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The gas-phase molecular structure of iodotrimethylsilane (ITMS) has been determined from

electron diffraction data. Infrared and Raman spectra have been completely assigned. The

experimental work is supported by ab initio HF and MP2 calculations for the gas-phase structure

determination and DFT(B3LYP) calculations, combined with Pulay’s SQM method, for the

vibrational spectra data.

Introduction

Alkylsilylhalides play an important role as precursors of

silanols, which are well-known intermediate products in sol-

gel processes and are commonly used for the production of

ceramics, glasses, fibres, etc.1 In addition, trimethylsilyl-

halides, and specifically iodotrimethylsilane, are widely used

in organic and organometallic reactions as cleavage reagents,

catalysts or silation agents, among others.2–8 Studies of the

molecular structures and vibrational spectra of the chemical

species of the Me3SiX (X ¼ H, F, Cl, Br or OMe) series were

performed recently.9–11 These studies allowed the authors to

reach a complete description of the theoretical molecular

structures, in agreement with the experimental data already

in the literature. Moreover, supported by both theoretical and

experimental data, a unified explanation of the main features

observed in the vibrational spectra of the whole family was

proposed.

For the iodo-derivative of the series [iodotrimethylsilane

(ITMS)] only one paper related to the study of its molecular

structure12 and two dealing with the analysis of its vibrational

spectra13,14 are present in the literature. The geometry of

ITMS has not been widely reported, for example, Rexroad

et al.12 carried out a study of ITMS by microwave spectro-

scopy. However, only one geometric parameter was reported,

namely the Si–I distance [246(2) pm], whilst other parameters

were held at fixed values. Goubeau and Sommer13 recorded

the Raman spectrum of the liquid phase and proposed the

existence of appreciable double bond character between Si and

I in ITMS. This was proposed from comparison of the

calculated value for the force constant associated with the

Si–I bond stretching (from the Raman spectrum data, 2.10

mdyn Å�2) and that corresponding to a single bond Si–I from

the theory (1.58 mdyn Å�2). The slight increase of the dipole

moment (m ¼ 2.46 D) when going from the bromine to the

iodine compound in the series Me3SiX (for X ¼ Cl, Br, I) also

supported this interpretation.

Later, Bürger reported the IR spectra of the gas and liquid

(far region) phases of ITMS.14 A detailed study of the PQR

shape of the band associated with ns SiC3, using the Raman

data from ref. 13, was performed, and a normal mode analysis

for the low-frequency fundamentals [those corresponding to

skeletal C3SiX modes (torsion modes excluded)] was carried

out. Bürger proposed an incomplete assignment of the experi-

mental bands to the fundamental normal modes of ITMS,

which was compared with those for the rest of the halogen

derivatives in the series.

In this paper, we report a more complete and accurate

molecular structure for ITMS and an improved vibrational

assignment for this molecule. We have combined gas-phase

electron diffraction (GED) and quantum mechanical calcula-

tions to obtain reliable molecular structure data, and have

combined newly recorded IR (gas and liquid phase) and

Raman (liquid phase) data with results of theoretical calcula-

tions, including the SQMFF methodology, in order to corro-

borate the original assignments. Furthermore, the results of

the vibrational study of the title molecule, along with those

previously obtained for the rest of the trimethylsilylhalide

series,10,11 allow us to give a unified description of the experi-

mental features observed for the whole family of compounds.

Experimental methods

Commercial iodotrimethylsilane samples (499%) were pur-

chased from Sigma-Aldrich and used without further puri-

fication.

Gas electron diffraction (GED)

Data were collected for ITMS using the Edinburgh gas-phase

electron diffraction apparatus.15 An accelerating voltage of

around 40 kV was used, representing an electron wavelength
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of approximately 6.0 pm. Scattering intensities were recorded

on Kodak Electron Image films at nozzle-to-film distances of

130.44 and 90.81 mm with sample and nozzle temperatures

held at 293 K. The weighting points for the off-diagonal

weight matrices, correlation parameters and scale factors for

both camera distances for ITMS are given in Table 1. Also

included are the electron wavelengths as determined from the

scattering patterns for benzene, which were recorded immedi-

ately after the patterns for the sample compounds. The

scattering intensities were measured using an Epson Expres-

sion 1600 Pro Flatbed Scanner and converted to mean optical

densities as a function of the scattering variable, s, using an

established program.16 The data reduction and the least-

squares refinement processes were carried out using the ed@ed

program17 employing the scattering factors of Ross et al.18

IR and Raman spectra

IR spectra were recorded in the 400–4000 cm�1 range for

ITMS in the liquid and gaseous phases with an FT-IR Bruker

Tensor 27 spectrophotometer, equipped with a Globar source

and a DTGS detector, using standard cells for liquid and gas

(10 cm path length) both equipped with CsI windows. All the

spectra were obtained with a resolution of 1.0 cm�1 and

50 scans.

