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Spectroscopic and bonding properties of,Hdgjgomers and *Hg exciplexes are determined by rigorous
theoretical treatments. Reliable values that agree well with experimental data have been computed for the
luminescence energies and other molecular spectroscopic parameters by making a careful selection of theoretical
methods and basis sets. The calculations clarified the assignments for several phosphorescence bands in the
mercury vapor based on calculated energies and other parameters that quantify the large excited-state distortion
in the emitting states. Both the weak ground-state mercurophilic bonding and the stronger covalent bonding
in the triplet and quintet excited states studied are found to be cooperative, which is important for fundamental
and applied research for luminescent and magnetic materials that have spectral behavior similar to that of
Hg, systems.

Introduction the Hg, species will enable us to make proper choices of
methodology. However, since the Kgpecies have well-
characterized spectral properties, the study of these systems has
scientific value in its own right in addition to laying the ground
for future studies of more complex systems. This scientific value
has importance beyond the kigystems since their bonding and
spectral characteristics are similar to those in many of the
aforementioned luminescent closed-shell transition-metal com-
plexes. Common characteristics include weak ground-state
metallophilic bondind;1° covalent M-M bonding in many
low-lying excited states leading to the formation of luminescent
excimers and exciplexé$; 2! the consequent very large Stokes
shifts 11~2! significant relativistic and correlation effectsand

the phosphorescent nature of the emission bands owing to a
X/ery large spir-orbit coupling?’=2% In particular, the mercury

Theoretical studies of the electronic structure and spectra of
luminescent materials are of great significance for the design
of better materials for technological applications. Theory can
provide definitive assignments of the electronic states and the
specific entities responsible for the emissions in existing
luminescent materials as well as a priori predictions of the
emission colors for new materials. However, rigorous charac-
terization of the electronic structure of complexes containing
heavy metal atoms has been difficult because of the size and
complexity, including relativistic effects, of these systems.
Largely on the basis of major advances in computational
guantum chemistry and in the performance of modern worksta-
tions and supercomputers, it has become feasible to use theor
e o e Bt s oo n dime, i, s Simpe vehice o fusrte e chemsty
coordination of the efforts of spectroscopists and computational underlying the properties of the ground and excited states that

chemists. While some success has been achieved in this regardg’l'i” ;)nieuéefxl fﬁ;ﬁ?sﬂ\ljg?ﬁ;iﬁ?;t?éggo?ftﬁrgserécnt}g;ecgoi?F;re]g
studies in which modern methods are used to compute the Y -Ad P P

luminescence energies of transition-metal species remain rela-bondlng f_e_atures of the mercury d|mgr Is shown in Chart L
tively scarce:— The transition from the antibonding orbitaf* ss) to the bonding

As a starting point in our ongoing efforts to model lumines- orbital ogep) results in an increase in the formal bond order from

: s+ i i i +
cent closed-shell transition-metal complexes of current interest0 n the*Z,™ ground state to 1 (|.e:, a single bond) in 2

(with d1©, d®, and d°? configurations), we have chosen to pursue excited state. A low-energy excimer phosphorescence band
a study of the bonding and spectroscopy of mercury clusters. It results frgm the oppo§|te. t'ransmon. )

is possible to study Hgspecies, at least for small to modest In addition to the significance of closed-shell luminescent
values ofn, using several computational methods and large basis Materials of coordination compounds in the aforementioned
sets to describe the molecular orbitals (MOs). This allows us fundamental research areas, they have been receiving a great
to validate the accuracy of our results with the different methods 9€@! of attention in applied research in several different areas.
and to understand the consequences of the approximations thal "€S€ mcéude [photonics 7(6-9;’ molecular LEDs and laser
are used in the methods. This validation is particularly reliable matenals)%s nonlinear optics/ optical sensing of env_|r(3nme_ntal
because we are able to use the correlation-consistent series gPollutantsi® solar energy conversict,photocatalysis? lumi-

basis sets for the MOs to systematically approach the completer?esca‘zant probes for biological systefhgptical telec_qmn;‘llmlca-
basis set (CBS) limit at which the results are exact for the tion.*?photoinduced magnetic switchifgoptical writing? and
theoretical method used. For future work on larger models where Various inorganic conducting and semiconducting mateffals.

more approximate methods must be used, our validations onF0r the proper design of new materials for each of these
technologies, understanding the electronic structure is extremely

*To whom correspondence should be addressed. E-mail: omary@ Important. Hence, the experience gained in performing our
unt.edu (M.A.O.); bagus@unt.edu (P.S.B.); akwilson@unt.edu (A.K.W.). studies of Hg species will be beneficial for future studies of
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CHART 1: A Qualitative Molecular Orbital Diagram explicitly 12 valence electrons per Hg atom, thus allowing the
for the Mercury Dimer 5d electrons to participate in the chemical bonding. Furthermore,
e O* for the excited states, relativistic wave functions were deter-
S mined, and this placed the treatment of spambit coupling and
—_—— of electron correlation on an equal footing. Both these studies
= N =, = were restricted to the Hglimer.

In this paper, we address several issues in spectroscopy and
¥ bonding for Hg species witm =1, 2, 3, and 4: (1) We assess
] the performance of a variety of theoretical treatments for
“u accurate calculations of electronic transition energies. (2) We
discuss the calculated luminescence energies in terms of the
proper assignment of the continuum emission bands in mercury
vapor. (3) We evaluate several spectral parameters that probe
the extent of the geometric changes in the excited states of the
various oligomers. (4) We study the cooperativity of the-Hg
52 Hg bonding in the electronic ground state and the low-lying
paramagnetic excited states that are relevant for the spectroscopy
and bonding issues of concern. (5) We discuss the implication
of the results on fundamental and applied research for closed-
shell luminescent materials that have properties similar to those
of the Hg, species.

=3

Computational Details

Sdt The calculations were performed for kign = 1—4) species
where all systems were assumed to be linear and to Baye
symmetry. For the trimer, the assumption that the molecule has

Hg D.h Symmetry in its ground and excited states was tested and
found to be correct. The theoretical methods used included
coupled cluster with single, double, and quasiperturbative triple

larger ligand-containing systems. In the cases of these largerexcitations, CCSD(T)? Mgller—Plesset second-order perturba-

systems, we will be able to select the most appropriate tion theory, MPZ2! and density functional theory, DFT, with
methodologies and approximations without the need to carry the B3LYP and B3PW91 functionat353The calculations were
out a broad study with all the methods and basis sets used inperformed for the closed-shell ground states and for relevant
the present work on the mercury species. low-lying paramagnetic excited states. Certain relativistic effects
Since mercury vapor is known to exhibit bright continuum were included through the use of effective core potentials (ECPs)
emissions with no nearby absorptions, it has long been proposedo represent core electrons that were not treated expli¢iiie

as a candidate for an excimer lasein fact, Cefalas et al. relativistic effects included are those described as scalar

reported in 1986 a superfluorescent laser action based onrelativistic effect4®54in contrast to spir-orbit coupling terms

