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In this paper we extend the perturbed matrix method by explicitly including the nuclear degrees of

freedom, in order to treat quantum vibrational states in a perturbed molecule. In a previous paper we
showed how to include, in a simple way, nuclear degrees of freedom for the calculation of molecular

polarizability. In the present work we extend and generalize this approach to model vibroelectronic

transitions, requiring a more sophisticated treatmenf005 American Institute of Physics

[DOI: 10.1063/1.1870812

I. INTRODUCTION II. THEORY

In this paper we show that it is rather simple to use

The perturbegszmatrlx methd@MM), for modeling per- perturbed Born—OppenheiméBC) surfaces, corresponding
turbed eigenstates, proved to be rather accurate and pow-, gitferent electronic eigenstates, to obtain an accurate de-

erful in _ghe study of electronic processes in compleXscription of the quantum vibroelectronic states via PMM cal-
systems—° In PMM instead of including directly in the culations, at least within local harmonic approximations on
Hamiltonian operator the perturbation term, as usual fothe BO surfaces.

Hartree—Fock based calculations, the effect of the perturba-
tion is obtained diagonalizing the perturbed Hamiltonian ma-A. General derivation

trix constructed in the basis set of the unperturbed Hamil-  ag described in previous papéfé,once defined with,
tonian eigenstates. Such an approach is very much suited o the perturbing electric potential and field exerted by a
be used in combination with molecular dynami@¥D)  classical molecular environment on the quantum center, re-
simulations, hence providing a rather complete description o§pectively, and withH°, H the unperturbed and perturbed
the dynamical-statistical coupling between electronic properHamiltonian matrices of the quantum center, we can obtain
ties and atomic-molecular motions. In previous pab&fs the perturbed electronic eigenstates and eigenenergies of the
PMM was used to obtain vertical electronic excitations andyuantum center diagonalizing the perturbed Hamiltonian ma-
the only, simple, inclusion of nuclear quantum degrees ofrix given by
freedom(dof) was aimed to treat molecular polarizat%m
this paper we extend and generalize the method to model
vibroelectronic excitations within a quantum center embed- - Ol ~ 1.0
ded into a complex molecular system. Such an extension 2 ="E (D Py), (2
gllows a detai.led desc?riptioq of molepglar behaviqr, prOVi‘_j'whereqT is the total charge of the quantum centier®? are
ing access to information which are difficult to obtain experi-the dipole operator and unperturbed electronic eigenfunction
mentally. of the quantum center, respectivelyy approximates all the
terms from the quadrupole as a simple short range potential
JAuthor to whom correspondence should be addressed. Electronic maif?lnd the angle braCk?ES mean integration over the electronic
andrea.amadei@uniromaz2.it coordinates. Note thai can be evaluated for each quantum

H=Ho+TgV+Z, +AVI, (1)
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center and environment configuration and hence its eigen-so - "\ BO
vectors and eigenvalues describe all the possible electror:‘{éIB (&.Bo) _<¢§'"§(I)'|H |q)'¢§'"§>ﬁ:ﬁ0-" ©)
states and energies within a given statistical ensemble.

In our approach we distinguish between classical and\g= - By,. (7)
guantum nuclear dof approximating the Hamiltonian eigen- ) _ o )
states, of the quantum center, as the product of an electronf{Oté that the inclusion of vibrational anharmonic effects
eigenfunctiond,(x, &, B) with two nuclear wave functions, could be accomplished by higher-order expansions in Eg.
é,,(B) and ¢>g,ﬁ§(§'), describing the quantum vibrational (4). However, the quality of the harmonic approximation fqr
and classical nuclear dof, respectivéhote that thel sub- guantum nuclear dof should be rather good when separating

script in the quantum vibrational wave functigp, indicates ~ them from the classical ones, as, typically, the anharmonic
that it is obtained in théth electronic state, see the Appen- behavior is associated to the classical-like nuclear coordi-

dix). In the previous wave functionsare the electronic co- Nates. Hence, in this paper we disregard such quantum an-
ordinates,&’, B the nuclear classical and quantum coordi- harmonic effects. Equatiof#) means that for eacéiposition
nates, respectively, andy ._is fully confined within a tiny where the wave function factorization is possilie,(8) can

