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(Received 15 April 2011; final version received 26 August 2011)

tert-Butyl silanetriol behaves like a surfactant and self-assembles in aqueous and tetrahydrofuran (THF) solutions. Micelle

formation was studied with pulsed field gradient stimulated spin echo (PFG-SSE) NMR, while multilayer lamellar vesicles

can be concluded from small/wide angle X-ray scattering measurements in concentrated solutions at elevated temperature.

The significant interaction between tert-butyl silanetriol and THF is further highlighted by a crystal structure featuring a 3:1

adduct of silanetriol and THF.

Keywords: silanol; hydrogen bond; micelle

Introduction

Silanols are the silicon analogues of alcohols containing

one or more SiZOH groups. Transient silanols are

important in a variety of industrial applications such as the

manufacture of silicones, sol–gel processes and as silane-

coupling agents for use in the functionalisation of surfaces

(1). Unlike their carbon counterparts, several hydroxyl

functions can be attached to the same silicon atom and the

tendency to participate in hydrogen bonding increases with

the number of silanol functions in the molecule. In the case

of silanetriols, RZSi(OH)3, the maximum number of

silanol functions is available for a neutral organosilanol. In

recent years, stable silanetriols have become attractive

synthetic goals, and their rich structural chemistry has

been explored extensively in the solid state (2,3). Some

control over the structural organisation of silanetriols has

been achieved by the variation of the pertinent organic

substituent (2–5). It has been demonstrated that with the

same substituent different structural motifs can be

obtained depending on the crystallisation conditions (6).

The tert-butyl-substituted silanetriol is known to be

robust and easy to synthesise (5,7). Recently, tert-butyl

silanetriol 1 has been used to prepare polyhedral

oligomeric silsesquioxane-type cages and surface coatings

under mild conditions (8,9). Here, we report our results on

the association behaviour of 1 in solution. The formation

of aggregates of tert-butyl silanetriol has been explored

using pulsed field gradient stimulated spin echo (PFG-

SSE) NMR experiments and small/wide angle X-ray

scattering (SAXS/WAXS) methods. To our knowledge,

this is the first time that the self-association of silanetriols

in solution has been explored.

Results and discussion

One of the most important aspects of silanol chemistry is

the relatively high polarity of the SiZOH group (2).

Accordingly, silanols in general and silanetriols in

particular should be well suited as surfactants. Considering

the possibility of interaction of silanetriol molecules in

solution, association might occur via hydrogen bonding or

via electrostatic or dispersive interactions (Scheme 1).

The critical micelle concentration (CMC) is the

concentration which is needed for the self-assembly of

individual molecules to aggregate via the above-mentioned

attractive forces. An elegant way to explore such aggregation

in solution is PFG-SSE NMR (10). By measuring the

diffusion coefficients of the compound of interest as a

function of its concentration, the size of the aggregates

formed can be determined according to the Stokes–Einstein

equation (Equation (1) with D, diffusion coefficient;

kb, Boltzmann’s constant; T, absolute temperature;

h, dynamic viscosity; RH, hydrodynamic radius of a

spherical particle):

RH ¼
kbT

6phD
: ð1Þ

In the case of silanetriol 1, the diffusion coefficients of the

methyl protons were determined using 1H NMR spec-

troscopy (Figure 1).

For solutions containing less than 1.0 wt% of 1,

calculated hydrodynamic radii are 4–5 Å. These hydro-

dynamic radii fit very well with the size of only a few (i.e.

1–3) individual silanetriol molecules. It is thus obvious

that this concentration range is below the CMC. For

solutions of 1 at higher concentrations the hydrodynamic
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radii increase to ca. 40 Å, which corresponds to an

assembly of ca. 1400 molecules per aggregate assuming a

packing density similar to the one observed for the

unsolvated silanetriol in the solid state based on single-

crystal X-ray diffraction (5). In comparison, partially

solvated structures as discussed later in the article (Figures

3 and 4) would correspond to approximately 1200

molecules per aggregate based on the packing density of

the corresponding single-crystal X-ray diffraction data.

For an insight into the internal structure of the

aggregates other techniques have to be applied, such as

SAXS and WAXS, which are widely used for this purpose

(11). In an initial attempt, we investigated solutions of 1

with SAXS at the same concentrations used in the NMR

experiments. Owing to the insufficient scattering beha-

viour of our samples in this concentration range, we had to

turn to more concentrated solutions of 1 in order to apply

this technique (the limited solubility of 1 in water can be

overcome at elevated temperatures). Thus, concentrated

solutions of 50wt% of 1 can be easily obtained as clear

low-viscosity solutions at different temperatures (50, 70

and 908C). The SAXS/WAXS curves of 1 at these

temperatures are, however, identical and therefore we only

refer to the 908C case in the following because the

viscosity of the solution is lowest for this temperature.