molecular and atomic mercury specfésTwo continuum that are not treated. In this context, we note that the-spibit
phosphorescence bands are well-known to exist in the mercurysplittings are not expected to be especially large for the states
vapor, a near-UV band centered at 335 nm and a green bandf Hg, of interest here; for example, for Hgrepresentative
near 485 nni33° These two bands are attributed to excited- splittings for the low-lying excited states are1000 cnt.4?
state Hg-Hg bonded specie¥-43 The assignment accepted The closed-shell calculations were spin-restricted and were for
today relates the 335 nm phosphorescence to g tstgimer, pure singlets. The triplet and quintet states were spin-unrestricted
while the 485 nm band is related to a phosphorescent trimerand involved either unrestricted Hartreeock (UHF) wave
exciplex, *Hg.4* The efforts of computational chemists to functions or unrestricted density functional (UDF) densities. All
improve the reliability of quantum mechanical calculations for calculations were performed using the Gaussian 98 suite of
mercury oligomers have been focused mostly on the ground programs®

state of the Hg dimer moleculeé®4547 There are two note- Three types of combinations of ECPs and basis sets were

worthy theoretical studies in which the excited states o Hg used in this work: (1) A 12-electron ECP together with a

were treated, both of which were concerned with constructing double€ (DZ) quality contracted Gaussian-type orbital (CGTO)

potential energy surfaces for a large number of excited states,basis set. The ECP and CGTO parameters were optimized by
including Rydberg state’§:*°There are other theoretical studies Hay and Wad?® Here, the 10 5d and the 2 6s electrons from

of Hg molecular species before 1990, for which we refer the each Hg atom are treated explicitly, while the remaining 68

reader to the survey in ref 48. In the study by Czuchaj et®al., core electrons are represented by an ECP. This ECP and basis

only two valence electrons per Hg atom were treated explicitly set are available in the Gaussian libP&nynder the descriptive

(which means that the Hg 5d electrons cannot participate directly name of “LANL2DZ". (2) A combination of ECP and basis set

in the chemical bonding) and a semiempirical method was usedthat was taken from the work of Couty and H&IIAn important

to estimate the sptrorbit splittings. In the prior study by  feature of this combination is that CGTOs optimized to describe

Balasubramanian et &P, they considered somewhat fewer the atomic Hg 6p orbital have been included; otherwise, the

excited states of Hgthan those considered by Czuchaj et®al.  basis set is of DZ quality. The CoutHall combination uses a

and their basis sets for the valence orbitals were smaller. 20-electron ECP developed by Christiansen and co-wadtkers

However, the theoretical treatment of Balasubramanian®t al. so that the electrons arising from the?&$5d1%¢s shells of

was, in some respects, more rigorous. In particular, they treatedeach Hg atom are treated explicitly. ECPs such as this one avoid




692 J. Phys. Chem. A, Vol. 109, No. 4, 2005 Omary et al.

50.00 CHART 2: Electronic States of the Mercury Monomer
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Figure 1. Calculated excitation energy for the atorti 3P transition E _,xji»""
in the Hg atom. s} e
40.00 1
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artifacts that can be associated with ECPs where fewer electrons ] .
are explicitly represented. (3) A correlation-consistent (cc) ] Po =
series of CGTO basis sets known as the correlation-consistent ]
polarized relativistic valencex" ¢ basis sets (cc-pRXZ, where 35.00 +
x is D (double), T (triple), Q (quadruple), and 5 (quintuple)) ]
developed by PeterséAThese basis sets for Hg are based on
a 20-electron ECP developed by the Stuttgart gf8uphe
quality of this series of basis sets improves systematically with ]
respect to increasing basis set size. As the basis set size 000 'S, mm L s
increases, the CBS limitthe point at which the MOs are
completely described, and no further improvement in basis set With L-S coupling No L-S coupling

i i i i 63 . . . . .
size will modify the resultsis approacheft o ) 2 Numerical values are according to ref 65. States involved in electric
For the calculation of the absorption and emission energies dipole allowed transitions are indicated in bold, while the arrow

of the electronic transitions in Hgligomers withn > 2, we represents the transition calculated in Figure 1.
consider vertical transitions between the singletadeground
state and the emitting triplaingeradeexcited state. For the  interval rule for L-S coupling in a puréP term Although
Hg. dimer, for example, the absorption energy is reported as the deviation from the Laridimterval rule is small for théP
the vertical transition energy at the position of the minimum of |evel of the Hg atom 400 cn11,6566it is the small mixing of
the!Xq* ground-state potential energy curve while the emission 1p, with 3P; that makes théS to 3P; transition dipole allowed.
energy is the vertical transition energy at the position of the Because spinorbit coupling is not treated in the calculations
minimum of the®%,* excited-state curve. For the dimer and performed in this work, the results are compared with the
trimer, our estimates of the Stokes shifts, the widths of the weighted average of the experimental values for the three
luminescence bands, and the excited-state vibrational quantunts, < 3p, , ; transitions; we refer to this weighted average as
numbers are described in the next section. The vibrational andthe “experimental value” for théS < 3P transition. These
rotational parameters for H@ligomers and *Hg exciplexes  monomer calculations serve to provide a calibration of the
with n = 2 were taken from either frequency calculations for accuracy of the various theoretical methods and basis sets before
the optimized geometries of the models or a Dunham anélysis their utilization to solve chemical bonding and spectroscopy
for a series of single-point calculations arouRd problems for the dimer and larger Hglusters. We have
evaluated the performance of MP2, CCSD(T), and the DFT
methods B3LYP and B3PW91 using the several basis sets and
Electronic Transition Energies for the Hg Monomer. ECPs outlined above. These four methods account for electron
Figure 1 shows the results of the calculations of the excitation correlation, which is extremely important for the various issues
energies for the atomitS <> 3P transition in the Hg monomer.  discussed in this work.
Owing to the large spirorbit coupling in the mercury atom, The quality of the results was found to depend strongly on
the threeJ levels of the3P state have large separation; the the basis set and ECP used. Figure 1 shows that the deviation
experimental valuég are indicated in Chart 2, which shows from the experimentalS < 3P transition energy was several
the energy levels of the monomer in the presence and absencehousand inverse centimeters with all four methods using the
of spin—orbit coupling. When spirorbit splitting and mixing LANL2DZ basis set, which is conveniently available in the
are taken into account, the forbiddéB, to 3P; transition Gaussian suite of progrard.We conclude that using this
becomes allowed because of the mixing'Bf character into standard basis set leads to qualitatively wrong results for
the dominantly3P; state®® In Chart 2, we show schematically transition energies of mercury species. The larger size of the
the effect of the configuration mixing between these tive 1 Couty—Hall basis set and the inclusion therein of the outer 6p
levels by raising the position of tH®; level slightly above the functions of Hg (which should be important for the excited states
position of thelP term. This mixing also lowers the position of of Hg, systems) as well as the use of a 20-electron ECP are
the 3P, level below that which would be given by the Lande expected to lead to improvement of the results over those