The Raman spectrum in the liquid phase was recorded with

a Bruker RF100/S FT-Raman spectrometer, equipped with a

Nd:YAG laser (excitation line 1064 nm, 600 mW of laser

power) and a cooled Ge detector at liquid nitrogen tempera-

ture, using a standard liquid cell. The spectrum was recorded

with a resolution of 1.0 cm�1 and 100 scans.

Computational methods

Geometry optimisations

Calculations were performed with the resources of the EPSRC

National Service for Computational Chemistry Software

(NSCCS) using Gaussian 03.19 All MP2 calculations were

frozen core [MP2(fc)]. Geometry optimisations for ITMS were

performed in C3v and Cs symmetry. There are two possible

orientations of the methyl groups relative to the Si–I bond that

allow the molecule to possess C3v symmetry, eclipsed and

staggered, i.e. when fH(4/9/12)–C(3/7/11)–Si(1)–I(2) ¼ 01 or

1801. The two Cs structures can have either two groups

staggered and one eclipsed or two eclipsed and one staggered.

Low-level calculations on these four conformers were per-

formed using HF theory20 with a 3-21G* basis set21 on all

atoms. It was observed that when three H atoms eclipse the

Si–I bond (fH–C–Si–I¼ 01), three imaginary frequencies were

returned [198i cm�1 (A2) and 183i cm�1 (E)]. When two H

atoms eclipse the Si–I bond and one is staggered (Cs), two

imaginary frequencies were returned [179.0i cm�1 (A00) and

169.6i cm�1 (A0)]. Changing this to one eclipsed and two

staggered groups (Cs) resulted in only one imaginary fre-

quency [162.9i cm�1 (A00)]. All the lowest-lying frequencies

relate to the torsions of the methyl groups relative to the Si–I

bond. When all torsion angles were changed from 0 to 1801, a

C3v structure, all frequencies were real.

One of the Cs conformers (fH–C–Si–I ¼ 0, 180 and 1801) is

a transition state on the potential energy surface, with the

barrier to methyl rotation lying B7 kJ mol�1 above the

ground state structure. The remaining structures are B14

and B23 kJ mol�1 above the ground-state energy. This even

spacing implies that the rotations of the methyl groups relative

to the Si–I bond are independent motions, and that there is no

steric crowding influencing their movement. The energies and

observed frequencies are summarised in Table S1.w
All further discussion relates to the global minimum struc-

ture of ITMS (C3v symmetry). Beyond a 3-21G* basis set, the

next Pople-style basis set available for iodine is 6-311G*.22a

Other than this, iodine has to be treated specially using a basis

set that possesses an effective core potential (ECP). The use of

the SDB-cc-pVTZ basis set and ECP was investigated for

iodine,23 whilst the standard 6-31G*24 and 6-311þG*22b basis

sets were used for H, C and Si with the MP225 level of theory.

Analytic second derivatives of the energy with respect to the

nuclear coordinates calculated at the HF level with the SDB-

cc-pVTZ (I) and 6-31G* (H, C and Si) basis sets gave a force

field which was then used to provide estimates of the ampli-

tudes of vibration (u) for use in the GED refinements. This

force field was also used to calculate the vibrational frequen-

cies, which provide the information about the nature of the

stationary point. As described above, a lower-level force field

(HF/3-21G*) was used initially to probe the potential energy

surface of ITMS to locate real minima. Calculations on the

related H-, F-, Cl- and Br-trimethylsilanes were also per-

formed in the range from HF/3-21G* to MP2/6-311G**.

The results of the highest-level ab initio calculations for

SiMe3X (X ¼ H, F, Cl, Br or I) are reported in Table 2, whilst

the results from the lower levels can be found in the supporting

information (Table S3).w The molecular structure of ITMS

with atom numbering is shown in Fig. 1.

Vibrational spectra

Theoretical calculations of the IR and Raman vibrational

spectra were performed with Gaussian 03.19 The hybrid

B3LYP functional26,27 was used with the Pople-style 6-

311G**22a basis set. As for the geometry optimisations, an

ECP was required for the definition of the iodine atom. In this

case, two potentials, LanL2DZ28 and LanL2DZdp,28,29 were

investigated.

The force-constant matrices obtained at this level of calcu-

lation, expressed in Cartesian coordinates, were used to build a

Table 1 Nozzle-to-plate distances (mm), weighting functions (nm�1),
correlation parameters, scale factors and electron wavelengths (pm)
used in the electron-diffraction study

Nozzle-plate distancea 130.44 290.81
Ds 2 1
smin 70 20
sw1 80 40
sw2 258 112
smax 300 130
Correlation parameter 0.2888 0.4540
Scale factorb 0.788(8) 0.747(6)
Electron wavelength 6.1282 6.1282

a Determined by reference to the scattering pattern of benzene va-

pour. b Values in parentheses are the estimated standard deviations.
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force-constant matrix expressed in a set of natural coordinates

as described in Table S2.w This was done for a better inter-

pretation of the potential energy distribution matrix (PEDM)

and to perform a normal-mode analysis, including the appli-

cation of the SQMFF methodology. These natural coordi-

nates and the set of scale factors associated with them have

been defined as proposed by Fogarasi et al.30

The MOLVIB program31,32 was used for the normal-mode

analysis, the scaling of the force field using the Pulay’s

method,33 and to refine the scale factors. The scale-factor

refinement was performed by closely fitting the theoretical

vibrational frequencies to those obtained experimentally,

using a root-mean-squares procedure.

