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Triethylsilanol: Molecular Conformations and Role of the Hydrogen-Bonding
Oligomerization in Its Vibrational Spectra
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We report a theoretical study of the molecular structure of the triethylsilanol molecule and a thorough
conformational analysis of the species following the Boltzmann’s distribution law. The vibrational spectra of
the title molecule have been assigned by means of the combined use of experimental data obtained from IR
and Raman spectra and theoretical DFT calculations with the subsequent implementation of the SQMFF
methodology. The role of hydrogen bonding in the shifting of the vibrational bands of the silanol group in
the spectra of the liquid phase is discussed using a model of triethylsilanol dimer.

Introduction In order to continue our study, the vibrational spectra of
Silanols are known to be intermediates in the -yl triethylsilanol have been studied in the present work aiming to
processes of organosilicon compounds to obtain oxidic materialsObtain spectral information on the silanol group vibrations. This
of industrial interest such as fibers, glasses, monodispersingSPecies has been selected for two main reasons: it is relatively
powders, eté.Two different types of reactions take place during Stable to processes of self-condensation, which facilitates
the sot-gel processes of organosilicon compounds; hence, in Obtaining experimental data, and its moderate molecular size,
the first stage, the precursors (silicon alkoxides) hydrolyze giving Which makes it appropriate for theoretical studies.
silanols that, in the second stage, condense into oxidic networks.  There are several previous works concerning the vibrational
Given that the mechanism and kinetics of the reaction strongly spectra of triethylsilanol. During the 1950s, Ryskin ef al.
influence the properties of the final products, the monitoring recorded the IR and Raman spectra of several ethylsilyl species
of these processes is an important issue of study and different(including triethylsilanol) and their deuterated derivatives in a
experimental techniques are nowadays being used for this taskseries of works in which the first attempts of assignment of the
Among them, IR and Raman spectroscopies have been extenvibrational spectra for these species were reported. Later,
sively used Specifically, the appearance and disappearance Kriegsmann et al.recorded the IR and Raman spectra of several
during the two stages of the process of the vibrational bands of alkyl and aryl silanols in liquid phase and solved in,Gfd
the silanol group could be indicative of the reaction progress CCls. In addition to the vibrational assignment, these studies
and its mechanism. Hence, the study of the vibrational spectrawere focused on analysis of the effect of the alkyl chain, the
of molecular systems containing the silanol group could be of concentration of the corresponding silanol, and the nature of
interest. the solvent on hydrogen bonding by means of analysis of the
The simplest model containing the SiOH group, the silanol displacement of the OH vibrations.
molecule, HSIOH, has been theoretically studied in many More recently, Carter&tthoroughly revised the characteristic
works? including the effect of hydrogen-bonding oligomeriza- vibrations of the silanol group present in several alkylsilanols
tion in its vibrational spectrurh.Additionally, systems with and models of silica surfaces, combining both experimental
bulky alkyl substituents, which are stable, have been used toinformation and DFT calculations.
obtain experimental information about the silanol gréup. Despite the number of previous papers dealing with the
Nevertheless, the assignment of the SiOH group frequenciesyibrational spectra of triethylsilanol, its molecular structure has
has been controversial in this type of molecule given that these heen studied neither experimentally nor theoretically until now.
normal modes are usually mixed with vibrations of the alkyl For this reason, our first task is to study theoretically the
moiety. For that reason, use of theoretical methods for calcula- molecular and electronic structure of triethylsilanol, including
tion of the vibrational spectra of these compounds and, a thorough conformational analysis based on the Boltzmann
specifically, implementation of the SQMFF (scaled quantum populations. Our second goal is to perform a complete assign-
mechanics force field) methodoldggan be helpful for a better  ment of the vibrational spectra of triethylsilanol combining
understanding of the experimental features. experiment and theory on the basis of DFT calculations and
Previous works of our group have dealt with the study of the jmplementation of the SQMFF methodologJhis scheme will
vibrational spectra of several trialkylsilyl derivativéS.hese allow us to obtain scale factors for the SiOH group that may be
works have allowed us to obtain sets of scaling factors useful ysed for theoretical estimation of the position of its characteristic
for estimation of the vibrational spectra of the alkyl moiety (i.e., vibrational bands in the intermediate species generated during