Results and Discussion
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obtained with the LANL2DZ basis set. The data in Figure 1 bonding orbitals havéllg and3%,* total symmetries, respec-
show that the results indeed improve when the Cotisll basis tively. Table 1 shows the results we obtained for the equilibrium
set is used instead of the Hayadt basis set. This improvement  distance Re) and binding energyl¥c) of these three states.

was only a slight one when the MP2 and CCSD(T) methods  For the mercurophilic bonding in tH&g* ground state, it is
were used, in which the deviation from the experimetfat- noted that this bonding is accounted for using the MP2 and
3P transition energy remained several thousand inverse centi-CCSD(T) methods regardless of the basis set used (Table 1).
meters. A much larger improvement resulted when the Ceuty  Because this bonding involves dispersion, DFT methods gener-
Hall basis set was used with the DFT functionals B3LYP and ally yield repulsive potential energy curves. It has been known
B3PW91, which gave deviations of only a few hundred inverse for some time that care must be taken to determine whether a
centimeters from the experimental transition energy. We note, given density functional can properly determine dispersion
however, that when a good agreement with experiment is forces, especially for interactions involving rare gas atéms.
obtained, this could be either due to the use of a reliable The present work for th&S4* ground state of Hgillustrates
theoretical treatment or due to a fortuitous cancellation of [imitations of using DFT to describe systems bound by
method and basis set errors. An excellent illustration of the virtue metallophilic bonding where dispersion interactions are also
of using correlation-consistent basis sets to unravel this issueimportant. While several of the DFT curves do have minima
is seen in the MP2 data in Figure 1. TH& < %P transition  for the 154" ground state of Hg these minima are above the
energy of the Hg atom calculated with the smallest, dodble- dissociation limit. This indicates that the DFT representation
correlation-consistent basis set (cc-pRVDZ) is very close to the of the dispersion forces was not sufficiently strong to overcome
experimental value. However, this is fortuitous because, as onethe steric or Pauli repulsion of the Hg atoms with each other.
moves in the direction of larger more accurate basis sets, theClearly, such minima do not represent a chemically meaningful
resulting energies calculated become progressively higher towarddispersion interaction. For &1, and3Z," excited states, on
a plateau that is about 3000 ctaway from the experimental  the other hand, all methods, including DFT and HF (not shown),
weighted average. When the calculations are performed usingaccounted for the HgHg bonding because it is covalent. Aside
the CCSD(T) method, which is a higher level of theory that is from these expected qualitative trends, further discussion is
more reliable than MP2, the cc-pRVDZ basis set yieldS & warranted for some of the results in Table 1. First, it is noted
3P transition energy that is far from the experimental value, but that using the MP2 method gives rise to higherenergies and
using the larger cc-pRVTZ, cc-pRVQZ, and cc-pRV5Z basis shorterR, distances than the experimental values for both the
sets yields values that converge to within only a few hundred ground state and the excited states studied. These errors are
inverse centimeters higher energy than experiment.'she- particularly significant for the ground state. For example, the
3P excitation wavelength calculated using CCSD(T)/cc-pRV5Z MP2 D values for the cc-pRVTZ and cc-pRVQZ basis sets
is ~236 nm, compared te~239 nm for the experimental  are more than 3 times larger than the CCSD(T) values obtained
weighted average. Using the correlation-consistent basis setsyith the same basis sets. However, the MP2 errors are also
with MP2 and CCSD(T), therefore, has allowed us to conclude significant for the excited=,* and [l states. There are two
that the transition energy calculated using MP2/cc-pRVDZ is reasons for the limitations of the MP2 results: (1) MP2 is a
fortuitously close to the experimental value while the closeness second-order perturbation theory, and it may be necessary to
of the results using CCSD(T) and at least a triplee-pR\W&Z include higher order perturbations to converge toward the exact
basis set to the experimental value is because a reliableresults®® Indeed, when test calculations using a higher order
theoretical treatment was used. Figure 1 shows that using theperturbation theory were performed (MP3 and MP4), Ehe
cc-pRWZ basis sets also gave accurate transition energies whenvalues dropped to nearly half the corresponding MP2 values.
the DFT hybrid functionals B3LYP and B3PW91 were used. (2) Mgller—Plesset perturbation theory assumes a single-
B3PW91 yields transition energies that are somewhat closer toconfiguration referenc#, while multiconfiguration references
the experimental value than those calculated using B3LYP. Theare needed to properly describe the zeroth-ordes Wave
overall data in Figure 1 suggest that, as long as a ccgRV  functions?®4° The CCSD(T) approach reduces a great part of
basis set of at least triplequality is utilized, using the CCSD-  these difficulties’® hence, both th®, andR. values shown in
(T), B3LYP, and B3PW91 methods should lead to electronic Table 2 using CCSD(T) were more accurate than those obtained
transition energies that are reliable, especially for assignmentwith MP2. Second, while most of the DFT results gave negative
purposes. The results shown in Figure 1 with these method/ D, values, positiveD, values were obtained when the Couty
basis set combinations are in much better agreement with theHall basis set was used in conjunction with B3LYP and
experimental data than those calculated previously. For example B3PW91. Third, some anomalous trends were obtained for the
the 'S < 3P transition energy of the Hg atom calculated by DeandRe values on going to larger basis sets in the cc-pRV
Balasubramanian et &.was 44.35x 10° cm™2, or too high by series such that the smooth convergence seen in the monomer
~2500 cnt. Czuchaj et al. obtained even poorer values, which data, see Figure 1, with these basis sets was not always seen
they attributed to the neglect of 5d electrons in the valence shellfor the dimer. We believe that basis set superposition errors
in their calculationg? (BSSEs), which were not included herein, represent a major
Metal—Metal Bonding in the Hg, Dimer and the *Hg, reason for these trends. BSSE essentially arises due to an
Excimer. The bonding in the mercury dimer is metallophilic overdescription of the dimer relative to the monomer, and the
in the ground state and covalent in many low-lying excited impact on bond lengths and energies is most significant for lower
states. Due to spirorbit coupling, the lowest energy absorption level basis set&"
and emission bands for the dimer are ascribed to spin-forbidden The results in Table 1 are compared to the experimental
transitions between the singlet ground state and low-lying triplet values, when available, as well as to the previous calculations
excited states. Following the RusseBaunders notation scheme, in refs 48 and 49. Although experimental values are not available
the ground electronic state had®y* symmetry while the two for the RusseltSaunders states we have calculated, Balasubra-
lowest lying triplet excited states that are created by a transition manian et al. showed that the Russ@&aunders state’s",
from the 0% 6s) antibonding HOMO to theryep) and ogep) 3%,", andqI1, considered in Table 1 represent 95%, 91%, and
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TABLE 1: Equilibrium Internuclear Distances and Dissociation Energies for the 14", 3X,*, and 31, States of Hg Using
Various Theoretical Treatments

