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The hydrogen bonding between water and pyrazine in its ground, lowe$),(and lowest {r,7*) states is
investigated using density-functional theory (DFT), time-dependent density function theory (TD-DFT), coupled-
cluster singles and doubles (CCSD) theory and equation-of-motion coupled cluster (EOM-CCSD) theory.
For all states, the minimum-energy configuration is found to be an orthodox linear hydrogen-bonded species,
with the bond strength increasing by 0.4 kcal ntalpon formation of thes,7*) state and decreasing by 1.0

kcal mol? upon formation of the (m*) state. The calculated solvent shifts for the complexes match
experimental data and provide a basis for the understanding of the aqueous solvation of pyrazine, and the
excited-state complexes are predicted to be only short-lived, explaining the failure of molecular beam
experiments to observe them. Quite a different scenario for hydrogen bonding tostheefgited state is

found compared to those o£8:pyridine and HO:pyrimidine: for pyridine linear hydrogen bonds are unstable

and hydrogen bonds to the electron-enrichedoud are strong, whereas for pyrimidine the excitation localizes

on the nonbonded nitrogen leaving the hydrogen-bonding unaffected..Bopyiazine, the (m*) excitation
remains largely delocalized, providing a distinct intermediary scenario.

1. Introduction and final states solvated outside a cavity of radiby a material

of dielectric constant and refractive index. As the coefficient

of the first term is much larger than that for the second, and as
only the first term can give rise to a blue shift, Baba et al.
qualitatively interpreted the experimental data as indicating a
large dipole moment (ca. 3 D) on the ground state and a nearly
zero dipole moment in the excited state. From this they
concluded that the hydrogen bonding is broken in the*)n,
singlet excited state of pyridine and the diazines. Their analysis
appears valid for pyridine, but for the diazines it is incomplete
as it does not properly address the issue of the localization/
delocalization of the (m*) excitation over the two nitrogen
atoms. In the ground state, liquid-structure simulations indicate
two hydrogen bonds are formed to the diazi?e%:2°3%n the
excited state, if the excitation localizes onto one nitrogen atom,
then this atom becomes analogous to the nitrogen in pyridine
and the other atom is unaffected. One would thus expect that
the hydrogen bond to the unaffected nitrogen would remain
intact and the other hydrogen bond would break. However, if
the excitation is delocalized over both diazine nitrogen atoms,
then each atom will have 1.5 electrons with which it may form

Hydrogen bonding involving heteroaromatic rings such as
those in azines and diazines is very important as it plays an
important role in the structure and function of many biological
systems:—3 Although hydrogen bonding to molecules in their
ground electronic state has been widely investigated by different
spectroscopit1°and theoretical'820-42 methods, much less is
known about hydrogen bonding to molecules in excited states.
Archetypal studies include the absorption and fluorescence
studies that culminated in the work of Baba, Goodman, and
Valenti supersonic molecular jet spectroscopy pioneered by
Bernstein et al%® and computations pioneered by Del
Bene?0-222843The (nsz*) states are particularly pertinent as
the electronic transition removes one of the lone-pair electrons
that directly participate in the hydrogen bonding. The properties
of the (r,7*) excited states are also relevant to proton-transfer
and tautomerization in aziné&#>

The basic concepts involved were elucidated in 1966 by Baba,
Goodman, and Valerftiwho studied the absorption and fluo-
rescence spectra of pyridine, pyridazine, pyrimidine and pyrazine

in dilute solution in a variety of hydrogen-bonding and non- hydrogen bonds to its environment, and it is not clear a priori

Eﬁ?\:j?g er;-c?lsggtlggih: (;ngpcfsér;r tr)]gzdf%?rr;idtgaetml/gemgéogglz-tevvhether or not hydrogen bonds are likely to foffit? **Before
in its r?)und electronic)étateg and solvent molecules gives a lar ethe effects of through-bond interactions were known, strong

groun " . . 9 %interactions between nitrogen lone pairs were not expected and
blue shift in the (ng*) absorption transition but only small

. ) . . thus the excitation in pyrimidine and pyrazine (at least) were
chang_es in the_correspondlng fluorescence spectrum. Dlelectrlcbelieveol to be localized excitatioRsgven for uncomplexed
solvation theorieg 4648 express these solvent shifts as

pyrazine?® For pyrazine in the gas phase, however, high-
) resolution spectroscopy clearly indicates that tha*{nexcita-
AU = 2e — Ziau-(,u —u) — n-1 lw _ #-lz 1) tion is delocalized in isolated pyrazif®.
2+ 13T TV oz g g2t Wanna, Menapace and Bernsééihave studied the hydrogen
bonded and nonbonded van der Waals clusters, diazines such
whereu; and s are the dipole moment vectors of the initial ~as pyridazine, pyrazine, pyrimidine and benzene (solutes) and
CniHont2, NHz and HO (solvents) by the techniques of
* Corresponding author. E-mail: reimers@chem.usyd.edu.au. supersonic molecular jet spectroscopy and two-color time-of-
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flight mass spectroscopy. They did not observe pyridazine,
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Structural studies have only been performed for the HE®I

pyrazine, or pyrimidine water clusters, however, and concluded complex by Del Bene et & and by ourselved:64 for H,O:
that the excited states of these clusters must be dissociative pyridine and HO:pyrimidine. Each of these studies reveals new
Stable excited states have indeed been observed for a range ofr unexpectednotifsfor hydrogen bonding: for bCO this is

other azine complexes with hydrogen-bond dorfors.

