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We present a comparative study of the metal—metal interaction effect on the static quadratic hyperpolarizabilities
of two typical dinuclear rhenium clusters. The electronic structures, excitation spectra, dipolar moments,
static polarizabilities, and quadratic hyperpolarizabilities of the two complexes with direct metal—metal
interactions have been computed and analyzed with the use of high-level DFT/TDDFT methods. The geometries
and the first intense excitations agree with the relevant reported measurements. The orbital decomposition
scheme (J. Phys. Chem. A 2006, 110, 1014—1021) has been applied to analyze the relationship between the
electronic structures and nonlinear optical (NLO) properties of these two complexes. We propose an
unprecedented NLO response mechanism featuring the contribution of the direct metal—metal interaction
transition process in these dinuclear rhenium complexes. This contribution positively enhances the quadratic
hyperpolarizability and relates to the intensity of the metal—metal interactions of the complexes. The results
are helpful to the development of NLO chromophores in polynuclear metal clusters through the molecular

design technique.

1. Introduction

In the past two decades, the organometallic nonlinear optical
(NLO) chromophores have attracted great interest.'=> Introducing
the heavy metal atoms into the pure organic molecules brings
vast opportunities to the enhancement of the quadratic hyper-
polarizability () due basically to the reinforcement of push—pull
charge transfer (CT) of NLO chromophores. Since the pioneer-
ing work of Frasier* and Green® on the ferrocene derivative
complexes, the record-holder of the “highest” title of the static
quadratic hyperpolarizability of transition-metal-based NLO-
phores keeps changing and is now a metalloporphyrin chro-
mophore [the push—pull arylethyny(porphinato)zinc derivative]
possessing the static quadratic hyperpolarizability value up to
800 x 10730 esu (dynamic value at 1064 nm is up to 5000 x
10730 esu).® The metal-based chromophores with sufficiently
large second-order NLO activities have potential applications
in the telecommunication area, data storage, computer, and
display technologies.

Many desirable material properties tend to have tradeoffs;
for example, the known nonlinearity-transparency tradeoff in
developing the novel NLO crystals.” The enhanced quadratic
hyperpolarizabilities of organic or organometallic molecules are
sometimes accompanied by the red-shift in their optical absorp-
tion into the visible part or even into the near-to-mid-IR part of
the spectrum, limiting their practical nonresonance applications
in this frequency range. The large quadratic hyperpolarizability
of a push—pull organometallic NLO-phore to a high degree rests
in the extension of m-conjugated ligands (such as the longer
m-conjugated backbone of ligands in tetrahedral or octahedral
octupolar organometallic NLO-phores?®), which play the key role
in the metal-to-ligand CT (MLCT) or/and metal inductive
ligand-to-ligand (LLCT)/intraligand CT (ILCT). However, the
more extended conjugated ligand (such as a very long sr-con-
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jugated backbone) may bring on the unfavorable red-shift
absorptions and/or in some cases the crystallization difficulties,
which seriously restricts the resonant applications as solid-state
organometallic NLO crystals. Moreover, some studies have
revealed that the 8 values of some dipolar NLO-phores cannot
be further enhanced by lengthening the conjugated 7r backbone.’
The more favorable pathway in developing the transition-metal-
containing NLO-phores is expected to improve the tradeoffs
between the nonlinearity and the transparency and/or the
crystallizability.

The metal—metal interactions arouse great interest in both
fundamental chemistry and potential material research.!® Since
Cotton’s report on the first quadruple Re—Re bonding,'! great
efforts have been made to maximize the bond order between
two transition-metal atoms, and most recently, great achieve-
ments have made on dinuclear chromium complexes.'?!3 In
addition to the multiple direct metal—metal bonding being
essentially interesting from a fundamental point of view, most
reported synthetic organometallic complexes with indirect
metal—metal interactions show some promising physical and
chemical properties.!* The general picture of hetero- and
homogeneous bimetallic complexes stabilized by an unsaturated
bridging ligand can produce bright luminescent light in the
visible spectroscopic region characterized by the metal-to-ligand-
to-metal charge transfer (MLM’CT) excitation modified by
metal —metal interactions.'> Some studies have also ascribed the
second-order NLO properties to the indirect metal—metal
interactions of some mixed-valence bimetallic ruthenium com-
plexes, !¢ dinuclear metallocene derivatives,!” and metal ses-
quifulvalence complexes.'® Consequently, it follows a rational
line to come to the study on the direct metal —metal interaction,
strong multiple bonding or weak coupling, relating to the NLO
activities of polynuclear metal cluster compounds.

