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Ultrafast photoinduced dynamics of the
3,6-diaminoacridinium derivative ATTO 465 in solutiont

Cite this: Phys. Chem. Chem. Phys., 2013,
15, 1844 ab . ab g . . a
Jutta Arden-Jacob,®” Karl-Heinz Drexhage,®® Sergey I. Druzhinin,® Maria Ekimova,

Oliver Flender,® Thomas Lenzer,*® Kawon Oum?® and Mirko Scholz*

The excited state dynamics of the dye ATTO 465, a well-known fluorescence marker for biological
applications, have been characterized in various solvents including THF, ethanol, methanol, water and
the highly polar protic ionic liquid 2-hydroxyethylammonium formate (2-OH-EAF) by combining results
from time-correlated single-photon counting (TCSPC) and ultrafast pump-supercontinuum probe (PSCP)
spectroscopy as well as steady-state absorption and fluorescence. In water, 2-OH-EAF and two
fluorinated alcohols, there is a pronounced blue-shift and broadening of the S — S; absorption band
and also a larger Stokes shift than in the other solvents, indicating a particular influence of hydrogen-
bonding interactions. Sy lifetimes from TCSPC at 25 °C range from 3.3 ns to 5.6 ns. An unusual increase
in the S, lifetime with temperature is observed for ethanol and methanol, however water behaves in
the opposite way. The behavior can be tentatively explained by a solvent- and temperature-dependent
"proximity effect’”, where coupling of the close-lying S; and S, states influences the intramolecular
relaxation rate of the dye. In addition, temperature-dependent complex equilibria of ATTO 465 with
solvent molecules may influence the measured lifetimes. Several excited-state absorption (ESA)
transitions are identified in the PSCP spectra, which are in good agreement with the position of the UV
bands in the steady-state absorption spectra. Small shifts of the stimulated emission and ESA bands are
consistent with solvation dynamics in the excited electronic state. An additional ~16 ps component in
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water, visible over the entire spectral range, is tentatively ascribed to a fast IC channel which is accessed
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1. Introduction

Cationic dyes derived from proflavine (= 3,6-diaminoacridine)
are used as an important class of DNA intercalators and
as fluorescence markers for microscopic investigations of bio-
logical samples. Fig. 1 contains the structure of the dye ATTO
465 used in this study and the ring-nitrogen protonated form
of the heterocycle proflavine, which represents the prototype
of this dye class." The knowledge of the photophysics of such

@ Universitit Siegen, Physikalische Chemie, Adolf-Reichwein-Str. 2, 57076 Siegen,
Germany. E-mail: lenzer@chemie.uni-siegen.de, oum@chemie.uni-siegen.de;
Fax: +49 271 740 2805; Tel: +49 271 740 2803
b ATTO-TEC GmbH, Am Eichenhang 50, 57076 Siegen, Germany
¢ Max-Planck-Institut fiir Biophysikalische Chemie, Am Fassberg 11,
37077 Géttingen, Germany
T Electronic supporting information (ESI) available: Steady-state absorption
coefficient spectra of ATTO 465 in ethanol, methanol and water; normalized
absorption and fluorescence spectra of ATTO 465 in all solvents; comparison of
PSCP spectra for ATTO 465 in water, THF and ethanol; comparison of single
wavelength transient absorption signals in water for different concentrations of
ATTO 465. See DOI: 10.1039/c2cp43493h

1844 | Phys. Chem. Chem. Phys., 2013, 15, 1844-1853

A A
+ +
HoN N NHz HoN H NH

Proflavine

ATTO 465 (protonated form)

OH

(0]

Fig. 1 Chemical structures of ATTO 465 (counter anion in the current study ClO4™)
and the protonated form of proflavine.

dyes in solution is a prerequisite for a better understanding of
their dynamics in more complex environments such as DNA or
proteins. Alkyl substitution at the 1-position in the case of
ATTO 465, which was originally introduced to allow for facile
coupling with biological molecules of interest, has the extra
benefit that a well-defined stable cationic dye system is gener-
ated. This way, potential complications e.g. due to acid-base
equilibria as in the case of diluted dye solutions of protonated
proflavine are avoided.
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Another interesting feature of ATTO 465 is its Stokes shift,
which is considerably larger in water than in less polar solvents
such as alcohols. This shift is also much larger than for related
molecular fluorescence probes in water, such as ATTO 495,
which features two N,N-dimethylamino groups instead of the two
amino groups.” The reason for this behavior is not yet understood
and therefore requires experimental studies. In addition, the
behavior of such molecular probes in ionic liquids (ILs) is of
interest, because these media have recently attracted considerable
attention as task-specific solvents for biological applications such
as peptide and protein folding.>® In the current studies we include
the protic ionic liquid (PIL) 2-hydroxyethylammonium formate,
which is highly polar’” and a promising candidate for such
biological applications. We present a comprehensive investigation
of the dye ATTO 465 in a range of solvents using time-correlated
single-photon counting (TCSPC) measurements, ultrafast transient
absorption spectroscopy, as well as steady-state absorption and
fluorescence. We complement our experiments by DFT/TDDFT
calculations for a better understanding of the structure, energetics
and photophysics of ATTO 465.

