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Femtosecond transient absorption spectroscopy of amino-nitro-fluorenes in theisibMe range shows that

the dynamic Stokes shift of the emission band is sensitive to infrared-active modes of the solvent. Bandshapes
for stationary absorption and emission are needed to quantify the observed spectral evolution. They are reported
for 2-amino-7-nitro-fluorene (ANF), 2-dimethylamino-7-nitro-fluorene (dM-ANF), and 2-di(n-butyl)amino-
7-nitro-9-di(n-propyl)-fluorene (dBdP-ANF) in a variety of solvents. Bands broaden systematically with
increasing solvent polarity. This effect is taken into account in an improved location of band positions. The
resulting solvatochromic plots differ significantly from those that use peak positions of absorption spectra
and fluorescence quantum distributions. Absorption spectra were also measured in aqueous solvent mixtures,
and shifts are described by binding curves for hydrogen bonding and stepwise solvent exchange.

1. Introduction SCHEME 1: Molecular Structures of Amino Nitro

. . : _ Fluorene Derivatives of This Study
The optical properties of 2-amino-7-nitro-fluorene (ANF,

9

Scheme 1) were already studied by Lippert in his original work ! 8 HsC

on polar solvatiod. Excitation around 400 nm in they $7z*) HN Q.O NO: e Q'O NO:
— S absorption band causes intramolecular charge transfer from 3 >

the amino donor to the nitro acceptor grcupy modulating 2-amino-T-nitro-luorene (ANF) ~ 2-dimethylamino-7-nitro-fluorene (dM-ANF)

the absorption and emission bands in 1,4-dioxane with an

electric field, Czekalla et @determined dipole moments = x\

6.4 D in the electronic ground state apg = 20.3 D in the N Q.O NG,

excited state, which are essentially parallel. The molecule has _/_/

Cssymmetry (see X-ray structure in the Supporting Information) 2-dibutylamino-7-nitro 9-dipropyl-fluorene (dBAP-ANF)

in agreement with density-functional calculatidrs(dimethyl- ) ) . )
amino)-7-nitro-fluorene (dM-ANF, Scheme 1) was introduced The full potential of amino-nitro-fluorenes as so!vatlon probes.
by Catalan et at.who concentrated on UWvis absorption becomes apparent When_the fluqre_scence band is observgo_l with
spectra in more than 100 solvents and the gas phase. Methyfemtosecond time resolution. Emission from ANF in acetonitrile,

substitution of the amino hydrogen atoms removes sites of (07 €xample, shifts to the red with a spectral oscillaton or
specific solvation. The peak position of the first dM-ANF frequency modulation, which is quantitatively connected to the

absorption band may therefore be used as a parameter represerft€a-IR spectrum of the pure solvérithe oscillation reflects
ing the dipolarity/polarizability of the mediufn. coherent solvent motion, which is launched t_)y _the sudden
change of the solute dipole moment upon excitation. We did
not observe this effect with the polarity probe Coumarin 153
(C153), which has many low-frequency mod&sn order to

Specifi® and inhomogeneol§ solvation of ANF was
characterized further by picosecond time-resolved fluorescence

ZFt)c?ngs? z%?f? )gnlc? qi-g;?:ﬁﬁ%ozseﬁ;ggz e?ff:ﬁ?f g riitt?;agri ons S€€ solvent oscillations, the chromophore should be rigid so that

vary linearly with the mole fraction of 2-propanol. The Stokes intramolecular wavepackets are avoided by excitation near the

shift is due to preferential solvation of the excited state by polar ter:ectrfonic o.rligbinl.l Flu dorene ds rivz:tiveshevidetntlyl are tridgid anq
solvent molecules, increasing the microscopic dielectric constant eTrr(]e ore th € ltj.se blas pr?h e;’ tor co _(taren ff’o Ven ynar;lcsc,j.
above the macroscopic value. In ionic liquids, the Stokes shift € most-practicable method to monitor a fuorescence ban

depends on excitation wavelendtfihis observation implies a with femtgsecond time resoslutio IS trgnsient abs.orption of a
distribution of ground-state molecules differing in their interac- supercontinuum probe pul$g!*But transient absorption spectra

tion energies with the ionic liquid, and that solvation occurs on ger co;nﬁ:eT and rr]mljg,t rb%&ez(')\ln;p?r?ed |nttonﬁ(r)irstlfturer\1lsrﬁa2ds.
time scales longer than the 8fetime in these media. It is or example, conside A aceto e fo ¢

consistent with molecular dynamics simulations, which gave prr]ellmlnary rtesuflts ar%sturr;rzgr;zgd |ntF|gure; 11.2Tfhe upzer panel
an approximate time scale for reorganization of the solvent SNows spectra from © to 'S In Steps o IS, and arrows
indicate spectral evolution. Excited-state absorption overlays the
around the solute prolfe. ; AT .

