HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICSL122 124507(2005

Ground and excited electronic state thermodynamics of aqueous carbon
monoxide: A theoretical study

Maira D’Alessandro, Fabrizio Marinelli, and Marco D’Abramo

Dipartimento di Scienze e Tecnologie Chimiche, Universita di Roma “Tor Vergata”,
via della Ricerca Scientifica 1, 00133 Roma, Italy and Dipartimento di Chimica,
Universita di Roma “La Sapienza”, P.le Aldo Moro 5, 00185 Roma, Italy

Massimiliano Aschi
Dipartimento di Chimica, Ingegneria Chimica e Materiali, Universita degli studi dell’Aquila, via Vetoio,
67010 L'Aquila, Italy

Alfredo Di Nola
Dipartimento di Chimica, Universita di Roma “La Sapienza”, P.le Aldo Moro 5, 00185 Roma, Italy

Andrea Amadei®
Dipartimento di Scienze e Tecnologie Chimiche, Universita di Roma “Tor Vergata”,
via della Ricerca Scientifica 1, 00133 Roma, Italy

(Received 16 November 2004; accepted 20 January 2005; published online 30 Margh 2005

By using the quasi Gaussian entropy theory in combination with molecular dynamics simulations
and the perturbed matrix method, we investigate the ground and excited state thermodynamics of
aqueous carbon monoxide. Results show that the model used is rather accurate and provides a great
detail in the description of the excitation thermodynamics2@5 American Institute of Physics
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I. INTRODUCTION Let Q andQ,¢s be the canonical partition functions for a
fluid state system of one solute angsolvent molecules, and
for a reference system at the same temperature and density
but without the potential energyence without any inacces-

In recent papefs we showed that it is possible to use
the quasi Gaussian entrogGE) theory in combination

with molecular dynamic§MD) data to obtain a very detailed sible configuration We can express the exceételmholt2

and accurate description of the partial molar thermodynamicFree energy of such a system, equivalent to the extéstn-
of dilute solutions. In this work we combine such a theoret—holtz) free energy per solute ’moleculez'gég

ical approach with a new extension of the perturbed matrix

method (PMM), described in the accompanying paper, A’ = A= A= —KTIN(Q/Qrep) = kT IN(*'Y —KkTIn ¢,
which provides a detailed description of the complete vibro- (1)
electronic behavior of a quantum center embedded into a
complex molecular environment. In this way it becomes pos-

sible to rigorously obtain the partial molar thermodynamics Q=
of whatever electronic state, without using the approxima-

tions of previous pape‘fg where vertical electronic excita- ®)
tions were utilized. Application to aqueous carbon monoxide

confirms the accuracy of QGE/MD models in reproducing 82V
(grgupd stat)ether_modynamms an(_j prov!de_s a deta_lled de- Q= ——— 1 (detﬁ1j)1’2(detMc,)1’2dxindx, (3)
scription of the first two electronic excitations which, al- e =1

though degenerate in the isolated carbon monoxide, present a . . .
rather different thermodynamics when solute-solvent interacvherel’ is the excess enerdpasically the potential energy
tions are considered. including the quantum vibrational ground state energy shift

from a reference valyeof a subsystem made of solvent
molecules and a single solute molecule with fixed rototrans-
lational coordinatesx;, are the generalized internétlassi-
cal) coordinates of the single solute molecule andre the

In this section we summarize the essential derivations ofclassical coordinates of theg solvent molecules within the
both the QGE theory and the PMM, necessary to obtain parsolute molecular volumé/ (i.e., the integration limits are
tial molecular and electronic properties from MD data. De-defined byV). Moreoveriiy is the classical coordinate mass
tailed descriptions can be found in previous paﬁésrs. tensor block of thgth solvent moleculeM, is the classical

coordinate mass tensor block of the solute andis a
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~ (27-rkT)(d+ds)’2Qﬁe’}‘ different from the ones in the reference sjate, uier, Ms

gt @91+ 9)(1 + )" (4) et s are the ch.e.mlcal potentials in the actual fluid and in the
reference condition for the solute and solvent molecules and

with 1+y and 1+ys the symmetry coefficients for the solute p,.; is the pressure in the reference state.

