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The solvation dynamics after optical excitation of two phosphono-substituted coumarin derivatives dissolved in various solutions

are studied by fluorescence up-conversion spectroscopy and quantum chemical simulations. The Kamlet-Taft analysis of the

conventional absorption and emission spectra suggest a weakening of the solvent-solute H-bonds upon optical excitation, which

is in opposite to the results gained by the quantum simulations and earlier studies reported for coumarin derivates without

phosphono groups. The simulations give evidence that the solvent reorganisation around the excited fluorophore leads to partial

electron transfer to the first solvation shell. The process occurs on timescales between 1 and 10 ps depending on the solvent

polarity and leads to a fast decay of the time-resolved emission signal. Using the ultrafast spectral shift of the time-dependent

fluorecsence we estimated the relaxation time of the H-bonds in the electronically excited state to be about 0.6 ps in water, 1.5

ps in ethanol and 2.8 ps in formamide.

1 Introduction

The nature of hydrogen bonds (H-bonds) in solution is of par-

ticular interest due to their fundamental importance in many

branches of science.1–6 The physical and chemical properties

of H-bonding in the electronic ground state have been inves-

tigated by diverse experimental and theoretical methods.7–14

Upon electronic excitation of H-bonded systems, the hydro-

gen donor and acceptor molecules reorganize themselves in

the electronically excited state due to the new charge distri-

bution in the system. Fluorescing molecules can serve as fast

and sensitive probes for their local environment, since the sol-

vation shell alters the transition energies of the solute.15–21

Since optical transitions are instantaneous compared with sol-

vent motions, the absorption energy provides information on

the solvation shell of the ground state, while the emission fre-

quency is sensitive on the solvation properties of the electroni-

cally excited state. The Kamlet-Taft analysis22 allows an esti-

mation of the absorption/emission frequencies in different sol-

vents using the corresponding empirical values for their polar-

ity π∗, their ability to donate H-bonds to the solute (α , donor

acidity) or to accept H-bonds from the solute (β , acceptor ba-

sicity): ν = ν0 + s ·π∗+a ·α +b ·β . Here ν0 is the peak fre-

quency of the undissolved fluorophore. The coefficients s, a

and b can be extracted via a linear fit of spectral data measured

in various solvents. The absolute values of these coefficients

give qualitative information for the strength of the accepted

(a) or donated H-bonds (b). The change of these molecular

properties during the solvation process following optical exci-

tation can be traced by the comparison of s, a and b extracted

from absorption and emission spectra. Merging these coef-

ficients with computer simulations and time-resolved spec-

troscopy provides a detailed microscopic picture of the sol-

vation dynamics in the electronically excited state.16,23,24
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Fig. 1 Structure of the investigated chemical compounds 1 and 2.

The structures of coumarins 3 and 4 are taken from refs. [23,24] and

are shown only for comparison.

The aim of the present study is to investigate the solva-

tion properties and H-bonding dynamics around P=O groups

in electronically excited molecules. The P=O bond is an
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important component of the phosphate backbone of DNA,

phospholipids in cell membranes25 and the energy trans-

port system in living cells via adenosine triphosphate.26 It

is obvious that the H-bonding around electronically excited

P=O groups is crucial for the photo-induced dynamics of

various biosystems. Comparably small molecules of the

coumarin derivatives allow studying the attached functional

groups after electronic excitation.17,23,24,27–29 Here we use

diethyl ester of 7-diethylaminocoumarin-3-phosphonic acid

(compound 1, see Fig. 1) and its P-analog - diethyl ester

of 7-(diethylamino)-2-etoxy-2-oxo-2H-1,2-oxaphosphorin-3-

phosphonic acid (compound 2, see Fig. 1), which allow us

to study the dynamics of P=O· · ·H bonds. The absorption and

emission spectra of both compounds are measured in eleven

solvents and analyzed via the Kamlet-Taft method. The per-

formed quantum chemical simulations of compound 1 dis-

solved in water indicate a delocalization of the electron density

from the coumarin to the solvent. This partial electron transfer

seems to be facilitated by the phosphono groups and enhanced

by the H-bonds with the solvent. The electron transfer time

and H-bonding dynmamics after optical excitation are studied

by femtosecond fluorescence up-conversion spectroscopy.