2. Experimental
2.1 Steady-state absorption and fluorescence spectra

Steady-state absorption spectra of the ATTO 465 dye in different
solvents were measured on Varian Cary 5000 and Perkin Elmer
Lambda 750 spectrometers with baseline correction. Fluorescence
spectra were recorded using Varian Cary Eclipse and Horiba
Jobin-Yvon Fluorolog-3 spectrometers. Samples were excited
at or close to the absorption maximum. The fluorescence raw
data were corrected for the instrument response function.
Fluorescence quantum yields of ATTO 465 in several solvents
were determined using quinine sulfate in 1 N H,SO, as standard
(D¢ = 0.546 at 25 °C).°

2.2 Time-correlated single photon counting (TCSPC)

One of our TCSPC systems was already described at length in
previous publications.”™"! Briefly, a solution of ATTO 465 in
the solvent of interest was prepared with an optical density of
0.1-0.3 at the S, — S; absorption band maximum in a 10 mm x
10 mm quartz cuvette, which was placed in a temperature-
controlled sample holder (+0.05 °C). The solution was then
thoroughly bubbled with N, and excited using a pulsed nitrogen
flash lamp (FWHM 2 ns, 297 nm, repetition rate 50 kHz). Experi-
ments were performed in the range 25.0-65.0 °C (methanol),
25.0-75.0 °C (ethanol), 25.0-95.0 °C (water), and at 25 °C for THF
and 2-hydroxyethylammonium formate (2-OH-EAF). Fluores-
cence was recorded at the maximum of the emission band.
Decay curves were deconvolved with the instrument response
function (IRF), recorded using a Ludox solution, which resulted
in highly reproducible monoexponential decays over typically
two to three orders of magnitude. Standard deviations for a set
of TCSPC data (typically consisting of 4-8 measurements) were
ca. £20 ps, except for the IL (ca. £200 ps), because in that case
superimposed impurity fluorescence increased the uncertainty
in the determination of the ATTO 465 lifetime. In the case of the
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temperature-dependent experiments, lifetimes obtained at 25 °C
before starting and after finishing the temperature series were
identical.

In addition, fluorescence decay curves of ATTO 465 were
recorded on another TCSPC setup (Horiba Jobin-Yvon TemPro,
time calibration 55 ps per channel, software: DataStation 2.5,
DAS6.4) at room temperature using S, — S; excitation at 454 nm
(Horiba Jobin-Yvon NanoLED-460, FWHM 1.1 ns, repetition rate
1 MHz). Ethanol and water (both undeuterated and deuterated),
formamide, dimethylformamide (DMF), 2,22-trifluoroethanol
(TFE) and 1,1,1,3,3,3-hexafluoropropan-2-ol (HFP) were employed
as solvents. Deconvolution was performed using an IRF recorded
with a Ludox AS-40 solution (Sigma-Aldrich) in water, leading to
pure monoexponential decays over three orders of magnitude. The
estimated accuracy of these lifetime values is ca. 50 ps. Typically,
the integral fluorescence of the sample was collected. In the case of
water, HFP and formamide, comparisons were also made with
measurements, where an interference filter (514 nm, bandwidth
+5 nm) was employed, resulting in identical lifetime values. For
water, the lifetime of ATTO 465 was also measured at different pH
values: at pH 4 in a citrate buffer (Sigma-Aldrich 33643), at pH 4.1
in a diluted acetic acid solution, at pH 7.4 in a PBS buffer
containing 0.137 M NaCl, 0.0027 M KCl, 0.0018 M KH,PO, and
0.0090 M KH,PO,, at pH 10 in a borate buffer (Merck Titrisol
1.09890.0001) and at pH 10.3 in a diluted KOH solution.

We also note that the results for the solvents water, methanol
and ethanol, measured with the two different excitation wave-
lengths 297 and 454 nm on two different setups, are in complete
agreement.

2.3 Pump-SuperContinuum Probe (PSCP) spectroscopy

Ultrafast broadband absorption spectroscopy based on the
PSCP technique'” in the range 340-770 nm was performed
using our setup described previously.'"'*™> ATTO 465 was
excited at 489 nm (ethanol) or 481 nm (THF, water). Transient
spectra for each pump-probe delay were accumulated over
1500 laser shots employing single-shot baseline correction.
For the final representation, typically 5-10 transients around
a given time delay were averaged. The pump-probe intensity
cross-correlation time in the current experiments was 60-90 fs
and the time accuracy 10 fs.

2.4 Chemical substances

The dye ATTO 465 (with dominant (>90%) counter anion ClO, ")
was used without further purification. No signs of degradation
were detected in any of the experiments reported below. Solvents
had a specified purity of 99% or better (ca. >97% in the case of the
protic ionic liquid). The measurements were carried out in
thoroughly N,-bubbled solutions or - where stated - in air-
saturated solutions. In all experiments the dye concentration
was in the range 10 to 107° mol L™".

