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Ab initio computational methods have been used to investigate the effect of solvent oi\the a3=,~
transition in molecular oxygen. For a given solvent molecule, M, energies have been obtained for@ae M
(a'Ag) complex that is in equilibrium with its surrounding outer solvent and for theQ{(X3%,") complex
that is not in equilibrium with the outer solvent (i.e., the Fran€london state populated in the-a X
transition). These energies depend principally on the quadrupolar and higher order coupling terms between
the complex and the outer solvent and only minimally on the dipolar coupling term and on dispersion
interactions. Upon averaging over multiple-\D, orientations, each with an unique transition probability,
differences between the calculated(®Ay) and Q(X3Z;") energies correlate well with the experimental
spectral data. Thus, previously published correlations between experimeitapectral shifts and the solvent
polarizability cannot be ascribed solely to a dispersion interaction, but rather simply reflect the general
importance of the solvent’s electronic response in the oxygelvent interaction.

Introduction In this expression,Ry; denotes the interaction distance
between oxygen and the perturbing solvent moleculg,
denotes the polarizability of the solventy anda, denote the
polarizabilities of the respective states of oxygen, and IP denotes

Transitions between the three lowest electronic states of
molecular oxygen are extremely sensitive to perturbations and
thus yield an .|nf'ormat|ve system for the study of equmbnun? the ionization potential of the indicated species.
and nonequilibrium solvent effects. Consequently, oxygen’s )
radiative transitions in solution continue to be a subject of great Pespite the apparent succes of eq 1 to model th& a
interesti—10 experimental dataye recently showed that this equation alone

In the gas phase, the ,@'S4")—Ox(alAg), Ox(aAg)-Op cannot account for the tren(_JI in the plots/oib vs function_s of _
(X3247), and Q(bi=,")—0,(X3%,") transitions in oxygen are n and that such plots can m!slead one to bellev_e that d_lsper5|on
forbidden as electric dipole procesdédn solution, solvent-  forces are a key parameter in the oxygsolvent interactiort?
dependent perturbations cause (1) the transitions to become mor&? the application of the London expression mentioned afSove,
probable and (2) the transition energies to decrease, as reflectedf Was assumed that, was almost twice as large as. We
in emission spectra that are red-shifted relative to the gas-phasé1ave shown, however, that although excited-state polarizabilities
values. In this paper, we address the issue of solvent effects orare indeed often larger than that of the ground state, indact
the a-X spectral shift. does not differ significantly fronuy.'3 Moreover, depending

Interpretations of the experimental data have focused on the©n both the solvent and the solvation conditioagcan even
fact that a-X spectral shifts correlate reasonably well with either besmallerthanax. In reaching these conclusions, we employed
the solvent refractive index, or functions ofn, such asiz — a model in which an isolated Onolecule was surrounded by
1)/(n? + 2). Specifically, the difference between the solution the solvent which, in turn, was regarded as a homogeneous
and gas-phase emission maxima appears to increase linearly agdielectric medium.
nincreases. On this basis, models have been proposed in which |n an attempt to better understand phenomena that give rise
the spectral shift derives principally froma dispersion interaction to the so|Vent-dependent spectra| shifts in oxygen, we set out
with a solvent molecul&-812In the most extensive study thus  to employ high-level, ab initio computational methods to

far® the Londonafc;rmula was employed to calculate théXa  characterize the variety of interactions possible between a

spectral shift Avi,. solvent molecule, M, and oxygen. We first considered it
important to ascertain whether our conclusions regardiand

ApEX = 1-50LSO||'OL IPIPsoi " IPy [Py, 1) ax obtained for the isolated molecule also hold true for an

calc Ri?n l AP, + IP,, XIPy + 1P, M—0O, complex. We then considered it necessary to employ

dielectric models generalized to include nonequilibrium as well
as equilibrium solvatioA* 16 Continuum and semicontinuum
*To whom correspondence should be addressed. approaches were used. In the continuum model, we enclosed

