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Density Functional Vertical Self-Consistent Reaction Field Theory for Solvatochromism
Studies of Solvent-Sensitive Dyes

Tiging Liu,* "8 Wen-Ge Han,*" Fahmi Himo,™' G. Matthias Ullmann,™” Donald Bashford,"#
Alexei Toutchkine* Klaus M. Hahn,* and Louis Noodleman**

Department of Molecular Biology, TPC-15, and Department of Cell Biology, CB 164,
The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037

Receied: September 10, 2003; In Final Form: January 23, 2004

On the basis of the FranelCondon principle, a density functional vertical self-consistent reaction field
(VSCRF) solvation model for vertical excitation and emission processes is established. The principles and
implementation of the VSCRF model are presented. The predicted blue shifts of the vertical excitation energies
of diazines in different solvents fromheptane to water solutions are compared with the corresponding time
dependent density functional calculations and are in very good agreement with experiment. We have also
applied this method to predict the blue shifts and the vertical excitation and emission energies of Brooker's
merocyanine dye with increasing solvent polarities from CGHGIH,O solutions. Overall, our calculations
predicted the relative excitation and emission energy orderings for Brooker's merocyanine in different solvents
with different polarities. Also, the calculated Stokes shift is fairly well represented for different solvents, and
the calculations correctly show that the absorption energies have a much stronger solvent dependence than
the emission energies. The importance of both relaxation of the molecular structures and consideration of
explicit H-bonding HO and CHOH molecules in water and methanol solvents in predicting the solvatochromic
shifts is also discussed.

1. Introduction paper, we present a density functional vertical self-consistent
reaction field (VSCRF) theory to predict the vertical excitation
and emission energies, focusing particularly on the solvato-
chromic shifts of solvent-sensitive dyes with increasing solvent
polarity.

According to the FranckCondon principlé, during the

It is well-known that the UV/visible absorption and emission
spectra (positions, intensities, and shapes) of chemical com-
pounds are usually influenced by the surrounding medium and
solvents. This results from the solutsolvent interactions

(including the ion-dipole, dipole-dipole, dipole-induced optical absorption (and emission) process, there is only elec-
dipole, and H-bonding interactions, etc.) which tend to change P p P ’ Y
tronic relaxation of the solute and solvent molecules, since the

the geometries, charge distributions, and therefore the excitation : .
orientational relaxation of the whole system cannot occur on

and emission energies of the absorbing and fluorescent species.,; . .
g 9 P this fast time scale. In the past decades, many efforts have been

U\J— gf\fgg}esgggfct?;grg:r:g :f] :zﬁ/%;?sdcisgi?fk;?et::te Zrl]zlafrtitci);san made in seeking the theoretical treatment of solvent effects on
rp . P " _electronic spectroscogy > Both continuum solvent models and
Dye molecules with strong solvatochromic character have been e . N .
the use of explicit solvent molecules in combination with

ﬁgsi((ijari(Fa)rrr?ggig]schnSctiur?i/c?gemrflii?c/)?\?sluatlfg g‘;igzﬁiﬁbréogflcontinuum solvent models are increagingly popular in this
layers, applied in a’malytical chemistry, and used for indicating areas"l'SHZ Most of the .the.oretlcal vyork In computing solvent
solven,t polarity (see ref 1 and referencés therein). Very recently shifts on molecular ex‘?"a“(?'? energies in different solvents has
solvatochromic effects (and also the solvent dependency 01,‘ been done at the_ _semlemplrlcal level, such as AM1, PM3, and
fluorescence) have been used for sensing protein activity andIND_O_._SemlemmncaI methods are _normally m_uch faster than
ab initio calculations and have achieved considerable success

protein-protein interactions in living cell%: For choosing and in predicting the electronic and geometric properties for different

{gaf:(r"sntg ?eeéll\i/c?)t/r?: gortiggfer%nte?ﬁézoiﬁsﬁét dwguﬂoﬁizglgzzlz systems. However, different semiempirical methods may pro-
P P prop y duce very different result&. The parameters which were set

guide for experimental synthesis and measurements. In thlsUIO for one molecule may not be suitable for another sygfem,
and some of these methods also suffer from the weakness of
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experiments. However, calculations with TDDFT are still not large as those in the absorption process. These authors also
straightforward in the optimization of geometries on the excited performed calculations using the “solvation-CS INDO” method
state surfaces for emission processes. It is also not clear howto predict the blue shifts of both the absorption and emission
TDDFT can be applied if the excitation is from or the emission bands of this molecule in different solutions. They used the
is to a diradical broken-symmetry state (like the ground state polarity factork(e) as a variable to represent the polarities of
surface of twisted stilbenéy.In the present work, we systemati- the solvents. The solute geometry, however, was unchanged in
cally develop a density functional vertical self-consistent reaction their calculations in different solvents. Also, no explicit H-
field (VSCRF) solvation model withSCF methodology3—52 bonding interactions were considered in protic solvents. Here,
suitable for both absorption and emission, and apply this to we will first see if our SCRF/VSCRF(FDPB) calculations
diazines and to Brooker's merocyanine. Our applications of this predict an improved absorption band shift for Brooker’s
method to other solvent-sensitive fluorescent dyes have recentlymerocyanine from CHGlto H,O solutions, and we will see
appeared? how important geometry relaxation and the inclusion of the
DFT methods have been widely used to study the electronic exPlicit H-bonding interactions are in predicting this shift. Then,
and geometric properties of different organic and inorganic calculations on the excitation and emission energies of Brooker's
systemg6-52 DFT GGA (generalized gradient approximation) Merocyanine in several other solvents will be presented.
functionals are able to predict reasonable H-bonding propétties.
For calculating the emission energies, one has to obtain the
relaxed geometries of the chromophore on the excited state The model system consists of a solute molecule, which is to
surface in different solvents. This can be easily done with the be treated quantum mechanically, residing in a cavity within a
ASCF method using the Amsterdam density functional program continuum dielectric medium, which represents the solvent.
packagé’ This also makes our VSCRF method easily applicable During a vertical excitation process, the electronic distribution,
to study the fluorescence band shift with increasing solvent including both the DFT-modeled electron density and the
polarity. electronic polarization of the medium, is altered, while, in
Our implementation of the VSCRF method is based on our accordance with the FraneiCondon principle, the nuclear
original self-consistent reaction field (SCRF) developniérft’ geometry of the solute and the orientational polarization of the
where the solute molecule is computed by density functional dielectric medium are unchanged. A formalism that separates
theory in the presence of a solvent reaction field. The reaction the energetics of the fast (electronic) part of the dielectric
field is evaluated from a finite-difference solution to the response from the equilibrium response is therefore needed.
Poissor-Boltzmann (PB) equation, and self-consistency be- ~We now begin with the absorption process to describe the
tween the reaction field and the electronic structure of the solute methodology. The energetics of the ground state charge
is achieved by iteration. We will call this full SCRF method distribution have been outlined elsewtér® but are sum-
the SCRF(FDPB) method hereafter (FDPHinite-difference marized here to establish the context and the notation. Consider
Poisson-Boltzmann algorithm). The SCRF(FDPB) calculation the process of building up the ground state charge distribution,
applied to a solute geometry allows the electronic structure pi, inside the cavity from nothing by infinitesimal increments
relaxation in both the solute and the solvent and, implicitly, 9p. At some intermediate stage where the distribution so far is
the orientational (geometry) relaxation of the solvent. Once the p, and the potential it gives rise to ¢5 the incremental work
SCRF(FDPB) calculation on the ground state) (®r the first of adding the next incremenbp, is OW = ¢ dp d*. The p
excited singlet state (§ is achieved, the VSCRF procedure dependence o is assumed to be governed by the Poisson
on the excited state (or the ground state) allows only the equation, so it can be conveniently expressed by the Green
electronic structure reorganization for both the solute and the function, Ge¢(x,x'), which satisfies