Although the NLO properties of the polynuclear transition-
metal cluster compounds have been studied for about two
decades, the reports until now have been limited to the
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Figure 1. Molecular structures of the model complexes (a) Rex(allyl)s; (b) Rea(u-S),0.(CH,CMes)s. H atoms are omitted for clarity.

measurements of third-order NLO activities such as the optical
limiting properties.'*2! They have provided invaluable informa-
tion in which the transition-metal nature is discussed in some
ways. Alternatively, to the best of our knowledge there are only
a few reports on the potential second-order NLO activities of
the polynuclear cluster compounds,???* saying nothing of the
potential applications such as in the optical telecommunication
area as switches and modulators. Moreover, the second-order
NLO nature of the polynuclear metal clusters remains unclear
in contrast to that of the organometallic or metal-free organic
NLO-phores. The direct metal—metal interactions that uniquely
exhibit in the polynuclear clusters are expected to play certain
roles in the NLO response mechanism.?? This motivates us to
investigate the structure—NLO property relationship of poly-
nuclear metal clusters, which may lead to a new way to develop
favorable metal-based NLO-phores with increased optical
transparency and crystallizability while maintaining relatively
large NLO responses.

The experimental report on molecular quadratic hyperpolar-
izabilities is very limited of the polynuclear cluster compounds.
This would bring difficulty in the theoretical analysis, but some
indirect experimental results of the photophysical properties of
the polynuclear clusters are very informative to consult with.>*
On the basis of the above consideration, in this paper two typical
dinuclear rhenium cluster complexes have been chosen as the
theoretical models. One is the [Re(C3Hs),]» complex (1) (we
note the organic ligand Cs;Hs as allyl in the following), which
contains a very strong direct metal—metal interaction> (Re—Re
triple bond reported by Cotton et al.?®), and the other one is
[Re(u-S)OL;], [L=(CH,CMes)] complex (2) containing a
relatively weak direct metal—metal interaction.?’” These two
models are selected carefully in terms of enough simple
structures and acentric space group symmetry of the corre-
sponding single crystals, which is necessary for producing
macroscopic second-order NLO activities (both are in mono-
clinic C, symmetry). These two models are dimerized by two
equivalent moieties, that is, the Re(C3Hs), moiety for 1 and the
Re(u-S)OL, moiety for 2. The notably different metal —metal
interactions in these two models provide a useful comparative
example to analyze their contributions to the quadratic NLO
response.

The recently proposed orbital decomposition scheme by
Hieringer and Baerends?® provides a very useful tool to relate
the electronic structures and the relevant orbital-pair transitions

to the quadratic hyperpolarizability. It is based on the response
theory and has been confirmed useful by the previous study in
understanding the quadratic NLO nature of organometallic
chromophores.?® Another advantage of the decomposition
scheme lies in the economic computational burden. It could be
obtained as a byproduct of the quadratic hyperpolarizability
calculations without any additional computations. So it is
particularly useful to the complex sizable systems like the
polynuclear metal-based NLO-phores. The present study on the
dirhenium complexes mostly builds upon the orbital decomposi-
tion analysis.

The paper is organized as follows. In Section 2, we first
describe the density functional (DFT) and time-dependent DFT
computational methods as well as the modified orbital decom-
position scheme used in the present study. In Section 3, two
typical bimetallic rhenium complexes are studied and analyzed
on the geometries, electronic structures, excitation spectra, and
static quadratic hyperpolarizability. The structure—NLO property
relationships are discussed with the focus on the metal —metal
interactions and their comparable contributions to the quadratic
hyperpolarizability. In Section 4, we draw some conclusions
based on the calculations and NLO response mechanism
analyses.

2. Computational Methods

The initial geometric structures of the two dirhenium models
were taken from the X-ray diffraction data.?>’ The molecular
geometries illustrated in Figure 1 were fully optimized with C,
symmetric restriction to the local energy minima, which have
been confirmed by no imaginary harmonic vibration frequency.
The twofold axes of both models were arranged to be along
Cartesian z axes, which are also identical to their dipole moment
directions. The selected experimental and computed geometric
parameters such as the bond lengths and angles are listed in
Table 1.

