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First Singlet (n,r*) Excited State of Hydrogen-Bonded Complexes between Water
and Pyrimidine

1. Introduction

Hydrogen bonding is very important in the molecular sciences
as it plays a central role in the structure and function of all
biological systems;2 and hydrogen bonding involving azines/
diazines and their derivatives is particularly significant. Although
hydrogen bonding to molecules in their ground electronic state
has been widely investigated by different spectrosdopiand
theoretical1%-3” methods, much less is know about hydrogen
bonding to molecules in excited states. Archetypal studies AU = — _3“i'(ﬂf — ) —
include the absorption and fluorescence studies that culminated 2¢+1g
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Hydrogen bonds from water to excited-state formaldehyde and from water to excited-state pyridine have
been shown to display novel motifs to traditional hydrogen bonds involving ground states, with, in particular
for H,O:pyridine, strong interactions involving the electron-ricicloud dominating the (;*) excited state.

We investigate BKD:pyrimidine and various dihydrated species and reveal another motif, one in which the
hydrogen bonding can dramatically alter the electronic structure of the excited state. Such effects are rare for
ground-state interactions for which hydrogen bonding usually acts to merely perturb the electronic structure
of the participating molecules. It arises as therth,excitation of isolated pyrimidine is delocalized over

both nitrogens but asymmetric hydrogen bonding causes it to localize on just the noninteracting atom. As a
result, the excited-state hydrogen bond igOrpyrimidine is suprisingly very similar to the ground-state
structure. These results lead to an improved understanding of the spectroscopy of pyrimidine in liquid water,
and to the prediction that stable excited-state hydrogen bondglrpltimidine should be observable, despite
failure of experiments to actually do so. They also provide a simple model for the intricate control over
primary charge separation in photosynthesis exerted by hydrogen bonding, and for solvent-induced electron
localization in symmetric mixed-valence complexes. All conclusions are based on strong parallels found between
the results of calculations performed using density-functional theory (DFT) and time-dependent DFT (TDDFT),
complete-active-space self-consistent-field (CASSCF) with second-order perturbation-theory correction
(CASPT2) theory, and equation-of-motion coupled cluster (EOM-CCSD) theory, calculations that are verified
through detailed comparison of computed properties with experimental data for both the isolated molecules
and the ground-state hydrogen bond.

solution in a variety of hydrogen-bonding and non-hydrogen-
bonding solvents. They found that in hydrogen-bonding solvents
the hydrogen bond formed between the solute in its ground
electronic state and solvent molecules gives rise to a large blue
shift in the (ng*) absorption transition but only small changes
in the corresponding fluorescence spectrum. Dielectric solvation
theoried:38-40 express these solvent shifts as

2—21 n—11

T 1;3|uf—m|2 1)

in the work of Baba, Goodman, and Valefhtsupersonic

molecular jet spectroscopy pioneered by Bernstein &alnd whereu; andus are the dipole moment vectors of the initial
computations pioneered by Del Betfe?* These studies and final states solvated outside a cavity of radiby a material
consider the solvation of (n¥) excited states, states that are of dielectric constant and refractive inder. As the coefficient

particularly revealing as the electronic transition removes one of the first term is much larger than that for the second, and as
of the lone-pair electrons that directly participate in the hydrogen only the first term can give rise to a blue shift, Baba et al.
bonding. Here, we reveal a new motif in excited-state hydrogen qualitatively interpreted the experimental data as indicating a
bonding and use it to interpret experimental cluster and liquid large dipole moment (ca. 3 D) from the ground state and a nearly
spectroscopic data. The conclusions, based on a priori calculazero dipole moment in the excited state. From this they
tions, are shown to be robust with respect to variations betweenconcluded that the hydrogen bonding is broken in the*{n,

the best available computational methods, and consistent withsinglet excited state of pyridine and the diazines.

a wide range of experimental data for simpler systems. Their analysis appears quite valid for pyridine, but for the
The basic concepts of excited-state hydrogen bonding werediazines it is incomplete as it does not properly address the issue
elucidated in 1966 by Baba, Goodman, and Valéntiho of the localization/delocalization of the {if) excitation over

studied the absorption and fluorescence spectra of pyridine andthe two nitrogen atoms. In the ground state, liquid-structure
the diazines (pyridazine, pyrimidine, and pyrazine) in dilute simulations indicate two hydrogen bonds are formed to the
diazines?6.27.304n the excited state, if the excitation localizes

* Corresponding author. E-mail: reimers@chem.usyd.edu.au. onto one nitrogen atom, then this atom becomes analogous to
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the nitrogen in pyridine and the other atom is unaffected. One hydrogen-bonded complex,B:pyrimidine:HO, and 0.28 eV
would thus expect that the hydrogen bond to the unaffected (2275 cnt?) for the liquid, whereas Almeida et &.using
nitrogen would remain intact and the other hydrogen bond would INDO/S energies evaluated at molecular-mechanics geometries
break. However, if the excitation is delocalized over both diazine predicted 0.28 eV (2230 cm) for the liquid with only minor
nitrogen atoms, then each atom will have 1.5 electrons with contributions coming from the directly hydrogen-bonded waters.
which it may form hydrogen bonds to its environment, and it Although these later methods share the same basic qualitative
is not clear a priori whether hydrogen bonds are likely to features, quantitatively they predict significantly different roles
form 28-30.41 for the various contributions to the solvation effect. All methods
Before the effects of through-bond interactions were known, rely on somewhat crudely estimated geometries, and all involve
strong interactions between nitrogen lone pairs were not Significant approximations to the evaluation of the transition
expected and thus the excitation in pyrimidine and pyrazine (at €nergy at these geometries.
least) were believed to be localized excitati6hsgven for Further progress using computational means requires the
uncomplexed pyrazin®. For pyrazine, however, the experi- application of high-level first-principles methods to the evalu-
mental results of Baba et al. do not support the idea of localized ation of structure and spectra. Though the hydrogen bond-
excitation, as this would guarantee a large change in dipoleing between water and azines or diazines in their ground
moment between the excited and ground states, and high-electronic states has been widely investigated using such

resolution spectroscopy clearly indicates that the*nexcita- methods,11.14-17,30.31,37.41,4754 gnly Del Bend% 23 and our-
tion is delocalized in isolated pyrazifk Similarly, for gas- selved” have similarly considered excited-state phenomena.
phase pyrimidine, high-resolution spectroscopy clearly indicates Structural studies have only been performed for the HE®I
that the excitation is delocalized in the excited stéte. complex by Del Bene at &' and by ourselveé$ for H,O:

Wanna, Menapace, and Bernstéihave studied the hydrogen- ~ pyridine. Both of these studies reveal new motifs for hydrogen
bonded and nonbonded van der Waals clusters, pyridazine,bonding that are not found for hydrogen bonds to ground-state
pyrazine, pyrimidine, and benzene (solutes), apd 2, NHs, molecules: for HCO this is a structure with hydrogen bond
and HO (solvents) by the techniques of supersonic molecular formation occurring at the oxygen in th@& symmetry plane
jet spectroscopy and two-color time-of-flight mass spectroscopy. Whereas for HO:pyridine a strong hydrogen bond is found from
They did not observe pyridazine, pyrazine, or pyrimidine water a water hydrogen to the electron-enhanced aromattoud.
clusters, however, and concluded that the excited states of thesé\s pyrimidine has two nitrogen atoms rather than the one of
clusters must be dissociative. Nevertheless, stable excited statepyridine, it is not clear a priori if hydrogen bonding to its
have actually been observed for a range of other azine complexegiromatic (nz*) excited states will be similar to these or not.
with hydrogen-bond donofsindicating that a complete picture Studies of azinewater clusters are of interest not only in
of the phenomenon has not yet been obtained. Currently, terms of the mechanism of aqueous solvent shifts but also in
progress is hindered by the lack of detailed experimental their own right as these clusters can be made in molecular
information for these systems, and it is feasible that reliable bean$®and matrix-isolatioh* experiments. Our stud{of H,O:
theoretical calculations can provide new insight into the problem. pyridine predicted that the additional energy provided to

The electronic and geometrical structure of pyridine and the vertically excite the complex, the absorption “blue shift”,
diazines in (n7*) excited states in clusters and in aqueous significantly exceeded the dissociation energy of the complex

solution have been simulated by Karelson and Zeth&Zeng, in its (n,z*) excited state. As a result,J:pyridine is expected
Hush, and Reimer¥;28-304146Gao and Byur#? and Almeida to directly dissociate following (*) excitation. Earlier, our
et al3* using combinations of semiempirical INDG/3445or more primitive calculations employing ab initio-optimized

AM132 methods with continuum solvation modéfs’>QM/MM AMBER force field$82° predicted that the blue shift for the
methods? and analytical all-atom electrostatics meth#e8:30.41.46 diazines is actually less than that required for direct dissociation,
Qualitatively, the nature of hydrogen bonding and calculated suggesting that a stable excited-state complex could be obtained
solvent shifts are found to be very sensitive to the details of after excitation. These molecular-mechanics calculations were
the potential-energy surfaces and the method used to determindased on the assumption that the decocalized nature of 1@ (n,
the effects of the hydrogen bonding on the electronic structure excitation for the diazines in the gas phase was retained after
of the chromophore. hydrogen-bond formation, and that the solvent acted merely to

