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Excited State Properties of 7-Hydroxy-4-methylcoumarin in the Gas Phase and in Solution.
A Theoretical Study
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TDDFT/B3LYP and RI-CC2 calculations with different basis sets have been performed for vertical and adiabatic
excitations and emission properties of the lowest singlet states for the neutral (enol and keto), protonated and
deprotonated forms of 7-hydroxy-4-methylcoumarin (7H4MC) in the gas phase and in solution. The effect of
7H4MC—solvent (water) interactions on the lowest excited and fluorescence states were computed using the
Polarizable Continuum Method (PCM), 7H4MQ@vater clusters and a combination of both approaches. The
calculations revealed that in agueous solutiorvth& energy is the lowest one for excitation and fluorescence
transitions of all forms of 7H4MC studied. The calculated excitation and fluorescence energies in aqueous
solution are in good agreement with experiment. It was found that, depending on the polarity of the medium,
the solvent shifts vary, leading to a change in the character of the lowest excitation and fluorescence transition.
The dipole-moment and electron-density changes of the excited states relative to the ground state correlate
with the solvation effect on the singlet excited states and on transition energies, respectively. The calculations
show that, in contrast to the ground state, the keto form has a lower energysimttstate as compared to

enol, demonstrating from this point of view the energetic possibility of proton transfer from the enol to the
keto form in the excited state.

I. Introduction excitations has not been checked so far. For example, the
assignment of the first low intensity absorption band of 7HCs
(at ~370 nm) is suspicious. Assuming that 7HCs are partly
ionized even in the presence of small amounts of water, some
authors suggested that the band is due to-a z* transition

Coumarins represent a class of heterocyclic compounds with
ring oxygen next to the carbonyl group. These compounds
possess remarkable photophysical properties, which find ap-

pllcztl?]ns |rr]1dd||vrerser ac:?e:isv. Flristl,dthefstronrg ?itr)lsom“in 'fr:ofnSOf the ionic form20.2124At the same time, other authors predicted
Sections and farge radialive yields ol coumarnns maxe them y..; it is a n— z* transition of neutral 7HCs in agreement

suitable for use as laser dyes (at the near-ultraviolet to the green, iin semiempirical calculations (INDO, CNDO/S-CI, ZINDO-
wavelengths), colorants, nonlinear optical chromophores and ""SCI/S)?&25 Obviously, the accurate inte}pretation of the experi-
ggiillsglhgg%t;e;ntg Etug)rllitzhe% Srﬁggigosnegzrr:?jmé?umaﬁi% r:oigr;]en- mental absorption spectra requires reliable quantum mechanical

: g . ) ’ ' computations of vertical and adiabatic excitations of neutral,
particular the hydroxycoumarins (HCs), are well-known natural

. . L deprotonated and protonated form of 7HCs.
products’ which have been described as enzyme inhibitors, o i ) .
agents with anticoagulaft,!* spasmolytié2 and anticancer In addition, it is very important to perform theoretical studies
activity, 1314 sun-screening additivisand pesticide considering the solvent effect because the spectroscopic data

Due to the importance of 7-hydroxycoumarin and 7-hydroxy- availa_ble have _be_en ‘?bt?“”ef_’ i_n solution. Moreover, the
4-methylcoumarin (TH4MC, Figure 1) for photochemistry and expenmentgl radlatl\(e_ lifetime indicated that the character Qf
photobiology, they have been widely investigated from both the lowest ;lng_le_t emitting state of7_HCs depends on the polarity
experimental and theoretical viewpoiRfs3 7HCs possess of the media: it is of m* character in nonpolar solvents (long
amphoterous properties, and therefore, proton transfer from thelifetime and forbidden emitting transition) and-ef* character
hydroxyl group to the carbonyl oxygen acceptor can &8t in polar solvents (short lifetime and allowed emitting transi-

' i 31

The absorption and emission properties of 7HCs in various tion).*1 Hence, we can expect large effects of the polar solvent

conditions have been studied experimentally; however, the

on Y(nz*) and Y(zzr*) states. Up to now an explanation of the
controversial interpretations of the experimental data demon- F:hfferent charactgr of the excited and emitting states of 7H4MC
strate the complex photophysical behavior of these compounds.In honpolar (Wh.'Ch approaches gas phase) and pqlar solvents
Theoretical investigations of the excited state properties of 7HCs has not been given. The.lnvestlgatlor) (.)f the media effect on
have been performed using semiempirical approaches. Howeverth€ character of the excited and emitting states of 7HCs is
the reliability of these methods to vertical and adiabatic important for their application as laser.
The absorption spectra of 7HCs indicated three forms in the

* Corresponding authors. E-mail: N.T., ntrend@svr.igic.bas.bg; H.L., €lectronic ground state depen_ding on the solvent anéoi-?’_H
hans.lischka@univie.ac.at. neutral (enolE), protonated (catiorG) and deprotonated (anion,
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Figure 1. E, K, C andA forms of 7H4MC with atom numbering and selected optimized bond lengths in the grouncbstate ih the A’ (7z*)
state (normal), and iFA" (n*) state (for A—mo*) (italic) at the B3LYP/SVPD level.