g

phase space volum@e., a numerical phase space differen- be obtained as a vi.brational eigenfunc_tion of a harmoniclike
tial) and so it acts transforming the classical nuclear coorgil'uclear Hamiltonian — operator, - with k'net'_c energy
nates and conjugated momenta operators of the quantu@g,wgq)ﬂmq%¢g,ﬁ§>, and hence the overall Hamiltonian ei-
center, into the corresponding phase space vajues. Note genvalues are given by a specific combination of a BO ei-
that we always consider for every BO surface a single energgenvalugobtained by Eq1)] with a vibrational one. It must
minimum at fixed£ and environment configuration, defined be noted that unless we use the approximatigtx,¢', B)
by B=B,,, and moreoverd(x, £, B) is fully equivalent to  =Pi(X, &, Bo) assumed in a previous pagene have
®(x,&,p) in any calculation involvingg, , . Furthermore,
for the sake of simplicity, we omit in the notation the depen- 9 9 "1BO

. (g, P||HO|D g )
dence of the quantum center proper{ies)., wave functions, \dB; dB; ¢ £/ p=8,,
operators, etg.on the environment coordinates. We can de- PR

fine the total molecular Hamiltonian operator as F (s n, P — —H#O D ds ) (8)
n - % A A T &7\ g 0B _ §mg
=HEO(x, 7, €, B)+K(&', B, 71, 7p) with HEC the BO sur- 1o B=Bo,
face Hamiltonian operatofincluding the pure electronic Defining with r
n

Hamiltoni the elect lei int " h | and p, the Cartesian nuclear coordinates
amiltonian, the electrons-nucier interaction, the nucleary g conjugated momenta we can express the nuclear kinetic

nuclear interaction, and the perturbation termE  the energy operator as
nuclear kinetic energy operator amg, 7, 7 the electrons
and nuclear conjugated momenta operatoote that we ex- M

plicitly show the conjugated momenta associated to the clas- K= f)l 2” Pns (9)
sical and quantum coordinaje$dence, for a giverith BO
surface(lth electronic eigenstatewe have
R . d
R R pj == |ﬁ?, (10)
<¢§,1T§q)||H|(I)|¢§,ﬂ'§>¢v,| = <¢§,n§q)||HBO|‘I)|¢§,1T§>¢U,| n
+{(¢ q’l|k|‘D|¢ Vb, | wherel\N/Ir'n1 is the inverse of the usual diagonal mass tensor.
&7 b T From the definition of the conjugated momenta operators we
=U (&) Dy, (3) can easily obtain the momenta operator transformatfipn

—1,) associated to the coordinates transformatiop
where U4(§) is the Hamiltonian eigenvalue, including the — 1,),
quantum nuclear vibration, for a given position of the clas-
sical nuclear coordinates on thté BO surface and the angle = —ih> Inj | 9 11
. . , . . 77]’ - I ’ ( )
brackets clearly mean integration over¢’ coordinates. If in IMnjr ) N
the last equation we consider a second-order expansion of

<¢§,,§(D,|I:|BO|<D|¢§,,, y around the minimum energy position, ©F I Vector notation
in terms of B, we obtain

i

710 =T'Pn, (12)
A .
U(E) by, = (uF°+ ABTAB+ <¢gm;1>.|r<|<bl¢g,ﬁ§>) b T, = (;7%) (13)
(@) "
Hence, the kinetic energy operator becomes
~ B ii ~ . l’\‘/l—l
(A& Bo)]ij = ((wi &ﬁj<¢g,n§<1>||HBO|q>|¢§,ﬂ§))B:BOJ, (5) K = %I%%n (14)
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ME= T T, (15) K=Ke+Kg, (20)
which is completely equivalent to the classical expression, TR
although it is to be considered that from 2K¢= 7Dy, (21)
AT A o, O - ~
(pn)J - (pn)] - Iﬁarn] ’ (16) 2Kﬁ: %EDBuB%B’ (22)
aT. 3 where both’f)g’g and 'f)ﬁﬂ are evaluated af, B,,. Note that
(,”,-I)J., => pT =-in> —L —in , (17)  PBo, fluctuations, due tcg and the environment configura-
i i My I jr tional change, are typically negligible for the mass tensor
and its inverse. Hence for ang physically meaningful, we
(18) obtain

Gy = 2 Ty = ,
n’j j 1LITF &nn,j’

