hydrogen bonds established betweemvater molecules sharing a proton
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1

2

2 in aqueous solutioR’! This means that ©-O shows the right order of magnitude, although the
g estimate is certainly too crude for quantitative analy$tbe hydrogen bond strength in the solvent
! shell,

20 We close this section with a remark about water, where nomjgsacould be observed in the
ﬁ ps timescale. This is not due to lack of time resolution beealiffusion in water proceeds only
ﬁ slightly faster than in MeOH, where ps dynamics was clealdgenved (Figure 10). It follows
ig that the PTTS reaction occuigeversiblyin a closed solvent sheli,e. before diffusion sets in.
i; By the end of solvent relaxation, all molecules are inZtie--H* form, which is obviously not
;g distinguishable from fre&* by optical spectroscopy.

g% Summarizing, the classical Eigen—Weller mechanism in ®eh2 successfully explains the
gi time-evolution of band integrals and is fully consistenthwindependent measurements of char-
gg acteristic rate constants of solvation and proton diffusi€ontrary to earlier reports about the
gé same photoacié?3 we find no signature of geminate recombinatimtsidethe solvent shell.
22 Thus, non-exponential dynamics suggesting spatiallynmbgeneous proton concentration is not
gé observed when stimulated emission band integrals are aggdlbe PTTS dynamics in N-methyl-
gg 6-hydroxyquinolinium.The latter is deduced for N-methyl-6-hydroxyquinoliniupesifically. We

g? explicitly state that neither the geminate recombinatiadel nor the experimental data in Ref-
gg erences 23 and 9 are here questioned. Activation energi¢lsefd®TTS reaction are expected to
32 be semiquantitative correct and we also surmise that thisopleid is the strongest reported to
jé date3%11 However, geminate recombination is difficult to justify img case and this obviously
jg casts some doubts about the accuracy of the rate constahtsadkunder the assumption of this
j? model. It is here demonstrated that correction for dynaromtributions associated to solvent
jg dynamics exposes the clean exponential evolution of cdraté@ns in the sub-ns timescale and
22 evidences significant transient concentrations of the @mteo complex.

§§ The encounter complex has been formally proposed by Eigan akusive reaction intermedi-
EZ-,‘ ate in the course of proton transfer to solvent reactiolis.role has been emphasized by several
g? authors since thef?=44:58:59The measurements here described provide firm experimefderee

o5

60
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for the encounter complex and define the conditions undecwibcould be interrogated by spec-

troscopic methods.

Conclusions

We have analyzed proton transfer from a cationic photoacaddohols. The reaction presents two
consecutive stages: dissociation inside the solvent ahdlsubsequent proton diffusion, Scheme
2.

An effort was made to characterize the dynamic solvatioft shthe deprotonated form quan-
titatively. The study provides characteristic solvationds, evidences the charge-transfer charac-
ter of the electronic transitions associated to photoaetthlior and shows that hydrogen-bond
reorganization follows the solvent coordinate adibalycaf An important consequence is that flu-
orescence kinetic traces measured at single wavelengthgg/resolution are unsuitable to probe
proton transfer dynamics directly: they just distinguisk tapid redshift of the emission band in
the course of solvent relaxation. Proton transfer to sdlgeaurs simultaneously. In turn, fluores-
cence band integrals monitor reaction dynamics faithfatig provide the relative concentrations
of reactant and product.

Multi-exponential decay of excited cation and zwitterieveals reversible dissociation in the
solvent shell and subsequent proton diffusion. Early disgimn occurs in the adibatic linfi¢ and
is controlled by solvent dynamicsThe small contribution of a second exponential in the deday o
the acid indicates a faint back reaction. The rate constaulti;mot be determined accurately, but
it probably lies between 0.1 and 1 Hsto compete with excited-state deactivation and diffusion
out of the solvent shell.