entire range, culminating in a sharp band at 22 000'¢mhich
* Corresponding author. E-mail: nernst@chemie.hu-berlin.de. .moves to th.e blue. Bl.eaChed absorption is mdlca.lted l.)y negative
tPresent address: School of Natural Sciences, Bedson Building, induced optical density around 24 000 that earliest time. In

University of Newcastle upon Tyne, Newcastle upon Tyne, NE1 7RU, U.K. the fluorescence region, stimulated emission is observed as an
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wavenumber, 1000 cm’™' and Maroncellt> Aqueous mixtures are studied for later
30 25 20 15 application to oligonucleotides in which a nucleobase has been
L Bctedstae N exchanged for an ANF chromophore. Solvatochromic shifts that
AOD Absorption (a) are induced by changing the composition are explained by
correlation with amindH NMR chemical shifts, and they are
described by binding curves for hydrogen bonding and stepwise
solvent exchang®.

0.1

2. Experimental Methods

00 The compounds were synthesized and purified as in ref 17.

Water-soluble impurities were removed by washing a solution
in chloroform repeatedly with water. All solvents were of UV
grade (Merck UVASOL), and water had been deionized by
Stimulated exchange. For ANF in pure acetonitrile, the solvent had been
Emission 1 dried and the solution was prepared under dry inert gas. Solvent
— . ' mixtures were prepared by weight from the pure solvents and
its an aliquot from a stock solution of the dye (1.5 %@nol/L) in
peak position acetonitrile or dimethyl sulfoxide, respectively. In aqueous
19 17 16 15 14 solutions the dye may precipitate, in which case the solid was
oo removed by centrifugation. Solvent mole fractior'swere
(b) transformed to volume fractionswith the help of partial molar
volumes!® The temperature during optical measurements was
21+ 1°C.

Absorption spectrag(4), were recorded with a U¥Wvis
scanning spectrophotometer (Shimadzu 3102PC). In case of low
solubility, the optical path length was 10 cm; otherwise, 1 cm
cells were used. Before each measurement, both the sample and
reference cell were filled with the pure solvent or solvent
mixture and a baseline was obtained. Fluorescence spectra were
recorded upon excitation at the peak of the absorption band

Bleached
Absorption

acetonitrile

| free inertial rotation / los

libration

-—— time, ps

dielectric —
relaxation

15

Figure 1. (a) Transient absorptiohOD induced by optical excitation -
of 2-dimethylamino-7-nitrofluorene (dM-ANF) in acetonitrile. The (absorbances0.05). The collected photon flud, was dispersed

negative-going band around 18 000 dreignifies stimulated emission; 1N & double monochromator and registered by photon counting

it may be converted into the corresponding fluorescence band. The (Spex Fluorolog 212). Photometric calibration was performed

evolution (arrows) is shown in 12-fs steps following 30 fs excitation Wwith a secondary standard lamp (Optronic) in combination with

at 400 nm. (b) Peak position of the band for stimulated emission as the fluorescence from a series of dy@dn this way, the

function of time after excitation (circles). A relaxation curve (line) was  f|yorescence quantum distributiod/al = F(1) was obtained

calculated from the far-infrared spectrum of pure acetonitrile. An in each case. Wavelength axes were calibrated with a Hg lamp

oscillatory shoulder at 300 fs indicates a librational wavepacket in the : .

solvent. and He-Ne laser ta+-0.05 nm for absorption antt0.2 nm for
emission. After moving to wavenumbers, spectra are pre-
sented ag(¥) or 0®/3v = F(V).

inverted band around 18 000 cf which moves to the red. 1H NMR chemical shifts of ANF were measured in GIN/

The l_:)and_become_s stationary at late tirr& (ps, not shown), H,O and (CR),SO/HO mixtures (Bruker AM300). Solutions

and in this case it can be calcu!ated from the spontaneous,,qe prepared by volume with microsyringes for these experi-

fluorescence spectrum. Its extraction for any given delay time . qnis Spectra were recorded for water volume fractige=

t re_qu_ires _the stationary spectra of absorption angl stimulated0_3 only because of low solubility at higher water content.
emission in the solven't (the procedure is explalrlled in the Hexamethyldisiloxane (0.5%) in CQWas used as an external
supporting online material). Only then can a measujfe;) of standard in a sealed thin capillary inside the NMR tube. Before
the instantaneous; S~ S energy gap in solvernt be defined. measuring with HO, the shift upon addition of ED was

Experimental points in the lower panel, for example, identify monitored. Because of fast H/D exchange of amino protons,