A). At the same time, fluorescence spectra showed four specieDFT is available for the electronic ground state than for the
in the excited state: neutral (en&?*), anion (A*), cation (C*) excited states. In our previous paper, the adequacy of DFT/
and a long-wavelength emitting ketotautomeric fokt), The B3LYP level of theory to reproduce the geometry parameters
K form is an excited state reaction product, which arises from of 7H4MC was verified and this method was successfully
the enolE* form. Hence, it is expected that in the excited state applied to the ground state property investigatioriEhe present
tautomerization of 7HCs through the proton transfer between work is focused on the application of TDDFT/B3LYP to study
the acidic (OH) and basic €€O) groups proceeds. the excited state properties of 7TH4MC. We decided to employ
The explanation of photochemical and photophysical proper- as an additional method the approximate coupled cluster singles
ties of 7HCs requires detailed study of vertical and adiabatic and doubles method (CCP)to assess the reliability of the
excitation and fluorescence processes of the compounds studiedDDFT/B3LYP results. In combination with the resolution of
using appropriate theoretical approaches. Such investigationsthe identity (RI) proceduf@ CC2 is a computationally very
have been done for 7-amino-4-methylcoumarin with the com- efficient approach incorporating dynamical electron correlation
plete active space self-consistent field (CASSCF) and completeeffects. The recent introduction of linear response theory (LRT)
active space perturbation theory to second ofélétowever, in combination with analytic gradierffsprovides the required
the required computer time for such calculations is very large. possibilities for treatment of excited states.
Therefore, conceptually simpler and more economic methods The study of excited state properties in condensed phases is
such as density functional theory (DFT) are required for complicated because simulation of the environment is required.
investigations of the excited state of large molecules. The time- An approach based on reaction-field methods considers the
dependent (TD) DFT version using hybrid functionals has been solvent as a homogeneous continutif? In general, such a
applied successfully for excited state calculations, e.g., in the bulk interaction solvent model can reproduce solvation effects
investigations on a series of 7-aminocoumarin derivatiasd well. However, in some cases (e.g., when specific selute
also for the study of excited state proton transfer proce¥s€s.  solvent interactions are involved) it is necessary to include
Major methodological progress has been achieved by the explicit solvent molecules reproducing part of the first solvation
variational formulation of the TDDFT method by Furche and shell. Additionally, long-range interactions with the bulk of the
Ahlrichs facilitating the calculation of analytic TDDFT gradi- solvent are recovered by embedding the cluster in a continuum.
ents, thus allowing geometry optimizations in excited stéfes. The aim of the present work is to calculate the vertical and
So far, much more experience concerning the applicability of adiabatic excitations and emission properties of the lowest
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singlet states in the gas phase and in solution for enol, keto, TABLE 1: TDDFT and RI-CC2 Vertical Excitation
cationic and anionic species of 7H4MC. The effect of 7TH4MC  Energies, in eV, for the Lowest Singlet Excited States of the
water interaction on the lowest excited state is estimated using=: K: € and A Forms of 7H4MC

a bulk interaction solvent model as well as a cluster model. B3LYP RI-CC2
The theoretical results obtained are used to provide a well- geometry  state SVP  SVPD TzZVP TZVPDSVPD
founded interpretation of the experimental observations and to Enol E)

refine explicitly the ambiguous discussions in the literature. grst(Cy) 2!A’ (zz*) 4.18 4.13 4.17 4.15 4.27
Geometry parameters, electron density and thermodynamical 9rstC) 1'A” (nz*) 455 456 461 460 477
data for the ground and excited states in the gas phase and in Keto (K)

solution are obtained and are used to explain the photochemical9rstCy) 2'A’(zz*) 3.11 306 313 311 3.6
behavior of the 7HAMC species. As a first step into the proton 97st&) LA (wr) 281 286 2.90 289 282
transfer study of 7H4MC, an energy diagram is given containing e Cation C)

the energies of the stationary points and of Franckndon ar S; (ES) ilA,,(””*) g'ig g'fl% g.elsg g'gg g'gi
structures. The future goal of our investigations will be modeling orstc () 6. ' ’ ' '

; ; ; Anion (A)
of proton transfer reaction for 7H4MC in excited state through grstCy) 2A (urt) 3.29 319 3.27 3.20 312

bridging water molecules. grstCo) A" (nt*)a 3.39 (1) 3.44(2) 3.48(1) 3.47(2) 3.49(2)

grstCy A" (mo*)@ 4.82(4) 3.08(1) 4.37(2) 2.97(1) 3.19(1)
aThe A" state numbering of the anionic form is given in
The TURBOMOLE program packatfehas been used for the  parentheses.

TDDFTS6:4445 and RI-CC2940 calculations. The B3LYf®

functional was chosen for TDDFT calculations of the 7H4MC wherec is the velocity of light,AE is the transition energy,

species. Geometry optimizations of the 7H4MC species in the andf is the oscillator strength.

ground and excited statéstfr* and 'nz*) have been performed

using the following basis sets: SVP (split valence plus polariza- Ill. Results and Discussion

tion),*” SVPD (-diffuse functions)” TZVP (triple< valence

plus polarizatiorf and TZVPD @-diffuse functions)® Diffuse

functions (one s and one p set) for the C and O atoms as wel

Il. Computational Details

IIl.LA. Basis Set Dependence of Vertical Excitation Ener-
Igies.To select an efficient basis set, which reliably describes

the vertical electronic excitation energies at the equilibrium
as fpr the H atoms were added to th.e standard S.VP and TZVPgeometry of the 7H4MC species, the excitation energies were
basis sets to improve the description of negatively charged

molecular regions. The exponents of these additional basiscalculated with the SVP, SVPD, TZVP and TZVPD basis sets.
9 : P All calculations were performed fdEs symmetry of theE, K,

functions were obtained by dividing the smallest respective
; C andA forms of 7H4MC. The ground state structures of the
exponent of the SVP and TZVP basis sets by a factor of 3. The species studied and atom numbering are presented in Figure 1.

final contracted basis set of SVPD is [4s3pld] for O and C, The vertical excitation energies of the low&at and!A" states,

and [3s2p] for the H atom. The contracted TZVPD basis set is .
calculated at the TDDFT and RI-CC2 levels are collected in
[6s4pld] for O and C, and [4s2p] for the H atom. To assess the Table 1.

quality of the TDDFT results, the coupled-cluster singles-and- . .
: . . The extension of the basis set from SVP to TZVP leads to a
doubles model (CC2) with the SVPD basis set was applied. small decrease in the excitation energy0(02 eV) for thex

