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The geometry of iodotrimethylgermane has been determined by experimental and computational methods.
Fourier transform infrared spectra have been recorded over a range of temperatures along with the Raman
spectrum to obtain comprehensive vibrational data for the fundamental modes. The stretching, rocking, and
deformation bands of the methyl groups have been resolved into their components with the aid of low-
temperature infrared spectroscopy using Fourier self-deconvolution and curve-fitting methods. The optimized
geometries and vibrational harmonic frequencies were calculated by density functional theory methods
employing Pople-type basis sets, as well as those with descriptions for an effective core potential describing
both germanium and iodine atoms. A scaled quantum mechanical analysis was carried out to yield the best
set of harmonic force constants and obtain a transferable set of scale factors that can be applied #)sthe (CH
GeX (X = H, CI, Br, 1) series.

Introduction order to find useful extensions of bonding concepts of Lewis

. . ) . structure in this type of compound, the analysis was applied to
The first preparation of iodotrimethylgermane (ITMG) was i (CHp)sGel and (CH)sSil compounds
reported in 1954, with a report of direct synthesis in 1964. '

Since then, very little work has been performed with ITMG,
and no structural work in the form of gas-phase or solid-phase
diffraction or rotational spectroscopy has ever been reported.

ITMG has uses as a germanium promoter in the preparation Ofwas obtained from ABCR (98% purity) and used without any
propylene glycol monoalkyl ethers and alkoxyacetohes. further purification, avoiding light exposure and atmospheric
In this paper, we report the molecular structure of ITMG and  hymidity. The Fourier transform infrared (FTIR) spectra of the
an improved vibrational assignment. By combining gas-phase sample were recorded at room and low temperatures in the range
electron diffraction and ab initio methods, we have been able 4000-400 cnt?! on a Perkin-Elmer Model GX ETIR spectro-
to obtain a reliable structure, especially for parameters relating photometer, with a resolution of 2 crhand 64 scans. The room-
to iodine, which are notoriously difficult to calculate precisely. temperature infrared (RTIR) spectrum was recorded as a film
The only previous work related to the study of the vibrational between KBr windows. Low-temperature infrared (LTIR)
spectra of ITMG was performed by Anderson et a@s part spectra of the liquid were measured at different temperatures,
of the vibrational analyses of halogenated derivatives of using liquid nitrogen to cool the samples. These spectra were
(CHa)nGeli—n (n= 1, 2, 3). IR spectra were recorded in the gas run in a variable-temperature RIIC (VLT-2) cell equipped with
and liquid phases, while Raman spectra were obtained in theAgCl windows. The Raman spectrum of the liquid was recorded
liquid phase. Most of the expected vibrational modes were with a FT-Raman Bruker RFS 100 spectrophotometer, equipped
assigned for the molecule. However, they observed broad bandsyith a Nd:YAG laser (excitation line 1064 nm) and a liquid N

Experimental Section

Raman and Infrared Spectroscopy.lodotrimethylgermane

for the CH; stretching, the Ckirocking, and the Ckldeforma-  cooled Ge detector. The spectrum of the sample was recorded
tion normal modes in the vibrational spectra, and these modeswith a resolution of 1 cm! and 200 scans. The measurement
could not be assigned individually. of the parallel and perpendicular polarized Raman spectra

The main aim of the work reported in this paper is to complete determined the depolarization ratios, which describe the sym-
the assignments of these fundamental modes by using quantunmetry properties of normal vibrations.
mechanical calculations, data provided from low-temperature  The RTIR spectrum is shown in Figure 1 and the overlaid
IR spectroscopy, and the techniques of Fourier self-deconvo-parallel and perpendicular Raman spectra are shown in Figure
lution and curve-fitting. In addition, a natural bond orbital 2 The observed vibrational frequencies in the infrared and
analysis of the molecular wave functignwas performed. In Raman spectra and the assignments of the vibrational normal
modes of the molecule are shown in Table 1. All the remaining
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TABLE 1: Observed Bands in the Infrared and Raman Spectra of ITMG

infrared Raman
assignmei§t
room temp low temp observet depolarization rati
2992 m 2992 w 2991 sh V13 13 CHs E
2981 2981 2979 (14) 0.72 dp " va CHa A
2975 2975 V14 3 CHs E
2910 sh 2910 w 2908 (80) 0.15p V2 vs CHs A
2906 m 2905 V15 vs CH3 E
1418 1414sh V3 0aCH3 Aq
1405 m 1407 m 140%2) 0.75dp V16 52CHs E
1399 1397sh V17 04 CH3 E
1240's { 1244 s 1249(7) 0.23p Vs 5s CHs As
1232 1235sh V18 0s CH3 E
829 s { 845 vs 848sh V19 p CHs E
763 m 763 m 760 (0.6) 0.66 dp V20 p CHs E
614 s 617 vs 614 (12) 0.65 dp Va1 7.GeG E
568 s 568 's 569 (100) 0.11p Ve v GeG A
220 (46) 0.16 p vy v Gel AL
189 sh 0.79dp Va2 0.GeG E
176 (35) 0.47p Vg 5sGeG Al
142 (17) 0.66 dp V23 p GeG E
112 (4) 0.44 dp Va4 7 CHs E

aw, weak; m, medium; s, strong; vs, very strong; sh, shoullErom the infrared spectrum of a sample cooled in liquid nitrogé&telative
intensity in parenthese$p, polarized; dp, depolarizeflv, stretching, angular deformatiom, rocking;z, torsion; s, symmetric; a, antisymmetric.
fFrom Fourier self-deconvolutiod.From curve-fitting.

100 TABLE 2: Assignment of Combination Bands and

w0 Mf Overtones Observed in the Vibrational Spectra of ITMG
| assignment

80 IR Raman

70 _. 3825 V1 + V19 :3821)
] 3744 1+ v =3740)

80 - 3662 V15 + V20 :3669)
i 3177 V13 + V22 :3179)

50 3112 3109 24+ v =3112)
] 2805 2804 V1— Vg =2803)

40 — 2792 2791 vi— vz =2790)

/
7

% Tansmittance

(
(
(
(
(
E
) 30I00 i 27'50 i 1750 1500 1250 1000 750 500 2461 2463 221—"_ Vi (:2463)
e 2082 va+ vig (=2082)
Figure 1. FTIR spectrum of ITMG at room temperature. 1855 1929 Vz::_ v:f E:igézg
L _ 1805 va+ ve (=1808)
Perpendcuar polarized Raman 1520 D20 (=1520)
0.6 1086 2/21 — V23 (:1086)
) 713 Ve + V23 (:711)
05~ 702 V19 — V23 (=70l)
680 V6 + V24 (=680)
£ 047 670 V4 — Vg (=672)
£ .. 657 Vs — Vg (=654)
< 034 452 Ve — V24 (=456)
E o2) 282 P23 (=284)
14 | ] 268 2/22 — V24 (:266)
0.1 - 84 V13 — V2, V19 — V20 (:83)
0 e e e e e based on the method described by Kauppinen &t%alhe
3200 2800 1500 1200 800 600 300 selected region of the spectrum is inverse Fourier transformed
em’ to yield an interferogram. The inteferogram is then treated with