ﬁgir(t) with the peak wavenumber of the stimulated-emission their signal was lost atpso > 0.1.

band. The solid line shows a relaxation curve, which was

calculated from the FIR spectrum of pure acetonitrille using 3 Results and Discussion

simple continuum theor§!* By comparison, a weak oscillatory

shoulder at 300 fs can be assigned to coherent librational motion 3.1. Bandshapes and Solvatochromism in Pure Solvents.

of surrounding acetonitrile molecules, reflecting the far-infrared Figure 2 shows the optical spectra of ANF, dM-ANF, and dBdP-

absorption band in the neat liquid at 100 ¢hwhich broadly ANF in acetonitrile. Each panel gives the respective stationary

covers that region. absorption spectrum (solid black line), the stimulated emission
It follows that not only band positions but also bandshapes spectrumosg O F(#)/#2 obtained from fluorescence (solid

are needed if amino-nitro-fluorenes are to be used as dynamicblack line), and the calculated time-zero stimulated emission

solvation probes. The aim of this paper is to provide these spectrum® (thick gray line, see below). For example, consider

bandshapes and to discuss them in view of extensive work by dM-ANF in panel b. The stimulated emission band should

Catalan et af. Bands broaden systematically with increasing have its peak at 19 580 crhat time-zero and at 13 440 cth

solvent polarity. This effect is taken into account in an improved when stationary; hence, the Stokes shift is expected to be 6140

location of solvatochromic band positions as devised by Fee cm™t. The observed Stokes shift can be read off of Figure 1b;
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h exp{ —In2 (In[l 2 Vf/ — 1~/P)/A])2} (3)

with amplitudeh, peak positiorp, width parameter\, and a
dimensionless asymmetry parametelhe parameters for many
solvents represent the essential data of this paper; they are
available in the supporting online material. The parameters for
solutions in 2mb are given in Table 1.

Band positions for absorption; S— S can be derived, in
principle, from the correponding line shape function directly
by forming the averaggvg(¥) dv. But absorption lineshapes
g(¥) may be uncertain at higher energy where transitions-S
S are difficult to separate. Instead, we choose a méfhihet
refers to the underlying vibrational structure and gives the band
position as the peak frequency of that structure. The absorption
spectrum of dBdP-ANF in solvent= acn (Figure 2c) serves
as example for the procedure. It is explained by the line shape
measured in 2mb and shifted byA#72°s (dashed line in the
figure), then broadened by convolution with a Gaussian function
_ . . . 0 exp{ —1/2(07/62*92, which has fwhmiabs = §abs/8In2. By
L (c) & varying shift and broadening®®S an optimal fit to the

s s experimental data is sought over a frequency range that extends
from the absorption peak by 900 cfor 3525 (whatever is
larger) to the blue and red. Finally, one obtains

@) ' ' i i ' ' ' lognorm@) =

LANF / /)
- acetonitrile

| dM-ANF /
| acetonitrile

rel. cross section (o)

. dBdP-ANF /
acetonitrile
: ;:bsz igﬁqsb_ A;abs (4)
0.5
i where 73% is the peak frequency of the line shape for the
compound in 2mb. For example, dBdP-ANF/acn is expected

to have vibrational structure with maximum &> = 22 020

0.0 — S e cm-! under the absorption line shape, while the peak of the

i i 320 I & broad absorption spectrum itself is located significantly higher
frequency, 10°cm at 22 340 cml.
Figure 2. Optical spectra in acetonitrile: solid black lines, stationary The emission at time zero, immediately after excitation but
absorption and stimulated emission (from fluorescence); thick gray, before solvent relaxation, is estimated along similar litte%s
calculated _time-zero stimulated_ emission; o_Iashgd lines, in 2-methy_|- before, one determines the shift and broadening that the
butane, sh_lfted such t_hat Gaussian broadening gives the CorreSpond'n%bsorption line shape experiences when the chrompohore is
spectrum in acetonitrile.
transferred from 2mb to solvert Subsequently, these param-

it covers only 83% of the predicted value. An initial portion of ~eters are used to shift and broaden the emission line shape
the predicted Stokes is not observed, as will be discussedfzm» As a result, the emission line shape in solvert time
elsewhere. zero, f2, is obtained. Such calculaticiisgave the time-zero