10.1021/jp984782i CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/17/1999



alAg — X324~ Transition in Molecular Oxygen J. Phys. Chem. A, Vol. 103, No. 18, 199®419

O in a spherical cavity surrounded by a homogeneous dielectric TABLE 1. Comparison between Experimental Values and
medium characterized by the macroscopic static and optical Values Calculated Using the Dielectric Continuum Model for
dielectric constantss andeqp. Even though the model enables a—X Emission Spectral Shifts, A

a proper electrostatic description of the long-range Coulombic spectral shift (cm")
interactions, it neglects short-range interactions. In the semi- solvent €st €p aug-cc-pVDZ aug-cc-pVQZ  expt

continuum approach, we modeled a first solvation shell by cH; 228 2.253 —08 ~100 —429
forming a complex between one oxygen molecule and one CS 2.64 2.647 —112 —113 —53.2
solvent molecule, M, and embedded this-K, complex in a g(":'ffN 327.'254 %_’fgg __383 :%g :gg:g
dielectric medium. Under these conditions, it is still possible to  (cH,),cO 20.7 1.847 -372 _356 -29.8

treat the system on a high ab initio level and include short-
range interactions as well. The results of these studies are
reported herein.

apData from an FTIR emission studyAv = vma(solution) —
Vma{Qas).

TABLE 2. Comparison between Experimental Values and

. . Values Calculated Using the Semicontinuum Model fora—X
Methods and Computational Details Emission Spectral Shifts,Av

A. Geometries. In all calculations, the intramolecular ge- dielectri A aht (A"calc ) Aveot

: lelectric Vealc welg average Vexpt

ometrl_es of the solvent molecule, M, a_nd the oxygen moIeCl_JIe solvent  constants (cm1) factoP  (cm ) . (cm)
were fixed. Solvent molecule geometries were obtained using

experimental bond lengths and angiSince we are consider- ¢ ?t:=22'22%3 %ﬁ%i‘éi'g 8'2’82 —39.2  -—429
ing the a— X transition, we employed the &'Ag) bond length cs =264 (a)-643 0109 634 —53.2
for the initial as well as the final FranekCondon state. The €op=2.647 (b)—47.7 0.306

value used, 1.23 A, is consistent with the experimental bond CN =375 (g):;é'i' 8'822 _a44  —309
length, 1.216 ALl and the optimized geometry for the employed ’ gztp =1.806 (b)757'.1 0.653 ' '
active space and basis set, 1.236 A. However, we determined (c)—19.5 0.299

that Oy(aAg)—O(X35,") energy differences are relatively — CCl ex=224  (2-248 0854 -265 —323

cop=2.132 (b)—36.4 0.042

insensitive to minor changes in the oxygen bond length. In the (c)—36.8 0.104

calculations, we oriented M and,@n a number of different (CH3),CO e4=20.7 (a)—47.2 0.425 —28.4 —2938
ways, and for each orientation we computed the ® energy cp=1847 (b)-145 0.575

at different intermolecular distances. a Separate numbers reflect different M angd@ientations. The letters

B. Phosphorescence RateBecause a- X spectra obtained ~ refer to the corresponding figuresA factor that reflects the—X
. . . transition probability for the given MO, orientation (see textf.Data

from experiments are most conveniently characterized by the ¢ "an ETIR emission SIUTYAY = Vmax (SOIULION) — Ve (GAS).
band maximumymay it is desirable to likewise calculate the
corresponding quantity. This can be achieved by taking a
weighted average of the solvent shifts for theXatransition
calculated for a variety of MO, orientations. Because the P(r) =P, (r) + P,.(r) )
M—O, potential surfaces are very shallow (i.e., energy differ- op n
ences between one MD, orientation and another are small, . o
which gives similar Boltzmann factors), an appropriate weight-  1he optical polarizationP,, represents the response from

ing factor is the phosphorescence rate of the M(alAg) — the electronic degrees_ of frg_ed_om 01_‘ the solvent, B_E,}d_is _
M—0,(X35,") transition. assumed always to be in equilibrium with the charge distribution

