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Hydrogen bonding of the type Si€H---A (A = O, N) has been studied in the gas phase for simple H
SiOH-acceptor complexes with the acceptor molecules being O(H)®H,, O(H)CHs, O(CHs),, O(CHg)-

SiH3, O(SIHg)z, NHs, N(CHg)Hz, N(CH3)2H, N(CH3)3, N(CHg)zCeHs, and NGHs, respectively, at the B3LYP/
6-311+(2d,p) level of theory, using Bader’'s atoms in molecules (AIM) and Weinhold’s natural bond orbital
(NBO) methodology. For all complexes (excepdSHOH-N(CHs),CsHs) the complex energ¥aqq.is a good
estimate for the hydrogen bond eneffgys, which is generally higher in N-acceptor complexe$(52 to

—7.17 kcal mot?) than in O-acceptor complexes-2.09 to —5.06 kcal mot?'). In case of HSIOH-
N(CH3).CeHs, Ens and Eaqq. differ by the energy associated with the loss of nff) conjugation in
N(CHs),CeHs upon complex formationEps shows no correlation with @A distances and the red shifts
Av(OH) of the OH-stretching vibrations when different acceptors are compared, although both parameters
are commonly used to estimate the strength of the hydrogen bond from spectroscopic and diffraction data. A
good linear correlation of the hydrogen bond endegy has been established with parameters derived from
the AIM and NBO analyses, namely, the electron denspi{&$A) and p(OH) at the H--A and O—H bond

critical points (BCPs) and the NLMO bond orders B¢ (HA) of the H---A bonds of the HSiOH-acceptor
complexes as well as the change of natural chafgpea(O) at the O-donor atom uponzBiOH-acceptor
complex formation. Hydrogen bonding of the type SiB---A (A = O, N) has been also studied in the
related cyclic multiple HSiOH-acceptor complexes §8iOH);, (H3SiOH)*NCsHs, and (HSiOH), respectively,

at the same level of theory. Cooperative hydrogen bonding is evident for all cyclic mulgBl®©H-acceptor
complexes, whereby the strongest concomitant strengthening of the hydrogen bonds is observed for (H
SiOH), and (HSiOH),*NCsHs.

Introduction Organosilanols, FBi(OH)—,, and alkoxysilanols, (RQ¥i-

- (OH)4—n (R = alkyl, aryl), can be regarded as organic derivatives
Silicon and oxygen are the most abundant elements of the 3nq partial esters, respectively, of orthosilicic acid, Si(@H)
earth’s crust and take part in ubiquitous minerals such as silicatesprganosilanols, alkoxysilanols, and related siloxanols containing
and feldspars. The surface of these minerals as well as synthetigma|| substituents are important intermediates of the silicone

si_Iica materials is covered by silanol groups that are able _to polymer production and the segel proces$.Computational
bind polar molecules, such as water, alcohols, ethers, and aminegtydies suggest that the silanol intermediates of both processes
via SiO—H-+-A hydrogen bonding (A= O, N).! form hydrogen-bonded complexes with themselves, water, and
Chemical weathering of silicate minerals releases a steadysolvent molecules prior to condensation; however, these studies
amount of orthosilicic acid Si(OH)into rainwater, which is have not addressed questions related to the nature ofl$iO
carried by rivers to the oceans. Seawater typically contains 70--A hydrogen bonds (A= O, N)>
uM of dissolved Si(OHj), which adds up globally to 9.6 Ttors. Kinetically stabilized organosilanols, alkoxysilanols, and
The dominant removal process of Si(QH biogenic precipita-  related siloxanols resisting condensation are well-known for their
tion by marine microorganisms, such as diatoms, radiolarians, self-organization in the solid stateSilanols possess both
and sponges, estimated to cycle more than 6.7 Gtons of SiO excellent donor and acceptor sites for hydrogen-bonded as-
annually? Diatoms exploit Si(OH) to build up exoskeletons  semblies with themselves, alcohdlethers? or amines While
of amorphous silica with a wealth of different shapes and sizes. several hydrogen bond motifs of simple silanols have been also
The precision at which these organisms achieve structural studied computationally in the gas phase, very little is known
control has inspired material scientists to attempt biometrie sol about isolated hydrogen-bonded complexes between silanols and
gel silica syntheses. This silicon biomineralization process is alternative acceptor molecul&sOur ambition to use polysil-
controlled by dedicated proteins, named silicateins, which are anols as building blocks for crystal engineering studidss
believed to interact with Si(OH)via SiO—H---A hydrogen prompted us to investigate SiH---A hydrogen bonds (A=
bonding (A= O, N), whereby side chains of serine and histidine O, N) in simple representative;BiOH-acceptor complexes with
containing O and N acceptor atoms situated in the binding the acceptor molecules being O(H)SiHOH,, O(H)CHs,
pocket of the proteins play important roles for the biological O(CHs),, O(CHs)SiHs, O(SiHs)2, NH3z, N(CHz)Hz, N(CHs)2H,
activity 3 N(CHs)3, N(CHs)2CsHs, and NGHs, respectively, by means of
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HaSiOH-OH2

H3SiOH-O(CHz3)z
Figure 1. Optimized gas-phase structures of simpkSKDH-acceptor complexes featuring O-acceptor molecules.

H3SiOH-O(CHj;)SiH3 H3SiOH-O(SiHz)2
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L
H3SiOH-N(CH3)2CeHs
Figure 2. Optimized gas-phase structures of simpkSKDH-acceptor complexes featuring N-acceptor molecules.