The resolution-of-the-identity (RI) approximation used in the = | o dani fth o
RI-CC2 calculations is described in ref 49. The ground state . - transition an an*lncrea_s_e of the excitation energy (up to
minima on the potential energy surfaces, calculated at B3LYP/ gé??u?a:{i{):losr tr_}_ztrjg 7;) tr?ﬂi't'i?] Z&mpaorfe (i\fgsszn?u:é?gis
SVPD level were qualified by the absence of imaginary normal- roduces a Ejecrease 0]; tHerr*) excitation energies of-0.05
mode frequencies. Electron density differences between groundgV for the neutral and catiorjric Svstems anMgl oV for.the
and excited states of 7H4MC species have been computed with_ . . . Y ey . .
the CIS method using the SVPD basis set. The standard modefN'oN'C form. A more drastic effec; of the_ .d'ffus‘? fu_n_ct|ons IS
observed for the anion. &oc* state is stabilized significantly,

ideal gas, rigid rotator and harmonic oscillator is used for and as a result, the loweBA” state is ofo* character. The

enthalpies and Gibbs free energies of enol and keto forms. . . A .
. reason for this strong basis set dependence in this case is the
Solvent effects on the ground state properties of 7HAMC diffuse (Rydberg-type) character of thé& orbital. Thus, it can
optimized structures in solution were examined using the be conclugi/ed th%t)t/rrﬂ)énn*) excitation eneraies 'de ena weakl
polarizable continuum model (PCM) of Tom&8i52 Solvent " S nerg P Kly
- - on the addition of the polarization functions and decrease slightly
effects of excited states were computed at the reaction-field level . i . .
with addition of diffuse functions. The energy and character of

by the PCM approach, using the most recent version imple- A ;
mented in the GAUSSIAN packagfeand fully described in ref the Ip\_/vest A" state qf 7H4MC SPeCIes appt_aared to be more
sensitive to both polarization and diffuse functions. Furthermore,

54. The solvent effect on excited state properties of 7H4MC . P
; - we will show that the large x* energy variation is not
forms €, K, C andA) were estimated for the optimized ground : . -
it . accidental because the-f sr* transition of theE, K, A forms
state structures and the solvent effect on emitting properties Were | calized on the €0 bond (G-O for A), which is sensitive
calculated for optimized excited state structures. The ground !

and excited state optimizations were performed with TURBO- s/%rﬁgio?]asséi :féitl;’ii ?] elf]se'rn%ei'f\fgreen;ozifj'?o‘?%zo::LeairgalIeSt
MOLE using the B3LYP/SVPD level. 9

Relative lifetimes have been computed for spontaneous the largest changes for the form. The latter result showed

emission using the Einstein transition probabilities according that |r!clu3|on of diffuse functlons.for the anionic SPECIES IS Of.
to the formula (in a.u5 great importance for accurate excited state calculations. Despite

the variations observed, all TDDFT/B3LYP calculations showed

3 the same trends: (1) a lowé(xz*) excitation energy in

= (1) comparison to thé(nz*) one for theE andC forms and a lower
2(AE)2f 1(nz*) excitation energy in relation to thzr*) excitation for

C
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theK form; (2) the vertical(zr*) excitation energy decreases
in the ordelE > C > A > K, whereas thé(n*) one decreases
in another ordelC > E > A > K. One exception was only
found for theA form. The SVP and TZVP transition energy
order,*A'(z*) < 1A"(nz*) reverses when the diffuse functions
are included (SVPD, TZVPD) because of a significant lowering
of the A" (wo*) excitation energy, Table 1. It should be
mentioned that after protonation of 7H4MC form) the nr*
excitation energy increases dramaticalty2( eV), Table 1.
Inspection of the molecular orbital energies suggested strong
stabilization of the “n” orbital, which explains the increase of
nz* excitation energy. A similar protonation effect has already
been observed for formaldehyéfe.

The comparison of the TDDFT and RI-CC2 results in Table

J. Phys. Chem. A, Vol. 109, No. 51, 20051863

In case of thé(z*) state of the keto structure th@ geometry
optimization failed. However, because the smaller SVP basis
showed no imaginary frequencies, we expect also here that
geometry relaxation effects i@ geometry will not be signifi-
cant. Therefore, we continued in our further investigation with
Cs symmetry restriction, which allowed a clear distinction of
st and nr* states, avoiding interactions between states the
TDDFT method is not designed for. Full Cartesian geometries
are given in the Supporting Information (see the end of the text
for more information).

Large bond length variations were calculated for ByeK,
C andA forms in the ground and in the excited states indicating
strong and specific electron conjugation in the coumarin
fragment of the species studied (see Figure 1). In the ground

1 shows that there is quite generally good agreement betweeniate the protonation of the form leads to elongation of the

the results obtained with the two methods. One exception is
the nr* state of the cation where a discrepancy of 0.4 eV is
observed. This state is very high in energy and not of primary
interest in this investigation. On the basis of the observed
agreement between RI-CC2 and TDDFT results, we continued
with the latter method, which is computationally much more
efficient. The results reveal that diffuse functions are important,
especially for the description of the anionic form and that the
SVPD basis set should be a good compromise. Therefore, all

subsequent calculations were performed with SVPD basis set.

It is important to emphasize that as opposed to semiempirical
results for 7HC (INDO methodj and for 7H4MC (CNDO/
S-Cl and ZINDO methods¥, both TDDFT and CC2 methods
indicated arzr* character of the lowest singlet excitation Bf
tautomer. Thus, we conclude that the suggestedaharacter
by semiempirical methods as the lowest vertical excitation is
not correct.

