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Push-pull substituted fluorenes are considered for use as dynamic solvation probes in polynucleotides. Their
fluorescence band is predicted (by simulations) to show weak spectral oscillations on the subpicosecond time
scale depending on the nucleotide sequence. The oscillations reflect the local far-infrared spectrum of the
environment around the probe molecule. A connection is provided by the continuum theory of polar solvation
which, however, neglects molecular aspects. We examine the latter using acetonitrile solution as a test case.
A collective librational solvent mode at 100 chis observed with 2-amino-7-nitrofluorene, 2-dimethylamino-
7-nitrofluorene, 2-hydroxy-7-nitrofluorene, and itsdeoxyriboside. Different strengths of the oscillation
indicate that rotational friction of nearby acetonitrile molecules depends on the solute structure or that H
bonding is involved in launching the librational coherence. Polar solvation in methanol is used for comparison.
With hydroxynitrofluorenes, the observation window is limited by intersystem crossing for which rates are
reported. A prominent excited-state absorption band of nitrofluorenes at 430 nm can be used to monitor polar
solvation. Structural and electronic relaxation pathways are discussed with the help of quantum chemical

calculations.

1. Introduction strand and the length of the duplex seem to matter for the slow

The solvation of a molecular dipole, created by femtosecond g)éggggcs. In both cases, the precise molecular structure is not
laser excitation, is widely used to study the dynamics of the ) ) )
environment such as supercritical fluids? micelles2510.11 Here we consider molecular probes for fast oscillatory
lipids,12-15 proteinsLé20 and polynucleotided21-22Many fluo- dynamics in polynucleotides, which sets different priorities. To
rescent probes are available for polar solvation dynamics. A observe the relevant time range (56 #5ps), a long fluorescence
fundamental point concerns the “molecularity of solvatigh”,  lifetime is not necessary. However, like in IR spectroscopy, we

the degree to which the structure of the entire assembly, probeneed the structure of the chromophore linked'td@oxyribose

and environment, must be known or controlled for meaningful and stacked between nucleobases to analyze the dynamics. The
results. For example, consider solvation in liquids such as design of a solvatochromic probe must therefore start from
acetonitrile, methanol, or water at room temperature. When the structural considerations. Fluorescent 2-amino purine (2AP) is
distance exceeds several probe diameters, the fluctuating solvenan obvious candidaté€?3334 since it pairs perfectly with
structure can be averaged and replaced, in effect, by a smootithymine® however, a small Stokes shift (690 cH¥F® and near-
polarizable continuum with dielectric dispersiafw). The UV emission (peaking at 26900 cr) preclude its use for
resulting continuum theory of polar solvatf§n?® contains a technical reasons at present. Instead, we propose 2-amino- and
cavity radiusr around the solute as the only structure parameter 2-hydroxy-7-nitrofluorene (ANF and HNF, Scheme 1) in DNA
(see Figure 1). Because the outer spheres contribute significantlyas dynamic solvation probes for the femtosecond time scale.
it may be possible for some prol3és® to accommodate the ~ ANF was the first compound for which solvent oscillations were
remaining molecularity by adjusting. Another example is shown?8 Its dynamic Stokes shift exceeds 2000 ¢naven in
provided by the solvation of a well-knowhcoumarin probe 1,4-dioxane; therefore, relatively small excursions may still be
which has been linked into polynucleotide (DNA) double observed in practice. Also, the fluorene moiety is rigid so that
helices?3! In this case the dynamics is essentially nonexpo- intramolecular wavepackets can be avoided by excitation at or

nential, longer time constants (3800 ps) coming from the  pelow the peak of the absorption band, and it fits into double-
interaction with water molecules and counterions in the hydra- stranded DNA in place of a base pair (see below).

. 2 X o !
tion layer** Only the relative position of the chromophore in a The principle of measurement is illustrated in Figure 1. The

dye is optimized so that optical excitation S- & is ac-
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Figure 1. Polar solvation dynamics. A nonpolar probe in the electronic
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frequency (for example, band average or peak) at tiared at
equilibrium. Normalization provides an experimental relaxation
functior?’

V() — v()

=0 - =)

1)

which reflects the relaxation of the solvent coordinate (Figure
1D). The initial behavior at = 0 is determined by inertial
motion of the supramolecular surrounding and is therefore
Gaussiart®3%in agreement with molecular dynamics simula-
tions?® and verified by experime?€4%-43 The time interval until

~2 ps may, in principle, exhibit weak oscillations that indicate
a polarization wavepacket in the environment. Vibrational
wavepackets are ubiquitous whémtramolecular motion is
excited in the molecular chromophore itself. Howevter-
molecular coherence, that is, correlated motion of several solvent
molecules’*46 should be rare because it is damped by colli-
sions; consequently, only a few reports give experimental
evidence of induced solvent oscillatiot¥s!”#8Finally, the time
scale from about 2 ps until tens of ns is characterized by
diffusive motion in a wider macromolecular volume around the
probe molecule. Most of the experimental work has been
devoted to the time range where the relaxation function is
described by multiexponential decgly/®-54

In this paper we test ANF, DM-ANF, HNF, and the
2'-deoxyriboside dRi-HNF (Scheme 1) for their ability to sense
and report oscillations of a polar environment. Having future
experiments with polynucleotides in mind, we work here,
instead, with polar liquids. The bulk of the paper is devoted to
an investigation into the photophysical factors that affect the
time-resolved fluorescence of the title compounds. In the
Experimental Results section we report transient absorption
spectra upon femtosecond optical excitation in acetonitrile and
methanol. Acetonitrile serves as model environment because it
provides a FIR spectrum in a band around 100 tmiue to
librational motion2® The band is sufficiently narrow so that a
corresponding oscillation for the time-resolved dynamic Stokes
shift S(t) is predicted by simple continuum theory. The Discus-
sion section is organized in subsections, each headed with a

ground state (A) is equilibrated with surrounding dipoles. Femtosecond duestion which must be answered to enable the DNA project.
laser excitation creates a polar excited state (B), but the configuration The first subsection deals directly with DNA double helices

of the environment is still unchanged. At= 0, the fluorescence or
stimulated emission (SE) band overlaps with the-SS; absorption
band at the electronic origin. Relaxation along solvent coordiQate
lowers § and raises &by the reorganization energy of the
environment (C). The time-resolved Stokes shift& the emission
band mirrors the complex dynamics Qft) (D).

SCHEME 1
1 2 8 ch\
H2N . NO2 /N . NO,
HsC
3 fl 5 6
ANF DM-ANF
HO.
O,
H0No2 o Q.O NO,
OH
HNF dRi-HNF

solvation proceeds. After sufficient time (symbolizedd);, a
new equilibrium is reached for the State (C).