For each M-O; orientation, the phoshorescence rate was _of the solut_e b_ecause of its very short relaxation time. The
determined from quadratic res:ponse calculations generalized tomertlal polarizationPi,, represents the response from the nu_clear
. . . degrees of freedom of the solvent molecules (vibrational,
|qclude qperators .O.f singlet as well as triplet spirand the_ rotational, and translational degress of freedom). This part of
singlet-triplet transition moments were evaluated as the residues

. ; the polarization remains fixed during an electronic transition,
of the quadratic response functions. Although phosphorescenceand it is thus not always in equilibrium with the molecular

rates thus obtained depend on the baS|_s set and size of aCt'vpcharge distribution of the solute. We thus have (1) a situation

space used and may not be accurate in an absolute sense, here the solvent is not in equilibrium with the molecular charge

relative values of these rates for a given-k2; complex are igtribution of the solute, and the solversolute interactions

sufficient for the generation of the desired weighting factors. depend or,p as well aseg, and (2) an equilibrium situation in
C. Solvent. The solvent molecules employed are benzene the limit of a static perturbation where the response of the

(CsHe), carbon disulfide (C§, acetonitrile (CHCN), carbon dielectric medium is represented only by.

tetrachloride (CG), and acetone ((C¥.CO). The reason for To apply our data to ga'Ay) emissionwe consider that the

choosing these solvents is that the molecules are small and theynitial state, A, is in equilibrium with the surrounding solvent

all contain one or more symmetry elements that simplify the \hereas the final state,3X,~, is not. Thus, when compared to

calculations. Furthermore, these solvents cover a broad rangea gas-phase system,@Aq) will be stabilized more than

of static,es;, and opticaleop = 1'%, dielectric constants (Tables  0,(X3%,7), and the solution-phase-« transition will occur at

1 and 2). a lower energy than the corresponding gas-phase transition. The
To model the solvation of either or an M—0O, complex, solvent shift,Av, is defined as the difference between these

we regard the solvent as a homogeneous dielectric medium thatransition energie€so — Egas and thus yields a negative number

surrounds a spherical cavity containing the solute. The medium (a red shift).

is characterized bys; andeop and gives a reaction field with a The energies for the initial equilibrium state and the final

self-consistent coupling to the charge distribution of the solute. nonequilibrium state are given H?°

The total polarization is the sum of two contributiol§s8:
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EX = TH,udiH ¥ 0e M) 3)

Epeq = [ﬂ|Hvac|f|:H_ zg‘(eoll) D—Lm(pf)ﬁ T

z gL(ESt’GOD) Ertm(pi) Eﬂz Eer(Pf) = l:rzm(Pi) [.I]
= [IH,dfTH Y g(ea) Tmle) —

Z gz(est’éop) [ EI—tm(ioi) U= D—Lm(pf) u]z (4)

Figure 1. Structures for the §s—0O, complex.

where p; and ps are the molecular charge distributions of the
initial and final states of the solute, respectively, amgh(o)Od a .:’ b ‘:.
are the charge moments. The maximuwalue is equal to 10.

The reaction field factorgy, are given by®

1 et e—1)
9= e+ 1) ©)

O€sr€op) = G€s) — Gleqp) (6) ¢ 3

wherer. is the cavity radius. The solution phase transition
energy is given by O @

Figure 2. Structures for the GS-O, complex.