3. Theoretical calculations

The equilibrium structure of the ground electronic state of
ATTO 465 was optimized by density functional theory (DFT)
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using the B3LYP functional’® and a 6-311+G(d,p) basis set.
Time-dependent density functional theory (TDDFT)'”'® was
then applied to these geometries for calculating the first five
excited singlet electronic states using the B3LYP functional and
a 6-31+G(d) basis set. The PCM solvent model was employed for
water. Calculations were carried out using the Gaussian 09
package."® Detachment-attachment electron density plots were
obtained using Q-Chem 3.0.°

4. Results and discussion
4.1 Steady-state absorption and fluorescence of ATTO 465

Fig. 2 shows absorption spectra (left side) and fluorescence spectra
(right side) for the solvents ethanol, methanol, water, THF and
2-OH-EAF studied in detail in the current experiments. Complete
absorption coefficient spectra down to 200 nm for ethanol, metha-
nol and water can be found in Fig. S1 of the ESL} Characteristic
quantities and relevant solvent properties”*'* are summarized in
Table 1. Absorption and fluorescence spectra in additional solvents
can be found in Fig. S2 and S3 (ESIT), respectively.

The absorption spectra in THF, ethanol and methanol are
centered at ca. 465 nm and exhibit a shoulder to the blue, with a
spacing of about 1350 cm™'. In a previous study employing
surface-enhanced resonance Raman scattering of proflavine,
strong vibrational bands at 1322, 1362 and 1391 cm™ " were
reported, which is consistent with the spacing found for ATTO
465.>* The relatively unstructured appearance of the whole
spectrum is likely due to additional lower-frequency modes
(594, 648, 758, 352 and 412 cm™').>* The peak of the absorption
spectrum in water (¢ = 80.1) and 2-OH-EAF (¢ = 57.3)” is blue-
shifted by about 500 and 1000 cm*, respectively, and the
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Fig. 2 Steady-state absorption and fluorescence spectra of ATTO 465 in (top)
ethanol, methanol and water, and (bottom) THF and the ionic liquid
2-hydroxyethylammonium formate (2-OH-EAF).
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spectra are significantly broadened. While this suggests, that
increased polarity might be the reason for these effects, we note
that even stronger blue-shifts of the absorption spectra are found
for the fluorinated alcohols TFE (¢ = 27.7) and HFP (¢ = 16.7),
which both have a significantly smaller dielectric constant than
water and the IL, see Table 1 and Fig. S2 (ESIt). Possible reasons
for this behavior will be discussed further below.

The fluorescence spectra in Fig. 2 show only a fairly
small Stokes shift in methanol, ethanol and THF in the range
1100-1350 cm ™ '. It is considerably larger in water and 2-OH-EAF
(ca. 2500 cm™"), and also in the two fluorinated alcohols (Table 1).
This difference is surprisingly large compared to eg other
acridinium dyes featuring dimethyl substitution at both amino
groups.? Similar to the absorption spectra, the width of the
fluorescence spectra is considerably larger in water, 2-OH-EAF,
TFE and HFP compared to the other solvents listed in Table 1.

4.2 DFT/TDDFT calculations for ATTO 465

For a basic understanding of the absorption spectra in Fig. 2,
transition energies for the first five singlet electronic states in
the gas-phase and in water (PCM model) were calculated,
including oscillator strengths for the gas-phase case (Table 2).
As can be clearly seen, the strong band in Fig. 2 can be assigned
to Sy — S;, which is the only bright transition in this spectral
region (compare also Fig. S1, ESIf) and corresponds to pre-
dominantly HOMO — LUMO excitation, with a small (ca. 6%)
admixture of HOMO — 1 — LUMO + 1. The solvent influence
on the band position is relatively weak, resulting in a 13 nm
red-shift. We note that the calculations deviate from the
experimentally determined band position by 48 nm (Tables 1
and 2). Such an overestimation of the experimental transitions
by TDDFT approaches has been found previously for cyanines
and acridines, independent of the functional used. The reason
for the deviations is thought to be the multideterminantal
structure of these systems, especially in the case of extended
conjugated systems.>**” The 3,6-diaminoacridinium system of
ATTO 465 features a similar chromophore, and the deviations
between the TDDFT results and experimental spectra are there-
fore not surprising. Still, we believe that such calculations can
provide at least a qualitative description of the state ordering
and energy levels in this system.

The detachment-attachment electron density plots in Fig. 3
show that electron density is redistributed within the central
part of the ring system upon S, — S, excitation. In addition,
electron density is slightly reduced at the two amino groups.
We also note that the ring system is not completely planar but
exhibits a slight “concave” curvature toward the side on which
the alkyl chain resides. Close in energy to the S; state, there is
an almost ‘“‘dark” electronic state, which corresponds to a
HOMO — 1 — LUMO transition. This state could potentially
couple to S, for a further discussion see Section 4.5.

