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Nonlinear optical (NLO) properties of transition metal complexes are studied using quantum chemical

calculations. By comparison with all electron calculations, effective core potentials have been shown to be
competent for the calculation of NLO properties as long as the valence basis sets are comparable. While
overall the basis set effects are important for calculation of NLO properties, they are found to be less important
for the central transition metal than for the surrounding ligands. Augmenting the basis set of main group

elements with diffuse s, p, and d functions in a proper way could provide the best compromise between
speed and accuracy of the computation. Interesting trends are found in the calculation of NLO properties of

[MO4]9~. Both polarizability ¢) and second

hyperpolarizability Y decrease toward the right across the

transition series. The second series [fO have the largestt among the three metalates in a triad. For
group IVB and VB complexes with larger charges4( and —3, respectively), the second series [M©O
have the largesy, while for groups VIB, VIIB, and VIII, with less anionic metalates-%4, —1, and 0,
respectively), the third series metalates have the largesthe relative difference in both andy values

among the three series in the same group is much smaller than between different groups. Overall, variations

in the calculated values of NLO properties correlate with®bond lengths and hence the size of the metalate

on.

Introduction

Nonlinear optical (NLO) properties are of interest wherever
the interaction of light and matter is important, e.g., optical
computing or laser and fiber optical materialdLO materials
have been utilized in information processing, optical switching,
optical frequency conversion, and telecommunicatforidLO

results. Second, previous results by Cundari et show
conclusively that effective core potential (ECP) approaches are
capable of very accurately predicting the geometry of diverse
LnM=Ch complexes. As Kanis et al. have pointed b, O
properties are very sensitive to geometry. Third, these systems
are related to metalates, such as barium titanate and lithium
niobate, that have been widely investigated by experimentalists

properties have been studied experimentally and computationally,¢ NO materialé. The chalcogermetal charge-transfer band

with more focus on organic than inorganic compounds. Re-
cently, there has been increased interest in organometallic an
coordination complexes. A systematic investigation of the
NLO properties for families of related complexes is crucial for
improved understanding of structurproperty relationships and
thus the design of novel NLO materials. Therefore, reliable
and rapid prediction of the NLO properties of molecules and
bulk materials would be helpful. Computational chemistry has
been shown to be efficient for this purpose. However, only a
few investigations have been reported for inorganic spécies.
The main focus of this research is the computation of
nonlinear optical properties, including the development of new

methods and application of new and old approaches, to

interesting inorganic systems: transition metethalcogenidos
(LnM=Ch: L, = ancillary ligands; M= transition metal; Ch
=0, S, Se, Te). Three effeetbasis set, geometry, metadn

in their electronic spectra is thought to be associated with large

doptical nonlinearity.

There are two major goals for this research. First, we wish
to assess the utility of ECPs for calculating NLO properties.
Second, by changing metal and/or ligands we can methodically
probe the effect of different chemical influences (charge,
geometry, metal) on the NLO properties. In this paper, we
report the initial results for the calculation of NLO properties
of transition metal complexes focusing primarily on metalate,
[M(O)4]9, complexes.

Computational Method

Effective core potentials plus valence basis %atgymented
by diffuse s, p, and d functions are used to describe transition
metals and main group elements in the calculation of molecular
NLO properties. Specific computational details regarding basis

Calculated NLO prOpertIeS are Of interest in the present researchsetS’ wave functionsl property evaluationsl etci, are extens“/e'y

Transition metat-oxos are ideal target complexes for several

described in review!® Hartree-Fock (HF) wave functions

reasons. First, their molecular and vibrational structure has beenwere employed. NLO calculations were carried out using the

studied extensivel§=® Quantum modeling has found to be
excellent for these complexé8. There are considerable

GAMESS progrartt running sequential (IBM RS-6000/350)
and parallel (IBM SP2 at Cornell Theory Center and SGI

experimental data regarding their molecular structure and PowerChallenge at the National Center for Supercomputing

electronic spectra which are crucial in validating computational

* Address correspondence to this author.