and the solvent, respectivelyandds the number of classical Assuming thatA’ can be well modeled by a single

degrees of freedom in the solute angsolvent molecules, Gamma statéwe have

and Q? the quantum vibrational partition function, as de-

Q)

Cholo

fined in previous papers.’ for the molecules within the sol- U = U+ (T- Ty 00 (13)
ute molecular volumeV, typically given by the product of 0 T(1-68)+ 8To
the molecular vibrational partition functions. Finallyjs the
Planck’s constant and the star in Eg) denotes an integra- A" =Ugy = ToCypA(T) —kTlIn e, (14
tion only over the accessible configurational space within the
solute molecular volume. Note thatin Eq. (1), is the frac- 1 T
tion of available configurational spate, AM = % + Tol In{1 - &M}, (15
f (deth)”ZH;‘jl (detf)2dx;,dx Todo
- ® DT g+ Toa (o
0 0¢0

€=
N V2T s = \1/2
J (detMe) Hi:l (detimy)™dxindx with Uj=U"(Ty) andC{,,=C{(T,) the excess internal energy
and heat capacity of the system at the reference temperature
Ty, and & a dimensionless intensive propezriyldependent
of the temperature, which in our caleigh dilution is de-

with the correspondindgtemperature independgneéntropic
term, kine, usually associated to hard-body excluded

7
vqu_IrI;]e. bl . Is0 b d termined by the solvent. Subtracting the solvent partial ex-
as e ensemble average in Hd) can also be expresse cess free energy from EL4), we readily obtain
a’' =A’ -ng@a. =uy—c\ToA(T) = kTIn e, (17)
() :f puet ©® whereuj, and ¢, correspond to the solute partial molecular

o . o ) excess internal energy and heat capacity, evaluated at the
where pU") is t,he probability .dlstnbu.t|on funcgr?osggof the reference temperaturg, and kT In e is the corresponding
excess energy(’. We showed in previous pap that  partial molecular excess free energy due to the confinement

one _of the simplest.distribution, the Gammg distribution,(?iS the confinement term of the soluit&Jsing general ther-
provides a fully physically acceptable theoretical model formodynamic relations, we can obtain the Gamma state ex-

solute-solvent systeni&amma stategiving an excellentde-  essions for any thermodynamic property at high dilution,

scription of the fluid state thermodynamics over a wide range g the solute partial molecular internal eneryyand heat
of temperature and density. We can rewrite the excess fre@apacityc’ 12
'\

energy of the considered system as

’ _ ’ ’ ' (9U, ! C\’/OTO
A =na o v >p,n,T'”°+(T T =0+ T’
where &, is the partial molecular excegsielmholt? free °
energy of the solvent ana'’ is the partial molecular excess o/ T 2
(Helmholtz free energy of the solute. It is worth noting that c,= (—V> = c\’,o{—o} .
solvent and solute partial molecular excess free energies are M/ pngt T(1-8) + &To

obtained at fixed pressune for the actual fluid and not in Using the expression of Eq13) to fit the average po-

general at fixed pressure for the reference state. This is b‘?éntial energy of the whole system, as provided by MD simu-

caulse tlhe referetr;ce st?tehls defmeci with tdh_e_ samzvolume alions at various temperatures, we can obtain the excess
molecular number of the actual condition. Hence Wechemical potential vis?

obtaint?
’ ’ ’ , * dine
a5 = s~ P'Us, (8) p=u —kT< ) , (18)
an /yn
a'=u' -p'v, 9 . . .
w =AA =uj— o ToA(M) +p o, (19
/-Lé = Ms ™ Mref,s (10) .
A =A"+KkTIne, (20
BZ R Href, (19 whereAA" andp” are respectively the change of the excess
o' =p-p (12) free energy between the solute-solvent and the pure solvent
- refs

systems and the excess pressure, disregarding the corre-
where v and vg are the partial molecular volumes of the sponding  confinement terms, and(dIn e/o7n)\,,ns
solute and solvent in the actual fluihich are in general =(u"-u')/(kT) can be obtained simply performing at one
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temperature a thermodynamic integratidn) calculation to
evaluate the excess chemical poterﬁial.