The geometric optimizations and ground-state self-consistent-
field (SCF) calculations were proceeded at the triple-& split-
valence Slater orbital-type basis set with two augumented
polarization functions (TZ2P) and the “small” frozen core level:
(Re:4d; O:2s; S:2s; N:2s). The Becke—Perdew (BP) pure general
gradient approximation (GGA) exchange-correlation (XC) func-
tional?® was used with the local density approximation (LDA)
part being VWN type3! including the Stoll correction.?? The
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TABLE 1: Selected Experiplental (in Parentheses) and
Calculated Bond Lengths (A) and Angles (deg) of Models 1
and 2

1 2
Rel—Re2 2277 (2.217) Rel—Re2 2.843 (2.759)
Rel—C3 2.194 (2.150) Rel—S3 2.293 (2.237)
Rel—C4 2.200 (2.180) Rel—S4 2.344 (2.242)
Rel—C5 2.196 (2.239) Rel—05 1.695 (1.729)
Rel—C6 2.196 (2.182) Rel—C7 2218 (2.142)
Rel—C7 2.200 (2.146) Rel—CI12 2.234 (2.165)
Rel—C8 2.196 (2.205) C7—C8 1.560 (1.652)
C3-C4 1.438 (1.384) C9—CI10 1.562 (1.539)
C3-C5 1.438 (1.409)
C4-C5 2470 (2.481) S3—Rel—5S4 97.4 (99.2)
C6—C7 1.438 (1.387) S3—Rel—05 118.8 (114.6)
C6—C8 1.438 (1.469) S3—Rel—C7 83.0 (85.7)
C7-C8 2470 (2492) S3—Rel—C9  132.7(135.0)
S4—Rel—05 110.7 (109.1)
C3—Rel—C4 38.2(37.2) S4—Rel—=C7 1459 (145.4)
C3—Rel—C5 68.5(68.8) S4—Rel—C9 71.5(77.9)
C4—Rel—C5 38.2(37.2) O5—Rel—Re2 107.7 (106.8)
C6—Rel—C7 38.2(37.4) 0O5—Rel—C7 98.4 (99.5)
C6—Rel—C8 68.4(69.2) O5—Rel—C9 108.4 (108.4)

C7—Rel—C8 38.2(39.4)

fitted electron density was used in the calculation of the XC
potential. The scaled-ZORA Hamiltonian?® was used to take
account of the relativistic effect in the calculations. The SCF
procedures were converged to 107% au, and the integration
accuracy parameter was set to 5. The computational scheme
described above would be adopted for all of the following
calculations except the alteration of the GGA part of the XC
functional for the response property calculations. All of the
calculations were performed with the Amsterdam density
functional program (ADF 2006.01 version)** on a DELL
Poweredge server.

The electronic excitation properties and the quadratic hyperpo-
larizabilities of models 1 and 2 were calculated by using the
response theory implemented in the RESPONSE module® of the
ADF program. The GGA part of the XC functional in these cases
employed the gradient-regulated asymptotic connection (GRAC)3®
of the potentials based on the BP functional and the shape-corrected
LB94 potential proposed by van Leeuwen and Baerends®” designed
particularly for response properties. The Davidson diagonalization
method was used to yield the excitation information. Totally, 200
excited states with nonzero oscillator stengths were calculated for
the two models. The molecular symmetry (C,) was turned off
during the analytical TDDFT calculations for the polarizabilities
and quadratic hyperpolarizabilities. Only the static values of two
model clusters have been calculated because of the absence of the
comparative experimental dynamic data. Recently, there have been
many valuable reports on the TDDFT calculations of the hyper-
polarizability for the transition-metal-containing chromophores,*»2829.38
The orientationally averaged static values of the polarizability
(o) and quadratic hyperpolazribility (f) are defined as follows:

a=%(axx+ o, +a,,) (1)
B=\/2 8 6)
_3 L
Bi=3 ) By i=xy.z 3)
J=XY.2

The orbital-decomposition scheme proposed by Hieringer and
Baerends was adopted to analyze the contribution of the relevent
orbital-pair transitions to the . The theoretical base of the
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TABLE 2: Selected Bond Orders of Models 1 and 2
Obtained by the Mayer Method