methyl and ethyl groups) of silyl derivatives. the sot-gel processes. Finally, we aim to discuss the hydrogen
* To whom correspondence should be addressed. PhbB4953212754. bonding in such species by analyzing the experimental shifts
Fax: +34953212940. E-mail: jjlopez@ujaen.es. of the vibrational bands of the SiOH group in the vibrational
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spectra of the liquid phase using for this task a theoretical TABLE 1: Relative Gibbs Free Energies AG, in kJ mol 1)

triethylsilanol dimer as a model for computational calculations. ©f the 12 Conformers Defined for Triethylsilanol Calculated
with the B3LYP and MP2 Methods and the 6-31G* and

aug-cc-pVDZ Basis Sets

Experimental Details

B3LYP MP2
_Thriethylsilanol samples %98%) were purchased from . = =0~ aug-ccpvDZ  6-31G*  aug-cc-pvDZ
Sigma-Aldrich. IR spectra of the liquid and gas phases were
recorded in the 3964000 cnt! range using a FT-IR Bruker :I g-gg g-gg g-gz éég
Vector 22 spectrophotometer, equipped with a Globar source |, 0.54 0.05 0.80 0.70
and a DTGS detector, using standard cells for liquid and gas |y 0.10 0.28 0.00 0.00
(10 cm path length) with Csl windows. The spectra were \Y 4.21 3.36 3.46 3.39
obtained with a resolution of 1 cri Vi 3.42 3.48 3.72 3.15
The Raman spectrum of the liquid phase was recorded with x::l 8-78; 8-22 %%g (1)-12
a Bruker RF100/S FT-Raman spectrometer, equipped with a | 0.16 051 111 112
Nd:YAG laser (excitation line 1064 nm, 600 mW of laser X 0.76 1.44 4.89 519
power) and a cooled Ge detector at liquid nitrogen temperature,  XI 1.85 2.59 5.26 5.48
using a standard liquid cell. The spectra were again recorded Xl 2.17 1.27 5.04 5.42

with a resolution of 1 cm®. i .
TABLE 2: Theoretical Boltzmann Populations (%) for Each

of the 12 Conformers of Triethylsilanol at 298 K

Computational Details

B3LYP MP2

All molecul_ar orbital anq DFT calculations reported were oo s aiox aug-ccpvDZ  6-31G*  aug-cc-pvDZ
performed using the Gaussian 03 program packbG&ometry
optimizations and frequency calculations for the different :I 1§'§ 1:"23 126'5 102'73
conformers were carried out using the MP2 and B3LYP methods |, 5.7 70 72 77
in conjunction with two basis sets, namely, Pople’s standard v 13.6 12.8 19.8 205
split 6-31G* basis set and the augmented correlation-consistent Vv 2.6 3.7 4.9 5.2
double¢ basis set of Dunning (aug-cc-pVDZ). Each stationary Vi 3.6 35 4.4 5.7
point obtained was characterized by the vibrational frequencies x::l %g-g %g-g ﬁ-g %g-g
computation at the same level of theory IX 133 116 127 13.0

The force fields obtained in Cartesian coordinates at the  x 10.5 8.0 2.7 25
B3LYP/6-31G* level were transformed into natural valence Xl 6.7 5.0 2.4 2.2
coordinates in order to implement the SQMFF methodofogy. Xl 5.9 8.5 2.6 23

Then, we transferred to triethylsilanol the scale factors obtained ) ) )

in a previous work for the triethylsilyl moiefi The scale factors ~ VIII, and IX. These differences are slightly higher (up to 5 kJ

associated with the force constants of the natural coordinates™ol”*) for the remaining conformers, i.e., II, V, VI, X, XI, and

defining the vibrations of the-SiOH group were refined, taking ~ XII- However, B3LYP and MP2 methods calculate different

1.000 as a starting value, by a root-mean-squares fitting of the conformers to be Fhe global minimum of the system (those called

theoretical frequencies to those observed experimentally. The! @nd 1V, respectively). o o

lack of experimental data prevented refinement of the scale We used the Boltzmann distribution equation in order to

factor associated with the torsion of the SiO bond. obtain information about the relative abundance of each
The force field transformations into natural valence coordi- conformer in the gas phase and take into account the relative

nates, refinement of the scale factors, and normal-mode amalysismur[iplicmeS of the conformers based on their symmetry.
were performed using the MOLVIB prograkd. At both B3LYP and MP2 levels only five conformers,

Natural bond orbital (NBG¥ calculations were carried out namely, I, IV, VII, VI, a_md IX, were found to have populations
using the NBO 3.1 prograthas implemented in Gaussian 03 above 10% as shown in Table 2. The sum of their populations
' " amounts to ca. 70% of the sample composition in the gas phase.