Results

Geometry optimisations

The molecular structures of a series of related molecules have

been studied at the MP2(fc)/6-311G** level. All the molecules

have the general structure SiMe3X, where X is H(TMS),

F(FTMS), Cl(CTMS), Br(BTMS) or I(ITMS). The main

molecule of interest for the research reported in this paper is

iodotrimethylsilane (ITMS). This also presented an interesting

challenge for theory, as iodine has very few all-electron basis

sets available, so the opportunity was taken to evaluate the

performance of a pseudopotential. Initially, as reported in the

Experimental section, a search of the potential-energy surface

(PES) of ITMS was performed to probe the orientation of the

methyl groups relative to the Si–I bond. Four stationary

points were observed, when fH(4/9/12)–C(3/7/11)–Si(1)–

I(2) ¼ 0 or 1801, two possessing C3v symmetry and two with

Cs symmetry. When fHCSiI ¼ 0, 180 and 1801, one imaginary

frequency was returned, relating to rotation of one methyl

group. At the lowest level of investigation (RHF/3-21G*) this

transition state was predicted to be 7.1 kJ mol�1 above the

ground state structure. Whilst the absolute energies of both

structures would be expected to reduce with increased sophis-

tication of calculation, previous experience indicates that the

relative energies should change little, maintaining this barrier

to rotation.

The imaginary frequency returned for the transition state

structure was large [163i cm�1 (A00], and the three lowest-lying

frequencies for the ground-state structure were similarly large

[162 cm�1 (A2) and 166 cm�1 (E)]. The choice of C3v symmetry

for the GED model can thus be justified. If the values were a

lot smaller, a choice of C3 symmetry would have been more

appropriate to allow for more vibrational motion at a higher

temperature.

Two different types of basis set were used for iodine at the

highest level of calculation [MP2(fc)]. First, the all-electron

6-311G*(*) was used in combination with 6-311G** on all

other atoms. Secondly, the SDB-cc-pVTZ basis set with

effective core potential (ECP) was used with 6-311þG* on

all other atoms. The results from these calculations are pre-

sented in Table 2. It can be seen that the only parameter to be

really affected by the choice of basis set is the Si–I distance. All

other parameters are within 0.2 pm or 0.51 of one another. The

Si–I distance is returned as 249.9 pm for the 6-311G** basis

set, whilst the use of SDB-cc-pVTZ in combination with 6-

311þG* returned an Si–I distance of 248.5 pm. This value

should be well defined in the GED experiment, and compar-

ison with the experimental results can aid our understanding

of the accuracy of the calculations.

Gas electron diffraction (GED) refinement

On the basis of the ab initio calculations described above,

electron-diffraction refinements were carried out using models

with overall C3 and C3v symmetry to describe the gaseous

structure. The C3 structure was tested and it was found that it

reverted to the C3v structure, indicating that this is the

Table 2 Geometric parameters for SiMe3X (X ¼ H, F, Cl, Br and I) at the MP2(fc) level with the 6-311G** basis set. For X ¼ I, the SDB-cc-
pVTZ basis set and ECP was also applied to iodine, with the 6-311þG* basis applied to all other atomsab

Parameter X ¼ H X ¼ F X ¼ Cl X ¼ Br X ¼ Ic X ¼ Id

rC–Ha 109.5 109.5 109.5 109.6 109.6 109.6
rC–Hb 109.4 109.4 109.4 109.4 109.3 109.3
rSi–C 188.0 186.4 186.5 186.7 186.8 187.0
rSi–X 148.6 163.3 208.1 225.4 249.9 248.5
+Si–C–Ha 110.9 110.6 110.3 110.1 109.8 110.3
+Si–C–Hb 111.3 111.3 111.1 111.1 111.1 111.3
+Ha–C–Hb 107.7 107.8 108.1 108.2 108.2 108.0
+Hb–C–Hb 107.8 107.9 108.1 108.2 108.2 108.0
+C–Si–C 110.2 110.4 111.5 111.4 111.4 111.6
+X–Si–C 108.8 107.5 107.3 107.4 107.5 107.3
Energye �408.9981 �508.1528 �868.1142 �2980.9621 �7325.4830 �419.7307
a All bond lengths in pm, all angles in 1. b See Fig. 1 for atom numbering and definition of a and b hydrogen atoms. c 6-311G** basis set used on

all atoms. d 6-311þG* on H, C and Si, SDB-cc-pVTZ on I. e Absolute energies in Hartrees.