1> + 32 + 3H
g u g

method/basis Re (A) De (cm™) Re (A) De (cm™) Re (A) De (cm™)
MP2/LANL2DZ 3.521 768 2.847 7962 2.727 8013
MP2/Couty-Hall 3.516 936 2.732 10706 2.642 10476
MP2/cc-pRVDZ 3.496 937 2.702 8698 2.585 9993
MP2/cc-pRVTZ 3.444 808 2.669 8723 2.565 10466
MP2/cc-pRVQZ 3.379 926 2.653 9302 2.550 11049
MP2/cc-pRV5Z 3.331 1005 2.651 9633 2.546 11396
CCSD(T)/LANL2DZ 3.876 429 2.891 7402 2.779 8240
CCSD(T)/Couty-Hall  3.890 788 2.760 9919 2.677 10403
CCSD(T)/cc-pRVDZ 3.837 490 2.782 8093 2.659 9306
CCSD(T)lcc-pRVTZ ~ 3.976 270 2.754 8032 2.643 9513
CCSD(T)/cc-pRVQZ 3.862 276 2.738 8494 2.626 9937
B3LYP/ LANL2DZ —a 3.185 6373 2.898 8086
B3LYP/Couty—Hall 3.829 349 2.841 10463 2.700 10984
B3LYP/cc-pRVDZ - — 2.870 9390 2.700 10142
B3LYP/cc-pRVTZ - — 2.853 9263 2.692 10256
B3LYP/cc-pRVQZ - - 2.847 9327 2.686 10350
B3LYP/cc-pRV5Z - - 2.846 9350 2.684 10384
B3PW91/LANL2DZ - — 3.123 6255 2.857 7923
B3PW91/Couty-Hall  3.495 612 2.791 11133 2.664 11439
B3PW91/cc-pRVDZ - — 2.823 9620 2.667 10288
B3PW91/cc-pRVTZ - - 2.804 9507 2.656 10355
B3PW91/cc-pRVQZ - - 2.798 9594 2.651 10414
B3PW91/cc-pRV5Z - — 2.796 9632 2.649 10459
exptp — (3.63+ 0.04f% — (3504 20Ft —(2.5+0.18 — (8 260+ 200p* — -

— (3.70y°88 — (380+ 1502 — (380+ 15F2 — (8100+ 200f°  — (81004 200§® — (8100+ 200f°
—(3.66;3.71F  — (370+ 403 — (370+ 408 — - -

ref 48 — (3.94) — (296) 2.80 (2.83) 8095 (6204) 2.76) 10050 ()
ref 49 — (3.84) - () — (2.90) — (10870) ~(2.79) — (12840)

aBlank entries in DFT results refer to calculations that gave repulsive curves or minima above the dissociation limitgr gneund state.
bValues enclosed in parentheses are experimental values and calculated values from refs 48 and 49 fordtst spates X @", D 1,, and
A Og, which correspond to th&,", 3%,", and?I1, states, respectively (see Chart 3 and the text).

96% of the character of the wave functions for the sqrbit
levels X Qt, D 1, and A Q, respectively*® The dominance
of the Russel-Saunders coupling is also evident in the
similarity between thér, andDe values quoted from ref 48 in
Table 1 for the RusseliSaunders states versus the correspond-
ing spin—orbit levels. As seen in Table 1, tiiR andDe values
we calculated using the CCSD(T) method and the cc-pRVQZ
basis set for the ground state are in reasonable agreement withan, -
the experimental values; our results are at least as good as those
in refs 48 and 49. There are other reports of calculations that
also gave reasonable results for the ground state; for a discussion
of those, we refer the reader to the review in ref 48. On the
other hand, the excited-state calculations shown in Table 1 for
the3[1y and3z," states are in good qualitative agreement with
both the experimental values and the previous calculations in
refs 48 and 49 for all the methods, including the DFT methods.
We consider the results using the CCSD(T)/cc-pRVQZ com-
bination to be the most reliable ones for all three states studied.
Phosphorescence and Absorption Bands of the Hdimer.
Figure 2 shows the results of the calculations of the phospho-
rescence wavelength corresponding to’ig — =" transition
in thg_Hgg dimer. Mgny -Of the trends seen in _the monomer a Spin—orbit states involved in electric dipole allowed transitions
transition C_aICI_JIated in Figure 1 extend_ to Fhe dimer transition and LS states involved in parity-allowed transitions are indicated by
calculated in Figure 2. The overall data in Figure 2 suggest that, | jines, while the arrows represent the transitions of interest in this
as long as a cc-pRXZ basis set of at least triple-quality is work. There is a slight energy difference betweer?lie state modeled
utilized, the CCSD(T), B3LYP, and B3PW91 methods lead to and the D 1 spin—orbit emitting state.
calculated phosphorescence wavelengths that are within the
experimental emission envelope of the well-known near-UV care must be taken before quantitative conclusions are drawn
continuum emission of the Hgdimer while MP2 leads to from the results in Figure 2. This is because thg" — =4*
inaccurate results due to the limitations of MP2 described above.Russel-Saunders transition calculated has an energy somewhat
This is a useful result for assignment purposes, because itdifferent from that of the D 1— X 04" spin—orbit transition
verifies that the 335 nm emission in the Hg vapor is a dimer observed experimentally. Chart 3 shows the relationship between
emission related to th&," — =4t transition in Hg. However, the two transitions in the context of the electronic states of the

CHART 3: Electronic States of the Mercury Dimer in
the Presence and Absence of SpirOrbit Coupling @
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TABLE 2: Molecular Spectroscopic Parameters for the *Hg Excimer Using the Methods Indicated and the cc-pRVTZ
Basis Set

bandwidth? cm™?

method Vem=0 Vem=3 Vem=12 SStem? V' abs we, CMT L weXe, CNTL Be, cmt
B3LYP 978 2308 4528 5567 40 98 (125) 0.28 (0.51) 0.021 (0.023)
B3PW91 834 2454 4530 6283 44 104 (135) 0.13 (0.68) 0.021 (0.024)
CCSD(T) 1145 3597 5534 7835 57 116 (136) 0.52 (0.90) 0.022 (0.024)
expte 2800' 5700 7743893 578893 133911272 (144P8  0.52°10.502(0.5%8  0.0274 0.0028

2 Values for the nonemittingl1, state are indicated in parentheses, whereas values not in parentheses are for the*2giititage.” Thev' =
3 and 12 vibrational levels have Boltzmann populations of, respectivéi®% and 10% at the experimental temperature of 763 K at which the
335 nm emission in the mercury vapor has been repéfté&S= Stokes shift. ThéX;" — 3%, absorption energy is calculated at the experimental
distance for the dimer (3.63 A). THE,* — =4+ emission energy is calculated at the minimized distance of the emiEijfigstate for each method
(see Table 1)¢ Estimated bandwidths at50% and 95% of the peak intensities reported in Figure 3 of ref B8perimental values not in parentheses
are for the D } (32,') state, while experimental values in parentheses are for thg A°0,) state (see Chart 3 and the text).
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Figure 2. Calculated phosphorescence wavelength fofie— =" 2
vertical transition in the Hgdimer.

mercury dimer in the presence and absence of -spihit

coupling. The excited Hg3=," manifold leads to D ] and

C 0, levels as a result of spirorbit coupling. These jland

04~ levels mix with ungerade levels with the sarfearising

from the °I[1, andI1, states. Because of the mixing between

the D 1, level of 32+ and the O {level of 11, photon-induced

transitions between the groufBly* state and the excitett,*

state that are forbidden because of th& = 0 selection rule VARSIV ws oo

become electric dipole allowed. While the 3%,* — 13" ’ ’ ’ Hg_"‘g dismc’e A ’ ’ ’

