J. Phys. Chem. A997,101,5783-5788 5783

Theoretical Estimation of Vibrational Frequencies Involving Transition Metal Compounds
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The reliability of effective core potentials (ECPSs) for estimating vibrational frequencies of transition metal
(TM) complexes is assessed in relation to all-electron methods for main group compounds. Complexes with
a multiple bond between a transition metal and chalcogen (O, S, or Se), chalcogenides, are investigated using
the Stevens ECP/valence basis set scheme. Statistical treatment of the data indicates that ECPs, in addition
to reliably modeling electronic structure, can be successful in estimating vibrational frequencies for TM
complexes. As expected, theoretical prediction of vibrational data is not as accurate as the prediction of
metric data for chalcogenides. However, agreement with experiment is still very good at the Hadrke

level of theory and is in even better accord upon the use of simple corrections to model well-known
computational deficiencies (e.g., the neglect of anharmonic effects). Analysis of the data show interesting
differences in predictive ability for first row transition metals versus second- and third-row analogues and
oxo complexes versus their congeners with heavier chalcogens.

Introduction vibrational analysis is an effective probe of bondi#figCom-
5bination of this data with complementary experimental and
computational data can thus be used in the search for improved
catalysts and advanced materials. A previous study showed the
computational methods outlined below to be able to accurately
predict the geometry of over 150 chalcogenitfe his predic-

tive capability for a large series of diverse complexes strongly
suggests that the computational model is accurately describing
the electronic structure of these complexes. Hence, it is
reasonable to inquire whether the methods can be used to predict
vibrational frequencies.

It has become almost commonplace to see theoretical studie
on the prediction of vibrational frequenci&s. The majority
of this work has focused on organic compounds, with much
less attention given to transition metal (TM) comple&es.
Frenking and co-worke¥sstudied a small group of oxo and
nitrido complexes, as well as OsQF, (x = 0—4) using
Hartree-Fock methods. Sosa et %linvestigated density
functional theory (DFT) for prediction of geometries and
vibrational frequencies of first- and second-row TM complexes.
In a very recent and interesting paper, Russo et al. report an
implementation of ECP analytic second derivatives, and applied ]
it to the vibrational spectra of eight TM halides and oxohalides. Computational Methods
These studi(_as encouraged us to ir)ves_tigate more fully the ability The GAMESS®
of computational methods for estimation of vibrational data of
a large and diverse series of TM complexes.

The present study examines the use of quantum methods t
calculate harmonic vibrational frequencies for a family of
transition metal complexes, i.e., chalcogenides fGh). Two
corrections (scaling, linear) are evaluated for their efficacy in
estimating experimental frequencies. Chalcogenides are par-
ticularly attractive for this research. These complexes are one
of few families of TM complexes for which an extensive
experimental database exists regarding both molecular structur
and vibrational spectr& 15 This provides the opportunity,
perhaps unique among multiply bonded TM complexes, to
compare theory and experiment with respect to vibrational

spectra. Also, these complexes are of considerable interest i ]
d‘or closed- and open-shell systefisyespectively, before

catalysis and advanced materials. The best catalysts an ' . s
advanced materials intermediates are often the most active'c"’“cu'"jltlng the energy Hessian. Previous research compared
‘geometries calculated with RHF and Mghd?lesset second-

hence, many important species are not stable enough, nor ard . ; ;
they produced in sufficient concentrations, to be probed by order perturbation theory (MP2) wave functions using the

0 T :
powerful direct techniques such as X-ray crystallography. SBK(d) sc_hemé. This study of mgltlply bonded complexeg,

However, FTIR (Fourier transform infrared) and Raman spec- chalcogenides included, led to two important cgnclusmns. First,
troscopy can often be employ&dl®> Development of a simple, both .RHF/ SBK(d) and MPZ/.SBK(d) geometries are close to
efficient scheme for accurate calculation of the vibrational expenme_ntal data. If anything, MP2/SBK(d) tends to over-
spectra of TM=Ch complexes is of interest for two main correct Q|ﬁerences between RH.F/SBK(d) and experlmental
reasons. Such a scheme would be useful as an aid ingeometrle§.0 Second and more importantly, there is only a

identification of proposed reaction intermediates. Second, small difference in calculated geometries despite t_he much
greater expense of MP2 calculations. To summarize, TM-