H3SiOH-N(CHa)3 H3SiOH-NCsHs

density functional theory (DFT) calculations and topological
(atoms in molecules (AIM)) and population (natural bond orbital
(NBO)) analyses. The cyclic multiple #88iOH-acceptor com-
plexes (HSIOH), (H3SiOH), and (HSiOH)*NCsHs have been

its Laplacian {20(OH)/v20(HA)) using Bader’'s atoms in
molecules (AIM) theorif and the AIM2000 progrartf Analy-
ses of n(Ay>o(O—H)* negative hyperconjugation have been
performed using Weinhold’s natural bond orbital (NBO) thébry

also studied to unravel possible cooperative hydrogen-bondingand the NBO 3.1 prograthas implemented in Gaussian WO03.
effects.
Results and Discussion

C tational Methodol
ompuiationat Methodology Structure and Hydrogen Bond Energies of Simple HSIOH-

The geometry of the model complexes was fully optimized Acceptor Complexes.The optimized gas-phase structures of
at the B3LYP/6-31%(2d,p) level of theory using the Gaussian simple HSiOH-acceptor complexes with acceptor molecules
W03 suite of program¥ It has been demonstrated that this being O(H)SiH, OH,, O(H)CH;, O(CHs);, O(CH)%SiHs,
level is sufficient to produce reliable and consistent data on small O(SiHs)2, NH3, N(CHz)H>, N(CHs),H, N(CHjz)s, N(CHz)2,CgHs,
molecules with heteroatom3 Frequency calculations assured and NGHs, respectively, are shown in Figures 1 and 2. The
that the stationary points represent minima on the potential complex energie&,qq. are collected in Table 1 and fall in the
energy surface (PES). The complex enerdigs have been range between-2.09 and-7.17 kcal mot?. The lowest energy
obtained from the difference of the molecular energies of the is observed for the complex3s8iOH-O(SiHs),, which reflects
complexes and the corresponding isolated molecules. They havehe well-known poor basicity of the siloxane linkatfeThe
been corrected for zero point vibrational energy, scaled with second lowesE,qq. value (—3.47 kcal mot?) is observed for
0.9877%3 and for basis set superposition error by the counter- the complex HSIOH-O(H)SiHs, which can be regarded as a
poise procedur& Wavenumbers related to the OH stretching benchmark when competitive hydrogen bonding with alternative
vibrationsv(OH) have been obtained from frequency analyses acceptors is invoketf. Indeed, all other complexes calculated
and scaled by the factor 0.96¥Topological analyses were in this work show higheE,qq. values, which is consistent with
performed to calculate the charge densi§QH)/p(HA)) at the the experimental observation that organosilanols undergo com-
O—H and H--A (A = O, N) bond critical points (BCPs) and plex formation with alternative acceptor molecules, such as
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TABLE 1: Complex Energy (Eaqq),2 Red Shift of the O—H Bond Stretching Vibration (Av(OH)), Geometric Hydrogen Bond
Parameters (Si-O, O—H, H-:A, O-:-A, O—H—A), Electron Density (o(OH), p(HA)), and Laplacian Density (v°p(OH),

v2p(HA)) of Simple H3SiOH-Acceptor Complexes

Eadd. AYOH) Si-O O—-H H-A O-A O—H-A p(OH) v2(OH) p(HA) VZ(HA)
HsSiOH-acceptor complex  (kcal mol?) ecm?y (A A A A (deg) 102au 102au 102au 102au
H3SiOH-O(H)SiH; —3.47 195.4 1.649 0.971 1.894 2.863 176.70 34.4 —58.Z 2.59 2.40
H3SiOH-OH, —-3.85 219.7 1.648 0.975 1.872 2.843 177.19 34.3 —58.0 2.79 2.53
H3SiOH-O(H)CHs —4.82 277.5 1.647 0.975 1.831 2.805 176.66 34.0 —57.3 3.14 2.71
HsSIOH-O(CHg)2 —5.06 300.4 1.647 0.976 1.816 2.791 178.37 33.9 -57.0 3.26 2.79
H3SiOH-O(CHs)SiH3 —-3.73 240.3 1.648 0.973 1.857 2.826 173.14 34.2 —57.7 2.98 2.66
HsSIOH-O(SiHs)2 —2.09 157.6 1.651 0.968 1.958 2.924 176.05 34.7 —58.4 2.60 2.38
H3SiOH-NH3 —5.90 456.9 1.642 0.983 1.865 2.846 175.24 32.4 —53.5 3.57 2.28
HsSIOH-N(CHg)H; —6.92 558.5 1.641 0.988 1.824 2.809 173.84 32.1 —52.4 4.05 2.34
H3SiOH-N(CHs).H —7.17 622.9 1.640 0.992 1.802 2.790 173.44 31.9 —51.9 4.35 2.33
HsSiOH-N(CHz)s —6.59 651.5 1.641 0.993 1.797 2.787 174.22 33.0 —54.3 4.45 2.29
H3SiOH-N(CH;)2CeHs —3.53 (-5.52p 473.0 1.646 0.983 1.875 2.848 169.91 32.7 —54.5 3.63 2.21
H3SiOH-NCsHs —6.47 500.1 1.642 0.985 1.830 2.815 178.30 32.4 —53.5 3.86 2.39

aFor all complexes exceptd3iOH-N(CHs),CsHs, the complex energfaqq. is a good estimate for the hydrogen bond eneigy. ® Hydrogen
bond energyEs estimated from electron densityia at the H--A BCP (see text for details).Free HSiOH: p(OH), 35.80x 102 au andv?p(OH),

—58.88 x 1072 au.