The time-resolved dynamic Stokes shift is defined/fty —
v(0), where v(t) and v(») denote the observed emission

having a fluorene probe instead of a base pair. Monte Carlo
simulations are used to assess the extent to which local FIR
spectra in DNA may differ depending on sequence. From this,
the temporat-spectral resolution is found which can distinguish
such differences in dynamic solvation experiments. In contrast,
the second subsection concentrates on the fluorene chro-
mophores exclusively. By quantum chemical calculations, we
characterize the structural and electronic changes which are
induced by optical excitation, especially in regard to twisting
of the nitro group. Thereafter the observed spectral evolutions
of the nitrofluorenes in acetonitrile and methanol are discussed.
We question hovi§(t) can be extracted and which uncertainties
are involved. For practical work with polynucleotides, consid-
erations of chemical stability suggest that 2-hydroxy-7-nitrof-
luorene (HNF) is incorporated for a first series of experiments.
We ask to what extent a rising triplet population interferes with
solvation measurements after a few picoseconds. In a final
subsection, continuum predictions are compared with observa-
tions for the molecular probes, that is, molecularity is examined.
There is evidence that acetonitrile librations are damped
depending on the structure or that H bonding is involved in
launching the librational coherence.
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2. Materials and Methods

2.1. Materials. ANF and alkylated derivatives like DM-ANF
were synthesized by palladium-catalyzed reductive amination
and substitution of halofluoren&%The preparation of HNF was
achieved in 4 step¥.% dRi-HNF was synthesized by reacting
HNF with 1'a-chloro-3,5'-di-O-toluoyl-2 -deoxyb-ribose in the
presence of activated molecular sieve. Solvents for spectroscopy
were of UV grade (Merck UVASOL).

2.2. Monte Carlo Simulations. Conformations of double-
stranded polynucleotides were sampled by an all-atom Monte
Carlo (MC) technique. It is based on local conformational moves
of the sugarphosphate moiety while all bond lengths are kept
constant. The independent variables include the backbone
dihedral angleg (O,'—Cs'—C4—C3") ande (C4/—C3'—03'—

P), the backbone bond angles(€03 —P), and the glycosidic
angle y (O—Cy'—N—Cg or —Cg). Structural variations are
accomplished by a chain-breakage/closure algorfthifihe
aromatic bases and chromophores are treated as rigid bodies
with three translational and three rotational degrees of freedom.
The number of altogether 14 independent variables per nucle-
otide is reduced to 12 by describing the conformation of the L . L . 1 . L
furanose ring through its pseudo-rotation amplitude and phase. 400 500 600 700
The Cornell AMBER force fielf? is employed; the MC wavelength, nm
acceptance criterion follows the Metropolis algorithm and Figure 2. Transient absorption spectra of DM-ANF in acetonitrile upon
includes Jacobian factors associated with the chain-breakagefXxcitation at 402 nm and with detection polarized at the magic angle.
closure algorithm and the pseudo-rotation description. The BL, bleach; SE, stimulated emission; ESA, excited-state absorption.

| ionic DNA i tralized b di teri hich The solvent signal has been subtracted. Delay times are given as insets,
polyanionic IS neutralized Dy sodium counterions WNICN 54 arrows show the direction of the evolution. In a, the pump and

can move translationally. Solvation by water is treated statically prope pulses overlap temporally, causing a coherent spectral contribution
by letting the dielectric constant depend on distarfée which includes sharp structure from stimulated Raman scattering (see
text).

AOD DM-ANF / acn

-36fs ... 84fs /12fs

03ps.. 1.8ps /03ps

e(r) = &, — (&4 — DIIS)* + 1S+ 2Jexp-rs)/2 (2) _ _ _ B
employing a fast implementation of the resolution-of-identity
technique®® The PBE exchange-correlation functional of GGA

o iy )
is justified because computational restfi® are in good type”® and a built-in TZ2P basis set ((11s6p2d/6s3p2d) for

agreement with experimental data. It should be emphasized than.second row atoms and (5s1p/3slp) for hydrogen atoms) were

. d. Single-point CIS calculations of the spectra of excited
we seek DNA structure fluctuations by the embedded molecular use . .
probe; therefore, explicit water is not essential for the simula- states were at the DFT geometries, with the PC GAMESS

1 ing’ - i i
tions. The implicit solvent treatment allowing for rapid equili- softwaré* and Dunning's cc-pVTZ basis set obtained from the

bration of the counterion cloud, together with the high accep- EMSL bas_s set exchange. ) )
tance of large step sizes for local conformational moves, is the ~ 2-4. Optical SpectroscopyTransient absorption spectra were
most important feature of our procedure. Aftef MC cycles, ~ Measured by pump/supercontinutiprobe spectroscopywith
accumulated averages of properties are converged and becomgXcitation at 402 or 360 nm. The solution ideally had an
independent of the initial conformation. The latter, including @absorbance of-0.5 at the pump wavelength, but because of
the Counterion C|0ud, was pre\/'ous'y generated and energy_sma” |nterna| Ce” th|CkneSS (03 mm), IOWer abSOt‘banceS had
minimized by the JUMNA prograrff to be used in some cases. Transmitted and reference white-light
2.3. Electronic Structure Calculations. A first set of ~ beams were separately dispersed by imaging spectrographs and
guantum chemical calculations was performed for ANF in the registered with photodiode arrays in the range of-3805 or
ground-state geometry only, for the purpose of including the 275-685 nm (for white light generated at 480 or 402 nm,
chromophore in the Monte Carlo simulations. The geometry respectively). The laser repetition frequency was 120 Hz, and
was calculated (in vacuo) on the DFT B3LYP/6-311G(d,p) level the pump beam was chopped at 60 Hz to record pump-induced
with Gaussian 987 it agrees with the structure from X-ray spectral changes. Fifty individual records were averaged for a
diffraction®® (~0.01 A standard deviation of bond lengths). diven probe delay of a time scan, and results from 3 to 5 scans
Effective atomic chargesi(Sy) were obtained by fitting the ~ Were averaged. The resulting spectra were then time-corrected
molecular electrostatic potential, which was calculated on the for the chirp of the supercontinuum. Baseline noise was better
MP2/6-31G(d)//B3LYP/6-311G(d,p) level. To simulate the than5x 107*rms.
solvatochromism of the ;S— S, emission band, one needs the Measurements were performed with the pump and probe
difference charge distributioy(S;) — qi(So) when all nuclear polarizations parallel, perpendicular, and at the magic angle,
modes in $ are fully relaxed. Instead, the difference charge both with the sample solution and with the pure solvent. The
distribution at the optimized ground-state geometry was calcu- latter give the pumpprobe intensity cross correlation, which
lated with TD B3LYP/6-311G(d,p)//B3LYP/6-311G(d,p). can be described by a 65 fs (fwhm) Gaussian shape over the
A second set of calculations concentrated on the excited entire probe region. Variations of the pump pulse energy in the
electronic states of ANF and HNF (also in vacuo), depending range of 0.13-1.0uJ (150um spot diameter) had no effect on
on the substituents and their conformation. DFT and TDDFT the transient spectral shapes. Stationary optical absorption and
calculations were carried out with the PRIRODA software, emission spectra were recorded as in ref 68.

with parameters,, = 78 andS= 0.16 A~1. The approximation
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Figure 3. Transient absorption spectra of DM-ANF in methanol from
excitation at 402 nm and detected with parallel polarization. The solvent
signal has been subtracted.