2. Principles

solvent, and the vertical excitation (or emission) in solution is
then obtained. In common with our SCRF(FDPB) work, the

Ve(X) VGe(X.X) = —4md(X — X) Q)

VSCRF method is readily extended to more complex combined where the differentiation acts on ttxedependence of, § is

protein—solvent environments, and the first applications of this
to photoactive proteins have been compléfed.

In the next section, we will present the VSCRF methodology.
Related methods wittab initio Hartree-Fock theory were
developed by Liu et &7-28 and with semiempirical methods
(INDO/S) were developed by Karelson et&The electrostatic/
dielectric theory framework that we developed is similar in
approach to the work of Sharf%standard electrostatics theory.
The computational details will be given in section 3. Then, the
applications will be given in section 4. For comparison with
recent TDDFT calculation¥, we will first apply our method
to predict the solvatochromic shifts of diazines in several
solvents frorm-heptane to water solutions, where the importance
of H-bonding effects will also be shown. Then, calculations on
Brooker’'s merocyanine dye '“hydroxy-I-methylstilbazolium
betaine) will be discussed. Brooker's merocyanine is a typical
solvent-sensitive dye with dramatic blue shifts with increasing
solvent polarityt1:1226-2261-65 \/ery recently, Baraldi et al.

the (3-dimensional) Dirac delta function, aa@) has the value

1 inside the solute cavity and the equilibrium (or static) dielectric
constant valuegeq outside égq~ 80 in H0). In other words
G(x,x') is the potential ak that would result from placing a
unit point charge ak'. The equilibrium potential due to an
arbitrary charge distributiop is theng(x) = fG(x,X') p(X) d®X.
The incremental work can then be written by

OW= [ [G.xX) p(X) 6p(x) d*x & 2)

Functional integration fromp = 0 to p = p; gives the classical
electrostatic work of forming the initial charge distribution as

W=, [ [GofxX) pi(x) pi(x) dix ox =
T, [ Bred® 09 & (3)

In practical calculations, the DFT codes calculate the Coul-
ombic plus exchange correlation energies of the electron density

reported for the first time the emission energies of this dye in and nuclear charges along with the electronic kinetic energy,
different solvent2* The emission bands also show blue shifts while a Poisson solver provides electrostatic potentials but not
with increasing solvent polarity. However, the shifts are not as Green functions. Therefore, some transformations of eq 3 are
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needed. The Green functions can always be written as the sunthe electrostatic work done during the excitation process

of a Coulomb term and a reaction field term:

G(xx) = x — x| 1+ GP(x,x) (4)

where G0 is free of singularities and discontinuities in the
cavity interior. Substituting this form into eq 3 gives

0l = [ fxiw X+ gled) (5)
where
Fed®) = [GidxX) pi(x) o) )

and therefore

i(X) pi(X)
X = x|
U, [ [Gedxx) pi(x) pi(x) dx ) (7)

Here, pi includes both the electron and the nuclear charge
densities (and so wilp; for the final state), since the solvent
responds to the total charge density of the initial state.

Including the remaining quantum terms for the kinetic energy,
T, and exchange-correlation enerdyyc(i), and separating
Weltot) into nuclearelectron attractionVne(i), nuclear
nuclear repulsionyxn(i), and electronic repulsion\™(ee),
terms WUtot) = V(i) + Van(i) + Wee)) give the
following for the ground state free enerdS,, for the solvated
ground state densityy;:

W, = Weltot) + Wi =1/, [ [ dx d® +

G{)(pi(solvated))z T, + V(i) + V(i) + Exc(i) +
Welee)+ W = Eglp) + ', [ 01(X) o) dx (8)

whereE(p) = Ti + Vneli) + V(i) + Exc(i) + W (ee) is
the electronic energy and = />/pi(X)¢; o(() dis the direct

W= [ [ Gedxx) pi(X) Ap() dx d +
U, [ [GoxX) Ap(x) Ap(X) d’x &) (10)

Now substituting eq 4 into eq 10 and including changes in
other energy terms give

£ — pf'(x) 0f'(%)
X—X|

el
) X
AGI = [1/2 e () p Px o + AT +

AVye+ AEc| + [ [ [GRX) pi(X) Ap() x
d*x d + 7, [ [GOxX) Ap(x) Ap(x) d’x d)] (11)

where we have made use of the fact that\p + ApAp = prps

— pipi, wherep; = p® + p¥ andpr = pf' + pI'. For both states

i and f, the total charge density is the sum of the electronic (el)
and nuclear (N) densities. For fixed nuclgl, = o', soApi =

Apf' for vertical excitations. The reaction potential due to
some distributiorp in the cavity isp® = fGO(x,x) p(X) d®X.