_ _ _ ) (b PIK|D g )
and dealmg with operators we have that in genga] B
#T; ;P and henceée‘? (7r,);. From theoretical classical =K+ > <¢§,fr§q)|Kﬁg)i[DB,B]i,j(%ﬁ)j|(I)Id’§,1r§>'
mechanics we know that for each position of a subset of i
coordinates describing a hypersurface in configurational (23)
space, it is always possible to choose the complementary
coordinates in such a way on the hypersurface the mass temhere
sor, and hence its inverse, is a block diagonal matrix. If we 5
then choose the nuclear degrees of freedgm (£',8) in D¢
order to obtain a block diagonal mass tensor on the hyper- Ke= ’76 2
surface defined by3=p,, and considering thaB coordi-
nates are “classically” virtually fixed g8y, i.e., the corre- From the definition of them, operators and considering the
sponding distribution at a givené and environment i,j indices as indicating only th@ coordinates, i.e.,
configuration provides negligible variations, we have

. (24)

~ ~ ~ - i = Bi
~ D D D 0
-1 Peag Pep | | Pes
M”ﬂ‘(a 5 )2(6 5 ) W =
Be YpB B.8 n
implying we can write the operators in E(3) as

(b= DIl(FRIDpg gl (770 [ Prb )

ANTE 9 - ( 9 )
= ol -in L ih——|[Dy o] | - i— ||@
<¢gm§ ||( ?arn,j’ (Mm)[ .ol 7, | |¢§,11§>

32 ‘9;‘)' JT 2 a;{)l a[Bg,é]if
==h &Bj ?zﬂ'n [DBB]I] ﬁ(CI) |(I)|>]E I’ [Dﬁﬁ]”ﬂﬂ -h &ﬂj &Bi
2 Dpply 0 _ AT YOy g T N
h{(D)| D)) T h Y [Dgglij— A\ P 2B, [Dﬁ,B]l,Jaﬁi
FI) P
-7 @, 07,3| [DB,;]., - 1D, |®'>[Dﬁﬁ]"f9ﬁ.0ﬁj (25

where we used the fact that the mass tensor in the nucleaps=,(§)Pi(x,8",B)|P (X&', B) bgx (§)
kinetic energy operator is independent of the electronic  _

: . . . . =(D|(X,&,8)|D(X, & 8)). 26
coordinates and the integration ow@r, x coordinates in the (i,E BIP(x,£8) (26)
presence ofp; , wave functions is equivalent to an integra- Hence, in Eq.(25) the angle brackets enclosing only the
tion only over the electronic coordinates wigh=¢, e.g., electronic wave functions indicate an integration only over
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the electronic coordinates. Finally, assumia%jh/aﬂi&ﬁj (¢yiirPem |lti||¢gﬁ by
=0 and using in the previous equations the relation ¢ ¢

D, oDy :j ¢;,i,ir¢*g,ﬁ§,U«i,|¢u,|,|'¢§,w§d§'dﬁ, (32)
:_<‘b D=\ — P o | —
b % 9B, where
=5 0|22 27
- ' 9B, 20 l-‘i,I:<CDi|iL|q)l>:Jq)i*iLq)ldX (33

valid for whateverth electronic wave function anidh beta is the perturbed electronic transition d|po|e for the | elec-
coordinate, and due to the orthonormality and reality of electronic excitation, given by
tronic Hamiltonian eigenfunctions, we obtain

wiy=c A + ¢ TAX ) + ¢ TAk, (34)
(bgm CD||K|(D|¢§,”§> ~ o~ o
[Ax]n,m = <(I)n|,ux|¢'m>, (35)
= - _2 E E [ ﬁﬁ]| j ~
ﬂ%J 5ﬂ1 (Ao m= (PRl DD, (36)
h? dDuglii 9 30 0/~ |dy0
Wpplij ¢ [AY], = (DO i |DO). (37)
22; B B EE[ ,Bﬁ]ualgl zdnm nl 2 Py,
= K¢+ K. (28) B. Application to solvated carbon monoxide
Therefore from Eq(4) we can write In order to apply to solvated carbon monoxide the rela-
tions derived in the preceding section, we first need to define
|:|u|¢u L =Uy by, (29) its mass tensor expressed in the proper basis set. Following
o o analytical mechaniésand the statistical mechanical deriva-
_ tions described in a previous paﬁewe chose to use the
0 =Rt A TﬁA 30 mass tensor expressed in the basis set corresponding to the
vl =K+ AB 2 B. (30 center of mass velocity, the angular velocity in the molecular
frame(corresponding to the time derivatives of the rotational
U=t -1~ K (31) angIeﬁ) and the |r.1tramolecullar coordinate ve]goﬁgrven by
vl LI ! & the time derivative of a single atom position along the