300 400 500 600
wavelength /nm
Figure 5. Transient absorption spectra of thed2oxyriboside dRi-
I i i i HNF in acetonitrile with excitation at 402 nm and detection polarized
AOD | (a) DM-ANF / diox at the magic angle; the solvent signal has been subtracted. The shift of
the red SE flank (horizontal arrow in b) is used to monitor solvent
-36fs...84fs [12fs relaxation (Figure 17).

T dRi-HNF / meoh
AOD

-40fs ... 80fs [(10fs

/140 fs

2ps..10ps / 2ps
70 ps, 120 ps

300 400 500 600
wavelength, nm

Figure 4. Transient absorption spectra of DM-ANF in dioxane, as in
Figure 3.

2ps...30ps [ 4ps 500 ps, 1800 ps
1 n L " 1 i 1 "

3. Experimental Results 300 400 500 600
Figures 2-6 show transient absorption spectra of DM-ANF wavelength /nm
(which is a solvatochromic absorption standrih acetonitrile, Figure 6. Transient absorption spectra of dRi-HNF in methanol, as in

methanol, and dioxane. Remeaséfa@sults for ANF> look Figure 5.

similar and are not shown. Spectral features and stages are

explained for solutions in acetonitrile, Figure 2. The middle to excited-state absorption (ESA), a?dOD < O indicates
panel covers the evolution from 100 fs when the pump pulse is stimulated emission (SE) in the fluorescence region of-500
over until 200 fs. Induced optical densiyOD > 0 corresponds 770 nm. Initially the SE band appears close to the ground-state
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(c)

Figure 7. Typical duplex oligonucleotide used in simulations of solvation dynamics. Configurations correspond to the energy minimum (a) or

have average energy (b,c).

TABLE 1: Properties of the Singlet Excited States of ANF
and HNF, Calculated by TDDFT/CIS in Vacuo?

energy of
vertical  relative stationary stationary point
oscillator  excitation point energy  dipole moment,
state strength 1000 cnt? 1000 cn1t D
ANF
S 0 0 8.8
S 0.31 20.4 11.53 (19.2) 26.5 (19.9)
S <10 26.7 18.9 7.1
energy of $—S, crossing: 22.6
HNF
S 0 0 6.5
S 0.31 22.5 15.7 (21.5) 21.5(17.3)
S, <1076 26.8 18.9 45

energy of $—S, crossing: 22.7

aValues in parentheses refer to the local planar minimum; see text.
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contributions as before, with the addition of stimulated resonant
Raman scattering, which is recognized by sharp vibronic
structure. The solvent also contributes coherent signal, which
is measured separately and subtracted.

Solvation in methanol (Figure 3) is used for reference because
low-frequency oscillations are not expected in this case (see
below). Similar behavior is observed for 200 fs, albeit with a
different extent and dynamics of spectral shifts. The shifts
continue on a 10 ps time scale in parallel to amplitude decay
of the SE, which therefore never reaches a stationary emission
frequency. After 20 ps the emission has disappeared from the
observation window entirely, even though the BL and ESA
features still amount to about half of their maximal amplitude.

1,4-Dioxane (Figure 4) is of interest because its dielectric
constant is similar to what is assumed for the internal DNA
region. The upper panel again gives the early spectra, the
vibronic structure being due to Raman scattering from the solute
chromophore. The next two panels show a small red and blue

absorption, and excited-state absorption is observed at aroundshift of the SE and ESA bands, respectively. The latter is
750 nm. The SE band moves to the red with an observed totalobserved at a longer wavelength compared to that for acetonitrile
shift of 4580 cn! and overcompensates the red ESA. Simul- solution so that the negative BL contribution is overcompen-
taneously, the sharp and dominant ESA band (450.5 nm peaksated. A change of peak value for $E(s balanced by
at 100 fs) shifts to higher energy by 740 chuntil 200 fs. The corresponding changes of the width, leading to nearly constant
evolution from 0.3 to 1.8 ps is shown in the lower panel. AOD at around 560 nm. Thereafter, the amplitude remains
Bleached absorption (BL) appears at around 460 nm becauseconstant, in agreement with the relatively long fluorescence
the blue ESA no longer dominates there, and the SE continueslifetime &
its slide to the red until the quasistationary emission frequency The oxygen-bridged derivative dRi-HNF is stable during
is reached at 3 ps. Thereafter, the amplitude decreases on a 5®NA synthesis. Figures 5 and 6 show its spectra in acetonitrile
ps time scale. and methanol, and equivalent results for the parent HNF are
The pump-probe process can be described as a third-order presented in the Supporting Information. The spectral evolution
perturbation of the material sample by the optical fi®id. of the hydroxy derivatives is similar to that of the amino
Photoexcitation consists of two interactions with the pump field, analogues, but the similarity lasts only for-8 ps. Before,
and the induced polarization is probed by interaction with the during the period of interest of 100+4.5 ps in the middle
supercontinuum field. For panels b and c, the pump pulse is panels, the SE band is well defined so that the dynamic Stokes
well separated from the probe pulse so that the threefold shift may be estimated. The following 10 ps time scale (lower
interaction must have the sequence purppmp—probe. The panels) sees the rise of a new band which dominates all other
ESA, SE, and BL signals are correspondingly termed “sequen-features by~500 ps. Independent nanosecond measurements
tial”; they are caused by population in the excited statargl of HNF in acetonitrile identify the new band as triptetiplet
by the hole created in the ground statg Bstead, the upper  absorption. In methanol, a small difference between dRi-HNF
panel covers the initial time range when pump and probe pulsesand HNF is recognized, between 100 fs and 1.5 ps, which may
overlap temporally. In this case the interaction order may also be due to different H-bonding abilities of the two compounds.
be mixed, for example, pumfprobe-pump. This gives rise to
a “coherent” signal which follows the pump/probe intensity cross
correlation/” "8 whereby it may quantified® A coherent spec- 4.1. Are Substantial Differences of Local FIR Spectra
trum can be understood in terms of SE, ESA, and BL Likely in DNA? A qualitative preview (Figures 79) of