A focus of these studies has been understanding the proces@erturb this structure, a view not supported by the AM1-based
by which the observed blue shift of the £) band in solution ~ QM/MM studies of Gao and Byuf. Again, we see that high-
arises; this shift is 0.33 0.04 eV (2700+ 300 cntl) for quality first-principles calculations are required to understand
pyrimidine2® Karelson and Zernét45 using INDO/S cluster ~ key properties of excited-state solvation.
calculations with a continuum description of the remaining  Here we study the structures, energetics, and vibration
solvent predicted a red shift for gap-phase complexes that wasfrequencies of KHO:pyrimidine and 2HO:pyrimdine in their
compensated by a huge blue shift following solvation. This result ground and first-excited (i) states, using analogous first-
is not supported by any other calculation and is an artifact arising principles computational methods for both the ground and
from their use of the unrealistic INDO/S optimized geometries excited states of these complexes. In particular, we use density
for the clusters, geometries that embody-aiihydrogen bond  functional theory (DFT) and time-dependent BDfFT° (TD-
length of ca. 1.45 A. Zeng, Reimers, and H¥shsing a DFT) using the B3LYP! and BLYP283functionals, complete-
specifically parametrized molecular-mechanics force field to active-space self-consistent-field (CAS$¢vith second-order
generate liquid configurations combined with a perturbative perturbation-theory correction (CASP®R coupled-cluster
electrostatic treatment of the electronic effects of solvation theory (CCSI¥), and equation-of-motion coupled-cluster (EOM-
predicted 0.17 eV (1380 cnd) shift for H,O:pyrimidine’® and CCSD¥) theory. These three methods are chosen as they
0.42 eV (3400 cm?) for the liquid2® Gao and Byuf? using a embody quite different approaches to excited-state computations.
AM1/TIP3P QM/MM method predicted 0.15 eV (1235 cih Although each approach is capable of delivering the required
for H,O:pyrimidine, 0.35 eV (2790 cm) for the symmetric degree of chemical accuracy necessary to study problems of
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this type?46%each has its particular, known, set of weaknesses,
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and the counterpoise correct®#?is essential to apply, whereas

and we seek conclusions that are robust to computationalfor large basis sets the correction is dramatically reduced and

methodology. This work follows from our recent comprehensive
treatise of the excited-state manifolds of isolated pyrimitfine

becomes swamped by the extra binding that is facilitated by
these larger basis sets so that its application enhances rather

in which we considered in detail the energetics, structure, andthan reduces the associated erf@i%. The 6-3H-G*/6-

vibrational motions of the molecule. However, due to the

extensive computation requirements of excited-state hydrogen-

31++G** basis set is of intermediate size and hence it is not
clear a priori whether the BSSE correction should be applied.

bonding calculations, the ones performed herein are necessarilywe have studied this problem in detail fop®tpyridine®” and

not of as high a quality as are those and other previous
calculations involving ground-state hydrogen bonding. As the
validity of the conclusions is in key parts based on the ability

of the computational methods used to reproduce excited-state
energy gaps, excited-state vibrational frequencies, and inter-
molecular interactions, particular care is taken to demonstrate

the applicability of the methods.

2. Computational Details

TD-B3LYP calculations were performed by TURBOMO®E
using the “M3” integrating grid and the energy convergence
criterion set to 10° au, with all derivatives evaluated numeri-
cally in internal coordinates using our own program. Compu-
tationally efficient auxiliary basis séfswere used for such
calculations, facilitating excited-state geometry optimization.
TD-BLYP geometry optimizations were performed for the
excited states by using the CPNDpackage. Direct DFT
geometry optimizations and frequency calculations were per-
formed for the ground-state with the aid of analytical derivatives
using GAUSSIAN-98! The CCSD% and EOM-CCSI’ cal-
culations were performed using analytical first derivatives by
ACES-I11.72 CASSCF geometry optimizations were performed
typically using DALTON/2 but sometimes MOLCA®S or
MOLPRO5 CASSCF harmonic frequency calculations were
performed using the analytical derivatives available in the
DALTONT3 package. Only single-point energy calculations were
performed at the CASPT2 level, using the MOLCABackage.

In addition, one set of test CISgeometry optimizations on
the excited states were performed by using GAUSSIAN-98.

All calculations were performed using the 6-8G* 77 basis
set for pyrimidine and 6-3&+G** 77 for water, 6-3%-G*/6-

find for the aug-cc-pVDZ basis set that the best results are
obtained using a scaled BSSE correction

Efract = Eraw + ’IEBSSE (2)
where Egsse is the usual counterpoise correction, with
optimized to be 0.51. As the 6-31G*/6-31++G** basis set

is for our practical purposes quite similar to aug-cc-pVDZ, we
apply this same correction herein.

The CASSCF and CASPT2 calculations were performed
using an active spat&consisting of 18 electrons (includes all
lone-pair andr electrons) distributed in 12 orbitals, :3& 4b;

+ 3k, + 2& in Cy, symmetry or 6a+ 6d' in Cs symmetry.
This active space is not large enough so as to guarantee the
continuity of the potential-energy surface of pyrimidine on
displacement from it€,, ground-state equilibrium geometry

in all modes. Though continuous surfaces are highly desirable
and intricacies concerning the design of active spaces for
calculations on pyrimidine have been described elsewfi¢he,
CASSCF method is not quantitatively reliable for excited-state
energy differences and hence continuity problems become of
only minor significance; as is common practice, we use
CASSCF only to optimize geometries, typically reporting only
the more-reliable CASPT2 energies. The active space is not
modified for use with hydrated molecules as the included
pyrimidine orbitals lie well within the band gap of water and
there is no direct involvement of water orbitals in the spectro-
scopic transitions studied.

3. Results and Discussion

Only a limited number of methods are available for excited-

31++G**. This is the smallest basis set combination that can state geometry optimizations and frequency calculations, and
provide a realistic description of both the nature of the excited computational feasibility significantly limits the size of the basis
states and the nature of the hydrogen bonds; larger basis setsets that may be applied. Before considering such calculations,
will result in quantitative improvements in accuracy but are not we first examine the properties of the isolated pyrimidine and
currently feasible to apply. In our analogous study GOH water monomers, and the properties of ground-stat®:H
pyridine?” a range of basis sets was considered starting at aug-pyrimidine, verifying that the methods we employ for the excited
cc-pVDZ,8 and the effects of basis set expansion beyond this states in fact provide realistic descriptions of these well-studied
level were seen to be relatively small, however. We find little systems. For reference, all ground and excited-state monomer
degradation in performance in reducing the basis set from aug-and complex optimized geometries, vibration frequencies, and
cc-pvVDZ to 6-3H-G*/6-31++G**, but the computational normal modes are provided in detail in Supporting Information.
efficiency is significantly improved. Previously we have used  3.1. Pyrimidine and Water Monomers. In Table 1 are
the cc-pVDZ® to assign the singlet and triplet excited-state shown the root-mean-square (RMS) differences between
manifolds gas-phase pyrimidine, and we also find little change experiment&f-87 structural parameters and vibrational frequen-
upon reducing this to 6-32G*. cies of water and of pyrimidine in thelA; ground states (GS)
Interaction energies (bonding energiestg, for the complex and those calculated at the CASSCF, CCSD, B3LYP, and BLYP
AB are calculated using a problem-specific treatment of the basislevels. Results from recent, possibly more extensive, calculations
set superposition error (BSSE) in addition to thermal and zero- are also provided therein for comparison, whereas a more
point vibrational-energy (ZPE) corrections. These later correc- exhaustive and detailed survey is also available elsevfdne.
tions were obtained using the harmonic approximation to summary, all computed results are in good agreement with
vibrational motion, with calculated frequencies scaled by experiment.
factors of 0.95 for CCSD and EOM-CCSD, 0.91 for CASSCF, Also shown in Table 1 are results for the firstf), S; state.
0.9614 for B3LYP, and 0.9945 for BLYP. As the hydrogen- For these, the CASPT2, CASSCF, EOM-CCSD, TD-B3LYP
bonding topologies are quite varied, appropriate treatment of and TD-BLYP methods were used. The only available geo-
BSSE is required to be able to properly compare the energiesmetrical experimental results are the rotational constants, and
of different structures. For small basis sets, the BSSE is largethese are reproduced adequately by our CASSCF and EOM-
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TABLE 1: Comparison of Calculated and Experimental?
Properties of the Water in Its Ground State and of
Pyrimidine in Its Ground State (GS) and First (n,z*)
Excited State !B,

RMS error in property

bond length/A bond angle/deg  frequebicyn?

pyrimidine pyrimidine pyrimidine

method8 H.0 GS HO GS HO GS (nz*)
CASSCF 0.005 0.010 2.84 1.10 76 36 50
(EOM-)CCSD 0.005 0.008 0.96 1.07 39 16 60
(TD-)B3LYP 0.008 0.007 1.25 0.96 51 19 54
(TD-)BLYP  0.019 0.014 0.55 1.05 25 23 54

aFrom refs 85-87.PThe vibrational frequencies are scaled by
factors® of 0.91, 0.95, 0.9614, and 0.9945 for CASSCF, CCSD,
B3LYP, and BLYP, respectively.

CCSD optimized geometri¢d Eleven vibrational modes have
been experimentally assigrfédor S;, and for these the RMS

errors in the CASSCF and EOM-CCSD calculated frequencies

J. Phys. Chem. A, Vol. 109, No. 8, 2005579

mum, in quantitative studies it is important to obtain the best
possible estimate of the average absorption energy and values
are available for pyrimidiné Also, the computed values need

to be corrected for zero-point energy changes, but this is not
feasible for all of the computational methods used. Our approach
is therefore to determine “best estimated” zero-point energy
changes using the computational methods for which vibrational
frequencies can be evaluated. All computed zero-point energy
changes are shown in Table 3, where our best-estimate values
are defined. We apply this correction to the observed vertical
excitation energies shown in Table 2 to obtain a direct
comparison with the raw calculated values. Both the zero-point
energy correction and the difference between the vertical
excitation energy and the band-maximum energy are large
compared with anticipated accuracy of modern computational
methods; hence, in quantitative studies, their inclusion is
essential.