Populations for conformers I, 11, V, VI, X, XI, and XII (Figure
1S of the Supporting Information) are sensibly smaller.
Theoretical Conformational Analysis. The search for the The molecular representation and atom numbering of the five
conformers of triethylsilanol was performed by rotating the three main conformers found for triethylsilanol are shown in Figure
ethyl groups that can adopt either gauche (g) or anti (a) 1. Remarkably, all conformers are related with the main
orientations with respect to the-SD bond (as stated in ref 7a,  conformers found for the triethylhalo derivatives previously
which concerns two related triethylsilyl derivatives, namely, studied’2 Conformers VII, VIII, and IX (all of C; symmetry)
triethylchloro- and triethyloromosilane, TECS and TEBS, are related with the main calculated conformer in TECS and
respectively). The presence of eclipsed conformations was TEBS that has alsG; symmetry ag+g+), with the—OH group

Results and Discusion

discounted. The-OH group adopts an anti position with respect
to the Si-C bonds. Twelve different conformers have been
identified as minima at the potential-energy surface of trieth-
ylsilanol.

The relative differences (in kJ mdl)) between the Gibbs free
energiesAG) for all 12 conformers of triethylsilanol calculated
using MP2 and B3LYP methods with 6-31G* and aug-cc-pVDZ
basis sets are reported in Table 1.

Theoretical calculations yield very low energy differences
(ca. 1 kJ mot1) among six conformers, namely, I, IlI, IV, VII,

in the anti position with respect to the three ethyl groups.
Moreover, conformer IV €, symmetry) is related with th€s
(ag-gt) conformer of TECS and TEBS, with theOH group
oriented in the anti position with respect to the SiC bond of
one of the gauche ethyl groups. Finally, conformeCi)(is
related to theCsz (g+g+g+) conformer of TECS and TEBS.
Theoretical Molecular Structure. To the best of our
knowledge, this is the first report of the molecular structure of
the title compound from either a theoretical or an experimental
point of view. The main geometrical parameters obtained



Triethylsilanol

Conformer VII

TABLE 3: Comparison of the Main Geometrical
Parameters Calculated for the Five Main Conformers of
Triethylsilanol at the MP2/aug-cc-pVDZ Level (Distances in

Angstroms, Angles in Degrees)

Si(1)

Qf o)
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Conformer IV

Conformer VIl Conformer IX

Figure 1. Molecular representation and atom numbering of the five main conformers of triethylsilanol.

TABLE 4: NBO Electronic Populations (in au) of the Lone
Pair Orbitals of the Oxygen Atom and the ¢ and o* Orbitals
of the SiC Bonds in Triethylsilanol Calculated at the
MP2/aug-cc-pVDZ Level

MP2/aug-cc-pVDZ

electronic population (au)