1 2

Rel—Re2 2.00 Rel—Re2 0.65
Rel—C3 0.33 Rel—S3 1.01
Rel—C4 0.58 Rel—S4 0.93
Rel—C5 0.33 Rel—05 1.79
Rel—C6 0.33 Rel—C7 0.74
Rel—C7 0.58 Rel—C9 0.77
Rel—C8 0.33

decomposition scheme has been described in detail elsewhere.?
The formulation of the § induced by the orbital-pair transition
was described as follows:?

N 2
or o ACupMiap )
(a,b) z AE

t i

where (a, b) is an orbital-pair transition involved in the ith
electronic excitation; M, is the transition dipole moment in
the ith excitation; C, ) is the weight factor of the (a, b) transition
in the ith excitation; AE; is the transition energy of the ith
excitation. The summation is over all of the excitations that
possess the (a, b) orbital-pair transition (N = 200 in our case).
Au; is the difference of the transition dipole moment between
the ith excited state and the ground state. It is obtained by using
the finite-field method with the finite field of 0.001 au.*® By
using this scheme, the relative contribution to Scr of a specified
orbital-pair transition with respect to that of another orbital-
pair transition can be shown clearly. The calculated static S, )
of both models with the dominant percentages and relative ratios
were listed in Table 3.

Because of the lack of measured data available for the 5 of
the two dirhenium complexes, the present computed values were
largely qualitatively valuable. On the basis of this consideration,
the solvent effects, intermolecular interactions, and frequency-
dependent effects, which have been proven to be quantitatively
important, are not included in the present qualitative evaluations
of the quadratic hyperpolarizability.

3. Results and Discussions

3.1. Geometric and Electronic Structures and Re—Re
Bond Properties. The Re;(allyl)s molecule has no bridging allyl
groups. The mean Re—Re bond distance is 2.225 (7) A, which
was considered effectively triple by Cotton et al.?® The Re
centers in the Rex(u-S)20,L4 molecule have square-pyramidal
geometries with the oxo ligand in the apical position and the
basal plane defined by two carbons and bridging sulfide group.
The Re—Re distance of 2.759 (3) A is slightly longer than the
sum of two Re atomic radii (2.741 A), which was considered
as single bond by Hoffman et al.”’” The optimized geometric
parameters of both models given in Table 1 are in reasonable
agreement with the experimental data. The small difference from
the crystal structures can be explained by the presence of the
intercluster interactions in the solid state.

The molecular structures of both models relax in general after
the geometric optimizations. The Re—Re bond lengths of models
1 and 2 stretched for 0.045 A and 0.084 A, respectively. The
various Re—C bond lengths in model 1 (e.g., Re;—C3-g bond
lengths) tend to be homogeneous after the optimization, but the
average dimensions of the Re—C distances are in accord with
the measurement. In model 2, the Re—S distances elongate for
0.080 and 0.100 A for S; and S, respectively. The Re—O
distances reduce slightly for about 0.030 A in contrast to the
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TABLE 3: Orbital Decompositions of the Dominate Component £, of Models 1 and 2 (au); Supports That the Largest

Orbital-Pair Contribution Has a Relative Ratio of 100

(a, b) P ratio dominate excitation contribution

(31b, 34b) 34 100 17A(11%) + 22A(59%)
+ 25A(4%) + 27A(3%) + 30A(5%) + 39A(3%)

(30a, 34a) 2.9 88 32A(68%) + 37A(4%) + 39A(9%)
(30b, 32b) 1.7 51 2A(51%) + 3A(22%)
(31b, 33b) 0.8 23 4A(45%) + 5A(51%)
(32a, 35a) —1.0 —28 10A(84%) + 13A(5%)
(51b, 52b) 74 100 1A(99%)
(5la, 54a) 41 56 TA(3%) + 8A(35%) + 9A(44%) + 11A(9%)
(50a, 54a) 13 18 11A(3%) + 12A(3%) + 14A(40%) + 15A(46%)
(49b, 53b) =55 —74 11A(3%) + 15A(8%) + 16A(17%) + 17TA(9%) + 18A(57%)
(49b, 54b) —13 —18 18A(6%) + 25A(8%) + 27A(5%)

enlarged averaged Re—C distance of about 0.070 A. The
optimization relaxations are within the reasonable range, but it
is worth noting that the Re—Re bonding interaction reduced
after the gas-phase optimization. In other words, the Re—Re
interactions of the two model complexes are stronger in the solid
state than those presented in the gas-phase calculations.