As hydrogen bonding can induce significant geometrical

are provided and are typically larger than those for the ground distortion:_; to azines in excited staf@dt is essential that the _
state. Additional errors arise because the most apparent mode§°Mputational methods used to study such phenomena provide
in the spectra are often ones that are strongly vibronically active; Proper treatment of electrerphonon coupling within a gas-

vibronically active modes have significantly different frequen-

phase chromophore. This in turn requires an adequate description

cies in the ground and excited states, and the frequency shift isOf the entire singlet manifold of the molecule, and calculated
very sensitive to small errors in perceived excited-state energy €xcited-state vibration frequencies provide important information
gaps. Hydrogen bonding is subsequently shown to affect concerning the applicability of any method. Our results indicate

primarily the in-plane pmode 6b, and hence it is critical that

that the electronic and vibrational properties of tBe lowest

the computational methods describe it adequately. In the gas€nergy singlet excited state of pyrimidine obtained using TD-

phase, this mode is obserédo decrease in frequency from
623 to 329 cm! upon excitation. Our previous calculatidhs

B3LYP, CASPT2, and EOM-CCSD with the 6-8G* basis
set agrees well with the available experimental data and with

using the cc-pVDZ basis set overestimate this effect, however, previous result$ that we obtained using cc-pVDZ. These

predicting 76i, 377i, and 312 cri using EOM-CCSD, TD-

computational methods have been sh&ivto provide a

B3LYP, and CASPT2, respectively; here, improved results are comprehensive description of the singlet and triplet excited-

obtained using the 6-31G* basis set of 167 and 212i cth
for EOM-CCSD and TD-B3LYP, with the lower accuracy
CASSCEF results predicting 402i cth It thus appears that for

state manifolds of pyrimidine and hence we anticipate that the
present computational methods also correctly represent the
excited-state manifold. They are thus expected to provide

the discussion of the effects of excited-state hydrogen bondingrealistic descriptions of the effects of hydrogen bonding to the
on mode 6b, only the CASPT2 and EOM-CCSD methods are B state. This is in contrast to alternate semiempirical methods

reliable.

that have been used to model hydrogen bonding téBhstate

Shown in Table 2 are calculated and observed vertical and of pyrimidine as these place the low-lyi&g, (n,7*) dark state

adiabatic excitation energies for the @,7*) state of pyrimi-

of pyrimidine nearly degenerate with;,344445 introducing

dine. Although it is usual to approximate the observed vertical significant distortions to the shape of the potential-energy surface
excitation energy from the frequency of the absorption maxi- owing to the presence of a very low energy conical intersection.

TABLE 2: Calculated and Observed Vertical (E,) and Adiabatic (Eg) Excitation Energies (eV) for the 1B; Lowest Singlet (nz*)

Excited State of Pyrimidine

E, Eo
method TD-B3LYP CASSCP EOM-CCSD TD-B3LYP2 CASSCP EOM-CCSD
CASPT2 4.18 4.18 4.18 3.76 3.75 3.76
EOM-CCSD 4.71 4.70 4.72 4.27 4.26 4.28
TD-B3LYP 4.30 4.29 4.30 3.88 3.88 3.88
obs 4.29 (raw), 4.38 (after ZPE corr.) 3.85

a At the TD-B3LYP/6-3H-G* optimized geometry? At the CASSCF/6-33+G* optimized geometry¢ At the EOM-CCSD/6-33G* optimized
geometryd From ref 93.¢ After the correction for zero-point energy taken from Table 3; this value was 4.30 eV from previous calcufations.

fFrom ref 85.
TABLE 3: Calculated Changes (eV) in Zero-Point Energy upon Complex Formation or Excitation for Pyrimidine (Py)—Water
Clusters?
Py + H,0 — H,O:Py Py+ 2H,0 — H,0:H,0O:Py Py + 2H,0 — H,O:Py:H,04 (n*) excitation of

method GS (rr) GS (ng*) GS (nsr*) Py HyO:Py H,O:H,O:Py H,O:Py:H,0¢
CASSCF 0.079 0.11 0.18 0.20 0.15 0.10 -0.19 -0.16 —0.17 —0.23
(TD-)B3LYP 0.068 0.09 0.16 0.17 0.14 0.01 -0.16 —0.15 —-0.14 —0.29
(EOM-)CCSD  0.069 0.06 —0.18 —0.19
best est. 0.072 0.09 0.17 0.19 0.15 0.06 -0.18 —0.17 —0.16 —0.26

a|gnoring intermolecular vibration of imaginary frequenéytor theCs (planar) structuret For theCs (Xs) structure 8 For theC,, (S—E) structure.
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TABLE 4: Calculated Interaction Energies? (AE, kcal mol™) after Fractional BSSE Corrections and Key Calculated Geometric
Parameters (Bond Length in A and Bond Angle in deg) for the Ground State (GS) and Lowest Singlet (m*) Excited State of
H,0:Pyrimidine

AE bond length$ bond and torsion anglés
CC- B3- CAS- Ni— Nz— Ni— N3z— ©C» Cp NiHiz NsHiz CaNi- Cs  TN1Co-

state  structure geometry nativeSD LYP PT2 Hi; Hiz O O NiCs N3Cs  Onn O11 Hi2  NsHiz N3Cs
GS Cs(planar} B3LYP —5.91 -5.80 —5.91 —7.18 1.965 2.898 116.5 116.0 158.6 166.9
CASSCF —4.46 —4.49 —-5.74 2.147 3.037 116.9 116.6 155.9 164.4
CCSD —6.12 —6.12 —5.81 —7.36 2.021 2.931 116.3 115.8 155.3 164.1
ExptP 1.98 2.918 164.7
(n*) Cs(planar) TD-B3LYP —4.91 —3.59 —4.91 —-3.31 1.915 2.883 117.0 130.3 167.4 171.1 0
CASSCF —2.14 —1.67 0.55 2.146 3.081 118.0 128.2 168.2 167.4 0
EOM-CCSD —4.40 —4.40 —4.54 —3.14 2.029 2.961 118.1 129.8 160.3 165.6 0
EOM-CCSDF —2.58 —2.58 —2.91 —1.61 2.541 3.319 123.7 123.7 151.9 163.8 0
TD-BLYP —3.00 —4.93 —2.55 1.862 2.864 117.2 129.6 168.3 173.1 0
C; (bif) TD-BLYP —1.98 —2.60 —1.62 2.704 3.611 3.628 4.030 117.8 129.1 1544 108.1 88.2 69.8 3.6
C; (top) TD-BLYP —2.81 —3.31 —2.00 2.187 4.261 3.171 4.532 118.2 129.5 167.0 99.6 1142 61.0 2.7
Cs (top) TD-BLYP —-0.11 —-1.69 2.14 3.199 3.199 3.932 3.932 1254 1253 131.0 1309 87.7 87.3 10.2

2 Previous calculations include4.45 kcal mof?! using HF/6-31G**° —5.12 kcal mot?! using MP2/6-31G**° —6.89 kcal mof* using MP2/
6-314++G**; 11 and —4.7 kcal mot?® using QM/MM 32 ° From ref 19.¢ Pyrimidine constrained t€,, symmetry without optimization with O
optimized, the total energy being only 533 chiigher than that for the fully optimized in-planar distorteg:pyrimidine.4 Atom numbers are
defined in Figure 1.

GS C, (planar)

ESC, (planar) excited-state calculations to use practicable CASSCF calcula-

I cﬁ\é:}?gﬁ o o éﬂ)s—- o tions to optimize geometries and higher methods such as
E. ')’_' “f . - CASPT2 to determine relaible energies at these geometries. The

1\'_;&_?&?-.:*3“ i, ~ results shown in Table 4 indicate that this is not an appropriate

Tk || “H,, & method for states involving hydrogen bonding, however, as the

i CCSD and B3LYP transition energies at the CASSCF geom-

ES (71_ (bif)

u::;(%?f':;_—fs"' t{;é{l‘\‘?“?_ Og iﬂ% 5
Syfe & éﬁf

Figure 1. Hydrogen-bonded structures for the ground (GS) and]n,
excited state (ES) of $#:pyrimidine calculated using (TD-)B3LYP
with the 6-3H-G* basis set for pyrimidine and 6-3HG** for water.

ESC, (top)  ESC, (top)

etries differ significantly from the fully optimized ones.