chemical bond and respect to the center of masence,
considering the five rototranslational coordinates as the clas-
sical nuclear coordinates and the intramolecular one as the
guantum vibrational nuclear coordinate, the mass tensor is
iven’ by

where now in the notation of the vibrational wave function
and overall Hamiltonian eigenvalug . we explicitly show
its double index,!” due to the combination of theh BO
surface with thd’ corresponding harmonic vibrational state.
The last equations clearly show that the overall perturbetgJ
Hamiltonian eigenvalues given by4 (&) =UP(&, Bo))

+U, ) 11 (§) +KL&, By, g can be obtained using PMM to
calculate the perturbed BO energy surfaces and via the cor-
responding Hessian matrices at each energy minimum, also
the “local” quantum harmonic terms. Therefore for each
fixed classical positioF and environment configuration, on
every BO surface we have a set of quantum harmonic vibra-
tional states defined by the local quantum harmonic wej| at
Bo,. Note that#®,/dp;dp;=0 used in this paper can be M=m; +my, (39
considered as a higher-order approximation than the one
used in the previous paﬁarvhered), was considered as in-
dependent of thgd coordinates. Finally, once the perturbed
electronic eigenvectors and eigenvalues are obtained via
Eqg. (1), as well as the corresponding perturbed quantum m,
nuclear vibrational states and energies according to the pre- ' = MH’ (41)
vious derivations, we can then calculate any property of the 2

I,I" vibroelectronic (vibronic) states, with energie$4|Bo whereM is the molecular mass given by the atomic masses
+U,, . For instance the perturbed vibronic transition di- my, m, related to the three center of mass velocitRss the
poles, necessary to calculate the vibronic excitation speddiagonal inertia tensor element of the biatomic molecule
trum, for the vibronici,i’ —1,l’ transition can be obtained related to the two components of the angular velocity, ahd
from is a “reduced” mass providing the “internal” kinetic energy

=
Il

, (38)

n

o ooooXZ
o oo o< o
o oo < oo
OEOOOO

o O O o o

oo X0 O O o
=

R

oM g2 M
FML = BM (40)

Downloaded 04 Apr 2005 to 151.100.52.54. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



124506-5 Vibroelectronic states in complex systems J. Chem. Phys. 122, 124506 (2005)

due to the intramolecular coordinate velocity. As mentioned!l. METHODS

in the preceding section the approximatiBes By, is virtu- L . _
ally an exact relation for a quantum vibrational coordinate PMM appllcatl_on requires an adequate descrlptlon_of the
electronic properties of the isolated quantum cefiterthis

(in this paper we neglect any quantum vibrorotational cou- . . o
pling considering the molecular rotations as classical moPaper a carbon monoxide moleclitand a reliable statisti-

tions). Note that such a mass tensor has been evaluateccla"y meaningful MD simulation providing the solute-solvent

without any loss of generality, aligning the external reference'meracuons'

of frame z axis along the molecule chemical bond. Such a

choice, simplifying some of the expressions, is completelya. Molecular dynamics simulations
irrelevant for the kinetic energy operator as this is invariantand ab initio calculations

for any coordinates transformation. Combining the obtained
mass tensor with the one-dimensional Hessian mdiix
=k,) into the general equations of the preceding sedtiog.,
Eq. (30)], provides

We performed a set of molecular dynamics simulations
over a wide temperature ran@g@00-1200 K using a cubic
box of 256 simple point chargéRef. 9 water molecules, at
the typical liquid density(55.32 mol/), plus a carbon mon-
A 1 k oxide moleculé? for all these simulations the total number
Hy = (70 g (1) g + AR, (42)  of time steps was 3 000 000 with three different time step
2p 2 values: 2 fs for simulations in the range 300-450 K, 1 fs in
S the range 450-800 K, and 0.5 fs in the range 800-1200 K.
where now theB subscript indicates the component COITe-\ve also performed a simulatid5 ng of carbon monoxide
sponding to the intramolecular coordinzﬁh{‘eMoreover, from in chloroformi12 (256 moleculesat 300 K using a cubic
the definition of the transforr[lation matrixused in the pre-  pox with a side of 3.25 nm, corresponding to the liquid den-
ceding section, defined hy,=T#, and again aligning the  sity at 1 atm. Also in this simulation we used a time step of
axis along the chemical bor{d, 2 fs. For all the simulations performed the initial 500 ps were
considered as equilibration and so removed from the analy-

