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Hybrid QM/MM Simulations Yield the Ground and solute molecule is treated quantum mechanically by a config-
Excited State K, Difference: Phenol in Aqueous uration interaction (CI) wave function in the presence of solvent
Solution molecules. The latter, however, is approximated by an MM

force field. With the aid of the thermodynamic cycle, th&,p
of an acid AH can be related to its gas-phase acidiGyas
(AH) and free energies of solvation of the neutral and ionic
species (eq 1).
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The acidity and basicity of organic compounds can undergo AGey(AH)
significant changes upon excitation to the excited states, in which AH(@g) ————— A'(ag) + H*(aq)

detectable acidbase reactions may occtif. Consequently, 2.303RTpK4(AH) = AGgo(AH) = AGgas(AH)
these properties have been widely used by chemists to probe
solute-solvent interactions and solvent polaritfesThis is
illustrated by the aromatic compounds phenol gruaphthol, g piraction of an analogous expression for the excited state
which have ground stateKg's of 10.0 and 9.2, respectively, process (AH*) yields eq 2:

and excited stateKy's of 3.6 and 2.8 in aqueous solutiéA.

Distinct absorption andéemission spectra of the neutral and anion2.30RT[pK(AH*) — pK(AH)] = [AG ,(AH*) —

species can be obtaine@nd the effect of local solvation has _ _

bgen investigated in aqueous solution and in supercritical fluids. AGg{AH)] + AAGy (A — A* ) —

However, the fluorescent coefficients are much smaller for the AAG, (AH — AH*) (2)
anions. Typically, the excited stat&pof organic compounds

are derived from the Feter cycle based on absorption and Wwhere the last two terms are differences in free energy of
emission datd. There is a great deal of uncertainty in the solvation between the ground and excited states. Ab initio
equilibrium solvation of the excited state species for the molecular orbital methods are used to determine the geometries
determination of equilibrium constants. It is clearly warranted and energies of the ground and excited state molecules in the
to develop theoretical methods for the investigation of the gas phase, while the solvation free energy differences are
solvation of organic molecules in the excited states. obtained from hybrid MC-QMCI/MM simulation’

Here, we report a hybrid quantum mechanical and molecular  The difference in free energy of solvatid\Gnyq between
mechanical (QM/MM) method and theepriori computation of the ground and excited state is derived through a series of MC
ground and excited stateKp of phenol in aqueous solution.  free energy perturbation (FEP) simulatidds.This is ac-
Phenol is selected in this study because of its importance as acomplished by gradually switching the ground state potential
model compound for tyrosine residues in the study of protein energy surface to that of the excited state, along with geometrical
fluorescence and its small size that can be accurately treatedvariations, as the coupling paramefechanges from 0 (AH)
by high-level QM calculation81° Our approach is based ona to 1 (AH*) in eq 3:
procedure developed recently for the study of solvatochromic

+ AGhyd(A7) + AGhyd(H*) — AGhyd(AH) 1)
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Table 1. Computed Ground and Excited State Energies {eV)

reactiol?

CIS® CASSCF CASPT2 inbDd  exp
PhOH %(S) — Si(So) 6.00 4.85 4.53 453 4.53(4.51)
So(S) — Si(S1) 5.68  4.46 4.15 412 (4.19)
So(So) — Si(S1) 5.84  4.59 4.24
PhO™ So(S) — Si(S) 3.92 4.13 3.77 4.02 (4.20)
So(S) — Si(S1) 3.64 3.31 3.17 3.62 (3.69)
So(So) — Su(S1) 3.78 4.01 3.69

a All geometries are optimized at the CAS(6,5)/6-31G(d) level except
those indicated. Energies are then determined at the CASSCF (6,9)
and CASPT2 levels using Roos’ atomic natural orbital (ANO) basis
set (H: 7s3p— 3slp; C and O: 10s6p3e¢- 3s2pld).> Geometries
used in energy calculations are given in pareanthésesound and
excited state geometries are optimized at the HF and CIS levels,
respectively, with the 6-3tG(d) basis set! Solvent spectra shifts are
obtained from MC-QMCI/MM simulations for the absorption and
emission processes in water, see text. Standard errors areda®O2t
eV. ¢Reference 2, 4, 6, and 21. Maximum absorption wavelengths in
water are given in parentheses.

CASPT2 excitation energy ¢S~ S;) of phenol (4.53 eV) is
found to be in exact accord with the experimental value of 4.53
eV. Recently, Roos and co-workers obtained similar results
using a larger basis set and the experimental georhétry.
Another study by Krauss et al. showed larger deviations at the
first-order ClI level using 6-31G* basis s¥t.In all, our best
estimate ofAAGgasis 9.6 kcal/mol, suggesting that phenol is
intrinsically 7.0 K units more acidic in the ;Sstate than the
ground state in the gas phase.