111.B. Structural and Electronic Characteristic of 7TH4AMC
Forms. In the first step, all geometries have been optimized at
the B3LYP/SVPD level usin@s symmetry. The optimized bond
distances in the ground and the lowdst(zz*) and A" states
are presented in Figure 1. For all structures a normal-mode
analysis has been performed. For tfigx*) states and the
1(ro*) state of the anion the SVPD basis has been used. For
the remainingt(nr*) states we chose the less time-consuming
SVP basis. TheC and A structures for thé(zzr*) state are
minima inCs symmetry. One imaginary frequency %4 cnt?)
was found forE in the (zz*) state owing to an out-of-plane
mode including the ring O1 atom, Figure 1. Following this
mode, the enol geometry was re-optimize€irsymmetry. The
calculated energy difference 6f andCs structures is very small
(~0.01 eV). Two imaginary frequencies were obtained for the
1(z*) state of theK structure. However, it should be mentioned
that a SVP calculation shows tRérz*) state of K to be a
minimum in Cs symmetry. Optimization of thé(zz*) K
structure inC; symmetry failed because of persistent state-
switching betweerd(sz*) and (nz*) states. The optimize&
andK structures in thé(nz*) state as well as thé structures
in Y(n7*) and Y(zo*) states are found to be minima i@
symmetry. Only theC structure in thé(nz*) state shows one
imaginary frequency ilCs symmetry owing to ring torsion. The
further attempt to optimize the geometry of tfar*) state of
the C form in C, symmetry failed for similar state-switching

C2—-011, C9-01 and C6-C7 bond lengths and to shortening
of the C2-C3, C2-0O1 and C#012 bond lengths. On the other
side, the deprotonation of the C70O12H group produces a
shortening of the C#012 and C8C9 bond lengths and an
elongation of the C6C7, C7—C8, C9-01, C2-0O1 and C2-

O11 bond lengths. As discussed in ref 37, assuming bond
polarizations ofA form as basic ones, the bond length changes
in theE, K andC forms could be explained by the direction of
induced polarization produced by H atom binding.

Different bond-length changes were obtained going from
ground tol(zr*) and (nz*) excited states. In general, the
— gr* transitions affect ther-density of the coumarin ring bonds.
As it is seen from Figure 1, for th&, C andA forms in the
Y(zz*) excited state the C8C9, C16-C4, C2-C3 and C5-
C6 bond lengths increase and the-€310, C6-C7, C9-01
and C3-C4 bond lengths decrease. At the same time, for the
nr* excited state of thée form, the C3-C10, C3-C4, C4-
C10 and C6-C7 bond lengths change in reverse directions. The
calculated electron density differences between the ground and
the excited states fdg, K, C and A species show the same
trends: the excitation to thesr* excited state pushes the
electron density to the C4 and C2 atoms, while electron density
on the C10 and C3 atoms decreases (see Figure 2). Hence, the
observed electron density changes indicate charge transfer
character of ther — s* transition but do not explain the bond
length changes in the forms studied. Better understanding of
the effect of the electronic excitation on the bond length changes
could be obtained analyzing the HOM@)(and LUMO (z*)
represented in Figure 3. Considering LUMO with relation to
HOMO of the E form, the bonding character along the €9
C10, C6-C7 and C4C3 bonds is decreased, while the
m-density on C16-C4 and C3-C2 bonds is increased. As a
consequence, an elongation of the-@3910, C6-C7 and C4-
C3 bonds 40.052 A,+0.013 A,+0.053 A) and a shortening
of the C10-C4 and C3-C2 bonds 0.02 A, —0.04 A,
respectively) was obtained. ThH¢, C, and A forms have
different HOMO (r) and LUMO (z*) characters, which explain
the corresponding bond length changesaby> z* transition,
Figure 3a-c in Supporting Information. The + 7* transition
affects the carbonyl group (G012) in theE andK structures
in agreement with the character of the HOM® (n) orbital,
Figure 3. Due to the n~ x* transition there is an in-plane

reasons as in the keto case described above. We had alreadglectron depletion around the carbonyl oxygen (Figure 2) that
noted above that this state is not of big interest to us becauseproduces substantial increase of the@ bond lengths foE*

of its relatively large excitation energy. In conclusion of our
geometry optimization efforts we note that most of the structures
were minima atCs symmetry or, as in the case of thgrr*)
state ofE, the reduction t&C; symmetry had negligible effects.

andK* (see Figure 1). For th€ form the lone pair orbitals are
stabilized due to protonation and electron density changes for
nz* excitation are in the C4C(Hz) region, leading to an
elongation of the C4C(Hs) bond.
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enol nm* state enol nn* state
LUMO

keto m* state keto nm* state

HOMO-2
Figure 3. LUMO (xz*), HOMO (r), and HOMG-2 (n) of the E form.

cation * state

as shown in Figure 4. The enol48), cluster was optimized

in CsandC; symmetry for the ground aridzz*) excited states

and stabilization o€; symmetry was obtained by 0.5 and 0.47

kcal/mol, respectively. The calculated transition energies on the

basis of the ground and excited state structure€jirmnd Cs

symmetry, however, give practically the same values. For that

reason the excited state properties of the cluster models were

examined usings symmetry structures only, which facilitated

calculations and assignments considerably. The Cartesian
. - ) coordinates of the optimized structures of the water clusters of

Figure 2. Electron density differences for ther* and nz* excited . ; . ;

stgtes relative to the grouynd state of enol, keto, cationic and anionic E andK forms are given in the Supporting Information.

form of 7HAMC, calculated with the CIS method. The black region  The main solvent effect on the geometrical parameteis of
indicates an increase of the electron density and the grey regions ain the ground state is the elongation of the=&211, O+-C2

anion mn* state anion nmt* state

decrease of the electron density. and O12-H bonds and the shortening of the €@12(H) bond
(Table 3). A similar elongation of a<€0 double bond because
III.C. Vertical Excitation Energies of 7HAMC Species in of solvation effects has been observed, e.g., by Andrade do