Figure 2. Parallel and perpendicular polarized Raman spectra of ITMG. a Bessel apodization function and two enhancement fattors
andK to produce narrower band shap¥®¥.is defined as the
them. The frequencies of these bands and their assignments arbandwidth at half-height, and is the enhancement parameter
shown in Table 2. defined as the ratio of bandwidths of the original and enhanced
Spectral Analysis. Curve-fitting and Fourier self-deconvo- bands. After this procedure the resulting interferogram is
lution were performed using the standard software of the infrared transformed back to the frequency domain. The curve-fitting
spectrophotometérFourier self-deconvolution (FSD) and curve- method was originally established by Griffiths et?and is
fitting are two of the many numerical methods for the analysis based on the least-squares optimization of all the band param-
of infrared and Raman spectra that provide reduction of spectral eters, namely intensity, frequency, half-bandwidth, and band
bandwidth and resolution enhancement. FSD estimates theshape.
number and position of the band components, while curve-fitting  The analysis of the Raman spectra involves the combination
provides information about intensities. The FSD technique is of two methods in a three-step approach previously employed
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by other author11First, the bands of the experimental Raman
spectrum were deconvoluted after baseline correction, to increase
the resolution of the bands and to provide their estimated
positions. Following FSD, the spectrum was curve-fitted to
obtain the accurate number and positions of its components.
The baseline-corrected experimental spectrum was then also
fitted using the frequency positions and band shape determined
in the previous step. The intensity and bandwidth parameters
were optimized during the calculations. Consistency between H(13)
the deconvoluted fitted spectrum and deconvoluted experimental
spectrum can then be used as an essential criterion for accepting
the curve-fitting parameters and verifying the existence of the
bands.

Gaussian peak shapes were used in the curve-fitting routine.
The output of the calculations provides a value for the standard
deviation, which is the sum of the squares of the residuals
between the data and the best-fit curve. The deviations on theFigure 3. Molecular geometry of ITMG showing atom labeling.
measured spectra for the calculations were below 0.1'cm

Computational Methods. The structure of the molecule was ~ pm; B3LYP/6-311G**) Ge-1 bond lengths was observed. An
investigated usingCs, symmetry. An experimental gas-phase MP2 calculation with the correlation consistent basis set aug-
investigation of the related iodotrimethylsilane revealed that cc-pVTZ was performed, with the SDB-aug-cc-PVTZ variant
allowing the structure the freedom to deviate fr@y, to Cs (with an ECP) used for Ge and I.
symmetry caused no change to the structéreherefore, the Gas Electron Diffraction. Data were collected for ITMG
related iodotrimethylgermane was modeled v@{) symmetry using the Edinburgh gas-phase electron diffraction appatétus.
only. Calculations were performed using the Gaussian 03 An accelerating voltage of around 40 kV was used, representing
programt3 an electron wavelength of approximately 6.0 pm. Scattering

A series of calculations combining the hybrid functional intensities were recorded on Kodak Electron Image films at
B3LYP or MP2 methods with the 6-311G, 6-311G*, 6-311G**, nozzle-to-film distances of 285.68 and 128.16 mm, with sample
LanL2DZ effective core potential (ECP), or LanL2DZdp basis and nozzle temperatures held at 293 K. The weighting points
sets were used to calculate the vibrational frequencies andfor the off-diagonal weight matrices, correlation parameters, and
infrared intensities. These calculations determined the bestscale factors for both camera distances for Gellie given

theoretical approximation to predict the vibrational frequencies, in Table S2. Also included are the electron wavelengths, as
and parameters obtained with them are given in Table S1 determined from the scattering patterns for benzene, which were
(Supporting Information). recorded immediately after the patterns for the sample com-
The method and the basis set that gave the best fit to thepounds. _The scattering intensities were measured using an Epson
observed experimental frequencies were used to calculate thé=xpression 1680 Pro flatbed scanner and converted to mean
harmonic force field. This force field was transformed from Optical densities as a function of the scattering variahlesing
Cartesian coordinates to symmetry coordinates and then scaled@" established prograffi.The data reduction and the least-
according to Pulay’s schem#:16 This methodology involves ~ Sduares refmeme_nt processes were carried out using the ed@ed
multiplying the main force constants by the scale fadtand progrant' employing the scattering factors of Ross et?al.
the corresponding interaction constants Byf{)*2, adjusting . .
them to reproduce the experimental frequencies as accuratelyResults and Discussion

as possible. _ o _ Theoretical Calculations.The molecular structure of ITMG
Estimates of the amplitudes of vibration) (for use in the a5 investigated with a wide range of ab initio and density
gas electron diffraction (GED) refinement were also required. fynctional theory (DFT) methods and an assortment of basis
The analytic second derivatives of the energy with respect to gats. All calculations agreed that the molecule posseSses
the nuclear coordinates calculated at the MP2 level with the symmetry, with most bond lengths and angles not varying by
LanL2DZ basis set gave force fields, which were used to provide jych. However, the Gel distance varied from 260.6 pm
these estimates. (B3LYP/6-311G**) to 263.3 pm (MP2/LanL2DZ), indicating
The potential-energy distribution (PED) was calculated with that this parameter may not be well-defined by computational
the resulting scaled quantum mechanical force field (SQMFF), methods. Therefore, comparison with experimental results is
in which the relative contribution of each symmetry coordinate needed, as this parameter should be distinct in the radial-
to the normal modes of vibration is represented. The SQM force distribution curve obtained from the gas electron diffraction
field was also used to calculate the force constants, expressegxperiment.
as simple valence internal coordinates. Gas Electron Diffraction. On the basis of the ab initio
The conversion of the force constants, fitting of the scale calculations described above, electron diffraction refinements
factors, and potential-energy distribution calculation were were carried out using a model with over@, symmetry to
performed using the program FCARTPThe natural bond  describe the gaseous structure, shown in Figure 3 with the atom
orbital calculation was performed using the NBO 3.0 progtam, numbering. The structure was defined in terms of six indepen-
as implemented in the Gaussian 03 package with the 6-311G** dent parameters, comprising three bond lengths, two bond
and LanL2DZdp basis sets, on the previously fully optimized angles, and a tilt of the methyl groups. The bond lengths were
molecular geometry. r(C—H) (p1), r(Ge—C) (p2), andr(Ge—1) (ps). A single C-H
After the GED investigation was complete, a discrepancy bond length was used because the individual ab initio values
between the experimental [254.4(1) pm] and theoretical (260.2 differed by no more than 0.2 pm. The model also required two
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pm, while the B3LYP DFT method with the 6-311G** basis
set reduced this length to 260.6 pm. The value for this distance
is well-defined in the radial-distribution curve, with the large
peak observed at+255 pm in Figure 4, confirming that the
internuclear distance between the two atoms giving rise to that
peak should be well determined. From Table 3, it can be seen
that the experimentat;) Ge—| distance was 254.4(1) pm. The
anharmonic correction to the experimental value was 0.7 pm,
giving anr. value of 253.7 pm for the Gel distance. The
anharmonic correctionry; to re) was calculated from &£/2
(wherea is taken to be 1.4 from the SHRINK evaluatféand
u is the rms amplitude of vibration). This equilibrium distance
can then be directly compared with the calculated values. An
-——77—1—— MP2 calculation with the aug-cc-PVTZ basis set on C and H,
0 100 200 300 400 500 600 70O 800 and the SDB-aug-cc-PVTZ pseudopotential basis set on Ge and
r./pm I was performed® This returned a Gel distance of 255.8 pm,
Figure 4. Experimental and difference (experimentaltheoretical) still over 1 pm too long, but much closer than other calculations
radial-distribution curvesR(r)/r, for ITMG. Before Fourier inversion that had been performed.
the data were multiplied bg.exp(~0.00002°)/(Zse — fee)(Zi — fi). The molecular structure of (GhtGe—I can be compared to