Fig. 1 C3v molecular structure of ITMS showing the atom numbering

scheme and (right) a perspective view down the I–Si bond.
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preferred structure. The following model description refers to

the C3v structure only. The structure was defined in terms of

six independent parameters (see Fig. 1 for atom numbering),

comprising three bond lengths, two bond angles and a tilt of

the methyl groups. The bond lengths were rC–H(p1), rSi–C(p2)

and rSi–I(p3). A single, average, rC–H value was used because

the individual ab initio values differed by no more than 0.3 pm.

The model also required two angle parameters, +Si–C–H(p4)

and +I–Si–C(p5). The methyl tilt parameter was also included

and a positive tilt indicated a decrease of the unique+Si–C–H

and an increase of the symmetry-related +Si–C–H, i.e. away

from the Si–I bond. The starting parameters for the rh1
refinement34 were taken from the theoretical geometry opti-

mised at the MP2(fc)/6-311þG*//SDB-cc-pVTZ level. A the-

oretical (RHF/6-31G*//SDB-cc-pVTZ) Cartesian force field

was obtained and converted into a force field described by a

set of symmetry coordinates using the program SHRINK.34

From this, the RMS amplitudes of vibration (uh1) and the

perpendicular distance corrections (kh1) were generated at the

harmonic first-order curvilinear motion approximation. All

geometric parameters and seven groups of amplitudes of

vibration were then refined using the SARACEN method,35

with flexible restraints employed for one parameter value and

two amplitudes of vibration.

The final refinement for ITMS provided a good fit to the

data, with RG ¼ 0.079 (RD ¼ 0.047), and can be assessed on

the basis of the radial-distribution curve (Fig. 2) and the

molecular-scattering intensity curves (Fig. S1).w Final refined

parameters are listed in Table 3. The interatomic distances and

corresponding RMS amplitudes of vibration are given in

Table S4. The least-squares correlation matrix is given in

Table S5 and the coordinates of the final refined structure

from the GED investigation are given in Table S6.w

Vibrational study

ITMS has C3v geometry and its normal modes belong to

symmetry species as follows: 8A1 þ 4A2 þ 12E. Vibrations

belonging to A1 and E irreducible representations are active in

both the IR and Raman spectra while the A2 modes are

inactive in both of them.

The recorded IR (gas and liquid phases) and Raman (liquid

phase) spectra in this work for ITMS are shown in Fig. 3. In

Fig. 2 Experimental and difference (experimental–theoretical) radial

distribution curves, P(r)/r, for ITMS. Before Fourier inversion the

data were multiplied by s exp(�0.000 02s2)/(ZI � fI)(ZC � fC).

Table 3 Refined and calculated geometric parameters with ab initio and DFT values and restraints for ITMS (distances in pm, angles in 1) from
the SARACEN GED studya

Parameter Description GED (rh1) MP2/GENb (re) MP2/6-311G** (re) B3LYP/LanL2DZdp Restraint

P1 rC–H 109.2(3) 109.5 109.5 109.9 —
P2 rSi–C 187.3(1) 187.0 186.8 187.6 —
P3 rSi–I 248.6(2) 248.5 249.9 250.5 —
P4 +Si–C–H 111.0(3) 110.8 110.5 110.8 110.8(3)
P5 +I–Si–C 106.6(1) 107.3 107.5 107.3 —
P6 Me tilt 0.4(8) — — — 1.0(10)

a Figures in parentheses are the estimated standard deviations of the last digits. See text for parameter definitions. b 6-311þG* on H, C and Si,

SDB-cc-pVTZ on I.

Fig. 3 Experimental IR (gas-phase) (top), experimental IR (liquid-

phase) (middle) and experimental Raman (liquid-phase) (bottom)

spectra. Bands due to hexamethyldisyloxane (see text) are marked

with arrows.

480 | Phys. Chem. Chem. Phys., 2006, 8, 477–485 This journal is �c the Owner Societies 2006



Table 4, experimental and scaled (after refinement of scale

factors) frequencies are reported, along with a qualitative

description of each normal mode of the molecule based on

the potential energy distribution matrix (PEDM). The assign-

ments by previous authors13,14 are also presented in Table 4,

for comparison.

In addition to the bands corresponding to the vibrations of

ITMS that will be discussed below, we have observed two

bands in the IR of the liquid phase, specifically at 1055 cm�1

(1074 cm�1 in the IR of the gas phase) and 656 cm�1, that

cannot be assigned to any vibration of the ITMS molecule.

These are due to the presence of hexamethyldisiloxane

(HMDSO) in the sample, which is an impurity that appears

as a product of the hydrolysis and later condensation of two

trimethylsilylhalide units in presence of atmospheric water.36

The peak at 1055 cm�1 belongs to the SiOSi stretching normal

mode and the one at 656 cm�1 is described as the SiC

stretching normal mode of the HMDSO molecule.37

Discussion

Molecular structure

The molecular structure of iodotrimethylsilane has been

probed using various structural and spectroscopic methods.

The gaseous structure of ITMS has been investigated using

diffraction techniques in combination with ab initio methods.