(H3SiOH)s

water, alcohols, ethers, and amines in the solid St&t&Vith
the exception of BSIOH-N(CHjz).CgHs, all N-acceptor com-

(H3SiOH)2*NCsHs

Figure 3. Optimized gas-phase structures and cyclic multipiSiBH-acceptor complexes.

(HaSiOH)4

which provides a reasonable explanation for the lower complex
energy of HSIOH-N(CHz),CsHs when compared to the other

plexes are energetically more stable than the O-acceptorN-acceptor complexes. In this case, the complex en&rgy

complexes. In most casesg$HOH and the acceptor molecules

is a poor estimate for the hydrogen bond enegy as it is

undergo only marginal changes in geometry upon complex partly compensated by the energy loss associated with the

formation, and consequently, the complex endegyy can be

disruption of ther-conjugation. For a better estimateis of

considered as being a good estimate for the hydrogen bondH3zSiOH-N(CHz).CsHs, see below.

energy Eng. However, notable structural changes have been
observed for the complexes with O(S)kand N(CH)2CeHs.

The Si-O—Si angle of O(SiH), decreases by 72§from 141.6

to 134.0) upon complex formation. In comparison, the-Si
O—C and C-O—C angular change in O(G)BiHz and O(CH)»
upon complex formation is only 1.4 and 0.4espectively.
According to a single-point calculation of O(Sj4 at 134.0
(coordinates taken from thesBiOH-O(SiHs), complex), the

Structure and Hydrogen Bond Energies of Cyclic Multiple
H3SiOH-Acceptor Complexes.The optimized gas-phase struc-
tures of cyclic multiple HSiOH-acceptor complexes @3iOH);,
(H3SiOH)4, and (HSiOH)*NCsHs are shown in Figure 3, and
related complex energids,qq, are collected in Table 2. The
complex energieBaqq. (Per hydrogen bridge) of the cyclic silanol
trimer (HsSiOH); and the cyclic silanol tetramer ¢8iOH), are
—11.62 (-3.87) and—20.77 (-5.19) kcal mot?, respectively.

angular change is associated with an energy cost of only 0.35Apparently, in both cyclic structures the hydrogen bonds are

kcal moi~™. This observation is consistent with the fact that the
siloxane linkage is very flexible and the bending potential energy
function is very flat for large S+O—Si angle<? In turn, the
angular compression of O(SiH upon complex formation may

more stable than in the dimers&iOH-O(H)SiH; (—3.47 kcal
mol~1), which is attributed to the concomitant strengthening of
the sequential hydrogen bonds, an effect that is referred to as
cooperative hydrogen bonding in the literatéteSimilar

imply that the siloxane linkage becomes a better hydrogen bondcooperative effects have recently been established both com-

acceptor at even smaller-SD—Si angles; however, this idea
will be examined more closely in a forthcoming papein free
N(CHj3),CeHs the two methyl groups are nearly coplanar with
the phenyl ring (torsion angle-€C—N—C, 13.7), allowing
maximums-conjugation between these groups. In thSiDH-
N(CH3),CsHs complex, the nitrogen atom is tetrahedral and
only one methyl group is nearly coplanar with the phenyl ring
(torsion angle GC—N—C, 6.3), while the other one is twisted
(torsion angle € C—N—C, 56.8). Apparently, in this case the
hydrogen bonding is in competition with thre-conjugation,

putationally and experimentally in various water clustérghe

fact that (HSIOH), is more stable than ¢$iOH); is consistent

with the observation that many triorganosilanols, such as Ph
SiOH 24 crystallize as tetramers, whereas silanol trimers have
not yet been observed experiment&lljhe complex energiada.

of (H3SiOH)*NCsHs (—13.12 kcal mot?) is by 3.18 kcal mot!

more stable than the sum &,.qq, calculated for HSIOH:
O(H)SiH; (—3.47 kcal mot?) and HSiOH-NCsHs (—6.47 kcal
mol™1), which also points to a mutual strengthening of the
sequential hydrogen bond systems, associated with cooperative
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TABLE 2: Complex Energy (Eaqq),2 Red Shift of the O—H Bond S
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tretching Vibration (Av(OH)), Geometric Hydrogen Bond

Parameters (Si-O, O—H, H-:A, O-+-A, O—H—A), Electron Density (o(OH), p(HA)), and Laplacian Density (v°p(OH),

v2p(HA)) of Cyclic Multiple H 3SiOH-Acceptor Complexes

Eadd. AYOH) Si—O O-H H-A O-+-A O-H-A p(OH) v2(OH) p(HA) v2o(HA)
HsSiOH-acceptor complex (kcal mot?)  (cm™)  (A) A A A (deg) 102au 102au 102au 102au
(HsSiOH), ~11.62
SiO—H---O —3.87 1.660 0.976 1.883 2.769 149.62 33.8 —57.4 2.70 2.51
SiO—H---0 —3.87 1.660 0.976 1.884 2.769 149.48 33.8 —57.4 2.70 251
SiO—H---0 —3.87 1.660 0.976 1.884 2.770 149.59 33.8 —57.3 2.70 2.51
(HsSiOH),-NCsHs -13.12
SiO—H---O (—4.68y 341.7 1.648 0.978 1.806 2.765 165.65 33.4 —56.6 3.25 2.82
SiO—H---N (—8.19y 763.0 1.652 1.000 1.742 2.731 169.55 31.2 -51.0 4.84 2.44
(HSiOH) ~20.77
SiO—H---O —5.19 1.662 0.985 1.750 2.719 167.03 32.7 —55.3 3.75 3.06
SiO—H---0 —-5.19 1.662 0.985 1.750 2.719 166.99 32.7 —55.3 3.75 3.06
SiO—H---O —5.19 1.662 0.985 1.750 2.720 167.57 32.7 —55.3 3.75 3.06
SiO—H---0 —-5.19 1.662 0.985 1.750 2.720 167.62 32.7 —55.3 3.75 3.06