On the basis of these experiments, it can be concluded

that multilamellar vesicles were formed showing bilayer

or multilayer structural motifs, at least in the high

concentration range. The occurrence of equidistant peaks

(e.g. 6.1, 12.2 and 18.3 nm21) is indicative of multilayer

structural motifs and, moreover, affords information about

the interlamellar distance d, which can be obtained by

combining Bragg’s law with the definition of the scattering

vector q derived from the relationship d ¼ 2p/q.

It is likely that similar to the crystal structure of 1 the

hydrophobic tert-butyl groups are arranged so as to

1.2
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Figure 1. Plot of the intensity decay versus the square of the gradient strength for aqueous solutions of 1 at different concentrations
(circle: 0.06wt%, square: 0.56wt%, triangle: 1.7wt%, T ¼ 298K). The self-diffusion coefficients were obtained from the slopes of the
straight lines as described in the Experimental section.

Scheme 1. Illustration of the aggregation of 1 in aqueous solution.
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minimise exposure to polar units and solvent (water) while

the silanol units do just the opposite. This is indicated by

the shape of the peaks which shows the so-called fronting

and therefore suggests an orientation of the sample

molecules towards the glass surface of the sample container

(12). The interlamellar distance of about 1.0 nm compares

well with the Si1ZOZH· · ·Si10ZOZH distance of 0.98 nm

in the crystal structure of 1 (5,7). Similar results have been

obtained for concentrated (40wt%) solutions of 1 in

tetrahydrofuran (THF; Figure 2). The smaller peaks may be

attributed to other possibly disordered liquid crystalline

phases but cannot be assigned unambiguously.

Quantum chemical calculations suggest that the

interaction of silanols is in fact stronger with ethers than

with water (13). Consistent with this, we have been able to

obtain crystals from concentrated solutions of 1 in THF,

the composition of which can be described as adducts of

silanetriol 1 and THF in a 3:1 ratio. The crystals were

suitable for single-crystal X-ray diffraction, and a plot of

the asymmetric unit is depicted in Figure 3.

The crystal structure analysis confirmed the compound

as C4H9Si(OH)3* 1/3 THF. The asymmetric unit (Figure 3)

consists of a semicircle of three C4H9Si(OH)3 molecules

held together by two hydrogen bonds between two

molecules and a disordered THF molecule hydrogen

bonded to a terminal OH group of this aggregate. All three

crystallographically different C4H9Si(OH)3 molecules

have further double hydrogen bonds arranged around

inversion centres with their symmetry-related neighbour

molecules. By these hydrogen bonds, a 2D aggregate

parallel to the (110) plane is formed (Figure 4): six

C4H9Si(OH)3 molecules build circles with two THF

molecules in the centre, and these circle-shaped aggregates

of slightly ,20 Å diameter are connected in a pseudo-

hexagonal manner to six further aggregates by inversion

centres lying on the face centres and edge centres at c ¼ 0.5.

According to their structural parameters, all the 18

hydrogen bonds (Table 1) can be classified as strong

[O· · ·O # 2.718(3) Å, OZH· · ·O $ 155(4)8] and have

disordered H atoms (14). The C4H9Si(OH)3 molecules

show staggered conformations [jtO-Si-C-Cj $ 176.0(2)8],

Figure 4. POV-Ray plot of two asymmetric units of 1· 1/3 THF
related by a centre of inversion. The atoms are drawn
with arbitrary radii and the hydrogen bonds are plotted with
dark lines.

Figure 3. ORTEP plot of the asymmetric unit of 1· 1/3 THF
showing the atomic numbering scheme. The THF molecule
having the smaller site occupation factor of 0.431(7) is drawn
with open bonds, the hydrogen bonds are indicated by dashed
lines. The probability ellipsoids are drawn at the 50% probability
level.
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Figure 2. SAXS/WAXS patterns for highly concentrated
aqueous solutions of 1 at 50wt% in water (908C) and 40wt%
in THF (408C). The arrows mark the equidistant peaks for the
lamellar phase.
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the SiZO bond length of the atoms On1 (n ¼ 1–3) is

slightly smaller [1.617(2)–1.621(2) Å] than those of the

other O atoms [1.632(2)–1.638(2) Å]. It should be

mentioned that the incorporation of solvent into silanetriol

structures is not unprecedented and examples including

water (6,15,16) and alcohol (16) have been previously

reported.