In practice, such a reaction potential can be obtained by solving
the Poisson equation for the particular charge and dielectric
distribution in question and subtracting off a vacuum Coulomb
potential for the same charge distribution. In terms of reaction
field potentials, the free energy expression for the vertical
excitation energy (based on eq 11) becomes

AGe= By — By + o [ 12820 + A0l Ap () dx =
AEy+ AG,y + AG (12)

whereE,, andE} are the solute electronic energies of the initial

and final charge distributions, respectivedﬂq is the reaction
potential ofp; obtained from the Poisson equation solution with

the dielectric outside the cavity set tgq and A¢) is the

reaction field energy. The nuclear repulsion term is the same reaction potential ofAp obtained with the outside dielectric set

for the ground and excited states, since the geometry is the saméo ¢,p. Now the vertical excitation energyAng,

for a vertical excitation, and therefore, this subtracts out for the
vertical excitation energy. In the present work, we have

. IS described
by the sum of three terms: (WE; = Ej, — E,, which is the
increase in the solute electronic energy upon excitation; (2) the

neglected bqth the zero point vibrational energy and the thermal potential term AGpot = f¢i(,2,q(x) Apir(X) B, which describes
energy contributions to the solute free energy in both the grOUnd the Change of the reaction field energy caused by the reorga-

and excited states.
Now consider the rapid change of the charge distribution in

nization of the solute electronic structure; and (3) the response
term, AGyes 1/2[‘A¢gr),(x) Apir(X) d®, which is the change of

the cavity fromp; to pr, which can be regarded as the appearance {he free energy due to the electron relaxation in the solvent.

of an additional charge distributionp = p; — pi. The rapidity
of the process is such that only the optical (electronic)
component of the medium’s dielectric response is able to follow

it. At an intermediate stage of this process where the extra charge

so far isAp’, the additional potential i&¢' = [Gop(X,X) Ap'(X)-
d3x', whereGgp, is the solution of an equation similar to eq 1,
except thate outside the cavity now takes on the optical
dielectric constant valueg, = n? ~ 2 (wheren is the index of

refraction). The incremental electrostatic work expression is now

OW= [ [GofxX) pi(X) 0p(x) d*x X +
S [ GoxX) Ap' () 0p(x) dx X (9)

where the first term is the work done against the pre-existing
equilibrium potential; e(X), and the second is the work done
against the potential arising from the new charge so/Aaf,
Functional integration from zero to the full chandeg, gives

Alternatively, the final vertical excited state energy including
all contributions is

G = Ep + Y, [ 6209 pi(x) &)+, [ 1262, +

Ao Ap(¥) d* (13)
which then gives the vertical excitation energy,

Ang = GLX - GIO (14)
as in eq 12. Applying the variational principle te gives the
final reaction field potentialg” = ¢, + A¢{),

For the emission process, the initial state (i) is the relaxed
excited state and the final state (f) is then the vertical ground
state. The emission energ&Ggm, can also be described, as in
eq 12.
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Our mathematical formalism is quite simple compared to that field potential for the VSCRF calculations. Both the SCRF-
in important prior work on this problem; one can compare eqs (FDPB) and VSCRF methods were implemented in the ADF2000
11-13 and their derivations with those of Aguilar et al. (eq code. The SCRF(FDPB) procedure is described briefly as
35)% and Li et al. (eqs 2621 and 25-28)14 The physical follows: (1) One performs a gas-phase single-point energy
foundation also clearly involves (1) application of Gauss’s law calculation on the COSMO optimized (8r S, state) solute
in dielectric media for the solvent reaction field potential due structure. (2) The CHELPG prograbis then used to fit the
to the ground state charge distribution, and the “fast electronic” point charges of each atom from the molecular electrostatic
solvent response reaction field potential due to the excitation potentials (ESPs) calculated by the ADF program. (3) One
charge density; (2) the assumed validity of the linear responseperforms the solvation calculation by using the MEAD (Mac-
(see egs 1, 2, 3, and 9); (3) the electrostatic work on excitation roscopic Electrostatics with Atomic Detail) program developed
against the pre-existing potentiddG,o), and against the varying by Bashford/®>~76 to solve the PoisserBoltzmann equation
optical potential AGe9, and the corresponding separation of with a numerical finite-difference method. (4) One adds the
time scales; and (4) the use of the variational principle on both reaction field potential obtained from step 3 to the Hamiltonian
the equilibrium p;) and nonequilibrium statesod. Despite of the ADF single-point energy calculation. The iteration of steps
substantial differences in notation and numerical methods (FDPB 1—4 continues until self-consistency between the reaction field
vs a surface charge meth@y the final result is evidently the  potential and the electronic structure of the solute is achieved.

same, as shown by Thomp$éin a simple case. For the emission process, we also perform the first excited
. . triplet state (1) SCRF(FDPB) calculation (promoting an
3. Computational Details electron from the3-HOMO to the a-LUMO) at the § state

3.1. DFT Calculations. All quantum mechanical DFT ~ COSMO optimized geometry, to obtain the State spin-
calculations have been performed using the Amsterdam densitydecontamination energy using eq 16.
functional (ADF, version 2000) packag€The parametrization In COSMO, charge fit, and MEAD calculations, the van der
of Vosko, Wilk, and Nusair (VWN}¥ was used for the local  Waals radii for atoms C, O, N, and H were taken as 1.67, 1.4,
density approximation term, and the corrections of Becke (1988) 1.55, and 1.2 A, respectively. The dielectric constants of the
(B)®® and Perdew (1986) (P) were used for the nonlocal  solvents in COSMO and MEAD (in SCRF) calculations are
exchange and correlation terms. The molecular orbitals were = 1 for the solute cavityeq = 1.9 for n-heptane (CH{CHy)s-
expanded in an uncontracted trigjeSlater-type orbital basis  CHs), €eq= 4.6 for ethyl ether (CEHCH,OCH,CHg), €eq = 4.7
set, along with a single set of polarization functions, which for chloroform (CHC}), eeq = 8.9 for dichloromethane (CH
constitutes basis set IV in the ADF code. The inner core shells Cl,), eeq = 20.7 for acetone (C(CHO), €eq = 37.5 for
of C(1s), N(1s), and O(1s) were treated by the frozen core acetonitrile (CHCN), eeq = 32.7 for methanol (CEDH), and
approximation. The accuracy parameter (accint) for the numer- e = 80 for H;0. €op = 2.0 (except for 1.9 fon-heptane) is
ical integration grid was set to 4.0. applied for the solvent region during the VSCRF calculations.
Since the solute geometry varies with the solvent, we need The dielectric boundary between the interior (with= 1) and
to obtain the optimized geometries of the solute in different the exterior (withe = eeq Or €op) Of the solute region is defined
solvents with different polarities. There is a solvation model in by the contact surface of rolling a probe sphere (with radius
the ADF program named COSMO (conductor-like screening = 5.6, 4.6, 3.3, 3.3, 3.4, 3.2, 2.5, and 1.4 A for the above
model) which allows us to optimize the solute geometry in solvents, respectively) over the solute in both COSMO and
solution#%~42 The COSMO starts from a solvent model with a MEAD calculations.