2 Experimental

Both compounds 1 and 2 were synthesized as described by Bo-

jilova et al.30 and Petkova et al.31 The conventional absorption

measurements have been performed with the UV/VIS absorp-

tion spectrometer Lambda 19 (PerkinElmer) using UV grade

fused silica glass cuvettes with a thickness of 1 mm (Suprasil,

Hellma). The solvents used in the present study have been pur-

chased from: Merck (formamide 99.5%, methanol for spec-

troscopy, dimethyl sulfoxide (DMSO) 99.9%, dimethyl for-

mamide (DMF) 99.8%, 2-propanol 99.9%, acetone 99.9%);

VWR Prolabo Chemicals (acetic acid 99.9%, ethyl acetate

(EA) 99.9%); Sigma Aldrich (acetonitrile 99.5%) and Roth

AG (ethanol 99.5%). For the aqueous samples, deionized and

purified water (TKA Smart2Pure, Thermo Scientific) has been

used. The sample concentration was 2 x 10−4 M. Steady-state

fluorescence data have been recorded with the spectrofluorom-

eter Jasco FP-6500 using 10 mm thick glass cuvettes (Suprasil,

Hellma). The concentrations have been reduced by a factor of

10 compared to the absorption measurements. The excitation

wavelengths of the spectrofluorometer have been set at the cor-

responding absorption maxima.

Time-resolved emission data were obtained using the sum-

frequency generation technique (fluorescence up-conversion).

The femtosecond laser source is a Ti:sapphire long-cavity os-

cillator (Femtosource Scientific XL, Femtolasers) pumped by

a continuous wave frequency-doubled solid-state laser (Fi-

nesse, Laser Quantum). The laser system provides pulses

with a duration of 60 fs at 800 nm, with a repetition rate of

5.2 MHz and an average output power of 1 W. Frequency-

doubled pulses at 400 nm are used for excitation. The sample

was contained in a 1 mm thick flowing quartz cell (Suprasil,

Hellma). The emission was collected by a 2 inch off-axis

parabolic mirror, passed through an optical long-pass filter

(LC-3RD/410LP-50, Cut-On 410 nm, Laser Components),

and was focused into a 0.2 mm BBO crystal by a second

parabolic mirror, identical to the first one. 10% of the 800-

nm beam were overlapped with the focused fluorescence sig-

nal in the BBO crystal, thus serving as a gating pulse for the

sum-frequency generation. Up-converted light (at about 300

nm) was passed through a monochromator (SA HR250, Jobin

Yvon) and detected by a single-photon counter (H8259-01,

Hamamatsu Photonics). Frequency-resolved optical gating32

(FROG and XFROG) techniques are used for characterization

of pump and gate pulses giving rise to a time resolution of

the setup of approximately 200 fs. The emitted signals are

measured in parallel and perpendicular polarization config-

uration I‖ and I⊥ relative to the excitation beam. Both sig-

nals are used to determine the isotropic fluorescence intensity

IFl(tD) = (I‖(tD) + 2 · I⊥(tD))/3 and fluorescence anisotropy

A(tD) = (I‖(tD)− I⊥(tD))/(I‖(tD)+2 · I⊥(tD)).

3 Computational Details

We performed quantum-chemical simulations of compound

1 dissolved in water applying the density functional theory

(DFT) and time-dependent (TD) DFT by using the Gaus-

sian09 suite of the program.33 The long-range corrected hy-

brid exchange-correlation functional CAM-B3LYP XC34,35

coupled to the 6-31+G** basis set has been employed and the

polarizable continuum model (PCM) was used.36 It describes

the solvent as a homogeneous dielectric medium, which is po-

larized by the solute. Despite the fact that DFT in general

leads to large errors as soon as charge transfer states are in-

volved, there are exchange-correlation functionals, which are

able to describe such systems with charge transfer states with

satisfying accuracy. Moreover, the same functional as used

in this work was successfully applied to study at least the in-

tramolecular charge transfer in coumarin molecules.37,38 The

vertical excitations were calculated at TDDFT level of theory

with state specific approaches in PCM.39 The geometry of the

studied molecular cluster, consisting of compound 1 and sol-

vent molecules, was optimized in the ground state and the ex-

cited state. Since the PCM alone is not able to reproduce sol-

vent effects for protic solvents,38 a mixed discrete-continuum

approach was exploited to study the photo-physical properties

of compound 1 in water.
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The solvation dynamics was studied by fluorescence up-

conversion spectroscopy with a time-resolution of 200 fs. We

applied a simple method of fitting the steady-state spectrum

to the transient spectra using a time-dependent spectral shift

and scale factors for amplitude and width to extract the evo-

lution of the solvation correlation function and the spectrally

integrated fluorescence intensity. Using the ultrafast spectral

shift we estimated the relaxation time of the H-bonds in the

electronically excited state to be about 0.6 ps in water, 1.5 ps

in ethanol and 2.8 ps in formamide. The fast decay of the

spectrally integrated fluorescence signal was assigned to the

partial electron transfer to the solvent. The process occurs on

timescales between 1 and 10 ps depending on the solvent po-

larity. A twisted intramolecular charge transfer explains the

variation of the measured fluorescence lifetimes of both com-

pounds in the different solvents. Additionally, the fluores-

cence anisotropy decay has been found to correlate linearly

with the solvent viscosity.
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