The general previous derivations, although typically re-
fer to the excess thermodynamics for the electronic ground
state of the systerfi.e., all the molecules are in their elec-
tronic ground statgs can be utilized, as well, for a given
solute electronic excited state. Hence, similarly to our previ-
ous studies on formaldehyde in wdtand water in watef!
we can evaluate the solute electronic excitation thermody-
namics, combining the QGE theory with the PMNF3

J. Chem. Phys. 122, 124507 (2005)

®| fe_&/{',(dethJ)l/ZdX

AAg=—KTIn ; =
" 0, J e A(detM o) 2dx

Qui

v,0

= — KT In(e AU U0y — KT In

[{Bol
[{Bo, 0l

= — kT In (¢ P4 Ho)y, — KT n

- 2kTIn

Qui

Qv,O

PMM has been recently developed and successfully applied
to a large variety of quantum centg/@C) embedded into a
complex molecular environmeﬁﬁ'“‘wproving to be a very
powerful tool in the theoretical study of electronic properties.

Defining withr,, the nuclear coordinates of the QC and
the coordinates of the solvent providing tteassical per-
turbing field we can write, within certain approximatio‘Ws”,
the perturbed electronic Hamiltonian matrix of the Q@
our case a carbon monoxidas

{Boy)dl
[{Bo,000l

L{|’ =gt AZ/{U’LO + uér‘v,l s

- 2kTIn (22)

where( ), indicates the ensemble average inltfieelectronic
state conditior(l=0 clearly indicates the ground state, is

the perturbed eigenvalue bf, obtained at the QC minimum
energy internal configuration of the corresponding electronic
state, U, is the (exces} internal energy of the solvent,
excluding the interaction with the QC and obtained when the
QC is in thelth electronic state and all the water molecules
are in their electronic ground stateQ,, is the molecular
(21)  quantum vibrational partition function for tHéh electronic
state of carbon monoxide obtained by the corresponding vi-
brational frequency of the isolated carbon monoxidfer-

where HO(r,) is the unperturbed Hamiltonian matrix which '°€ frequengyand Al ¢ is the QC ground state vibra-
tional energy shift (from the reference ground state

can be built by standard electronic StrucFure Calcglatlons Wibrational energyof thelth electronic state, as obtained by
vacuo,V(rq,x) andE(rq,x) are the(perturbing electric po-

) o : ) the perturbed quantum vibrational enerﬁiéwe assume that
tential and electric field aty, typically the QC geometrical  gq\yent quantum vibrational energies are independent of the
Center,Zl(NE,rn) is the perturbation energy matrix explicitly QC electronic state Moreover, the subscript of® and |\”/|C|
given by[Zl]|,,,:—E-<CI>,0|h|<D?,> andAV(r,,x) approximates means that these properties refer to ttie electronic state
the perturbation due to all the higher-order terms as a simpland we removed from the integrdk;, as no classical inter-
short range potential. Moreovec]?lo are the unperturbed nal coordinates are present in carbon monoxide. Finagy,
Hamiltonian (electroni¢ eigenfunctions and all the matrices the QC intramolecular coordinate equilibrium positionini-
used are expressed in this unperturbed basis set. From tA@M energy configuratiorfor the electronidth state that, as
MD trajectory of the whole system, we obtain the electricShown in the accompanying paﬁ’els virtually flxeﬁ(iaat Its
potential and electric field acting onto the QC and, hence, thgverage value is due to the mass tensor determmanhich

o ) . IS also virtually independent of the solute-solvent configura-
perturbed Hamiltonian matrix at each MD frame. The d|ago-ti0n’ and in Eq.(22) we used o) =(Bo,)o. Hence, consid-

nahzatlorl of such a matn).( provides a trajectory of the per'ering the confinement term as independent of the electronic
turbed eigenvalues and eigenvectors and therefore of whaty iiation we have

ever perturbed electronic property. In the accompanying o
paper°,’ where we further extend PMM in order to treat ex- AAL = KT In(e P4 ~Ho)y (23