The reaction products occur in two forms: hydrogen bondsuiethe reaction shell (Eigen’s
encounter complex) and free. The two forms can be disergdrig} their characteristic kinetic
behavior rather than by distinct fluorescence signals. dteiduced that, in this particular case,

the encounter complex is predominant during the earliest figid solvents and may be the only
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emitting species in highly viscous media. This opens the tlmetructural characterization of the
encounter complex by high-resolution ultrafast Ramantspscopy® Our results corroborate the

Eigen—Weller proton transfer mechanism.
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Tables

Table 1: Molecular electrical properties of Z obtained from quantum chemical calculations
at the B3LYP//aug-cc-pVTZ level in the ground and first-excted singlet state. Geometries
were optimized by the same method in the indicated state.

state po/D /D ao/A3 ay/Ad
S 10.542 22.34
S 7.326 20.08

Table 2: Gas-phase peak positions and Stokes shifts of Z oliteed by applying dielectric con-
tinuum theory of solvatochromism to protic solvents only. Results from quantum chemical
calculations are shown for comparison.

solvent type v/emt Bg/emt AV /et /D /D
theoretical 16400 11300 5100 10.5 7.3
protic (polarizable model) 16900 12040 5040

Table 3: Stationary and time-zero stimulated emission peakositions of Z together with the
dynamic Stokes shift (all incm™1) from solvatochromic shift analysis with dielectric contin-
uum theory of dipolar solvation.

solvent \7f|(°°) \~/f|(0) \N/fl(o)_ofl(oo>

water 16350 19755 3405
MeOH 15605 18770 3165
EtOH 15555 18485 2930
PrOH 15530 18290 2760
BuOH 15355 17975 2620
2BuOH 15575 18165 2590
IBUOH 15410 18055 2645
HeOH 15360 17725 2365
HpOH 15390 17625 2235
OcOH 15600 17710 2110
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Table 4: Multiexponential fits to dynamic solvation shifts d stimulated emission. Decay times
(1;) and associated amplitudesg) for the normalized C(t) function. The time zero spectrum
was estimated from the analysis of solvatochromic shifts iprotic solvents. The superscript®
indicates a gaussian function rather than an exponential.[s) or (fs) refer to ps fluorescence
or fs transient absorption data published in this work. Longitudinal times (1) are indicated
for each solvent. Literature values for the same probe and focoumarin 153 (C153) are
guoted for comparison.

probe/solvent 1 /ps & T /ps & T3/ps a T4/pS a4 (Tson) /PS TL/PS

MeOH 3.1
ZIMeOH (fs) Q05° 0.32 041 025 28 025 12 0.17 2.8
Z/MeOH (ps) 21 0.03 0.6-21
Z/MeOH3 0.11 029 27 031 26 040 11
C153/MeOH’ 0.03 0.10 028 034 32 030 15 0.26 5.0

EtOH 12
Z/EtOH (fs) Q04¢ 058 032 025 28 017 21 0.38 6.1
Z/EtOH (ps) 39 0.06 1.9-39
ZIEtOH?3 031 036 43 027 26 0.37 11
C153/EtOH’ 0.03 0.09 039 023 50 018 30 0.50 16

PrOH 44
Z/PrOH (ps) 68 0.10 7-68
C153/PrO¥’ 0.03 0.09 034 0.17 6.6 023 48 052 26
2BuOH 65
Z/2BuUOH (ps) 77 018  14-77

OcOH 295
Z/OcOH (ps) 34 011 215 034 77-172

Table 5: Parameters obtained from a global fit of the C and Z* band integrals (81, 32 and
ks 1) and calculated values okl‘1 and k; ! (see text). The fluorescence lifetime of Z(17) was
measured independently (Figure Sl 2) and compared to the figd values oﬂgl. The slowest
solvation componenttg)qy is also shown for comparison withk; L

solvent Bi/nst Brins! k'/ins t7/ns ki'/ps Tgow/PS k,'/ps

MeOH 39.0 13.9 1.17 1.18 26 21 77

EtOH 26.7 5.8 1.19 1.20 38 39 202

EtOD 29.7 6.9 1.44 1.47 34 162

PrOH 22.6 5.3 1.26 1.24 44 68 222

2BuUOH 16.7 2.3 1.25 1.23 60 77 663

OcOH 6.7 1.4 1.45 1.12 148 172 1520
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Floats

Eigen’s Mechanism for Proton Transfer to Solvent

bond-break diffusion
C ————— [z Hi ] ———Z+Hg,
encounter
complex
o o
AN ~H RN
| .
) )
CHs CHs

Scheme 1: Eigen’s model for the proton transfer reactiomfem acid C to the solvent (upper
panel). Reactants are already in contact when the protosfaato solvent reaction starts. El-
ementary stages are shown in blue and the encounter congpiedicated specifically. Molec-
ular structures of the photoacid-Nnethyl-6—hydroxyquinolinium C) and the conjugate base
N—methylquinolinium-6—olate ¢) are shown below.