Consistent with the general notion that hydrogen bonding
causes only small perturbations to the electronic structures of
the participating molecules, the geometrical properties shown
in Table 4 indicate that only small structural changes are
predicted for pyrimidine on hydrogen bonding; these results are
in stark contrast to forthcoming ones for excited-state hydrogen
bonding, however. In the Supporting Information, a detailed
comparison is provided between observed and calculated

3.2. HO:pyrimidine Complex. 3.2.1. Ground StateThis vibrational frequencies for the complex. However, one of the
hydrogen-bonded complex has been the subject of manymost important experimentally accessible signatures of the
investigationg,®11.18.19.21.253588 and its basic structure and  hydrogen bonding is the shift of the OH vibration frequency,
energetiCS are known. As our interest is in vibrational analyses and it is essential that the Computationa| methods be demon-
and excited states, we employ more approximate methods thanstrated to properly reproduce this feature. Matrix isolation
have otherwise been used. Results are provided in Table 4 (keystudied! reveal a red shift of 201 cm for this mode, whereas
structural and energetic information), Figure 1 (structures), and the B3LYP and CCSD methods predict 212 and 116 km
the Supporting Information (complete listing of structures, respectively. Although this CCSD result is only qualitatively
energies, vibrational frequencies, and normal modes, with key reliable, basis set expansion should produce quantitative ac-
normal-mode displacements and Duschinsky matrices). Thecuracy. Most important, it is clear that these computational
convention used for the atom names is indicated in the figure. methods do not overestimate the effects of hydrogen bonding
Initially we considered several possible structures for th®:H  and hence they can be considered to be qualitatively reliable in
pyrimidine complex selected by analogy to those found relevant related circumstances for which large changes are actually
for H,O:pyridine®” two bifurcated structures wit@,, symmetry predicted.
and the water molecule located either planar or perpendicular - 32 2. | owest (m*) Excited StateFour different structures
to the pyrimidine, name@;,(planar) andCy,(perp), respectively,  for the (nz*) state of HO:pyrimidine were optimized at the
two analogous single hydrogen-bonded structures Wth  CASSCF, TD-B3LYP, and EOM-CCSD levels, and the results
symmetry, name@s(planar) andCy(perp), and one whichis a  are shown in Table 5 (adiabatic and vertical excitation energies),
modification of theCy(perp) structure having; symmetry. Only  Taple 4 (structures and fractional-BSSE-corrected interaction
the planar structure witlis symmetry, the one with the lowest  energies), Figure 1 (structures), and the Supporting Information
calculated bonding energy, is depicted in Figure 1; note to0 (complete description, including analysis of geometric and
that as the Optimized BSLYP, CASSCF, and CCSD structures frequency Changes by mode). One of these structures, named
all appear quite similar, only one respective structure, that from cyplanar), is analogous to the minimum-energy structure
B3LYP, is actually presented. reported for the ground state; two nam@gtop) andCs(top)

In more detail, our calculated results for the cluster structure have the water above the pyrimidyl ring interacting simulta-
and energetics are shown in Table 4, together with previous neously with ther cloud and the nitrogen atoms, with t&-
theoretical and available experimental results. The calculated (top) structure maintaining the equivalence of the two nitrogen
bonding energies from the reliable CCSD and B3LYP methods atoms, and another nam&d(bif) in which both water hydro-
are in the range 5:96.1 kcal mot®. It is very common in gens interact with the same nitrogen from a position above the
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TABLE 5: Calculated Vertical Excitation Energies (E,), as
Well as Fractional BSSE-Corrected Origin Excitation
Energies Eqg) and Predissociation EnergiesEpy.), for
H,O:Pyrimdine and 2H,0:Pyrimdine Excited States, after
Correction for Errors in the Calculations of Isolated
Pyrimidine (All in eV)

E, — EOO_
geometry E Py E, Ear Epe Eoo Eoo(PYy)

method
Pyrimidine Monomet
observed [0] 4.29 3.85 [0]
H2O:pyrimidine
TD-B3LYP TD-B3LYP 0.10 4.30 4.38 4.03 3.90 0.05
EOM-CCSD 0.11 431 4.38 4.03 3.91 0.06
EOM-CCSD TD-B3LYP 0.12 432 4.38 4.03 3.96 0.11
EOM-CCSD 0.11 4.31 4.39 4.04 3.92 0.07
CASPT2 TD-B3LYP 0.25 4.45 444 409 4.03 0.18
EOM-CCSD 0.24 444 445 410 4.04 0.19
QM/MMP  QM/MMb 0.15
INDO/S* INDO/S® —0.15
classicé AMBER¢ 0.17
H20:H,0:Pyrimidine
TD-B3LYP TD-B3LYP 0.15 435 465 430 391 0.06
EOM-CCSD 0.16 4.36 4.70 435 3.96 0.11
EOM-CCSD TD-B3LYP 0.17 4.37 475 439 4.00 0.15
EOM-CCSD 0.16 4.36 4.71 436 3.97 0.12
CASPT2 TD-B3LYP 0.32 452 479 444 4.05 0.20
EOM-CCSD 0.31 4.51 4.83 4.48 4.09 0.24
H20:Pyrimidine:HO
TD-B3LYP TD-B3LYP 0.16 4.36 4.48 4.13 3.96 0.11
EOM-CCSD 0.17 4.37 449 4.14 3.97 0.12
EOM-CCSD TD-B3LYP 0.19 439 449 414 3.97 0.12
EOM-CCSD 0.19 4.39 445 410 3.93 0.09
CASPT2 TD-B3LYP 0.19 4.39 449 414 3.97 0.12
EOM-CCSD  0.19 4.39 4.45 410 3.93 0.09
QM/MMP  QM/MMb 0.35
INDO/S® INDO/S® -0.25
classicé AMBER¢ 0.25

20.33+ 0.04 eV obtained from analysis of experimental data in
aqueous solution (see refs 28 and 29 for more detdiEjom QM/
MM simulations®? 0.28 4+ 0.01 eV in aqueous solutiofFrom
semiempirical calculation;*>0.32 eV in aqueous solution or 0.28
0.01 eV from more recent resuft$. ¢ From classical electrostatics
simulations?2°0.42 eV in aqueous solutiofAFrom ref 93.f From ref
85.

pyrimidyl plane. In most structures, the pyrimidyl ring remains
very close to planar, with an indication of nonplanarity given
by the torsional angleeN;C;N3C4 in Table 4; the largest
deviation is 10.2 for the Cq(top) structure. These structures are
in stark contrast to the ones found fop®tpyridine for which
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TABLE 6: In-Plane Distortion of Pyrimidine Caused by the
Hydrogen Bonding of Water in Structure Cs (Xs) to the
Lowest Singlet (nz*) Excited State, Analyzed in Terms of
the Dominant Distortion in Mode 6b of the Excited Staté

/‘[,mt/ev im/eV
method vel/CM ™t dep  Ae/€V  (harmonic) (exact)
TD-B3LYP 212 0.98 -0.013 0.04 0.001
CASSCF 402 1.39 -0.048 —0.033
EOM-CCSD 167 0.28 0.008 0.02 0.018

2y is the calculated vibration frequency, is the dimensionless
displacement in terms of the calculated normal coordinates of pyrimi-
dine, lep = hvepder?/2 is the component reorganization energy, agd
is the total reorganization energy evaluated either approximately from
the sum of the projected harmonic components or exactly from the
calculated distortion energy of the pyrimidine in®ipyrimidine.

used. As an additional test, we performed CIS geometry
optimizations for all structures starting at the TD-BLYP
optimized coordinateAll of these optimizations led to th@s-
(planar) configuration, supporting the notion that it is the most
important excited-state hydrogen-bonded configuration.

For HO:pyridine3’ analogous in-plane conventional hydrogen-
bonded structures and above-ring structures were also predicted,
but by far the lowest energy structure was an above-ring one
similar to theC,(top) structure in which the water hydrogen-
bonded to the aromatie cloud but the pyridine also buckled
severely, losing its planarity. The stability of the plar@y
structure for HO:pyrimidine is thus a new feature that can be
understood in terms of localization of the 4t excitation on
the non-hydrogen-bonded nitrogen of the diazine. The calculated
CNC bond angles at the EOM-CCSD level of 11®onded
nitrogen) and 130 (nonbonded nitrogen) for #D:pyrimidine
reflect this localization. For isolated pyrimidifiéthe (ns*)
state retain€,, symmetry and the analogous calculated bond
angles are both 123indicating that in this case the excitation
remains delocalized. Hence the effect of hydrogen bonding on
the (nst*) excited state of pyrimidine cannot be treated as merely
providing a perturbation to the gas-phase electronic structure
of the chromophore; rather, it changes its qualitative nature,
affecting all chemical and spectroscopic properties of the
molecule. Note that th€g(top) structure is optimized subject
to the constraint o€ symmetry and embodies full delocaliza-
tion of the (nzr*) excitation. Its energy is predicted to be .6
2.7 kcal mot? higher than the analogous excitation-localized
structureCy(top).