Applications).
The time-dependent Hartre€ock (TDHF) method imple-
mented in the GAMESS program by Kurtz etalas employed
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for all NLO calculations. The polarizabilitya) and the second ~ TABLE 1: ECP versus All-Electron Calculation of NLO
hyperpolarizability ) are the static field (dc) isotropic average Properties
values defined byy12 number of a

Y
basis set basis functiond (au) (au)
[0 (o + 0y + @,)/3 Ti:SBK(d)/CI:SBK(d) 90 73.7 1378.7
Ti:SBK(d)/Cl:3-21G* 110 715 1187.8
and Ti:3-21G/CI:SBK(d) 85 68.0 —986.6
Ti:3-21G/Cl:3-21G* 105 66.3 —891.2
Ti:TZV/CI:SBK(d) 108 73.0 1389.4
DO= Voot Vyyyy T Vazzzet 2000y T Vizzt Vyy2dllS Ti:TZV/Cl:3-21G* 128 705  1097.2

) ] - ) ) ) ) aThis is the total number of contracted Gaussians.
The first hyperpolarizability £) is not included in this study

since it is always zero because the molecules calculated have @alculatedy have the wrong sign when employing the all-
center of symmetry. _ i electron double: 3-21G basis set for Ti regardless of whether
Reliable calculation of NLO properties requires more careful chjorine is described using ECPs or an all-electron basis set.
attention to SCF convergence than typical electronic structure Tpjs is probably due to a doublgVBS for titanium not being
Ca|CU|at'0”lSl-0 Hence, the following GAMESS options were  gfficiently flexible. Employing the all-electron T2 basis
employed:! ICUT = 20 (integrals less than 1& are ignored;  get for titanium gives very similar values compared to SBK(d),
default, ICUT= 9), ITOL = 30 (products of primitives whose -t computational times are doubled for the former. The above
preexponential factor is less than @ are skipped; default,  egyits show that replacing the core electrons with an effective
ITOL = 20), INTTYP=HONDO (HONDO/Rys integrals used  core potential does not detract from the accuracy of calculated
for all integral evaluations, slightly more accurate but slower andy. Additionally, ECPs afford a tremendous savings in
than the default, INTTYP= POPLE), and NCONV= 10 computational effort.
(convergence is reached when the absolute value of the density 5 ' g5sis Set Effects.In general, the use of an adequate basis
change between two consecutive SCF cycles is less thafi 10 get js the most important consideration in obtaining accurate or

default, NCONV= 10"°). even reasonable NLO properties, and the basis sets required
are much larger than those used in normal energy and structure
calculationst> A typical NLO basis set is often a good energy
1. Effective Core Potentials in the Calculation of NLO basis set augmented by several extra very diffuse s, p, and d
Properties. ECP calculations remove the chemically less orbital functions in order to accurately describe the induced
important core electrons and orbitals and thus yield great savingspolarization of electrons. Calculation of NLO properties
in computer resources. Effective core potentials and valence (particularly at the ab initio level) are often prohibitive due to
basis sets (VBS%are used for all heavy atoms. ECPs replace the large basis sets required. In addition, previous research by
the innermost core (semicore) orbitals for the transition metals Kurtz et al'® on organic systems also suggests that basis set
(TM) and all core orbitals for main group (MG) elements. Thus, effects (in particular, inclusion of diffuse functions) can be larger
thens, np, nd, (n + I)s, and @ + I)p are treated explicitly for ~ than electron correlation effects in the accurate calculation of
the d-block and thes andnp shells for the main group. Inthe  NLO properties. For these reasons, we first sought to isolate a
standard implementation, TM VBSs are trifder the valence basis set for further calculations that is sufficiently converged
orbitals fd, (n + 1)s,(n + 1)p), while the outermost core orbitals ~ with respect to calculated NLO properties but still computa-
(ns, np) have a singld- description. MG elements have a tionally affordable for inorganic complexes. A prototypical
double&-plus-polarization VBS. It has been shown that ECPs  metal-oxo, ruthenium tetroxide (Rufpwas chosen to illustrate
can very accurately predict the geometry and vibrational data basis set effects on calculated NLO properties. ECPs were used
of diverse LytM=Ch complexe$. for Ru and O, and different augmented valence basis sets are
The NLO properties for the TiGlmolecule are calculated investigated. The geometry @§-RuQ; was optimized at the
employing ECPs and all-electron basis sets to assess the effectestricted HartreeFork (RHF) level using the SBK(d) with Ru
of ECPs. Reported experimentalfor inorganic complexes having triple¢ VBS (4d5s5p) and O having a douhieplus-
are rare since unlike organometallics, few form stable, molecular polarization VBS! All pertinent results are shown in Table 2
species under ambient conditions. Indeed, we were only ableand Table 3.
to find two for transition metal complexes: TiCind OsQ.13 a. Effect of Changing the Basis Set of Oxyg@ine starting
Although the latter is an oxo complex, we chose the former for basis set for this set of calculations is a compact one (90
this comparison given the extreme difficulties in doing all- functions) with Ru having ECPs and triplevBSs and O having
electron calculations on an element as heavy as osmium. ECPs and doublé-valence plus d polarization basis set. This
The experimental geometry of TiTi—Cl = 2.170 A, gas basis set, termed SBK(d), was then augmented for O with diffuse
phase) is used in all calculations. Computational results are s, p, and d orbital functions taken from the basis set of DyR$tra.
shown in Table 1. It can be seen that similar NLO properties The SBK(d) basis set with a more diffuse d polarization
are obtained from ECPs and all-electron basis sets as long asunction (exponent= 0.8) gives ano value of 45.1 au, only
comparable valence basis sets are used. Compared with a®.1 au larger tham calculated from the basis set with a less
experimental polarizabili¢ of 110.7 au, the largest calculated diffuse d polarization function&g—pe = 0.9) suggested by
o (73.7 au) for TiC} is obtained using the SBK(#pasis set Dykstra. As expected, the effect of changing the d polarization
for both Ti and CI, while the smallest (66.3 au) is obtained  exponent ory is larger £6%), but remains reasonable. Indeed,
using the all-electron basis set: 3-21G for Ti and 3-21G* for similar variation in the polarizability o and the second
Cl. In each individual comparison, ECPs always give a slightly hyperpolarizability {) can be seen in Table 2 for calculations
largera than a commensurate all-electron basis set and thereforewith the same total number of basis functions.
a value closer to experiment. ECPs also give larger calculated The NLO properties. andy converge tov48 au andv2700
y than all-electron basis sets, Table 1. It is notable that au, respectively, for the SBK(é)Dyk-pd calculation, Table 2.