dissociation diffusion
k k
C* :1 [Z* Tt I_Isolv—'_] # " + Hsolv+
k_1
hv || kc kz kz
C [Z v Hsolv_'_} Z + Hso|v+

Scheme 2: Photodissociation mechanisr@bin hydroxylic solvents. Deactivation processes are
indicated in red and elementary stages of the proton trarsdetions in blue.
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Figure 1: Frame A: normalized absorption and stimulatedssion cross-sectionsj of the
N—methyl6—hydroxyquinolinium cation € form) in water (pH=4, gray) and acetonitrile
(black). The red-shifted emission observed in wadg{a~ 600 nm) indicates photoinduced pro-
ton transfer to solvent. Frame B: normalized cross-sestairabsorption (black) and SE (gray)
of the neutral form N-methylquinolinium-6—olate ¢) in methanol (MeOH), acetonitrile (ACN)
and water. The inset shows the Stokes shift in reciprocairoeters. Negative solvatochromism
is observedi.e. a decrease of dipole moment of the neutral form upon exaitati
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fluorescence decay
3| §: Z* in EtOH
10°} &
2 H
£10°r 14 IRF
s @
5]
H 490 ... 720 nm
i in 10 nm steps
Ly B i
100 " i i i
0 2 6 8

4
delay / ns

Figure 2: Fluorescence decay curves of the neutral f&m heasured in EtOH between 490
and 720 nm in 10 nm steps (gray). The instrument responsédan¢dRF, FWHM ~ 100 ps) is
represented by black dots. Red lines result from globaliredjtonential fits.

A/ nm

15 500 600 700 800 1000

delay / ns
0.00 spectral.
150 cm™ o__ reconstruction,

ps red shift ‘ Z* in EtOH

o
e

osg (normalized)
o o
» (<]

o
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Ni=)

Figure 3: Reconstruction of the stimulated emission spattsbserved upon excitation of the neu-
tral form Z in EtOH. Experimental points (blue squares) are obtainech ff C-SPC fluorescence
decay data and converted to stimulated emission crosese@olid lines represernibg-normal
fits at each delay time. Delay times are indicated by labalsecto each spectrum. The inset
shows the first (black, gray filled) and last (red, 4 ns delagpnstructed spectra, as obtained by
ps fluorescence. A redshift ef 150 cnt? is observed during the earliest 250 ps.
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Figure 4: Reconstruction of the stimulated emission spetibtained upon ps excitation of the
cationic formC in EtOH. Experimental points (blue squares) result froomgfarming TC-SPC
data into stimulated emission cross-section. The regu#ipectrum is fitted to a sum of twog-
normalfunctions (thin black solid line) accounting for the indiuial cross-sections of the neutral
(Z*, red) and cationic@*, blue) forms. The time delays are indicated. Spectra wemmalized to

a value of 1 at the maximum. On the ps timescale, a significaouat ofZ* forms impulsively.
Slow (ps) decay o€* and concomitant rise af* is observed.

A/ nm
g0, 350 400 500 600 700800 1000
sol fs-PSCP signal
of Z* in EtOH
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i
o 40|
—
- delay / ps
» 0.1,0.15,0.2, 0.3, 0.4, 0.5,
A 20¢ 1.0, 1.5 and 2.0
0
-20
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Figure 5: fs transient absorption spectrazéfin EtOH measured with parallel pump-probe po-
larization. Excited-state absorption (ESA) and stimwamission (SE) contributions are labeled.
Pump-probe delays are indicated. The arrow shows the aireof spectral evolution towards
longer delays. Undulations in the SE band reflect underlyiagepacket motion.
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polar solvatochromic shift of Z* A
8/ HO o |
T ~ MeOH o
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Figure 6: Analysis of the polar solvatochromic shiftof. Frame A: dependence of the Stokes
shift (cm™1) on the solvent polarity parametarf (¢,n?) for non-protic (filled blue squares) and
protic solvents (empty blue squares). The solvatochroimit & polar protic solvents is simu-
lated with the classical theory of solvatochromism and i properties derived from quantum
chemical calculations (thin solid line and dots). The failog values were useduy = 10.5 D,
p1=7.3D, a0 =22.3 A anda; =18.4 A. The fitted gas-phase Stokes stiftg, ., .ds indicated.
Solvents are identified by labels close to each data poiamerB: absorption (blue squares) and
stimulated emission (SE, red squares) peak positions atidarof the solvent polarity parameter.
Filled and empty symbols differentiate between non-pratid protic solvents, respectively. Peak
positions are simulated semiquantitatively by the dielectontinuum theory of solvatochromism
(thin solid line and dots) for protic solvents only. Non-piccsolvents deviate markedly. The SE
peak positions at time zero (gray-filled squangs(0)) are estimated by adding the orientational
contribution to the experimental peak positions, see t&kte optimal values for the gas-phase
absorptiornvg,.and SEVS, peaks are indicated together with the cavity radiu$he vertical lines