The electronic and geometrical structure of pyridine and the
diazines in their (n7*) excited states in clusters and in aqueous
solution have been simulated by Karelson and Zeth&iZeng,
Hush and Reimer&;27:29.30.53Ga0 and Byur#2 Almeida et al 36
Mennucci®® Cossi and Baron& and very recently de Monte
et al#2 using combinations of semiempirical INDGFS%51or
AM132 methods with continuum solvation modé&¥$1QM/MM
methods’253analytical all-atom electrostatic methadg;29.30.52
time-dependent density functional thedfy¢?and the continuum
solvation model COSMO in combination with multireference
configuration interaction with singles and doubles (MR-CI%D).
Qualitatively, the nature of hydrogen bonding and calculated
solvent shifts are found to be very sensitive to the details of

a structure with hydrogen bond formation occurring at the
oxygen in theCs symmetry plane, for bD:pyridine a strong
hydrogen bond is found from a water hydrogen to the electron-
enhanced aromatic cloud, but for HO:pyrimidine the ground-
state structure remains dominant. As pyrazine, like pyrimidine,
has two lone pairs per molecule, and as the intramolecular
interactions between them are known to be quite different, it is
not clear a priori if hydrogen bonding to the excited states of
pyrazine will be similar to that for either J@:pyridine or HO:
pyrimidine or will display yet another motif.

Studies of azinewater clusters are of interest not only in
terms of the mechanism of aqueous solvent shifts but also in
their own right as these clusters can be made in molecular
bean$® and matrix-isolatiobt experiments. A key property is

the potential-energy surfaces or electronic structure method usedwhether or not the vertically excited complex is expected to
A focus of these studies has been understanding the proces®redissociate. Our previous studiesf H,O:pyridine predict

by which the observed dilute-solution blue shift of thenfy),

that the additional energy provided to vertically excite the

band arises; this shift is observed to be in the range betweencOMplex, the absorption “blue shift”, significantly exceeds the

1600 and 2000 cnt for pyrazine*?° Zeng et al., using an

dissociation energy of the complex in its ) excited state.

AMBERS“based molecular-mechanics potential parametrized AS @ result, HO:pyridine is expected to directly dissociate

using multireference configuration-interaction calculatihs,
calculated the solvent structure and from this predicted a blu
shift of 2000 = 500 cnT?, in good agreement with the
experimental data. Of this shift, 1200 chwas attributed to
the HO:pyrazine complex, in excess of the experimental Value
of 580 cnT?, and the remainder to long-range interactions.
Alternatively, using TD-DFT methods involving use of the
polarizable-continuum model (PCM) to implicitly describe the
effects of the solvent structure, Cossi and Bafépeedicted a
shift of 445-1416 cn1? for dilute pyrazine in solution. Also
Mennucci®® using TD-DFT methods implemented with an
integral equation formalism-polarizable continuum model (IEF-
PCM) for the solvent structure, predicted a shift of 4000
cm~1, and Monte et at? using high level MR-CISD{Q) based
on the COSMO solvent model predicted 16A00 cnT?. It

is hence clear that proper understanding of this problem requires
the use of both high-quality geometrical structures for the solvent

and high-quality electronic-structure computations. All of the

following (ngr*) excitation. Similar calculations for $D:

e Pyrimidine predict that the vertically excited state should be

long-lived, however, due to the localization of the %),
excitation on the nonbonded nitrogen in this complex. However,
years earlier, our more primitive calculations employing ab
initio-optimized AMBER force field%%27-2°predicted that for
all diazines the blue shift is actually less than that required for
direct dissociation, suggesting that stable excited-state complexes
could be obtained for all of the diazines after vertical excitation.
These molecular mechanics calculations were based on the
assumption that the delocalized nature of ther{(hexcitation
for the diazines in the gas phase was retained after hydrogen-
bond formation, and that the solvent acted merely to perturb
this structure. However, subsequent high-level calculations for
the HO:pyrimidine complex showed this assumption to be
incorrect®* Hence the nature of the excited-state solvation of
H,O:pyrazine appears of significant interest.

Specifically, we determine the structures, bond energies, and

above methods rely on structures for which at least one aspectviPration frequencies of p0:pyrazine in its ground and first

is crudely estimated, and all involve significant approximations

to the evaluation of the transition energy at those geometries.

Although modern computational methods such as €arr
Parinello excited-state molecular dynarhi@nd mixed quantum-

(nr*) and (, *) excited states using analogous methods for
both the ground and excited states. We use density functional
theory (DFT) with the B3LYP® and BLYF®%:67functionals and
coupled-cluster theory (CCSP) to study ground states, em-

mechanics molecular-mechanics simulations offer the possibility Ploying the related time-dependent methods time-dependent
of improved liquid-state simulations, reliable calculations are density-functional theory (TD-DFT) and equation-of-motion

not yet technically feasible.

In this work we consider not the problem of the aqueous
solvation of pyrazine but rather the simpler, intricately related
problem of the properties of the,B:pyrazine complex, applying

state of the art methods to determine both its geometrical

structure and the influence of this structure on its electronic

absorption spectrum. Clearly, any computational problem ap-

plied to solve the full problem of interacting chromophore and
solvent molecules must be first demonstrated to perform
satisfactorily when applied to this dimer.