plicity quantum nuclear vibrations coupled to electronic_ . , o

tat btained th lete vibroelectronic behavi with AA/, the excitation excess free energy. In the case
_S a es_, we obtaine e_ compiete vi roe_ ec ronlc_ € av'o_(lvhere the environment energy is basically independent of the
including all the energetical and geometrical details ass0Cig|actronic state of the QC, as we assume neglecting atomic
atgd to guantum vibrational states. Following the theory de'polarization, thenlf] ~U)=e,~eg+AE, ~AE, o (this last
scribed in that paper we may calculate all the terms necegsquation has been used for the calculation of the excitation
sary tO_ express th_e_ eXC"_EaUO” free energy, without using thgee energy. Assuming that both the ground and excited
approximations utilized in previous papé‘r%Hence, from  states can be well described by the Gamma state model and
the previous QGE equations and using the fact that for @&ave virtually identical partial molecular volumes, we obtain
given electronic state the QC mass tensor is virtually fixed, C A ,

as indeed explicitly obtained for carbon monoxidee may A= AU = ToACyoA(T), (24)
define the Helmholtz free energy associated to a given eleavhich can then be used to obtain a theoretical model by
tronic transition of the solute, a3 fitting the crude excitation excess free energies, given by

H(ro,x) = HO(ry) + qr(ro, )1 + Zy(E(ro,%), 1)

+ AV(rp, )1,
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TABLE I. Parameters of the QGground statetheoretical models for pure
water [SPC (Ref. 20 at 55.32 mol/l, Ref. 1 and]2and aqueous carbon
monoxide. Reference temperatuife; 300 K.

’

’
Up

0 4
(kJ/mol (kI molrtK=1) N

SPC -41.4 0.046 0.6565 i

CO -4.4 0.044 0.6565

PMM (Ref. 3 and Eq.(23), as a function of the temperature.
Finally, the theoretical model for the complete excitation free
energy

AAg= AAL ~KTIn Qi _oetin

Q.o [{Bo.00l

in combination with AA,=Au., and the related

expression%,provides the complete thermodynamic behav-_FIG' 2. The excess ch_emical potentiablid line) and excess partial _molar
ior f lectronic excitation internal energydotted ling of (ground stateaqueous carbon monoxide, as
Ior for any € : obtained by the QGE model.

[KBopal

(25) 200 400 600 50
T(K)

lll. SIMULATION METHODS Note that Tl excess chemical potential at 800 K was used to

The MD simulations and quantum chemical calculationsobtain the QGE model confinement term while the Tl value
used in this paper are described in detail in the accompanyat 300 K was utilized for comparing with QGE data.
ing paper’ Here we only need to describe the computational
methoc_;l used to obtain the confinem_ent term via thermodyy, ResuLTS
namic integratior(Tl) (see theory sectignWe performed Tl
calculations at 300 and 800 K, to evaluate the corresponding We parameterized our model for the ground state of car-
excess chemical potentials. This was done using théon monoxide, as described in the theory section, by means
GROMACS 7 routine for TI (soft core potential witha  of the average potential energgxcess internal energand
=1.51,0=0.3 nm to perform 21 perturbation simulations at the pure solvent pressure in the whole temperature range,
each temperature: time length=250 ps, time step=2 fs dte., by fitting these values with the corresponding theoretical
300 K and time length=125 ps, time step=1 fs at 800 K,models. The partial molecular properties of the solute are
with a 0.9 nm cutoff radius for treating molecular interac- obtained, according to the theory section, pia=AA™. Note
tions. Tl free energy error was estimated by propagating théhat, when calculating.”, it is very important to use exactly
noise of the free energy gradients in the integration. Théhe same temperatures for the evaluation of the overall ex-
noise of each free energy gradient was obtained by the stagess free energies of the solute-solvent and pure solvent sys-
dard deviation of the perturbation energy derivative dividedtems. This is because even a slight systematic error in these
by the square root of the number of statistically independentwo excess free energies would result in an inaccugéte
evaluations(obtained using the autocorrelation function The physical parameters which define the solute and solvent

T T T T T T
0.04 — =
ol i 002~ -
N
-
E o .
'_o‘ ~
g o)
5 -101- — 0.02f —
-0.04 - —
220~ -
-0.06 — —
: 1 L | L | : | L ] 0.0 L | L 1 L ! . I s |
200 400 600 800 1000 1200 : %00 400 600 800 1000 1200
T (K) T(K)

FIG. 1. The isochoric excess internal energy change dugraund statg FIG. 3. The excess partial molar entrofgptted ling and excessisochorig
aqueous carbon monoxide, as obtained by MD datecles and QGE heat capacity(solid line) of (ground statg aqueous carbon monoxide, as
model(solid line). The error bars are given by a standard deviation. obtained by the QGE model.
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TABLE Il. Comparison of the excess chemical potentials at 300 K and F
A(Bu')=A(Bu") for the 300—800 K temperature change(gfound state 769
agueous carbon monoxide, as obtained by QGE and TI calculations. The
errors are given by a standard deviation.