Russel-Saunders transition calculated and the P4X 04" _ ) )

spin—orbit transition are closely related, they are not identical. Figure 3. Potential energy surfaces for thE;", °%,", andIl, states

N theless. there is onlv a relativelv smail enerav difference of Hg. plotted from the results of_ DFT calcul_atlon_s using the B3LYP
ever ' y y ay . functional and the cc-pRVTZ basis set. The figure illustrates how some

(<1000 cnTh)*849petween théx,* state modeled and the spin

spectroscopic parameters are calculated.

orbit 1, emitting state. Thus, we deem the calculation of the
3T, F — 35t transition energy without treating spiiorbit is illustrated in Figure 3 for the mercury dimer, and the results
coupling useful for assignment purpogés. of the analyses are shown in Table 2. Because the bonding is

In utilizing computational methods to model luminescence quite different in the ground and excited states of, Hgere is
spectra, it is desirable to calculate useful parameters such asa significant Stokes shift of several thousand inverse centimeters.
the bandwidth, Stokes shift, and excited-state vibrational quan- Another important consequence of the large shifRifetween
tum number initially populated in the absorption transitiogg. the ground state and the emitting excited state is a substantial
These parameters quantify the extent of excited-state distortionbroadening of the absorption and emission bands. The spatial
and distinguish luminescence bands associated with a largelyextent of the vibrational level in the initial state leads to a
distorted excited state such as the case in the mercury excimeiFranck-Condon envelope for the transitiéiWe estimate this
emission herein from luminescence bands associated with lesg=ranck-Condon broadening by using a simple approximation
distorted excited states such as monomer emissions in aromatidased on the vertical transition energies at the classical turning
hydrocarbons, for example. We are unaware of any prior study points of the initial state vibrational leveld74The calculations
for Hg, or any other luminescent transition-metal system in were based on the CCSD(T), B3LYP, and B3PW91 methods
which these parameters were evaluated using modern quantunand the cc-pRVTZ basis set because these combinations have
mechanical methods. For the calculation of these parameters]ed to reasonable spectroscopic results for the Hg monomer and
it is important to construct and analyze potential energy curves dimer as demonstrated above. The methodology is straightfor-
for the electronic ground state and emitting excited state. This ward; however, several notes are warranted here. First, when

V max (em)
Vmax (abs)

Stokes' shift

=V max (abs) = V max (em)

10+

Band width

i

1 zg




696 J. Phys. Chem. A, Vol. 109, No. 4, 2005 Omary et al.

excited-state calculations are performed, the identity of the
emitting state must be confirmed because this state is not always
the lowest energy excited stafeAs shown in Figure 3, the 3200 1
3%, " emitting state is lower in energy than tfid, nonemitting
state at longeR distances but the order is switched at shorter
R distances. Obviously, the absorption energy, Stokes shift,
bandwidth, and’ values should all be evaluated on the basis
of the3," emitting state. Second, the bandwidth was evaluated
on the basis of'em = 0, 3, and 12 for *Hg. The calculation
based on' = 0 gives the inherent broadening of the electronic
emission bandtd K without thermal broadening; therefore, it 2200 1
is a fundamentally useful parameter to distinguish broad from
narrow emissions. While this calculation would be useful to
relate to experimental results for solid-state luminescent materi-
als, for which measurements at cryogenic temperatures are
readily obtained and will not have significant thermal population
of excited vibrational levels, th¢ = 0 bandwidth calculation - ) e eo

does not have strong bearing on the,Hgstem because the . '9"¢ 4'.C";‘]'°”'ated abds_orptlon snergy for th%l — Zla "e"'cd"’_"
experimental data are obtained at very high temperatures (e.g.g? gsggon’&mt & mercury dimer at the experimental ground-state distance
763 K in ref 39). At such temperatures, excited vibrational levels R ) )

are significantly populated. A commonly used parameter in €nergies calculated using this approac_h are _reaS(_)nabI(_e when
experimental luminescence studies is the full width at half- CCSD(T) and DFT methods are used in conjunction with at
maximum (fwhm). A reasonable estimation of fwhm for the Ieast a cc-pRVTZ basis set. From the dgta in Figure 4, the largest
335 nm *Hg excimer emission is the bandwidth based on the Pasis set B3LYP and B3PW91 calculations forthg" — °%,*

v = 3 level, which has a Boltzmann population ©60% at transition energy are, respectively, 900 and 16003cmwer

763 K. It may be more desirable to calculate the full width of 1N €nergy than the observed %'0— D 1, absorption energy.

the emission band instead of the more subjective fwhm. For ON the other hand, the CCSD(T) absorption energy obtained
the full-width calculation, levels that have-80% Boltzmann ~ USing the cc-pRVQZ basis is 1700 cinhigher than the
populations are assumed to contribute to the broadening beyondEXPerimental absorption energy. Thus, it would appear, at first
the noise level in the experimental spectra. Thus, we ap- thought, that the DFT method with a B3LYP functional gives

proximate the full-width calculations in Table 2 on the basis of & better result for the excitatiqn energy than does the'ab initio
the ' = 12 level. In the full-width calculations, we included ~CCSD(T) method; however, this is misleading. As we discussed

S o . 49
anharmonicity because it is expected to lead to modest change bove, see Chart 3, the relativistic Sﬁm.b.'t correctioné®

in the estimates of the band broadening. The inclusion of or the D 4, level are such that the transition energy betwegn
anharmonicity is even more important for the determination of the Russel-Saunders states should be higher than the transition

V' abs because of the very high vibrational levels involved. energy between the spiorbit split levels.

As sh in Table 2. th lculated ¢ . Its f The overall data in Figures-24 and Tables 1 and 2 support
S shownin Tablé z, the calculated SpeCtroscopIC resultS 101 yq |iterature assignment of the near-UV emission in the mercury
the mercury dimer are very reasonable and in good agreemen

ith th . Lval lable. The | | fth \/apor to be from théX," (D 1,) state and provide molecular
with the experimental values available. The large values of the spectral parameters that quantify the large excited-state distor-
bandwidth, Stokes shift, ana'sns shown in Table 2 are

. . - - tion. Very good agreement with the experimental data is
convenient probes to numerically describe the very large excited- 5yained with a judicious selection of methods and basis sets.
state distortion in the *Hgexcimer. Successful calculation of

To finish the discussion of the spectroscopy of the Higner,

these parameters demonstrates that the use of computationale aqgress the calculation results for i, state. Although
methods in modeling luminescent materials should be expandedy,is state is nonemissive because of the parity selection rule

beyond merely the calculation of the emission energy and ¢ glectric dipole allowed transitions, it is a very important
optimizing the structure of the excited molecule. The calculated §imer state because it acts as a reservoir of the molecular

vibrational and rotational parameters shown are also in Very gycitation energy and, hence, is important for laser action of
good agreement with the experimental results available (Table g mercury vapo¥’3848 Because this state is just lower in