parameters | v VIl VI 1X orbital | v VIl VI IX
rSio 1.718 1.716 1.717 1.716 1.716 LP(1) 1.9779 1.9781 1.9779 1.9779 1.9776
rOH 0.966 0.966 0.966 0.966 0.966 LP(2) 1.9588 1.9583 1.9585 1.9584 1.9589
rSiCs 1.895 1.896 1.887 1.896 1.896 0SiC; 1.9618 1.9603 1.9604 1.9609 1.9606
rSiC, 1.886 1.894 1.895 1.886 1.896 0SiCy 1.9612 1.9617 1.9613 1.9605 1.9614
rSiCs 1.895 1.887 1.894 1.895 1.886 0SiGCs 1.9614 1.9615 1.9618 1.9614 1.9612
rCsCs 1.542 1.543 1.542 1.542 1.542 0*SiC3 0.0479 0.0494 0.0404 0.0514 0.0525
rCsCs 1.542 1.542 1.543 1.543 1.543 0*SiCy 0.0366 0.0499 0.0473 0.0365 0.0476
rCsCs 1.542 1.542 1.542 1.542 1.543 d*SiCs 0.0484 0.0375 0.0491 0.0493 0.0368
DSiQH 115.4 115.3 115.3 115.4 115.5
0GC,SIO 109.7 109.9 103.4 109.8 110.1 The influence of the hyperconjugative effects in the calculated
OC,SiOo 103.3 110.5 110.6 104.3 110.5 . . . .
0CsSiO 1101 104.2 1103 1106 103.8 geometries was ana_lyzed with the help of NBO analysis carried
0CsSiC, 111.8 1095 110.8 110.7 109.2 out for their respective electronic structures.
0C,SiCs 111.7 111.4 110.3 111.5 111.9 In Table 4 the electron populations of the lone pairs of the
OCsSiCs 110.0 1111 111.3 109.8 111.3 oxygen atoms and the and ¢* orbitals of the SiC bond are
ggfig?g: ﬂgj ﬂgg ﬂgg ﬂgi ﬂgi reported. The occupation of the antibonding orbital of the SiC
704 . . . . . . . " .
(CCsSi 1138 1132 113.4 113.7 1134 bond placed in the anti position with respect to the OH bond

theoretically at the MP2/aug-cc-pVDZ level for the five main

conformers of triethylsilanol are reported in Table 3. The
reliability of the theoretical structures calculated with this

method for this type of molecule was proven in ref 7a.
We found low differences among the calculated geometrical ~As shown in Table 5 for the five conformers the interaction
parameters when comparing the results for the different between the LP(2) of the oxygen atom and #18iC orbitals
conformers. However, within each conformer the calculated SiC was found to be weaker in the case of the shorter SiC bond.
bond distances and CSiO angles are affected by their relativeMoreover, the presence of a stabilizing interaction between the
position with respect to the OH group. As a result, the SiC bond o* orbital of the OH bond and the orbital of the SiC bond in
in the anti position with respect to the OH group is predicted the anti position may explain the contraction of this CSiO angle.
to be ca. 0.010 A shorter than the other two SiC bond lengths.  Vibrational Study. The IR spectra of the gas and liquid
Additionally, the CSiO bond angles involving the shorter SiC phases and the Raman spectrum of the liquid phase of
bond are calculated to be c&. $maller than the other two.

(see Figure 1) is appreciably lower than in the other two SiC
bonds. Since high populations in the antibonding orbitals lead
to a weakening and lengthening of the bonds, these mentioned
differences may explain the variation in the calculated equilib-
rium distances for the same type of bond within one molecule.

triethylsilanol are shown in Figure 2.
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1.0 TABLE 6: Sets of Averaged Scale Factors for the Triethyl
Moiety Transferred to Triethylsilanol (Taken From Ref 7a)2
c
2 0sd scale factor B3LYP/6-31G*
@ 0
£ SiC st. 1.026
g CCst. 0.949
s 06 CH st. &CHy) 0.905
CH st. (CH) 0.897
CH; sc. 0.914
0.4 +—————1— r———T SiGs sc. 1.064
4000 3500 3000 2500 2000 1500 1000 500 CH, rock. 0.949
CH; wag. 0.936
1.2 CH; tw. 0.938
s Sym.CH; def. 0.924
2 109 asym.CH def. 0.899
é’ 08 CH;s rock. 0.965
8 sym.SiG def. 0.768
S 06 asym. SiG def. 0.965
= SiCs rock. 0.736
0.4 SiC torsion 1.000
. . . . . . . CC torsion 0.905
4000 3500 3000 2500 2000 1500 1000 500 OH st. 0.961
2 SiO st. 0.916
S 7 SiOH def. 0.914
g o010 0.016 SiO torsion 1.000
;‘E 0.012 a At the end of the table and in bold, the scale factors for the silanol
P 0008 group vibrations obtained in the present work are also reported.
c 0054 '
(]
E 030 0204500 the bands associated to fundamentals with their relative intensi-
§ ties, the proposed vibrational assignment, and the main terms
s of the PED are reported in Table 7.