4.3 Fluorescence lifetimes and quantum yields for ATTO 465

We also investigated solvent effects on the measured excited state
lifetimes and quantum yields of the dye. A representative TCSPC
trace for ATTO 465 in water at 25 °C can be found in Fig. 4.
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Table 1 Summary of steady-state absorption and fluorescence data (at 23 °C) as well as quantum yield and lifetime data (at 25 °C) of ATTO 465 in different solvents

Solvent EtOH MeOH  H,O THF 2-OH-EAF*  EtOD TFE? HFP° D,O Formamide  DMF

22 nm 467 464 453 466 445 467 451 447 453 463 470

Paxsfem ™" 21410 21560 22070 21470 22490 21410 22190 22380 22070 21600 21300

max, /M ' cm 65500 65400 42700 — — — — — — — —

23 ax,25Mm 263 262 263 264 — — — — — — —

P2 fem ™! 38060 38120 38020 37940 — — — — — — —

Emaxa/Emax2’ 1.10 1.07 0.86 0.93 — — — — — — —

A dmm 491 493 507 496 497 492 500 494 507 501 497

Padlem™? 20320 20230 19600 20110 20000 20270 20130 19930 19600 19860 20060

(Phax1—P ) fem™ 1090 1330 2470 1360 2490 1140 2060 2450 2470 1740 1240

FWHM,"/cm™* 1600 1750 2360 1760 2410 1600 2000 2100 2360 2070 1730

FWHM/"/cm ™! 2170 2420 3070 2430 2770 2250 3080 2870 2960 2690 2290

°/ps 4030 4430 5220 3940 5110 38607 51907 5570" 56107 41607 33107
40407 51307

X 0.65 0.59 0.49 0.53 — — — — — — —
0.547 0.487

k//ns™* 0.16 0.13 0.094 0.14 — — — — — — —
0.13” 0.0947

knrS/ms™t 0.088 0.092 0.098 0.12 — — — — — — —
0.117 0.10°

omaxti1071% em? 1.17 0.91 0.55 0.83 — — — — — — —

w(S1 = So)*/D 5.33 5.08 4.45 4.67 — — — — — — —

u(So = S1)/D 6.31 6.52 6.05 — — — — — — — —

B 0.75 0.66 0.47 0.55 — 0.75 0.00 0.00 0.47 0.48 0.69

& 25.3 33.0 80.1 7.5 57.3 25.3 27.7 16.7 79.7 111 37.6

“ 2-Hydroxyethylammonium formate. ? 2,2,2 Tr1ﬂuoroethanol °1,1,1,3,3,3-Hexafluoropropan-2-ol. ¢ Wavelength of S, — S, absorption maximum.

¢ Wavenumber of S, — S; absorptlon maximum. / Peak absorptlon coefﬁment of the S0 — S; band with an accuracy of ca. £3%. £ Wavelength of UV
band absorption maximum. Wavenumber of UV band absorption maximum. Ratlo of peak absorption coefficients for the two bands.
J Wavelength of ﬂuorescence maximum. ¥ Wavenumber of fluorescence maxlmum ! Stokes shift. ™ Full width at half-maximum of the S, —> S,
absorption band. " Full width at half-maximum of the S; — S, fluorescence band. ° Lifetime from TCSPC. ? In air-saturated solution. ¢ Fluorescence
quantum yield. " Radiative rate constant. ® Nonradiative rate constant. ‘ Emission cross-section at maximum. “ Transition dipole moment for
emission. ” Transition dipole moment for absorption. * Kamlet-Taft parameter 3 for the hydrogen bond accepting ability (“basicity’’)**** of the
solvent. * Dielectric constant.”*?

Table 2 Results of DFT/TDDFT calculations (B3LYP functional) for the first 5 i ATTO 465 }
vertical electronic transitions of ATTO 465 in the gas phase and in water, and s in H.O
oscillator strengths f from the gas-phase calculations 1000 + in 2 B
1 7/ ps 5220 25°C }
So — S» A /nm (gas phase) A /nm (water) f 2
] ¥ = 107
1 392 405 0.55
2 388 392 0.02 2 T
3 293 290 0.00 8 J
4 288 282 0.00
O 500
5 283 269 0.00
04
-5 0 5 10 15 20 25 30
Time/ns
2
©0

-2

Fig. 4 Representative time-correlated single photon counting decay (black
circles) for ATTO 465 in H,O at 25 °C. Excitation: 297 nm, detection: 510 nm.
The red line represents the best fit with = = 5220 ps (x> = 1.07) using the
instrument response function obtained from a Ludox scattering solution (blue
line). Inset: autocorrelation (A-C) trace, lower plot: weighted residuals.

Fig. 3 Detachment density (left) and attachment density (right) for the So — 4
transition of ATTO 465 obtained from the DFT/TDDFT calculations.

No changes in the lifetime were observed in a study of the con-
centration dependence in water in the range 2 x 10773 x 10" ° M.