Vibrational structure is not observed in polar solvents because stimulated emission spectra, which are shown as gray lines in
of broadening that accompanies polar solvation. This effect can Figure 2.
be seen for dBdP-ANF in Figure 2c where spectra in 2-methyl  Band positions for emission;S> S, can be determined from
butane (2mb) are shown as dotted lines for comparison, butthe emission line shape directly. For this purpose, the average
shifted so as to be optimally superimposed. Bands are structurecemission frequency in solventis formed:
and asymmetric in 2mb and unstructured, almost symmetric in
acetonitrile (acn). Changing shape reflects a redistribution of [ryﬂs[;z f v f (V) dv (5)
electronic $—S, oscillator strength upon solvation. If no
higher electronic state is coupled tq, Shen the oscillator From an analysis of dBdP-ANF emission lineshapes in aliphatic
strength itself should be conserved. It follows that, regardless solvents, one finds that the peak emission frequency is located
of application, optical spectra in the condensed phase should693 cnt! above the average. This relation should not be affected
be described by the corresponding distribution of oscillator by Gaussian broadening; hence
strength?® the normalized line shape function, which is for

. ~ 1l f ~1
absorption v,° = I, [H 693 cm (6)
9(v) O e(@)/v @) The derived propertieg®™, Tabs and #° are summarized in
and for emission Table 2. o - .
The peak extinction coefficient of ANF in acnh was measured
(%) O F@)° ) to beemax= 18 3734 100 L molt cm™L. From our description

for the § — S absorption line shape (whose relative integral
with 1 = ff d ¥ = fg d ¥. Line-shape functions were fitted by  has an estimated error 6f7% because of overlap with higher
one or several lognormal functioits bands), one obtains an electronic oscillator strength of 849
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TABLE 1: Lognormal Description of Optical Spectra (Oscillator Distributions) for the Dyes in 2-Methylbutane

absorptiorg() stat. fluorescenci?)
plem, Alem™, y, h vlem™t, Alem™, v, h
dyes $—S S—%
ANF 38115, 3080, 0.3674, 0.1237 25380, 854, 0.0048, 0.1225
41668, 6435, 0.1362, 0.4203 27309, 4072, 0.4053, 1.0000
34850, 4263, 0.2502, 0.0410
dM-ANF 36999, 3275, 0.0978, 0.2803 23910, 1016, 0.0024, 0.5906
40035, 4694, 0.4557, 0.2762 24902, 1174, 0.0047, 0.3560
25986, 3252, 0.6165, 0.8322
26491, 2199, 0.0117, 0.0583
dBdP-ANF 35969, 3271, 0.1124, 0.2347 23021, 996, 0.0024, 0.7066 2221200024, 0.6355

39007, 4579, 0.4709, 0.2165

24292, 1416, 0.0084, 0.8190
25611, 1095, 0.0000, 0.2149
25996, 2759, 0.0023, 0.3668
28050, 5745, 0.0159, 0.0934

20965,1028)20, 0.9629
19621, 1235, 0.0000, 0.7261
18513, 969.0000, 0.3412
17663, 14+8,6582, 0.1847

TABLE 2: S;—S, Frequenciesy (cm~1) and Absorption Broadening I'as (fwhm of Gaussian, cnt?) for the Three Compounds in
Various Solvent$

solvent npP e ANF dM-ANF dBdP-ANF
;abs rabs ;ﬂs ;abs Fabs ,l'}ﬂs ;abs rabs ;fls

perfluoro-n-hexane pfh 1.252 1.57 nm nm nm nm nm nm 25100 dd 19 290
2-methyl-butane 2mb  1.3509 1.83 27 300 dd nm 25300 dd nm 24380 dd 20940
n-pentane pem 1.3547 1.84 27280 dd nm 25240 dd nm 24 360 dd 20 950
n-hexane hex 1.3723 1.88 27 180 dd nm 25120 dd nm 24260 dd 20 840
n-heptane hep 1.3851 1.92 27 100 dd nm 25080 dd nm 24180 dd 20780
n-octane océ 1.3951 1.95 27 020 dd nm 24980 dd nm 24140 dd 20 700
cyclohexane cla 1.4235 2.02 26860 dd nm 24840 dd nm 23980 dd 20 600
carbon-tetrachloride ctc 1.457 2.24 26320 1370 19950 24350148¢ 19330 23430 1180 18820
chloroform chl 1.442 4.89 25240 2730 16500 22740 2570 15080 21730 2350 14780
1,1,1-trichloro-trifluoro-ethane  tcsf 1.356 2.41 26860 1670 nm 24750 1600 19180 23770 1320 18660
diethyl ether dee 1.3495 4.20 25140 2070 17680 24030 1670 16840 23300 1600 16450
dipropyl ether dpe 1.3780 3.39 25150 2170 17470 24050 1550 16670 23320 1440 16160
dibutyl ether dbe 1.3968 3.08 25550 2140 19140 24250 1250 18720 23480 1130 18630
tetrahydro-furane thf 14050 7.58 24310 2190 17300 23170 2120 16460 22480 1950 16530
tetrahydro-pyrane thp 1.4186 5.61 24380 2170 16940 23340 1950 15960 22630 1790 15860
1,4-dioxane dio 1.4203 2.21 25090 2120 18200 23620 1950 17400 22890 1810 17300
methyl acetate mac 1.3589 6.68 24800 2430 16970 23390 2280 15910 22660 2120 16450
ethyl acetate eac 1.3698 6.02 24800 2330 17300 23470 2170 16360 22740 2000 16040
dimethyl-formamide dmé 1.428 36.71 23200 2730 14880 22310 2710 14010 21550 2570 14120
hexamethyl- phosphoramide hmepa 1.457  29.30 nm 15540 22230 2430 14820 21530 2380 14890
dimethyl sulfoxide dmse 1.477 46.45 22720 2850 14530 21920 2850 13620 21210 2660 13680
acetonitrile acr 1.341 35.94 24600 2870 14770 22860 2900 13710 22020 2680 13920
propionitrile prne 1.363 28.26 24520 2760 14730 22880 2730 14290 22020 2500 14310
methanol meoh 1.3265 32.66 24740 3910 14550 23140 3340n 22280 2940 13670
ethanol etoh 1.3594 2455 24460 3720 15110 23200 2920 14580 22440 2780 914400
propanol proh 1.3837 20.45 24470 3840 15580 23210 2940 14880 22460 2800 914710
butanol buoh 1.3974 1751 24470 3790 15660 23250 2900 14930 22490 2780 914930
benzene bz 1.4979 2.27 25490 1770 19320 23420 1580 18000 22750 1410 17990
toluene tol 1.4941 2.38 25540 1650 19490 23530 1460 18340 22870 1320 18250