Although the hydrogen bonding in water and azines or di-

coupled-cluster (EOM-CCSP) theory to study electronic
excited states. Some test calculations are also performed using
the more accurate but more expensive similarity-transformed
equations of motion (STEOM) coupled-clugfemethod. This
work follows from our previous comprehensive treatise of the
excited-state manifolds of isolated pyrazih& in which we
considered in detail the energetics, structures, and vibrational
motions of this molecule in a variety of its excited states.

2. Computational Details

A variety of computational schemes are used as is appropriate

azine complexes in their ground electronic states has beenfor the optimization of geometries, accurate structural energy

widely investigated using high-level electronic-structure
methods,11.14-17.29-31,41,56-64 gn|y Del Bend% 2228 and our-
selved!-54have similarly considered excited-state phenomena.

determination, and vibrational analyses of hydrogen-bonded
dimers in their ground and excited electronic states. Direct
B3LYP® geometry optimizations and frequency calculations
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TABLE 1: Comparison of Calculated and Experimental Propertiest of the Water in Its Ground State and Pyrazine in Its A4
Ground State (GS), First Singlet (nz*) B3, and First Singlet (z,7*) 1B, Excited States

rms error in property

frequency/cm™?t

bond length/A bond angle/deg pyrazine
method8 basis HO pyrazine GS RO pyrazine GS RO GS (ngz*) (7T,7%)
(TD-)B3LYP cc-pvDZ 0.011 0.007 1.78 0.60 42 21
(TD-)B3LYP aug-cc-pvVDZ 0.007 0.005 0.23 0.55 23 21
(EOM-)CCSD cc-pvDZ 0.007 0.010 2.34 0.71 10 29 82 46
(EOM-)CCSD aug-cc-pvVDZ 0.007 0.010 0.36 0.57 24

2 From refs 83, 85, and 86.B3LYP or CCSD for the ground state, TD-B3LYP or EOM-CCSD for the excited statésing scale factor8 of
0.9614 and 0.95 for the B3LYP or TD-B3LYP and CCSD or EOM-CCSD calculations, respectively.

were performed for the ground-state using GAUSSIAN-98.
TD-B3LYP calculations were performed by TURBOMOIE
using the “M3” integrating grid and the energy convergence
criterion set to 101° au. CCS[®® ground-state and EOM-
CCSD¥* or STEOM? excited-state calculations were performed o ) .
using analytical first derivatives by ACES7 Atomic Gaussian Only a limited number of methods are available for excited-
basis sets were employed in all of these calculations. In addition, State geometry optimizations and frequency calculations, par-
TD-BLYPS6:67 geometry optimizations were performed for the ticularly when hydrogen bonds are involved. Before considering
excited states of hydrogen-bonded complexes using the GPMD such calc;ulations, it ig essential to vgrify that realistic properties
package:; in these, a single complex was placed in a large cubicare predicted for the isolated pyrazine and water monomers as
unit cell of length 15 A, and a plane-wave basis set was usedWell as for the ground-state hydrogen bond. For reference, all
truncated at an energy of 65 Rydbergs (32.5 au). ground gnd e_xcne.d-state monomer and complex optimized

Dunning’s correlation-consistent polarized valence doible- geometries, vibration frequencies, and normal modes are
basis set cc-pVDZ was used for all geometry optimizations ~Provided in detail in Supporting Information.
involving atomic basis sets. This is the smallest basis set that 3.1. Pyrazine and Water Monomerslin Table 1 are shown
could provide a realistic description of the nature of both the the root-mean-square (rms) errors between experinférital
excited states and the hydrogen bonds; larger basis sets willstructural parameters and vibrational frequencies of water and
result in quantitative improvements in accuracy but are not of pyrazine in their ground states (GS) and those calculated at
feasible to apply for the method used herein. In addition, the B3LYP and CCSD levels using both the cc-pVDZ and aug-
Dunning’s augmented aug-cc-pVZs used for single-point cc-pVDZ basis sets. Full details of the calculated structures and
calculations of binding energies evaluated at these (and other)normal modes are provided in Supporting Information, along
optimized geometries; some test structural optimizations were with an enhanced summary in Table S1. In summary, all
also performed using the aug-cc-pVDZ basis. All binding computed results are in good agreement with experiments. The
energies are corrected for the zero-point energy (ZPE) basedtest calculations performed using the aug-cc-pVDZ basis set
on harmonic force fields determined using the cc-pVDZ basis show no significant improvement beyond the results obtained
set. Although use of augmented basis sets is essential forusing cc-pVDZ.
guantitative vibrational analyses of significant modes such as Also shown in Table 1 are the results for the firsti(f),and
intermolecular stretches, they are not essential for the determi-(r,7*) excited states calculated using the EOM-CCSD method.
nation of zero-point energies and hence the smaller cc-pVDZ Only some of the vibrational frequencies have been experimen-
basis is used herein for this purpose. However, the normal-modetally determine&?84for these two excited states (see Table S2
vibration frequencies are scaled by correction factarf0.95 for full details), and the rms errors in the EOM-CCSD calculated
for CCSD and EOM-CCSD and 0.9614 for B3LYP. frequencies are provided in Table 1. These errors of 8%