* Author to whom correspondence should be addressed. element bonds differ by-13% with bond angles involving the
® Abstract published ifAdvance ACS Abstractddarch 15, 1997. TM being, on average, within-34% of each other at the RHF/

program package was used for all calcula-
tions described herein. The effective core potentials and valence
basis sets (VBSs) derived by Stevens etPalre used for all
Oneavy atoms and the -31G basis set for H. ECPs replace the
innermost core orbitals for transition metals and all core orbitals
for main group element$. Thus, thens, np, nd, (n+1)s, and
(n+1)p shells are treated explicitly for the d-block; for the main
group,ns andnp shells are treated explicithj. In the standard
implementation, transition metal (TM) valence basis sets are
guadruple& and triple< for sp and d shells, respectively, while
nain group (MG) elements have a doulgiglus-polarization
VBS. This ECP/VBS combination is termed SBK(d).

Geometries are optimized at the restricted Hartifeeck
n(RHF) and restricted open-shell Hartreleock (ROHF) level
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SBK(d) and MP2/SBK(d) levels of theo®). Correlation effects

are generally more significant toward the right in a TM series,
toward the left in a MG row, and for heavier elements in a -
main group columi® These results, along with the accuracy
of structural prediction, strongly supports the suitability of RHF/
SBK(d) wave functions for these syste#i2?

Vibrational frequencies are calculated by numerical dif-
ferentiation (single differencing) of analytical gradients for
optimized geometries and are based on the harmonic ap-
proximation. The capability to calculate ECP analytic second
derivatives does not yet exist in GAMESS, although previous 400
studies suggest that the differences between analytic and % -
numerical differentiatioh* are well within the experimental ‘ og
uncertainties of vibrational frequencies of most TM complexes. 200
Frequencies derived by ECP-based computations are compared
with experimental values in three different ways: (1) raw (i.e.,
calculated using the harmonic approximation), (2) scaled, and _ ] ] )
(3) by means of a linear, least-squares correction. The reasonmilgure 1. Plot of calculated harmonic versus experimental frequencies

f ining_ diff t treat ts of the th tical data i n cm™) for entire data set including?dnetallates and tetraanionic
Qr eéxamining di eren reatmen S 0 e, eoretical data IS atqjates. The least-squares linear fit of the data is also given.
discussed more fully in the following section.
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Figure 2. Plot of calculated harmonic versus experimental frequencies
(in cm™) for entire data set excluding?tnetallates and tetraanionic
metallates. The least-squares linear fit of the data is also given.
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3. Mean Percent Difference. The mean percent difference
is the average difference between the calculated and experi-and d-tetraoxo complexes. ForPdetraoxos, poor agreement

mental frequencies in terms of a positive or negative percentage.may be due to problems in the Hartreleock wave function
when the symmetry of the?ground state of th&y molecule is