Conclusion

In conclusion, we have shown that tert-butyl silanetriol

behaves like a polar surfactant molecule and self-

assembles in aqueous solution. In dilute solution, we

found that micelles form above 1wt% (NMR) while at

high concentrations (50wt%) multilayer lamellar vesicles

can be concluded from SAXS/WAXS measurements.

Similar results were obtained in concentrated THF

solutions indicating that this phenomenon is not limited

to water as a solvent. In addition, the significant interaction

between tert-butyl silanetriol and THF is further high-

lighted by a crystal structure featuring a 3:1 adduct of

silanetriol and THF. Given the high tendency of silanols to

form hydrogen bonds and the recent interest in liquid

hydrogen-bonded networks as reaction media for catalytic

transformations (17), silanols might be environmentally

benign and sustainable alternatives to the fluoroalcohols

currently employed for this purpose.

Experimental details

Materials and sample preparation

Silanetriol 1 was prepared according to published

procedures (5,7) and recrystallised twice from ether.

NMR measurements were obtained on a Bruker Avance

DRX 500MHz NMR spectrometer. To confirm the

stability of 1 in D2O, variable temperature (VT)-NMR

experiments were performed starting at 298K with

increments of 10K and a concentration of 1wt% of 1.

After each increase, the temperature was maintained for

10min to ensure the thermal equilibration of the sample.

After reaching the maximum temperature (373K) the

probe was cooled to 298K. This procedure was repeated

twice. For highly concentrated solutions, a starting

temperature of 373K was used. As mentioned above, no

sign of decomposition was observed.

Self-diffusion coefficients were obtained by measuring

a series of nine pulsed gradient spin echo (PGSE) spectra

by varying the gradient strengths. The signal intensity was

least squares fitted to the equation

ln ðIÞ ¼ a2 bDG 2; ð2Þ

with I, signal intensity; G, the gradient strength and D,

self-diffusion coefficient. All other parameters were

combined to the instrument-dependent constants a and b,

which were obtained by a calibration on a system where

the self-diffusion coefficient was known. This calibration

was carried out with a sample containing 90% H2O and

10% D2O and the temperature-corrected H2O diffusion

coefficient of 2.49 £ 1029m2/s (18,19).

Samples containing up to 5 wt% of tert-butylsilanetriol

were prepared by adding silanetriol 1 and a defined

amount of twice-distilled water on the balance into a 4-ml

vial. For highly concentrated solutions of the amphiphile,

samples were prepared by mixing the solid component into

water at elevated temperature, depending on the

solubilisation limit of the component in water and THF.

We therefore used 4-ml vials that could be sealed with a

cap to prevent evaporation of the solvent during the

heating and mixing procedure which was performed by

vortexing the sample. After some seconds, the hot solution

became clear. For our SAXS measurements and for the

investigation of the sample by NMR, we focused on

samples at 908C with water as a solvent and at 408C for

THF samples.

Small/wide angle X-ray scattering

The multilamellar phases of the particles were investi-

gated by a SAXS/WAXS technique. Our equipment

comprises a SAXSess camera (Anton-Paar, Graz, Austria),

connected to an X-ray generator (Philips, PW 1730/10)

operating at 40 kV and 50 mA with a sealed-tube Cu

anode. A Göbel mirror was used to convert the divergent

polychromatic X-ray beam into a focused line-shaped

beam of Cu Ka radiation (l ¼ 0.154 nm). The 2D

scattering pattern was recorded by an imaging-plate

detector (Fuji BAS1800 from Raytest, Straubenhardt,

Table 1. Hydrogen bonds for 1· 1/3 THF [Å, 8].

D-H· · ·A d(D–H) d(H· · ·A) d(D· · ·A) , (DHA)