4. Discussion
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Figure 8. The calculated IR spectrum of a 13mer double helix (a)
does not vary with sequené&Polar interaction between the solvation . » . o .
probe and the DNA matrix is described by a “local IR spectrum”, which Figure 10. Spectral d_ecomposmon for DM-ANF in acetonitrile (F|gure
depends strongly on the neighboring nucleobases (b). 2). Top panel: transient spectrum (black solid line) at 100 fs just after
the pump pulse is over; estimate of stimulated emission band (gray,
see text); and shifted stationary emission band (dashed). Bottom
S panel: transient spectrum (black solid line) at 1.8 ps when the spectral
————— shift has ceased; bleach and stationary stimulated emission (dashed);
and the resulting excited-state absorption (gray).

wavelength / nm

corresponds to B-DNA, but at average energy (Figure 7b,c),
significant structure fluctuations are seen in the vicinity of the
probe moiety. The ability to report such structure fluctuations
TFA/A T by the oscillations which they impose on the fluorescence shift
- St) is the primary aim of the probe design. Solvation by
surrounding water is instead expected to be diffusive at all times,
given our experimental (temporal and spectral) resolution. Its
contribution toS(t) will be overdamped and thus obscure the
oscillatory structural part. To focus on the latter, surrounding
water is simulated as a static dielectric continuum so that water
T dynamics is excluded.
0 1 2 The FIR spectrum of a duplex oligonucleotide can be obtained

ti by plotting |duo/dxi|? of instantaneous normal modesagainst

ime /ps LA ; ) ;

vibrational frequencies;, whereyg is the dipole moment of

Figure 9. The solvation relaxation of ANF in various DNA sequences the macromolecule ingSAfter summing over the ensemble, a

is predicted to oscillate we_akl_y. The precision of measurements that is smooth spectrum is obtained, as for example in Figure 8a. The
needed to extract the oscillations can be estimated from these curves

Polar solvation in acetonitrile (acn, from the continuum model) is shown FlR S_pect_ra of different Seqqences are fOU”F’ to be practically
for comparison. indistinguishable. However, instead of the dipole moment for

every configuration, one may calculate a polar interaction energy
between the chromophore and its environment

AFAIT T

TFT/A_A

dynamic solvation in DNA is afforded by Monte Carlo

simulationg'in combination with “instantaneous normal mode” Aoy
theory3® A typical 13mer duplex oligonucleotide is shown in AEy, = 3
Figure 7. The nitrofluorene F occupies the central site in one ()i

strand, and the opposite site is taken to be abasic for the figure.

The aim of the simulations is to see how sensitively the solvation Here the varioug\g; represent changes of atomic charge in the
dynamics depends on the neighboring base pairs. After femto-chromophore upon emission S> S. The gk are the partial
second excitation, can we expect the fluorescence from F toatomic charges on all other sites of the supramolecular structure,
oscillate spectrally during the first few picoseconds, and how that is, they are external to the chromophore. Their distances
do the oscillations depend on the base sequence? In thery also depend on the normal coordinates, wh(lg) accounts
simulations, ANF was linked to' 2leoxyribose by @#-glycosidic for dielectric screening (cf. section 2.2). By plottif@\Epo/
bond with the amino nitrogen atom. The resulting aminal is 0x|? and averaging over all configurations, one obtains a spectral
labile but can be protected by an acyl group R (in the simulations density pson(v) Of solvation. It reflects the dynamics of the

R = H). For a given sequence, about®lébnfigurations are chromophore’s dipole change in the internal electric field and
generated in a distribution at room temperature. The configu- may therefore be considered a “local FIR spectrum”. Such local
ration of minimal energy (Figure 7a) has a helical form which spectra are shown in Figure 8b. They are highly structured by
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0.0 0.2 0.4 0.6 0.8 1.0
time /ps

time, ps ) . . . -

. . . P ) o Figure 12. Dynamic frequency shifts of DM-ANF in acetonitrile, as
Figure 11. Dynamic frequency shifts (thick solid lines) of the ANF  in Figure 11. Polar solvation curves calculated with = 1.6 are shown
stimulated emission band (SE) in acetonitrile and of the excited-state fq comparison (dashed lines).

absorption band (ESA, on ax3expanded ordinate scale at the right).
Dashed lines correspond to polar solvation from simple continuum as G-C or N—O bond stretches, cannot be coherently excited
theory withneay = 1.6. The other gray lines have., = 2.0, 2.4, and  py our 40 fs pump pulses, while the few active low-frequency
28. modes are accessible to external forces and appear to be
comparison and depend sensitively on the neighboring nucleo-overdamped. Data for the planar conformation are indicated by
bases. Solvation curvet) may be calculated fromso(v),3°:82 parentheses in Table 1.
and results for various sequences are compared in Figure 9. In  The dark state Ss similar to $ in having a planar geometry
order to resolve oscillations for an assumed Stokes shift of 2000 but with a considerably shortened (by 0.13 A>RO, bond
cm L, the position of the evolving emission band must be and somewhat elongated (0.06 A>-® bonds. Its potential
determined at every instant 630 cntL, energy minimum lies below that of the planar@®nformation

4.2. Is Nitro Twisting in the Excited State an Important (cf. Table 1). Here one meets the first quantitative difference
Interfering Process? Let us return to the nitrofluorene com-  between HNF and ANF. In the latter molecule,i$negligibly
pounds themselves. The electronic ground state and the lowesfavored over planar Swhich, however, should be stabilized
excited states were calculated by density functional theory (DFT preferentially by solvation. We conclude thatiS not involved
and time-dependent TDDFT, respectively) for ANF and HNF. in the transient evolution of ANF or DM-ANF following optical
The frontier orbitals HOMO-1 (n), HOMQx), and LUMO ¢z*) excitation. In HNF, on the other hand, the ®inimum lies
are not visibly affected when the donor substituent is vaifed. under planar Swith a more pronounced energy gap, and an
The S(#*) — Su(r) transition involves charge transfer from  Sy/S; intersection is located relatively low. This point will be
the donor-substituted to the nitro-substituted benzene moiety,taken up when intersystem crossing is discussed (subsection 4.4).
whereas the $7*) <— Sy(n) transition is essentially localized The higher-lying singlet states of HNF and ANF have their
on the nitro group. The nature of the &d $ states and their  stationary points above thg S- S vertical excitation energy
relative energies are confirmed by CIS calculations free of self- and are therefore not relevant for the evolution af &f more
interaction error. Table 1 provides some properties of singlet interest are the lowest triplet states. When the nitro group is
excited states for the two chromophores. Relative energy valuesin-plane, the energy gap between the two lowest triplet states
require a systematic shift for comparison with the experimental T; and T, is calculated to be insignificant. Upon twisting, the
data, and polar states will be more stabilized in the liquid phase. gap increases considerably. This behavior derives from the fact