diequtrjc constant equ.al to infinity and then re§cales this back |y the end of the SCRF(FDPB) iteration, the electronic density
to a finite dielectric using a well-known rescaling formula distribution, the potential resulting from the reaction field, and
the ESP charges at the nuclei are then saved for the VSCRF
f(e) = (e = Dile +X) (15) calculation. The iteration procedure in the VSCRF calculation
X is a scaling factor. For large’s, X becomes much less ~Can be described in the foIIowing: ) F_or an absorption process,
important, and the COSMO is most accurate for latgein both the § state and T state smgle-pomt energy calculations
any event. We have applieti= 0.5 for diazine calculations in &€ performed at thesState COSMO optimized geometry. The
solvents withe < 5.03¢ The default value oK = 0.0 has been  reaction field potential ¢ = ¢{3) of the solvated relaxed
used in the geometry optimizations for Brooker's merocyanine ground state (obtained from converged SCRF(FDPB) calcula-
in different solvents. tions) is added to the Hamiltonian of the two calculations. For
For the emission processes, geometry optimizations arethe emission process, twe State single-point energy calcula-
performed on the first excited singlet state)(@ctually a mixed ~ tions are performed at the; State COSMO optimized geom-
state, we will call it $, see below). An electron is promoted ~etry, and the reaction field potentials obtained from thetate
from the f-HOMO to the f-LUMO during the $ state and T; state SCRF(FDPB) calculations are adde.d se.pa.ratelly to
geometry optimizations. The, State energyE{s) calculated in '_the S state calculations. (2) The electronic denS|ty_ distribution
this way has to be corrected because of spin-contamin&i@n.  is taken from step 1, and the ESP charges are fitted. (3) The
To achieve spin-decontamination, the first excited triplet state differences of electronic densitieAgi’s) between the current
(T1) energy Er,, (by promoting an electron from thiHOMO excited state (for absorption) or ground state (for emission) and
to the a-LUMO) on the same geometry has to be obtained. the relaxed ground state (for absorption) or excited state (for

Then, the $ state energy after spin-decontamination will €mission) over the grids of the ADF program are computed.
bet5.71.72 (4) A set of the ESP charge differences for each atom center

between the current state and the relaxed state is also calculated.
(16) Using this set of ESP difference charges (again with 1 in
the solute region), we then perform a MEAD calculation to get
The next step is to perform SCRF(FDPB) calculations on the reaction field potentialAgj; = Aqbg‘)), corresponding to the
the optimized (gor S, state) geometries, to obtain the reaction electronic relaxation of the solvent.y = 2 in the solvent

Es,= 2Es; — Eq

1
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TABLE 1: VSCRF and TDDFT Calculated and Experimentally Observed Absorption Energies Eans (electronvolts) for

Diazines in Different Solvent$

pyridazine pyrimidine pyrazine

solvent VSCRF TDDFT exptl VSCRF TDDFT exptl VSCRF TDDFT exptl
vacuo 3.24 3.59 3.79 4.38 3.43 4.00
n-heptane 3.32 3.69 3.69 3.84 4.43 4.24 3.46 4.01 3.92
ethyl ether 3.46(0.14) 3.80(0.11) 3.74(0.05) 3.93(0.09) 4.49(0.06) 4.27(0.03) 3.49(0.03) 4.03(0.02) 3.92(0)
acetonitrile 3.57(0.25) 3.90(0.21) 3.85(0.16) 3.99(0.15) 4.55(0.12) 4.32(0.08) 3.52(0.06) 4.06(0.05) 3.94(0.02)
water (no H-bonds)  3.63(0.31) 3.91(0.22) 4.02(0.18) 4.56(0.13) 3.53(0.07) 4.06(0.05)
water+ 2H,0P 3.79(0.47)  4.04(0.35) 4.16(0.47) 4.15(0.31) 4.66(0.23) 4.57(0.33) 3.62(0.16) 4.17(0.16) 4.11(0.19)

aThe TDDFT data are taken from ref 34. The TDDFT results in water are taken from their “cluster 2” calculations. The experimental values
(exptl) are from ref 77. The shifts from-heptane are given in parenthese$he structures of pyridazing- 2H,0, pyrimidine + 2H,0, and

pyrazine+ 2H,0 are in Figure lac, respectively.

region). Then, the vertical excitation and emission energies are

computed from eq 12. (5)" + A¢}; is then added back to the
Hamiltonian of the ADF calculation in step 1. The iteration of
steps 5 will be repeated until self-consistency between the
electron relaxation in the solute and in the solvent is achieved.
The final potential is

o1 = ¢ + Ady = ¢,

According to eq 16, the final;State vertical excitation energy
or absorption energy can be written as

+ AP (17)

_ if if
Eabs_ ZAGIex S) AGlex (TD) (18)
Similarly, the vertical emission energy (absolute value) after
spin-decontamination will be
_ if if
Eem= _[ZAGIem S) AGlam (Tl)] (19)

It has been found that thASCF procedure of the DFT
method underestimates the absolute value of the vertjcibg&
excitation energy® However, we will focus more on the relative
excitation energies to predict solvent dependencies.

4. Applications

4.1. Solvatochromic Shifts of DiazinesThe blue shift of
the lowestn — z* electronic transition of diazines and the

(a) é (b) E (c)
Figure 1. COSMO optimized structures of diazines with two explicit

H-bonding HO molecules in water solution: (a) pyridazire2H;O;
(b) pyrimidine + 2H,0; (c) pyrazinet+ 2H,0.

program. Then, theState SCRF(FDPB) and thg State and

T, state VSCRF calculations are performed upon the COSMO
optimized geometries. The structures of the diazines with two
H,0 molecules are shown in Figure 1.