a A full circle indicates use for solvatochromic regression analykis= peak frequency determined directly so tiv&#swas not obtainedaym
= not measured’ Refractive indexnp and static dielectric constaag values are taken from the tabulations in Riddick, J.A.; Bunger, W.B.; Sakano,
T.K. Organic Sobents Wiley: New York, 1986.c Excess absorption on blue sidePositive asymmetry.

0.035 and transition dipole moment of 6.330.22 D. Using The spectral positions of the absorption and fluorescence
the fluorescence quantum distribution (see the Supporting bands aré
Information), we find a radiative lifetime of 15.3 ns in acn.

The continuum theory of polar solvation is well establisied 5205 — pabs

(for recent use see ref 24). In its simplest version, the solute is solve 9 > P

represented by a point dipole with momentin a spherical Arpyto "HL F(n) + 2olto — 111) Flen) (7)
cavity with radiusa, and the surrounding liquid is treated as a hed hea '
continuum with dielectric constaatand refractive inder. Both

ANF and dM-ANF have been studied extensively in this context " = igsas+

with pure solvent$-> Here we add fluorescence spectra, and 2 2 > _

the previous work is complemented by two points that come A+B +M f(n) + M F(e,n) (8)
into play because bandshapes are used in the analysis: (i) a ca hed ’

link between band broadening and solvatochromic %hafihd
(ii) a systematic improvement of solvatochromic slopes that have The first bracket together witfin) = {n? — 1}/{2n? + 1}
been reporteé. describes the dispersion energy (A, B) and the energy needed
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Figure 3. Frequency of ANF steady-state absorption and emission Figure 4. Frequency of dBdP-ANF steady-state absorption and
bands (peak frequency of oscillator distribution kernel, egs 4 and 6) in emission bands in a range of solvents, as in Figure 3.
a range of solvents, plotted vs the reaction field fadits,n), eq 9.
The effect of changing dispersion has been removed (see the text).
l.h.s of eq 10 plotted againg#absfor the three amino-nitro-

. ) fluorenes in the “regular” solvents. The slope of a regression
to induce solvent dipoles. It can be found separately from the |ine through the origin is 2.18: 0.06, thus confirming the

S1 —— S absorption band in aliphatic solvents (slopes= validity of linear response in the electronic ground state, even
—17 296,17 358, —15529 cm* for ANF, dM-ANF, and  though the correlation is not as strict as that with C153.
dBdP-ANF, respectively, with correlation coefficient§.993). The systematic error that comes from using peak positions
The second bracket describes the interaction between permanerys absorption spectra and fluorescence quantum distributions
solute dipoles and solvent dipoles. The reaction field factor or can now be estimated. For this purpose, consider dBdP-ANF
polarity function,F(e,n), has various forms depending on how iy Figure 4 and asssume that the chromophore is transferred
the solute polarizabilityg., is treated. Here we take the form  from 2mb to a solvent with polaritf(e,n). The expected shifts
recommended when its contribution is minor, that is, when  _Azabsgnd—A#fs of the underlying vibronic lineshapes (Table
the polarizability can be approximated as~ a3/2: 1) are calculated from the solvatochromic slopes (Table 3). The
) shifted lineshapes are then broadened by a Gaussian function