Geometry relaxation from the FranelCondon-excited S that the-HOMO andfg-LUMO of T; (which exchange their
state generally proceeds via rotation (twisting) of the nitro group roles in T,) become linear combinations of the HOMO and
accompanied by pyramidalization. In the globalrSinimum, HOMO-1 of § whereas thex-HOMO remains similar to the
the O-N—0O and fluorene planes have become perpendicular. LUMO of Sy. The holes in thef set are thus “averaged” in
Intersection with $is predicted (by TDDFT) to be close so comparison to Sand $. As a consequence, the stationary point
that internal conversion should be the main deactivation channel.of T; (2.17 eV above that ofSn ANF and 2.26 eV above that
However, a metastable planar &nformation is created by a  in HNF) is characterized by a moderately twisted, nonpyrami-
small barrier along the twisting coordinate, allowing for transient dalized geometry.
stabilization of the excited population. This planar conformation  4.3. How Can Dynamic Solvation of the Excited State be
is characterized by minor (below 0.03 A) alterations of the bond Quantified from Transient Absorption Spectra? The decom-
lengths with respect to they§eometry that are distributed over  position of transient absorption spectra is explained with DM-
the whole molecule. The observed stimulated emission is ANF in acetonitrile as before (Figure 2). The components BL,
attributed to this region of the;$otential energy surface. The SE, and ESA were already discussed; now we try to characterize
absence of intramolecular wavepackets after-S5, excitation the SE band for every delay tiniguantitatively. The spectrum
(subsection 4.5 below) is consistent with the calculated geometryat 100 fs just after the pump pulse is over and at 1.8 ps when
change; the high-frequency modes which are displaced, suchthe evolution has ceasec) are reproduced in Figure 10. In

0.0 0.2 0.4 0.6 0.8 1.0
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between, spectral oscillation of the BL part would indicate AOD T T
vibrational coherence of chromophores remaining in the ground
state, but this is not observed. The BL component may therefore
be considered constant on the time scale of the measurement;
it is proportional to the spectrurpg (v) of the stationary
absorption cross section. At= o (lower panel) the SE band is
similarly provided by the stationary emission cross sectign

O fqd(v)/v2 where fqd is the fluorescence quantum distribufon.
The amplitudes of the two components are related because the
transition dipole moment for the;S— S and § — S bands
should be identic&t

DM-ANF / acn

Jiang@at v = [ oo(v)lvdy @)

However, a common scale factor must still be determined. This
is done by subtracting BL and SE from the transient absorption
at late time so that a stationary ESA spectrum remains. The
scaling factor is varied so that ESAO for all probe frequencies

v, and the resulting spectral components are also shown in the
lower panel. Band shapegv)/v are generally fitted by one or
several log-normal functior§,and parameters for stationary
absorption and emission of aminonitrofluorenes in many
solvents are given in ref 68.

The evolution from 100 fs té = o is examined next. For
this purpose, the ESA{) spectrum found previously is assumed
to apply also fort < o, in which case subtraction of Bh-
ESA(w) from the transient spectrum would give the correspond-

ing SE(). The result fort = 100 fs is shown as a gray wide 400 500 i 600 700
line in the upper panel of Figure 10. The inferred emission band
is not <0 everywhere, implying that the ESA spectrum is not wavelength /nm

exactly constant across the emission region, but a large sectiorFigure 13. Alternative spectral decomposition for DM-ANF in
resembles the stationary emission band quite well. The latter isacetonitrile (Figure 2; BL and SE bands are inverted compared to those
therefore shifted to a higher peak frequem¢y where the width in Figure 10). The SE band shape is assumed to follow polar solvation
and amplitude are optimized (dashed line) to match the peakaccordmg to the continuum model (see text). This allows an assessment
region of the inferred stimulated emission spectrum. The of weaker ESA bands B and C undemeath.

transition dipole moment is kept constant during this adjustment. would therefore show a transition, S- S, to an excited state
The SE-»(t) curves for ANF and DM-ANF in acetonitrile are . M >
S, which has roughly the same dipole moment gsN®w it is

shown in Figures 11 and 12, and results for methanol solutionsinstructive to view the transient spectra in Figure 2 again
are provided as Supporting Information. P 9 9

One may ask what can be known about the evolution of directly; the apparent increase of stimulated emisSibatween

weaker ESA bands which are hidden under the broad evolving gfgtigrqgrl.gsrfbg)r?;g (I:\l)oltse ﬁg\?\g/neerq[h?; n";?[xgg dggocr;: t(?sei-
SE band. For an answer, we turn the argument around and y ) P

T - __tion is unique, and corresponding conclusions are speculative.
assume that the SE evolves from its time-zero shape to the final . ; .
form68 strictly according to polar solvation. Th§t) curve The prominent ESA band, which shifts from 450.5 (100 fs)

calculated with the continuum model (Figure 9) is used to shift :Eo 42fi|3.6tnml(p$ak it: ©) 'I(%aﬁeiontlgllteir:,vag aIreqdy ﬁ]f(tjwfn
the peak position in acetonitrile o reflect solvation dynamic®.Note that the dynamic shift o

1130 cnt! is almost twice the fluorescence Stokes shift that

v(t) = [v(0) — v(e0)]-S(t) + v(eo) (5) 2-amino purine undergoes in wa?ér?l’h.e peak frequency of
the strong ESA band is also entered in Figures 11 and 12. It
whereas the widtiA and asymmetry change faster presents an alternative observable for the solvation state which

may be used when the emission window is too narrow (DM-
A =[A(0) — A(x)]-[1 — J1 — 32(0] + A(®)  (6) ANF/MEOH) or obscured by incipient triplet absorption (HNF).