Oo0——0 GC—=—6—0

Esol = Eieq - E?eq (7)
. . . ) . of the potential surfaces were found when the distance between

D. Cavity Raghus.The radius of the solvent cavity containing  \; and O, was about 3.54.0 A. At this distance, the natural
Fhe solute,re, is an |m.portant parameter tha}t S|gn|f|cantly. MOs of the complex and their occupation numbers do not
influences the computational results. Although it can be quanti- geyiate significantly from those of the separate molecules.
fied in a number ofdn‘fe_rent way%?zn_ls essential to ascertain Therefore, we use the symmetry notation of the separated
that ther. value used is also physically reasonable. Use of molecules for the MO assignment in the complex. Moreover,
spherical cavities, of course, makes calculations less compli- since the solvent molecule remains in it's ground state, we use
cated. Moreover, for the present study, a spherical cavity seemspe state assignment of the oxygen molecule for the complex.
to fit the M—0O, complex quite well. For the work reported here,  For the benzeneO, complex we considered the orientations
rc was obtained in the following manner: (1) an equilibrium gshown in parts a and b of Figure 1. Both areGaf symmetry.
nuclear geometry was calculated for the given configuration/ For the benzene part we chose the falvalence space as the
orientation of the solute, (2) the solute center-of-mass was thenactive space for the MCSCF calculations. The oxygen part of
determined, (3) the distance, from the center-of-mass to the  the wave function contains a complete active space with){3
most distant nucleus was obtained, and (4) the van der Waals(zz,)(r4)(30,) MOs. In theCy, point group, the degenerate,
radius of that particular distant nucleus was added. to andzrg oxygen orbitals split into orbitals of different symmetry.

E. The Wave Function.Molecular oxygen is an open-shell  Thus, we correlate 14 active electrons (6 from benzene and 8
system, and therefore the corresponding complexes are alsdrom oxygen) in 12 orbitals (6 from the oxygen part of the wave
open-shell systems. This means that it is not advisable to usefunction). We use the same complete active space, CAS, for
correlated methods based on a single determinant reference wavehe oxygen part of the wave function in the calculations on all
function. Instead, we used the multiconfigurational self- the complexes.
consistent field, MCSCF, approach. In the work with the isolated  The orientations for the MO, complexes containing the
oxygen molecule, the 1s and 2s electrons were consideredother solvent molecules are shown in Figuress2 The CAS
inactive and the complete active space was given by correlatingfor these solvents are chosen to be similar in size to that of
eight electrons in eight orbitals. We performed the calculations benzene, and the choice of CAS is motivated by calculations
with both the aug-cc-pVDZ and aug-cc-pVQZ basis sets and on the isolated solvent molecules.
observed only minor differences in the calculated solvent shifts. ] )
For the M-O, complexes, however, all calculations were Results and Discussion
performed with the aug-cc-pVDZ basis set. This basis set is A. Dispersion Interactions: Consideration of a M—0O,
sufficiently large and flexible for describing the physical Complex.In Figures 6 and 7, we plot the frequency-dependent
problem. The calculations were performed with the DALTON polarizabilities,a, for the ground, X=4~, and excited, 8\,
program packag® We used response theétyto calculate states of the two §Hs—0O, complexes. We employ the average
frequency-dependent polarizabilities and, when using sufficiently value calculated fron = (owx + oyy + 027)/3. For each state,
flexible basis sets, this method has been shown to include thethe polarizability increases with an increase in the frequency,
continuum contributions in the calculations of the response as expected’ However, for small frequencies we observe a
properties?>36 slight decrease in the excited-state polarizability for both@®4

For all M—O, complexes, including those in which M has a  orientations. Further investigation of the individual polarizability
comparatively large permanent dipole moment, the M apd O components reveals that this decrease derives from the behavior
interaction energies are weak. This means that the potentialof oy, which is the component in the plane of the benzene ring
surfaces all turn out to be very shallow. In general, the minima but perpendicular to the oxygen internuclear axis. In the isolated
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Figure 4. Structures for the CG+O, complex.