; — 26
angle parameters](Ge—C—H) (ps) and (I—Ge—C) (ps), those determined by GED for (GHGe—X (X = ClI or Br).

. In these case$;3, symmetry was returned for both molecules,
providing localCg, symmetry for the methyl groups. The methyl A . .
tilt parameter was also included, and a positive tilt indicated a and ab initio calculations agreed that this high level of symmetry

decrease of the unigué&(Ge—C—H) and an increase of the pair ‘lNaS tﬁ mwmfu;ngg r(1) Te pote;t_lalctlener%y lsgu5rfgc7e .—Gebc))(n:d
of symmetry-related](Ge—C—H), i.e., away from the Gel engths (g) 0 -0(4) pm ( _" ) ar?l -2(7) pml ( h
bond. The starting parameters for tihgrefinement® were taken Br) were observed expirlmenta y, while a-G@ bond ength
from the theoretical geometry optimized at the MP2/LanL2DZ (rg) of 194.3(1) pm (hl._ 194.2(1) pm] was observed in .thls
level. A theoretical (MP2/LanL2DZ) Cartesian force field was work. Therefore, a slight shortening of .the S& bond is
obtained and converted into a force field described by a set of observed but no real trend can be established.
symmetry coordinates using the program SHRIKIErom this, There is no crystal structure of ITMG to compare the gaseous
the root-mean-square (rms) amplitudes of vibratiogp)(and structure to, but the solid-state structure of Meg@gknown?’
the perpendicular distance correctiols were generated at  In this case the average 6ebond length was determined to
the harmonic first-order curvilinear motion approximation. Al be 250.0(2) pm, significantly shorter than the gaseousiGe
geometric parameters and six groups of amplitudes of vibration bond length of 254.4(1) pm for M&el. The Ge-C bond length
were then refined using the SARACEN mettdayith flexible is also shorter at 192.0(20) pm compared to 194.2(1) pm in the
restraints employed for three amplitudes of vibration. gaseous structure with three methyl groups. Parameters from
The final refinement for ITMG provided a satisfactory fitto gaseous and solid-state structures are not yet directly comparable
the data, withRs = 0.079 R = 0.047), and can be assessed due to differences in the techniques used to obtain structural
on the basis of the radial-distribution curve (Figure 4) and the parameters. X-ray diffraction measures regions of electron
molecular scattering intensity curves (Figure S1). Final refined density, while gas electron diffraction measures the internuclear
parameters are listed in Table 3. The interatomic distances anddistances. Therefore, a degree of shortening would be expected
corresponding rms amplitudes of vibration are given in Table in the solid-state structure, although this will be very small for
S3. The least-squares correlation matrix is given in Table S4, the Ge-I bond. The solid-state structure was determined at 290-
and the coordinates of the final refined structure from the GED (2) K, a temperature similar to that in the experimental study
investigation are given in Table S5. of MesGel; therefore, vibrational effects are unlikely to account
One issue highlighted by the earlier ab initio investigation for the differences. Probably the best explaination is that the
was the very different values returned for the-G&ond length three iodine atoms with increased electronegativity shorten all
by the various high-level calculations. The MP2 calculation with the bonds in MeGe) compared to Mgel with just one iodine
the LanL2DZ basis set on all atoms returned a value of 263.3 atom and three less electronegative carbon atoms.

Pnir

TABLE 3: Rbefined and Calculated Geometric Parameters for ITMG (Distances in pm, Angles in deg) from the SARACEN
GED Study*

parameter
MP2/LanL2DZ ) MP2/GEN GED (rhy) restraint
Independent
p1 r(C—H) 110.6 108.9 107.5(5) -
D2 r(Ge-C) 197.7 1955 194.2(1) -
Ps r(Ge-l) 263.3 255.8 254.4(1) -
P4 O[Ge—C—H(av)] 110.5 109.8 113.7(7) -
Ps O0(-Ge-C) 107.1 106.3 105.5(2) -
Pe Me tilt 1.3(25) -
Dependent
dp O[Ge(1)-C(2)~H(3) ] 109.8 109.7 112.4(27) -
dp, O[Ge(1)-C(2)—H(4) ] 110.9 109.9 114.4(13) -

aFigures in parentheses are the estimated standard deviations of the last @iga@sSupporting Information for parameter definitiohaug-
cc-PVTZ on C and H, SDB-aug-cc-PVTZ on Ge and |.
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TABLE 4: Comparison of the Calculated Frequencies (cm?) at B3LYP with 6-311G** and LanL2DZdp Basis Sets with the
Fundamentals for ITMG

B3LYP
6-311G* LanL2DZdp
mode unscaled scaled unscaled scaléd exptl

E vaCHs Vi3 3135 2994 3131 2992 2992
Az vaCHs Vg 3134 2992 3130 2991

A1l vaCHs 21 3116 2976 3112 2974 2981
E vaCHs V14 3114 2973 3111 2973 2975
AL vs CHs V2 3037 2907 3034 2907 2910
E vs CHs V15 3035 2905 3032 2905 2905
A1l 0aCHs V3 1476 1417 1469 1419 1418
E 0aCHs V16 1464 1406 1457 1408 1407
E 0a CHs V17 1460 1403 1455 1405 1399
A, 0a CHs V1o 1451 1393 1446 1397

A1 0s CHs Va 1288 1243 1280 1241 1244
E 0s CHs Vig 1276 1233 1267 1232 1232
E p CHs V19 863 847 845 846 845
AL p CHs Vs 855 838 838 839 826
E p CHs V20 772 754 752 752 763
Az p CHs V11 736 716 713 710

E 1aGeG 1z 595 616 597 617 617
AL vsGeG Ve 549 569 554 572 568
AL v Gel vy 225 222 224 221 220
E 0..GeG V22 171 183 175 187 189
A1l 0sGeG Vg 162 167 163 168 176
E o GeG Vo3 126 138 125 137 142
E 7 CHs V24 114 112 114 112 112
A2 T CH3 V12 102 102 103 102

rmsd (cnT?) 73.6 4.0 70.4 4.4

aWith the scale factors included in TableWith the scale factors included in Table S9.