Aqueous Solution.First, the solvent effect was estimated on Monte et al. for formaldehyd®¥.
the basis of the PCM model. To check the reliability of the  The calculated excited state electron density of Enform
continuum model, 7H4AMEwater cluster models were consid-  in aqueous solution (PCM) relative to the ground state density
ered, taking into account the specific solu®lvent interactions.  indicated that the electron density increases on the carbonyl
Further, a semicontinuum model was applied to 7H4N@&ter oxygen, whereas it decreases on the hydroxyl hydrogen. The
clusters. TDDFT/B3LYP/SVPD vertical excitation energies of solvent polarization effect produces an additional polarization
the lowest singlet states of tlie K, C andA forms as well as of the C=0 bond by which the electron density on O atom
of cluster structures oE and K with two and four water increases and as a result the=G bond become longer. The
molecules are given in Table 2 for the gas phase and for aqueoussolvent effect on the enol geometry in enok(®J; and in the
solution. continuum model are in good agreement, whereas in the enol-
We start our analysis with a discussion of solvation effects (H20) cluster model it is smaller, Table 3.
for the 1(zr*) and }(nz*) states of theE andK structures. The In general, a bathochromic solvent shift is calculated for the
enol geometry has been optimized at the B3LYP/SVPD level (zz*) excitation energy and a hypsochromic solvent shift is
in the gas phase, in aqueous solution with the PCM model andfound for thel(nz*) one of E (see Table 2). The gas phase
for two cluster models composed by (1) enol and two water (zzr*) excitation energy (4.13 eV) is higher than the experi-
molecules bound to the carbonyl oxygen and the hydroxyl mental one in aqueous solution by 0.27 eV. The calculated PCM
hydrogen; (2) enol and four water molecules, where two of them solvent shift decreases thgrz*) excitation energy and brings
are bound to the carbonyl oxygen and two to the hydroxyl group it into better agreement with experimental. Both enc}{h
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TABLE 2: TDDFT/B3LYP Vertical Excitation Energies, in

eV, for the Lowest Singlet States of the E, K, C and A

Forms of 7H4MC in the Gas Phase and in Aqueous Solution
(PCM) Using the SVPD Basis Set

expo2t
geometry state gas phasegas phase aqsoli ag soln
Enol E)
grst(Cy 2'A' (za*) 4.13(0.28)  4.09 3.97 3.86
grst(Cy) 3’ (zr*) 4.52 4.40
grstCy 1'A" (nz*) 4.56 4.37 4.83
grst(Cy) 2'A" (wo*) 5.32 5.06 5.46
Enol-(H0),
grstCy) 2'A' (ma*) 4.05(0.34) 4.00 3.90
grst(Cy) 3A' (z7*) 4.46 4.36
grstCy 1'A" (no*) 4.62 453 5.43
grst(Cy 2'A" (n7*) 4.80 454 5.04
Enol-(H0)4
grst(Cy 2'A' (ma*) 4.05 (0.35)
grstCy 3A' (na*) 4.42
grst(Cy) 1'A" (wo*) 4.89
grstCy 2'A" (nz*) 4.98
Keto (K)
grst(Cy 2'A' (za*) 3.06(0.24) 2.91 3.09
grstCs) 3IA’(w*) 4.19 4.17
grstCy 1'A" (n7*) 2.86 2.66 3.48
Keto-(H0),
grstCy 2'A' (za*) 3.10 (0.28) 2.98 3.13
grstCy) 3'A' (zw*) 4.14 4.17
grstCy) 1'A" (n7*) 3.20 3.05 3.74
Keto-(H0)a
grstCy) 2'A' (wa*) 3.09 (0.28)
grstCy 3A' (nm*) 4.07
grstCy 1'A" (n7*) 3.47
Cation C)
grst(Cy 2'A' (za*) 3.61(0.21) 3.61 3.61 3.59
grst(Cy) 3’ (zr*) 4.02 4.10
grstC) 1*A" (n7*) 6.10 5.78 5.74
Anion (A)
grst(Cy 2'A' (za*) 3.19(0.31) 3.14 3.32 3.44
grstCs 3A’(w*) 4.10 4.28
grst(Cy) 1'A" (wo*) 3.08 3.08 451
grstCy 2'A" (nn*) 3.44 3.30 3.98

2Gas phase calculation with optimized gas phase struct@as
phase calculation with optimized ground state PCM structupr&€M

calculation with optimized PCM structuréOscillator strengths (ab-

sorption) are given in parentheses for vertigal— 7* transitions.
Oscillator strengths for A~ z* transitions are less than 1®and are

not given in the tables The order of!A" states of A form in solution

is 1A (nr¥), 21A" (70%).

and enol-(HO), clusters (third column, Table 2) show negative
solvent shifts for thé(zzzr*) excitation also, but they are smaller
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the lowesttA"" excited state is afio* character in the gas phase
and of nt* character in aqueous solution.

The same approach for calculating the solvent effect was
applied to theK form. Although, there is lack of experimental
absorption data foK, it is interesting to follow the solvent shift
for both singlet excited states. Both PCM and cluster models
suggested a small hypsochromic solvent shift of the kete
r* transition (~0.07 eV). At the same time, as for theform,

a very large positive solvent shift was obtaineeD(88 eV) for

n — s* transition of K. Comparing the explicit solvation and
semicontinuum models with the direct PCM result given in
Table 2, we find that the latter underestimates the overall
solvatochromic shift somewhat but still reproduces the selute
solvent interaction quite well.

The solvent shift of the singlet excitation energies of the
and theA forms was calculated on the basis of the PCM model
also (see Table 2). For the form, there was practically no
solvent shift observed for the — z* transition and a negative
one (~0.35 eV) was found for the f- z7* transition. For theA
form, positive solvent shifts were calculated for tHerz*),
1(ro*) and }(n7*) excitations, 0.1, 1.4, and 0.5 eV, respectively.
It should be noted that for th& form in the gas phase the—

o* transition showed the lowest energy, whereas in aqueous
solution the lowest energy transitioniis— s*. The analogical
trend was found for the&K form. The calculated excitation
energies in aqueous solution f@ and A forms are in good
agreement with experiment, Table 2 (fifth and sixth columns),
indicating that the PCM maodel reliably estimates the solvent
shift of the excitation energies of the ionic species.

In addition, the vertical excitation energies ofA3 (7*)
states in gas phase and solution for the species studied are given
in Table 2. For the enol systems and cationic form tha'3
(m*) state appears to be the second singlet excited state.