e-1 n—-1 ) with standard widthgabs or &%, respectively, obtained by
€e+2 P42 generalizing eq 10. After conversiond()andF(7) (egs 1 and
2), their peak positions are determined. Results are shown in
The dependence of the spectraka,n) is shown in Figures 3 Figure 6. The experimental absorption points in the correspond-
(ANF) and 4 (dBdP-ANF) and in the Supporting Information ing Figure 4 adhere wellR = 0.995) to the linear regression
(dM-ANF). To take out the effect of solvent polarizability, the  line so that the deviation incurred when peaks (@) are used
frequencies of Table 2 have been shiftedite- A(n) =¥ + becomes significant. The experimental fluorescence points,
$(0.1774— f(n)) as if the refractive index were always that of however, scatter far from their regression lire £ 0.954),
2mb. The ground- and excited-state dipoles are assumed parallebhich is why a systematic error in using the pealE@#) goes
and a term~F2 for the solvent Stark effect has been omitted in  unnoticed. For example, in acetonitrile the peakFgF) is
egs 7 and 8. Full circles represent all regular solvents, that is, expected to be 505 crh higher in energy than the peak of the
those that cannot donate H bonds and are not strongly multipolarunderlying emission line shape. These deviations must be
at first order (cf. Table 2). These points were used to calculate considered when a well-behaved probe molecule with the same
the linear regression lines, which are summarized in Table 3. dipole-moment change is used to measure the local electric field
Note that because of the definitionefe,n), the corresponding  strength.
slopes contain the gas-phase dipole momgagtg.s. 3.2. Solvatochromism in Aqueous Solvent MixturesEigure

It is interesting to compare broadeni@@sto absorption shift 7 shows the absorption frequency of ANF (a) and dM-ANF (b)
A7>>when the solute is transferred from 2-methylbutane to a as function of the volume fraction, of the second component.
polar solvent. Linear response of solvation implies Frequencies were determined by the underlying vibronic line

F(e,n) =

o abs 2 shape _function as _described before. _In t_his way, the effe_ct of
o = pApRbS (10) Gaus§|an broadening that accompanies increasing solvation by
ks T/hc water is removed and even small spectral shifts can be tracked.
In ideal mixtures, the dielectric properties depend linearly on
wherekgT is the thermal energyh Planck’s constant, anclis the volume fractionx, of the second componeftt,which is

the light velocity. This relationshf® has been demonstrated therefore adopted as a measure of composition. The mixtures
for C1532%0 in which case the full dynamic Stokes shift was were acn/water (circles), dmso/water (squares), and acn/dmso
used in place of &3S Figure 5 shows the quantity on the (triangles). The KamletTaft acidity and basicity parameté$g°
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and the corresponding Gaussian broadeitfg(see the text). ANF, 0.0 0.2 0.4 0.6 0.8 1.0
full circles; dM-ANF, empty circles; dBdP-ANF, solid triangles. volume fraction of 2nd component
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0.0 ' 0.2 ' 0f4 ' 0.6 Figure 7. Absorption frequency in solvent mixtures, as function of
volume fraction of the second component. (a) ANF, (b) dM-ANF.

F(e,n
] ) _( ) ] Dashed lines connect the points for the pure solvents, as expected from
Figure 6. Solvatochromic plots using peaks of the absorption spectrum the solvatochromic regression analysis.

and fluorescence quantum distribution, as compared to using the peak
of the underlying vibronic lineshapes. from O to 1. But at the same tima,increases from 1.341 to
1.477 and the net expected change becom&80 cnt?!

o and g for the three pure solvents are 0 and 0.76 for dmso, (appropriate dashed line in Figure 7b). The observed frequency

0.19 and 0.31 for acn, and 1.17 and 0.18 for water. Dashedfalls on a straight line that starts above the expected line and

lines connect the values for the pure solvents, which were then goes belo! Hydrogen bonds cannot be formed between

inferred from the corresponding absorption regression lines dM-ANF and dmso; therefore, the deviations #00 cnT?