The Mayer bond-order method*? was adopted to analyze the
bond properties of the models. The results show the strong
Re—Re bonding in model 1 and the weak Re—Re interaction
in model 2, which agree with the experiments. Table 2 listed
the selected bond orders of models 1 and 2 calculated at the
BP/TZ2P/S-ZORA level of DFT theory. The bond order of
Re—Re of model 1 is 2.20. The relaxed structure after the gas-
phase optimization sustains the strong Re—Re bonding in model
1. On the contrary, the calculated Re—Re bond order is 0.65,
indicating the much weaker interaction between two rhenium
atoms in model 2. The Re—O bond order is 1.8, indicating the
double-bond nature, whereas the Re—S bond order was 1.0,
showing the single bond between them. We did not adopt the
natural bond orbital-based analysis (NBO) to avoid the ad-
ditional computations because the bond-order number is not the
focus of the present study.

The selected frontier molecular orbitals (MOs, from the
HOMO-3 to the LUMO+-3) are contoured in Figure 2 with the
molecular orbital energies. The six frontier MOs of model 1
are composed of mostly the 5d orbitals of dirhenium. For
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Figure 2. Frontier molecular orbital diagrams of models 1 and 2 in
the DFT (BP/TZ2P/S-ZORA) calculations.

+ 284(10%) + 30A(7%) + 32A(21%) + 36A(15%) + 37A(4%)

example, the HOMO locates mainly on two Re atoms with
typical 0 metal—metal antibonding orbital character (noted as
ds+) in agreement with the semiempirical result of Cotton et
al.?® (Figure 1S gives another HOMO contour view of the
Re—Re O antibonding, found in the Supporting Information).
The HOMO of model 2, however, locates on both the dirhenium
atoms and the sulfide ligands. The LUMO of model 2 has d«
character as well as p,+ antibonding of the oxo ligand.

3.2. Electronic Excitations. The gas-phase excitation spectra
of the two models are depicted in Figure 3 at the GRACLB/
TZ2P/S-ZORA level of the TDDFT computations. The intense
lowest-energy excitation peak (Amax) of model 1 locates at 461
nm ( f= 0.01). It consists of mainly the orbital-pair transition
(32a, 33a) (99%), which involves the HOMO (32a) and the
LUMO+2 (33a). According to the MO results shown in Figure
2, the HOMO with a symmetry locates on the two equivalent
Re atoms with the 0% character mentioned above and the
LUMO+2 also locates mainly at the two Re atoms but with
the metal—metal 7 antibonding orbital character (noted as d).
Consequently, the Anax of model 1 at 461 nm involves the ds«
— d= transition. The Anax of model 2 locates at 546 nm, which
red-shifts 85 nm to that of model 1. It has a slightly weak
intensity of the calculated f = 0.008 and is composed of mainly
the orbital-pair transition of (515, 53a) involving the HOMO
(51D) to the LUMO+1 (53a). The HOMO is characterized by
the p orbitals of the S atoms and the carbon atoms of L
fragments (noted as L,) and metal—metal ¢ bonding (noted as
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Figure 3. Simulated electronic excitation spectra of (a) model 1 (red

line) and (b) model 2 (blue dash).
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ds) of dirhenium. The LUMO+1 consists of mostly the 5d
orbital components of two Re atoms with d,+ character and a
small percent of p, antibonding orbital components of the oxo
ligand (Ly+). Consequently, The CT processes involved in the
1B transition are from (L, + dy) to (dg+ + Ly+). The d — d
transitions appear in both cases, but they are obviously different
in intensity.