4000 35I00 30|00 25|00 20|00 15|00 10|00 560 . . . .
Following this scheme we can explain experimental features

wavenumber / cm” observed in the IR spectrum of the gas phase in accordance
Figure 2. IR spectra of the gas (up) and liquid (middle) phases and \yith previous author8 Specifically, the normal modes associ-
Raman spectrum of the liquid phase (bottom) of triethylsilanol. ated with the silanol group were assigned in accordance with
TABLE 5: Magnitude (in kJ mol ~%) of the Interactions previous work®1%as follows: the band appearing at 3730¢ém
between the Two Lone Pair Orbitals of the Oxygen Atom is assigned to the stretching of the isolated OH bond, the band
and the ¢* Orbitals of the SiC Bonds and between the appearing at 855 cri is assigned to the SiOH valence angle
'?r?gtdr:;llgs ilsalrg:olocr:gltgdlg?eddtgte tﬁgﬁgg%ﬁ%g{':p?;gga&gel deformation, and the band observed at 801 tiw assigned to
the SiO bond stretching. The torsion of the SiO bond, calculated
E® (kJ mol™") at ca. 200 cm! with the B3LYP/6-31G* method, is not
interaction I v Vil Vil IX observed.
LP(1)— 0*SiCa 732 1443 15.77 9.16 6.57 Moreover, the experimental profile of the IR spectrum of the

LP(1)—o*SiC,  16.28 222 10.84 16.15 9.04 gas phase is also in reasonable good agreement with the
LP(1)— 0*SiCs 745  13.85 4.73 6.19 16.15 conformationally averaged IR spectrum calculated with the

::Eg;” g:g:gs 36.07 4272-\,)?61 e 32.89 3323-57 24 B3LYP/aug-cc-pVDZ method (Figure 2S) that we plotted taking
LP(2)— 0*SiCs  36.90 460 4200 4033 into account the yvelghted contibutions accorqllng to their
0SiC;— 0*OH 6.36 Boltzmann populations of the 12 conformers of triethylsilanol.
0SiCs— 0*OH 6.32 6.49 In contrast with the IR spectrum of the gas phase, the
0SiG— 0*OH 5.90 6.28 vibrational spectra of the liquid phase (IR and Raman) present

a more complex band shape (Figure 2) due to formation of

The widely used B3LYP/6-31G* method, whose performance hydrogen bonds. Despite this, the normal modes of the trieth-
for this sort of molecule has been previously discusseds ylsilyl moiety are accurately reproduced (Table 7). Moreover,
chosen for vibrational analysis. Thus, the scale factors for the taking into consideration more than one conformer, we assigned
triethylsilyl moiety obtained with this method in a previous some spectral features observed only in the spectra of the liquid
work’@were transferred to the five main conformers of trieth- phase. This is the case of the SiC stretching and of some low-
ylsilanol. frequency vibrations (see Table 7).

Additionally, the normal-mode frequencies of the SiOH group  Nevertheless, the vibrational bands involving the SiOH group,
predicted theoretically for conformer I were fitted to the bands which will be discussed below, appear considerably shifted due
observed in the IR spectrum of the gas phase by means of a0 the effect of hydrogen bonding. In order to explain the
root-mean-squares procedure following the SQMFF methodol- experimental features observed and analyze the influence of
ogy® The normal modes characteristic of the silanol group are hydrogen bonding on the vibrational band positions of trieth-
as follows: the torsion around the SiO bond, the bending of ylsilanol, a dimer, designed from two units of the conformer I,
the SiOH bond, and the stretching of the SiO and OH bonds. was optimized at the B3LYP/aug-cc-pVDZ level (Figure 3).

The scale factors obtained for the vibrations of the silanol The strength of the hydrogen bonding in the dimer is demon-
group, reported in Table 6, were later transferred to conformers strated using the NBO methodology, which detected two
IV, VII, VIII, and IX. The scaled frequencies for the five main  stabilizing interactions §? = 32.34 and 15.40 kJ mo},
conformers of triethylsilanol, the experimental frequencies of respectively) from the lone pairs of the donor oxygen to the
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TABLE 7. Experimentally Observed Bands (with Relative Intensities) and Scaled Frequencies (in cm) at the B3LYP/6-31G*
Level for the Five Main Conformers of Triethylsilanol, Including the Proposed Assignments and the Main Terms of the PED
for Each Mode (All the Normal Modes Have A Symmetry)