(Table 3). They represent the expected frequencies when only(between the dashed and solid lines) must be ascribed to

unspecific solvation is active (through solvent polarity and molecularity of solvatior$? which cannot be captured by a

polarizibility) obeying simple continuum theory. For the inter- continuum model.

polation, it was assumed thatand n change linearly with When water E = 0.757) is added to a solution of dM-ANF

volume fractionx. in acn, simple theory predicts a small linear decrease of the
The behavior of dM-ANF in Figure 7b is discussed first, and absorption frequency (appropriate dashed line in Figure 7b),

for a start consider the acn/dmso series (triangles). Dimethyl mainly because of polarity change in this case. The observed

sulfoxide is slightly less polairq = 0.656) than acetonitrileN absorption frequency (circles and solid line) first moves gradu-

= 0.711), and for this reason the absorption band should shift ally more to the red, reaches a minimumxajo = 0.69, then

to higher frequencies by abottl80 cnT! asxymsois increased turns around and moves to the blue by more than 1300 am

TABLE 3: Parameters (and Standard Errors) from the Solvatochromic Analysis in Figures 3 and 4 and the Supporting

Information
dyes s+ A(n) = Pis + A(n) =
ANF (27075+ 150) — (4852 400) F(e,n) (20309+ 315)— (7569 648)F(e,n)
dM-ANF (25187+ 42) — (3663+ 108)F(e,n) (19718+ 316) — (8010+ 673)F(e,n)
dBdP-ANF

(24255k 31) — (34334 79) F(e,n)

(20305 266)— (9168+ 678)F(e,n)
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Figure 8. dM-ANF absorption lineshapes in dmso/water. In a sharp Figure 9. *H NMR chemical shift of amino protondH) in ANF as
compositional region around water volume fractiog ~ 0.94 (dashed ~ function of water volume fraction in C{TN/H,0 and (CR)SO/H0.
line) an absorption contribution appears to the red of band in pure dmso, The behavior of @Hcs) resonance is shown shifted for comparison.
probably due to dimer formation.

In either case, multiple equilibria between single dM-ANF
the end. In dmso/water (squares), similar behavior is seen on amolecules, water, and cosolvent must be involved, which are
larger vertical scale. One possibility to consider is preferential controlled by the thermodynamic properties of the bulk solvent
solvation, that is, the enrichment in the first few solvent shells mixture. The two aqueous solvent systems are interesting
of one component over the other. This effect can be describedbecause the cosolvent disrupts the hydrogen-bonded water
in basic thermodynamic terms by the stepwise solvent ex- network#:42 This is indicated by unusual thermodynamic
chang€él® quasi-lattice quasi-chemic@,competitional prefer- properties. For example, dilute dimethyl sulfoxide in water
ential®* and Kirkwood-Buff3® theories. A more-molecular  contracts its partial molar volume to 96% of pure dmso and
description was given by Suppan who considered that solventhas strongly negative excess entropy of mixing, in partial molar
dipoles interact differently with the dipolar solueDielectric termsd (T$)/ox ;= —12.68 kI/mok8 Taken together, it
enrichment leads to an effective frequency that falls between follows that differently absorbing species may depend highly
those for the pure solvents. For example, in dmso/water the nonlinearly on solvent composition, allowing for the observation
initial slope should be zero if dmso were completely retaitfed. of sharp absorption features when varyigo ~ 1.

The observed small decreasexago is raised to 0.4 is still The dependence of the ANF absorption band on solvent
consistent with this view, since the deviation(00 cnT?) from composition (Figure 7a) is discussed next. Now the band in

a horizontal line is of the same size which earlier had to be pure dmso is more red-shifted from its position in pure acn,

ascribed to molecularity. We conclude that dM-ANF in dmso/ when compared to dM-ANF, because dmso accepts H bonds
water it is completely surrounded by dmso solvent shells up to from the amino group and these become stronger upotr S

Xm0 = 0.4. S excitation. Comparing the acn/dmso curves for ANF and dM-
At the other end, a water-rich mixture has acn or dmso as ANF, the former bends significantly below an ideal straight line,
cosolvent. The strong blue-shift of dM-ANF absorptiorxas whereas the latter stays just above. Unsurprisingly, this indicates