The measurements of the UV —vis spectra of these two cluster
compounds at present are not available. Eglin and his collabora-
tors have reported the intense lowest-energy absorption of
another strong Re—Re coupled cluster, [Re,CI(NCN)4][BF4] (the
Re—Re distance is 2.224 A, which is very closed to that of
model 1, 2.225 A), located at 460 nm with typical d — d
transition character.?*® Some other available reports also give
rise t0 a Ama at around 420—470 nm of some dirhenium
complexes containing strong Re—Re interactions.?* In terms of
these experimental reports, the TDDFT results of Ay, (1) are
reasonably accurate.

3.3. Dipole Moments, Polarizabilities, and Quadratic
Hyperpolarizabilities. The TDDFT results of the ground-state
dipole moments (u), static polarizability (o), and the static
quadratic hyperpolarizability () are distinctly anisotropic
because of the specified molecular Cartesian coordinates. The
u vectors of model 1 exhibit ¢, = u, = 0 and 4, = 0.1 D and
model 2 has u, = 1, = 0 and u; = 1.8 D. The u. of both models
are small and have the order of u (1) < u.(2). The calculated
polarizability matrices of the two models are almost diagonal;
that is, a; = 0 (i = j). The spatially averaged @ value of model
1 computed from eq 1 is 33 x 1072* esu, which is about one-
half of that of model 2 (67 x 10724 esu).

The anisotropy of the calculated static [3; values of the two
models is obvious (5> f5, 5,). The quadratic hyperpolarizability
of model 1 [B,(1) ~ B(1) = 0.6 x 1073! esu] is about 1 order
of magnitude smaller than that of model 2 [3,(2) ~ 8 (2) = 7.0
x 1073! esu]. The result is a surprise in that the second-order
NLO response of model 1 with a strong Re—Re interaction is
much smaller than that of model 2, which contains a weak
Re—Re interaction. The surprising result is caused by the
symmetric restriction of the dimeric molecular structures, which
will be explained further in Section 4.

The orbital decomposition analysis scheme has been executed
on both models. The contributions of the particular occupied-
virtual orbital-pair transitions (a, b) to a given quadratic
hyperpolarizability (5., which is significant in all 5.; compo-
nents in eq 3 and has the relation of ~8 ~ S, ~ 3/5,.,) are
unveiled as well as the corresponding CT processes involved
in the transitions. The results are listed in Table 3 in which all
other occupied to virtual orbital transitions that are computed
to have lower contribution to ., less than 5% are not listed.
The lower excitation contributions less than 2% are not listed
in the fourth column of the table.

The relevant orbital-pair transitions of model 1 are multi-
component. The contributions of the first four orbital-pair
transitions, that is, (31b, 34b), (30a, 34a), (30b, 32b), and (31b,
33b), have positive signs whereas the last one (32a, 35a) has a
negative sign. They are all obviously characterized by predomi-
nant metal-to-metal transitions (we signify this electronic
transition MMCT in this paper) as illustrated in Figure 4. The
orbital pair (315, 34b) has the largest positive contribution (the
relative ratio is 100%) where 315 is the HOMO—1 and 34b is
the LUMO+6. It is involved in the relatively high-energy
excitations (in the range from 4.9 to 6.1 eV). We note that it is
excluded in the optically intense excitation (Ap,x). The result
conflicts with the assumption of the traditional two-level model,
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Figure 4. Illustrations of the orbital-pair transitions relevant to the
quadratic hyperpolarizability of models 1 and 2 in the TDDFT
(GRACLB/TZ2P/S-ZORA) calculations.

which assumes that only the lower-energy transitions are
counted. The occupied HOMO—1 is the 0 bond orbital of
dirhenium (ds), whereas the virtual LUMO+-6 is dominant by
the st antibond orbital of dirhenium (d,=) with the fractional
components of p,* orbitals of the allyl ligands (L,+) as shown
in Figure 2. This orbital-pair transition therefore involves the
MMCT (ds — d+) and MLCT (ds — Ly+) processes. The former
process is obviously predominant (~80%). The analyses showed
that the following two orbital-pair transitions of (30a, 34a) and
(30b, 32b) have the second and third largest contribution to the
P with relative ratios of 88% and 51%, respectively. Both
mainly involve MMCT with d; — dsg+ and d; — d,+ characters,
respectively (dg+ denotes the sd hybrid antibonding orbital of
dirhenium*!). Another orbital pair (31, 33b) with a positive
relative ratio (23%) is similar to (31b, 34b). It involves
predominately MMCT (ds — d+) and fractional MLCT (ds —
Ly+) characters. It is worth noting that a negative contributor
exists, the orbital-pair (32a, 35a). It has a non-neglectable
relative ratio of about 28% to the largest one in magnitude. 32a
is the HOMO, while 35a is the LUMO-+4. The HOMO locates
on the dirhenium with a typical 0 antibond character as
mentioned above, whereas the LUMO+4 locates mostly on the
allyl ligands. This orbital-pair transition therefore involves
mainly MLCT (ds= — Lgp+), where Ly« denotes the sp hybrid
antibonding orbitals of allyl ligands.