Results and Discussion
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TABLE 2: Eflects of Oxygen Basis Set Augmentation

no. basis
basis set Couaif® Cpr-aif® Cp2-dif® Ca-pof” a1 Cao-ai funcs a (au) y (au)

SBK(d) 0.8 90 45.1 426.7
SBK(d)+Dyk-pddsp 0.9 90 45.0 454.1
SBK(d)+Dyk-pdd 0.06 0.05 0.9 106 46.2 2101.4
SBK(d)+Dyk-pdd 0.06 0.05 0.13 106 47.3 2864.5
SBK(d)+Dyk-pdd’ 0.06 0.05 0.02 106 45.8 2888.2
SBK(d)+Dyk-pd 0.06 0.05 0.9 0.13 130 48.0 2655.2
SBK(dHDyk-p 0.06 0.05 0.9 0.13 0.02 154 48.0 2713.4
SBK(d)+Dyk 0.06 0.05 0.007 0.9 0.13 0.02 166 48.0 2726.6

a Diffuse s function? The first diffuse p function® The second diffuse p functiof.d polarization function¢ The first diffuse d functionf The
second diffuse d function.

TABLE 3: Effects of Ruthenium Basis Set Augmentation 200
B SBK(d)
no.
' basis o y = SBK(d)+Dyk-pdd'

basis set  ar-air® Caz—air® Cas-ai® Gi-po® fUncs (au) (au) 150
Ru:SBK(d) 90 451 426.7 B SBK(d)+Dyk-pd
Ru:SBK(d}+d 0.0554 96 45.8 1144.5 bl SBK(d)+Dvk
Ru:SBK(d}+2d 0.0554 0.0277 102 459 11080 AN ' iy
Ru:SBK(d®3d 0.0554 0.0277 0.01385 108 45.9 1099.7 7100
Ru:SBK(dH-f 1.235 100 44.7 353.3

2 The first diffuse d function® The second diffuse d functioA The W
third diffuse d function?f polarization function. 50 |
This 130-function basis set corresponds to the addition of a ‘ l | [l Il ||
diffuse s §s-qir = 0.06), diffuse p {p1-air = 0.05), and diffuse 0 . ] |
d (Cldfl_—diff = 0.13) set tp the SBK(d) basis sgt for oxygen; = = T ”§~ e g' s 5: g« §' g o
additionally, the d-polarization exponent used in the standard £ N E z & 0 38 2 B os 0