One discussion point raised by the ab initio investigation was

the substantially different values returned for the Si–I bond

length by the two highest-level calculations. The all-electron 6-

311G** basis set returned a value of 249.9 pm, whilst the use

of a pseudopotential on iodine reduced this length to 248.5

pm. This parameter is one that is very well defined in the GED

experiment. Examination of Fig. 2 reveals that there is only

one, very large, peak in the radial distribution curve at B250

pm, confirming that the internuclear distance between the two

atoms causing that peak should be well determined. From

Table 3, it can be seen that the experimental (rh1) Si–I distance

was 248.6(2) pm. The anharmonic correction to the experi-

mental value was 0.4 pm, giving an re value of 248.2 pm for the

Si–I distance. The anharmonic correction (rh1 or re) was

calculated from 3/2*a*u2 (where a is 1.405 as taken from the

shrink output file, and u is the RMS amplitude of vibration).

This can then be directly compared with the calculated values

(MP2/6-311þG*//SDB-cc-pVTZ 248.5 pm; MP2/6-311G*

249.9 pm) and in this respect and others the experimental

structure agrees very well with the results of the ab initio

calculation where the pseudopotential was used. It should also

be noted that, on the workstation used, the calculation with

the pseudopotential was eight times quicker than the all-

electron calculation. Whilst for a molecule of this size proces-

sor time is not an issue, for larger molecules it is, and it has

Table 4 Experimental and scaled frequencies (in cm�1) for ITMS, with the description of each normal mode, proposal of assignment and
comparison with results from previous worka

Experimental Scaled DFT (B3LYP)

IR
gas

IR
liquid

Raman
liquid LanL2DZ LanL2DZdp 6-311G** Bürger14 b

Goubeau and
Sommer13 c Description

A1

n1 2967 s 2959 s 2959 s 2968 2961 2960 2973 2973 nasCH
n2 2906 m 2897 m 2896 vs, p 2880 2892 2893 2913 2902 nsCH
n3 1420 sh — — 1415 1416 1417 1415 1404 dasCH3

n4 1267 sh 1252 vs 1263 vw, p 1266 1263 1264 1261 1255 dsCH3

n5 851 vs, br 849 vs, br 850 w, p 850 849 850 852 845 rCH3

n6 627 m 623 s 624 m, p 625 627 628 628 627 nSiC
n7 — — 326 m, p 325 326 326 3331 331 nSiI þ dsSiC3

n8 — — 194 m, p 195 193 192 — 198 dsSiC3 þ nSiI þ rCH3

A2

n9 — — — 2986 2978 2978 — — nasCH
n10 — — — 1391 1391 1390 — — dasCH3

n11 — — — 676 677 674 — — rCH3

n12 — — — 101 135 136 — — t SiC
E
n13 2980 sh 2972 s 2973 s, dp 2987 2979 2979 2973 2973 nasCH
n14 2967 s 2959 s 2959 s, dp 2966 2959 2959 nasCH
n15 2906 m 2897 m 2896 vs 2878 2890 2891 2913 2902 nsCH
n16 1413 m 1410 m 1413 w, dp 1404 1404 1404 1415 1404 dasCH3

n17 1404 sh 1393 sh — 1401 1401 1400 dasCH3

n18 1259 s 1252 vs 1252 vw, dp 1253 1254 1254 1261 1255 dsCH3

n19 851 vs, br 849 vs, br 850 w 858 853 855 852 845 rCH3 þ nSiC
n20 760 m 760 s 759 w, dp 756 759 759 763 761 rCH3 þ nSiC
n21 698 w 698 m 698 w, dp 691 692 689 703 704 rCH3 þ nSiC
n22 — — 230 m, dp 228 229 228 2331 231 dasSiC3 þ rCH3

n23 — — 161 m, dp 161 161 158 1631 164 rSiC3 þ dasSiC3

n24 — — — 131 153 155 — — t SiC
rmsd/cm�1 8.26 4.09 4.38

a Abbreviations: vs: very strong, s: strong, m: medium, w: weak, vw: very weak, br: broad, sh: shoulder, p: polarised band, dp: depolarised

band. b Experimental data from the IR spectrum of the gas phase, except:1from the IR spectrum of the liquid phase. c Experimental data from the

Raman spectrum of the liquid phase.
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been shown that excellent results can be obtained with the use

of a pseudopotential, for a fraction of the computer time. The

microwave stucture reported by Rexroad et al indicated a Si–I

bond length of 246(2) pm.12 When compared to the ab initio

and GED structures this distance seems short, although the

error almost encompasses the newly determined values. Many

structural assumptions were made in the original microwave

study, and perhaps a revised investigation would be prudent in

light of new information about the structure of ITMS.