aFor (HsSiOH); and (HSiOH), the complex energlaqq divided by the number of hydrogen bonds is an estimate for the hydrogen bond energy
Ens. P Hydrogen bond energies estimated from electron dengifigs) at the H--A BCP (see text for details).

effects. For the estimate of individual SiM--N and SiC-
H---O(H)Si Eng of (H3SiOH);, (H3SiOH), and (HSiOH),:
NCsHs, see below.

Geometric Hydrogen Bond Parameters.The hydrogen
bond parameters of the simplg$OH-acceptor complexes and
the cyclic multiple HSiOH-acceptor complexes are collected
in Tables 1 and 2. The reference-® and O-H bond lengths
calculated for isolated $BiOH are 1.660 and 0.960 A,
respectively. As expected, the-8D bond length of HSIOH
decreases marginally upon complex formation within all ac-
ceptor molecules. For the simplg$lOH-acceptor complexes
the largest decrease being 0.020 A is observed for one of the
strongest complexes, namely, thgS#OH-N(CHs),H complex.

In turn, the O-H bond length slightly increases upon complex
formation with a maximum of 0.033 A being observed for the
strong complex BSIOH-N(CHz)s. The O--O and G--N
distances of the simple #3iOH-acceptor complexes vary
between 2.924 (O(Sibk) and 2.787 A (N(CH)z), which is
consistent with medium strength hydrogen bondihés the
exact localization of hydrogen atoms by X-ray diffraction is
usually difficult, the donor-acceptor distance is often the only

T T T T T 1
1.642 1.644 1.646 1.648 1.650 1.652

Si-O distance in 10 m

Figure 4. Correlation of the complex enerdssqq. vs the SO bond
lengths for the simple §BiOH-acceptor complexes (except$HOH:
N(CH;3).CeHs). Linear regressionEqgq, = [413 £ 33 kcal/(mol 1G1°
m)]-d(Si—0O) — [684 + 53 kcal/mol];R = 0.97.

T
1.640

red shift upon complex formation, which has been used as
spectroscopic probe for the determinatioriegg. The frequency

geometric parameter used to evaluate the strength of hydrogemanalysis of the free §$iOH molecule reveals that an OH

bonds? In light of this practice it is important to note that only

a very poor correlation exists betwe&nyy. and the donor-
acceptor distance whatifferentacceptor types are compared.
For instance, the & A distances of BSIOH-O(H)SiH; (2.863

A) and HSIOH-NCsHs (2.815 A) differ only by 1.6%, whereas
Eada. (—3.47 and—6.47 kcal mot?!) vary by 46%. For the
evaluation ofEyg of complexes containingifferentacceptor
types, the SO bond length seems to be a more suitable
geometric parameter. The graphical correlation and linear
regression data d,qq.vs the Si-O bond lengths for the simple
HsSiOH-acceptor complexes except$HOH:-N(CH3),CsHs are
shown in Figure 4. Unfortunately, the -SD bond lengths
determined by X-ray diffraction are usually affected by errors
that are too large for the precise determination of hydrogen bond
energie$. The donor--acceptor distance of complexes that
contain thesameacceptor may be correlated in terms of their
hydrogen bond energies. Thus, the-@© distance of the
tetramer (HSiO) (average 2.7195 A) is by 0.144 A shorter
than in the dimer BSIOH-O(H)SiH; (2.863 A), for which also
the smallerE,qq. has been observed.

Red Shift of the OH Stretching Vibrations. It is common
practice to establish the hydrogen bond strengths of silanols by
IR and less often by Raman spectroscépysually, the OH
stretching vibration’(OH) of the silanol undergoes an indicative

stretching vibrationv(OH) occurs at 3766.7 cm, which is
consistent with experimental values of isolated silanol gréBips.
In all H3SiOH-acceptor complexes, the OH stretching vibrations
v(OH) are red-shifted. The vibrational red shifts(OH) of the
simple HSiOH-acceptor complexes are collected in Table 1
and range from 157.6 ¢$iOH-O(SiHz),) to 651.5 cnT! (Hs-
SiOH---N(CHj3)3). Although there is a general trend that with
an increasinde,qq.the vibrational red shif\v(OH) will be also
larger, only the O-acceptors exhibit a linear correlation. The
graphical correlation and linear regression dat&Qf vs Av-
(OH) for the simple HSIOH-O-acceptor complexes are shown
in Figure 5. The cyclic trimer (kBiOH); shows two asymmetric
and one symmetric coupled OH stretching vibrations, which
are red-shifted by 262.4, 262.5, and 320.0-&mespectively.
The cyclic tetramer (kBiOH) reveals three asymmetric and
one symmetric coupled OH stretching vibrations that are red-
shifted by 413.2, 448.1, 449.0, and 537.5¢nrespectively.
The red shifts of (HSIOH); and (HSIOH), are larger than that
of the simple complex kBiOH-O(H)SiH; (195.4 cnt), which

is consistent with the trend observed with thegs values. For
(H3SiOH)*NCsHs, Av(OH) of 341.7 SiG-H---O and 763.0
cm1 (SiO—H---N) are larger than those calculated for the
simple complexes pBiOH-O(SiHx)H (195.4 cnTl) and H-
SiOH-NCsHs (195.4 cntl), respectively, indicating that the
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Figure 6. Correlation of the complex enerdsuqq. vs electron density
at the H--A bond critical pointo(HA) for all model complexes (except
H3SiOH-N(CHs)2CsHs) and HSIOH-NCsHs. Linear regressionEqq.
= [—220.8+ 24.9 kcal/(mol au}jp(HA) + [2.5 £ 0.9 kcal/mol];R =

sequential hydrogen bridge is stronger than the sum of the 0.94.