N reduced for numerical calculation of the energy Hessian. For
100[ (Ai/Vexp)]/ N = %A (3) tetraoxo tetraanions it seems plausible that poor behavior is due
1= to the large negative charge making environmental effects have
an appreciable effect on the experimental stretching frequencies
(which were measured in the solid statk)Electron correlation
1. The Transition Metal—Chalcogenide Data Set.Initial and diffuse basis functions (particularly on oxygen) may be
fits were done with all chalcogenides studied in this research. especially critical for very highly charged anions. The following
A plot of calculated versus experimental stretching frequencies analyses exclude [Mg*~ and the &[MO4]9".
is given in Figure 1. It is clear from Figure 1 that several A set of 93 transition metal chalcogenides (F@h) and 184
compounds are widely distinct from the majority which show TM=Ch stretching frequencies has been used to compare RHF/
good linear correlation between calculated harmonic and SBK(d) versus experimental vibrational frequencies found in
experimental frequencies. These divergent compounds fall intothe literature:21> The data set includes 71 oxo, 6 sulfide, 5
one of two groups, i.e., metallates with a charge-df(titanate, selenide, and 6 oxo(sulfide) complexes and 1 oxo(telluride)
zirconate, and hafnate) anétraoxos. Figure 2 shows a plot complex and 4 oxo(sulfide)(selenide) complexes. Although
comparing theoretical and experimental results with these tellurides have been structurally characteriz€d® no TM—
families of compounds excluded. The mean absolute differencetelluride stretching frequencies have been reported. The
between theoretical and experimental,e (see eq 2), is 120  structural motifs studied, Figure 3, are the most important in
cm~1for the data in Figure 1Aaeimproves to 112 cm! upon TM=Ch chemistry. In this section we seek to compare the
removal of tetraanionic and?detraoxo complexes. More present results for transition metal complexes with that reported
importantly, the linearity of the theoreticaéxperimental cor- by Pople et af for main group compounds. One difference
relation improves significantly upon removal of these two groups between this study and that by Pople et &.that degenerate
of complexes. For the entire linearly corrected data Agje modes (e.g., the stretch in tetrahedral metallates, [M(G]S))
= 54 cnT?, while Agveis 38 cnm! upon removal of tetraanionic  have not been multiple times counted in the present analyses.

Results and Discussion
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ch this method using ECPs for TM complexes is considered in
r\‘n o N reference to Pople®sall-electron, main group study.
Cgh/ ch me.u,.olsﬁ.w\o 3. Comparison of Main Group and Transition Metal
T™Ch B | ~o o?ﬂe\o Results. The scaling and linear fit results for T%Ch
! F 0 (calculated with the RHF/SBK(d) scheme for \Ch stretching
Che=08 SeTandorTe @ oog  CarlOSOXa CrReOsCp modes) and MG (calculated via all-electron RHF/6-31G*
9=-3,-2,-1,0 o methods for stretching, bending, etc., modes) harmonic vibra-
X X, [ e o . tional frequencies are collected in Table 1.
X/T\O Fu | F 3.1. Main Group, All-Electron Results. The absolute
o—M_ X /Mo\ values of differencew be_tween experimental and all-electron
o 0 C3-MO:X; F (l) ° (HF/6-31G*) calculation&in the main group data range from
Cav-MOSX X = halide MO 2 cnT! (three modes) - 566 cm (4d mode of NC)F). Scaling
X-meml e N A Mo W v all-electron ¢aein egs 6 and 7) frequenciésysing the scaling
q=-1,0
o o 0 <|> Vecaleg— 0-8949,, (6)
x| x x~ (|) ~~x Vinear = (0.90207,) — 16.094 7
: X
X X
Co-MOX, C3MOX,4 Dgj-MOX4 factor of 0.8949, (eq 6) decreases the rangg\ofrom 0 cnT?!
X-halide X = haide X = halide, CN (seven modes) to 420 crh(4d mode of NCF). A linear fit,
a0 pilni i o 4= 00 eq 7, of the main group data versus experimental results does
o not significantly decrease the range/af: 0 cn! (9 modes)-
o o) o | x 414 cnt! (4d mode of NCHF).
" XJAX /M\ 3.2. Transition Metal, Effective Core Potential Results.
X Ny X~ Ny X )|( X Comparison of unscaled RHF/SBK(d) stretching frequencies

X C-MOX,4 versus experimental results for BCh shows that the absolute

CarMOX; . (’T"“'MOX5 value of the difference between theoretical and experimental
s R i e b.Cr. Mo, Os. W frequencies range from 0 cth (3 modes) to 359 cnt
q=0 9=0 9=-3,-2,-1,0 ([CrOCIg]?7). Analysis of the TM=Ch data, eq 8 and Table 1,

Figure 3. Transition metal chalcogenide (H¥Ch) structural motifs
investigated. A complete listing of calculated harmonic and experi-

mental stretching frequencies is given in the Supporting Information. ) ) )
shows RHF/SBK(d) frequencies to be systematically high by

We have focused on TMCh stretching frequencies since an average of 10%. Thus, RHF/SBK(d) harmonic frequencies
experimental assignment of these modes is the most accuratdor the TM complexes display the same systematic overestima-
and least ambiguous. Also, B¥Ch stretching frequencies are tion, and of similar magnitude, of experimental frequencies as
of greatest interest in connection with coupling vibrational data do more well-studied MG compounds. This suggests that
with electronic and molecular structural d€i# for probing similar correction approaches for TM complexes and MG
the nature of the TMchalcogen bond. compounds can be used.