2). energy than théZ," state and is a bound state with a lafge

The limitation of DFT methods in describing dispersion forces (Table 1), it is considered a metastable state that feeds the higher
has an important consequence on the utilization of these methodsnergy emitting states of the dimer and trimer, as it should not
in calculating the absorption energies. A reasonable way to decay to the ground state by an electric dipole mechanism.
estimate the absorption energy with DFT methods in such casesNevertheless, Callear and co-workers have discovered a violet
is to calculate the vertical transition at the experimental distance emission in the mercury vapor at395 nm and assigned it to
(3.63 A for Hg,® Figure 3). MP2 and CCSD(T) do not suffer  a collision-induced transition from the A7 spin—orbit states
this limitation, so in principle, the absorption energies may be that result from thisIg state3®7¢Our calculations support this
calculated on the basis of the optimized ground-state geometriesassignment, as broad emissions in this region were calculated
with these methods. However, because the ground state is rathefor the parity-forbidderfIT; — =4+ transition. For example,
shallow, there are large uncertainties in the calculation of the B3PW91/cc-pRV5Z calculations give rise to a phosphorescence
Re for the ground state; thus, the approach followed in wavelength of~370 nm due to this transition. TRel; — 124"
calculating the absorption energies in Figure 4 and the conse-transition energies calculated have more significant differences
quent spectroscopic parameters in Table 2 is based on verticafrom the experimental results than those above fofhe —
transitions at the experimental ground-state distance for all 4" transition energies calculated with the same method/basis
methods. As shown in Figure 4, th2;" — 3X,* absorption set combinations. This is because the discrepancy between the
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TABLE 3: Bonding and Molecular Spectroscopic Parameters for the *Hg Linear Trimer Exciplex Using the B3PW91 Method
and the cc-pRVTZ Basis Set

SHU 32u+ 3Hu 3Zu+
Re, A 2.715 2.842 Stokes shiff,cm 14341 8733
DePcm? 14828 13924 Vabs 130 83
Aemission NM 480.0 415.4 wefCmt 83 69
Aabsorption NM 284.3 304.8 weXe,t CML 0.12 0.040
bandwidth, cm?; vem=0 967 920 Be, cmt 0.0057 0.0050
bandwidth? cm™; vem=5 4724 3063
bandwidth? cm™; vem= 18 8538 5758

2The two Hg-Hg distances were found to be identical in the optimized geometriEse dissociation is to one excitetP) *Hg atom and two
ground-state!S) Hg atoms¢ The absorption wavelengths angpsvalues are calculated at 3.56 A (see the text for an explanation of the choice of
this distance)d Thev' = 5 and 18 vibrational levels have Boltzmann populations of, respectivéi®% and 10% of the population of the =
0 level at the experimental temperature of 763 K at which the 485 nm emission in the mercury vapor has been*tepSytatnetric stretch.

33, calculated and the near-UV emitting [ &tate is much selection rules, one 0 state and two [states’® The green
smaller than that between tRHj state calculated and the violet continuum emission at 485 nm known in the mercury vapor
emitting A Q;* spin—orbit states (Chart 3). If calculations that has been suspected to be related to theAspin—orbit trimer
do not include spirorbit coupling are used to model the state3® The calculated results in Table 3 provide the first
luminescence of heavy metal species, one has to toleratecomputational support of this assignment. These results show
deviations from experimental values such as those calculatedthe following: (1) The lower energy emission is from tHé,
here for the®[1y — =4+ transition. For assignment purposes, state, to which the A @ spin—orbit trimer level correlates. (2)
however, such deviations are normally acceptable. The emission wavelength calculated is 480 nm forflfigstate
Bonding and Spectroscopy for the Linear Mercury Tri- using B3PW91/cc-pRVTZ, very close to the 485 nm experi-
mer. The assignment of the 485 nm emission in the mercury mental emission attributed to the trimer. This particular B3PW91/
vapor has been subject to controversy. Initially, this band has cc-pRVTZ treatment came within only a few nanometers of
been assigned to a collision-induced transition from a-spin the experimental values for the triptet singlet transitions in
orbit state of the *Hg excimer that is below the D,ktate?041 the monomer (241 vs 239 nm) and dimer (335 vs 335 nm), so
However, more extensive experimeffdl and theoreticdf the errors associated with this method and basis set combination
investigations have indicated that the green emission could notseem to offset the errors that arise because we have neglected
be assigned to a dimer; instead, it has been assumed to originatspin—orbit coupling. (3) The bandwidths, Stokes shifts, ahgs
from a phosphorescent trimer exciplex, *#f§4* Prior to the values shown in Table 3 clearly illustrate a very large excited-
present work, this assignment had not been confirmed by astate distortion in the emitting state, even more so than in the
theoretical treatment of the trimer. Table 3 summarizes our *Hg, excimer. The bandwidths calculatediét, = 5 and 18
calculations of several bonding and spectroscopic parametersn Table 3 are to be compared with experimental values of 4500
for the low-lying triplet states of the linear Herimer. The DFT and 8200 cm! that we estimated for the bandwidths-a50%
results in Table 3 have been obtained using the B3PW91 and 95% of the peak intensities reported in Figure 4 of ref 39.
functional and the cc-pRVTZ basis set. For the absorption There are no experimental values available yet for the Stokes
energies to the excited states, we consider vertical transitionsshift or v, for the 485 nm trimer emission because this
at the Hg-Hg bond distance of 3.56 A; as explained below, emission is usually obtained by excitations corresponding to
this is our best estimate of the bond distance in the ground statethe atomic'S — 3P, transition at~253 nm, which excites the
of the linear Hg trimer. We find that the lineab., symmetry Hg monomer instead of directly exciting the trimer or dirffef?
is preferred over the ber@,, symmetry for both the ground It is interesting to note that Table 3 predicts that the lowest
and the lowest triplet states of the trimer. This contradicts an energy absorption involves excitation to tfg,*t state while
earlier study by Basig et al., where they obtained a minimum  the lowest energy emission occurs from fiig, state. Conse-
for the ground state of the trimer that ha<Ca symmetry’’ quently, the3IT, emission is predicted to have a much larger
Because these authors obtained rather inaccurate energies foexcited-state distortion than th&,™ emission, which is
the monomer, dimer, and trimer using a Dirdéock—Slater translated to smaller bandwidths, Stokes shifts,dpdvalues
SCF approach’ we believe that the linedd.., symmetry we for the 3, ™ emission. Other trimer bands besides the 485 nm
obtained is the lower energy geometry for the ground and lowest emission are not very well known in the mercury vapor.