isolated hydrogen bonds. It is worth mentioning that experi-
mentally observed OH stretching vibration@®H) are usually -2 =
very broad. In complex systems the vibrations inevitably
overlap, precluding the reliable interpretation of this parameter.
AIM Analyses. Recently, Bader's AIM theory has been _
applied very successfully for topological analyses of the electron E
density of hydrogen bond complex&sAccording to the AlM
theory, the formation of a ©H---A hydrogen bond is associated §
with the appearance of a bond path between the hydrogen and&
the acceptor atom and the occurrence of a bond critical point | ;
(BCP) along this path. The+tA BCP of hydrogen bonds has
typical properties of a closed-shell interaction. The value of the
charge density(HA) is comparatively low and the Laplacian
of the charge density?p(HA) is positive, indicating that the -8 T T T T T T )
interaction is dominated by the construction of charge away $1.5 320 325 380 35S 340 345 350
from the interatomic surface toward the hydrogen and acceptor p(OH) in 0.01 a.u.
atoms. In turn, the value @(OH) at the O-H BCP is relatively Figure 7. Correlation of the complex enerdssqq Vs electron density
large andv2p(OH) is negative, showing that the electronic at the O-H bond critical pointo(OH) for all model complexes (except
charge is concentrated in the internuclear region. Eight topologi- 23[51'4031\'&%H;)Cﬁf{'ni‘zlagg)ﬁga;ﬂ\‘[C;ri %nfgl /rrﬁg[]?gsg"ofgdg
cal criteria defining a hydrogen bond have been proposed, two P ' R
of which entail thato(HA) and v?p(HA) should lie between p(OH)/p(HA) and v2p(OH)/~v?p(HA) at the O-H and
0.2x 102and 3.5x 102au and 2.4x 102and 13.9x 1072 H---A BCPs of the cyclic multiple KSiOH-acceptor complexes

Av(OH) in cm”
Figure 5. Correlation of the complex enerdsaqq. vs the red shift of
the OH stretching vibratiomMAv(OH) for simple HSIOH-Av(OH)

acceptor complexes. Linear regressidfgs. = [—0.019+ 0.002 kcal
cm/mol] + [0.7 £ 0.6 kcal/mol];R = 0.97.

au, respectivel§® The electron densitieso(OH)/p(HA)) and
their Laplacians ¥20(OH)/~2p(HA)) at the O-H and H--A

are collected in Table 2. The graphical correlation and linear
regression data dE;qq, Vs p(OH) andp(HA) at the O-H and

BCPs of the simple gSiOH-acceptor complexes are collected H--*A BCPs of all model complexes except;$HOH-

in Table 1.p(HA) and —2p(HA) at the H--A BCP fall in the
range from 2.59< 102 (H3SiOH-O(H)SiHz to 4.45x 1072 au
(HsSIOHN(CH3)s) and from 2.21 x 102 (HsSiOH-
N(CHz)2CgHs) to 2.79 x 1072 au (HSiOH-O(CHg),), respec-

tively. Thus,p(HA) are at the upper limit or slightly above the
definition range, whereag?p(HA) are at the lower limit or even

N(CHs),CsHs and (HSiOH),*NCsHs are shown in Figures 6
and 7. Eyg of H3SIOH-N(CH3),CgHs estimated using the
regression curveétagg, Vs p(HA) is —5.52 kcal mot?, which
compares well withEaqgq, Of the other HSIOH-N-acceptor
complexes (Table 1) and indeed confirms that the loss of
sr-conjugation lowersEygg, of H3SIOH-N(CH3),CeHs (—3.53

slightly below. Apparently, the hydrogen bonds discussed in kcal moi™t). When the same approach is applied to cyclic
this work have a higher covalent bond character than the multiple complex (HSiOH),*NCsHs, the SiOG-H---O and SiG-

reference complexes reported in the literafifre(OH) and

v2p(OH) at the G-H BCP of free HSIOH adopt values of
35.80 x 1072 and —58.88 x 1072 au, respectively. Upon

H--N Eng are estimated at-4.68 and—8.19 kcal moi?,
respectively. The sum of these tviipig (—12.87 kcal mat?)
almost matcheEagq, of (H3SiOH)*NCsHs (—13.12 kcal mot?).

complex formationp(OH) slightly decreases to values between Having established these hydrogen bond energy values, a

34.7 x 1072 (H3SiOH-O(SiHs),) and 31.9x 1072 au (HsSiOH:

comparison with the complex energies of the simple model

N(CHs);H), whereasv?p(OH) increases to values between complexes BSIOH-O(H)SiH; (—3.47 kcal mot?t) and HSiOH:

—58.4 x 1072 (H3SiOH-O(SiHs),) and—51.9 x 1072 au (Hs-

NCsHs (—6.47 kcal mot?) reveals a concomitant strengthening

SiOH-N(CHj3),H), which is consistent with a decrease of the of the SiO-H---O and SiG-H---N hydrogen bonds in the cyclic
O—H covalent bond character and an increase of charge multiple H;SiOH-acceptor complexes approximately by 1.36
separation, so that the oxygen atom becomes more negative andnd 1.69 kcal mait, which is consistent with the idea of

the hydrogen atom becomes more positive.

cooperative hydrogen bonding. Recently, we have prepared a
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TABLE 3: Natural Charge at the Acceptor Atom (gnpa(A)) of the Free Acceptor Molecule and Natural Charge Transfef
(Agnpa) at A, H, O, and Si upon Complex Formation of Simple HSIOH-Acceptor Complexes

HsSiOH-acceptor complex Onea(A) (e) Adnea(A) (€) Adnea(H) (€) Agnea(O) (€) Adnea(Si) (€)
H3SiOH-O(H)SiHs —1.089 —0.022 0.023 —0.023 0.009
H3SiOH-OH, —0.936 —0.015 0.023 —0.028 0.010
H3SiOH-O(H)CHs —0.757 —0.021 0.021 —0.030 0.010
H3SiOH-O(CHg), —0.615 —0.018 0.018 —0.029 0.009
H3SiOH-O(CHs)SiH; —0.925 —0.025 0.022 —0.026 0.008
H3SiOH-O(SiH), —-1.251 —0.014 0.019 —0.018 0.006
H3SiOH-NH3 —1.063 —0.010 0.025 —0.042 0.011
H3SiOH-N(CHz)H, —0.863 —0.013 0.021 —0.045 0.011
H3SiOH-N(CHs).H —0.702 —0.021 0.019 —0.045 0.010
H3SiOH-N(CHg)s —0.589 —0.026 0.014 —0.043 0.010
H3SiOH-N(CHjs)-CsHs —0.566 —0.066 0.013 —0.034 0.010
H3SiOH-NCsHs —0.507 —0.049 0.023 —0.040 0.013

aAq < 0, charge transfer to the atomyg > 0, charge transfer from the atom.

TABLE 4: Natural Charge Transfer 2 (Agnpa) at A, H, O, and Si upon Complex Formation of Cyclic Multiple
H3SiOH-Acceptor Complexes

HsSiOH-acceptor complex Agnpa(A) (€) Adgnea(H) (e) Adnea(O) (€) Agnea(Si) (e)
(HsSiOH)
SiO—H---O —0.054 0.038 —0.054 0.009
SiO—H:---O —0.054 0.038 —0.054 0.009
SiO—H---O —0.054 0.038 —0.054 0.009
(H3SIOH)*NCsHs
SiO—H---O —0.072 0.033 —0.043 0.013
SiO—H:--*N —0.059 0.032 —0.072 0.012
(HsSiOH),
SiO—H:---O —0.059 0.092 —0.059 0.006
SiO—H---O —0.058 0.092 —0.058 0.006
SiO—H:---O —0.058 0.093 —0.058 0.007
SiO—H---O —0.057 0.093 —0.057 0.007

aAq < 0, charge transfer to the atomyg > 0, charge transfer from the atom.

number of self-assembled 1:1 complexes of the trisilanol 1,3,5-
(HOI-Pr,Si)sCeH3 and various 4,4bis(pyridines), which give 24
rise to the formation of supramolecular 2D brick wall struc-
tures!! These structures comprise sequential hydrogen bonds 31
of the type SiG-H---O(Si)-H:-+N, which are more stable than
elusive 2:3 complexes having isolated SiB---N hydrogen T 49
bonds. Apparently, the stability of these 2D solid-state structures
also relies on cooperative effects.

NBO Analyses. Negative hyperconjugation of the type
n(A)—ac(O—H)* has been invoked as the main contribution to
the hydrogen bond energy, which has been quantitatively
assessed by NBO analysésNatural bond orbitals can be 71
regarded as one of a sequence of natural localized orbital sets
that include natural atomic (NAO), hybrid (NHO), and (semi-) 8 0045 | 0040 . 0035 0030 0025 0020 0015
localized molecular orbital (NLMO) sets, intermediate between

. . . A 0)i
basis AOs and canonical molecular orbitals (MOs): AOs _ _ Gw(O)in e
NAOs — NHOs — NBOs— NLMOS — MOS. These natural Figure 8. Correlation of the complex enerdsagqg. VS natural charge

localized sets are complete and orthonormal and describe exactl)}_ri"’r‘]r:;{;3 ::;rtélsesﬁj?]rgd?gg[igffﬂfgpﬁggl)/(f%:)?”eg] XgﬁAcinEglgxies.

any property of the wavefunction. Negative hyperconjugation g 5 kcal/mol];R = 0.97.