The calculations reveal that in aqueous solution At
excitation energy is the lowest one for tBeC andA forms of
7HAMC. In agreement with experiment, tie form showed
the lowestzz* excitation energy from these three compounds,
followed by theC and byE, Table 2 (fifth and sixth columns).
Therefore, in the absorption spectra of 7H4AMC in aqueous
solution, the assignment of the band~a60 nm (3.44 eV) to
the n— z* transition of enol 7H4MC (computed at 4.83 eV) is
not correct® According to our vertical excitation calculations
this band should be assigned to theform of 7HAMC (3.32
evV).

The solvent shift can be split into two contributions: geometry
relaxation changes between the gas phase and solution and the
polarization induced by the solvent. The geometry relaxation

in comparison with the PCM results (enol, fifth column) and €effect is computed by calculating the electronic excitation at
with experiment, indicating that two or four water molecules the ground state geometries optimized in the gas phase and in
are not sufficient to describe the whole solvent effect. On the solution, without including any other solvent effect (as a
other side, the pure PCM approach also underestimates the totaflifference between the values iff' 4nd 3rd columns). The
solvent shift slightly by 0.1 eV as compared to experiment. Solvent polarization effect is found by computing the excitation

When we consider the enol-¢B), cluster embedded in the
dielectric continuum, th&(zz*) excitation energy obtained (3.90

energy in the gas phase and solution at a fixed geometry (as a
difference between the values in fifth and fourth columns). In

eV) is in excellent agreement with experiment (3.86 eV) (Table general, it is observed that for both singlet states the geometry
2). Obviously, the reliable estimation of solvent shift on the €ffect reduces the excitation energies (6:048 eV). The solvent
excitation energies requires inclusion of both specific and bulk polarization, however, produces various effects on the different
interactions in the solvation model.
A large hypsochromic solvent effect for the singletnz*

transition was calculated fdE (0.48 eV) with PCM and with

excited states and it dominates the total solvent shift. As seen
from Table 2, very large positive solvent shifts were obtained
for theA" states of thé&, K andA forms due to the polarization

both cluster models. Adding a polarizable continuum to the effect. Only for theC form the geometry and the polarization
cluster models, the positive solvent effect increases by 0.2 eV, effects are negligible.

indicating important long-range interactions with the bulk of

To get a better understanding of the various solvent shifts

the solvent. It is interesting to note that for both cluster models for the 7H4MC species, the dipole moments in ground and in
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Figure 4. Enol and keto clusters with two and four water molecules optimized at the B3LYP/SVPD level.

TABLE 3: Selected Bond Lengths (A) of the E and K
Forms of 7H4MC in Gas Phase and in Aqueous Solution
(PCM) at the B3LYP/SVPD Level

I11.D. Vertical Fluorescence Energies of 7H4AMC Species
in Agueous Solution. The minimum-to-minimum (rrm)
absorption energies and vertical fluorescence energieg,for

tautomer tautomer cluster? cluster® cluster? K, C andA forms of 7H4MC were calculated with the TDDFT
bond gasphase aqsol gasphase aqsol gasphase  method using SVP, TZVP and SVPD basis sets (see Table 5a
Enol E) of the Supporting Information). In Table 5 the calculations in
C2=011  1.206 1.222 1.217 1.228 1.225 the gas phase and in agueous solution are presented using the
8;3_2' g-g’g’g 3'38777 3-3772 é-ggg 3-93%3 SVPD basis set. For all species studiedy* excitation
C7-012 1357 1350 1345 1343 1353 minimum-to-minimum absorptlon a_md vertlt_:a_l fluorescenqe
energies slightly decrease with basis set splitting and addition
C7=012  1.236 12‘;3“’ ®) 1248 1972 1.260 of _polarizatio_n and diffuse functions (u_p to 0.05 _eV). The zero-
C7-C8 1.461 1.443 1.452 1.437 1.444 point corrections lower thaz* absorption energies by 0.63
O11-H 0.969 0.999 0.991 1.015 0.995 0.15 eV. The m* energies studied reveal more complex
C2-011  1.330 1.312 1.312 1.299 1.319 dependence on the basis sets. It is found that with addition of

2 Atom numbering is given in Figure 2 Clusterl: 7H4MGC-(H;O),.
¢ Cluster2: 7H4AMC-(H20)a.

TABLE 4: Dipole Moment (Debye) for the Ground State
and Excited State of the E and K Forms of 7H4AMC at the
B3LYP/SVPD Level

polarization and diffuse functions thesfi minimum-to-
minimum and fluorescence energies increaseEpK and A
(up to 0.1 eV) and decrease f@r (0.07 eV). The calculated
m—m zzr* transition energies (Table 5) are lower than the
vertical ones (Table 2) by 0.19 eV fér, 0.2 eV forE, 0.25 eV
for C and 0.36 eV for th& form. The values obtained indicate

. gr st gr st A (@) AT (n) quite large geometry relaxation effects in ther*) state.
species gasphase aqsol  gasphase gasphase Geometry relaxation effects on the lowést’ excited state
E 4.542 7.015 5.322 1.027 increase in the following orderA (wo*) (A = 0.07 eV),K

K 7.361 13.421 6.648 3.393

I(nz*) (A = 0.36 eV),C Xn*) (A = 0.4 eV),E {nr*) (A =

singlet-excited states were computed (see Table 4). The dipoleQ-7 €V) @ is the difference between vertical aneé-m transition

moment of E increases when going from the ground to the energies).

Y(7z*) excited state and at the same time the excitation energy  The TDDFT calculations predict that in the gas state the
is lowered due to the increased stabilization of the molecule by lowest minimum-to-minimum and the fluorescence transitions
the polar solvent in the excited state. On the other side, the for the E andK forms have m* character, whereas for the
dipole moment of thel(zn*) excited state of theK form form they haversz* character. For théA form, the SVP and
decreases and as a resulter*) is destabilized by the solvent ~ TZVP basis set showed therh fluorescence energy as the
relative to the ground state. The strong decrease of the dipolelowest one, whereas TZVPD and SVPD give the* fluores-

moments of thé(nz*) excited states in th& andK forms can
be related to the positive solvent shift of th&inz*) excitation
energies.

cence energy as the lowest one, Table 5.