Lifetimes are summarized in Table 1. They are averages over 4-8
individual experiments and are well described by single exponential
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decays. A systematic increase in fluorescence lifetime is observed in
the sequence THF < ethanol < methanol < 2-OH-EAF < water.
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A lifetime comparable to water is also found for ATTO 465 in
fluorinated alcohols, whereas in formamide and DMF lifetimes
are comparable to THF, ethanol and methanol (Table 1). Deutera-
tion of water increases the lifetime of ATTO 465. As expected, in
aerated solutions, oxygen quenches the fluorescence, leading to
a lifetime reduction of ~400 ps in methanol and ~ 100 ps in
water. The difference is most likely due to the higher oxygen
solubility in methanol.?®

We note that the solvent dependent increase in the lifetime of
ATTO 465 is in marked contrast to previous results of Natarajan
and co-workers for 3,6-diaminoacridinium: they reported TCSPC
experiments (with a claimed time resolution of 50 ps) showing
single exponential decays with a virtually solvent-independent
fluorescence lifetime of (4.6 & 0.2) ns (see e.g. Table 1 and Fig. 2
in their paper).> However, they observe multiexponential tran-
sients in their fluorescence up-conversion experiments, which
have largely decayed after 500 ps (see their Fig. 3). The shape of
their upconversion signals also does not agree with the fit results
for these transients, where a dominant component in the range
4.4-4.8 ns with an amplitude of typically in the range of more
than 80% was claimed (see Tables 2 and 3 in their paper). Thus it
must be concluded that their experimental results are not
internally consistent.> We therefore refrain from including these
data in the further discussion.

In addition, we measured fluorescence quantum yields &
using quinine sulfate as standard.® From these and the mea-
sured lifetimes 7, the radiative and nonradiative rate constants
k. = @¢/v and k,; = (1 — Py)/7, respectively, were determined. All
values are summarized in Table 1. Focusing on the protic
solvents, @ systematically decreases from ethanol (65%) toward
methanol (59%) and water (49%). Looking at the rate constants,
the value of &, varies more strongly than k,,. The considerable
reduction of k. from ethanol to water is quite surprising, because
very often radiative rates are assumed to be practically solvent
independent and changes in the rates of nonradiative processes
are believed to be more important.>® Quite peculiar behavior of
ATTO 465 is also observed, when recording the temperature
dependence of the fluorescence lifetime in ethanol, methanol
and water (Fig. 5). While water shows the “normal” trend, i.e., a
reduction of the lifetime with increasing temperature, the two
alcohols show the opposite trend, namely a weak systematic
increase in the lifetime. This behavior of ATTO 465 in methanol
and ethanol is quite unusual, because nonradiative processes
such as internal conversion from an excited electronic state are
typically accelerated due to the higher average vibrational energy
of the molecules at higher temperatures.?*** In addition, the
dielectric constant of methanol and ethanol decreases quite
substantially with increasing temperature,®® which should, in
the current case, also favor a decrease in lifetime (note that the
mid-polar THF has a smaller 7, see Table 1). However, the
opposite trend is observed. Possible interpretations will be
discussed below.

We note that an influence of temperature-dependent acid-
base equilibria on the lifetime of ATTO 465 is unlikely. In
experiments at 25 °C for pH 4.1 (diluted acetic acid) and for pH
10.3 (diluted KOH solution) we found single exponential decays

1848 | Phys. Chem. Chem. Phys., 2013, 15, 1844-1853
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Fig. 5 Temperature-dependent fluorescence lifetimes of ATTO 465 in ethanol
(black), methanol (blue) and water (red) from time-correlated single photon
counting measurements. The green open symbols are for ATTO 465 in a PBS
buffer at pH 7.4. Solid and dashed lines are intended merely as a guide to the eye.

with lifetimes of 5120 and 5170 ps, respectively (compare the
value of 5220 ps from Table 1). The steady-state absorption and
fluorescence spectra did not change for these two solutions. We
therefore believe that acid-base equilibria involving the car-
boxyl and the two amino groups of ATTO 465 have a negligible
effect in the current measurements. We note however that the
use of buffer solutions had a visible influence on the decays. In
the case of citrate (pH 4), the lifetime was reduced to 4920 ps
at 25 °C. For the borate buffer, the fit provided a lifetime
of 5220 ps, yet there was an obvious departure from mono-
exponential behavior. In the PBS buffer (pH 7.4), a value of
5060 ps was measured at 25 °C. We suspect that the high
concentration of ions in these buffers could be the reason for
such effects, which might lead to strong Coulomb interactions
with the dye and possibly also the formation of ion pairs. In
spite of these changes in lifetimes, the trend in the temperature
dependence remained robust. This is e.g. illustrated by the
results for the PBS buffer in Fig. 5, where the curve runs parallel
to the one for pure water.