We see the TDDFT method is obviously better thanAISCF
calculations in predicting the absolute values of the vertical
excitation energies. As expected, thN&CF method underesti-
mates the Sstate excitation energies. However, the SCRF/
VSCRF(FDPB) calculations are as good as the TDDFT in
predicting the blue shift energies of the diazines fredmeptane
to water solutions. In the low dielectric region, our VSCRF
method predicts a little larger energy shift (frawheptane to
ethyl ether or acetonitrile) than the corresponding TDDFT

effects of possible H-bonding interactions between diazine nitro- results. However, the blue shifts fromheptane to water
gen atoms and the protic solvent (especially water) hydrogen obtained by VSCRF calculations are much closer to those from
atoms have been of great interest for many research-the experimental data than those from the TDDFT results,
ers15-17a.2631.347The recent TDDFT study including both the  especially for pyridazine and pyrimidine.

bulk solvent effect and explicit H-bonding interactions predicted  If no explicit H-bonding HO molecules are considered, the
very good excitation energies and the blue shifts of the three VSCRF calculations also underestimate the blue shifts (or the
diazines from vacuo (the experimental data were actually takenvertical excitation energy differences AEaps = EapdH20) —

in isooctane) to water solutio.Cossi and Barone performed Eapdn-heptane)) for the three molecules. Compared with the
similar TDDFT calculations on the diazines in more solvents, corresponding TDDFT values &E.ys the VSCRF results are
including n-heptane, ethyl ether, acetonitrile, and wéfefhe on average 0.05 eV closer to the experimental data. When two
three diazines are also known as pyridazine (1,2-diazine), explicit H-bonding HO molecules are included in the model
pyrimidine (1,3-diazine), and pyrazine (1,4-diazifkBefore (see Figure 1), the VSCRF calculations predi&,,svalues of
applying the VSCRF method to larger systems, we first would 0.47 eV for pyridazine, which reproduces the experimental shift

like to see how our method compares with the TDBFand
the experimental datafor the blue shifts of diazines with
increasing solvent polarities fromheptane to water solutions.
We will also see if the explicit H-bonding 4@ effect is
important to include in our model calculations in order to predict
accurate shifts.

Our VSCREF results together with the TDDFT and experi-

value, and 0.31 eV for pyrimidine, which is also in very good
agreement with the observed shift of 0.33 eV and still better
than the corresponding TDDFT result of 0.23 eV.

Here, the VSCREF calculations also show that consideration
of the H-bonding effects is very important in order to predict
the correct blue shifts for diazines frarheptane to water. Now
we apply the VSCRF calculations to Brooker’s merocyanine

mental data are given in Table 1. Two cases are considered forfor both absorption and emission processes.

the solutes in KO. One is without H-bonding interactions; the
other is with two explicit H-bonding FD molecules. All
geometries in KO are optimized using the COSMO in the ADF

4.2. Applications to Brooker's Merocyanine. Brooker's
merocyanine is a typical solvent-sensitive dye which was
proposed as an indicator of solvent polafity.
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Figure 2. (a) Quinonoid structure of Brooker's merocyanine. (b)
Benzenoid (zwitterion) structure.

It has been found that the excitation energy of this dye
changes dramatically by 0.78®.80 eV from CHCJ to H,O
solution?2246465There is also a blue shift of the fluorescence
bands with increasing solvent polarity, which was reported very
recently by Baraldi et &% In this paper, we will compare our
results with the experimental data presented in Baraldi's paper.

It has been suggested that the large solvatochromic shift is
caused by a distinct change of this molecule from a quinonoid
structure (Figure 2a) in nonpolar solvents, such as chloroform,
to a benzenoid (zwitterion) structure (Figure 2b) in polar
solvents, such as water. Several semiempirical calculations using 1.479
AM1, PM3, CNDO, INDO, and HartreeFock calculations all %
predicted a quinone structure for this molecule in the gas phase.
The semiempirical methods plus reaction field calculations also
predicted that the quinone structure is dominant at low dielectric
constantd112.20-22,24,61-63 However, experimental evidence from
NMR spectroscopy demonstrates that Brooker’'s merocyanine
is mainly in the zwitterionic structure even in solvents of low
dielectric constants, such as chlorofofhiNone of the theoretical
calculations so far have correctly reproduced the experimental
structure of this molecule in nonpolar solutiddg.he DFT with
BLYP potential calculations performed by Morley et al. obtained
the gas-phase structure with nearly equal bond lengths of 1.409,
1.417, and 1.411 A for the three centra-C bonds. They

therefore suggested that the real structure in the gas phase may ,H’°~H
also be a zwitterion and the conventional molecular orbital % w
methods at the Hartred-ock level are not able to reproduce . . PRS2 IR
the correct geometry. Here, we take this molecule as an example ] ’ H °

to see if the DFT VWN/BP method plus the COSMO solvation 0-H 0]

model will reproduce the experimeﬂtal Stru_cture O_f this molecule Figure 3. Main bond lengths of the ground state Brooker’s merocya-
in CHC3; how the solute-solvent interactions will influence  pine (a) in the gas phase, (b) in CHCIc) in H0 without explicit
the molecular structures, charge distributions, and excitation H,0 molecules, (d) in KO with two H-bonding HO molecules, (€) in
energies; how explicit H-bonding interactions with two to four H,O with three H-bonding kD molecules, and (f) in $O with four
water molecules will influence the excitation energy of this dye H-bonding HO molecules.
in water solution; and, furthermore, if the VSCRF calculations
will predict correct shift trends of the absorption and emission assuming initially that the molecular geometry does not change
bands of this molecule in other solvents with increasing solvent upon solvation, we would like to see if the SCRF(FDPB) and
polarities. VSCREF calculations will predict the solvatochromic shift from
4.2.1. SCRF/VSCRF(FDPB) Calculations at the Gas-Phase CHCl; to HO, and then how important the geometry relaxation
Geometry_The optimized gas_phase geometry of Brooker's will be in improving the calculations. Therefore, the SCRF-
merocyanine is shown in Figure 3a. Just as Morley et al. found, (FDPB) and VSCREF calculations were first performed upon the
the three middle €C bonds are of nearly equal bond lengths 9gas-phase structure of this molecule.
of 1.400, 1.403, and 1.401 A. The centra-C; bond is very The values of dipole moment) and the energy terms in
slightly longer than the &-C, and G—C, bonds. Itis expected ~ €ds 8 and 12 are given in Table 2.
that upon solvation, even with fairly nonpolar solvents, the ~ Upon solvation, the electronic structure is rearranged and the
molecular structure will change. Normally, the solute structure solute electronic energyef) increases with increasing solvent
will be the combination of the two extreme resonance quinoidal polarity (see Table 2). However, the reaction field eneigy) (
and zwitterionic structures, and the contribution of the two decreases more significantly, and therefore, the total free energy
extreme resonance forms to the resonance hybrid varies in(Gp) of the system decreases with increasing solvent polarity.
different solventg® In the ground state, the highest occupied molecular orbital
The importance of geometry optimizing solute structure in (HOMO) is mainly localized on atomsxCC,, Og, Cs, Co, N13,
solvents with different polarities has been addreg8edow Ci6 and G; (see the molecular orbital plot of the solute in
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TABLE 2: Ground (So) and Vertical First Excited Singlet State (§) Dipole Moment Values {g,and ,u‘é) (debyes), g State