100 0 B O sis. We used theROMACS software packadé modified to
010-8 0 0 use the isokinetic temperature couplﬁgn order to obtain
001 O 0 1 results fully consistent with statistical mechanicEhe long
T m, (43) range electrostatics was calculated using the particle mesh
100 0 -38 0 | ewald method? with 34 wave vectors in each dimension and
010 ™ 0 0 a fourth-order cubic interpolation. Short range interactions
me were evaluated within 0.9 nm cutoff radius and LINES
001 O 0o - :—; algorithm was used to fix bond lengths. We also utilized the
“freeze” GROMACS option to constrain carbon monoxide at-
we readily obtaing;T; ;=T; zp; hence providing oms, fixing its position at the center of the simulation box;
such a constrained simulation is fully equivalent, for a rigid
_ h? & 4 EA,Bz (44) molecule, to removing the solute rototranslational motibns.

ol = z_ﬂ'g_ng 2 This procedure which speeds up the solvent relaxation
around the solute, providing the correct statistical mechanics
In this last equation, which can be easily used to evaluatand thermodynamics of the system, allows a simple PMM
harmonic vibrational states, the energy constanis ob-  application.
tained at each classical coordinates configuration of the In order to determine carbon monoxide electronic and
solute-solvent system, for a givéth electronic state. Hence, vibrational states, we performed several quantum chemical
solutions of the last equation as obtained along a MD trajecealculations on the isolated carbon monoxide molecule, over
tory, combined with the perturbed electronic eigenfunctionsa set of different internuclear distances. Configurational in-
and eigenenergies, can be used to evaluate the complete w@ractiongCl) (Ref. 17) calculations were carried out at each
bronic behavior of the solvated carbon monoxide. internuclear distance including single, double, and triple ex-

TABLE I. Electronic energy differences of the minini&,), electronic dipole momenig), and vibrationalharmonig frequenciegw,) for the unperturbed
electronic ground statéX'3*) and a set of unperturbed electronic excited states of carbon monoxide, as obtained by our ClI calculations. Note that the
electronic state notation is taken from the literat(Ref. 28.

Xzt AT BIs* cist E I
Tecmd) 020° 64 5472 65 075 86 4897 86 948 90 5357 91 926 92 6572 92 928
w(Debye -0.072-0.1% 0.3320.33 3.1171.95 -4.982 -4.5( 0.08
weem™) 20802 2170 16242 1516 20962 2082 211222133 2179% 2134

*Experimentally determined.
PReference 25.
‘Reference 26.
YReference 27.
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citations and using an active space as large as ten electrons ir .jj2s9}- T Tl

35 orbitals. A triple zeta atomic basis set with polarization ) o—o unperturbed
and diffuse functions, i.e., aug—cc—pv-llazwas adopted at this o-o perturbed
purpose. Density functional calculations, Becke’s three pa-  -1129 7

rameters exchandg, and Lee, Yang, Parr correlatith
(B3LYP), with the same atomic basis set were also per-
formed for obtaining the electronic orbitals which provided
the basis set for ClI calculatiofThe number of the final
unperturbed electronic states considered for PMM calcula- 341
tions was preventively checked through a sensitivity analy-

sis. All our quantum chemical calculations on isolated carbon
monoxide were performed using the Gamess US pac??age. -112.93