— S B = L B e O

SBK(d) implementation is changed from 0.8 to 0.9, as suggested
by Dykstra. Little change is seen i and y, despite
significantly longer calculation times, for the addition of a very
diffuse p function {p>—air = 0.007) and very diffuse d function
(Eao—ait = 0.02) to the oxygen basis set, Table 2. Hence, the
SBK(dH+Dyk-pd oxygen basis set seems to afford a good
compromise between computational efficiency and accuracy.
The SBK(dj+Dyk-pdd basis set, having no d polarization
function compared with the SBK(e)Dyk-pd, gives only slightly
smallera (47.3 au) and largey (2864.5 au) while using 60% . .
less computational time than the latter. This compact basis set 3. '\iLO Pr_oper_t|es _f_or Tra_nsmon Mfetal Metalates,

is a viable alternative for calculation of NLO properties for larger [MO 4] Havmg_ |dent_|f|ed suitable ba5|_s sets, we f‘%”her
inorganic complexes, dimers, and oligomers assuming that 8MPlOy them to investigate J\‘LO properties for a Series of
accurate geometries are obtained using a basis set with dnetalate complexedy, [MO4%". The results are summarized
polarization functions on main group ligands. in Figures 1 and 2. Metalates have a tetrahedral geometry; thus,

b. Effect of Changing the Basis Set of Rutheni@ompared the first hyperpolarizability £) is zero.
with the effect of changing the basis set of oxygen, augmenting
the basis set of ruthenium has much less of an effect on
calculated NLO properties. Augmenting basis sets is generally
less systematic for transition metals than lighter main group
elements. The augmented Ru basis sets were obtained by taking
the most diffuse d function in the standard SBK(d) valence basis
set g = 0.1108) and adding increasingly more diffuse d
functions ¢4 = 0.1108N, N = 2, 4, 8). Adding up to three
more and more diffuse d functions causeso increase only
very slightly from 45.1 to 45.9 au (Table 3) and seem to
converge at this value, which is lower than the converged value Inspection of Figures 1 and 2 indicates that trends in
of 48.0 au obtained from the oxygen basis set tests, Table 2.polarizability and hyperpolarizability of metalates are not
They values are only about 40% of the approximate converged inordinately sensitive to oxygen basis set. The SBK(d) (90 basis
value of 2700 au (see Table 2) and attenuate slightly when functions), SBK(d}Dyk-pdd (106 basis functions), SBK-
adding the second and the third diffuse d functions. In Table (d)+Dyk-pd (130 basis functions), and SBK¢eIpyk (166 basis
3, augmenting the Ru basis set with an f polarization funétion functions) calculations were studied, and similar trends as a
alone gives an even smaller value for bottandy. In sum, function of metal were seen. The SBK(d) basis set is not
the results suggest that for Ry@e effect of the Ru basis set  sufficient to give accurate NLO properties (values obtained are
on calculated NLO properties is substantially less than for too small), Figures 1 and 2. Theagreement of bwtand y

Figure 1. Polarizability of [M(O)]9 using different oxygen basis sets.

oxygen. This can be explained in the following manner. The
large positive formal charge on Ru8) suggests that its
contribution to the overallx andy is less important than the
anionic oxide ligands at the periphery of the complex. This
result is expected to be applicable to the large majority of
metalate and related complexes since these tend to have the
metal in its largest formal oxidation state.
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Figure 2. Log(y) of [M(O)4]9" using different oxygen basis sets.

obtained from the moderately augmented SBK{Dyk-pdd
and SBK(d}-Dyk-pd basis sets supports the Ru®sults with
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TABLE 4: Geometry Effects on Calculated NLO Values
for OsO,4

Os=O A% o A% vy A%

geometry/NLO A @ (au) (@ (@u) ()

SBK(d)/SBK(d}+-Dyk 1663 0 455 0 22771 O
SBK(d)+Dyk/SBK(d)}+Dyk 1.665 0.1 45.6 0.3 2284.6 0.3

expt/SBK(d)+Dyk 1712 3 485 7 2512.8 10

2The geometry is optimized at the first basis set indicated or obtained
from experiment; the second basis set is that used for NLO property
calculation.

difference of only 3% (this level of agreement is seen for all
[MO4]9 complexed). There is almost no difference between
the Os-O bond length optimized using the SBK(d) and SBK-
(d)+Dyk basis sets, Table 4, and hence only a slight (0.3%)
improvement in calculated andy using the latter. Using the
experimental geometry of OgGhows a more significant change
in o (7% increase) angr (10% increase). The calculated
using the largest basis set (SBK{d)yk) for geometry opti-

respect to convergence of calculated NLO properties. Basis mization and property calculation is about 83% of the experi-

set effects in the calculation of become less significant as the

mental value. The calculatedusing the experimental geometry

charge on the complex becomes less negative, Figure 1. Forand the SBK(d}-Dyk basis set is about 88% of experiment.
y, the basis set dependence is similar across the transition seriesThese data suggest that geometry and basis set effects have

Figure 2.