When comparing the structural parameters for SiMe3X,

where X ¼ H, F, Cl, Br and I, the results of the MP2(fc)/6-

311G** calculations will be used at all times. From Table 2, it

can be seen that both +Si–C–Ha and +Si–C–Hb decrease in

size from H4 F4 Cl4 Br4 I, whilst the difference between

these two angles increases from 0.41 for X ¼ H, to 1.31 for

X ¼ I. To gauge the cause of these effects the+Ha–C–Hb and

+Hb–C–Hb angles were examined. Both were found to be

effectively the same value throughout the series (107.8–108.21),

indicating that the change in +Si–C–H is due to a tilt of the

methyl groups away from the increasingly bulky halogen

atom, rather than distortion within the methyl groups them-

selves. This effect was accounted for in the GED model by the

inclusion of a methyl tilt parameter.

The X–Si–C angle is larger for X ¼ H than for all the other

substituents (108.81 compared to B107.41). This correlates

with the increase in the Si–X bond lengths, with the repulsion

from atom X decreasing as the bond length increases. There

can also be an effect due to electronegativity, as X attracts

electrons, so the angles at silicon change. The Si–C bond

lengths also show a significant shortening from 188.0 pm to

Table 5 Comparison between experimental and scaled frequencies (in cm�1) for TMS, FTMS, CTMS, BTMS and ITMS

TMS FTMS CTMS BTMS ITMS

Expt.c Scaled.a Expt.d Scaleda Expt.e Scaleda Expt.f Scaleda Expt.g Scaledb Description

A1

2964 2969 2967 2970 2963 2967 2961 2964 2959 2960 nasCH
2900 2900 2906 2902 2902 2898 2900 2893 2897 2893 nsCH
2119 2119 — — — — — — — — nSiH
14281 1421 1425* 1426 1421 1424 1419 1421 1420x 1417 dasCH3

1263 1262 1268 1260 1275 1266 1270 1264 1252 1264 dsCH3

— — 895 910 — — — — — — nSiF þ rCH3

853 857 — — 848 851 848 853 849 850 rCH3

— — 770 760 — — — — — — nSiF þ rCH3

624 622 618 608 636 640 631 637 623 628 nSiC
— — — — 471 470 — — — — nSiCl
— — — — — — 376 376 — — nSiBr þ rSiC3

— — — — — — — — 326xx 326 nSiI þ rSiC3

252 251 242 237 — — — — — — dsSiC3 þ rCH3

— — — — 228 227 212$ 210 — — dsSiC3

— — — — — — — — 194xx 192 dsSiC3 þ nSiI þ rCH3

A2

— 2967 — 2974 — 2979 — 2980 — 2978 nasCH
— 1403 — 1403 — 1400 — 1398 — 1390 dasCH3

— 650 — 660 — 660 — 659 — 674 rCH3

— 143 — 133 157# 156 — 156 — 136 t SiC
E
29751 2972 2967 2976 2970 2980 2974 2981 2972 2979 nasCH
2964 2967 2967 2967 2963 2964 2961 2961 2959 2959 nasCH
2900 2899 2906 2900 2902 2896 2900 2893 2897 2891 nsCH
1411 1414 1415 1415 1414 1413 1412 1410 1410 1404 dasCH3

— 1405 1410 1410 — 1407 1404 1404 1393 1400 dasCH3

1253 1254 1254 1254 1255 1259 1254 1257 1252 1254 dsCH3

905 901 — — — — — — — — rSiC3 þ rCH3

— — 852 870 848 854 848 857 849 855 rCH3 þ nSiC
831 829 — — — — — — — — rCH3

— — 756 760 760 760 760 758 760 759 rCH3 þ nSiC
711 712 — — — — — — — — nSiC
— — — — 696 686 — — — — rCH3

— — 695 686 — — 698 684 698 689 rCH3 þ nSiC
61611 594 — — — — — — — — rCH3 þ rSiC3

— — 291 290 — — — — — — rSiC3 þ dasSiC3

216 216 — — 243## 246 — — 230xx 228 dasSiC3 þ rCH3

— — — — — — 235$ 232 — — dasSiC3 þ rSiC3

— — 205 197 187## 183 174$ 170 161xx 158 rSiC3 þ dasSiC3

— 155 — 150 170# 171 — 174 — 155 t SiC

a Scaled B3LYP/6-31G* (taken from ref. 11). b Scaled B3LYP/6-311G**. c Experimental data from the Raman spectrum (liquid phase)

except:1IR (gas phase), 11 IR (solid phase). d Experimental data from the Raman spectrum (liquid phase) except: * IR (gas phase). e Experi-

mental data from the IR spectrum (liquid phase) except: # INS spectrum, ## Raman (liquid phase). f Experimental data from the IR spectrum

(liquid phase) except: $Raman (liquid phase.) g Experimental data from the IR spectrum (liquid phase) except: x IR (gas phase), xx Raman (liquid

phase).
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186.4 pm on going from X ¼ H to X ¼ F. This is not unusual

in this type of silicon compound, but may initially seem

counterintuitive as F is very electron-withdrawing and the

adjacent bonds would be expected to lengthen, not shorten.

However, examination of the Mulliken charges on Si and C

indicate that the Si is very positively charged when X ¼ F

compared to X ¼ H (1.436 compared to 1.086). Thus the

electronegative F atom makes the Si atom more positively

charged, which in turn strongly attracts the overall negatively

charged methyl groups. Hence the Si–C bond is actually

shorter, rather than longer as initially expected.