2. Theoretical Approaches. The calculation of harmonic Use of the optimal scaling factor (0.8695 in eq 8) decreases
vibrational frequencies is less computationally intensive, regard- the range of absolute differences between calculation and
less of wave function type used, than calculations which include €xperiment by over 40%: 0 cm ([NbOCIg]*")—200 cnrt
anharmonic effects. ~Additionally, after extensive use, the ([NbO:S;]*"). Another approach to improving theoretical
systematic errors introduced by using the harmonic approxima- €xperimental agreement is to use a linear fit, eq 9 and Figure 2,
tion are well-known for MG compounds® Calculated har- _
monic frequencies are typically corrected to experimental values - (0'7372/609 +133.85 ©)
through the use of scaling factorsl){ eq 4. Various

Vscaled™ 0'8695/ecp (8)

Vlinear

for the TM=Ch data. This gives an even greater improvement
in the range of|A| (eq 2): 0 cm! (TcOsF)—154 cnrl
([CrOCIg]?7). The range ofA| in the transition metal cases is
approximately half that observed for main group, all-electron
researchefs® have recommended values bf~ 0.9-1.0 for results?> Presumably, this is partly a function of the wider range
predictive purposes when using theoretical frequencies for main gf experimental frequencies (4000 ci for MG compounds
group compounds determined with different basis sets and levelsgg opposed to TH#Ch complexes (1000 cmt). One interest-

of theory. ing difference is that the agreement does not seem to improve

In the present research, we look at scaling (eq 4) as well asfor the main group compounds upon going from a scaling to
an alternative approach employing a linear least-squares fit, eqjinear correction, Table 1: the range [@| decreases by only
5, for obtaining closer agreement between calculated andg cnrt for the RHF/6-31G*, MG results and by 46 cifor
the RHF/SBK(d), transition metal results.

The mean absolute differen@g,e for calculated TM=Ch
versus experimental frequencies is 112-émScaling of the
theoretical results, using the 0.8695 factor, more than halves
an extra parameter yields more flexibility for the linear fit. It Aaeto 54 cnt?, Table 1. Use of the linear fit equation (eq 9)
will be shown that for TM=Ch complexes, unlike their main  gives further reduction af,eto 38 cnTl. In comparisonAaye
group counterparts, a linear fit gives much better predictive for Pople’s calculated frequencies on main group complexes
capacity versus scaling. A comparison of RHF/SBK(d) and was 172 cm?. Scaling of the data by Pople et &lising their
experimental frequencies is presented below. The viability of recommended 0.8949 scaling factor, impro¥eg by a factor

Vscaled™— ;Wcalcd (4)

Viinear — }"Vcalcd—i_ b (5)

experimental TM=Ch vibrational frequencies. The addition of
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TABLE 1: Statistical Analysis of TM —Chalcogenide Frequency Prediction

TM—chalcogens MG compnd$8
parameter raw scaled linear raw scaled linear
A 0.8695 0.7372 0.8949 0.9020
b 133.85 —16.09
|A|, range of absolute difference (cA) 0—359 0-200 0-154 2-566 0-420 0-414
Aave Mean absolute difference (ci) 112 54 38 172 34 34
%Aave mean percent difference 10 —4 1 12 1 -1

a Experimental vibrational frequencies for transition metal chalcogenides were obtained from the lifératuee Figure 2 for optimal linear
least-squares fitting of datdMain group raw data and the optimal scaling factrwere obtained from the data in ref 2Parameters are defined
in eqs 3.