The in-plane distortion to pyrimidine induced by hydrogen

the excited-state equ.ilibrigm hydrogen-bondeq structure under-bonding can be analyzed not only in terms of changes in bond
goes a large boat distortion due to modulation of the strong lengths and angles but also in terms of displacements in the

vibronic coupling between th&; (n*) state of interest and
a nearby!A; (7,*) state.
The fractional-BSSE-corrected interaction enerdiésevalu-

normal modes of pyrimidine. Full results are presented in
Supporting Information, and the overall properties and those
with respect to displacement in the most sensitive nfddx,

ated at these geometries using the CASPT2, TD-B3LYP, and are described in Table 6. Experimentafiyin the lowest (n7*)
EOM-CCSD methods are given in Table 4. These results state of pyrimidine this mode is observed to be quite harmonic

indicate that the plana€s structure is more stable than the
others, although the energy difference from@é&op) structure

is variable, ranging from 0.2 kcal mdiby EOM-CCSD to 0.6
kcal mol~* from CASPT2 to 1.6 kcal molt from TD-B3LYP.
TD-B3LYP and EOM-CCSD predict that the binding energy
of the planarCs configuration is quite large; AE = 4.9 and
4.4 kcal motl, respectively, only 1.0 and 1.7 kcal mélless

with a vibration frequency of 329 cm. In our previous
calculations with the cc-pVDZ basis set, only CASPT2 predicted
a scenario in qualitative agreement with this, the calculated
frequency being 312 cm, whereas TD-B3LYP and EOM-
CCSD predicted double-minimum potentials with barrier fre-
quencies of 377i and 76i ch, respectively. The results of 212i
and 167 cm?, respectively, shown in Table 6 were obtained

strongly bound than the analogous ground-state complexes,using the 6-3%G* basis and depict significant improvement

whereas CASPT2 predicts weaker bonding of €AE = 3.3

on the previous cc-pVDZ ones. Thesf) localization for HO:

kcal molt. Unfortunately, optimized excited-state coordinates pyrimidine predicted by TD-B3LYP may arise purely from the

could only be completed using the TD-BLYP method for all

inability of the method to correctly describe pyrimidine itself,

structures, and hence it is possible that these most significantwhereas EOM-CCSD may predict this result only because it
results are not robust to variation in the computation scheme underestimatess, and hence the required distortion energy. To
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must be converted to translational energy of the fragments,
however. This energy is also indicated in Figure 2; the second
energy is that required for direct dissociatithoutthe need

for energy transfer from the excited vibrations of pyrimidine.
As this energy is dependent on the specific vibronic level of

A"i“ the complex which is excited, we consider only excitation at
EoPy) the band center and express the band-center direct dissociation
Epre energy as
L —T — _ GS GS
AE®S Edir Ev(Py) AE AEzpt (4)
I

where E,(Py) is the vertical excitation energy of gas-phase
Figure 2. Schematic potential-energy surfaces for the ground state pyrimidine.
(GS) and excited state (ES) ob®k:pyrimidine as a function of some Table 5 provides best estimate predictions of the actual
dissociative intermolecular coordinate, inciding the adiabatic excitation molecular properties by correcting the computed transition
energy of pyrimidine _monfomerEol(eI;y),EZhe ‘:jeg)'cal' ad'abatic' ?]nd energies for the known errors of each particular method in
origin transition energies of complek,, Eo, andEgg, respectively, the e o . . L .

. . . . redicting the transition energies of isolated pyrimidine. In this
zero-point energie&;s; andEsy, and the hydrogen-bond interaction IE)ashion Eg andEao for the Cor‘r? lox are evalueft)éd by adding to
energiesAESS and AEES, 1=y 0 P y g

the calculated value d&, — E,(Py) the observed value fd-

investigate this possibility, Table 6 shows the projection of the (PY), €tc. .
distortion away fromC,, symmetry induced by hydrogen For the (nz*) excited state, the EOM-CCSD and TD-B3LYP

bonding projected onto the normal coordinate of mode 6b, the calculatiqng indicate that the predissociation endfgyof the
reorganization energje, associated with this projection, the ~COMPIex is in excess of the-D energyEo by ca. 0.1 eV and
total reorganization energy evaluated using all normal modes, hence predict thaF bound_ex_cned-state complexes can be found.
and the total reorganization energy evaluated directly as the HOWever, the vertical excitation energy from the ground state
energy required to distort gas-phase excited-state pyrimidine!S Predicted to exceed the dissociation energy by ca. 0.3 eV
from its equilibrium geometry to that predicted for the complex. @nd hence careful control of the excitation energy is required
Good agreement of these two quantities is found only from the to prevent predissociation. Further, the vertical excitation energy
EOM-CCSD calculations as the other methods depict quartic 'S predicted to be very close to the direct dlsso_C|at|on energy
rather than harmonic surfaces. The effects caused by underesEdr- Hence energy transfer from intramolecular to intermolecular
timation of the vibration frequency of mode 6b may be estimated MOtions is not required for the vertically excited complex to
simply by rescalingle, to 0.007 x (329/167% = 0.027 eV. predissociate and so the dissociation process is expected to be
Hence, the predicted distortion would cost 0.020 €\0.46 very rapid indeed. _ _ _

kcal mol! more energy. As this amount is small compared to As a means to help in the interpretation of the observed

the hydrogen-bond energy and the energy differences to alternat&Pectroscopic data for pyrimidine in solution, the calculated
structures, improved calculations should continue to predict SCVent shifts€, — E,(Py) are givenin Table 5 and are of order
spontaneous localization of the M) state on hydrogen 0.10-0.11 eV (806-900 cn1?), as evaluated using TD-B3LYP

bonding. and EOM-CCSD and 0.220.25 eV (1806-2000 cn?) from

To provide data relevant to the possible observation of stable CASPT2. Qualitatively, these results are similar to those from

(n.7*) excited states of bD:pyrimidine in a following photo- the pioneering ab initio studies of Del Be?ieQuantitat_iver,
excitation in a molecular beam, Table 5 shows a variety of the EOM-CCSD results are expected to be more reliable than

deduced energetic parameters. The quantities involved aref®@ CASPT2 ones, and the good agreement of the EOM-CCSD

sketched in Figure 2 and include the appropriate zero-point @1d TD-B3LYP results is encouraging. The best-estimate
energiesE,p, interaction energieAE, complex vertical &), calculated solvent shift of 0.£00.11 eV is considerably less

adiabatic E;), and origin Ego) transition energies, as well as than the value of 0.17 eV predicted by Zeng, Reimers, and

the adiabatic transition energy for isolated pyrimidiEg(Py). Hust¥® using a perturbative molecular-mechanics model based
This figure is sketched along an idealized coordinate that starts®" the @ssumption that no hydrogen-bond-induced change to

from the linear hydrogen-bonded structure of the ground state the qualitative_nature of the electronic structure of pyrimidine
and progresses to molecular dissociation. The excited-state®ccUrs, and slightly less than the AM1/TIP3P QM/MM result

minimum is indeed accessible without barrier from the ground- ©f G20 and Byu#¥ of 0.15 eV; they are qualitatively different
state geometry, as indicated qualitatively in the figure. In Tom the INDO/S result of~0.15 cn* from Karelson and

4,45
addition, two other energies provide indicators of the types of Zemer}*4>however.

dynamics likely on the excited-state potential-energy surface. As shovyn in Figure 2, the blue shift of the vertical excitation.
These are the predissociation energy energy arises owing to the reduced hydrogen-bond strength in

the excited state; this effect also gives rise to an expected red
Gs shift of fluorescence band maximum. Our calculated shift in

Eppt @) the vertical emission energy ot8:pyridine is—0.07 eV (560

cm™Y), only ca. 300 cmt! less in magnitude that the calculated
which specifies the minimum energy for optical excitation that vertical absorption shift. These quantities are similar as the
could possibly lead to dissociation of the complex in the excited excitation localizes on the non-hydrogen-bonded nitrogen and
state, wheredgg(Py) is the 0-0 transition energy of gas-phase hence large solvent effects do not arise. In liquid solutigh,
pyrimidine andAE?F?T is the change in zero-point energy due the observed emission shift is of the same magnitude as it is
to complex formation in its ground electronic state. For for H,O:pyrimidine, —0.07 eV (600 cn1?), whereas the
dissociation to occur at this excitation energy, all energy absorption shift expands dramatically to 0-83.04 eV (2700
imparted into vibrational motions of the pyrimidine molecule =+ 300 cntl). These results are consistent with the original

Epre = E(Py) — AE®®— A
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GS C,, (SE)

O

GS C,, (A-E)

Figure 3. Optimized hydrogen-bonded structures for the ground state
(GS) of 2HO:pyrimidine.

TABLE 7: Calculated Interaction Energies AE (kcal mol™1)
after Fractional BSSE Corrections, for Two Water
Molecules Hydrogen-Bonded to the Ground State of
Pyrimidine @

structure B3LYP CCSsD CASPT2
Ca(S—E) —10.09 -9.86 ~12.06
Ca(A—E) ~11.45 ~11.47 -13.74
X3 -10.94 -11.08 -13.61
X4 ~12.00 -11.61 —14.19
Xs -15.14 —14.82 ~17.64
Xo -12.28 -11.82 —14.53
max. BSSE 1.04 2.74 2.81
av BSSE 0.77 2.16 2.10

a At the B3LYP/6-314G*/6-31++G** optimized geometry.

conclusions of Baba, Goodman, and Valérgased on the
assumption that the excitation localized on one nitrogen only,
meaning that further solvation does not affect this nitrogen in

J. Phys. Chem. A, Vol. 109, No. 8, 2005583

an apparent weak-€H linkage; it is described more informa-
tively as HO:H,O:pyrimidine. Symmetric structures are also
found that have one water molecule hydrogen-bonded to each
nitrogen of which the lowest energy one @, (A—E); it is
described more informatively as ,8:pyrimidine:HO. The
symmetric structures are= kcal moi! less stable than the
asymmetric one X Addition of the first water to pyrimidine
released ca. 6 kcal ndl energy, addition of a second water as
H,0:H,O:pyrimidine releases a further ca. 9 kcal miglbut
addition of a second water as®tpyrimidine:HO releases only
an additional 4-5 kcal mol* owing to unfavorable pyrimidine
polarization.

A more detailed analysis of the calculated interaction energies,
as well as some key geometric parameters, are provided in Table
8 for structures of type kD:H,O:pyrimidine and HO:pyrimi-
dine:H,0. For BO:H,O:pyrimidine, the computational methods
predict CNC bond angles of 113.8nd 116.8, very close to
the value of 116.5for H,O:pyrimidine from Table 4 and the
value of 116.7 for H,O:pyrimidine:HO. Hence we see that
ground-state hydrogen bonding does not significantly perturb
the molecular structure of pyrimidine. Little variation is also
found between the calculated N--H hydrogen-bond lengths,
again indicating that, despite the above-mentioned changes in
the electrostatic component of the interaction energy, ground-
state hydrogen bonding to the two nitrogen atoms is perturbative
and nearly additive in nature.