Vibrational spectra

In the discussion, and unless otherwise stated, the references

will be to the vibrational bands observed in the IR spectrum of

the liquid phase and the theoretical results at B3LYP/6-

311G** level. For the sake of clarity, the analysis of the

vibrational spectra of ITMS has been divided into sections.

The discussion will focus on the less reliable parts of the

vibrational assignments appearing in the literature.13,14 The

trends followed in this paper were established in previous

work,9–11 where a set of unified criteria for the vibrational

analysis of this family of compounds was proposed.

CH3 stretching modes. In the IR spectrum of the liquid

phase two strong bands at 2972 cm�1 (shoulder in the IR of

the gas phase at 2980 cm�1 and a depolarised band at 2973

cm�1 in the Raman of the liquid phase) and 2959 cm�1 (2967

cm�1 in the IR of the gas and a depolarised band at 2959 cm�1

in the Raman spectrum) are observed. Calculations predict the

presence of four vibrational bands, i.e. 1A1 þ 1A2 þ 2E,

which, in agreement with the results of the scaling process,

have been assigned as follows. The band at 2972 cm�1 was

assigned to n13(E), and that at 2959 cm�1 to n1(A1) and n14(E),
which were calculated to be very close to each other.

The frequency of the n9 (A2) normal mode is proposed to be

2978 cm�1.

These proposals contrast with those of previous work,13,14

where only one band was observed in this region, at 2973

cm�1, assigned to the three asymmetric stretching modes

expected to be active in IR and Raman, namely n1, n13 and

n14. In addition, these new assignments are in perfect agree-

ment with the results obtained for the rest of the molecules of

the series.9–11 In fact, in ref. 11 it was pointed out that the

splitting of the asymmetric CH3 stretching modes observed for

the family of compounds (Me3SiX, X ¼ H, F, Cl or Br) could

be related to the differences between the lengths of the CHa

and CHb bonds (Fig. 1). From the theoretical values (Table 2),

these differences seem to increase with the size of the X atoms,

including the iodine atom. In agreement with this, the values

of the scaled frequencies of these normal modes follow the

same tendency, with the differences between them increasing

from H to I. The results of the vibrational assignments for all

the derivatives of the series are presented in Table 5.

The symmetric modes n2(A1) and n15(E) are both assigned to

the observed band at 2897 cm�1 in the IR spectrum of the

liquid [2906 cm�1 (gas-phase); 2896 cm�1, polarised (Raman)],

in agreement with the theoretical values after scaling and with

previous work.

The theoretical calculations using B3LYP/LanL2DZ, even

after scaling the force field, reproduce this spectral region

poorly. However, the introduction of polarisation and diffuse

functions to the basis set for the heavy atoms (LanL2DZdp)

greatly improves the spectral profile calculated in this zone.

This is shown in Fig. S2,w where the IR spectrum of the liquid

phase (upper, in transmittance) is compared with the spectrum

calculated at the B3LYP/LanL2DZ and B3LYP/LanL2DZdp

levels (lower, in absorbance). Furthermore, as can be seen in

Fig. 4a, the results at both B3LYP/LanL2DZdp and B3LYP/

6-311G** levels give very good agreement for these modes.

CH3 deformation modes. Four normal modes of ITMS

belonging to the asymmetric methyl deformations of the

molecule are expected to appear in the vibrational spectra.

In the IR of the liquid phase only two bands can be distin-

guished, one at 1410 cm�1 [1413 cm�1 (IR, gas-phase), 1413

cm�1, depolarised (Raman)] and the second at 1393 cm�1

[1404 cm�1, shoulder (gas phase)]. However, one more band in

the gas-phase IR can be observed at 1420 cm�1. Thus the band

observed at 1420 cm�1 (gas) can be assigned to n3(A1), and the

bands of the IR (liquid) at 1413 and 1393 cm�1 to the normal

modes n16 and n17 (both of E symmetry) in accordance with

theoretical calculations.

To complete the description of the high-frequency zone of

this spectral region, the n10(A2) normal mode, Raman- and

IR-inactive, is predicted to be at 1390 cm�1, after refinement

of the scale factors. Previous work13,14 reported only one

Fig. 4 Comparison of absorbance calculated at the B3LYP/

LanL2DZdp and B3LYP/6-311G** levels vs. experimental (transmit-

tance) IR spectrum (liquid phase) of ITMS showing the regions (a)

between 3100 and 2850 cm�1 and (b) between 1450 and 550 cm�1.
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vibrational band for the three active modes of asymmetric

methyl deformations.

For the symmetric methyl deformation modes, only one

very strong band at 1252 cm�1 can be observed in the IR of the

liquid phase, while in the IR of the gas phase it is possible to

distinguish one strong band at 1259 cm�1 with a shoulder at

1267 cm�1 [1252 cm�1 depolarised and 1263 cm�1 polarised,

respectively, (Raman)]. These experimental observations al-

lowed the band at the higher frequency to be assigned to

n4(A1) and the band at lower frequency to n18(E), in accor-

dance with the values calculated after refinement of the scale

factors. Previously,13,14 only one band was observed for these

two modes, so this new description for this spectral zone is also

more complete than before.