scaled B3LYP/6-31G*

experimental

| \ Vil Vil IX IR gas IR liquid Raman liquid assignmei¢
43 39 43 43 39 7SIiC
58 51 59 53 54
64 79 68 69 67
114 100 104 107 104 035iC; (scSiG)
118 153 134 133 133 154 vw
144 133 141 140 144 0°SiC,
169 162 167 170 168 pSiC; + 7CC
175 181 176 173
175 7SO (tCC)
197 196 197 197 192
227 221 221 220 219 7CC +scSiG
243 238 242 246 244 TCC+ pSiCs
253 262 255 253 251
270 281 vw 03SiC; + CC
296 298 292 297 300 vw scSiG 03SiC,
327 330 334 331 SCSICH 0°SiC;
375 369 scSiG
384 392 394 387 392w 394 m 397 vw
561 562 562 561 571w 572s vSiC
573 583 w 584 m, sh
614 vw 7SiO (oligomers)
640 631 635 630 634 636 vw pCH, (vSIC)
648 669 664 665 663
686 679 675 676 678 674 w 679 s 683 vw
713 717 713 721 711 vw vSiC
718 pCH,
725 732 734 740 736 734 s 727 vs 740 vw vSiC+ pCH,
799 805 806 807 805 801s vSiO (0SiOH)
826 vs 835 br,w vSiO (oligomers)
841vs
855 855 852 856 854 855 m, sh 0SiOH (vSiO)
870 vw 0SiOH (oligomers)
941 933 938 938 938 944 w, sh twCH2pCHs
949 947 941 944
950 pCHz+ waCH,
958
953 959 960 959 pCHz;+ waCH,+ vCC
965 twCH, + pCH; + vCC
968
967 966 966 964 vCC+pCHjs
970 972 969 969 970
975 976 974 976 974 w 971s 974 w yCC+ twCH, + pCH;
1009 1008 1012 1010 1011 1005 vs 1009 w vCC+ pCHjs
1014 1019 1018 1015 1012 s 1017 vs 1017 w, sh
1024
1027 1030 1027 1025 1026
1121s 0SiOH (oligomers)
1081 sh 1086 w
1046 sh
1240 1239 1239 1238 1240 1244 m 1240 s 1234 w tweHCH;
1242 1241 1243 1240 1242
1249 1246 1245 1245 1246
1253 1256 1256 1255 1256 wagH
1260 1259 1258 1257 1257
1263 1262 1263 1263 1263
1385 1383 1384 1384 1384 1379 m 1381 m 05 CHs
1385 1385 1386 1386 1385
1386 1386 1386 1388 1387
1420 1418 1421 1421 1420 1419 m 1415 s 1416 w s¢ CH
1422 1425 1423 1424 1423
1424 1427 1426 1427 1426
1456 1455 1457 1456 1455 1468 m 1459 vs 1463 w 02 CH,
1458 1457 1458 1457 1458
1459 1460 1459 1459 1459
1461 1461 1461 1460 1462
1462 1463 1462 1464 1463
1464 1464 1464 1464 1464
2866 2872 2865 2868 2671 2887 vs 2877 vs 879 vs, p 15 CH,
2874 2874 2869 2874 2875
2876 2877 2877 2887 2876
2874 2875 2879 2875 2874 15 CHz
2881 2879 2880 2878 2879
2882 2881 2881 2880 2881
2897 2907 2897 2898 2906 2923 vs 2912 vs 2910vs, p 1S CH,
2910 2909 2908 2908 2909
2912 2911 2912 2917 2911
2930 2931 2934 2931 2930 13 CHg
2935 2934 2935 2935 2934
2937 2935 2936 2936 2935 2943 sh 2937 vs, p
2940 2938 2944 2939 2938
2949 2943 2949 2942 2943
2956 2955 2955 2948 2956 2964 vs 2954 vs 2952 sh, p
3308 vs, br vOH (networky
3671 vw vOH (oligomersj
3700 vw
3730 3732 3729 3729 3731 3730s vOH (isolated)