In Supporting Information, a detailed comparison is also
provided for the calculated vibrational frequencies of the X
and S-E complexes. The most interesting feature of these data
is that for X the calculated B3LYP red shift of 185 crhin
the azine hydrogen-bonded-®1 stretch frequency is less than
the value of 212 cmt reported for HO:pyrimidine where an

the excited state whereas both nitrogen atoms are equallyenhanced red shift would naively be expected. The calculated

solvated in the ground state.

3.3. 2H,0:pyrimidine Complexes. 3.3.1. Ground StateéOn
the basis of the results of previous studi&s® six possible
structures for the ground state of Zbtpyrimidine have been

frequency shifts are generally very similar to those feOH
pyrimdine.

3.2.2. Lowest (m*) Excited State of KHO:H,O:Pyrimidine
and HO:Pyrimidine:H0O. Structures for the lowest energy

investigated, and the relevant optimized structures are shown(n,z*) excited state of the Xand S-E structures of 2bD:

in Figure 3. All geometry optimizations were performed using

pyrimidine were optimized at the CASSCF, TD-B3LYP, and

B3LYP. The interaction energies for the two waters to the EOM-CCSD levels starting at the respective ground-state
ground state of pyrimidine evaluated using B3LYP, CCSD, and geometries, and the results are shown in Table 8 (structures
CASPT2 are shown in Table 7. The most stable structure is and fractional-BSSE-corrected interaction energies), Table 5

predicted to be X a planar structure &€ symmetry. Compared

to the structure of KD:pyrimidine, this one has the additional
water bonded to the first water, with the two water molecules
lying in the pyrimidyl plane forming a ring structure involving

(vertical and adiabatic excitation energies, predissociation and
direct dissociation energies), Table 3 (zero-point energies), and
the Supporting Information (complete description of structures
and vibration frequencies, including an analysis of frequency

TABLE 8: Calculated Interaction Energies AE (kcal mol~?) after Fractional BSSE Corrections and Key Calculated Geometric

Parameters (Bond Lengths in A and Bond Angles in deg) for the
2H,0:Pyrimdine

Ground State (GS) and Lowest Singlet ff) Excited State of

AE bond length% bond angles

B3- CAS- Ni— Ni— Ni— Ni— On— CoNi- CoNz- NiHi- NiOp- O11Ng-

state structure  geometry native CCSDLYP PT2 O11 O1s Hiz His  His Cs Cy O11 His Ous
GS Cs(Xs)2 B3LYP —15.14 —14.82 —-15.14 —17.64 2.833 3.767 1.879 3.452 1857 116.8 1159 162.0 101.2 47.2
CASSCF —13.23 —12.70 —15.36 3.003 3.952 2.082 3.644 1.998 117.1 116.5 162.1 102.0 46.8
CCsD —15.13 —15.13 —15.05 —17.61 2.906 3.850 1.968 3.546 1.920 116.5 115.7 160.5 100.6 47.1
Cx (SE) B3LYP —10.09 —9.86 —10.09 —12.06 2.954 4.949 1.994 4.115 6.068 116.7 116.7 167.3 37.1 1109
CASSCF —-9.39 -7.78 -—-9.64 3.106 5.072 2.171 4.252 6.256 117.0 117.0 1684 37.8  109.7
CCsD —10.04 —10.04 -—-9.93 —11.97 2998 4.946 2.050 4.946 5.993 116.3 116.3 165.2 39.5 106.2
(ng*) Cs(Xs) TD-B3LYP —13.43 —11.94 —-13.43 —13.42 2.825 3.758 1.867 3.445 1.865 1176 130.8 162.6 101.1 47.6
CASSCF —9.78 —8.73 —8.23 2998 4.091 2.071 3.705 2.003 117.9 128.3 164 107.4 45.6
EOM-CCSD —12.74 —-12.74 —12.89 —12.61 2.874 3.988 1927 3.618 1.939 1175 1305 162.8 105.5 45.8
Cy (SE) TD-B3LYP 575 —-532 -575 —7.45 2953 4789 2.006 3.989 5.843 1242 1242 163.3 41.3 106.5
CASSCF —489 —352 -—6.63 3.188 4.747 2.380 4.209 5520 1244 1244 1433 49.4 85.6
EOM-CCSD -6.84 -6.84 -554 —870 3.010 4518 2.221 4.055 5.154 1244 1244 138.1 51.8 81.1

a2 —9.0 kcal mot? evaluated using a QM/MM

methdd. ® Atom numbers are defined in Figure 3.
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changes by mode). No qualitative changes to the structures aros@yrimidine:H,O. These shifts are qualitatively similar to those
during this process, with the final structures closely resembling predicted using classical electrostatics simulations based on
the starting ones shown previously in Figure 3. geometries optimized using a molecular-state specific AMBER
The calculated EOM-CCSD and TD-B3LYP bonding ener- force field2°460.17 eV for monohydration, 0.25 eV for inner-
gies for HO:H,O:pyrimidine after corrections are 12.7 and 13.4 shell hydration, ca. 0.38 eV including the second hydration shell,
kcal moi™, respectively, 2.4 and 1.7 kcal mélless thanthose  and 0.42 eV including the third shell. Quantitatively, the ab
predicted for the analogous ground-state structures. Thesenitio evaluated cluster red shifts are all of order 60% of these
destabilizations of the excited-state hydrogen bonding exceedfrom the electrostatic simulations, however, an effect in part
those of 1.7 and 1.0 kcal md}, respectively, noted earlier for  owing to the tendency of the excitation to localize on just one
H.O:pyrimidine; they become directly manifest through a nitrogen. This effect was not included in the previous calcula-
solvation-enhanced red shift, an effect later discussed in depth.tions as they had explicitly assumed that the electronic structure
The calculated CNC bond angles of 21&nd 132 are very of the hydrated chromophore could be expressed perturbatively
similar to those for HO:pyrimidine and indicate that the (t) in terms of that of the gas-phase species. On the basis of the
excitation remains localized, as one would expect given that close analogy found between the results of our current first
the second water acts to increase the asymmetry. principles methods and these simulations, it is quite plausible
In contrast, the optimized structure fop®kpyrimidine:HO that the first-principles results are consistent with the obsé?ved
has equivalent CNC bond angles, whereas the B3LYP normal- solvent shift in dilute solution of 0.33 0.04 eV. Modern
mode frequencies from Supporting Information indicate that it semiempirical simulations of the solvent shift of the liquid
is stable with respect to asymmetric distortions. Its electronic provide the same basic picture of the solvent shift as arising
structure is thus akin to that for isolated pyrimidine. This result from both discrete inner-shell effects and long-range dielectric
again indicates that the electronic structure of pyrimidine in its solvation3234but the relative importance of the two contribu-
first (n,r*) excited state is dramatically altered by hydrogen tions is quite varied: Gao and By&predict larger contributions
bonding and is now seen to be very sensitive to variations in from specific solvation and a red shift for the dielectric
the hydrogen-bonding topology. component, whereas de Almeida et*ajpredict only small
From Table 8 it costs ca. 2 kcal ndlmore in energy to specific solvation effects and very large dielectric solvation.
excite HO:pyrimidine:HO than it does to excite #D:H,0:
pyrimidine, and this contributes to an enhanced blue shift for 4. Conclusions
this complex. Most interesting, however, is the prediction that
the total binding for HO:pyrimidine:H0O in its (n;z*) excited
state is ca. 6 kcal mot, very similar to the binding for ground-
state HO:pyrimidine. It requires £2 kcal mol of energy to
dissociate the symmetric ternary complex

Strong hydrogen bonding with bonding energies of ca. 6 kcal
mol~! for the HO:pyrimidine complex, ca. 15 kcal mdi for
asymmetric HO:H,O:pyrimidine complexes, and ca. 11 kcal
mol~! for symmetric HO:pyrimidine:HO ones are predicted
by the CCSD and B3LYP methods after basis set superposition
error and zero-point corrections are included. Reasonable strong
hydrogen bonds are also predicted fepyrimidine and HO:
however, and hence this quantity can be considered to be theH20:pyrimidine in their first (nz*) excited state, with the
excited-state second hydrogen-bond energy. calculated bonding energies be|n94449 kcal mottand 12.7

The feasibility of detection of excited-state hydrogen-bonded t0 13.4 kcal mot?, respectively, but the two partial hydrogen
clusters is examined through the calculated values of the bandbonds in HO:pyrimidine:HO are each quite weak with a
origins, vertical excitation energies, predissociation energies, Combined bond strength of-& kcal mof™.