Energies G, = E, + W) (electronvolts), and Vertical Excitation Energies Eans = AEo + AGpot + AGres) (electronvolts)
Calculated at the Gas-Phase Geometry of Brooker's Merocyanirie

relaxed 9 staté vertical § staté
Eabs
solvent Us, E, w! G s AE AGpot AGres VSCRF expt!
gas phase 16.23  —184.337 0.000  —184.337 15.62 1.610 0.000 0.000 1.610
CHCly 2573  —183.928  -1.192  —185.120 23.33 1.466 0.162 —0.004 1.624 2.022
H,0 30.83  —183.358  —2.229  —185.587 27.88 1.332 0.429 —0.007 1.754 2.799

2 The geometry of the gas-phase Brooker's merocyanine is shown in Figut&8aa.eq 8 for the energy terms. Values in CH&id in HO are
obtained after the SCRF(FDPB) calculatiohSee eqs 12 and 18 for the energy terms. Values in g&i@l in HO are from the VSCRF calculations.
Spin-decontamination has been applied to every energy term according to €grat ref 24.

For comparison, we also obtained the components of the
vertical excited state dipole moment by using twice the S
state value minus the corresponding State dipole moment
component. The vertical state dipole moments obtained using
this averaging process are 23.52 and 27.09 D in GH@H
H,0, respectively, which are very close to tp§ values of
23.33 and 27.88 D, respectively.

In Table 2, we see that the vertical excitation enerfgyd
mainly comes from the change in the solute electronic energy
(AEp). The response term (caused by the electron relaxation in
the solvent) AGred is very small. The potential term (caused
by the reorganization of the solute electronic structure within
the reaction field) AGyop), although much smaller thakEy, is
important to determine the totBhpsvalue. For this systent\Egq
decreases bukG, increases, and overal,,sincreases with
increasing solvent polarity. (This opposite shiftAdE; compared
to AGpo, With AGpe being larger, is expected for a linear
response dielectric mediumhEg(solvent) — AEy(gas) is the

Figure 4. Molecular orbital plots for the electron in tkeHOMO of
the ground state gpand ther — z* promoted electron in the vertical
S, state (see text). The electronic structures are obtained for Brooker’s

merocyanine from the SCRF(FDPB) calculations in CHalthe gas- “electronic strain term” in the excitation energy (see refs 55,
phase geometry. The figure is generated with MOLEKEL. 57, and 66). However, the vertical excited state is a “nonequi-

librium” state with respect to both geometry and solvation.)
CHCl; as an example in Figure 4, labeled ap 8ut the ener- ~ Here, we correctly predicted the blue shift when going from

gies of molecular orbitals, the contributions of the atomic orbitals the solvent CHGIto H,O. However, the relative shift daps
to the molecular orbital, and the bonding characters of the central (CHCls) versusEap{H>0) (0.130 eV) is much smaller than the
C—C bonds vary upon solvation. From the gas phase to nonpolarobserved value of 0.777 eV.
(CHCIs) and polar (HO) solutions, the distribution of the 4.2.2. SCRF/VSCRF(FDPB) Calculations at the COSMO
electrons moves toward the right side of the molecule. In the Optimized Geometrie3.o see if geometric relaxation in solution
gas phase, the dipole moment of this molecule is only 16.23 D. will improve the predicted solvatochromic properties, and how
In contrast, in solution, the right side becomes more negative the molecular structure will change upon solvation, we geometry
and the left more positive. The dipole moment increases to 25.730ptimized the structure using the COSMO solvation model in
and 30.83 D in CHGland in HO, respectively. Comparing  the ADF program. The main bond lengths of the optimized
the ground state energie§y), we found that the solvation  structures are shown in Figure 3b (in CHCand c (in HO).
effect in CHC}, stabilizes the molecule by 0.78 eV, while, in  The SCRF(FDPB) and VSCRF calculations were then per-
H,O solution, the energy goes down further by 0.47 eV. formed at the optimized geometries. T_he vaIL_Jes_ of dipole
As an example, the molecular orbital plot for the— z* moment () and the ground state and vert|ca_l excitation energy
promoted electron of the vertical; State in CHJ is also terms in eqs 8 and 12 (aftgr spln-deqontamlnatlon) for the dye
given in Figure 4. Ther orbitals of atoms €and G have the " the CHCh and KO solutions are given in Table 3.
largest contribution to this molecular orbital. This contrasts with _ Compared with the energy terms obtained from the SCRF-
the ground state, where this electron is mostly localized at atoms(FDPB) calculations at the gas-phase geometry (Table 2), after
C, and G. Therefore, from the Sstate to the Sstate, the  the geometry relaxation in CHgAnd RO, the electronic energy
electron density shifts to the left side of the molecule. We see (Ey, associated with the zeroth order “gas-phase” Hamiltonian)
the dipole moments in the;Sstate of the molecule are all of the solute is further increased and the reaction field energy
smaller than the corresponding ones in thesgte. This is (W) stabilized with increasing solvent polarity. The total
consistent with what is normally observed from experiments, energy G,) of the molecule in CHGI (after the SCRF
since, if the dipole moment of the solute decreases during thecalculations) is slightly stabilized by 0.050 eV; however, the
electronic transition, the FranelCondon excited state isina Gy in HxO is lowered significantly by 0.145 eV. In the
strained solvent cage of oriented dipoles not correctly disposedexcitation process, now the values®E, are smaller, but the
to efficiently stabilize the excited state. Thus, with increasing reaction field effects are much larger than the corresponding
solvent polarity, the energy of the ground state is lowered more ones obtained at the gas-phase geometry,@ $tblution (Table
than that of the excited state, and this produces a bluelshift. 3), theAG,qand theAE, terms have nearly equal contributions
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TABLE 3: Dipole Moments (us, and ,u‘é) (debyes), $ State Energies Gio) (electronvolts), and Vertical Excitation Energies Eaps)
(electronvolts) Calculated at the COSMO Optimized Geometries of Brooker's Merocyanine

relaxed g state vertical pstaté
COSMC SCRF(FDPB) Eabs
solvent  us, G} Us, Ej W Gy us AEy  AGux AGes VSCRF  exptl

CHCl; 27.80 —185.167 27.97 -183.800 —1.370 —185.170 23.78 1.287 0.350 —0.009 1.628 2.022
H0 3484 —185599 3584 -—182.844 —2888 —185.732 30.33 1.082 0.902 —0.018 1.966 2.799