Spectroscopic AnalysisThe 36 vibrational normal modes Band Assignment.The observed experimental frequencies
of ITMG with C3, symmetry (Figure 3) are classified in three agree well with those reported previoudlssignment of the
symmetry species: 8A(IR, Ra)+ 4A; + 12E (IR, Ra). The experimental bands to the normal modes of vibration of the
A, modes are not observed in IR and Raman spectra due tomolecule was based on the existing vibrational anatyti®
symmetry selection rules. The harmonic frequencies resulting results obtained from the theoretical calculations, and the
from exploratory calculations are shown in Table S6. potential-energy distribution (PED). In the following discussion

The density functional methods explored all systematically results obtained using the B3LYP/6-311G** method will be
overestimate the higher vibrational frequencies. The inverse referred to. All the observed bands in the vibrational spectra
situation can be observed for the lower frequencies. Theseare shown in Table 1 along with their relative intensities,
effects are essentially due to the neglect of the anharmonicity polarization ratios, and the proposed assignments.

of the vibrations in the calculations, especially for CH modes, Methyl Group Modes. Stretching ModesOnly two bands
alnd tthe_ basis lsett. def|C|enct|_es, e\_/rin thakl;n% g;cl)_\?scou?rt] tSein the CH; stretching region, located at 2995 and 2913 &m
eisg;%rg;g\(/)vrfzgtat)lgge(r:orret&':grzﬁ;’in tﬁe é3r|;W9 1 metrr:)?j o0 \vere previously observedThey were assigned to the antisym-

9 : metric and symmetric modes, respectively. However, as a result

It is evident from Table S6 that the 6-311G** and LanL2DZdp ¢ w6 cyrrent vibrational analysis, the presence of five bands
basis sets present the smallest deviations from the experlmentaE expected from the motion of the CH bonds of the three methy

values. The addition of polarized functions clearly improves ; o
the quality of the calculated frequencies. Through supplementarygrouDS present in the molecule. Three belong to the antisym

functions each valence orbital of the molecule can be represented"” etric stretchesig, v1s, v14), and wo belong to the symmetric
by a higher number of basis functions, resulting in molecular ones (2, v1g). . )
orbitals that better describe the molecular geometry. The RTIR spectra (Figure 1) show two groups of bands with
B3LYP/6-311G** combination reproduces the observed fre- several shoulders in this region. The first one is divided into
quencies with a root-mean-square deviation (rmsd) of 73:6,cm  three bands at 2992 crh at 2981 cm*, and a less intense one
and the B3LYP/LanL2DZdp gives an rmsd of 70.4 dmiThe at 2975 cm’. These are attributed to thes, vi, and vis
improved performance of the ECP basis sets has already beer@ntisymmetric stretching modes, respectively. The feature at
observed by Jonas et al. when calculating the structure and som&975 cn! became more intense and better defined when the
properties, such as reaction energies of isodesmic reactions, ofemperature was decreased and LTIR spectra were recorded
the series (CRnMCls—n (M = C, Si, Ge, Sn, and Plm;= 1, 2, (Figure 5). In the Raman spectrum, a depolarized band (2979
3).28 |t was also observed by Montejo et al. when calculating cm™1), assigned to the; mode, appears with a shoulder at 2991
the harmonic frequencies and the SQM force field of gaH cm~! (Figure 2), which was assigned to thg stretching mode.
Sil.12 The second group of bands was assigned to the symmetric
The frequencies calculated with these methods forgjgH stretching modes and included a shoulder at 2910'and a
Gel and the descriptions of their vibrational modes are presentedband at 2906 cm, attributed to thev, and v1s modes. This
in Table 4 along with the experimental values. shoulder appears well-defined in the LTIR spectra. Only one
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Figure 5. FTIR spectra of the region containing the Cstretching
modes at (a) room temperature, (b30 °C, and (c)—100 °C.
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totally polarized and very intense band was observed in the
Raman spectrum, at 2908 cin

The theoretical calculations show important deviations from
the experimental frequencies in this region and predict only a
very small splitting between the GHtretches. However, the

scaled frequencies agree very well with the experimental ones

and were useful to estimate the inactiug(A2) mode, which
lies 2 cnr! below vy3,
Although all bands corresponding to the £3tretching modes
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Figure 6. FTIR spectra of the region containing the €deformation
modes at (a) room temperature, (8j0°C, (c)—100°C, and (d)—170
°C.
1407, and 1399 cmi, which are assigned to the, v and
v17 CH3 antisymmetric deformation modes, respectively. The
other band at 1240 cm appears as two bands at 1244 and
1232 cml, attributed to the correspondimg andvig symmetric
deformation modes. Theoretical calculations predict the
antisymmetric mode (A to be at 1393 cmt.

Rocking ModesA single very strong band at 829 ciwith
shoulders on the high-frequency side was observed in the RTIR
spectrum. Its counterpart in the Raman spectrum (833'tm
was polarized, confirming its assignment to the totally symmetric
vs mode. In the LTIR spectra thes mode shifts to 826 cmit

1250

could be observed in the RTIR spectrum, the LT spectraimprove 304 a new band appears at 845 énthis was assigned to the
the resolution of the shoulders, allowing their exact positions ,,,; yocking vibration. This band appears by FSD at 843 &m
to be determined, confirming their assignments to fundamental i, 3greement with the observation from the LT spectra (Figure

modes.

Deformation ModesThe three antisymmetric§, v16, and
v17) and two symmetriciyy andvig) CHsz deformation modes
appear in the 15001200 cnt! region as described previougly.
We observed a broad band at 1405 ¢passigned to theie
deformation mode, and a narrow, strong band at 1240'cm
which belongs to the’, mode in the RTIR spectrum. In the

7). Previously, only one band was observed in this region, at
840 cntlin the infrared spectrum of the liquid, which was also
assigned to the;q rocking mode* The feature at 763 cm in

both the RTIR and LTIR spectra is due to thg rocking mode,
which appears in the Raman spectrum (760 Hnas a very
weak depolarized band. This band was observed previously at
765 cnTtin the infrared spectrum of the liquidut, unlike in

Raman spectrum the former band appears as a weak absorptiothis work, was not observed in the Raman spectrum. The values
at the same frequency while the latter is more intense and of the theoretical frequencies after scaling were used as a guide

appears at 1249 crh. Both bands are accompanied by several
shoulders. Fourier self-deconvolution (FSD) was applied to this

for the assignment of these bands. Furthermoreythmactive
mode was predicted to be at 716 T

region to determine the remaining bands. The result was the Torsional ModesA weak depolarized band was found at 112

appearance of two bands at 1414 and 1397 cthat might

correspond to the other two antisymmetric modesandvi7)

and one band at 1232 crhcorresponding to the symmetric

vibrationv;g. These frequency values are in good accord with

the scaled frequencies obtained from the SQM force field.
To confirm this assignment, the RTIR and LTIR spectra were

cm~1 in the Raman spectrum, and was assigned to one of the
torsional modes of the methyl groups, more specifically to the

124 Mode belonging to E symmetry. [The other torsional mode

(A2 symmetry) is inactive in the infrared and Raman spectra.]