of the type n(Ay>o(O—H)* may be associated with a transfer

of natural chargesiypa at the atoms in the hydrogen bridge. hydrogen bridge. Upon #$iOH-acceptor complex formation,
Onea Of the free acceptor molecules and the transfer of natural a natural charge separation occurs, whereby both the donor
charges\gnpa Upon complex formation are collected for simple oxygen atom and the acceptor atom become more negative,
H3SiOH-acceptor complexes and the cyclic multipleSHOH: Agnpa(O,A) < 0, whereas the hydrogen and silicon atom
acceptor complexes in Tables 3 and 4, respectively. The largestbecome more positiveAgupa(H,Si) > 0. For the simple &t
Onea(A) is located at the oxygen atom of O(S(—1.251 e) SiOH-acceptor complexes tHeyqq. values correlate well with
due to the large electronegativity difference of Si and O and the Agypa(O), while all otherAgnpa values lack such correla-
the partly ionic nature of the siloxane linkagfewhereas the tion. The graphical correlation and linear regression dai®f
smallesignea(A) value is observed for Néis (—0.507 €). Given vs Agnpa(O) are shown in Figure 8. The natural charge
that Eqgq, 0f H3SIOH-O(SiHg), (—2.09 kcal mot?!) and HSiOH: separation is more pronounced in the cyclic multipkSKDH-
NCsHs (—6.47 kcal mot?) show a reverse trend, a larggpa- acceptor complexes, which is consistent with the idea that
(A) at the acceptor molecule is not essential for a stable cooperative hydrogen bonding is operative. In an attempt to
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TABLE 5: Delocalization Energy (AEgeiod, NBO Occupancy ofe*(OH) and n(A) Orbitals (Including the s-Character of These
Orbitals) and NLMO O —H and H---A Bond Orders (BOn.mo ) of Simple H3SiOH-Acceptor Complexes as Well as NBO
Occupancy Change3of 6*(OH) and n(A) Orbitals (Including the Change of s-Character of These Orbitals) upon Complex

Formation
N(o*(OH)) (e) AN(c*(OH)) (e)
AEgeioc (s-character of N(n(A)) (e) (A s-character of AN(n(A)) (e) BOnivo  BOnimo
complexes (kcal moit) O bond hybrid (%)) (s-chara cter [%]) O bond hybrid (%)) (A s-character (%)) (OH) (HA)

H3SiOH-O(H)SiHs 9.16 0.020 05 (25.2) 1.953 43 (18.6) 0.01595(2.9) —0.006 97 (2.4) 0.4603 0.0135
H3SiOH-OH, 10.40 0.023 70 (25.4) 1.986 65 (26.1) 0.01960(3.1) —0.01269 (-0.6) 0.4569 0.0167
H3SiOH-O(H)CHs 12.34 0.029 08 (25.7) 1.962 80 (24.8) 0.02498(3.4) —0.00921(-0.3) 0.4524 0.0220
H3SiOH-O(CHg), 11.62 0.031 24 (25.8) 1.944 23 (19.8) 0.027 14 (3.5) —0.01235(-2.0) 0.4516 0.0231
H3SiOH-O(CHs)SiHs; 9.46 0.023 43 (25.4) 1.927 59 (16.7) 0.01933(3.1) —0.009 37 (0.3) 0.4561 0.0145
H3SiOH-O(SiHs). 6.92 0.016 67 (24.9) 1.922 42 (10.5) 0.012 57 (2.6) 0.004 36 (2.4) 0.4677 0.0108
H3SiOH-NH3 18.62 0.044 66 (27.0) 1.952 65 (22.9) 0.04056 (4.7) —0.044 4 (4.4) 0.4332  0.0342
H3SiOH-N(CHz)H; 19.49 0.051 68 (27.4) 1.918 77 (21.0) 0.04758(5.1) —0.0440(1.0) 0.4284  0.0404
H3SiOH-N(CHjz)H 19.00 0.054 53 (27.6) 1.88392(18.4) 0.05043(5.3) —0.0344(1.4) 0.4269  0.0422
H3SiOH-N(CHg)s 16.48 0.053 14 (27.5) 1.854 87 (15.5) 0.049 04 (5.2) —0.0226(0.8) 0.4282 0.0427
H3SiOH-N(CHjz)-CsHs 11.45 0.043 31 (35.9) 1.814 78 (11.1) 0.039 21 (13.6) 0.063 75 (7.9) 0.4405 0.0259
H3SiOH-NCsHs 17.89 0.051 99 (38.1) 1.888 95 (27.5) 0.047 89 (15.8) —0.03016 (-1.0)  0.4241 0.0354

aAN < 0, decrease of orbital populatiorsN > 0, increase of orbital populatiofiFree HSIOH: N(¢*(OH)) [0.004 10 €e]; s-character of O

bond hybrid [22.3%]).

TABLE 6: Delocalization Energy (AEgeiod, NBO Occupancy ofe*(OH) and n(A) Orbitals (Including the s-Character of These
Orbitals) and NLMO O —H and H---A Bond Orders (BOnwmo ) of Cyclic Multipe H 3SiOH-Acceptor Complexes as Well as NBO
Occupancy Change3of 6*(OH) and n(A) Orbitals (Including the Change of s-Character of These Orbitals) upon Complex