a Abreviations: vs= very strong, s= strong, m= medium, w= weak, vw= very weak, sh= shoulder, br= broad, p= polarized, dp=
depolarized® Only shown contributions higher than 10%Symbols used:» = stretching,0 = deformation,p = rocking, ¢ = torsion, sc=
scissoring, tw= twisting, wa= wagging. Superscripts “s” and “as” denote symmetric and asymmetric moti&@e= text for explanation.
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Nevertheless, this band was not observed in either the IR
o spectrum of the liquid phase or the Raman spectrum. In the
\ /éL - N theoretical vibrational spectrum of the model dimer, two modes,
with the largest contribution of the SiOH stretching coordinate,
are located at 893 and 1077 cth(in addition to them, some

other modes have a certain contribution of this coordinate). The

o complex profile of the IR spectrum in this region makes it

> difficult to identify the first of them in the liquid phase, although

a weak band at 870 crh (not assigned to any of the normal

j modes of the monomer) is observed in the Raman spectrum

~

that may be tentatively assigned to the SiOH deformation of
<o one of the groups involved in the hydrogen bond. The second
\I normal mode with the 1077 cm frequency has a clear
correspondence with the band observed in both the Raman and
Figure 3. Molecular representation of the dimer of triethylsilanol IR spectra of the liquid phase at 1086 cmNonetheless, two
modeled from two units of conformer 1. more bands are observed in that region of the IR spectra of the
liquid phase, specifically at 1121 and 1046 ¢mmiThese bands
antibondingo*OH orbital of the acceptor unit. The optimized may be assigned, as in the case of #8&0 mode, to different
Cartesian coordinates of the dimer and the vibrational frequen- H-bonded oligomers of the species in the sample. In any case,
cies calculated at the above-mentioned level are collected inour proposed assignment is in agreement with the results by
Tables 1S and 2S of the Supporting Information. Ignatyev et aP¢ for trimethylsilanol that attributed an observed
As shown in Table 7, the calculated frequency for the torsion band at 1074 cmi to deformation of the SiOH bond angle in
around the SiO bond in the triethylsilanol monomer, at ca. 195 H-bonded oligomers.
cm?, has no correspondence with any of the observed bands Finally, as for the OH bond stretching normal mode we
in the vibrational spectra. As for the dimer, the torsional motion observe three bands in the IR spectrum of the liquid phase: the
suffers a blue shift of ca. 400 crh being calculated at 609  strong and broad band of the hydrogen-bonded network centered
cm™L. A very weak band at 614 cr is also observed in the  at 3308 cm® and two smaller absorption peaks at 3671 and
IR spectrum of the liquid phase, as shown in Table 7, which is 3700 cn1? In contrast, only one band was observed in the IR
not present in the IR spectrum of the gas phase. Our assignmengpectrum of the gas phase at 3730 émssigned to the isolated
of this band tarSiO is also supported by the results of Ignatyev OH group stretching. The results obtained from the theoretical
et al>® that predicted a blue shift for this frequency in the calculation of the vibrational spectrum of the triethylsilanol
trimethylsilanol case. Additionally, in a previous work, Ignatyev dimer state that a slight difference exists between the calculated
et al* reported that the out-of-plane deformation of the‘H  frequencies for the OH stretching in the monomer, 3871%m
OH angle in the silanol molecule dimer appeared at 620'cm  and the dimer, i.e., 3864 crh This difference is sensibly
This result is also in accordance with our observations in smaller than the experimentally observed red shift that this band
triethylsilanol. suffers in the liquid phase (ca. 30 c# but, in addition to the
The stretching mode of the SiO bond appears as a strongappearance of one more band at 367X may evidence the
band at 801 cm' in the IR spectrum of the gas phase. existence of isolated H-bonded oligomers of moderate size in
Nevertheless, in the vibrational spectra of the liquid phase, this the liquid phase.
band is considerably shifted. Previous authors (ref 10 and .
references therein) stated that the slight strengthening of theConclusions
SiO bond as a consequence of formation of the hydrogen-bond (1) It has been demonstrated that 12 different conformers
network produces an increase of ca.—2@ cnt! in the represent minima at the potential-energy surface of the trieth-
frequency of thevSiO normal mode. We observed two strong ylsilanol molecule using the B3LYP and MP2 methods with
bands in the IR spectrum of the liquid phase, at 826 and 841 the 6-31G* and aug-cc-pVDZ basis sets. Theoretical estimations
cm, and a broad band centered at 8357¢érim the Raman of the gas-phase populations in terms of Boltzmann'’s distribu-
spectrum. The frequency of the stretching of hydrogen-bondedtion law, applying the calculatedG values, stated that only
SiO is predicted with the B3LYP/aug-cc-pVDZ method at 840 five of the stable conformers would be in a percentage higher
cm1, i.e., 32 cm! shifted from its theoretical value in the case than 10%.
of the monomer I. This value agrees with the experimental (2) Within each conformer, the hyperconjugative effects can
observation of one vibrational band at 841 dmin the IR explain the shortening of the SiC bond in the anti position with
spectrum of the liquid phase. As for the 826 Tnband, we respect to the OH bond and the smaller OSiC bond angle in
think that its presence may be indicative of formation of that position, comparing with the other two ethyl groups in the
hydrogen-bonded oligomers of different size, an assumption thatmolecule.
may be reinforced by the results reported in refs 4 and 5e dealing (3) The assignment of the complete vibrational spectrum of
with the vibrational spectra of cyclic oligomers of the silanol triethylsilanol has been carried out using experimental data from
molecule. In these systems, th&iO normal modes of the  newly recorded IR (of the liquid and gas phases) and Raman
different SiO bonds are predicted to lie within a range of ca. (of the liquid phase) spectra of the species and the theoretical
40, 30, and 20 cmt in the case of the dimer, trimer, and spectra predicted at the B3LYP/6-31G* level for five main
tetramer, respectively. Therefore, the experimental splitting of conformers with implementation of the force fields scaling.
15 cnt! observed for triethylsilanol may be indicative of (4) Use of the SQMFF methodology allowed us to obtain
formation of cyclic H-bonded oligomers of the species. scale factors for the vibrations of the SiOH group, i.e., 0.961
The next normal mode of the silanol group in this study is for the OH stretching normal mode, 0.916 for the SiO stretching
the SIOH deformation. In the IR spectrum of the gas phase, normal mode, and 0.914 for the SiOH valence angle normal
this normal mode is assigned to a band appearing at 853.cm mode.