This band was not observed in earlier wéiknd the assignment

is based on the relative position of the band predicted by the

compared. Several shoulders present in the RTIR spectrum werecalculations, which should be confirmed by further studies.

resolved in the LT spectra. As can be seen from Figure 6, the

broad band at 1405 cm resolves into three bands at 1418,

GeG Modes and Gel stretching Mode€his group of bands
has already been observed previodsiyhe frequency values
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The Gel stretching mode’{) was observed as a polarized
@ strong band at 220 crd. The band at 176 cmt was assigned

to the symmetric Ge£vg deformation mode. They, antisym-
metric deformation mode for GeChad not been observed
before. The theoretical calculations predict differences of
between 16 and 19 cr for the vibrational modess and v,

) (B3LYP/6-311G**, v3 = 183 cnt® and v, = 167 cnr’;
B3LYP/LanL2DZ,vg = 187 cnt! andv,, = 168 cn1?l). Careful
inspection reveals a shoulder around 190 trim both the
parallel and perpendicular Raman spectra. In order to establish
the position and relative intensity of the band, the FSD
(© technique, followed by curve-fitting, was used. The approximate
frequency value from the FSD was used to calculate the relative
intensity of the band by curve-fitting. The resulting frequency
value was 189 cmt, and the relative intensities of the band in
the two spectra were used to calculate the polarization ratio,
(d) which was 0.65 (Figure 8). This value confirms the assignment
of this band to the Gefantisymmetric deformation mode. The
GeG (v23) rocking mode emerges as a medium intensity band

% Transmittance

at 142 cnrl,
\ Calculation of Force Constants.The scaling procedure was
/ performed following the method described in the Computational
900 850 800 750 700 640 550 Methods section. The definition of the symmetry coordinates

e used in the calculation is given in Table S7. The scaled' (SQM)
Figure 7. FTIR spectra of the region containing the gdcking modes Ig:gg (f:lg:‘ldstgrﬁglsvfigz\ gﬁ; Iizltséod lij:e_lfia;?ecg lculate the internal
at (a) room temperature, (b)70 °C, (c) —100°C, and (d)—170°C. ; :

The harmonic force constants were calculated at the B3LYP
obtained in this work are in excellent agreement with those level of theory with both the 6-311G** and LanL2DZdp basis
previously reported. The measured range is 40610 cnt?; sets. The agreement between the calculated and observed
therefore, only two of the Gemodes could be observed in  Vvibrational frequencies after scaling the force field was better
the infrared spectra. The profile of these bands remained with the B3LYP/6-311G** method. The force constants pre-
unchanged when the sample was cooled in liquid nitrogen, assented in the text are therefore those calculated at this level.
shown in the LTIR spectrum of Figure 7. The resulting rmsd values for the two methods and the scaled

The antisymmetric Gegstretching modeiei), observed at ~ frequencies are shown in Table 4. The scale factors, force
614 cntl, is also observed in the Raman spectrum as a constants, and PED, which came from the B3LYP/LanL2DZdp
depolarized band with the same frequency. At low temperature calculation, are in Tables S$11.
it is shifted to 617 cm?®. The corresponding symmetric mode The initial scale factors were taken as unity and were then
(ve), which produces the most intense band, is observed in therefined by least-squares fitting to experimental vibrational
Raman spectrum at 569 cr In the RTIR spectra it also  frequencies. The corresponding calculated frequencies were used
appears as a strong band at 568 &m for the inactive A modes. The number of scale factors was

(@)

Raman Intensity
Raman Intensity

()

(c)

200 195 190 185 180 175 170 165 200 195 190 185 180 175 170
em-1 em-

Figure 8. Results of the FSD and curve-fitting for parallel (right) and perpendicular (left) Raman spectra. (a) Original spectrum, (b) Fourier

self-deconvolution of the original spectruid € 2, W= 20; K = 2, W= 10, respectively) with Gaussians, (c) results of curve-fitting the deconvoluted

spectrum with Gaussian&{ = 0.9951,y? = 12.60;R? = 0.9699,y% = 5.30), respectively.
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TABLE 5: Internal Force Constants for ITMG Calculated corresponding force constants and bond distances for both
at the B3LYP/6-311G** Level compounds. The correlation of vibrational frequencies to the
force constant bond strengths and the molecular structure, established by

coordinate this work Andersoft BadgerfCis of particular interest. From Table 8 it can be seen

that the Sil bond is stronger than the Gel bond, as evidenced

;Eg;l)) i'gi i'% by the greater stretching frequency and force constant. The Sil
f(GeC) 271 287 and Gel bond distances are in accordance with the vibrational
f(CGeC) 0.50 0.42 data. A smaller bond distance corresponds to a higher stretching
f(CGel) 0.54 0.48 frequency, in good agreement with Badger’s rules. The same
f(HCH) 0.41 0.50 behavior is shown by the GeC and Si-C bonds, and it is in
f(HGeC) 0.34 0.36;0.50 accord with the observed decrease of the dissociation energies
f(HCGel) 0.02

f(CGeCICGeC) —0.06 of M—C and M—1 bonds measured for Mxtype compounds,
f(CGel/CGel) —-0.08 when going from the Si to Pb in the periodic taBle.

f(HCH/HCH) —0.10 —0.0059 To gain insight into the chemical properties of the-Mand
f(HCGe/HCGe) —0.06 —0.0061;—0.0336

M—C bonds, a natural bond orbital (NBO) analysis was
aUnits are mdyn Al for stretching and stretching/stretching performed for both molecules. This analysis is based on a

interactions and mdyn A rad for deformations and deformation/  method for optimally transforming a giveN-electron wave
deformation interaction®.Calculated with the SVFF method, taken functiony = (1, 2, ...,N) into wave functions localized in one

from ref 4. center and two centers, representing the “lone pair” and the
TABLE 6: Refined Scale Factors for the Force Field of “bond” elements of the Lewis structure picture, respectively.
IMTG Calculated at the B3LYP/6-311G** Level Thus, electron density is constrained to doubly occupied
vibrational moda scale factor “localized bonding” units. The effect of delocalization appears
as weak departures from the idealized localized picture. Hence,
z:g::z 8:315 the transformation of DFT wave functions to the NBO form is
5. CHs 0.921 convenient for chemical purposes because the standard valence
0sCHs 0.932 concepts can be applied to the molecule.
p CHs 0.949 The NBO approach provides the most accurate “natural Lewis
zaGGeelQ;, vsGeG %'.%Bg structure” picture for describing the electron dengits) of .
02 GEG, 05 GeG, p GeGP 1.150 A simple bond orbital picture is represented by a bonding NBO
7 CHs 0.961 oas Which can be written in terms of two natural hybrid orbitals

ay, stretching;d, angular deformationp, rocking; z, torsion; s, (NHOs), ha and hg, on atoms A and B, with corresponding

symmetric; a, antisymmetrié. These modes were not grouped together Polarization coefficientsa andcs, oag = caha + cshs, termed
despite having the same value to be consistent with studies on the related Lewis (L) orbital. Each valence bonding NBO is paired with
(CH3)sGeX (X = H, Cl, and Br). a corresponding valence antibonding NB® Ag), 0* ag = Caha