—

s

e
T

B. Calculations of the perturbed vibroelectronic 1204 | | | 1 '

. |
properties 2 21 22 23 24 25
bohr

For each frame of the MD simulations we calculated, by
means of PMM, the perturbed electronic energies @rah-  FIG. 1. Carbon monoxide ground state unperturbed and mean perturbed
sition) dipole moments curves due to the change of the inelectronic energy as a function of the internuclear distance. All the data were
tramolecular coordinatg. For this purpose a set of internu- obtained by CI calculations, PMM, and MD simulation in water at 300 K.
clear distances, around the energy minima, was considered
for the ground and the first two electronic excited states, thehat the integral in the last equation was numerically calcu-
latter ones energetically degenerate in the unperturbed colated using ten points within thg range, virtually account-
dition. The perturbing electric potential and field used ining for the complete wave functions overlap, and the vibro-
PMM calculations were obtained by the environmésnl-  electronic transitions considered were obtained as excitations
vend atomic charges and the short range energy term of Ecfrom the vibrational and electronic ground state to one of the
(1), typically providing a tiny contribution to the perturbed first six vibrational states of each of the first two electronic
energies and irrelevant for the electronic excitation energyexcited states. It is worth noting that, in the present work, the
(see theory sectignwas neglected in the evaluation of the accuracy of the unperturbed quantum chemical properties
vibrational states. In fact the available semiempirical shoremployed for PMM calculations, is of crucial importance. As
range potentials, e.g., the Lennard-Jones potential, are tamatter of fact, beyond the need of obtaining a reliable set
crude to be used for estimating quantum vibrational frequenef excited states, the attempt to reproduce the vibrational
cies and hence it results more accurate to disregard sucheidgenvalues shift due to the QC interaction with the molecu-
short range energy term. From these calculations all the petar environment, demands rather accurate quantum chemical
turbed vibroelectronic properties were obtained, according t@alculations as the perturbation effect on vibrational frequen-
the derivations described in the theory section, evaluating afies is typically rather weak. Given the absence of detailed
each MD frame the vibrationgharmoni¢ frequency, by a experimental data on solvated carbon monoxide vibrations,
quadratic fit of the energy, and the electrofti@nsition di-  we could not address thoroughly such a point. However,
poles. As expected, quantum chemical and PMM calculabased on our previous experiefitand on the large amount
tions showed that the ground state electronic dipole momendf available literaturé® we may consider that the quantum
Moo is well approximated by a linear function of the inter- chemical calculations used to obtain the unperturbed molecu-
nuclear distance, hence providing the usual selection rule

<¢U,0,i’¢§,n§‘MO,O‘¢§,ﬂ'§¢U,O,|’>:01 s 1 1 1T 4

o— unperturbed

I"=i’|>1. o-o perturbed
-112.926 - —

Finally, the vibronic spectruri{,"’, for thei,i’ —1,I" transi-

tion, was obtainedconsidering a unitary radiation energy

density per unit frequengyby 112,928
=

110 =Bl p(V), ¢

-112.93

Bi"" _ |<¢v,i,i’¢§,ﬂ'§|”’i,||¢§,ﬁ§¢v,l,|’>|2

ul 6egh? ’

where p(\) is the probability density of excitation in the "%

wavelength or frequency\) space(i.e., the probability to

find the chromophore within a given excitation energy inter- " bohr
val divided by the corresponding interval) as obtained by
MD and PMM ande, is the vacuo dielectric constant. Note FIG. 2. An inset of the curve given in Fig. 1.
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' : 1 ' ' T T £.0005 ———— —
0.0012 - -
--- Water - — 300K 1
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0.001 0.0004 = 7
0.0008 = 0.0003 |- 4
E § <
T 00006 -
0.0002 |- .
00004 i
0.0001 |- -
0.0002
L 1 ~od -
Das s o zom 2082090 2100 310
em’ cm’

FIG. 3. Vibrational spectra of carbon monoxide in water and chloroform atFIG. 4. Vibrational spectra of carbon monoxide in water at different tem-
300 K, as obtained by PMM and MD simulations. Time indicated onythe peratures, as obtained by PMM and MD simulations. Time indicated on the
axis is expressed by the atomic unit. y axis is expressed by the atomic unit.