As the hydrogen bonding topologies considered are quite cmt are typically larger than those of 2B0 cn1? obtained
varied, appropriate treatment of the basis-set superposition errorfor the ground state, perhaps because the most apparent modes
(BSSE) is required in all atomic-basis set calculations. For small in excited-state spectra are often those that are strongly
basis sets, the BSSE is large and the full counterpoise correc-vibronically active. As vibronically active modes have signifi-
tion’?80is essential to apply, whereas for large basis sets the cantly different frequencies in the ground and excited states with
correction is dramatically reduced and becomes smaller in the frequency shift being very sensitive to small errors in the
magnitude than the extra binding that is facilitated by these perceived excited-state energy gaps, reduced accuracy is
larger basis sets so that its application enhances rather tharexpected from ab initio prediction methods.
reduces the associated err®r&We use the fractional correc- Shown in Table 2 are calculated and observed vertical and
tion adiabatic excitation energies for the firstsh), and (r,7*)
excited states of pyrazine. Although it is usual to approximate
the observed vertical excitation energy as the frequency of the
absorption maximum rather than the actual average excitation

required during the optimization of complexes of water interact-
ing with electron-enhanced-clouds of aromatic moleculé&$4

3. Results and Discussion

Efract = Eraw + lEBSSE (2)

optimized” for hydrogen-bonding interactions computed using
medium-sized basis sets such as 6-&F and aug-cc-pVDZ,
whereEgsseis the usual counterpoise correction anek 0.51.

energy, in quantitative studies it is important to obtain the best
possible experimental estimate, and values are available for
pyrazine’l72The TD-B3LYP/cc-pVDZ gives accurate excita-

One of the advantages of the use of plane-wave basis sets irtion energies for the (n}) state but overestimates the,{*)
the excited-state geometry optimizations performed using CPMD state energy by ca. 0.6 eV, whereas EOM-CCSD/cc-pVDZ more
is the avoidance of the explicit BSSE corrections that are uniformly overestimates all transition energies by-003% eV.
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TABLE 2: Calculated and Observed Vertical (E,) and
Adiabatic (Eo) Excitation Energies (in eV) for the First
Singlet (n*) States B3, and the First Singlet (z,7*) States
1B, of Pyrazine?

Ev Eo
method ) (w7  (na*) (7,7%)
EOM-CCSD/cc-pVDZ 4.45 5.19 4.33 4.96
EOM-CCSD/aug-cc-pvVDZ  4.34 5.07 4.20 4.84
STEOM-CCSD/cc-pVDZ 4.18 4.77 4.07 451
TD-B3LYP/cc-pVD2 3.99 5.49 3.87 5.28
obs 3.98 4.81¢ 3.83 4.69

a At the geometry optimized at the EOM-CCSD level using cc-pVDZ
or aug-cc-pVDZ basis set& From ref 71 and calculated the adiabatic
excitation energies usin®, optimized SCF ground state and CIS
excited-state geometrieSEstimated as the observee-0 line at 3.83
eV® plus the reorganization energy of 0.15 eV from ref 7Erom ref
95. ¢ From ref 83.

Much of the EOM-CCSD error is alleviated by increasing the
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vibrational frequencies, and normal modes). Initially, we
consider several possible structures for theOhkbyrazine
complex analogous to those found fos®ipyridine# including
two bifurcated structures wit@,, symmetry in which the water
molecule is located either in-plane or perpendicular to the
pyrazine, known a€,,(planar) andC;,,(perp), respectively, and
two analogous single hydrogen-bonded structures with
symmetry, known asCgqplanar) andCgperp). These four
structures were optimized at the B3LYP and possibly CCSD
levels using the cc-pVDZ and aug-cc-pVDZ basis sets; the
optimized B3LYP/cc-pVDZ structures are shown in Figure 1
and the rather similar corresponding CCSD/cc-pVDZ structures
are only provided in Supporting Information.

The calculated hydrogen-bond interaction energiEswith
and without fractional BSSE correction, are listed in Table 5.
As B3LYP predicts that both thé&yplanar) andCs(perp)
structures are of much lower energy than their higher-symmetry
variants, only these two structures are optimized using CCSD.

basis set to aug-cc-pVDZ, however. Some test calculations areBoth methods predict very similar energies (planar) and
also performed using the more accurate but more demandingCs(perp), withCy(planar), being more stable by 0.2 kcal mbl

STEOM method, allowing the other major factor effecting the
quality of the EOM-CCSD/cc-pVDZ results to be identified.

From these results it is clear that EOM-CCSD/cc-pVDZ
provides a very useful level of theory, being affordable with
only systematic and qualitatively understood quantitative in-

taken as the reference configuration during subsequent excited-
state studies. Clearly, structures of this generic linear hydrogen-
bonded type can form over a wide range of the available
configuration space. As shown in Figure 1, tligplanar)
structure has the water molecule in plane with the pyrazine,

adequacies. and theCq(perp) structure has the water in a perpendicular plane.