— cghg, termed a non-Lewis (NL) orbitdf-33The antibonding
orbitals play an important role in departures from the idealized
Lewis structure mainly due to their involvement in the delo-
|calization of the electron density. The weakly occupied Rydberg
orbitals complete the span of the valence space, but they
normally have only a small contribution to the molecular
properties. The electronic delocalizations within the L and NL
orbitals may be interpreted as charge transfer (CT) between filled
(donor) and unfilled (acceptor) orbitals. All of the possible
donor-acceptor interactions can be determined from the analysis

to calculate the potential-energy distribution (PED), which of the off-diagonal elements in the Fock matrix, calculated by

represents the relative contributions of all the symmetry second-order perturbation theory. ] _
coordinates to the normal modes of vibration. The PED is given _ In Table 9 the calculated natural hybridsare summarized.

in Table 7 and shows that most of the normal modes are These consist of the NBOs along with the polarization coef-
described by more than one symmetry coordinate and, consedicient (Ca), the hybrid composition, and the percentages of s,
quently, strong mixing occurs between them. The small number P, and d character of eatf for each compound. Examination

of pure modes involve the motion of the Gefoiety, except of the results reveals that the p character of the natural orbitals

for the symmetric deformationv§), which is mixed with the ~ involved in the ogec and oger NBOs is higher than the p
Gel stretching modewg). character for theosic and osj. This is in accord with the

Comparison between GelMe and SilMes. In order to lengthening of the GeC and Gel bond distances. Furthermore,
compare the valence force constants obtained for ITMG with & slight mixture of d character occurs in the4@ and M-I
the corresponding force constants for iodotrimethylsilane, bond hybrids, with more mixing in the silicon compound. Also,
calculations were performed at the same level for both com- the iodine atom uses a slightly higher d character in bonding to
pounds (B3LYP/6-311G**). The experimental frequencies silicon than to germanium. On the other hand, the carbon NHO
employed for the scaling method and the starting scale factorsof the ocy bond orbital shows a smaller p character for the

reduced from 24 to 11 by grouping. The rmsd decreased from
an initial value of 73.6 cm'! to 4.0 cnT?, indicating that the
scaled frequencies are in excellent agreement with the experi-
mental ones. The scale factors corresponding to each interna
force constant for the B3LYP/6-311G** combination are shown
in Table 6. The scale factors can be divided into two groups:
those where values arel as a result of overestimation of the
vibrational frequencies and those where values ;ateas a
consequence of underestimation of the frequencies.

The SQM force field obtained by this method was employed

for the S|(C|—g)3 group were obtained from the literature?® germanium than for thelsilicon Compound, eVidenced by the
Scale factors, force constants, and the PED that result from theshorter CH bond length in (Gf#Gel than in (CH)sSil.
calculations are given in Tables S1314. The lengthening of the bond distances is also related to the

Important data are summarized in Table 8, comparing the occupancies of the bonding and antibonding orbitals. Table 10
M-I and M—C (M = Ge, Si) stretching frequencies and the shows the occupancies of all the natural bond orbitals and the
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TABLE 7: Experimental and Calculated Wavenumbers and Assignment of ITMG Calculated at the B3LYP/6-311G** Level

mode expfi calcdd SQM IRintensitie§ Raman activit§ PED? (=10%) assignmeht
A1

1 2981 3116 2976 17.0 2255 32%-8516% Ss+ 47% Se va CHs

2 2910 3037 2908 12.2 467.9 32%-8516% S+ 46% Ss vs CHs

3 1418 1476 1418 4.8 1.0 31% %5 10% S+ 27% So+20% S;  0aCHs

4 1244 1288 1243 <0.1 8.9 34% $+ 20% Sz + 50% S4 0sCHs

5 826 855 838 143.5 0.8 26% $ 16% S7+ 44% Sg o CHs

6 568 549 569 15.6 36.3 100% S vsGeG

7 220 225 222 31.4 4.4 7% S 29% S v Gel+ 0s GeG

8 176 162 167 0.4 6.4 63% S 58% S v Gel+ 6s GeG
Az

9 3134 2992 0.0 0.0 34%S- 17% Ss+ 50% S4 vaCHs

10 1452 1393 0.0 0.0 33%&t 20% So+ 29% S 0aCHs

11 736 716 0.0 0.0 37%5+ 37% S5+ 12% S+ 15% S, p CHz + 0.GeG

12 102 102 0.0 0.0 39% 5+ 16% S5+ 48% S¢ 7 CH3
E

13 2992 3135 2994 7.3 103.0 34%-8567% S3 vaCHs

14 2992 3135 2994 7.3 103.0 34%-8517% S3+ 50% S4 vaCHs

15 2974 3115 2973 1.3 39.9 32%8563% Ss vaCHs

16 2974 3115 2973 1.3 39.9 32%8516% Ss+ 47% Se va CHs

17 2905 3035 2905 6.1 125 32% 6 63% Sy vs CHs

18 2905 3035 2905 6.1 12.5 32%8516% S7+ 47% Ss vs CHz

19 1407 1464 1406 5.9 0.1 31%$ 37% So+ 26% S» 0aCHjs

20 1407 1464 1406 5.9 0.1 31% 5 29% S0 + 20% S1 0a CHs

21 1399 1460 1403 1.1 17.6 33%S- 26% S0 + 38% S1 0aCHs

22 1399 1460 1403 1.1 17.6 33%S- 20% So+ 29% S 0a CHs

23 1232 1276 1233 9.6 1.0 34% % 70% S3 0s CHs

24 1232 1276 1233 9.6 1.0 34% 6 15% S3+ 55% S4 0s CHs

25 845 863 847 36.5 11 37%:St 37% S5+ 12% S+ 15% S, p CHz + 0.GeG

26 845 863 847 36.5 1.1 37%:SF 49% S6 + 20% S p CH; + 0.GeG

27 763 772 754 6.5 0.4 26% S 60% S p CHs

28 763 772 754 6.5 0.4 26% S 14% S7+ 46% Ssg o CHz

29 617 595 617 20.9 10.8 97%4S 1vaGeG

30 617 595 617 20.9 10.8 97%0S 2 GeG

31 189 171 183 2.0 2.9 112%;:St 12% S3 0.GeG + p GeG

32 189 171 183 2.0 2.9 112%St 12% S 0.GeG + p GeG

33 142 126 138 0.4 3.1 106%3S p GeG

34 142 126 138 0.4 3.1 106%.S 0 GeG

35 112 114 112 <0.1 <0.1 39% S, + 64% S5 7 CHs

36 112 114 112 <0.1 <0.1 39% S, + 16% S5+ 48% S6 7 CHs
rmsd (cnt?) 73.6 4.0

aObserved and calculated values in@nP From scaled quantum mechanics force field (see téxdpits: km mot™. ¢ Units: A% (amu) ™.
¢ See Table S7 for definitions of the symmetry coordindtesstretchingp, angular deformatiom, rocking;z, torsion; s, symmetric; a, antisymmetric.