768.5 -

’

o
(kJ/mol A(Bu')

QGE 12.9+0.6 3.1+0.46
TI 14.4+0.5 2.5+0.42

kJ/mol

7675

7671~
(ground stateQGE models are given in Table I. In Fig. 1 we i
compare the isochoric energy chan@®’/dn), ry as ob-
tained by MD simulation data, with the curve provided by
the theoreticalground stateQGE model. From this figure it 200 400 500 800 1000 1200
is evident the high accuracy, within the noise, of the QGE T(K)
model, confirming previous resuftg. In Figs. 2 and 3 we - ) ) -

. . . FIG. 4. The excitation free energy for the first two electronic transitions, as
show the carbon monoxide excess chemical potential ang)tained by PMM and QGE theory. In this figure we include all the terms of
partial molar internal energgFig. 2), as well as the excess Eq.(25).
partial molar entropy an¢isochorig heat capacityFig. 3),
as obtained by théground stateQGE model. Interestingly, 5 itis also evident the accuracy, within the noise, of the QGE
from Fig. 2 the expected instability of aqueous carbon monGamma state model to describe the excitation excess thermo-
oxide is evident. Note that the excess chemical potentials agynamics.
obtained by the QGE model and TI calculations at 300 K
are, within the noise, virtually identical further indicating the V. CONCLUSION

model accuracy, see Table Il. In Table Ill we compare some By combining QGE theory, PMM, and MD simulations
experimental solute excess thermodynamic properties, Witf,e \yere able to describe the complete partial molar thermo-
the corresponding values provided by our model. From thigyy namics of aqueous carbon monoxide, including its excita-
table it is clear that the force field used in the simulations is;jg, thermodynamic properties as obtained, with great detail,
reasonably correct as the QGE model reproduces rather wgf|5 the PMM extension described in the accompanying
the experimental data. paper’ The results confirm the accuracy of the QGE model
Finally, in Figs. 4 and 5 we illustrate the thermodynamicin reproducing the simulation thermodynamics and the com-
effect of the remarkable result obtained by using PMM: theparison with the experimental data show that the computa-
breaking of the degeneration of the first two electronic ex-tional model used is also rather accurate. Finally, the PMM-
cited states in aqueous carbon monofidie.Fig. 4 we show QGE model for the excitation thermodynamics, now
the excitation free energy for the first two electronic transi-including all the possible terms and without using the ap-
tions, as given by our model and including all the terms ofproximations utilized in previous papers, opens the way to a
Eqg.(25), and in Fig. 5 we report the corresponding excitation
excess free energyAA’), subtracted of the unperturbed
minimum energy shift from the ground state minimum, as
obtained by PMM and Eq23) as well as by the fitted QGE 0
model[Eq. (24)]. These figures show a very clear difference
in the excitation thermodynamics for the two electronic tran-
sitions, confirming our results on vibroelectronic behavior,

766.5

0.2

and hence pointing out the relevant effect of the solvent in g - 1
destroying the unperturbed degeneracy. Moreover, from Fig. i-‘“- _
TABLE lIl. Comparison of aqueous carbon monoxide thermodynamic prop-
erties at 298 K as obtained by tliground state QGE model, with the 0.6~ N
corresponding experimental data: partial molar volumexcess chemical L J
potential u’, excess partial molar enthaldy, and excess partial molar I
entropys'. 08— | | | | | B

200 400 600 300 1000 1200

QGE Expt. T(K)

v (/mol) 0.024 0.037 FIG. 5. The excitation excess free energybtracted of the unperturbed
w' (kd/mo) 12.7 9.3 minimum energy shift from the ground staf) for the first two electronic
h” (kd/mo) -6.3 -8.8 transitions, as obtained by PMM and QGE theory. The circles correspond to
s’ (JmoltK™ -64.0 -60.0 the crude PMM free energies as obtained by &), subtracting the un-

perturbedT,, and the error bars are given by a standard deviation.
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