The spectral relaxation curves will be discussed together below.
(and analogous foy) as prescribed for Brownian oscillatdi. 4.4. Which Observation Limits are Imposed by Intersys-
Then BL + SE(t) (their amplitudes coupled by eq 4) are tem Crossing in Hydroxynitrofluorenes? The rise of triplet
subtracted from every transient spectrum to yield the corre- absorption complicates the observation of the stimulated emis-
sponding ESAt). A common scaling factor is found as before. sion band with hydroxynitrofluorenes. The decomposition of
Selected decompositions of this kind in Figure 13 provide the transient absorption spectra into bands for optical transitions
following view of S, <— S; absorption in the emission range. A becomes inconclusive, and other methods are needed to
well-defined band B settles into positioAfax ~ 660 nm) by characterize the dynamic Stokes shift of emission. Before,
150 fs. The remaining change suggests a weaker broad band Giowever, it is useful to examine the intersystem crossing process
which originally appears at the red observation edge (775 nm) separately, for example, of dRi-HNF/acn as seen in Figure 5c.
and moves to the blue with solvation, to emerge between A By analyzing the spectral evolution through principle compo-
and B at late time. The dynamic blue shift of C is estimated to nents, we find time constants = 8.3 ps andr, = 51.4 ps. In
be ~5000 cnt?l, equivalent to the red shift of the SE band. C Figure 14, the late evolution is represented as a kinetic
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time / ps Y ¥ TN
2 il g ACD | (a) A dRi-HNF / acn
dRi-HNF /acn |81 X T
at
487 nm
20
mQOD
300 400 500 600 (b)
wavelength / nm
Figure 14. Picosecond transient absorptidr=6 ps) of dRi-HNF in
acetonitrile is modeled as a kinetic sequengce~SX — T,, with polar
solvation complete before;Ss reached. Shown are results from \j
principal component analysis. The triplet absorption spectrum was ot
identified on the 26-400 ns time scale. X is a virtual state describing 598 nm
the spectral evolution and may not have physical meaning.
k1 k2 " 1 " 1 i 1 s 1 .
TABLE 2: Rate Constants S, — X— T, for Intersystem 0.0 0.2 04 05 08
Crossing in Hydroxynitrofluorenes? : ' i ' '
solvent ki/ps ke/pst time /ps
dRi—HNE acn 0.12+ 0.03 0.019+ 0.003 Figure 15. Solvent oscillation of acetonitrile surrounding dRi-HNF,
MEOH 0.090+ 0.003 seen by absorption traces (black lines) at the blue and red flanks of the
HNF acn 0.1 0.03 0.024E 0.003 SE band (cf Figure 5). Traces from a multiexponential fit of the
MEOH 0.123+ 0.003 sequential spectral evolution are shown for reference (gray lines).
diox 0.081+ 0.007

derives from SE and ESA transitions only. The dynamic red
shift is seen by a decrease of the (negative) stimulated emission
a e signal at the blue flank (a) and simultaneous increase at the red
sequenc® S, — X —T,. The triplet absorption spectrum (b). Note a weak shoulder in both traces-aB40 fs, with
was measured independently from 20 to 400 ns and found to opposite sign indicating that the SE band is displaced slightly
be identical to the final spectrum here. Note that thesthte to the blue from the main motion at this moment.
does not absorb around 420 nm whereh8s the prominent Principal component analysis was also applied to the spectral
ESA band. In methanol the triplet rise is faster and only an evolution of dRi-HNF/acn for 5 ps. A Gaussian t@nd
effective change (SX) —= T, can be identified. The evolution ~ derivatives G(t) and G'(t) were used to define the coherent
of HNF in 1,4-dioxan® is seen to be dominated by fast contribution/® and three (G-convoluted) exponential time func-
intersystem crossing. Rate constants are collected in Table 2 tions were sufficient to describe the sequential contribution. In
Returning to dRi-HNF in acetonitrile (Figure 14), what could this way the coherence can be removed from early transient
the reaction $— X be that takes place on a 10 ps time scale? spectra, and the best multiexponential description of the
Polar solvation is ruled out since its slowest mode has rate evolution is obtained. For example in Figure 15, gray lines show
constant\s,= 1.56 ps* (Table 2). Nitro rotation is a possibility ~ the coherence-free time traca®©D(%i,t) which result for the
which is supported by our quantum chemical calculations for two probe wavelengths. A frequency modulation of the emission
HNF. As the nitro group twists away from the fluorene plane, band until ~0.5 ps is recognized by comparison with the
the dark $ state could be admixed through vibronic coupling. measured traces. We also find that the coherent signal at around
The emission strength would be reduced and the acquired n  t = O is large at 487 nm and relatively small at 598 nm. This
character would enable intersystem crossing. Both effects aredifference is seen better in Figure 16 where the component
observed for X. It is also conceivable that X represents a Spectra at time zero are shown (thick black and gray lines, the
biradicaloid intermediate. sequential part at= 0 scaled by 2 as if the full pump fluence
Fast solvation by acetonitrile was already noted for dRi-HNF had acted). The induced spectrum at 260 fs is given for
in Figure 5b. Another view is provided by time tracA®D- comparison. The blue flank of the SE band is found to be
(4i,1), where probe wavelengttis are chosen on the blue and covered by strong coherence and the prominent ESA band is
red flank of the SE baned an approach which will be explored ~ close, rendering quantitative analysis uncertain there. The red
next. The flanks of the SE band are defined&A®D halfway flank, on the other hand, is not overlaid by coherence, and
between the ESA maximum in the red and the SE minimum, excited-state absorption seems to be spectrally flat at early time,
which are assumed to bracket the amplitude of the band at aso that an observable for spectral shift and oscillation can be
given time. The corresponding traces are shown in Figure 15. defined here.
The interval around = 0 contains coherent and sequential The relative positiorv(t) of the emission band is therefore
contributions as described earlier. From about 100 fs only the measured by the wavenumber of the half-point on the red flank
sequential contribution remains, which, in this spectral region, (as described above). The dynamic Stokes shift of dRi-HNF/

aError margins are given for 99% confidence.
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wavelength / nm

Figure 16. Coherent and sequential spectra at time zero from a global
multiexponetial fit for dRi-HNF in acetonitrile (Figure 5). The transient
spectrum at 260 fs is given for comparison. Dashed vertical lines mark

the pump wavelength and stimulated Raman bands ((a) 1250, (b) 2200,

(c) 3000 cn1Y); arrows indicate the probe wavelengths in Figure 15.

flank § y
frequency /1000 cm Av /cm
— ; 100
A Nu—v 0
19 \%
- -100

18 dRi-HNF / acn

17 +
IT HNf / acn .
0.0 0.2 0.4 0.6 0.8 1.0
time / ps

Figure 17. Dynamic shift of the stimulated emission band of dRi-
HNF and HNF in acetonitrile (black lines) from monitoring of the red
flank. A hump at 0.34 ps indicates a librational wavepacket (10Gtcm
in the solvent. The gray line results from fitting the spectral evolution
with exponential functions. Deviations from it are shown in the inset
for the measured flank position (thick solid line) and for polar solvation
by acetonitrile (thin, see text).

acn is shown in Figure 17 (black line) superimposed on the
corresponding curve from factor analysis (thin gray). The
damped spectral oscillation of the emission band is noted by
comparison, and the difference of the two curves is enlarged in
the inset. The oscillation is absent when measurements of dRi-
HNF in methanol are analyzed in the same manner (Figure 18).
4.5. To What Extent Does the Observed Solvation Dy-
namics Depend on the Fluorene ProbeThe spectral relax-
ation of excited ANF and HNF chromophores in polar envi-

ronments is now compared and discussed. For this purpose,

time-dependent band position&) must be translated into the
corresponding relaxation functid®t), which requires knowl-
edge of the initial position(0) (eq 1). However, observations
at aroundt = 0 are generally obscured, either by solvent
Ramans® signal in the case of fluorescence measurements or
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Figure 18. Dynamic Stokes shift of dRi-HNF in methanol, as in Figure
17, for comparison.