The computed adaibatic energies should be adjusted for zeroNote that theCs(planar) structure appears to gain stabilization
point energy changes before comparisons can be made withffom an additional interaction between the electron-deficient
experimental data, but it is not feasible to calculate this CH protons and the water oxygen.
correction for each of the computational methods used. Our  The significance of BSSE is evident from Table 5 through
approach is therefore to determine “best estimated” zero-pointthe comparison of the relative energies of the various structures
energy changes using practicable computational methods. Allobtained using the cc-pVDZ and aug-cc-pVDZ basis sets with
computed zero-point energy changes are shown in Table 3,and without correction for BSSE, as well as through the plane-
where our best-estimated values are defined; this approach hagvave calculations. The plane-wave basis set used is very
been applied more comprehensivéRtfor related systems than  extensive and hence no BSSE calculations are required, but the
is demonstrated in the table, establishing that computed zero-use of a pseudopotential in these calculations constitutes an
point energies for excited-state hydrogen-bonded structures areapproximation of a different type. Theés(planar) structure is
somewhat insensitive to the computational method used. We calculated to be the lowest-energy one at the cc-pVDZ level by
actually apply this correction to thebsewedvertical excitation all methods, but this changes@(perp) upon either expansion
energies shown in Table 2 to obtain a quantity that may be of the basis set or application of the BSSE correction. Also,
directly compared with raw calculated values. Note, however, the plane-wave results provide the same ordering pattern as do
that both the zero-point energy corrections0(24 to +0.09 these enhanced calculations, with all absolute energies differing
eV) and the difference between the vertical excitation energies by at most 1 kcal mol. It is hence clear that the accuracies
and the band-maximum energies (ca. 0.15 eV) are large achieved using the various basis sets and pseudopotentials is
compared with the anticipated accuracy of modern computa- sufficient to allow the primary qualitative features of the
tional methods; hence, in quantitative studies, their inclusion is hydrogen-bonding process to be adequately described.
essential. Table 4 summarizes the geometric parameters and interaction

3.2. HO:Pyrazine Complex. 3.2.1. Ground StateThis energies calculated at the BLYP, B3LYP, and CCSD levels,
hydrogen-bonded complex has been the subject of manytogether with previous theoretical results. Although CCSD
investigationg0.21.29.333587-92 gnd its basic structure and en- predicts bond lengths intermediate between those of BLYP and
ergetics are known. As our interest is in vibrational analyses B3LYP, all optimized structures are quite similar. Also, all
and excited states, we employ more approximate methods tharmethods predict that the hydrogen bonding induces only small
have otherwise been used. Results are provided in Table 4 (keychanges in the geometrical parameters. For all the methods used,
structural and energetic information), Figure 1 (structures), and the predicted interaction energy falls in the range-@f.6 to
Supporting Information (complete listing of structures, energies, —5.4 kcal mot?, with the “best estimates” being the B3LYP/

TABLE 3: Calculated Changes (in eV) in Zero-Point Energy upon Complex Formation or Excitatior?

pyrazinetH,O — H,O:pyrazine GS- (n,t*) GS— (w,7%)
GS (n7t*) (7r,71%) pyrazine HO:pyrazine pyrazine ¥D:pyrazine
(EOM-)CCSD/cc-pvDZ 0.072 0.088 —0.002 —0.237 —0.220 —0.042 —0.116
B3LYP/cc-pVDZ 0.074
B3LYP/aug-cc-pVDZ 0.080
best estimate 0.076 0.088 —0.002 —0.237 —0.220 —0.042 —0.116

a|gnoring any intermolecular vibration of imaginary frequency.
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TABLE 4: Calculated Interaction Energies AE (in kcal mol~?2) after Fractional BSSE Corrections and Key Geometric Parameters(Bond Length in A and Bond Angles in Degrees)

for the Electronic States of HO:Pyrazine

AE/kcal mol?

NiH12011  NgH13011  tN1CCsNa

NsH1z  NiO1ir N4Oun CoNiCs  CsNiCs

NiH12

(EOM-)CCSD (TD-)B3LYPP

native
—4.29
—5.24
—-5.22
—4.90

geometry

structure
Cyplanary

state

o
L |

oo ooocoo o o

141.1
172.5

109.3
109.5

109.3
109.9

2.913
3.014

—4.74
—4.11
—4.07
—5.42
—5.10

BLYP/plane wave
B3LYP/cc-pVDZ
B3LYP/aug-cc-pvDZ
CCsSD/cc-pvDzZ
CCSD/cc-pvDZ
EOM-CCSD/cc-pvVDZ
TD-BLYP/plane wave
EOM-CCSD/cc-pVDZ
TD-BLYP/plane wave
TD-BLYP/plane wave
TD-BLYP/plane wave
EOM-CCSD/cc-pVDZ
EOM-CCSD/cc-pVDZ

Cyperp)
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Cq(top)
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Figure 1. Hydrogen-bonded structures for the ground state gD:H
pyrazine calculated at the B3LYP/cc-pVDZ level.

Co (

€

aug-ccpVDZ value of-5.2 kcal mot? and the CCSD/aug-cc-
pVDZ value at the CCSD/cc-pvVDZ geometry ef5.4 kcal
mol~1. These values are in good agreement with previous
B3LYP/6-314+-G** results’? (—5.4 kcal mot™) but are signifi-
cantly less that estimates obtained using a specially developed
AMBER molecular-mechanics potenfiél(—7.3 kcal mot™?).
Unfortunately, there is no available experimental hydrogen-
bonding energy for comparison.