2 Results obtained from the ADF output after geometry optimization using COSM@sults obtained from converged SCRF(FDPB) calculations
at the COSMO optimized geometries. See eq 8 for the energy t&ys. E, + W. ¢ See eqs 12 and 1&us = AEy + AGpot + AGres Spin-
decontamination has been applied to every energy term according to eq 16.

to the vertical excitation energ¥,g. Also, AGyq still is larger TABLE 4: Groun\(l:i and Vertical S 1 St_ate Dip(_)le_Moment )
than the electronic strain term in the excitation energy, which Values s, and ug) (debyes) and Vertical Excitation Energies

has opposite sign. Again, the blue shiftEgysfollows that in (Eabs= AEq + AGpo + AGres) (electronvolts) of Brooker's
AG tpp g g s Mgrz)cyanlne with ﬁvo, Thrg(se, and Four Explicit H-Bonding
pot:

H,O Molecules Obtained from VSCRF Calculationg

After geometry relaxation in solution, th&psvalue in CHCY
is only increased by 0.004 eV but the one igHsolution is Eﬁféﬁoc)l;
increased by 0.212 eV. The energy difference between the two _—
bands now is changed to 0.34 eV, which is closer to the model us, ug AEy AGpot AGes Eas calcd exptl
experimental value of 0.78 eV. Therefore, for predicting +2H,0 37.38 31.27 1.227 0.927-0.032 2.122 0.494
reasonable vertical excitation energies from the VSCRF calcula- +3H:0 37.36 30.96 1.327 0.877-0.028 2.176 0.548 0.777
tions, geometry relaxation is very important, especially for the T4H0 37.86 31.46 1401 0.863-0.029 2235 0.607
structures in polar solutions, such agctH aSee Figure 5df. Ground state geometries were optimized using

Comparing with the gas-phase geometry, we found that the the COSMO. Energy terms are give after spin-decontamination.
central G—C3 bond in the COSMO optimized structure in
CHCl; now is shortened by 0.016 A and the distances pf C ~ observed that the large blue shift in protic solvents arises from
C, and G—C, are elongated by about 0.02 A. We see the both a dielectric effect and a hydrogen bonding effé®otice
structure changed toward the zwitterion form. This is consistent that, for the electronic structure of the molecule gO-solution,
with the H and13C NMR experimental results which suggest the largest contribution (21.0%) of the electron in thelOMO
that Brooker's merocyanine exists as a resonance hybrid which(the same for thgg-HOMO) comes from atom @(for other
is weighted toward the zwitterion even in the nonpolar solvent, atoms: G (16.9%), G (16.1%), G (11.4%), G (9.2%), G
CHCl;.22 All previous semiempirical calculations were not able  (5.2%), N3 (4.6%), Ge (4.0%), G1 (3.7%), Gs (1.0%));
to predict this zwitterion structure in CHgH112.26-22,61-63 Hgre certainly the explicit H-bonding water molecules around atom
again, we see the merit of the DFT method in structural property Os would influence the charge distributions and the— 7*
calculations. When going to the,8 solution, the structure is  transition energies. Here, we studied three models with?&wo,
even more polarized with distinct singtelouble-single bond three, and four water molecules, respectively, and optimized
character for these three bonds. Now—-C; is shortened by the structures using the COSMO. The two water molecules in
0.027 A and G—C, and G—C;, are elongated by more than the +2H.0O model are in the same plane of the solute, and the
0.03 A. The G—0Og bond is significantly elongated from 1.252  H-bonds of the+3H,O model are in a tetrahedral form, like
Ainthe gas phase to 1.294 A in,@. After geometry relaxation, ~ the C—Hs group. In the+4H,0 model, two water molecules
the calculated dipole moment is enlarged by 2.24 and 5.01 D are in the same plane of the solute and another two are in the
in CHClz and HO solutions, respectively. plane perpendicular to the solute. The main bond lengths of

To see how the SCRF(FDPB) procedure will reproduce the the optimized geometries for the2H,0, +3H.0, and+4H,0
electronic structure at the COSMO optimized geometries, we models are shown in Figure 3d, respectively.
give in Table 3 the ground state dipole momem,Y and the By adding two H-bonding KD molecules, the vertical
total energy values@,) obtained from both the ADF output  excitation energy Eaps = 2.122 eV, see Table 4) is obtained
after the COSMO geometry optimization and the result from from the SCRF/VSCRF(FDPB) calculations, which is larger by
the converged SCRF(FDPB) calculation. The two methods 0.156 eV than the previous one without considering the
predict nearly the same valuesia§ andGy for the structurein -~ H-bonding HO molecules. This increment comes from changing
CHCl; solution. In water solution, the results from the SCRF- bothAEy andAGpe. The energy difference @apdH20) — Eaps
(FDPB) procedure are different from those of the ADF- (CHC) is increased to 0.494 eV, which is again closer to the
(COSMO) calculation by only 1.00 D for the dipole moment experimental value of 0.777 eV. The structure of the molecule
and 0.133 eV for the total energy. With the same set of atomic is further polarized with the centrab&Cs bond shortened and
radii, solvent radius, and dielectric constant, the continuum the two single bonds, £-C; and G—Cjy, lengthened by 0.004
solvent models of the COSMO and the SCRF(FDPB) calcula- A. The distance of €-Os is elongated by 0.026 A, and the
tions will predict quite similar electronic structures and energies dipole momentus, (see Tables 3 and 4), is changed from 35.84
for this dye molecule. to 37.38 D. The energy gap between the LUMO and the HOMO

4.2.3. Impr@ement by Adding Explicit H-Bonding Water is increased from 1.757 to 1.863 eV.

Molecules.Though the absolute and relative vertical excitation Meanwhile, in the+3H,O and+4H,O models, the vertical
energies predicted by the SCRF/VSCRF(FDPB) calculations areexcitation energy is further increased to 2.176 and 2.235 eV,
improved by using the COSMO optimized geometries, the respectively, and the energy difference Bf,{H20) — Eaps
energy difference betweeh,,{ CHCl3) and E;pdH20) is still (CHCI) is increased to 0.548 and 0.607 eV, respectively.
much smaller than the experimental value. Morley et al. Comparing with thet2H,O model, we found that the increased
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TABLE 5: SCRF/VSCRF(FDPB) Calculated and Experimentally Observed Absorption Eans) and Emission Eer) Energies
(electronvolts) and Relaxed and Vertical Transition 3 State and S State Dipole Moments for Brooker's Merocyanine in
Different Solvents