by the coherent signal when transient absorption is monitored.
Instead, the accessible data poimtd must be fitted with eq 5
wherev(0) is one of the fit parameters. The choice of form for
S(t) is crucial for meaningful results and must be discussed first.
One may compare with the relaxation of coumarin probes, which
have been examined most intensely by transient fluoresé&nce
as well as transient absorpti&hbut never have acetonitrile
solvent oscillations been observed with them (this will be
discussed below). As a reference for solvent-induced oscilla-
tions, we musttherefore resortto molecular dynamics simulétidfs

or to continuum theory? Here, we calculate the time-dependent
solvation of a dipole from the dielectric dispersiefw) of the
bulk liquid. First, e(w) is expressed by optical line shapes of
Brownian oscillators with angular frequenay and damping
constanty (results are given in the Supporting Information).
The probe molecule then enters the calculation through a
refractive indexnc,, Of the cavity that it occupie®.In this way,

a theoretical relaxation curve is obtained which accurately
reflects the dielectric properties of the solvent from the
microwave through the far-infrared up to and including the
infrared region. Finally, the result is convoluted with our
temporal apparatus function, a Gaussian of 65 fs fwhm, which
is equivalent to observing(w) up to 510 cnil. It turns out
that the various curves for acetonitrile that are generated when
Neav IS iNcreased from 1 (empty cavity) may be expanded into
Brownian oscillators in the time domain. Their relaxation
functions are

Sit) = exp(=yt/2)[cosw,t + X sin wlt]
| 20,4
St) = exp=yt/2)|1 + z t]
Sod(t) = exp(=yt/2) costht + == 29 sinh Qlt]

St) = exp(-At) ()

Vw?—y?14 > 0 (underdamped)p? = y%/4

for the casesv; =
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TABLE 3: Parameters Describing the Spectral Shifts of Nitrofluorenes in Acetonitrile (eqs 5, 7, and 8)

Wud Yud Wed Aso 1(0) V(o) stv(0)

(fig) aud Ips?t /ps?t acd /ps?t /pst /em™t /em™ /em™t
polarsolv.  neay=1.6 (11) 0.20 18.8:0.3 119+ 1.6 0.51 13.6 1.56 na na
ANF SE peak (12) 0.12 20204 10.2+ 24 0.62 205 1.56 19305+ 150 14640 21040
ANF ESA peak (11) 0.2 20.2 10.2 0.62 20.5 1.56 22830 23877
DM-ANF SE peak (12) 0.38 18.8 20.5+ 2.6 0.35 13.6 2.37 19750+ 130 13308 19580
DM-ANF ESA peak (12) 0.68 18.8 27.2 0.04 13.6 2.37 21570 23400
dRi-HNF SE flank 17) 0.22 18.5 0.7 17.2+7 0.42 13.3 0.49 19200 15670

aValues in italics were transferred from more significant measurements and not varied in the fit; st: from stationary‘dpecirs (for 99%
confidence on the basis of the pertinent fit) are given for selected parameters @niy. 1. ® From steady-state fluorescené&rom multiexponential
extrapolation.

TABLE 4: Parameters Describing the Spectral Shifts of Nitrofluorenes in Methanol (eqs 5 and 9)

we T1 T2 T3 v(0) v(o0) stv(0)
(fig) ac /ps?t a /pst & /pst /pst Jemt /fem™t Jem™t
polarsolv. ng=16 (S5 0.20 14.%0.2 0.35 0.43t0.01 0.15 3.6£0.3 120 na na
ANF SE peak (S5) 0.24 141 0.34 0.65t0.12 042 3.HO02 a 201804+ 500 1315¢ 21190
ANF ESApeak (S5) 0.20 14.1 0.40 0.65 0.21 3.1 12.0 22323+ 30 24530
DM-ANF  SEpeak (S6) 0.27 10.8 0.03 0.65 0.61 31 12.0 19246 12500 19860
DM-ANF ESApeak (S6) 0.15 14.1 0.31 0.65 0.40 3.1 12.0 21479+ 30 24330
dRi-HNF SE flank (18) 042 20503 0.58 0.568:0.005 a a a 19106 16270

2 g = 0. ® From steady-state fluorescenééinal reading® Observation limited to 0-42.5 ps.¢ From multiexponential extrapolation; otherwise
as that in Table 2.

(critically damped).Q; = /y2/4_w2 > 0 (overdamped), and fluorenes exhibit an oscillatory feature &B40 fs. Its solvent
A=oyif o <<,y/2 (strongly overdamped). Norm:'sllized origin is established by the similarity with the calculated
relaxation curves for solvation in acetonitrile are generally '€laxation curve and by the absence in methanol. The shoulder

at ~340 fs is thus identified as a recurrence of the vibrational
mode which underlies the acetonitrile FIR band at 100tm
S = a4, @uaVual) T AeSd@at) + aSdAs)  (8) This band has been assigned to librational motfdhfollows

that the nitrofluorene probes detect a librational wavepacket in
With a,g+ acg + aso= 1. The FIR bands of methanol are broad, the acetonitrile solvent shell which is launched by suddenly
and oscillations of the spectral shifts are neither seen nor altering the probe’s charge distribution through optical excitation

written as

expected. In this case the solvation function is writfeas (Figure 20).
The strength of the librational recurrence is reflected in the
Sueon(t) = agexp{ —wit/2r3} + damping constantyq. Although error margins are large, a trend

a.exol —t/z.} + a.exol —t/z.) + a.exn —t/ 9 may be discerned: agreement with polar solvation for ANF but
1exp U7} SC X sk (9) larger damping for the substituted compounds DM-ANF and

dRi-HNF. We can think of three explanations for this effect.
(i) As the structure of the probe is enlarged, the spatial
theory is calculated withncay = 1.6 (it is seen later that this correl_ation between nearby ;olvent molec.ul.es Is perturbeq and
comes closest to the dynamics observed with ANF). The effectlyely lowered. Two adl?‘ce”‘ a_cetonltr_lle molecules in a
parameters in egs 7 and 8, which describe this curve, are giverS°vation shell sample an increasingly wider range of the
interaction between them, compared to their counterparts in the

in Table 3, first row. Librational motion of acetonitrile is o o X . .
captured by the term havingys = 18.8 ps* andyys = 11.9 bulk liquid. An acetonitrile molecule in a solvation shell is