In Table S3, a detailed comparison is provided between
observed and calculated vibrational frequencies for the complex.
Only a small number of the vibration modes of pyrazine have
been observed in aqueous soluffeend/or for the HO:pyrazine
complex? The calculated vibration shifts are all in reasonable
agreement with the available experimental values. A large red
shift in the hydrogen-bonded OH stretch frequency is predicted,
as expected on the basis of results for analogous sy$feths,
but no experimental data are available for comparison.

3.2.2. Lowest (m*) Excited StateFive different structures
for the (ng*) excited state of HO:pyrazine were optimized
using TD-BLYP; the results are shown in Figure 2 (optimized
structures), Table 4 (structural properties and fractional-BSSE-
corrected interaction energies), and Supporting Information
(optimized coordinates, normal-mode analyses, and analyses of
frequency changes by mode). The lowest-energy structure,
namedCs(planar), is analogous to the lowest-energy structure
found for the ground state; it has also been optimized using
EOM-CCSD/cc-pVDZ. Also similar to the ground-state hydro-
gen bonding, th&(perp) structure is found at slightly higher
energy than i¢(planar). Of the other structures, one named
Co(bif) has the water above the-plane with both hydrogens
interacting symmetrically with ther-cloud of pyrazine. This
structure was optimized without use of symmetry and the
symmetric structure resulted. The other two structures again have
the water above the plane, but in each case one hydrogen
interacts directly with a nitrogen atom from above; the other
hydrogen points either toward thecloud (namedCgtop)) or
away from it (namedC;(top)).
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TABLE 5: Calculated Interaction Energies AE (in kcal mol~1), for Water to the Ground State of Pyrazine at Different Possible
Structures (See Figure 1), with and without Fractional BSSE Correction

B3LYP BLYP CCSD
cc-pvDz aug-cc-pvVDZ plane-wave cc-pvDZ aug-cc-pvD2 cc-pvDzZ aug-cc-pVDZ
structure Eraw Efract Eraw Efract Eraw Eraw Efract Eraw Efract Eraw Efract Eraw Efract
Cy(planar) —355 —-2.36 —1.43 -—1.27 —-3.11 —3.28 —2.73 -—-2.18 —2.08
Colperp) —4.82 —321 -215 =-2.02  —201 -3.63 —245 -141 -1.30
Cqplanar) —6.85 —-524 —-552 522 —3.68 —579 —-429 -378 —-348 —-6.44 —-597 -6.04 538
Cq(perp) —6.71 —5.28 -548 —5.28 —4.72 -557 —425 —416 -397 -6.07 -474 -575 -518

a At the BLYP/plane-wave optimized structureAt the CCSD/cc-pVDZ optimized structure.
as this facilitates the best interaction with a nitrogen, and the
doubly bonded structure to the-cloud, Cy(bif), is the least
stable structure.

The differences in the hydrogen-bonding found inCH
pyrazine, HO:pyrimidiné* and HO:pyriding'! can be under-
stood in terms of the degree of involvement in the transition of
the nitrogen lone pair that is not hydrogen bonded. The
calculated G-N—C bond angles for bD:pyrazine at the EOM-
CCSD are 118 (hydrogen-bonded nitrogen) and I2@ree
nitrogen), and those for 4D:pyrimidine are 118 and 130,

-

..

(planar) C (top) respectively, and that for 4@:pyridine is 129. These values
8 5

indicate that the (m*) excitation is strongly localized on just
one of the two nitrogens in #:pyrimidine but remains closer
to the fully delocalized (equal angle) limit than to the fully
localized (ca. 11813C) case. Note that, for both pyrimidiffe
and pyraziné? the (n*) excitation is fully delocalized over
both nitrogens in isolated molecules, the CNC angles being 121
in pyrazine (Table S1) and 123in pyrimidine* Hence
hydrogen bonding to pyrimidine is predicted to affect the
electronic structure of the chromophore in a much more
profound way than it bonding to pyrazine. The AMBER
molecular-mechanics force field for pyrazine in its hypothetical
fully delocalized (nz*) state predicts a binding energy with
C, (top) Gy (bit) wate?? of 4.7 kcal mot?, close to the B3BLYP and CCSD values
Figure 2. Hydrogen-bonded structures for thes{t), excited state of of 5.2—5.4 kcal mot? (Table 4). Despite the loss of lone-pair
Hz0:pyrazine calculated at the TD-BLYP/plane-wave level. electron density, both this approach and the CCSD and B3LYP

- - . methods predict that the excited-state hydrogen bond is more
As indicated by the optimized values for torsional angles stable in HO:pyrazin@® compared to KO:pyrimiding541 by
N1CoN3C4 given in Table 4 (see Figure 1 for the atomic (g \cal mott.

numbering), the pyrazyl plane remains nearly planar for all
structures except the doubiycloud bonded structur€;(bif),
for which it is only 10. This result is in stark contrast to that
found for analogous structures of,®:pyridine?! for it, the
excited-state equilibrium hydrogen-bonded structure undergoes
a large boat distortion with torsional angle80°, this distortion
arising primarily from modulation of the strong vibronic
coupling between théB; (n,*) state of interest and a nearby
1A (%) state. It is hence clear that the excited-state hydrogen
bonding in HO:pyrazine is fundamentally different from that
in H,O:pyridine, being more similar to that found for,®:
pyrimidine %