for the Si and Ge compounds and their associated stabilization
energies. For both compounds, the largest contributions to

TABLE 8: Comparison of (CH 3);Gel and (CHz)sSil

(CHg)sGel (CHy)sSil A . .
pv— calcd P calcd delocalization of the electronic density come from the electron
P P density in the lone pair of the iodine atom [LP(1)] and thec
v(MI) 220 225 326 320 orbital.
f(MI) 1.31 1.64 * - - .
From Table 11, the LP(H> o* uc negative hyperconjugation

r(MI) 2.540 2.606 2.485 2.530 . LT . .
¥(MC) 614: 569 595 549 627 669: 615 interaction is higher for the silicon compound due to a higher
f(MC) 271 3.00 polarization of the acceptor orbital toward the silicon atom,
r(MC) 1.954 1.966 1.870 1.878 improving its ability as an acceptor. Thesjc polarization

aExperimental frequencies and bond distances from this work. towa,rd silicon atom make_s a more effective _orb'tal overlap
b Theoretical frequencies, force constants, and bond distances calculated®0ssible as polarization increases the relative strength of
using the SQM force field of B3LYP/6-311G**Experimental interaction. The slight changes in the polarization coefficients
frequencies and bond distances from ref 12. of the NHOs are associated with the atomic electronegativity
differences (see Table 9). For (gklGel, the ogec — 0*Gec
andocec — 0* el iNteractions are also important. Despite the
lower polarization of the bonding orbitals toward Ge atom, the
low-energy gap between the dora@cceptor orbitals results in
a higher value 06igec — 0* cec andocec — 0* el iNteractions.

corresponding energies for the germanium and silicon com-
pounds. The increase ot occupancy results in a lengthening
of the bond distances. For instance, th&ge and o*gi
occupancies were found to be 0.060 91 and 0.058 51, respec
tively, with Gel and Sil bond distances of 2.540 and 2.485 A.
The increase iw* orbital occupancy results in a weakening of
the bond, shown also by the decrease of the vibration frequency
(Table 8). A complete investigation of the molecular structure of ITMG
To investigate the nature and magnitude of the intramolecular has been carried out in the gas phase by gas electron diffraction
interactions of Ge and Si compounds, the electron distribution complemented by theoretical methods. Both methods agree that
has been analyzed. Table 11 shows the principal delocalizationsGelMe; hasCs, symmetry, and as for SilMea pseudopotential

Conclusions
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TABLE 9: Calculated Natural Hybrid Orbitals (NHOs) and the Pol
Corresponding NBO for (CH3)3Gel and (CHg)sSil

J. Phys. Chem. A, Vol. 111, No. 30, 2007209

arization Coefficients (ca’s) of Each Hybrid in the

type atom  hybrid composition % s % p %d ca atom  hybrid composition % s % p %d ca

Omc Ge SB500t 28.24 7153 0.23 0.5706 Si 3003 2794 7126 0.79 0.5435
C Sp8e 2593 74.03 0.8212 C 3 29.90 70.04 0.8394

omi Ge spy-42d0-05 1546 83.80 0.75 0.5673 Si 0-07 16.56 82.35 1.09 0.5642
| sp’-20-08 12.10 87.51 040 0.8235 | 3003 1481 84.68 0.51 0.8257

OCHa C sp-0° 24.44  75.49 0.7801 C 3F 23.13 76.81 0.7824
H S 99.95 0.6256 H s 99.96 0.6228

OcHp C spo3 2477 7517 0.7830 C 38 23.46 76.48 0.7851
H s 99.96 0.6220 H s 99.96 0.6193

TABLE 10: Calculated o and ¢* Occupancies with Their
Respective Energies for (CH);Gel and (CHj3)sSil

(CHs)sGel (CHy)sSil
orbital type occupancy energy (au) occupancy energy (au)
Omc 197097 -0.52281 1.97965 —0.53025
o*mc 0.054 72 0.17133 0.05116 0.226 71
omi 1.96640 —0.469 25 1.96782 —0.49801
o*mi 0.060 91 0.02776  0.058 51 0.055 26
OCHa 198554 —0.52068 1.98252 -0.51367
0% CHa. 0.004 63 0.40020  0.005 89 0.394 55
ocHp 199073 —0.51883 1.98827 —0.51230
% chp 0.003 13 0.41062  0.00372 0.405 90

TABLE 11: Principal Delocalizations for (CH 3)sGel and
(CH3)3Sil with Their Associated Stabilization Energie$

(CHa):Gel (CH)sSil

donor-acceptor  AE(oo*)P donor-acceptor  AE(oo*)
O0GeC, o* GeiCq 13.2 Osiic, o* SiiCe 6.7
OGeC, o* GelCio 13.2 Jsic, — O*Silcm 6.7
0GeC, — 0% Gel 151 Osiic, — 0% sil 9.6
OGeCs o* Gel 15.1 Osicg O*sn 9.6
0GeCio " 0% Gel 151 OSisCro ™ O sil 9.6
LP(2)l = 0* ey 12.6 LP(2)l— 0% sic, 13.4
LP(2)l = 0* Gecyo 12.6 LP(2)I— 0*sicyo 13.4
LP(3)| - O’*(_:,el(;2 16.8 LP(3)|_’ O’*Sil(;2 19.0
LP3)l — 0*Gercs 4.2 LP(3)I— 0*sics 4.7
LP(3)| e O’*Gelc10 4.2 LP(3)|—> G*Si1C10 4.7

2 Calculated at the B3LYP/6-311G** level.Stabilization energies
in kJ moi™.

was required. The SDB-aug-cc-pVTZ basis set and ECP was
found to provide the best results when applied to both
germanium and iodine atoms. The reinvestigation of both
infrared and Raman spectra at low temperature confirmed the
previous assignments of the observed bdmissignments have
also been made for bands that could not be observed previously
such as the14 andv, CHjs stretching, thess, vi7,andvig CHs
deformation, and thes CHsz rocking modes. Thens CHs
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ment; experimental and calculated (B3LYP and B3PW91)
vibrational frequencies with different basis sets; definition of
symmetry coordinates; SQM matrix of symmetry force con-
stants; refined scale factors for force field (B3LYP/LanL2DZdp);
internal force constants (B3LYP/LanL2DZdp); experimental and
calculated wavenumbers and assignment of ITMG (B3LYP/
LanL2DZdp); refined scale factors for force field of iodotrim-
ethylsilane (ITMS) (B3LYP/6-311G**); internal force constants
for ITMS (B3LYP/6-311G**); experimental and calculated
wavenumbers and assignment of ITMS (B3LYP/6-311G**),
low-level ab initio calculations; weighting points for off-diagonal
weight matrices, correlation parameters, scale factors for both
camera distances for GED. This material is available free of
charge via the Internet at http://pubs.acs.org.