TABLE 2: Statistical Analysis as a Function of Metal

group IV group V group VI group VII group VI row
Ti 982 (1) V 38, (16) Cr 55, (13) Mn 93, (6) 55, (36)
Nb 59, (14) Mo 25, (43) Tc 21, (6) Ru 57, (4) 33, (67)
Ta 40, (4) W 33, (40) Re 26, (21) Os 44, (16) 34, (81)
Triadd
98, (1) 47, (34) 32, (96) 37, (33) 47, (20)

a All chalcogenide stretching frequencies, linearly corrected using eq 9, are used to calculate the average absolute frequency diffgerences (
cm™) as a function of transition metal Number of frequencies used to compute the averaghis is Aave (in cm™2) for each row in the transition
series.d This is Aave (in cm™?) for each transition metal triad.

of 5 to 34 cnt?, while a linear fit approach also yieldsye = 25 — —t
34 cnt! for the main group data, Table 1. Thus, the overall L '
quality of the RHF/SBK(d) scheme is comparable to that seen
for the more well-studied main group systems using 6-31G*
all-electron methods.

4. Specific Trends in TM—Chalcogenides. The previous
discussion viewed the TMchalcogenide frequency calculations
in an overall sense and compared it with a previous gtudy
employing all-electron calculations on main group compounds.
In the following sections we wish to use the data to explore
specific trends which emerge from examination of Fdh o
frequencies. It is hoped that analysis of these trends will give T
some insight into this important family of complexes as well j
as provide the necessary working parameters for others who
may wish to employ the results of this research. The trends 2200 -100 0 100 200 300 400
are discussed in terms of (1) how well the calculation has
performed in relation to the experimental data, (2) highlighting
various chemical moieties which seem less/more amenable toFigure 4. Histogram showing the differences (in c# between
the methodology, and (3) offering, where possible, some basiscalcul_ated harmonic (v_wthout either linear or scaling correction) and
for specific trends. experimental frequencies.

4.1. Differences as a Function of Metal. It is plausible (toward earlier, oxophilic TMs) and the left (toward the later
that a trend in frequency differences (theoretical versus experi- transition metals).
mental) could exist as a function of metal, given the differences  Table 2 also givedaeas a function of transition series row.
in chemical bonding which can occur both within a triad and Averaging across each periodic table row shows a significantly
along a row of the transition serié%. Therefore,Aaye Of the higherA,yefor first-row transition metals (55 cm) as compared
linearly fitted calculated versus experimental frequencies were with second- and third-row TMs (33 crh and 34 cm?,
examined for the following trends: (1) by row and (2) by respectively). All TM—chalcogenide stretching frequencies are
periodic table group. Twelve different transition metals are used for this comparison. A comparison using only F&ko
represented in the data set, Table 2. stretches gives the same trend. The similar results for complexes

The chalcogenide data set was examined for a transition of the second- and third-row complexes are in line with the
metal-related trend as a function of periodic table group. The similar chemistry of these metal%. Of greater interest is the
Aave(linearly corrected theory versus experimental frequencies) comparison involving first-row TMs versus their second- and
are 98 (one frequency), 47, 32, 37, and 47, respectively, for third-row congeners. The bonding in the first transition series
periodic groups IV+-VIII. Thus, the best predictive ability is  is more ionic/dative due to the contracted nature of the 3d
obtained for chalcogenides of the chromium triad metals which orbitals. The more radially expansive 4d and 5d enhance
comprise the largest subset of the data, with only slightly less overlap with ligand-based orbitals, and hence yield greater
agreement for the metals of the manganese triad, Table 2. Onecovalent bonding for complexes of second- and third-row
must be careful in analyzing the data, since it becomes transition metals.
increasingly sparse as one moves away from the center of the 4.2. Light versus Heavy Chalcogenides.An interesting
transition series. However, if there is any trendAg it is fact which is obvious from Figure 4 is the bimodal distribution
that the best theoreticabxperimental agreement is obtained for the differences between calculated harmonic frequencies and
for TMs toward the center of the series (chromium and experimental values for TMCh. One of the peaks (centered
manganese triads) and diminishes as one moves to the rightaround 0 cm?) is largely comprised of heavier chalcogenides