lar properties should be accurate enough to provide PMMiitions. It is worth noting that vibrational spectra in liquids
reliable evaluations also for the small frequency fluctuationstypically show no vibrorotational couplindR—P bands and
a single band, centered near the gas pt@aseand®®*° is
present. Hence, the usual modeling of rototranslational mo-
tions as completely classical, neglecting any quantum vi-
Table | shows that our quantum chemical calculations orbrorotational coupling, is for liquids a rather accurate ap-
the isolated carbon monoxide are rather accurate, being iproximation also when theoretical calculations on
agreement with experimental data found in literature. This isvibroelectronic excitations are concerned. In Fig. 4 we show
clearly a preliminary, necessary condition to obtain accurat¢he vibrational spectra of carbon monoxide in water, at three
PMM evaluations. In Figs. 1 and 2 we compare the groundlifferent temperatures: 300, 600, and 1000 K. The only ap-
state unperturbed electronic energy, as a function of the inpreciable effect due to the increasing temperature is the en-
ternuclear distance, with the corresponding mean perturbedrgement of the curves, clearly caused by the increasing
energy curve as obtained by the simulation of carbon monsolvent fluctuations. It is also worth to evaluate the distribu-
oxide in water at 300 K. From the figure the very limited tion of the internuclear distance corresponding to the elec-
solvent effect is evident, only providing a slight frequencytronic energy minimum, given in Fig. 5 for the electronic
reduction(redshify. In Fig. 3 we show the vibrational spectra ground state and Fig. 6 for the first two excited electronic
(due to vibrational excitations in the electronic ground gtate states, for the solvated carbon monoxitheth figures refer
of carbon monoxide in water and chloroform at 300 K. Asto the simulation in water at 300)KThese figures clearly
expected, in water the width of the vibrational spectrum is

IV. RESULTS

larger than in chloroform because of the greater polarity of — T T - — T
water molecules, resulting in augmented perturbing electric 1
. . . : 3001 — Chloroform |
field fluctuations. For both systems the absorption maxima - Water
are rather close to the unperturbed vale80 cn') with a r ]
slight redshift of 2(see Table N and 1 cm?, respectively, in 250~ ]
agreement with the only experimental vibrational spectrum r 1
found in literature for carbon monoxide in a liquidhloro- 200~ -
form), providing a redshift of about 6 cthat ambient con- - ]
150 — -
TABLE Il. Electronic excitation energy shift, with respect to the isolated i 1
carbon monoxide excitation energy, as obtained by vertical transitions for 160 -
the first(A;) and secondA,) electronic excitations. In the table we also L J
show the vibrationalharmonig frequency(w,) of the electronic ground sol- B
state. All the data were obtained by CI calculations, PMM, and MD simu-
lations. I . 1
Py P NP ool N
217 2175 218 2.185 2.19 2.195 22
A, (kJ/mo) A, (kJ/mol) we( cmY) bohr
Isolated CO 0.0 0.0 2080 FIG. 5. Distributions of the perturbed electronic ground state minimum
CO in water at 300 K 0.128 0.640 2078 energy position(expressed by the corresponding internuclear disjaote
CO in water at 1200 K 0.079 0.670 2077 carbon monoxide in water and chloroform at 300 K. All data were obtained

by PMM and MD simulations.
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FIG. 6. Vibroelectronic spectra of carbon monoxide in water at 300 K, forFIG. 8. Distributions of the vibrational frequencies for the first two elec-
the first two electronic excitations, as obtained by PMM and MD simulation.tronic excited states. Data were obtained by PMM and MD simulation of
Time indicated on thg axis is expressed by the atomic unit. carbon monoxide in water at 300 K.

show thatfs, can be in general considered as virtually flXedtransitions are involved. This is explained by Fig. 8 where

for a given electronic state, with a value, corresponding Ghe perturbed vibrational frequency distributidias obtained

the mode of the distribution, practically identical to the iS0- by the simulation in water at 300)Kof the first two elec-

lated molecule one. In Fig. 7 we compare the complete vi- ~ . . L .
: L tronic excited states are shown, clearly indicating rather dif-
broelectronic spectra of carbon monoxide in water at 300 K

for the first two electronic excitations. The unperturbed firstferent rlght tails. This obviously means thgt an increasing
) energy shift for the peaks associated to high energy vibra-

energetically degenerate and from Fig. 7 it is clear that th';t:ional states must be present. The distributions of the inter-

. . nuclear distancéFig. 7) as well as of the minimum energy
solute-solvent interaction breaks down such a degeneracy, %ﬁ‘ferencesT U, )~UE(By o) (Fig. 9) are, vice versa
a result of the perturbing electric field fluctuations. Each e~ Mol NI 9. ’ '

peak of the two spectra corresponds to a specific Vibroelecr_ather similar for the two electronic states. As expected the

tronic excitation, from the vibroelectronic ground state, °b‘§iﬁ}f;a:a;:;?gst;gﬁ2 S}Fée(r:gg&;srv?:hwgﬂ t{;}i fgcs):révgooil(;ﬁ'
tained combining one of the first two electronic excitations , Tep y P 9

with a given vibrational transition, i.e., in our notatigsee highest V|b.roelect.ron|c ab;orptlon peak, as shown by Figs.
o o1’ o’ ) ' 10 and 11, the different size on theaxes as well as the
methods sectioneitherlo; or I, for whatever final vibra- 1, aqening are simply due to “vibrational averaging” of the
“F’”a' statel __0’1’2'_3"' ' The_se spectra rt_eveal adlfferent_ transition dipoles and vibroelectronic coupling in the vi-
vibroelectronic behavior associated to the first two electronig, i~ spectra. Such vertical electronic excitations provide

excitations, increasingly evident as higher energy vibrationa{he maxima of the corresponding complete vibronic spectra,