The polarizability and second hyperpolarizability decrease
from left to right across the transition series, Figures 1 and 2.
This is probably due to the lower overall negative charge
(culminating in neutral Ru@and OsQ) as the metal formal

oxidation state increases. An interesting trend is that within a

reached their limits with respect to further approach of calculated
values to experimental NLO properties.

Conclusions

A computational investigation of the nonlinear optical proper-

triad the complex with the second transition series metal hasties of inorganic complexes is reported. Several important

the largest calculated, Figure 1. The difference between

results have been reached, the most important of which are

second and third series metalates is much smaller than thasummarized below.

between these and the first series metalates. Trerdsiig in
rough agreement with the variation in calculated-® bond
lengthg of [MO4]9~. (The correlation ofx calculated from the
SBK(d)+Dyk-pd basis set versus 0O bond length givest
(au)=318.0x M—0 (A) — 479.5;R = 0.90. Similarly, log-
(y) (au)=6.30x M—0O (A) — 6.58;R=0.88.) This trend is
a reflection of the structureproperty relationships for polar-

(1) Effective core potentials have been shown to be competent
for the calculation of NLO properties by comparison with all-
electron calculations. The polarizabilitg and second hy-
perpolarizability {) were studied here since tetrahedral mol-
ecules have a first hyperpolarizabilit§)(equal to zero. Inthese
comparisons it is important that the description of the valence
orbitals be commensurate with each other.

izability, because for the same number of valence electrons the (2) Basis set effects are important for the calculation of the

larger the molecular size (as indicated by a longer®bond),
the more diffuse the electron distribution of the metalate will

NLO properties. Taking a valence basis set suitable for
geometry optimization of transition metal complexes (i.e.,

be, and hence the larger the polarizability. But there are alsotriple-¢ for TMs and doublez-plus-polarization for MG ele-

some exceptions to this generalization. The third transition
series metalates of groups VIB, VIIB, and VIII (WO, ReQ",
and OsQ) have slightly smaller polarizability than their
analogues in the second series though their@/bond lengths
are all slightly larger.

Another interesting trend is that, in each group, while the
similarities of botho. andy for the second and the third series
[MO,49 are consistent with bond length trends, the relative

ments) and augmenting the MG basis set with diffuse functions
of angular momentum = 0, 1, and 2 provided the best
compromise between speed and accuracy.

(3) Basis set effects seem to converge with the addition of
diffuse s, p, and d functions to the SBK(d) basis set, which has
been shown to be reliable for geometry prediction. This research
suggests that d polarization functions are less important than
diffuse d functions in the calculation of NLO properties, and

differences between them and the corresponding first serieshence basis sets like SBK(HPyk-pdd may be useful for the

[MO4]9~ are much smaller than expected given the larger
difference in relevant MO bond lengths. Mn@ has the
shortest M-O bond length among all the 14 calculated [M©.
Thus the smallestt value is expected for Mng. Unfortu-
nately, NLO data for Mn@™ could not be obtained due to the
convergence failure of the TDHF calculation for this complex.
4. Geometry Effects. The experimental geometry (gas-
phase electron diffracti6hand polarizability of Os@(o = 55.1
au in liquid phas¥) are available. Thus[4-OsQ, is used to
evaluate geometry effects on calculated NLO properties. It is

study of larger inorganic complexes as long as basis sets like
SBK(d) are used to calculate geometries when these cannot be
obtained or estimated from experimental data.

(4) Basis set effects are found to be less important for the
central transition metal than the surrounding ligands. To some
extent this is expected given the large formal oxidation states
on these metals and the substantial anionic character of the
ligands. It will be of interest to assess TM basis set effects for
complexes with metals in lower oxidation states.

(5) Botha andy decrease for [M@}9~ toward the right in

seen from the results in Table 4 that agreement betweenthe transition series. Thevalues for the second series [M@

optimized and experimental geometries is quite good with the

are the largest among the three metals in a triad. For groups
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