O(11)ZH(111)· · ·O(51) 0.84 1.749(18) 2.536(6) 155(4)
O(11)ZH(112)· · ·O(21) 0.84 1.856(6) 2.691(3) 172(4)
O(12)ZH(121)· · ·O(33)a 0.84 1.870(2) 2.666(3) 158(5)
O(12)ZH(122)· · ·O(13)b 0.84 1.874(14) 2.695(3) 166(6)
O(13)ZH(131)· · ·O(12)b 0.84 1.862(11) 2.695(3) 171(7)
O(13)ZH(132)· · ·O(22) 0.84 1.888(11) 2.718(3) 169(6)
O(21)ZH(212)· · ·O(31) 0.84 1.838(8) 2.675(3) 173(7)
O(21)ZH(211)· · ·O(11) 0.84 1.858(9) 2.691(3) 171(5)
O(22)ZH(221)· · ·O(23)c 0.84 1.867(13) 2.697(3) 169(7)
O(22)ZH(222)· · ·O(13) 0.84 1.899(17) 2.718(3) 165(6)
O(23)ZH(231)· · ·O(32) 0.84 1.865(3) 2.705(3) 177(3)
O(23)ZH(232)· · ·O(22)c 0.84 1.861(5) 2.697(3) 174(4)
O(31)ZH(312)· · ·O(41) 0.84 1.745(7) 2.558(5) 162(2)
O(31)ZH(311)· · ·O(21) 0.84 1.849(15) 2.675(3) 167(7)
O(32)ZH(321)· · ·O(33)d 0.84 1.864(6) 2.702(3) 175(7)
O(32)ZH(322)· · ·O(23) 0.84 1.869(4) 2.705(3) 173(3)
O(33)ZH(331)· · ·O(12)a 0.84 1.846(5) 2.666(3) 165(2)
O(33)ZH(332)· · ·O(32)d 0.84 1.866(9) 2.702(3) 173(7)

Notes: Symmetry transformations used to generate equivalent atoms: a1–x, 1–y, 1–z;
b1–x, –y, 1–z; c2–x, –y, 1–z; d2–x, 1–y, 1–z.
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Germany) or by a PI-SCX-fused fibre optic taper CCD

camera from Princeton Instruments (division of Roper

Scientific, Inc., Trenton, NJ, USA), and integrated into the

1D scattering function I(q). The SAXSess system also

facilitates WAXS experiments. Imaging plates were used

to record WAXS patterns up to q ¼ 25 nm21. The CCD

detector that was used features a 2084 £ 2084 array with

24 £ 24mm pixel size (chip size: 50 £ 50mm) at a

sample-to-detector distance of 311mm. The CCD is

operated at 2308C with 108C water-assisted cooling to

reduce the thermally generated charge. Cosmic ray

correction and background subtraction were made on the

2D image before further data processing. The images are

then integrated into the 1D scattering function I(q), where

q is the scattering vector defined by q ¼ (4p/l)sin(u/2),

where l is the wavelength and u is the scattering angle.

The temperature of the capillary and the metallic

sample holder was controlled by a Peltier element.

Samples were equilibrated at the desired temperature for

30 min before each measurement. Using the set-up with a

CCD camera, dispersions were exposed to X-rays for

10 min, three times for averaging, whereas with the image

plate device they were measured for 45 min. The lamellar

phase was determined by the relative positions of the

scattering peaks displayed in the scattering curves, which

correspond to the reflections on planes defined by their

(hkl) Miller indices.

Single-crystal X-ray diffraction

X-ray diffraction data of 1· 1/3 THF: All measurements

were obtained using graphite-monochromated Mo Ka

radiation at 95K: 3C4H9Si(OH)3 · C4H8O, Mr 480.78,

triclinic, space group P-1, a ¼ 11.731(5) Å,

b ¼ 11.794(5) Å, c ¼ 12.197(5) Å, a ¼ 85.36(3)8,

b ¼ 63.46(3)8, g ¼ 63.33(3)8, V ¼ 1333.9(11) Å3, Z ¼ 2,

dcalc ¼ 1.197 g cm23, m ¼ 0.220mm21. A total of 6211

reflections were collected (Qmax ¼ 26.08) of which 5239

were unique (Rint ¼ 0.0470), with 3599 having I . 2s(I).

The structure was solved by direct methods (SHELXS-97)

and refined by full-matrix least-squares techniques against

F 2 (SHELXL-97). The non-hydrogen atoms were refined

with anisotropic displacement parameters. The THF

molecules are disordered over two orientations and were

refined with site occupation factors of 0.569(7) and

0.431(7), respectively. The equivalent bonds in these

solvent molecules are restrained to have the same lengths.

The H atoms of the methyl groups were refined with

common isotropic displacement parameters for the H

atoms of the same group and idealised geometry with

tetrahedral angles, enabling rotation around the XZC bond

and CZH distances of 0.98 Å. The H atoms of the CH2

groups were refined with common isotropic displacement

parameters for the H atoms of the same group and

idealised geometry with approximately tetrahedral angles

and CZH distances of 0.99 Å. The H atoms of the OH

groups are disordered over two sites. They were refined

with site occupation factors of 0.5 and with common

isotropic displacement parameters for the H atoms bonded

to the same O atom. The bond length was fixed to be

0.84 Å. For 392 parameters, final R indices of R1 ¼ 0.0580

and wR 2 ¼ 0.1387 (GOF ¼ 1.016) were obtained. The

largest peak in a difference Fourier map was 0.328 eÅ23.

The CCDC deposition number is 821876.
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