The fractional-BSSE-corrected interaction energy from

In Table 6 is shown a variety of deduced energetic parameters
for the (nsz*) excited states of bD:pyrazine, obtained for the
investigation of excited-state dynamical properties. The quanti-
ties involved are sketched in Figure 3 and include the appropriate
zero-point energiess,y, interaction energieAE, complex
vertical (), adiabatic Ep), and origin Eqo) transition energies,
as well as the adiabatic transition energy in isolated pyrazine,
Eo(Pz). This figure is sketched along an idealized coordinate
that starts from the linear hydrogen-bonded structure of the
ground state on to molecular dissociation. The excited-state
minimum is indeed accessible without barrier from the ground-
state geometry, as indicated qualitatively in the figure. In

bl | d usi for the | addition, two other energies provide indicators of the types of
Table 4 evaluated using EOM-CCSD for the lowest-en&gy dynamics likely on the excited-state potential-energy surface.
(planar) structure is-4.4 kcal mot?, only 1.0 kcal mot? less First there is the predissociation energy

bound than the corresponding ground-state structure. This result
is also similar to that found for ¥D:pyrimidiné* but in stark Gs
contrast to that found for $#D:pyridine! as, for the latter, the Epre= Eo(P2)— AE
ground-state structure is destabilized on the excited-state suf-

ficient that it no longer remains a local-minimum configuration, which specifies the minimum energy for optical excitation that
relaxing without barrier to either dissociate or reach alternate could possibly lead to dissociation of the complex in the excited
above-ringr-cloud bonded structures. These alternate structuresstate, wheréoo(Pz) is the 6-0 transition energy of gas-phase
for H,O:pyrazine have only been optimized using TD-BLYP pyrazine andAES ot S is the change in zero-point energy due to
but consistently appear to be %5 kcal mol? higher in energy complex formatlon in its ground electronic state. For dissociation
than Cq(planar). The most strongly bound structureCigtop) to occur at this excitation energy, all energy imparted into

— AESS (3)

Zpt
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TABLE 6: Calculated Vertical Excitation Energies (E,) as Well as Fractional BSSE-Corrected Original Energies Eqo),
Predissociation Energies Ee) for H,0:Pyrazine in Its (n,#*) and (7x,7*) Excited States, after Correction for Errors in the

Calculations of Isolated Pyrazine (All in eV

H.O:pyrazine (nr*)

H,0O:pyrazine f,7*)

method E, — EV(PZ) E, Edqir Epre Eoo  Eoo— EOO(PZ) E, — EV(PZ) E, Eqir Epre Eoo  Eoo— EOO(PZ)
EOM-CCSD/cc-pVDZ 0.06 4.04 4.06 391 3.88 0.05 —0.02 479 489 4.77 4.60 —0.09
EOM-CCSD/aug-cc-pvDZ 0.06 4,04 411 396 3.89 0.06 —0.02 479 494 482 4.60 —0.09
exp 3.87 0.04
3.90 0.0
pyrazine monomer 3.98 3.83 4.81 4.69

a At the EOM-CCSD/cc-pVDZ optimized geometryFrom ref 87 in solid neort From ref 8 in molecular beani.Estimated as the observed
0—0 line at 3.83 e¥ plus the reorganization energy of 0.15 eV. from ref #Brom ref 83.f From ref 95.

AEJ’EX
Ey(Pz)
EESt
=P E Epre
E 00 Eg
v
| —
ESS +

zpt

Figure 3. Schematic potential-energy surfaces for the ground state
(GS) and an excited state (ES) of®ipyrazine as a function of some
dissociative intermolecular coordinate, indicating the adiabatic excitation
energy of pyrazine monomeky(Pz), the vertical, adiabatic, and origin
transition energies of the complek,, Eo, and Eqo, respectively, the
zero-point energie&sy and Exy, and the hydrogen-bond interaction
energiesAE®S and AEFS,

vibrational motions of the pyrazine molecule must be converted

predissociate so that the dissociation process is expected to be
very rapid. Similar calculations for #D:pyridine" predict the
vertically excited state is purely dissociative in nature and those
for H,O:pyrimidiné* predict significantly enhanced excited-
state stability. The reduced stability for,B:pyrazine is
consistent with the enhanced degree ofr{h,delocalization
implied by the similar values, 128nd 122, calculated for

the two CNC bond angles. Even a fully delocalized excited state
is not expected to lead to a broken excited-state hydrogen bond
as in this limit 1.5 electrons still remain in the hydrogen-bonded
lone-pair orbital after excitatio#f.