abs
gauge the extent of the dynamic Stokes shift in polar pratieents.
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Figure 7: The dynamic red-shift of th&* SE band is used to monitor solvation dynamics in
MeOH (panel A) and EtOH (panel B). In the femtosecond timkesqeeak positions are measured
by PSCP spectroscopy (blue squares). Slower dynamicsaaseacted from ps TC-SPC (green
squares). The peak positions at times zero and infinitu@)(and V()) are estimated by the
analysis of solvatochromic shifts with dielectric contima theory. This is then used to obtain the
solvation correlation function(t), red solid line), which is fitted with three exponentials and
Gaussian function. Decay timeg)(and associated amplitudes are indicated as inset togeitter
average solvation timegso),)) and the slowest decay obtained by TC-SRGo(). The inner
graphs represent the same datasets on a logarithmic scale.
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'Z*in OcOH: Y
7(0) =17710 cm~*
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Tslow =172 ps
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10.1 =

21 - 158 v Z* in 2BuOH
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C(t)

Z* in PrOH =
7(0) =18290 cm~? 10.04 |
7(00) =15441 cm ™! !

- Tslow =68 ps- - 10.02 /ﬂ:

44 Figure 8: Picosecond time-evolution of thé SE peak positionsg blue squares) in OcOH (Panel

45 A), 2BUOH (B) and PrOH (C). The peak position was obtained by spectral reconstruction of TC-
SPC data. The analysis of the solvatochromic shift is used to predict the peak position of the SE
48 band at time zeroy(0). The latter is necessary for calculating the solvation correlation function
49 C(t), shown on the right axe&(t) monitors the rate of energy dissipation in the solvation coordi-

50 natez(t). The peak position is fitted with monoexponential (PrOH and 2BuOH) or bi-exponential
51 (OcOH) functions and an offset. The characteristic timg) is indicated as inset. Note thafe)

is obtained from the fitting procedure as the offset amplitude. Deviations from the steady-state SE
54 peak position are less than our spectral resolution of 200'cm
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Figure 9: Picosecond time-evolution of t8é& (cyan) andZ* (yellow) SE band integrals measured
upon C excitation in EtOH. The left frame shows the evolution of tbdiand integrals during
the earliest 300 ps, as measured with ps time resolution. righé frame shows the complete
evolution ofZ*. Band integrals were fitted globally with biexponenti@ff and triexponential
(Z*) functions, as deduced from the model in Scheme 1. The dexastants 8,1, 5> andkz) are
indicated together with the associated amplitudes. Thefésshown as black solid lines. Red
solid lines represent the same global fit with amplitudest@amed to the analytical forms derived
from the kinetic model in Scheme 1. This provides the timehavon of Z* concentration in the
encounter complex®*, gray-filled curve) and of fre&* (F*, light green-filled curve).
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Figure 10: Linear dependence of the proton-diffusion tirmaestant ¢, blue-filled squares) on
solvent viscositynn. The red solid line shows the linear fitr, is compared with the slowest
solvation components determined by analysig ©&olvation dynamics (black empty squares).
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Quantum Chemical Calculations

Figure Sl 1. Atom numbering and geometries of the ground (black stickd)faist-excited singlet
state (orange). Hydrogens were omitted. Dipole moment®thf states are shown with the same
color code, as indicated by the legends. They are nearlyiglaimthe O—N line. The molecular
size is given by the gauge shown in the inset. The molecul@dsiated to be planar in both states
and lays on thez plane, as specified by the axis.