Triethylsilanol

(5) The effect of hydrogen bonding on the frequencies of the
vibrational bands of the silanol group in the liquid phase have
been analyzed using a dimer built from two units of conformer
I, optimized at the B3LYP/aug-cc-pVDZ level with the follow-
ing results: (@) the torsional SiO normal mode suffers a blue
shift of ca. 400 cm?, (b) the stretching of the SiO bond is blue
shifted by ca. 40 crmt in the spectra of liquid phase with respect
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DeProft, F.; Geerlings, Rl. Mol. Struct. (Theochen2001, 542 227. (k)
Partal, F.; Lpez Gonzkez, J. J.; Maguez, F.J. Mol. Spectrosc2005 223

(4) Ignatyev, I. S.; Partal, F.; lpez Gonzkez, J. JJ. Phys. Chem. A
2002 106, 11644.

(5) (a) Peuker, K.; Lazarev, A. NBull. Acad. Sci. U.S.S.R.968 4,
1716. (b) Rouviere, J.; Tabacik, V.; Fleury, Spectrochim. Acta A973
29, 229. (c) Kriegsmann, HZ. Anorg. Allg. Chem1958 294, 113. (d)
Bueno, W. A.Spectrochim. Acta A98Q 36, 1059. (e) Ignatyev, I. S.; Partal,

to the IR spectrum of the gas phase, and (c) the deformation ofF.; Lopez Gonzkez, J. J.; Sundius, TSpectrochim. Acta 2004 60, 1169.

the SiOH bond angle appears ca. 200 émigher in the liquid
phase than in the gas phase.
(6) The presence of oligomers of relatively large size in the

(6) (a) Rauhut, G.; Pulay, Rl. Phys. Chem1995 99, 3093. (b)
Fogarasi, G.; Zhou, X.; Taylor, P. W.; Pulay, P.Am. Chem. S0d.992
114, 8191. (c) Fogarasi, G.; Pulay, P. Ab initio calculations of force fields
and vibrational spectra. Mibrational Spectra and Structur®urig, J. R.,

liquid phase was proposed. This conclusion is based on theEd.; Elsevier: New York, 1985; Vol 14.

observed shifts of the vibrational bands of the silanol group.
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