4.4 PSCP experiments and their global analysis

We performed ultrafast broadband transient absorption experi-
ments of ATTO 465 in the solvents THF, ethanol and H,O to
obtain further insight into the relaxation dynamics of the dye.
In all cases, solutions were thoroughly bubbled with nitrogen
prior to the measurements. A representative result for ethanol
is shown in Fig. 6. The top panel shows the development at very
early times. Upon approaching ¢ = 0, a negative band centered
at ca. 480 nm with a shoulder in the range 500-550 nm and an
absorption band with a peak at 420 nm appear. We assign the
three features to S, ground state bleaching (GSB), S; — So
stimulated emission (SE) and S; — S, excited state absorption

This journal is © the Owner Societies 2013
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Fig. 6 Transient PSCP absorption spectra of ATTO 465 in ethanol for excitation at
Jpump = 489 nm (colored and grey lines). In the lower panel, the dash-dotted and
dashed black lines indicate the inverted steady-state absorption and the steady-
state stimulated emission spectrum (calculated from the steady-state
fluorescence spectrum). A narrow spectral window around the pump
wavelength, which shows excessive noise arising from pump beam straylight, is
omitted for some of the spectra for the sake of clarity.

(ESA), respectively. The slightly structured appearance is due to
Raman features arising from ATTO 465 during the time overlap
of the pump and probe pulses.

The middle panel demonstrates the spectral evolution on
intermediate timescales up to 20 ps. In this time range, we
observe a slight decrease of the GSB (which becomes more
apparent in the inset on the left) and a slight movement of
the SE shoulder toward the red. The spectral changes and the
timescale are characteristic of the solvent’s response to the
altered charge distribution of the S; state.>* The small changes
are understandable considering the fairly small Stokes shift of
ATTO 465 in this solvent (1090 cm ™', see Table 1). A slight
spectral movement on the same timescale is also visible on the
S; — S,, ESA band, in this case a blue-shift, which indicates that
upon solvent relaxation the upper state in the ESA process is
less stabilized than S;."**° We also note that there is a very
weak absorption visible above 650 nm which must be assigned
to another ESA band originating from S;.

On long timescales up to 1 ns, shown in the bottom panel,
we observe first the remainder of the solvent relaxation in the
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GSB, SE and ESA regions, which is consistent with the slowest
part of ethanol’s solvation response.’* Afterwards, in all spec-
tral regions we see a slow uniform decay, which is consistent
with the lifetime extracted from our TCSPC experiment (4030 ps,
see Table 1).

All PSCP measurements were treated by a global kinetic
analysis.'*">° The following kinetic scheme was considered:

h”Pump
_

So S

SIL’SO

S, M s, (1)

kisc.1
S — T,

kisc

T, —— So

Bimolecular quenching processes of S; by oxygen can be safely
neglected for the nitrogen-bubbled solutions employed.
Because time-resolved data are only available up to 1 ns
pump-probe delay, the S; decay rate k = 77" =k, + ki + ks
was fixed at the value determined from the TCSPC experiments
(Table 1). The second ISC step is typically in the ps to ms range
(i.e. kisc, < k) and depends on the specific amount of oxygen
in the solution. In the current case, with very low amounts of
oxygen, bimolecular quenching is expected to be slow, and we
expect time constants of the triplet quenching in the range of
milliseconds. Therefore, the recovery of S, population described
by the kinetic system in eqn. (1) will be biexponential, with one
component given by t (Table 1) and a very slow component given
by Tisc.. In the PSCP experiments, the entire spectrum has
uniformly decayed to about 80% of its initial amplitude within
1 ns. This suggests that only a minor fraction of the S; popula-
tion decays to triplets (on the order of <10%, as estimated from
the noise level of the spectra). This is consistent with previous
measurements.” In agreement with this finding, up to 1 ns we
do not see any build-up of triplet absorption: for a related
system (protonated proflavine) an extinction coefficient of
6000 M~ em™" for Ty — T, was reported (peak at 455 nm),””
which is considerably smaller than émay 1 of So — S; (Table 1)
and S; — S, It is therefore understandable that triplet absorp-
tion is not detected by PSCP even at 1 ns delay time, because
it has a very small amplitude and also overlaps with strong
bleach features (see Fig. 6). For the global modeling, a time-
dependent'****® S, spectrum was assumed, where transient
spectral changes, such as shifts of the SE and ESA bands can be
conveniently modeled.

Fig. 7 contains representative fits to experimental PSCP
spectra in (A) ethanol and (B) water after solvent relaxation
has ceased. The simulated PSCP spectrum is shown as a
black line consisting of a superposition of S, (red) and S;
contributions (blue). The S; spectrum consists of SE in the
range 480-650 nm (both solvents) and three ESA features: a
strong one centered at around 420 nm (400 nm) in ethanol
(water), a weak one rising just at the lower limit of the covered
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Fig. 7 Species-associated spectra of ATTO 465 in (A) ethanol at a time delay of
200 ps and (B) water at a time delay of 215 ps from global kinetic analysis. (Open
circles) experimental spectrum. (Black lines): result from global kinetic analysis

with contributions from So — S,, GSB (red lines) and combined S; — S, ESA and
Sq — So SE (blue lines).

16 14

wavelength range (ca. 360 nm) and a weak tail above 650 nm.
An unambiguous decomposition of ESA and SE contributions is
difficult: from the steady-state absorption spectrum in Fig. S1
(ESIT), one can deduce that there might be up to five ESA bands
present over the wavelength range covered by PSCP. They could
be centered at around ~ 390, 470, 600, 720 and 840 nm (taking,
e.g., the bands for ATTO 465 in ethanol at ~210, 230, 260, 280
and 300 nm in Fig. S1 (ESIT) as possible final S,, states for ESA
transitions from S,). For instance, the weak ESA above 650 nm
clearly indicates that there must be such a transition some-
where in the red to near-IR spectral region.