Formation
N(o*(OH)) (e) AN(c*(OH)) (e)
AEgeloc (s-character of N(n(A)) (e) (A s-character of AN(n(A)) (e) BOnmo  BOwnimo
complex (kcal molY) O bond hybrid (%)) (s-character (%)) O bond hybrid (%)) (A s-character (%)) (OH) (HA)
(HsSiOH);
SiO—H---O 8.12 0.0218 3 (25.5) 1.948 51 (17.1) 0.01773(3.2) —0.008 87 (-1.6) 0.4432  0.0157
SiO—H---O 7.98 0.021 80 (25.5) 1.948 50 (17.1) 0.01770(3.2) —0.01220(¢1.9) 0.4431  0.0156
SiO—H:+-0 8.02 0.021 85 (25.5) 1.948 47 (17.4) 0.01775(3.2) —0.01226¢1.3) 0.4431  0.0157
(H3SiOH)*CsHsN
SiO—H:---O 14.63 0.035 02 (36.4) 1.851 95 (19.6) 0.030 92 (14.1) —0.102 65 (1.0) 0.4338  0.0195
SiO—H--*N 26.33 0.073 70 (41.1) 1.874 21 (27.3) 0.069 6 (18.8) —0.044 90 (-1.2) 0.3917  0.0136
(HsSiOH),
SiO—H---O 17.79 0.036 87 (26.8) 1.941 00 (16.9) 0.032 77 (4.5) —0.01360 (1.8) 0.4233  0.0257
SiO—H---O 17.88 0.037 03 (26.7) 1.940 92 (16.9) 0.03293(4.4) —0.01368(¢1.8) 0.4236  0.0254
SiO—H---O 17.76 0.036 72 (26.7) 1.941 06 (16.9) 0.03262 (4.4) —0.01354(1.8) 0.4234  0.0251
SiO—H---O 17.97 0.037 29 (26.7) 1.940 82 (17.0) 0.03319 (4.4) —0.01378¢1.7) 0.4232  0.0259

a2 AN < 0, decrease of orbital populatioAN > 0, increase of orbital population.

quantify the degree of negative hyperconjugation of the type
n(A)—a(O—H)*, the delocalization energieAEgeioc and the
NBO population of n(A) and>(O—H)* have been calculated
and listed for simple EBiOH-acceptor complexes and cyclic
multiple HsSiOH-acceptor complexes in Tables 5 and\&geioc
follow a trend very similar t&eaqq. Among the simple ESIOH-
acceptor complexes the lowest and the higheSieioc values
are observed for O(Sib (—6.92 kcal mott) and N(CH)H;
(—19.49 kcal mot?), respectively. Like those observed for water
clusters with an increasing number of moleciffet)e AEgeioc
values related to the Si€H---O bridge of the cyclic multiple
H3sSiOH-acceptor complexes @8iOH), (—17.76 to—17.97 kcal
mol~1) and (HsSiOH)*NCsHs (—14.63 kcal mott) are much
higher than those of ($$iOH); (—7.98 to—8.12 kcal mot?)
and HSIOH-O(H)SiH; (—9.16 kcal mot?). Similarly, the
AEqeioc Value associated with the Si€H---N bridge of (H-
SiOH)*NCsHs (—26.33 kcal mott) is much higher than in the
simple complex HSIOH-NCsHs (—17.89 kcal mot?). The
observation of increasingEqeloc Of the cyclic multiple HSIOH:
acceptor complexes @3iOH), and (HSiOH),*NCsHs is con-
sistent with the idea of cooperative hydrogen bonding. The NBO SiOH)-O(SiHs), (0.01667 €), respectively, which agrees well
analysis reveals that electron density is indeed transferred fromwith the established trend d&4s and AEgeioo Of the cyclic
the n(A) orbital to thes(O—H)* orbital. The highest and lowest  multiple H;SiOH-acceptor complexes @SiOH), and (H-
occupancies of the(O—H)* orbitals are observed in the Si© SiOH)*NCsHs of which cooperative hydrogen bonding is
H---N bridge of (HSiOH)*NCsHs (0.07370 €) and in (H evident, the transfer of electron density into th@O—H)*

. -1
E, in kcal mol
&

1

'
~
1
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Figure 9. Correlation of the complex enerd¥aqq. vs NLMO bond
orders BQuwo(HA) of the H--+A bonds of all model complexes except
those with aromatic acceptor molecules. Linear regresstns =
[=130 + 10 kcal/mol e]BO(HA) —[1.7 &+ 0.3 kcal/mol];R = 0.97.
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orbitals is more pronounced than in the simple complexgs (H natural charge transfer to the oxygen atdoypa(O) that occurs
SiOH)-O(H)SiH; and HSiIOH-NCsHs. In an effort to further upon complex formation. NBO analyses further reveal that
quantify the degree of the covalent bonding character in negative hyperconjugation of the type n{Ay(O—H)*, i.e.
hydrogen bridges, NLMO bond orders RGio(OH) and electron population and charge transfer from the lone pair of
BOnmo(HA) have been calculated for the simplgStOH- the acceptor atom into the antibondingprbital of the O-H
acceptor complexes and the cyclic multiplgSHOH-acceptor bond, is operative in all hydrogen bonds. Due to the electron
complexes and are collected in Tables 5 and 6, respectively.and charge transfer, the acceptor atom becomes more negative,
The highest BQLmo(OH) of 0.4677 and lowest B@wo(HA) whereas the hydrogen atoms become more positive. The
of 0.0108 are observed in the weakest compleySiBH: delocalization energiEgeioc being associated with the negative
O(SiHg)2, having the most asymmetric €H:--A hydrogen hyperconjugation follows a trend similar #ys. Bond orders
bridge. The lowest BQLmo(OH) of 0.4241 and the highest of the O—H and H--A bonds, BQuLo(OH) and BQuuLo(HA),
BOnmo(HA) of 0.0427 are found for two of the strongest derived from NLMO analyses reveal also a very good correlation
complexes, namely, 4$iOH-NCsHs and HSiOH-N(CHz)s. A with Eyg. On the basis of the results described herein, further
good correlation oEaqq.and BQymo(HA) has been established.  experimental and computational studies on silematceptor

The graphical correlation and linear regression datB.gf vs complexes are currently being undertakén.
BOnLmo(HA) are shown for all complexes (except the unsatur-
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