triplet states of the Hgtrimer. However, in recent experiments on the emission in mercury
In the Doh linear Hg; trimer, a transition from the antibonding  vapor, Koperski et al. used a supersonic expansion beam under
HOMO, o4* s), to the two lowest lying virtual orbitals, theep) conditions that favor high collision rates. As a result, they have

and ryp) bonding MOs, leads to ungerade states. Hence, the observed three continuum emissions at 404, 436, and 506 nm.
resulting lowest triplet stateg¥," and?3I1,, are both emitting The latter band is the same historically known 485 nm green
states. Table 3 shows that both states are strongly bound, agmission in mercury vapor; variations in experimental conditions
evidenced by the shoRe distances and higb. energies. The are known to lead to some changes in the peak maxima of the
next section contains more insights regarding the bonding various continuum bands in the mercury vapor. These three
properties in the trimer versus smaller and larger clusters in peaks were assigned to the $tgmer,’® but the authors stated
various electronic states, including the ground state (results forthat the assignment is tentative and needs to be confirmed by
the ground state are not shown in Table 3 because a DFTmass analysis, and they did not assign the three bands to specific
treatment is followed). The results in TablesBrepresent the  electronic states of a linear or bent trimer. We note that the
first spectroscopic parameters calculated for the lineas Hg 404 nm emission in ref 78 attributed to the trimer occurs at a
species, to our knowledge. The linear trifiE;™ and®I1, states wavelength very similar to that of the violet emission that
will lead to three low-lying spir-orbit states that can decay Callear et al. presented strong evidence that it should be assigned
radiatively to the ground state according to Hund's case (c) to a collision-induced transition from the dimer g‘Ostate38.76
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The extremely high carrier gas pressured@ atm) used inref ~ TABLE 4: Ground-State Cooperativity in Hg , Linear (Dewn)
78 should favor collision-induced bands. For these reasons, weQligomers According to MP2/LANL2DZ Calculations

believe that the 404 nm emission observed by Koperski et al. “n”in Re, E/n, D¢/bond,
should be assigned to the dimer tGstate instead of a trimer Hgn A cm*  De cmt cmt

state. This leaves the 436 nm band in ref 78 unassigned. The » 3.521 —384 768 768
calculations in Table 3 are consistent with an assignment of 3 3.450, 3.450 -613 1838 919
this band to a spirorbit state related to th&,* state of the 4 3.419,3.389,3.419 —756 3025 1008

linear trimer. The energy difference between the calculated o ) N .
33,* — 134" phosphorescence wavelength of the trimer and combination describes the ground-state mercurophilic bonding
the 436 nm experimental emission is similar to the energy (Witha positiveDe), correctly predicts that the bonding increases
difference between the calculatéid, — 1=;+ phosphorescence by an order of magnitude in the triplet excited states studied,
wavelength of the trimer and the 500 nm experimental emission @nd that the bonding is stronger in thHj state than in the

in ref 78. However, a more definitive assignment of the trimer °2u’ State. This validates the MP2/LANL2DZ combination for
emission bands must await further calculations we plan that treatthe study of cooperativity. This conclusion is strongly supported
spin—orbit coupling. We believe that these results in Table 3 Py the comparisons made by Burda et al. for BeandR of

will serve as a backdrop for future experimental and theoretical fare gas dimers between MP2 and CCSD(T).

work on the mercury trimer because much about the spectros- _1able 4 shows the calculated equilibrium distances, the
copy of this species remains unknown. binding energies per atoniefn), the total binding energies for

. . . dissociation to separated atoni3), and the binding energies
Cooperativity of the Hg—Hg Bonding in Hg, Oligomers . g
and *I—Fl)gn Exc)i/plexes.Ar? imgortant isgsue ignmetgallophilic per bond DJ/bond) for the ground states of linear kgigomers

L . L . (n= 2, 3, and 4). For the binding energies, the energy of the
bond!ng is whether there IS a driving force for expandmg_the 1S ground state of the Hg atom is the reference energy. The
bonding beyond one bond in an extended system. This is an

. . : data show an unmistakable trend that the mercurophilic bondin
important structural issue to understand because solid-state P 9

. o . S in the electronic ground state is cooperative. As one moves
systems that ex.h|b|t mgtallophlllc bonding of@en exhibit inter- toward larger clusters, the internuclear distances become shorter,
molecular M—M interactions that range from dimers and larger

and the total and average binding energies become higher. If

oh_go_mers to extendeq _chalns and sheets. Herein we addres%ne accepts the premise that the mercurophilic bonding in the
this issue of cooperativity for both the ground-state mercuro- Hgn System is a good model for the general metallophilic

Eh'“g. boﬁd'fg n Hg. olllgomers and th% exlqted-state covalgni: bonding in closed-shell transition-metal complexes, this trend

onding in *Hg, exciplexes. We consider linear systems with i then explain the experimental finding that these complexes

1-4 6_“0”_‘5- In chc_)osmg the appropriate method and ba_S|s S€have a strong tendency to form supramolecular assemblies in
combination for this study, one needs to choose a combinationia torm of oligomers and extended structures with-M

that describes the systems well while maintaining the feasibility jaraction® Previous studies by Omary and Patterson sug-

of the calculations for the larger clusters. It is very critical that gested, on the basis of extendeddKel calculations, that the
one chooses a method that accounts for dispersion. Henceargentophilic and aurophilic bonding in [Ag(CN]. and

correlated ab initio methods such as MP2 and CCSD(T) work [AU(CN), ], oligomers, respectively, is also cooperafidn

well for this study, while HF and various DFT functionals do - the mercury system itself, the ground-state cooperativity in the
not. In this connection, it is appropriate to consider how well 4 g honding per the results in Table 4 is consistent with
MP2 describes the van der Waals dispersion interaction; this is the experimental fact that cooling mercury vapor after supersonic
particularly important for our analysis of the ground states of eypansion experiments has often led to the formation of large
the Hg, oligomers. For this purpose, we review the results that clysters instead of just dimers or trimé#sFurthermore,
Burda et al. have obtalne_zd in a _detalled anql careful study of jnformed prediction of the geometry of KHgpecies that have
theDe andR for rare gas dimer Since these dimers are bound  yet to be characterized can be made on the basis of these results.
purely by dispersion forces, the comparison by Burda ét al.  For example, the internuclear distances in the lineaytkigier

of the accuracy of MP2 and CCSD(T) treatments is quite hayve yet to be characterized experimentally. Since the calcula-
relevant for the bonding in the ground states of the ${gtems.  tjons in Table 4 predict a shortening 5y9.07 A on going from

It was found that, while the CCSD(De values are reasonably  the dimer to the trimer, combining this finding with the
close to results obtained with still more accurate methods, the experimental distance in the dimer leads to a prediction that
MP2 De values have significantly larger errofsThe MP2De the linear Hg trimer will have two identical distances of
values are 1535% different from the CCSD(T) values. ~3.56 A.