In Fig. 8, we show selected kinetic traces for the protic
solvents ethanol (A, B) and water (C, D) together with the
results from the global analysis (solid red lines). For ethanol,
we observe a weak curvature in the early part of the kinetics,
which is also present for transients in other spectral regions
(not shown here). The curvature can be explained by solvation
dynamics with known time constants from the literature (0.03,
0.39, 5.03 and 29.6 ps).>* The final slow decay of the transient is
fitted well by the 4.0 ns time constant independently deter-
mined by TCSPC.

For water, it is well known that its solvation dynamics are
very fast and can be described by a multiexponential solvent
relaxation function (time constants 0.112, 0.30 and 1.45 ps).*®
The curvature in the transients at early times (not shown here)
can be well described by such a function and is consistent with
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Fig. 8 Representative kinetic traces for ATTO 465 in different protic solvents: (A)
and (B) ethanol at 430 nm and 468 nm. (C) and (D) Water at 390 and 430 nm,
respectively. Solid red lines are results from global analysis.

the one seen in ref. 38 for a range of molecular probes. However,
surprisingly, for ATTO 465 in water there is another slower
component of roughly ~16 ps which is visible at all wavelengths
and describes a decay of the spectrum with a substantial
amplitude. This will be discussed further below. Finally, the
entire spectrum decays with a time constant consistent with the
TCSPC measurement (5.2 ns, Table 1).

The spectral decay behavior of ATTO 465 in THF is comparable
to that in ethanol. The PSCP spectra exhibit a similar spectral
shape except for some minor blue-shift in the case of THF (Fig. S4,
ESIT). As expected, the solvation dynamics in THF are much
faster, and can be well fitted by time constants from the literature
(0.228 and 1.52 ps).** A minor narrowing of the S; ESA band
with a time constant of 11.5 ps is assigned to deactivation of
vibrationally hot ATTO 465 molecules in S; by collisions with
the solvent, in agreement with time constants for other organic
molecules such as carotenoids and azulene obtained from
previous studies of collisional relaxation in the ground electronic
state.">**° The component might be also present in ethanol, but
it is not possible to unambiguously assign this process because of
the additional solvation dynamics present in that case.

4.5 Photophysical peculiarities of ATTO 465

Three experimental observations for ATTO 465 deserve further
discussion: firstly, the steady-state absorption spectra in water,
2-OH-EAF (Fig. 2) and the two fluorinated alcohols (Fig. S2,
ESIT) are considerably blue-shifted and the Stokes shift is larger
compared to e.g. ethanol (Table 1). Secondly, the increase in the
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S, lifetime with increasing temperature in ethanol and metha-
nol is notable, whereas this lifetime decreases in water (Fig. 5).
Thirdly, the ~16 ps spectral decay component with large
amplitude in water is distinctly different from the other two
solvents (see e.g. ethanol in Fig. 8).

We consider first the blue-shift of the ATTO 465 steady-state
absorption spectra in water, 2-OH-EAF, TFE and HFP relative to
methanol/ethanol. The results for the two fluorinated alcohols
suggest that this cannot be due to a simple systematic polarity effect
influencing the energy gap between S; and S,. A tentative explana-
tion might be found on the basis of a Kamlet-Taft approach: a
reasonable correlation can be obtained when the S, — S, absorption
maxima are plotted against the Kamlet-Taft parameter § (Table 1),
which describes the hydrogen bond accepting ability (= “basi-
city”) of a solvent.>* In fact, the correlation in Fig. 9 is
qualitatively similar to those for “p-sensitive” Kamlet-Taft
probes, such as the ABF dye (= 3-(4-amino-3-methyl-phenyl)-7-
phenyl-benzo-[1,2-b:4,5-b’]-difuran-2,6-dione).*

Therefore, we believe that the trends in the absorption
maxima can be most likely traced back to considerable struc-
tural differences of the solvent network, especially with respect
to the hydrogen-bond arrangement of ATTO 465 in S, and S;.
This results in a non-optimal arrangement of solvent molecules
in S; after Franck-Condon excitation. After solvent relaxation,
however e.g. the fluorescence in water is more red-shifted than
in ethanol or methanol (Fig. 2) indicating a substantial stabili-
zation of S; due to solvent rearrangement which is probably
accompanied by destabilization of S, at this particular solvent
configuration. The larger FWHM of both the S, — S; absorp-
tion and S; — S, fluorescence bands (Table 1) might addition-
ally suggest a more inhomogeneous solvent environment in
water, 2-OH-EAF and the fluorinated alcohols. Considering the
structure of ATTO 465, with two amino groups effectively
delocalizing the charge of the central ring-nitrogen atom via
the conjugated system, the occurrence of such effects appears
to be understandable.