Vertical fluorescence energies of the 7H4AMC species were
calculated in aqueous solution. Results are compared with the
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TABLE 5: TDDFT/B3LYP Minimum-to-Minimum (m —m),
Zero-Point Corrected (0—0) Absorption Energies (eV),
Vertical Fluorescence Transitions (fl), st Stokes Shift and
Radiative Lifetimes? of the E, K, C and A Forms of 7H4MC
Using the SVPD Basis Set

exppo21:29
geometry state gas phase acPsol ag sol
Enol E)
an*(Cy) m—m 2!A’ (zz*) 3.93 3.85
0—0 (nn*) 3.78
fl2'A" (mn*) 3.73(6.5) 3.66 (4.5) 3.18¥3)
st (n*) 0.40 0.31 0.68
nt* (C) m—m *A" (nz*) 3.86 4.42
fl 1*A" (n*)  3.08 3.90
Enol-(H:0),
q* (Cs) fl 2'A" (z*) 3.74 (4.8)  3.65(4.0)
Enol-(H0)4
a* (Cs) fl 2IA" (zn*) 3.74(5.1)  3.67 (4.0)
Keto (K)
ar*(C) m—m2A’ (nr*) 2.70 2.84
0—0 (mn*) 2.63
fl 23A" (m*) 2.28(38.3) 2.59(19.1) 2.61(5.5)
st (ma*) 0.78 0.50
nt* (C) m—m *A" (nz*) 2.50 3.22
fl1A" (n*) 2.12 3.06
Keto-(H0),
a* (Cy) fl 21A" (m*)  2.37 (30.4) 2.63(18.2)
nz* (Cy) fl 1*A" (nr*) 2.38 3.14
Keto-(H0),
q* (Cs) fl 2'A" (m*) 2.36(32.9) 2.63(19.2)
Cation C)
an*(Cy) m—m 2!A’ (z*) 3.36 3.45
0—0 (nn*) 3.24
fl 23A" (zz*)  3.02 (37.8) 3.11(23.1) 2.96
st (na*) 0.59 0.50 0.63
nt* (C) m—m *A" (nz*) 5.70 5.81
fl 12A" (nr*)  4.79 4.90
Anion (A)
an*(Cy) m—m2*A’ (zz*) 3.00 3.22
0—0 (zn*) 2.97
fl2'A" (zn*) 2.74(16.4) 3.03(8.8) 2.77(5.2)
st (ma*) 0.45 0.29 0.67
7o *(C) m—m A" (zo*) 3.01 4.44
fl 1*A" (mo*) 2.93 4.37
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aqueous solution (3.18 eV), it is not sufficient to describe the
total solvent shift. Obviously, other solvation relaxation effects
contribute to the lowering of fluorescence enebgy.

As seen from Table 5, large positive solvent shifts were
calculated for bothrz* and ne* fluorescence energies of the
K form, 0.3 and 0.9 eV, respectively. In contrast to the gas
phase, therr* fluorescence energy is the lowest one in polar
solution. It is worth emphasizing that due to the positive solvent
shift obtained with PCM the calculated fluorescence energy of
K (2.59 eV) is in very good agreement with experiment in
aqueous solution (2.61 eV).

For theC and A forms the positive solvent shifts ofz*
fluorescence energies lead into the wrong direction and the
computed excitation energies are too large in comparison with
experiment (by~0.17 eV).

In general, the PCM (water) calculations of vertical fluores-
cence energies for all 7H4AMC species predicted the
character of the lowest fluorescence transition in agreement with
the experiment. At the same time, the calculatert fluores-
cence energies decrease in the orde3.66) < C (3.11)< A
(3.03) < K (2.59 eV) in agreement with experimefi!

IIl.LE. Reactivity of 7HAMC and Its Water Clusters in the
Ground and Excited States.The determination of the equi-
librium structures of theE and K forms and their energy
difference provides the first ideas of how the molecular frame
readjusts during the proton transfer. Figure 5 presents the
excitation and fluorescence scheme for 7H4MC. The relative
energies ofE andK forms as well as of the corresponding
clusters with two and four water molecules are given in Table
6. The electronic, enthalpy and Gibbs energies show thdk the
tautomer is the global minimum in the ground state, whereas
theK structure is a local minimum structure, which lies 24 kcal/
mol above theE form. In aqueous solution (PCM and cluster
calculations) the relative energy Kf decreases by 5 kcal/mol.
Drastic changes, however, were obtained in the excited state:
in the gas phase the relative energyfoindK forms in the
sr* excited states (FranekCondon structures) decreases to
0.35 kcal/mol and in solution thi€ tautomer is even energeti-
cally slightly favored. The optimize#{zz)* excited states of
both tautomers reveal a lower energy of Kidorm in the gas

a Radiative lifetimes (ns) for fluorescence are given in parentheses Phase and in agueous solution. To simulate the optimization of

for verticalor — s* transitions.”? PCM calculations of optimized excited
state structures in gas phase.

experimental fluorescence data, Table 5. For Ehform, the
PCM calculations showed a small negative solvent shit.Q7
eV) for the wz* fluorescence energy and a strong positive
solvent effect on the at* state (+0.82 eV). As a result, in
aqueous solution, the lowest fluorescence energy becantes
(in the gas phase it isat). To estimate the sensitivity of the

excited states in solution, the tautomerQ, clusters, repro-
ducing a part of the first solvation shell, were optimized and
their vertical and adiabatic excited states in solution were
calculated. All excited state calculations of clusters suggest a
lower energy for the structure as compared ® (Table 6).

As a result, theK form is energetically favored in thémz)*
excited state, demonstrating the energetic possibility of proton
transfer from theE to K form in excited state.