The calculated hydrogen-bonding shift to the origin energy
Eoo — Eoo(Pz) is 0.05-0.06 eV (see Table 6), in good agreement
with the experimentally observed range of 0:@407 eV887
Such shifts are much less than those calculated by similar
methods for HO:pyrimidine, 0.16-0.12 eV%* as well as for
H,O:pyridine, 0.16-0.21 eV#! The large value for kD:pyridine
is due to the weakness of the excited-state interaction, and the
midrange value for bD:pyrimidine arises not because the
excited-state bond is weaker than that foiQ:pyrazine, but
rather because the ground-state hydrogen bond is stronger.

into translational energy of the fragments, however. This energy Simulated using AMBER molecular-mechanics potential-energy
is also indicated in Figure 3; the second energy is that required surfaces for the ground and fully delocalized excited st&tes,

for direct dissociationmvithoutthe need for energy transfer from

the shift for HO:pyrazine is calculated to be 0.12 eV and is

the excited vibrations of pyrazine. As this energy is dependent overestimated due to the overbinding predicted by this method

on the specific vibronic level of the complex being excited, we

of water to the ground state of pyrazine.

consider only excitation at the band center and express the band- As shown in Figure 3, the blue shift of the frf) band is

center direct dissociation energy as

AEGS

Zpt

Egr = E/(P2)— AE®®— @)
whereE,(Pz) is the vertical excitation energy of the gas-phase
pyrazine.

Table 6 provides best estimated predictions of the actual
molecular properties by correcting the computed transition
energies for the known errors of each particular method in
predicting the transition energies of isolated pyrazine. In this
fashion,E, andEgy for the complex are evaluated by adding to
the calculated value d&, — E,(Pz) and the observed value for
E.(Pz), etc.

For the (ng*) excited state, the EOM-CCSD calculations
predict that the predissociation eneifgy. of the complex is in
excess of the 60 energyEq by only ca. 0.03-0.07 eV, hence

suggesting that a bound excited-state complex is possible.

Further, the vertical excitation ener§y is predicted to exceed
the dissociation energy by only ca. 0.1 eV, indicating that

indicative of the energy required to break the ground-state
hydrogen bond. In aqueous solution, the observed blue shift of
the pyrazine (m*) band is 0.26-0.25 eV483much larger than
the values calculated and observed for theOhpyrazine
complex. Both ab initio simulations using dielectric-continuum
models to represent the liqdfcf®42and fully polarized solvent-
shift calculations using explicit solvent structui®¥® indicate
that the structure of the liquid is important in determining the
observed solvent shift, with long-range interactions contributing
significantly. However, the blue shift for the linear,®k
pyrazine:HO complex is expectéfito be more indicative of
the value in solution than is that for the monomeric complex
studied herein.

3.2.3. Lowests,1*) Excited StateThe TD-BLYP and EOM-
CCSD calculations predict that,P:pyrazine in its first f,7*)
excited state has@s(planar) structure similar to those optimized
for the ground and first (m*) excited states, with a corre-
sponding Cyperp) structure slightly higher in energy. The
calculated bonding energy and geometric parameters are shown

irradiating the gas-phase complex in its ground state shouldin Table 4. Although folCq(planar) the intermolecular hydrogen-
produce a measurable level of the bound excited-state complexbonding parameterR(N1—Hi,), R(N;—011) and ON;—Hjo—

However, the vertical excitation energy is predicted to be close
to the direct dissociation energ so that energy transfer from
intramolecular modes to intermolecular motions is not required
for the major fraction of the vertically excited complex to

0131 are very similar for the (ag*) and (z,7*) interactions, the
pyrazine C-N—C angle (116 in the ground state and 118
122 in the (ns*) state) contracts to 109 indicating the
nitrogens have adopted3pybridization, suggesting the pres-
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ence of two lone pairs. Indeed, the EOM-CCSD calculated excitation to excited statésn two-color time-of-flight mass
hydrogen-bond strength increases by 0.4 kcalfhobmpared spectroscopic studiésdowever, alternate explanations are also
to the CCSD ground-state strength, in contrast to the*jn, possible such as internal converstbaf the (nz*) state to the
state for which the bond strength decreased by 1.0 kcat'mol  ground state during the time-of-flight of the compfex.

The calculated negative values Bf — E,(Pz) andEg — Previously, two motifs have been identified for the hydrogen
Eoo(Pz) (see Table 6) predict that the£*) absorption of HO: bonding of water with the excited states of azines. FeDH
pyrazine should display a small red shift{160 cnt?), in pyridine, the hydrogen bond is broken by the removal of one
contrast to the blue shift(500 cnt?) predicted for the (m*) of the lone-pair electrons from the nitrogen, leading to spontane-

absorption. Such shifts are typical of,f*) absorptions of ous dissociation of the vertically excited compfémeverthe-
pyrazine and other azines in dilute soluti@md are consistent  less, strong hydrogen bonds are predicted to form between water

with other calculation4? and the electron-richi-cloud of pyridine. For HO:pyrimidine,
Overall, quite a differenscenariois predicted for the first  localization of the (n7*) excitation on the non-hydrogen-bonded
(7r,m*) excited state compared to the ) state. Only small nitrogen leads instead to a strong excited-state hydrogen bond

changes in the vertical and adiabatic transition energies arethat is predicted to be reasonably stable after vertical excitétion.
predicted upon complex formation, as are observed. The verticalHere, for HO:pyrazine, we find that the (a}) excitation
excitation energ¥, is calculated to be either less than or close remains quite delocalized, leading to only tenuous stability of
to the predissociation energsye and the direct dissociation ~ excited-state complexes. Excited-state hydrogen-bonding thus
energyEqir, suggesting that the complex may be long-lived. shows a richness arising from the coupling of the motion of
However, energy relaxation from the,{*) state to the (n7*) the excited electron with the intramolecular nuclear vibrations.
state will be rapid, leading to dissociation of the complex.
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