Number of Frequencies

Calculated Frequency Difference (em™)
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(Ch= S or Se), while the other peak (centered around 150cm  set gave an overall absolute difference of 38 titheory versus

is comprised largely of oxos (G¥0). An analysis of TM- experiment), whereas a linear fit of main group dagave an
oxo frequencies reveald,e = 141 cnt! for uncorrected absolute difference of 34 crh It should be noted that
frequencies. Heavier chalcogenides havge = 22 cntl, experimental frequencies for many TM complexes often have

indicating the calculated frequencies to be in much closer a range of values (as much as—22D cnt1) due to measure-
agreement with experiment than for oxos. There is no ments in different phases, different solvents, or experimental
experimental data which would allow us to confirm or deny errorl?-16 The above treatments of the data clearly indicate
whether there is a significant difference in the anharmonicity that ECP methods, in addition to reliably modeling electronic
of oxos as compared to heavier congeners. It is, of course, structure?’ can be successful in estimating vibrational frequen-
possible that the behavior of heavier chalcogenides may arisecies for TM complexes.

from cancelation of errors such as anharmonicity which tends 2. One interesting difference between TM and MG results
to overestimate frequencies and bonds which are too long (whichis that agreement between theory and experiment does not
would lead to lower than expected frequencies). The latter point, improve for MG compounds upon going from a scaling (eq 8)
however, is not supported by extensive structural studies of to linear (eq 9) correction. In other words, systematic errors
TM—chalcogenide€s2°which showed the RHF/SBK(d) scheme  encountered by using the harmonic approximation are more
to give very accurate estimation of structural data for oxos, consistent throughout the main group series.

sulfides and selenides and a relatively small electron correlation 3 pqr linearly corrected harmonic frequencies, there is a

effect on TM=Ch geometries? o significantly higher average absolute frequency difference for
_ The TM—oxos are amenable to use of curve-fitting correc-  first-row transition metals (55 cn) as compared with second-
tions (scallnglllnear Ieast-squa_res fit) to give closer theoretical  5nq third-row transition metals (33 and 34 chrespectively).
experimental agreement. Scaling of calculated-Tto stretch- A TM —chalcogenide stretching frequencies were used for this

ing frequencies moved\aye from 141 to 50 cm?; linear comparison. A comparison using only FAbxo stretches gives
correction of TM-oxo frequencies gave a further improvement e same trend.

in Aave (40 cnm?). However, scaling of TM-sulfide and TM-
selenide datincreaseshave from 22 to 66 cm?, whereas linear
fitting also gives a slight increase ifiae to 30 cnTl. The
optimal scaling factor for TM-oxo stretches ist = 0.86,
whereas the scaling factor for heavier congeners is 1.0.
Since the data is dominated by oxos, application of a linear
correction to the entire data set will tend to overcorrect
frequencies for heavier chalcogenides.

The different behavior between Tibxos and their heavier
analogues is very interesting in connection with previous
experimental and computational studiéd*a Theoretical and
experimentdl2%astudies of Ti-triad chalcogenides suggest that

4. The optimal scaling factor for oxo$ €& 0.86) is different
from that for heavier chalcogenides £1.0). The different
behavior between oxos and heavier analogues is interesting in
connection with previous experimental and computational
studies of multiple bonding involving chalcogenide complexes
of the Ti—triad metals,”2* which suggest that oxos have a
greater contribution from a singly bonded resonance structure
while heavier congeners are more heavily weighted toward a
doubly bonded resonance structure. The present research,
covering a wide range of metals and coordination environments,
suggests that this fundamental difference between multiply
bonded complexes of the light main group elements and their
. ) heavier congeners may be more generally applicable than

M—Ch: M==Ch previously thought. This is an interesting and fundamental point
A B regarding the chemistry of these important intermediates.