Table SI 1. Ground-state molecular electrical propertiesZobbtained from quantum chemical
calculations. The geometries were optimized with the iatdid methods and bases. Only non-
zero components are listed.

method u/D pdau. plau. alA® agla.u. ay/a.u. ogla.u. azla.u.
S, cc-pVTZ basis set, B3LYP//cc-pVTZ geometry
HF 11.858 0.705 —4.612 20.30 139.45 60.66 22.69 210.89
B3LYP 10.226 0.696 —3.962 20.70 142.44 60.84 18.88 215.70
S, aug-cc-pVTZ basis set, B3LYP//cc-pVTZ geometry
HF 12.008 0.694 —4.673 19.26 145.08 73.19 23.37 221.57
B3LYP 10.500 0.693 —4.072 22.33 149.04 73.62 19.39 229.42
S, 6-311+G* basis set, B3LYP//cc-pVTZ geometry
B3LYP 10.707 0.727 —4.149 21.64 143.19 69.12 20.28 225.71
S, cc-pVTZ basis set, B3LYP//aug-cc-pVTZ geometry
HF 11.917 0.703 —4.635 20.29 139.40 60.66 2258 210.65
B3LYP 10.264 0.696 —3.978 20.70 142.41 60.83 18.87 215.85
S, aug-cc-pVTZ basis set, B3LYP//aug-cc-pVTZ geometry
HF 12.070 0.692 —4.698 19.24 145.02 73.17 23.25 22131
B3LYP 10.542 0.693 —4.089 22.34 149.01 73.62 19.38 229.62

Table Sl 2: B3LYP molecular electrical properties obtained at 8ae@xcited state B3LYP/aug-cc-
pVTZ optimized geometry of .

State basisset u/D  py/au. pyla.u.  pp/a.u.

S cc-pVvVTZ 10.812 0.695 0.000 —4.197
aug-cc-pVTZ 11.137 0.691  0.000 —4.327
S cc-pVvVTZ 7.191 0375 0.000 —2.804

aug-cc-pVTZ 7.326  0.403 0.000 —2.854
State basisset al/A® ayxla.u. ayla.u. ozla.u.

) cc-pVTZ  21.02 14722 6114 217.19
aug-cc-pVTZ 22.68 153.78 74.18 231.17
S cc-pVTZ  18.36 138.90 6253 170.27

aug-cc-pvTzZz 20.08 148.31 77.95 180.33




Table SI 3: Basis set and method selection for the ground state geomgtirpization: Summary
of the main results. Internal coordinates in A and degreésmMumbering shown in Figure SI 1.

Parameter B3LYP/aug-cc-pVTZ (cc-pVTZ) HF/aug-cc-pVTZ-@vVTZ) MP2/(cc-pVTZ)

R(2,4) 1.415 (1.415) 1.421 (1.422) (1.411)
R(2,5) 1.362 (1.362) 1.344 (1.344) (1.371)
R(3,6) 1.433 (1.435) 1.420 (1.422) (1.441)
R(3,7) 1.383 (1.382) 1.382 (1.380) (1.379)
R(4,7) 1.448 (1.449) 1.427 (1.428) (1.455)
R(4,16) 1.368 (1.367) 1.357 (1.356) (1.363)
R(5,6) 1.466 (1.467) 1.470 (1.471) (1.464)
R(6,21) 1.242 (1.239) 1.218 (1.217) (1.242)
R(7,10) 1.422 (1.423) 1.416 (1.417) (1.423)
R(10,12) 1.371 (1.371) 1.360 (1.360) (1.375)
R(12,14) 1.392 (1.392) 1.386 (1.386) (1.395)
R(14,16) 1.346 (1.347) 1.320 (1.320) (1.352)
R(16,17) 1.470 (1.470) 1.465 (1.464) (1.465)
A(4,2,5) 120.1 (120.1) 120.2 (120.2) (119.6)
A6,3,7) 122.9 (123.0) 122.4 (122.5) (122.9)
A2,4,7) 118.5 (118.5) 118.0 (117.9) (118.9)
A(2,4,16) 122.1 (122.1) 122.1 (122.1) (121.9)
A(2,5,6) 124.0 (124.0) 124.1 (124.1) (124.4)
A(3,6,5) 114.3 (114.1) 114.2 (114.1) (114.0)
A(3,6,21) 124.8 (124.9) 125.5 (125.6) (124.7)
A(3,7,4) 120.2 (120.3) 121.2 (121.2) (120.2)
A(3,7,10) 123.2 (123.2) 122.6 (122.7) (123.2)
A(7,10,12) 121.3 (121.3) 121.3 (121.3) (121.3)
A(10,12,14) 119.9 (119.9) 119.5 (119.5) (120.1)
A(12,14,16) 120.4 (120.3) 120.7 (120.6) (119.9)
A(4,16,14) 122.5 (122.5) 122.4 (122.5) (123.0)
A(4,16,17) 119.6 (119.6) 119.6 (119.6) (119.1)




Table Sl 4: B3LYP/aug-cc-pVTZ optimized geometries for the groundesteCartesian coordi-

nates in A. Atom numbering shown in Figure Sl 1.