The excited state conversion from tBeo theK structure is

lowest fluorescence energy to the solvent polarity, the fluores- a complex process that intimately links electronic and structural
cence energy was also calculated in the nonpolar solventreorganization. It is interesting to follow in a first step the
cyclohexane. The gas phase and PCM (cyclohexane) calcula-geometric changes d in the ground and in the lowe¥tzr)

tions showed the same trends, lower*riluorescence energy
(3.08 eV in gas phase, 3.37 eV in cyclohexane) thahenergy

excited state. The experimental data suggested a dramatic
lowering of the X, values of 7TH4MC when moving from the

(3.73 eVin gas phase, 3.65 eV in cyclohexane). This finding is ground to the excited state$~7.7) to S (0.45))32 The gas
in full agreement with experiment, which on the basis of the phase calculations of tHe form showed insignificant increase

radiative lifetime predicted ant character of the emitting state
in nonpolar solvent (71 ns) andt* character in polar solvent
(~3 ns)3! The radiative lifetime ofzz* fluorescence (4.5 ns),
calculated for aqueous solutionBfis in better agreement with

of O—H bond length (by 0.001 A) in the excited state. The
nr* excited states of enol-(#D), and enol-(HO). clusters,

where part of the first solvation shell is included, indicated larger
O—H elongation, with 0.006 and 0.007 A (Figure 4). The result

experiment than the that for gas phase (6.5 ns). Although thethus obtained is in agreement with increasing acidity ofEhe
negative solvent shift of the calculated fluorescence energy of form in excited state. Deprotonation energies (DE) and proton

E (3.66 eV) is in the direction to the experimental one in

affinities (PA) (calculated as enthalpy and Gibbs energy
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Figure 5. Energy diagram for the proton transfer in 7H4MC. Excitation and fluorescence scheme and transition energies (in e\¢) dodtke
forms; the transition energies in aqueous solution are given in parentheses.
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TABLE 6: Relative Energies, (AE), Enthalpies (AH) and

Gibbs Free Energies AG), in kcal/mol, of the E and K

Forms of 7H4MC in the Gas Phase and in Aqueous Solution
(PCM) at the B3LYP/SVPD Level

grst grst lga*b lggxb lggxc lggxc
speciesa gas aqsol gas agsol gas agsol
enol E) 0.0 0.0 0.0 0.0 0.0 0.0
keto K)
AE 2483 19.75 0.35 -0.63 —3.49 -2.68
AHzgg 2455 19.46 —245 -1.64
AGgos 23.79 18.71 -2.02 —-1.21
enol-(H0), 0.0 0.0 0.0 0.0 0.0 0.0
AE(keto-(HO),) 20.31 1591 -1.63 -1.72 —-5.53 —-3.09
enol-(H0)4 0.0 0.0 0.0 0.0 0.0 0.0
AE(keto-(HO)s) 17.23 —4.22 —-8.12 —2.77
aPCM energy of optimized ground state structure in aqueous

solution.® Franck-Condon excited state structuréStationary excited

State structures.

TABLE 7: Deprotonation Energies® (DE) and Proton

Affinities 2 (PA), in kcal/mol, of the E and K Forms of

7H4MC at the B3LYP/SVPD Level

gr st grsP T © T ©
species gas phase aqg sol gas phase ag sol
Deprotonation Energies
E 326.8 287.6 307.8 280.5
(327.0% (291.0)
K 302.3 268.1 310.3 276.9
(303.2) (268.1)
Proton Affinities
E 216.6 260.9 228.6 268.4
(216.8) (257.9)
K 2411 280.4 226.1 266.8
(241.0) (280.0)

2 Including enthalpy correctior®. PCM energy of optimized ground
state structure in solutiofi.Stationary excited state structurésibbs
energies are given in parentheses.

differences) in the ground and the excited stateEaind K,
both in the gas phase and in solution are presented in Table 7finding is in full agreement with experiment. Correlation
It is found that (i) DE for theE form in the ground and in the
I(za*) excited states decreases by 39 and 28 kcal/mol, the solvent shift was found. With an increase of the dipole
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respectively, when going to the aqueous solution and (ii) in the
gas phase and in solution DE decrease&farhen going from

the ground to the excited state. At the same time, the proton
affinity calculations for thee form showed that (i) in solution
the PA of the ground and the excited states increase and (ii)
PA is larger in the excited state than in the ground state
(considering both gas phase and solution).

IV. Conclusions

TDDFT in combination with the SVPD basis set is a
computationally efficient method reliable enough to describe
the excitation and fluorescence properties of coumarins with
sufficient accuracy. The TDDFT results were confirmed with
RI-CC2 calculations. The gas phase calculations gave as the
lowest singlet excited state for tieandC forms alA’(zx*)
state and for th&K and A forms alA" state, m* and zo*,
respectively. This finding corrects previous semiempirical results
for the E form where a reversed state ordering had been found.
The calculated fluorescence energies in the gas phase revealed
a r* character of the lowest emitting state fArandC and
nz* character fole andK. The 7H4MC-solvent (water) effects
on the lowest excited states was computed using a continuum
approach (PCM) simulating bulk solvent interactions, 7H4MC
water clusters, simulating specific solvent interactions and a
combination of both methods by embedding the cluster in a
continuum. It was found that the PCM model reproduces well
the solvent interaction and estimates quite reliably the solvent
shift of singlet excitation and fluorescence energies of the
species studied. The calculations in agueous solution revealed
that 1(zz*) state is the lowest state for excitation and fluores-
cence transitions for both neutral and ionic species of 7H4MC.
The calculated vertical excitation and fluorescence energies in
aqueous solution are in good agreement with experiment. The
calculations showed that depending on the polarity of the
medium the solvent shifts vary such that a change in the
character of the lowest excited and fluorescing state occurs. This

between the calculated dipole moment of the excited state and
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moment of the excited state (relative to the ground state) the

solvent shift is negative, lowering the transition energy aicd
versa

In solution, theK structure of thelnz* state is of lower

energy than th& structure. This finding confirms the energetic A

possibility of proton transfer from the to theK form in the
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