Itis interesting that the predictive ability of the computations
oxos have a greater contribution from a single-bonded structurefor vibrational frequencies is generally worse in cases where
A, while heavier analogues are more heavily weighted toward the transition metatchalcogen bond is more polarized, e.g.,
the double-bonded structu2 A fundamental difference in  first-row transition metals versus their second- and third-row
the nature of the TMoxo multiple bond versus the bonding  congeners (Table 2) and oxos versus sulfides and selenides
of the heavier analogues could explain the dichotomy between (Figure 4). This effect may also be operating in tetraanionic

the two groups of stretching frequency calculations. metallates, Figure 1. In other work we have shown that
) inclusion of monopositive counterions to model environmental
Summary and Conclusions effects counteracts the poorer agreement for [M[©)com-

The primary goal of this research was to assess the reliability Plexes
of effective core potentials (ECPs) for estimating vibrational ~ As with any methodology, there are limitations to the present
frequencies of transition metal (TM) complexes in relation to approach. Relative to the rest of the data, even after applying
all-electron methods for main group compounds. Specific trends @ linear correction, noticeably poorer agreement is seen for
which emerged were also explored. The effect of the chalco- tetraanionic metallates ané-tetraoxos. For the latter, problems
genide ligand (oxo versus heavier congeners) was discussednay arise due to the reduction in symmetry when the energy
along with the influence of the transition metal. Several Hessians is calculated numerically for th@geomplexes with
conclusions have resulted from this research, the most importante? electronic ground states. Utilization of the new ECP analytic
of which are summarized below. second derivatives implementation described by Russo’ét al.

1. First and most importantly, the use of ECPs for transition is therefore of even greater interest as it obviates this potential
metal complexes gives a degree of accuracy in the predictionproblem.
of vibrational frequencies comparable to more well-tested all-  Given the limitations in theory and experiment with respect
electron methods for main group compoufds. The SBK(d) to vibrational spectra of many families of TM complexes, a
schemé&® was used in this research since a previous study good deal of care is needed to avoid attaching undue quantitative
showed it to be highly accurate for prediction of metric data of significance to vibrational data. Obvious extensions to this
TM=Ch complexed? Other ECP implementations with similar  research include the study of new families of TM complexes,
valence basis sets will most likely do as welf.2” Linearly investigation of normal modes other than metaand stretch-
fitted SBK(d) calculations for the entire Tichalcogenide data  ing, and the use of other methods, including DFT which has
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shown considerable promi8é! In regard to the first two points, (5) Rauhut, G.; Pulay, Rl. Phys. Chem1993 99, 3093.

one must contend with the limited accuracy, sensitivity to sy m(g)lgégc'% "/g?gfamek Mint. J. Quantum Chem.; Quantum Chem.
envwonmen_tal facto_rs, a_lnd ambiguity in normal mode assign- @) Lee, J.’Y.; Hahn, O.: Lee, S. J.: Mhin, B. J.: Lee, M. S.: Kim, K.
ment seen in the vibrational spectra of many TM complexes. s j. Phys. Cheml995 99, 2262.

An exciting application of this research is the use of frequencies  (8) (a) Neuhaus, A.; Veldkamp, A.; Frenking, Borg. Chem.1996
estimated from theory to parameterize molecular mechanics35 5278. (b) Veldkamp, A.; Frenking, Gchem. Ber1993 126, 1325.

i ; ; ; (9) Sosa, C.; Andzelm, J.; Elkin, B. C.; Wimmer, E.; Dobbs, K. D.;
(MM) calculations for TM complexes. MM re_Iles on wbrau;mal Dixon, D. A, J. Phys. Chem1992 96, 6630. This work compares two
data such as force constants to parameterize the force ffelds. prr implementations with earlier Hartre€ock studies using small all-

In general, vibrational data is sparse to nonexistent for many electron basis sets (Dobbs, K. D.; Hehre, WJ.JComput. Chent987, 8,
families of TM complexes. A reliable scheme for estimation 861, 880.).

; (10) Russo, T. V.; Martin, R. L.; Hay, P. J.; Rapp® K. J. Chem.
of these data could provide the necessary parameters for MMPhy&1995 102 9315.
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