In a word, the metal-to-metal transition processes predominate
over the 8 (~%/5f3,..) of model 1, whereas the MLCT process
could be unfavorable to the enhancement of the quadratic
hyperpolarizability.
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The decomposition scheme performed on model 2 shows that
positive signs and there are two with negative signs. (51b, 52b)
has the largest contribution, where 515 is the HOMO and 52b
is the LUMO. It is involved solely in the first dark excitation
(1A) and is again excluded from the Apax-related excitation. As
depicted in Figure 2, the HOMO of model 2 is no longer
dominated by the 5d orbitals of dirhenium; instead, it has large
components of the p orbitals of S atoms and L ligand fragments
[L=(CHxCMe3)]: HOMO(2) ~ 0.48p(S) + 0.27p(L) + 0.12d(Re).
The LUMO, in contrast to the HOMO, is dominated by the d+
orbitals of dirhenium with the non-negligible fractional contri-
bution from the ligands, which is characterized mostly by the
atomic p antibonding orbitals of O atoms: LUMO(2) =~
0.78d(Re) + 0.20p(0O). Consequently, the orbital pair (515, 52b)
is revealed to be a HOMO — LUMO transition with (L, + ds)
— (dg* + Ly+) character. The relevant transition processes are
multiple; that is, the dominant LMCT (L, — ds+) and the
fractional MMCT (ds — dy+) and metal-inductive LLCT (L,
— Ly+). The second-largest contribution comes from orbital pair
(51a, 54a), where 51a is the HOMO—3 [0.47p(L) + 0.23p(S)
+ 0.15d(Re)] and 54a is the LUMO+-2 [0.55d(Re) + 0.23p(0O)
+ 0.18p(S)]. The orbital components of L fragments [p(L)],
which are involved mainly in the occupied 51a (47%) is absent
in the virtual orbital 544, indicating its electron-donor character.
The relevant electronic transition processes are again LMCT
(dominant), MMCT, and LLCT, similar to those of the (51b,
52b) transition. The third-largest contribution comes from the
(50a, 54a) transition. Different from the 51a orbital, 50a locates
mostly on L fragments and dirhenium without the components
of p(O) and p(S). The relevant transition processes can be
assigned to LMCT, MMCT, and LLCT as well. L fragments
clearly play the role of the electronic donor in the LMCT and
LLCT, and S and O atoms clearly play the electronic acceptor
in LLCT. The above three orbital-pair transitions make positive
contributions to the magnitude of the /5 values. They give priority
to LMCT processes, but MMCT and metal-inductive LLCT
processes are impressive. They are all involved in the lower-
energy excitations (in the range from 2.1 to 3.6 eV). However,
the contribution of the orbital-pair transition (495, 53b) is the
second-largest in magnitude with a relative ratio of 74%, but it
is negative; that is, it would reduce rather than enhance the given
component of the quadratic hyperpolarizability. This orbital-
pair transition is involved in the higher-energy excitations (in
the range from 3.6 to 3.8 eV). The orbital 49b has large
components of p(O) and p(S). The d orbital components of
dirhenium are only about 10% in total. In the virtual orbital
53b, however, the d-orbital components of dirhenium enhance
to 55% in total, whereas the p(O) components decrease greatly.
The relevant electronic transition processes are thus assigned
to LMCT (Ly — dg+), MMCT ((ds — dy*) and LLCT [p(O) —
p(S)]. It is worth noting that the contributions of the L fragments
are absent. The other negative contributor is orbital pair (490,
54b). Its contribution in magnitude has a relative ratio of about
18% to the largest one. The analysis shows a situation similar
to that of orbital pair (49b, 53b) and will not be described in
detail for clarity. It also involves the LMCT, MMCT, and LLCT
processes missing the contribution of L fragments.