absorption emission
B . Bm
solvent Us, H VSCRF exptt Hs: Hs, VSCRF exptt
gas phase 16.23 15.62 1.610 15.24 17.34 1.346
chloroform no H-bonds 27.97 23.78 1.628 21.37 25.51 1.505
+1CHCk 30.63 25.87 1.647 2.022 23.55 27.91 1.516 1.965
dichloromethane 31.19 26.26 1.741 2.042 23.08 27.29 1.551 1.962
acetone 33.37 28.25 1.846 2.113 24.32 28.63 1.588 2.000
acetonitrile 34.58 29.25 1.898 2.181 24.82 29.14 1.600 2.016
methanol no H-bonds 34.57 29.24 1.898 24.82 29.16 1.599
+2CH;OH 36.81 30.66 2.047 2.567 26.25 30.90 1.662 2.123
water no H-bonds 34.84 30.00 1.966 25.71 30.11 1.618
+2H,0 37.38 31.27 2.122 2.799 26.17 30.91 1.691 2.132
+3H,0 37.36 30.96 2.176 26.14 30.86 1.713
+4H,0 37.86 31.46 2.235 26.81 31.57 1.755
aFrom ref 24,
2.8 f
2.6
3, 24 Absorption
(=%
Figure 5. COSMO optimized structure of ground state Brooker’s mﬁ
merocyanine H-bonding with one explicit CHGholecule in CHGJ 22 1 g _
bulk solution. mission £
pd
vertical excitation energies in the3H,O and+4H,O models ol Cg{d/ b i
are caused by the increase of thEy values. Though there is a<>b" a
charge redistribution going from the2H,O to +3H,0O and
+4H,0 models, the dipole moments @, andus, for the three 18 ‘ ‘ . ‘
structures are quite similar to each other. However, the molecular 1.4 1.6 1.8 2 2.2 2.4
structures of the-3H,0 and+4H,O models are more polarized. E.. (V)
cal

The bond lengths of £-C,, Cs—C4, and G—Og are elongated, _ _
and the G=C; bond is shortened. In thé4H,O model, the Figure 6. Correlation between the calculatel{) and observedeyy)
H-bonding distances of the two water molecules which are in absorption { with O) and emission-(- - with <) energies for Brooker's

. merocyanine: (@) in chloroform; (b) in dichloromethane; (c) in acetone;
the same plane with the solute are shorter than the other two(d) in )z;cetonitSilg; (e)+2C|—bOH(ir2 methanol: and (f)+AEH)20 (for

which are perpendicular to the solute plane (see Figure 3f).  apsorption) and-2H,0 (for emission) in water. The figure is generated

Comparing théeap{H20) — Eand CHCl3) values obtained from  using Xmgré®
the SCRF/VSCRF(FDPB) calculations at different geometries,
0.130 eV at the gas-phase geometry, 0.338 eV at COSMO energy predicted by the FVSCRIPB/VSCREF calculations is
optimized geometries in CHgand HO without explicit HO 1.647 eV, which is only 0.019 eV larger than the one without
molecules, and 0.494, 0.548, and 0.607 eV by adding two, three,the explicit CHC} molecule. We see the explicit H-bonding
and four HO molecules for the structure inB solution, clearly H,0 molecules have much larger effects on the solute excitation
we see that the calculated result is better after relaxing the energies. Now taking 1.647 eV as the solute excitation energy
molecular structures using the COSMO, is improved by adding in CHCIls, the blue shifts of absorption spectra from Chi@l
two explicit H-bonding HO molecules, and is further improved  H,O will be 0.475, 0.529, and 0.588 eV for th&H,0, +3H,0,
by including three or four H-bonding 40 molecules. The best and+4H,O models, respectively.
value ofEapdH20) — Eapd CHCl) = 0.607 eV we obtained here 4.2.4. Excitation and Emission Calculations in Different
is also better than the recent solvaton-CS INDO calculation Sokents. We computed both the excitation and emission
(0.525 eV)?* where the solute geometry was unchanged in energies for Brooker's merocyanine in chloroform, dichlo-
different solvents and no explicit H-bonding interactions were romethane, acetone, acetonitrile, methanol, and water. The
considered. results are given in Table 5 and Figure 6.

So far we have only considered the explicit H-bonding effect ~ For the absorption process, experimentally the excitation
in water. On the other hand, chloroform may also be consideredenergies are in the ordeEs,{chloroform) < Egpddichlo-
as a hydrogen bond donor. We therefore added one explicitromethane)< Espdacetone)< Egpd{acetonitrile)< Egpd{metha-
chloroform molecule (see Figure 5) H-bonding to the oxygen nol) < Ea{water). Except for the relative positions Bfps
atom. COSMO geometry optimization in bulk CHGlhows (acetonitrile) andEa,{methanol), our VSCRF calculations
that the solute structure is a little more polarized by this correctly predicted this ordering. Since the dielectric constants
explicitly interacting CHG§ molecule. The vertical excitation  of acetonitrile (37.5) and methanol (32.7) are similar to each
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other, the calculations predict the same excitation energy in thesecalculations can predict the correct trends of solvent dependence
two solvents. The larger observégi,{methanol) should be  of the electronic and energetic properties for Brooker's mero-
caused by the explicit H-bonding effects which make the solute cyanine from CHG to H,O solution. However, the predicted
more polarized. Similar to the case of th&H,O model, we relative positions of the absorption bands in Ckl&td in HO

then added two COH molecules H-bonding to the oxygen give too small a difference for the blue shift. Geometry
atom of Brooker's merocyanine. The geometry was again optimization using the COSMO in the ADF program and adding
optimized using the COSMO. Now we predigf,{+2CH;OH) two, three, or four explicit H-bonding # molecules to the

= 2.047 eV, which is 0.149 eV larger than the original value solute in this study have improved both the absolute and relative

which has no explicit H-bonding interactions. The orégss vertical excitation energies. The relative excitation and emission

(acetonitrile) < Eapdmethanol) is, therefore, also achieved. energy orderings for Brooker's merocyanine in several other
For the emission process, the solute geometries were opti-solvents have also been reproduced. It is also necessary to

mized in the $ state. Very similar emission energies - include explicit H-bonding CEDH molecules for the solute in

(chloroform) (1.965 eV) ané{dichloromethane) (1.962 eV)  methanol in order to predict correct relative excitation and

have been observed. We predicted a 0.046 eV differenceemission band positions in methanol and in acetonitrile.

between the two bands. This difference was reduced to 0.035 Further applications on other solvent-sensitive dyes for both

eV if the +1CHCkL model was used in chloroform. For the the excitation and emission energy calculations in different

corresponding excitation energies, we also predicted a largersolvents have been published very recefitly.

blue shift ofEapddichloromethane)- Expdchloroform)=0.113
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