Atom X y z

1 2.398127 0.000000 0.536729
2 1.391518 0.000000 0.927706
3 -1.218478 0.000000 1.999001
4 0.279378 0.000000 0.053309
5 1.200983 0.000000 2.276361
6 -0.117813 0.000000 2.916996
7 -1.051006 0.000000 0.626007
8 2.052747 0.000000 2.944407
9 -2.218336 0.000000 2.412810
10 -2.138035 0.000000 -0.290770
11 -3.145291 0.000000 0.103717
12 -1.927402 0.000000 -1.645356
13 -2.751401 0.000000 -2.343207
14 -0.628565 0.000000 -2.145649
15 -0.406202 0.000000 -3.199189
16 0.423939 0.000000 -1.306496
17 1.771596 0.000000 -1.892973
18 2.315484 -0.887367 -1.577281
19 2.315484 0.887367 -1.577281
20 1.679954 0.000000 -2.973379
21 -0.226682 0.000000 4.154539




Table Sl 5: B3LYP/aug-cc-pVTZ optimized geometries for the first ezdisinglet state. Cartesian
coordinates in A. Atom numbering shown in Figure SI 1.

Atom X y z

1 2.375381 -0.000111 0.551881
2 1.375485 -0.000077 0.961894
3 -1.199671 -0.000278 2.008354
4 0.265445 0.000016 0.075513
5 1.227296 -0.000252 2.317138
6 -0.099141 -0.000353 2.910207
7 -1.040648 -0.000089 0.575967
8 2.080169 -0.000307 2.978955
9 -2.193888 -0.000251 2.432682
10 -2.152416 0.000053 -0.271620
11 -3.150859 0.000137 0.137233
12 -1.926648 0.000164 -1.668201
13 -2.747596 0.000355 -2.369236
14 -0.656360 0.000097 -2.152420
15 -0.449624 0.000138 -3.211994
16 0.444334 0.000018 -1.336617
17 1.775525 0.000198 -1.906090
18 2.336177 -0.886494 -1.600103
19 2.336664 0.885935 -1.598297
20 1.696605 0.001351 -2.989564
21 -0.296233 -0.000255 4.154322




Time-Dependent Concentrations

Analytical expressions for the time-dependent conceptratresulting from the kinetic model
in Scheme 2 were derived by matrix algebra. The definitiof&juations (Sl.1) were employed to
simplify the final expressions. The initial conditions apesified in Equations (S1.2). Remember

that non-zero initial concentration of thé form is explained by the unresolved stages of solvation.

X =k + ke (Sl.1a)
Y =kp +kz +k 1 (Sl.1b)
Z=\/(X—Y)2 +dkik 1 (Sl.1¢)
By :%(x +Y+2) (Sl.1d)
Bz %(X +Y —-2) (Sl.1e)
A=Y -kz—XY +ki-k 1 (SI.1f)
[C*)(0) =Co (Sl.2a)
[P1(0) =20 (Sl.2b)
[F](0) =0 (Sl.2¢c)

The resulting time-dependent concentrations of the speanimlved are collected in Equa-

tions (S1.3).



o 1
o) ~ ke(BL— B2)(A+Xkz — K2

{[A+ Ba(X —kz)] [Coka (B2 — kz) + Zo(A + X Bz — kz B2) &Pt
+[D+ Ba(X — kz)] [Coke(B1 — Kz) + Zo(A+ X1 — kzBr)] e P2}

1
(BL— B2)(A+Xkz — k3) -

{(Bl - kz) [C()k]_(ﬁz - kZ) + ZO(A—l— XBZ — kZBZ)] e*ﬁlt
— (B2 — kz) [Coku(By — kz) + Zo(A+ X By — kz By)] e P2t}

1
(A+Xkz — k3

{- B < [Coka (B2 — Kz) + Zo(A+ X B2 — kzBp)] € P!
1— B2 (Sl.3c)