! : b &9

Figure 5. Structures for the (Cg,CO—0O, complex.

oxygen molecule, theryy andgyy orbitals are degenerate. At
the M—O; interaction distance 0f3.5-4.0 A, the benzeng

system lifts this degeneracy by selectively interacting with the

mgy orbital. It is thus possible that the behaviorogf is simply
a consequence of this perturbation-dependent splittingof
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Figure 6. Plots of dynamic average polarizabilitigs, for the excited
and ground states of the benzer® complex shown in Figure 1a.
Polarizabilities are given in atomic units.
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Figure 7. Plots of dynamic average polarizabilities, for the excited
and ground states of the benzer@, complex shown in Figure 1b.
Polarizabilities are given in atomic units.

the ground state polarizability. This means that even though
we consider a MO, complex, the experimentally observed
a— X solvent shift$8 cannot be described by simple dispersion
interactions such as those from the London formula.

B. Continuum Model. Solvent shifts were calculated using
the dielectric continuum model in which electrostatic interaction
terms are considered for an isolated oxygen molecule surrounded
by solvent. Our data are compared with experimental values in
Table 1. We first notice that the calculated solvent shifts are
insensitive to a change in basis set, which suggests that the
results are reliable. More important, however, is the large
deviation from experimental values, which are all consistently
smaller than the calculated shifts. This deviation indicates that
the comparatively simple continuum model is not sufficient,
and that one most likely needs to include a first solvation shell
in which short-range MO, interactions are considered.

C. Semicontinuum Model: Solvated M—-O, Complexes.
Spectral shifts were calculated using the semicontinuum model
in which Coulombic and dispersion interaction terms are
considered for a solvated MO, complex. Our data are
compared with experimental values in Table 2. Contrary to the
results obtained utilizing the continuum model, we now
consistently observe solvent shifts that correlate well with
experimental data. Moreover, in this improved model, it appears

orbitals and the corresponding decrease in the extent to whichsufficient to only include a single solvent molecule in the

the g orbital is occupied.
As in our recent work on the isolated oxygen molecddiege
find that the polarizabilities for the'Ay and 6=, states of

“solvation shell”. This is consistent with the notion that the
perturbation of oxygen occurs in a 1:1 molecular complex
between M and @°%12380ur data thus indicate that it is feasible

the complexes are likewise similar in magnitude, and that the to perform meaningful high-level ab initio calculations on this
excited state polarizability can even be slightly smaller than system.
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TABLE 3: Solvation Energies, E, for M —O, (a'Ag) and
M —0, (X3X4") Complexes as a Function of the Coupling
Terms between the Complex and the Outer Solvent

benzene-oxygen complek CS—oxygen complek

E(@Ag)? E(X35)° Avee E@AQY E(X3S3)°  Aveac
ma  (cmY) em?b  (em?b  (cmY) em™®)  (ecm™)
1 —0.17 —0.02 -0.15 -0.5 —-10.5 +10.0
2 —-37.3 —54.6 +17.3 —55 —-16.2 +10.7
3 —94.5 —-82.1 —12.4 —15.9 —18.1 +2.2
4 —103.0 —82.0 —21.0 —27.5 —20.1 7.4
5 —103.6 —87.0 —16.6 —38.3 —-21.8 —16.5
6 —118.8 —91.3 —27.5 —51.7 —23.4 —28.3
7 —1249 —93.3 —31.6 —59.6 —23.7 —35.9
8 —126.2 —93.6 —32.6 —65.8 —240 —418
9 -—127.7 —94.1 —33.6 —69.9 —245 —454
10 —128.6 —94.6 —34.0 —72.5 —248 —47.7

2 The data shown are for the-MD, orientation shown in Figure 1b.
b The data shown are for the MD, orientation shown in Figure 2b.
¢ Number of terms in the multipole expansion that are used to calculate
the solvation energy (e.gunax = 1, dipolar term only;umax = 2,
guadrupolar and dipolar terms togethggx = 3, octapolar, quadrupolar,
and dipolar terms together; etc)E(alAg) = E®9— E; (gas).® E(X3%,7)
= E"®d — E (gas).
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