In the MC-QMCI/MM simulation, the solute molecule is
represented by a Cl wave function using the semiempirical AM1
reference staté® The ClI calculations were performed for a six-
electron/five-orbital active spaéé. A series of three or seven
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Table 2. Computed Equilibrium Thermodynamic Properties for
the Process ) — Si(S))?

ApKA(S1
AGhyg AGgyq - )

92.1 —0.46+0.05 91.6 —8.6+0.1
825 —2.73+0.14 79.8

species AE° AH29%8 AG29%8

PhOH ($—Sy) 97.7 94.5
PhO(S—Sy) 852 83.4

a Energies are given in kcal/mol.

The results listed in Tables 1 and 2 indicate that the
experimental K, of PhOH* is due to a cancellation of the
intrinsic energy difference (12.5 kcal/mol) of the excitation
energies of PhOH and Phy the differential solvent-spectra
shifts (ca. 6 kcal/mol). Following the ster cycle analysis,
we obtain aApK, of —5 based on computed spectroscopic data,
in good accord with the experimental estimatet(to —6.4).
However, inclusion of the entropic effects and relaxation to the
excited state equilibrium geometry lead tofiee energy
difference of only 9.6 kcal/mol between the ground and excited
state free energies in PhOH and PhCrurther, solvation free
energy favors the excited state of phenolate ion, which amplifies
the free energy difference. Thus, our study demonstrates that
the excited equilibrium process in solution can be markedly
different than that analyzed by the iSter cyclet8

The present calculations are direct estimates oéthelibrium
solvation of the ground and excited state species without
complications of nonequilibrium effects encountered in spec-
troscopic measurements, and the usual condensed phase ag-
gregation and ion-pairing effects. The present results are
obtained with the assumption that the excited state acid has a
sufficiently long lifetime such that the excited state solvation
can reach equilibrium before ionic dissociation takes place.

windows with “double-wide sampling” was used to yield the Furthermore, the resulting conjugated base is produced in its
difference in free energy of hydration between the ground and first excited state. This does not always correspond to the
excited states for phenol and phenolate ion. The simulations experimental events, especially in the case of phenol which has
were executed at 2% and 1 atm for one solute in a cubic box short excited state lifetim&® However, the results are of
consisting of 500 water moleculéd,along with periodic considerably theoretical interest and can provide insight into
boundary conditions. A spherical cutoff distance of 9.0 A was the equilibrium solvation. Sources of error in the present study
used for intermolecular interactions based on solute atom andinclude the use of a nonpolarizable solvent model for vi&t&r
water oxygen separations. For each simulationx 510° and the same vibrational frequencies in the gas phase and
configurations were discarded as equilibration, followed by 1.5 solution. We are currently incorporating polarizable intermo-
x 10° configurations for data collection in the Monte Carlo |ecular potential functions (PIPF) into our program, though this
simulation. All calculations were carried out on IBM RS6000/  will significantly increase the computational tird&2® Finally,
370 workstations in our laboratory. the semiempirical AM1 method, which is not parametrized for
Solvent effects were found to have minimal influence on the excited state calculatior}8%is employed here because of the
excitation energy of phenol in aqueous solution from our MC- jimitation of computer speed. Clearly, more sophisticated QM
QMCI/MM simulations, which is consistent with the observation  51gorithms that can offer both computational efficiency and
of little solvent effects on the absorption spectra of phéhol.  5ccracy would be desirable. Nevertheless, the determination
Penolate ion is predicted to have a large blue shift of the ot eycited state i, in solution demonstrates the versatility of
(vertical) excitation energy (181 33 cn). Solvent effects hybrid QM/MM methods. Detailed analyses of the solvation
on the emission spectra are also included in Table 1. Theseyt oy citeq state species in water will be reported in a later
results are consistent with the characteref z* transition in publication
PhOH and n— z* transition in PhO'. Relaxation of the solute '
geometry from the state to that of the ;Sstate in water has
minimal effects on the Sstate of PhOH*, but significantly
stabilizes that of PhOr (Table 2). Overall, the excited states
of phenol and phenolate ion are better solvated than the groun
states by—0.46 + 0.05 and—2.73 + 0.14 kcal/mol in water,
respectively. Combining with the gas-phase acidity difference,
we obtain aApKy(PhOH— PhOH?*) of —8.6 + 0.1 K, units.
This gives rise to a predicted<g of 1.4 for the singlet excited
PhOH*.
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