200 . , . , . , . , .

N --- state 2 il
'/ V — state 1 L — 0-1 i

50~

8.35 — 24

({53 154 155 156 157
nm

FIG. 7. Distributions of the minimum energy positidgexpressed by the

internuclear distangefor the first two electronic excited states. Data were FIG. 9. Distributions of the energy minima, with respect to the ground state
obtained by PMM and MD simulation of carbon monoxide in water at minimum,(T) for the first two electronic excited states. Data were obtained
300 K. by PMM and MD simulation of carbon monoxide in water at 300 K.
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FIG. 10. The most intense peaks of the vibroelectronic spectra of carboIG. 12. Norm of the mean perturbed ground state dipole component along

monoxide in water at 300 K for the first two electronic excitations, as ob-the carbon monoxide axisolid line) and mean absolute value of the per-

tained by PMM and MD simulation. Time indicated on tjieaxis is ex- turbed ground state dipole component orthogonal to the carbon monoxide

pressed by the atomic unit. axis (dashed lingas a function of temperature. All the data were obtained
by PMM and MD simulations of carbon monoxide in water.

correctly indicating a variation of the maxintaertica) ab-

SOI’ptiOI’] values when solute-solvent interactions are Consich'onic excitationS, providing a generai, rigorous theoreticai
ered(see Table )i model for obtaining vibroelectronic properties of a quantum
Finally, in Fig. 12 we show the absolute val(rm) of  center embedded in a complex molecular system. This ex-
the mean perturbed ground state dipole component along thended PMM model is essentially based on two main as-
carbon monoxide axis, as well as the mean of the absolutgumptions:(1) that the overall stationary QC wave function
values of the perturbed dipole component orthogonal to sucly given by a single product of the Born—Oppenheimer type;
axis, both as a function of temperature. Note that while theynd(2) that the intramolecular nucleéguantum degrees of
latter dipole component has a zero average value, the formgfeedom are harmonic. Note that the use of the vibroelec-
has not and the results shown are obtained by the simulatioRgnic eigenstates at each molecular configuration to obtain
in water in the complete temperature range us#0-1200  the absorption spectra implies that we can consider both the
K) From this ﬁgure it is clear that carbon monoxide is QC electronic and nucieaquantum degrees of freedom as
hardly polarized along its molecular axis by the perturbingre|axing much faster than the perturbing field. It is also worth
electric field fluctuations induced by the temperature, alnoting that other theoretical-computational procedures, uti-
though axial and orthogonal polarizability are similar. lizing molecular simulations, have been recently proposed to
V. CONCLUSIONS describe quan_tum vibra’Ei%ns of a molecule interacting with a
molecular environment:=>*These methods, however, make
In this paper we extended PMM in order to treat explic-yse of a semiempirical functiofbtained by fittingab initio
|t|y quantum nuclear vibrations and their coupling with elec- data in small molecular clusterand do not provide the per-
turbed eigenstates of the solvated system at each simulation
frame. The presented PMM extension, modeling the vibro-
=02 . electronic eigenstates for each molecular configuration pro-
— 0 vided by the simulation, can be utilized for constructing rig-
orous statistical mechanical models of complex systems at
atomic-molecular level, as well as for direct calculations of
whatever QC(perturbed observable. Its application on sol-
N vated carbon monoxide, used as a relatively simple test case,
| clearly shows that a great amount of extremely detailed in-
- formation can be obtained, ranging from the vibratiotigl
spectra to the complete vibroelectronic excitation properties,
- hence opening the way to a sophisticated and accurate
1 theoretical-computational description of quantum-classical
processes.

T T T T T

35

0.5

S RS R LM

1
f4 1465 147 1475 148 1485 149 ACKNOWLEDGMENTS
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