— 1 indicates weakened interaction in the excited state. The preferential solvation of ANF by dmso, including specific
only mode available for this is a donated H bond to the dimethyl solvation of the amino group. One finds that half of the full
amino group. Upon S— S excitation, electronic charge is  shift of ANF in acn/dmso is already achievedxatso= 0.27.
drawn from the amino group and the interaction strength is The curve for ANF in dmso/water looks qualitatively different
thereby reduced. But as was mentioned before, the blue-shiftfrom that for dM-ANF. Adding small amounts of water to ANF
becomes noticeable only fromy,o = 0.4 in dmso/water and  in dmso should, in principle, affect two specific equilibria
>0.7 in acn/water. It follows that specific solvation of the involving the amino group: exchange of H-bond-accepting
dimethylamino group by bD is not favored at lower water  dmso 8 = 0.76) for accepting kD molecules§ = 0.18) and
content. donation of an H bond by $0 (oo = 1.17). The latter process
An interesting feature is a narrow frequency dip as methyl- is unlikely to be dominant at low water content in view of the
containing cosolvent is added to a solution of dM-ANF in results with dM-ANF above. Therefore, exchange of stronger
(nearly) pure water. The compositional range was scanned infor weaker H-bond acceptors should characterize the initial part
finer steps with dmso/water (not shown), and the maximal effect of the dmso/water curve in Figure 7a. In contrast, the acn/water
is located aroundy,o ~ 0.94 corresponding to a dmso mole curve experiences a sharp drop umtilo ~ 0.1 after which it
fraction of 0.016. Figure 8 shows the absorption band at this gradually increases to the value in pure water. The initial drop
composition. Compared to solution in pure dmso, the distribution can be attributed to the formation of H bonds accepted 4y,H
of oscillator strength axu,0 ~ 0.94 has opposite asymmetry; as will be shown next.
that is, it slopes toward the red. Thus, a significant contribution ~ The qualitative difference between the ANF and dM-ANF
to the oscillator strength comes from molecules that absorb atcurves for low water content is borne out by the amfiHONMR
lower frequencies than in pure dmso. At this stage, we can only chemical shift as function of composition, Figure 9. It is well-
speculate on the underlying caéfsef the narrow frequency  known that a proton resonance moves downfield when the
dip, which is also seen in acn/water but at slightly different corresponding nucleus enters into a hydrogen Bomeden
composition. The possibilites are (i) specific solvation at the though the different contributions to this effect are rarely
dimethyl amino and nitro caps of the molec8¥(ii) dimer understood quantitatively. ThudHwy = 5.12 ppm for ANF in
formation#° and (iii) specific interaction between cosolvefit4? pure acn, which forms only weak H bonds, and it moves to
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ANF exchange MeCMN-H;N— + H,O — H,0---H,N— + MeCN at
° a single site corresponds /G = —RT 2.42= —6 kJ/mol.

This value may be compared with quantum-chemical calcula-
tions for the strength of a hydrogen bond in the gas phase,
which giveAysG = —4.9 kJ/mol for the exchange at anilifie.
The amino hydrogen atoms in ANF are more polarized, which
explains the stronger hydrogen bond in this case. The number
n + m of sites around the solute is consistent with the volume
of the first solvent shell and the molar volumes of acn and water.
The application of this model to all examined solvent mixtures
is currently being studied.
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4., Conclusions

0o 02 04 06 08 10 Optical spectra of polarity probes, which are strongly solva-

water volume fraction tochromic, should be described by optical band shapes for
Figure 10. Absorption frequency of the ANF absorption band in  absorption and emission, rather than by the peak position of
gcetonitrile/water (full circles) from_ Figure 7a. T_he fit (solid line)  the absorption spectrum or fluorescence quantum distribution.
involves HO---H—N hydrogen bonding and stepwise €N — H:0 ganq hositions are best determined by quantitative comparison
exchange around the solute. Dashed lines show the spectral shifts by . . . .
these contributions separately. Wlth the band shape in an aliphatic reference solvent. Thg

difference between the two approaches was demonstrated with
dHny = 5.92 ppm in pure dmso, which is a strong H-bond an aliphatically substituted 2-amino-7-nitro-fluorene. Small
acceptor. The same direction is noted when a small amount ofspectral changes of the parent compound in agueous mixtures
water is added to an ANF/acn solution, from 5.12 to an can be divided into binding curves for hydrogen bonding and
extremum of 5.20 ppm at water volume faction of about 0.1. for stepwise solvent exchange. Band-shape parameters are
For higher water content, the chemical shift of the amino proton provided for amino-nitro-fluorenes that will be used as probes
moves parallel tayHcs) of an aromatic reference proton, due for coherent solvent dynamics on a femtosecond time scale.
changes in the bulk dielectric properti®sThe observation is
consistent with an initial formation of an H bond accepted by ~ Acknowledgment. We thank the Deutsche Forschungsge-
an O solvent molecule. On the other hand’ in dmso a different meinschaft and the Fonds der chemischen Industrie for SUppOft,
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which exceeds that for the aromatic reference proton. This for quantum-chemical calculations, U. Resch-Genger and the
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shown in the upper part of Figure 7a, which is reproduced on
an expanded vertical scale in Figure 10. The band position in  Supporting Information Available: Procedure for decom-
pure acn is lowered sharply upon addition of small amounts of position of fs transient absorption spectra, spectral contributions
water. The initial lowering was assigned Hy NMR spectros- for dM-ANF in acetonitrile at late time, lognormal descriptions
copy (Figure 9) to amino H bonds being accepted hypH  ©f all stationary optical spectra, solvatochromic plot of dM-
molecules. After the H-bonding sites are saturated, a curvedANF, and X-ray crystal structure of ANF. This material is
blue shift of the absorption spectrum is observed until the pure available free of charge via the Internet at http://pubs.acs.org.
water solution is reached. The positive curvature is indicative
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