ps1, corresponding to the FIR absorption band which peaks at therefore subjected to additional stochastic torques, at the cost
100 cnTL. With this estimate fou(t), the measured datgt) of cor_related torques, as th_e solute _stru_cture is. extended. The
for a given solute (ANF, DMANF, or dRi-HNF) in acetonitrile ~ damping constant for librational motion is thus increased. (ii)
and for a given observable (ESA peak, SE peak, or SE flank) An alternative possibility (also illustrated in Figure 20) is that
can be extrapolated with the help of eq 5 to estima(®). H bonding in ANF enhances the solvent libration. First, note
Thereafter, most parameters are allowed to vary in a nonlinearthat acetonitrile can accept H bonds; its Kamigaft acidity
least-squares fit, and the results are also collected in Table 3.and basicity parametéés’ are {08} = {0.19, 0.3}, which
Optimal values fowq andy,q are reasonably independent and may be compared with0, 0.7¢ for DMSO and{1.17, 0.1§
significant, but solutions foAso, acd.so andw(e) (if unknown) for water. Upon excitation, the GHC=N---H,N— hydrogen
tend to be correlated and are therefore not meaningful by bonds are strengthened, causing an additional torque on the
themselves. For methanol solutions, the same procedure isH-bonded solvent moleculea @ndc in the figure) and kick-
followed usingSueon(t) (eq 9); results are collected in Table starting the solvent librationd{.%3 An indication for this

4. Simulated curves(t) are always shown in the pertinent mechanism is provided by the initial frequena) which was
figures. found by extrapolating the earliest data points back 1o 0.

The relaxation functions of the nitrofluorenes in acetonitrile For an example, consider the peak of the stimulated band of
are shown in Figure 19. The dipole relaxation in a dielectric DM-ANF/acn (Table 3, fourth row). The extrapolated0)
continuum 6cay = 1.6, black line) and the normalized Stokes comes close to the “time-zero” value (last column) from a
shift of fluorescence from Coumarin 1%33gray) are given for comparison of stationary absorption and fluorescence *ata.
comparison. The most important observation is that all nitro- That method involves 2-methylbutane as the reference solvent,

The determination of optimal parameters is described next.
For a start, the acetonitrile solvation curve from continuum
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dRi-HNF flank
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04} continuum theory
02|
e, o Figure 20. S; — S excitation of ANF perturbs solvent acetonitrile
" DM-ANF S moleculesa—d by the electrostatic difference potentisd (shown in
S O steps of 10% esu/cm, black lines). Increased H bonding (yellow areas)
0.4 causes additional torques on bonded acetonitailesdc, kick-starting
0.0 0.2 0.4 06 03 10 the libration of further solvent molecules
time / ps

Figure 19. Comparison of relaxation functiorgt) in acetonitrile. A state absorption, which has a different sign. The former does
solvent librational recurrence at340 fs is observed with all nitrof- not appear to suffer to the same degree from the equivalent effect
luorene probes. Monitoring the stimulated emission (SE, solid lines) of stimulated emission; however, the ESA Stokes shift is only
or excited-state absorption bands (ESA, dashed) gives the same results third of the emission shift. That limitation can be overcome
The behavior of dRi-HNF (flank) is distorted by the onset of intersystem  technically by increasing the spectrographic dispersion, in which
Crossing. The rg?;ﬁ'icr’]g)funcuon of C153 fluorescéhteacetonitrile  ¢;¢6 gpservation of the ESA band should be preferred in time-
’ resolved solvation studies. Finally, recall that dRi-HNF is an
imperfect probe of polar solvation because of the mixed/

where H bonding is absent. On the other hand, for ANF/acn 7" character of the §state and because incipient triplet
the extrapolated/(0) falls 1730 cmi® below the value from  @bsorption limits the observation windowd. ps. Even though,
stationary spectroscopy. An initial portion of the reorganization the solvent oscillation in acetonitrile was detected-a6 cnt*
energy is too fast to be detected. The defect could be related toféduency excursions of the stimulated emission band. The
changes of the HN vibrational modes and associated H bonds achieved sensitivity is sufficient to induce and observe vibra-
in the S state. The “kick-start” mechanism may also be Flonal coherence whgn the artificial nucleobase is incorporated
operative wheiN-methyl-6-quinolone is solvated in methagol. N @ DNA double helix.

In this case, enhanced activity of the methanel@stretching
mode was observed. (iii) The last reason for a change of solven
oscillations with molecular substitution at the probe may be that  Push-pull substituted fluorenes may be used as dynamic
the cavity shape is affected. The effect may be illustrated by solvation probes in polynucleotides. Their femtosecond optical
calculatingS(t) in acetonitrile from continuum theory, either in  excitation at the §<— S absorption peak does not create
a spherical cavity as before or in a prolate c&¥vi#§with various intramolecular vibrational wavepackets. Nuclear coherence,
numerical excentricities (see Supporting Information). Quantita- which is induced in the environment, can therefore be detected
tive understanding of the observed solvation oscillations in terms as a frequency modulation of the evolving emission band. The
of these possibilities requires more dedicated experiments. Theconcept was proved with 2-amino-7-nitrofluorene, 2-dimethyl-
main point here is that they can be observed at all, in quantifiably amino-7-nitrofluorene, 2-hydroxy-7-nitrofluorene, and its 2
diverse detail, with the title compounds. Contrast this with the deoxyriboside in acetonitrile, which provides a solvent oscil-
behavior of Coumarin 153 in acetonitrile. In this case we lation at 100 cmt. The latter was observed with all probes.
searched in vain for solvation oscillations, even though several Different strengths of the oscillation indicate that rotational
excitation wavelengths, detection schemes, and experimentalfriction depends on solute structure or that H bonding is involved
setups were used over several years. Their lack probably reflectdn launching the coherence. Such dynamical use of H bonding
a problem with the probe itself. The latter has a rich vibronic should be sought when designing fluorescent probes for
spectrum at low excess energy in 8ven in the isolated  supramolecular structures. The Sate of 2-hydroxy-7-nitro-
molecule?’ Interaction with the solvent libration at around 100  fluorene hastr*/nz* character, and intersystem crossing occurs

t5. Conclusion

cm! could alter the dynamics of the first solvent shells

substantially compared to the pure liquid. Thus, the slightly
underdamped libration of pure acetonitrile may become critically
damped, in which case it is not recognized. Rigidity of the probe
is seen to be a key to finding the local FIR spectrum.

A practical conclusion from Figure 19 concerns the type of
band which is monitored with substituted nitrofluorenes. The
time-resolved shift of the ESA band is found to agree, within
experimental errors, with that of the SE band. The latter is

on the 10 ps time scale. A prominent excited-state absorption
band of nitrofluorenes at 430 nm can be used to monitor polar
solvation.
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