H,O:pyrimidine*:H,0 — H,O:pyrimidine* + H,0O

and direct dissociation energies given in Table 5 feDHH,O:
pyrimidine and HO:pyrimidine:HO. Analogous to the results
described earlier for pD:pyrimidine, the symmetrical doubly

The lowest energy hydrogen banded structures for both the
ground and excited states are all planar structures with orthodox
nitrogen or oxygen electron donors. Unorthodox structures in

bonded species is predicted to have a predissociation energywhich hydrogen bonds form to the electron-righcloud of

that is only ca. 0.15 eV abo\&, and hence will either be rather
difficult to observe or may in reality be completely unbound.

excited pyrimidine are also found but, whereas fgOkpyridine
these above-ring structures are of considerably lower energy

However, double asymmetric solvation stabilizes the excited than those corresponding to the ground-state ribtihe

state so that for bD:H,O:pyrimidine the predissociation ener-
gies Epre is predicted to be in excess &y by ca. 0.4 eV.

orthodox hydrogen-bond structures are found to be the most
stable ones for pyrimidine. This result is interpreted in terms

Further, for this species the vertical excitation energy is predicted of localization of the (n7*) excitation on the non-hydrogen-

to be below the direct dissociation enerigy; by ca. 0.35 eV,

bonded nitrogen in the diazine complexes. It is clear that

requiring that energy transfer from intramolecular to intermo- hydrogen bonding changes the fundamental nature of the
lecular motions must occur before the vertically excited complex excited-state electronic structure of pyrimidine and cannot be
predissociates. Hence optical excitation of this species is treated as a perturbation. Quite a different picture for excited-
expected to provide stable and long-lived excited-state com- state hydrogen bonding is thus found from those depicted within
plexes in high yield. The lifetime of the stable excited-state other systems such ag®k:formaldehyd& and HO:pyridine*’
complexes will of course be limited by the rate of internal energy and is suggestive that excited-state hydrogen bonding is vastly
transfer to the $ground state of the pyrimidine molecule as more complex than its well-known ground-state counterpart. In
this process makes the entire absorbed energy available tgoarticular, we demonstrate that the electronic structure of the
chemical processes. chromophore is determined by both the number and location
The EOM-CCSD and TD-B3LYP calculated solvent shifts of hydrogen-bonded water molecules.

E, — E/(Py) given in Table 5 are of order 0.11 eV (900 ¢in For hydrogen bonding involving molecules in their ground
for single hydration in KHO:pyrimidine, 0.16 eV (1300 cr) states, it is rare that the hydrogen bonding induces dramatic
for asymmetric double hydration in,®:H,O:pyrimidine, and changes in molecular electronic structure. A very important
0.18 eV (1500 cm?) for double symmetric hydration in J: example, however, is the fine control exerted over primary
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known as the “special pair”. Like the excited states of pyrimi-

dine, the ground state of this system has a nearby electronicReferences and Notes

state and the primary chemical question concerns the localization (1) raplen, P. R.; Lockman, J. W.; Jorgensen, WJLPhys. Chem.

or delocalization of the electrons over the sysf@f?The study A 1998 102, 3782.

of diazines interacting with water thus provides a simple model _(2) Jeffrey, G. A, Saenger, WHydrogen Bonding in Biological
system for an important complex biological phenomenon. S”“(%t;’rgj(%rr"”g‘.ar,;l\‘/;elf:ﬁgba?g’”g'.’ El:??gé: Biophys. Mol. Biol1984 44,
Solvent interactions also control the electronic structure of g7

symmetric mixed-valence inorganic complexes by a similar (4) Baba, H.; Goodman, L.; Valenti, P. . Am. Chem. Sod 966

; ; ; i~ distributi 88, 5410.
mechanism, forcing asymmetry in the electronic distribution. (5) Mctigue, P.. Renowden, P. \J. Chem. Soc., Faradayl75 1784,

Owing to the energy cost required to localize thesti, (6) Carrabba, M. M.; Kenny, J. E.; Moomaw, W. R.; Cordes, J.; Denton,
excitation and the fact that such localization is never comglete, M. J. Phys. Chenm1985 89, 674.

the calculated hydrogen bond energies to pyrimidine in its ~ (7) Schauer, M. Bemstein, E 8. Chem. Phys198§ 82 726,
excited'B; (n,7*) state are slightly less than those for the ground g5 §7)95_ anna, 7. enapace, 2. A Bemstein, em. Phy<198

state. They remain substantially larger than those fe®:H (9) Wanna, J.; Bernstein, E. R. Chem. Phys1987, 86, 6707.
pyridine3” however, a system that is predicted to spontaneously ~ (10) Maes, G.; Smets, J. Mol. Struct.1992 270, 141.

dissociate following FranckCondon excitation as the additional 19&1)98'3‘19?5&‘“9' A.; Smets, J.; Adamowicz, L.; MaesJGPhys. Chem.

energy required to produce this excitation exceeds the weak (12) Zoidis, E.; Yarwood, J.; Danten, Y.; Besnard, Mol. Phys.1995
excited-state bond strength. Fos®ipyrimidine, however, the 85, 373.

calculated predissociation energis are in excess of the-0 85%%)5 Zoidis, E.; Yarwood, J.; Danten, Y.; Besnard, Mol. Phys.1995
energy Ego by ca. 0.1 eV, increasing to 0.4 eV for the (14) Buyl, F.; Smets, J.; Maes, G.; Adamowicz,LPhys. Chen.995

asymmetric doubly aquated specieg:H,O:pyrimidine. This 99, 14967.
suggests that for these complexes bound excited-state complexe§7(15) Del Bene, J. E.; Person, W.; SzczepaniakVidl. Phys.1996 89,
can be formed through tight control of the excitation energy. It (16) Szczepaniak, K.: Chabrier, P.: Person, W. B.: Del Bene, J. E.
is hence warranted that further efforts be made to observe theseyol. Struct.1997 436-437, 367.
species in molecular beark8. (17) Mccarthy, W.; Smets, J.; Adamowicz, L.; Plokhotzichenos, A. M.;
Baba, Goodman, and Valehtioncluded that in solution the ~ Radchenko, E. D.; Shenia, G. G.; Stepanian, SM&L. Phys.1997 91,
hygirogen i_s b(oken in the excited state of pyridine and the "7 (1g) zhang, B.; Cai, Y.; Mu, X.; Lou, N.; Wang, XI. Chem. Phys.
azines. This view was based on the supposition that*]n, 2002 117, 3701. o N
excitation localizes on individual nitrogen atoms in the diazines, ] /(39) %elandsf" gé;;g%afzzd'\qi Eafammath W.; Favero, P. G; Kisiel, Z.
. . . AM. em. S0 .
a view that has _been subsequenglzy shovyn to be incorrect for (20) Del Bene, J. EJ. Am. Chem. Sod 975 97, 5330.
these molecules in the gas ph45¢°2Quantitative simulations (21) Del Bene, J. EChem. Phys1976 15, 463.
based on the assumption that the effects of hydrogen bonding g% Be: Sene, j EJChSLn. Pg]slr?fggiobé. 5002
; ; N el Bene, J. EJ. Phys. Che , .
cou_ld pe treated merely as a perturbation to the delocalized (24) Del Bene. J. E.. Gwaltney, S. R.: Bartlett, RJJPhys. Chem. A
excitation gas-phase electronic structmeproduced the key 1995 102 5124.
experimental results but quantitatively overestimated the mag-  (25) Del Bene, J. EJ. Comput. Cherl981, 2, 422.
nitude of the observed solvent shifts by ca. 60%. Subsequently,Let(tz%gz,q)eg%égzgfaw’ J. S Hush, N. S.; Reimers, JCRem. Phys.
Gao and Byu??_usgd a sgmmlassmal methodology to predict (27) Zeng, J.; Craw, J. S.; Hush, N. S.; Reimers, JJ.F-Chem. Phys.
that (ns*) localization is induced by hydrogen bonding. As 1993 99, 1482.
described above, our first principles calculations on small 14(\(;258) Zeng, J.; Hush, N. S.; Reimers, J. R.Chem. Phys1993 99,
clust_ers verify their conclusmlns. Quantitatively, we conclude (29) Zeng, J.: Hush, N. S.: Reimers, J. R.Chem. Phys1993 99,
that it takes only 32 kcal moft of energy to break the second 1503,
hydrogen bond in the symmetric speciegX:pyrimidine:H0; (30) Zeng, J.; Hush, N. S.; Reimers, J. R.Phys. Chem1996 100,
i ity i i ~9561.
:)hlsc?lfjamlty.ls small compz_ired lto _pOSSIﬁIe falterlnat% hydrogen (31) Maes, G.; Smets, J.; Adamowicz, L.; McCarthy, W.; Van Bael,
ond formation processes in solution, allowing liquid structure ; " ' ‘Houben: Shoone, KJ. Mol. Struct.1997, 410-411, 315.
and entropy effects to break the hydrogen bond to the excited (32) Gao, J.; Byun, KTheor. Chim. Actal997, 96, 151.
state, establishing more rigorously the original conclusions  (33) Hush, N. S.; Reimers, J. Rhem. Re. 200Q 100, 775.