B & [Coka(B1—Kz) + Zo(A+ X By — kzBy)] e P!
1— B2

— ka2 [Coky + Zo(X — kz) et}

(22O =[P )]+ [F(t)] (S1.3d)

>><

(Sl.3a)

[P(t)] =
(SI.3b)

[F ()] =

)X

_|_

The small contribution of the second exponential in the gemfaC* indicates thak ; <«

ki + ko +kz. Therefore, it can be deduced that

Bit+Ba=ki+ko+kz+k 1~k +k+kz (Sl.4a)

B1 x B2 =ki(ko+kz) (S1.4b)



Stimulated Emission Band Integrals of Z*
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Figure SI 2. Time evolution of theZ* stimulated emission band integrals (thick yellow lines)
measured in the various alcohols. A monoexponential fit @vsh) thin solid line, and the decay
time is indicated. Only 1-octanol shows a minor contribatid a second short exponential (20%).



Global Multiexponential Fit of the Time-Resolved Fluorescence of C* in Ethanol

fluorescence decay
C* in EtOH

e e A
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delay / ns
Figure SI 3: Fluorescence decay curves (gray) measured between 4502@ndnY for C* in
ethanol. Four-exponential global fits are shown as red lvtgke the IRF is represented by black
dots. Weighted residuals (WR) resulting from the globalrtshown in the lower panels for some
representative wavelengths (indicated by green decagsumthe upper panel). AJJ,%, values are
below 1.2.
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PTTSin Ethanol Shown on a Logarithmic Scale

The logarithmic representation in Figure Sl 4 clearly exgsothe non-exponential decay of
C* in ethanol. Similar results are obtained in other alcohtfsaddition, decay and rise &@*
andZ*, respectively, occur at different rates. Consequentlypbal biexponential fit yields good
results for the cation but deviates slightly for the reattpyoduct. Biexponential decay &*
and triexponential evolution at* fit the data up to noise level and yield rate constants whieh ar

consistent with independent measurements of solvatioardios andZ* deactivation, see main

text.

10°

o C in EtOH
¢ = 37 ps
10" ¥ =1.2ns

A =0.92; AS = 0.084

A? = -0.14; A = 0.86

band integral

10°E-\ 7Y = 0.18 ns

107

delay / ns

Figure Sl 4: Logarithmic representation of the picosecond time-evoiudf C* (cyan solid line)
andzZ* (yellow solid line) SE band integrals. Measurements pentat uporC excitation in EtOH.
Both band integrals were fitted globally with biexponentiaictions (thin solid lines). The inset
zooms the earliest 0.3 ns on a linear scale. Decay constahesaociated amplitudes are indicated.
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PTTSin 1-Octanol

ZD AT = 0.55 C in OCOH
AS =045
AIZ =-0.097

o
0

B = 6.74 £ 0.07 ns™!
By =135+ 0.01 ns!
kz = 0.691 £ 0.002 ns* T

o
~

C* and Z* band integrals
o o
N (o2}

2 3 4 5
delay / ns

Figure SI 5: Picosecond time-evolution of tHg* (cyan solid line) and* (green solid line) SE
band integrals measured up@nexcitation in OcOH. Band integrals were fitted globally with
biexponential C*) and triexponential{*) functions, as deduced from the model in Scheme 2.
The decay constant{, B, andkz) are indicated together with the associated amplitudeg Th
fits are shown as black solid lines. Red solid lines repregensame global fit with amplitudes
constrained to the analytical forms derived from the kimatbdel in Scheme 2, Equations (SI.3).
This provides the time-evolution af* concentration in the encounter compléX ( gray-filled
curve) and freeK*, light green-filled curve).
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Solvent Abbreviations

The following abbreviations were used for the solvents eygd in this work: ACE (ace-
tone), ACN (acetonitrile), BUCN (butyronitrile), BUOH (@utanol), 2BuOH (2-butanol), CHF
(chloroform), DCM (dichloromethane), DMF (dimethylformiéde), EtAc (ethyl acetate), EtOH
(ethanol), HeOH (1-hexanol), HpOH (1-heptanol), iBuOHbgitanol), MeAc (methyl acetate),
MeOH (methanol), OcOH (1-octanol), PrOH (1-propanol), Tit#trahydrofurane) and WAT (wa-

ter).
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