225 | T EU U NV NI N RN N T N R R
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B

Fig. 9 Dependence of the position of the Sg — S; absorption maximum (Table 1)
of ATTO 465 on the Kamlet-Taft parameter g for different solvents. The dashed
line is intended merely as a guide to the eye.
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We now turn toward the variations in temperature depen-
dence depicted in Fig. 5. Somewhat surprising is the increase in
the lifetime with increasing temperature observed for ethanol
and methanol in the TCSPC experiments, whereas the lifetime
decreases in water. The fact that the lifetimes are hardly
affected by the pH value suggests that acid-base equilibria of
the dye are likely not responsible for the observed trends. A
reasonable explanation for the experimental results can be
found by invoking the so-called ““proximity effect”: as originally
described by Lim and co-workers, many nitrogen-containing
heterocyclic compounds and aromatic carbonyl derivatives
show a characteristic solvent and temperature dependence of their
excited-state lifetimes and fluorescence quantum yields.""™*® This
behavior is thought to arise from vibronic interactions between
two close-lying nn* and nn* states. For instance, in the case of
psoralens, an increase in the excited-state lifetime was observed
with increasing solvent polarity, and it was particularly large in
highly polar hydrogen-bonding solvents:*"*** in this case, the
polarity of the solvent influences the energy gap between the
two states. Specifically nn* is more strongly stabilized with
respect to n* in polar solvents, reducing the proximity effect
and therefore the IC rate constant.*’ An increase in tempera-
ture increases the excitation of vibronically active modes, which
enhance the proximity effect and accelerate IC.**

Such a proximity effect could explain many trends observed
for ATTO 465: the dye also features two close-lying electronic
singlet states (see Table 2), and the longest lifetime is observed
for highly polar solvents with small  parameter, which would
correspond to the case with the largest energy gap.*>*” Also, the
increase in the IC rate constant with temperature for water can
be understood in the framework of this model. The unusual
“inverse” temperature dependence for methanol and ethanol
might then be the result of subtle effects, such as a reversal of
the state ordering upon an increase in temperature, which
becomes possible because the two states should be closer
in energy in these solvents.*”> The situation might become
even more complex when invoking temperature and solvent
dependent complexation equilibria. As an indication for this we
take the aforementioned shifts in the steady-state absorption
and fluorescence spectra, which suggest that there are consid-
erable changes in solvation with variation of the solvent which
correlate with the § parameter (Fig. 9). In such a case, “more
complexed” and “less complexed” forms could exhibit differ-
ent lifetimes which affect the temperature dependent effective
lifetimes observed in the different solvents.

The final point raised at the start of this section concerns
the fast initial decay of ~16 ps visible in the PSCP spectra of
water (Fig. 8(C) and (D)). These spectral dynamics cannot be due
to some relaxation process within the excited state, because this
should only affect the ESA and SE features. Instead, the fast decay
is observed throughout the entire spectrum (including the S, GSB,
Fig. 8(D)). One possible explanation could be the presence of
ATTO 465 dimers which quickly relax back to S,. To investigate
this point, additional time-resolved experiments in water were
carried out at different ATTO 465 concentrations on a separate
transient absorption setup, where a higher signal-to-noise ratio
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can be obtained (Aump =430 NM, Zprgne = 860 nm). Kinetic traces are
shown in Fig. S5 (ESIt). Changing the concentration by a factor of
10 did not have an impact on the transients, and the fast decay
remained unchanged. Therefore we believe that we can rule out an
influence of ATTO 465 dimers. Another explanation for the fast
decay could be that after photoexcitation to S;, a fraction of the
ATTO 465 molecules populate the close-lying almost dark electronic
state (see Table 2). Molecules in this state would then, independently
of S;, quickly return to S, by nonradiative relaxation.

5. Conclusions

The 3,6-diaminoacridinium dye ATTO 465 shows interesting
photophysical features. Unusual properties, such as the promi-
nent blue-shift and broadening of the absorption spectra in
water, a protic ionic liquid and two fluorinated alcohols as well
as the increase in the S, lifetime with increasing temperature in
ethanol and methanol (but not in water) should be noted in
this respect. The experimental observations can be reasonably
well explained on the basis of a “proximity effect” originating
from the closely spaced S; and S, states. The solvent polarity
and temperature dependent energy gap between the two states
affect the excited-state lifetime. In addition, temperature-
dependent equilibria between more or less solvent-complexed
forms of ATTO 465 may also have an influence on the lifetime.

In the future it would be worthwhile to investigate this system
using fluorescence up-conversion techniques to elucidate the
origin of the fast decay component in water. In addition, we are
currently carrying out CASPT2 calculations to obtain more accu-
rate data for the location and ordering of the electronic states.

The photophysical features of ATTO 465 might become
beneficial for probing hydrogen-bond interactions either via
the pronounced changes in the steady-state absorption and
fluorescence properties or changes in the lifetime of the dye. In
this way, covalently linked ATTO 465 derivatives could be
utilized as molecular probes for peptide and protein folding
processes in protic ionic liquids. Research along these lines is
currently also pursued in our laboratories.
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