P i (34) de Almeida, K. J.; Coutinho, K.; de Almeida, W. B.; Rocha, W.
drawn by Baba, Goodman, and ValehExcitation localization R.. Canuto, SPhys. Chem. Chem. Phy@001 3, 1583.

effects appear to reduce calculated solvent shifts by ca. one- (35) Mmartin, M. E.; Sanchez, M. L.; Aguilar, M. A.; del Valle, F. J. O.
third. J. Mol. Struct. (THEOCHEMPO001, 537, 213.
(36) Ramaekers, R.; Houben, L.; Adamowicz, L.; Maes, \Gbr.
. Spectrosc2003 32, 185.
_ Acknowle_dgme_nt. We thank the Australlan Research C_oun- (37) Cai, Z-L.; Reimers, J. Rl. Phys. Chem. /2002 106, 8769.
cil for funding this research and Australian Partnership for  (38) McRae, E. GJ. Phys. Chem1957, 61, 562.
Advanced Computing for the provision of computational (39) Liptay, W. InModern Quantum Chemistrsinanoglu, O., Ed.;
resources Academic Press: New York, 1965; Vol. Ill, p 45.
‘ (40) Rettig, W.J. Mol. Struct.1982 84, 303.
. . . . (41) Zeng, J.; Woywod, C.; Hush, N. S.; Reimers, JJRAmM. Chem.
Supporting Information Available: Analysis (pdf format) Soc.1995 117, 8618.
of the calculated and observed frequency changes on formationCh(42) g'efgég-fd‘i'\ggft'“, R.L.; Wadt, W. R.; Moomaw, W. R. Am.
. i Al . s . . . em. SO0cC. 3 .
of t.)Ot.h .HZO_.pyrlmldlne, I—le.pyr|m|Q|ne.I—{_>O, a”‘?' HO:HO: (43) Fischer, G.; Cai, Z.-L.; Reimers, J. R.; WormellJPPhys. Chem.
pyrimidine in their ground and excited electronic states, along A 2003 107, 3093.
with the calculated intermolecular vibration frequencies. All 2443 Karellson, M. M.; Zerner, M.Cl(.:/]\m. hChe@h Sod%%% 19162 ggog.
i H i i 45) Karelson, M. M.; Zerner, M. CJ. Phys. eml , 6949,
optimized structures, V|_brat|on fr_equenmes, and normal modes (46) Hush, N.'S.: Reimers, J. Roord. Chem. Re 1998 177, 37.
for the complex and its constituents, as well as pertinent  (47) jorgensen, W. L.; McDonald, N. A. Mol. Struct. THEOCHEM

Duschinsky rotation matrices and geometry changes projected198§ 424, 145.



1586 J. Phys. Chem. A, Vol. 109, No. 8, 2005

(48) Spoliti, M.; Bencivenni, L.; Ramondo, FHEOCHEM1994 303
185.

(49) Smets, J.; Adamowicz, L.; Maes, &.Mol. Struct.1994 322 113.

(50) Martoprawiro, M. A.; Bacskay, G. BMol. Phys.1995 85, 573.

(51) Samanta, U.; Chakrabarti, P.; Chandrasekhalr, Bhys. Chem. A
1998 102 8964.

(52) Smets, J.; McCarthy, W.; Maes, G.; AdamowiczJLMol. Struct.
1999 476, 27.

(53) Dkhissi, A.; Adamowicz, L.; Maes, Q. Phys. Chen200Q 104,
2112.

(54) Papai, I.; Jancso, Q. Phys. Chen200Q 104, 2132.

(55) Bauernschmitt, R.; Ahlrichs, Ehem. Phys. Letl996 256, 454.

(56) Bauernschmitt, R.; H&r, M.; Treutler, O.; Ahlrichs, RChem. Phys.
Lett. 1997, 264, 573.

(57) Casida, M. E.; Jamorski, C.; Casida, C. K.; Salahub, 0. Rhem.
Phys.1998 108 4439.

(58) Stratmann, R. E.; Scuseria, G. E.; Frisch, MJJChem. Phys.
1998 109 8218.

(59) van Gisbergen, S. J. A,; Kootstra, F.; Schipper, P. R. T.; Gritsenko,
0. V.; Snijders, J. G.; Baerends, E.Rhys. Re. A 1998 57, 2556.

(60) Tozer, D. J.; Amos, R. D.; Handy, N. C.; Roos, B. O.; Serrano-
Andres, L. Mol. Phys.1999 97, 859.

(61) Becke, A. D.J. Chem. Phys1993 98, 5648.

(62) Becke, A. D.Phys. Re. A 1988 38, 3098.

(63) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(64) Hegarty, D.; Robb, M. AMol. Phys.1979 38, 1795.

(65) Andersson, K.; Malmgvist, P.-C.; Roos, B..DChem. Phys1992
96, 1218.

(66) Purvis lll, G. D.; Bartlett, R. JJ. Chem. Phys1982 76, 1910.

(67) Stanton, J. F.; Bartlett, R. J. Chem. Phys1993 98, 7029.

(68) Ahlrichs, R.; Ba, M.; Baron, H.-P.; Bauernschmitt, R.; 'Bker,

S.; Ehrig, M.; Eichkorn, K.; Elliot, S.; Haase, F.;"Bler, M.; Horn, H.;
Huber, C.; Huniar, U.; Kattannek, M.; Kmel, C.; Kollwitz, M.; Ochsenfeld,
C.; Ohm, H.; Scliger, A.; Schneider, U.; Treutler, O.; von Arnim, M;
Weigend, F.; Weis, P.; Weiss, HURBOMOLE Quantum Chemistry Group
The University of Karlsure: Karlsruhe, 1997 Version 4.

(69) Eichkorn, K.; Treutler, O.; Oehm, H.; Haeser, M.; Ahlrichs, R.
Chem. Phys. Lettl995 242 652.

(70) CPMD (Car-Parrinello Molecular Dynamics)BM Corp. and MP!I
fuer Festkoerprtforschung: Stuttgart, 192001.

(71) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennuci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochtersi, J.; Patterson,
G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Gonzalez, G.; Challacombe, M.; Gill, P. M. W.; Johnson,
B. G.; Wong, W. Chen.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.;

Cai and Reimers

Replogle, E. S.; Pople, J. AGaussian 98revision A7; Gaussian Inc.:
Pittsburgh, PA, 1998.

(72) Stanton, J. F.; Gauss, J.; Watts, J. D.; Nooijen, M.; Oliphant, N.;
Perera, S. A.; Szalay, P. G.; Lauderdale, W. J.; Gwaltney, S. R.; Beck, S;
Balkova A.; Bernholdt, D. E.; Baeck, K.-K.; Rozyczko, P.; Sekino, H.;
Hober, C.; Bartlett, R. JACES It Quantum Theory Project The University
of Florida: Gainsville, 1999.

(73) Helgaker, T.; Jensen, H. J. Aa.; Joergensen, P.; Olsen, J.; Ruud,
K.; Aagren, H.; Andersen, T.; Bak, K. L.; Bakken, V.; Christiansen, O.;
Dahle, P.; Dalskov, E. K.; Enevoldsen, T.; Fernandez, B.; Heiberg, H.;
Hettema, H.; Jonsson, D.; Kirpekar, S.; Kobayashi, R.; Koch, H.; Mikkelsen,
K. V.; Norman, P.; Packer, M. J.; Saue, T.; Taylor, P. R.; Vahtra§alton
release 1.0, 1997.

(74) Andersson, K.; Blomberg, M. R. A.;"Bcher, M. P.; Karlstim,

G.; Lindh, R.; Malmqvist, P.-C.; Neogdg, P.; Olsen, J.; Roos, B. O.; Sadlej,
A. J.; Seijo, L.; Serrano-Andse L.; Siegbahn, P. E. M.; Widmark, P.-O.
Molcas Version 4University of Lund: Lund, 1997.

(75) Werner, H.-J.; Knowles, P. J.; Amos, R. D.; Bernhardsson, A.;
Berning, A.; Celani, P.; Cooper, D. L.; Deegan, M. J. O.; Hampel, C.; Lindh,
R.; Lloyd, A. W.; Meyer, W.; Nicklass, A.; Peterson, K.; Pitzer, R.; Stone,
A. J.; Taylor, P. R.; Mura, M. E.; Pulay, P.; Sdau M.; Stoll, H.;
Thorsteinsson, TMOLPRO-2000University of Birmingham: Birmingham,
U.K., 2000.

(76) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M. J.
Phys. Chem1992 96, 135.

(77) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972 56,
2257.

(78) Kendall, R. A.; Dunning Jr, T. H.; Harrison, R.Jl.Chem. Phys.
1992 96, 6796.

(79) Dunning Jr, T. HJ. Chem. Phys1989 90, 1007.

(80) Scaott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.

(81) Boys, S. F.; Benardi, AVlol. Phys.197Q 19, 553.

(82) van Duijneveldt, F. B.; van Duijnevldt-van de Rijdt, G. C.; van
Leuthe, J. HChem. Re. 1994 94, 1973.

(83) Dunning, T. H., JrJ. Phys. Chem. 200Q 104, 9062.

(84) Lambropoulos, N. A.; Reimers, J. R.; Hush, NJSChem. Phys.
2002 116, 10277.

(85) Innes, K. K.; Ross, I. G.; Moomaw, W. B. Mol. Spectroscl988
132 492.

(86) Hoy, A. R.; Bunker, P. BJ. Mol. Spectroscl974 74, 1.

(87) Herzberg, G.Molecular spectra and molecular structure. Ill.
Electronic spectra and electronic structure of polyatomic molecules
Van Nostrand: Princeton, NJ, 1966.

(88) Kim, J. H.; Lee, H.-J.; Kim, E.-J.; Jung, H. J.; Choi, Y.-S.; Park,
J.; Yoon, C.-JJ. Phys. Chem. 2004 108 921.

(89) Reimers, J. R.; Hush, N. 8. Am. Chem. So@004 126, 4132.

(90) Reimers, J. R.; Hush, N. 8. Chem. Phys2003 119, 3262.

(91) Reimers, J. R.; Hush, N. &hem. Phys1993 176, 407.

(92) Weber, P.; Reimers, J. R. Phys. Chem. A999 103 9830.

(93) Bolovinos, A.; Tsekeris, P.; Philis, J.; Phantos, E.; Andritsopoulos,
G. J. Mol. Spectrosc1984 103 240.