References and Notes

(1) West, R.; Hunt, H. R., Jr.; Whipple, R. @.Am. Chem. So4954
76, 310.

(2) Zablotna, R.; Akerman, K.; Szuchnik, Bull. Acad. Pol. Sci., Ser.
Sci. Chim.1964 12, 695.

(3) U.S. Patent 4,356,327, 1982.

(4) Anderson, J. W.; Barker, G. K.; Drake, J. E.; Hemmings, R. T.
Can. J. Chem1971, 49, 2931.

(5) SpectrumVersion 5.3; Perkin-Elmer, Inc.: Waltham, MA, 2005.

(6) Kauppinen, J. K.; Moffatt, D. J.; Mantsh, H. H.; Cameron, D. G.
Appl. Spectrosc1981, 35, 271.

(7) Kauppinen, J. K.; Moffatt, D. J.; Cameron, D. G.; Mantsh, H. H.
Appl. Opt.1981, 20, 1866.

(8) Kauppinen, J. K.; Moffatt, D. J.; Holberg, M. R.; Mantsh, H. H.
Appl. Spectroscl991], 45, 411.
' (9) Griffiths, P. R.; Pierce, J. A.; Hongjin, G. l@omputer-Enhanced
Analytical Spectroscopyeuzelaar, H. L. C., Isenhour, T. L., Eds.; Plenum
Press: New York, 1989; Chapter 2.

torsional mode was observed in the Raman spectrum. Thus more (10) Friesen, W. I.; Michaelian, K. HAppl. Spectrosc1991, 45, 50.

complete vibrational data are now available for this compound.
The application of Fourier self-deconvolution in combination
with curve-fitting to the analysis of the Raman spectrum resulted
in the identification of a band belonging to the, GeG
antisymmetric deformation mode. The B3LYP method with

(11) Michaelian, K. H.; Friesen, W. |.; Yariv, S.; Nasser, @an. J.
Chem.1991, 69, 1786.

(12) Montejo, M.; Hinchley, S. L.; Ben Altabef, A.; Robertson, H. E.;
Urefa, F. P.; Rankin, D. W. H.; Loez-Gmzalez, J. JPhys. Chem. Chem.
Phys.2006 8, 1.

(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

basis sets supplemented by polarization and/or diffuse functionsn.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

(e.g., 6-311G** or LanL2DZdp) produced better results in the
prediction of the frequencies of vibrational modes. The scaled
guantum mechanical method was applied to the B3LYP force
field with the 6-311G** split valence basis set, successfully
reproducing the vibrational spectra with a set of 11 scale factors
and a deviation of 4 cri.

Acknowledgment. A.B.A. thanks CIUNT (Consejo de
Investigaciones, Universidad Nacional de Tucuanand
CONICET (Consejo Nacional de Investigaciones Ciads y
Técnicas, Argentina) for financial support. S.L.M. thanks the

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
revision B.01; Gaussian, Inc.: Pittsburgh, PA, 2003.



7210 J. Phys. Chem. A, Vol. 111, No. 30, 2007

(14) Pulay, P.; Fogarasi, G.; Pongor, G.; Boggs, J. E.; Varghal. A.
Am. Chem. Sod 983 105, 7037.

(15) Rauhut, G.; Pulay, R. Phys. Chem1995 99, 3093.

(16) Rauhut, G.; Pulay, B. Phys. Chem1995 99, 14572.

(17) Collier, W. B.Program FCARTPQCPE No. 631; Department of
Chemistry, Oral Roberts University: Tulsa, OK, 1992.

(18) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholNFO,
version 3.1; 1998.

(19) Huntley, C. M.; Laurenson, G. S.; Rankin, D. W.HChem. Soc.,
Dalton Trans.198Q 954.

(20) Fleischer, H.; Wann, D. A.; Hinchley, S. L.; Borisenko, K. B.;
Lewis, J. R.; Mawhorter, R. J.; Robertson, H. E.; Rankin, D. WDilton
Trans.2005 3221.

(21) Hinchley, S. L.; Robertson, H. E.; Borisenko, K. B.; Turner, A.
R.; Johnston, B. F.; Rankin, D. W. H.; Ahmadian, M.; Jones, J. N.; Cowley,
A. H. Dalton Trans.2004 2469.

(22) Ross, A. W.; Fink, M.; Hilderbrandt, Rnternational Tables for
Crystallography Wilson, A. J. C., Ed.; Kluwer Academic Publishers:
Dordrecht, Boston, and London, 1992; Vol. C, p 245.

Rolda et al.

(23) Sipachev, V. AJ. Mol. Struct. (THEOCHEM)985 121, 143.

(24) Brain, P. T.; Morrison, C. A.; Parsons, S.; Rankin, D. W.H.
Chem. Soc., Dalton Tran4996 4589. Blake, A. J.; Brain, P. T.; McNab,
H.; Miller, J.; Morrison, C. A.; Parsons, S.; Rankin, D. W. H.; Robertson,
H. E.; Smart, B. AJ. Phys. Chenml996 100, 12280. Mitzel, N. W.; Rankin,
D. W. H. Dalton Trans.2003 3650.

(25) Martin, J. M. L.; Sundermann, A. Chem. Phy2001, 114, 3408.

(26) Aarset, K.; Page, E. Ml. Phys. Chem. 2004 108 5474.

(27) Chadha, R. K.; Drake, J. E.; Neo, M. K. H.Crystallogr. Spectrosc.
Res.1985 15, 39.

(28) Jonas, V.; Frenking, G.; Reetz, M. J..Comput. Cheml992 13,
935.

(29) Montejo, M.; Urém, F. P.; Maquez, F.; Lpez-Gmzalez, J. J.
Spectrochim. Act2005 A62 1058.

(30) Badger, R. MJ. Chem. Physl1934 2, 128.

(31) Shaw, C. F.; Allred, A. LOrganomet. Chem. Re197Q 5, 96.

(32) Curtiss, L. A.; Weinhold, FChem. Re. 1988 88, 899.

(33) Weinhold, F.; Landis, C. RChem. Educ. Res. Pract. E®001, 2,
91.