Moreover, the MPDe values are sometimes smaller and some-  To analyze the bonding in the excited states, we first discuss
times larger than the reasonably accurate CCSD(T) values; forthe orbital nature of the excitations considered fors;Htye

Hez and for Ne, the MP2De values are too small, while for  orbital nature of the excitations in Hgand Hg has been
Ara, Krz, and Xe, the MP2De values are too large. The MP2  discussed earlier. The HOMO of biis the 6soy* orbital that

De values being too large for heavy dimers is consistent with is antibonding between all Hg atoms; see Figure 5. For the triplet
our results for théX* ground state of Hg see Table 1, where  excited states of Hg we consider states created by spin-
the MP2De value is too large by 0.08 eV compared to the forbidden transitions from this HOMO to bonding &g and
CCSD(T) value. For th&, Burda et al. find that the MP2 values  x, orbitals to form®=," and®[1, states, respectively. The second-
are close to the CCSD(T) values, differing from them by only highest occupied Hgorbital is a 6sog, which is bonding
~2—3%.° These smaller MP2 errors f&. are also reflected  between the central Hg pair of atoms but antibonding between
in our results for Hg The basis set choice is also important; the outer two pairs of Hg atoms. We consider high-spin excited
however, all basis sets discussed above are reasonable whesgtates where the total state is a coupled quintet. The two quintets
coupled with the proper method. Hence, we have chosen thethat can be formed a1y and®s,~. The issue of excited-state
MP2/LANL2DZ combination in this study of cooperativity. An  cooperativity is harder to assess than the cooperativity in the
inspection of Table 1 above for the dimer reveals that this ground state. This is because excited-state bonds differ in
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Figure 5. Equilibrium distances, spin densities, and contours of the SOMOs for the low-lying paramagnetic states of lirdayorgers ( =

2-4).

strength in different oligomers in the absence of cooperativity
while in the ground-state all oligomers have a formal bond order
of 0. A one-photon excitation from an antibonding to a bonding
orbital to form a triplet excited state, for example, involves an
increase in the formal bond order from 0 in all oligomers to 1
in a dimer (one bond), 1/2 in a trimer (two bonds), and 1/3 in
a tetramer (three bonds) in the absence of cooperativity.
Therefore, the basis in evaluating the cooperativity in the excited
state will be the total stabilization energy for all bonds in the

oligomers, as opposed to individual bond lengths and energies.

The results for low-lying paramagnetic states of }Hig= 1—4)
linear exciplexes are shown in Table 5, and their geometries
and spin densities are shown in Figure 5. The cooperativity in
the Hg—Hg bonding is clearly illustrated in the Table 5 entries.
As one moves toward larger clusters in eitREror 3I1 states,

TABLE 5: Excited-State Cooperativity in *Hg , Linear
Oligomer Exciplexes According to MP2/LANL2DZ

Calculations

“n”in E/nz De?

*Hgn state 10cm? 10°cm?t
2 32u+ (Uu* (ssﬁg(sp)) —21.16 7.962
3 ST (Ug* (6s)u(6p —27.17 12.80
4 3" (o (6s7q(6p) —29.68 15.67
2 3I—[g (ou* (65)7'5u(6p)) —21.19 8.013
3 Ty (Ug* (Gsﬂu(Gp)) —27.10 12.57
4 3I—[g (ou* (Gsﬂu(ﬁp)) —29.63 15.46
4 *Ig (Tg(esPu* (65\Tg(6pVTu(6p) —22.70 22.07
4 53y (Og(esPu* (6syTu(epyTu(ep) —22.12 19.77

aRelative to the energy of a *Hg atom in tRE state? D, values
were calculated for *Hgexciplexes such that triplet states dissociate
to one®P *Hg atom and fi — 1" 'S ground-state Hg atoms while the

the binding energy per atom and the average bond energy bothquintet tetramers dissociate to t&® *Hg atoms and twéS Hg atoms.

become higher. This occurs despite the fact that the individual

bonds may be weaker, on average, as one moves in this directiorthe ground states and 1 for the triplet states). This suggests that
(see the bond lengths in Figure 5). The increased stabilizationthe excited-state cooperativity is stronger than the ground-state

on going to longer oligomer exciplexes is several thousand

cooperativity. Another very important result in Table 5 is that

inverse centimeters per atom added, compared to only a fewlower energies and higher binding energies are obtained for the
hundred inverse centimeter increases seen in Table 4 for thequintet tetramers compared to two separated triplet dimers. This

ground-state oligomers, although the total formal bond order
expected without cooperativity is uniform in each case (0 for

means that the energy of two excited dimers that ferromagneti-
cally couple with one another to form a quintet is lower than
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the energy of two isolated triplet dimers. This suggests that solid- carrier gas, pressure, equipment setup, and other experimental
state linear-chain materials systems that exhibit excited-statefactors. Hence, calculations that predict the energy range and
cooperativity and excimer/exciplex-forming properties similar estimate spectroscopic parameters that characterize the excited-
to those of the mercury system may stabilize high-spin excited state distortion are invaluable for such situations as this study
states. This would be extremely significant if proved experi- demonstrates. Accurate calculations of the theoretical spectral
mentally because such materials would be ideal as magneticand bonding parameters will require full relativistic treatment
switching devices, which have been receiving significant interest of spin—orbit effects using relativistic, four-component spinor,
lately 33 The magnetic behavior would be “turned on” by light Dirac—Fock—Cl wave functions and are extremely demanding.
exposure, while it turns off in the dark because the material is While we plan to pursue such calculations for the small mercury
diamagnetic in the ground state. Further treatment of linear andclusters, the current state-of-the-art of computational resources
nonlinear clusters of group 12 elements, including larger clustersdoes not allow a similar treatment of large clusters or realistic
and different spin states, is in progress. models for large ligand-containing transition-metal complexes
The cooperative bonding in linear mercury clusters should for which the Hg system is a good model. Calculations that
be viewed as long-range/multicenter bonding, as opposed to thequalitatively characterize the bonding in Hipear clusters have
classical two-electron/two-center covalent bonding. An inspec- demonstrated the significance of cooperativity in both the
tion of Figure 5 supports this conclusion because it shows thatweakly bound ground state and strongly bound low-lying
(1) all bonds in *Hg exciplexes are shortened rather signifi- paramagnetic excited states. These results carry significance for
cantly from the~3.5 A ground-state distances, (2) the electron extended-chain solid-state systems that may be helpful for the
densities in the bonding orbitals span all atoms in the cluster, utilization and design of luminescent and magnetic materials
and (3) the spin densities are delocalized onto all atoms. While that have bonding and spectroscopic behavior similar to that of
the extent of each of these trends varies depending on thethe Hg, system. Our efforts will continue to study larger Hg
oligomer size and the state, a general delocalization of the clusters with different geometries as well as phosphorescent
bonding and paramagnetism is evident from the data shown in closed-shell transition-metal complexes in coordination with the
Figure 5. The cooperativity of the excited-state bonding ingHg evolving experimental studies. This is an era where experimental
exciplexes deduced from Table 5 and Figure 5 also explains methods that directly probe the excited-state structure by time-
several aspects of the luminescence behavior of the mercuryresolved methods of diffraction (photocrystallograptfy),
vapor and related materials that exhibit excimer/exciplex EXAFSE and Raman spectroscdfyare available. To make
emissions. First, although the 485 nm green emission is the mostmaximum use of the information gained from these elegant
well-known visible emission, it is not the lowest energy emission methods, it will be extremely important to increase the utilization
reported thus far in the mercury vapor. For example, lower of computational methods to study the excited states of
energy emissions were report®dand further experimental  luminescent organic and inorganic materials of current interest.
research under high pressure is needed, as suggested by the study
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