In a word, the main CT process contributing to the quadratic
hyperpolarizability of model 2 is the LMCT process, which is
completely different from the situation in model 1. If L
fragments participate in the LMCT process as the electron
donors in addition to the oxo and sulfide ligands, then the
contribution would be positive or vice versa. The MMCT has
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been confirmed to be one of the transition processes that plays
roles in the enhancement of the 3 values.

4. Conclusions

In this article, the electronic structures and response properties
of two typical dirthenium metal cluster complexes have been
investigated intensively based on the high-level DFT/TDDFT
calculations and the orbital-decomposition scheme. The direct
metal-to-metal transition process has been unambiguously
confirmed to be one of the NLO response mechanisms of these
two dinuclear complexes.

We summarized some important results as follows: (i)
Multiple electronic transition processes exist that collectively
contribute to the quadratic hyperpolarizability of these two
dirhenium clusters including MLCT/LMCT, MMCT, and metal-
inductive LLCT. They have already been confirmed and
described in the studies of organometallic and mononuclear
NLO-phores*? except MMCT, which is featured in the NLO
response mechanism of these dinuclear clusters. The multiple
transition processes are either cooperative to each other, such
as the MLCT and MMCT synergetically enhancing the 3 value
of model 1, or are destructively interfering with each other, such
as LMCT and MMCT making opposite contributions to the
value of model 2. Our result indicates that the traditional two-
level model no longer seems valid for the complex polynuclear
metal clusters because multiple excited states (not only one)
are coupled to the ground state to contribute to the . (ii) The
ratio of the 3 value related to the MMCT excitations (noted as
Puvmcr) with respect to the global 8 value (Bcer), that is, SBvmvcer/
Ber, seems to be related to the strength of the Re—Re interaction.
Model 1 consists of the stronger Re—Re bonding, and the ratio
of fSmmer/fBer is much larger than that of model 2, which
contains a weaker Re—Re interaction. This can be understood
in terms of the electronic structures of the two models with
different metal—metal interactions. In model 1, the frontier MOs
are dominated by the splitting d—d levels of dirhenium.
Alternatively, in model 2 where the Re—Re interaction is weak,
the predominant character of the frontier MOs involves more
p/sp components of the ligands. (iii) The smaller 8 value of
model 1 compared to that of model 2 takes place with the
retention of essentially identical structural constraints of these
two dimerized clusters. The dimeric character of dirhenium
restricts sufficient transitions between the two equivalent
rhenium atoms and hence results in small Symcr values of both
models. Because the ratio of Symcr/fcr is significant in model
1 as described above, the Bcr(1) is small. In contrast to model
1, the main S-related CT process in model 2 is LMCT, which
is not restricted by the dimerized structural symmetry. Conse-
quently, model 2 could possess a large Scr value although the
Pmmcr of model 2 is also small. (iv) The first optically intense
excitations (Amax) of both models involve d—d transitions. The
ds+ — dz= is assigned to the Apax (461 nm) excitation of model
1, which agreed with the experimental reports on the strongly
bound dirhenium cluster complexes. The percent component of
the d — d transition in the first intense excitation is reduced
greatly in model 2 basically because of the weaker Re—Re
interaction. The LMCT in this case takes the dominant position,
which agrees with the relevant experimental report of Kaim et
al.

The revealed unprecedented NLO-response mechanism re-
lated to the direct metal—metal interactions implies that the
coordination polynuclear metal cluster is a promising area for
NLO material exploration. The excitation properties and the
second-order NLO activities of polynuclear metal cluster
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compounds can be modulated effectively through structural
design of the metal core building block and metal substituents.
The size and degree of delocalized 7-conjugated ligands and the
strength of the molecular dipole moments are not any longer
the critical inquiries for the large quadratic hyperpolarizability.
This would be beneficial in searching the novel metal-based
NLO-phores possessing the improved tradeoffs between qua-
dratic hyperpolarizability and optical absorption as well as
crystallinity. This study improves our understanding of the
detailed relationship between the direct metal—metal interaction
and second-order optical nonlinearity and opens a way to further
investigation in polynuclear clusters for novel second-order NLO
materials and optical molecular devices.
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