Skeletal modes. The so-called skeletal modes of this mole-

cule appear below 900 cm�1. The new spectral records re-

ported in this paper do not show any more bands than those

reported earlier.13,14 Our assignment for this region therefore

effectively agrees with those previously proposed by Goubeau

and Sommer13 and Bürger.14 Theoretical calculations confirm

this proposal, and allow the prediction of values for the

inactive (A2) modes n11 at 674 cm�1 and n12 at 136 cm�1,

described as methyl rocking and SiC bond torsion normal

modes, respectively. In addition, a theoretical value for the

unobserved torsional mode n24(E) at 155 cm�1 is proposed.

Fig. 4b shows the IR spectrum from 1450 to 550 cm�1 of the

liquid phase (upper) and those calculated at B3LYP/

LanL2DZdp and B3LYP/6-311G** levels (lower). It can be

seen that there is good agreement between the experimental

and theoretical results, corroborated by the low values of the

root-mean-square (rms) deviations shown in Table 4. How-

ever, while the whole spectral profiles at the B3LYP/

LanL2DZdp and B3LYP/6-311G** levels are almost identi-

cal, the B3LYP/LanL2DZ level fails mainly when reproducing

the CH stretching region and, consequently, the rms deviation

is higher. The final values of the scale factors (after refinement

by the SQM method) associated with the natural coordinates

defined for ITMS are reported in Table S7, at the three levels

of calculation used.w
In Table 5, the vibrational assignments proposed in this

paper for all the molecules of the series are summarised. When

comparing the results for the complete set of molecules, only

small differences are observed between the experimental spec-

tra, these differences being slightly larger in the cases of TMS

and FTMS. The predicted values for all the A2 inactive normal

modes and the frequencies calculated for the Si–C torsional

modes of E symmetry (which are unobserved) have similar

values for all the molecules of the series, even taking into

account that a basis set other than 6-31G* was used for ITMS.

In addition, all the observed bands not related to fundamental

vibrations have been assigned to combinations and overtones.

These, along with those observed in the cases of TMS, FTMS,

CTMS and BTMS, are presented in Table 6 and good agree-

ment is observed, even for these bands.

Conclusions

A complete investigation of the molecular structure of iodo-

trimethylsilane has been carried out in the gas phase by gas

electron diffraction complemented by theoretical methods.

The experimental and theoretical structures agree that ITMS

possesses C3v symmetry. A pseudopotential was required to

describe the iodine atom, and the SDB-cc-pVTZ basis set and

ECP was found to provide the best mix of accuracy and

efficiency.

New IR and Raman spectra of ITMS have been recorded,

allowing improved vibrational assignment for the title mole-

cule compared with the results found in the literature,13,14

particularly for the description of the asymmetric C–H stretch-

ing and methyl deformation spectral regions. The modes

n3(A1), n13, n16 and n17 (all E species) have all been reassigned.

New calculated values are given for the A2 (Raman- and IR-

inactive) normal modes and for the n24 (E) Si–C torsional

mode.

In the vibrational analysis, the LanL2DZdp-ECP and 6-

311G** basis sets gave values very close to the experimental

frequencies after the refinement of the scale factors at the DFT

level. They also gave an adequate description of the spectral

profile of the molecule. The results obtained with the

LanL2DZ basis set are worse, mainly in the region where

the C–H stretching normal modes appear. Finally, all the

experimental and scaled frequencies for the family of

Table 6 Combination bands and overtones observed in the vibrational spectra of TMS, FTMS, CTMS, BTMS and ITMS, and their descriptions

TMS FTMS CTMS BTMS ITMS
IR gas IR gas IR solid IR gas IR liquid IR gas IR liquid IR gas IR liquid Description

2827 — — — — — — — — 2n16
— — — — 2790 — — — — n14 � n24
— — — — — — — — 2779 2n10
— — — — — — — — 2662 n16 þ n18
— — — — 2498 — — — — n1 � n7
— — — 2118 2112 — — — 2112 n16 þ n21
— — — 2022 2016 — 2012 2015 2012 n18 þ n20
1965 — — 1957 1951 — 1948 — — n18 þ n21
— — — — — 1588 — — — n16 þ n23
1883 — — — — — — — — n5 þ n7
— — — 1899 1890 — — — — n3 þ n7
1467 — — — — — — — — n18 þ n23
— 1450 1447 1456 1454 1453 1453 1454 1456 n20 þ n21
1330 — — 1335 1335 1327 — 1322 1319 2n11
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compounds are compared, showing very good agreement

between them.
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J. J. López González, Spectrochim. Acta, Part A, 2005, 62, 293.

11 M.Montejo, F. Partal Ureña, F.Márquez, J. J. López andGonzález,
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