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Hybrid silicate materials derived from organo-bridged silsesqui- Scheme 1. Synthesis of 12

oxane precursors, ROSIi—R'—Si—OR,, where R and Rare N NN )NH, + (EIO)SHCHy)y~N=C=0

organic ligands, represent a remarkably diverse class of nanocom- o Reflux in THE

posites capable of forming both-8D—Si and Si-C—Si bonds with (E0)SHCH) N ENLpMnL ), (1)

molecular scale homogeneity. Recently, in an effort to better control (E1O)5SH(CH, )-N=C=0

structure and function, surfactant-directed self-assembly or self- o ¥ Refuxin THE

directed assembly (SDA) has been used to synthesize hierarchical 0ksiCH N () reprcrasionss (1)
organo-bridged polysilsesquioxanes that exhibit order over multiple 2 Intermediate product (i) is highly soluble in THF, addis weakly
length scaled-7 For surfactant-directed self-assembty,hydro- soluble in THF.

philic silicic acid moieties formed by alkoxide hydrolysis interfa- . . . . :

cially co-organize with hydrophilic surfactant headgroups to form fpr bis-urea-bridged polys_llsesqwoxanes (see Supportlng Informa-
periodically ordered hybrid mesophases. SDA exploits hydrogen- tion).> Exposure of the solid samples to water vapor or acid or base
bonding, 7—x, and/or hydrophobic interactions between the R catalysts promoted hydrolysis and condensation of the silicon
bridges to form generally mesoscopically ordered lamellar archi- @lkoxide moieties to form hybrid siloxane networks. o
tectures that can exhibit well-defined ribbonlike or twisted helical ~ We investigated the reversible photo and thermal isomerization
morphologies on the macroscélé.Significantly, using surfactant-  Pehavior of a dilute molecular dispersion b{0.05 mg ofla/mL

directed self-assembly combined with SDA, Inagaki étrcently of ethanol prepared at room temperature under ambient lighting
synthesized hybrid silicates with mesoscopically ordered pores andconditions), using UVivisible spectroscopy (Figure 1). From the
molecularly ordered walls. absorption band at 378 nm (the-z* transition of the trans isomer),

Despite the recent success in self-assembly of hybrid silicates, Ve determined_t?e 591“20“ to consist of ca. 78% trans isoene (
the R ligands, including methane, ethane, benzene, toluene, xylene, = 2-38% 10*M~tem ). UY |rraqhat|on with a Hg arc 'amm(nax.
dimethoxybenzene, and thiophehé? have had limited intrinsic ~ — 390 nm) decreased the intensity of the 378 nm band and slightly
functionalities, serving predominantly passive roles such as influ- increased the intensity of the 470 nm band attributed to the cis
encing the wetting characteristics or reducing the framework iSOmer; a photostationary state (spectrum 1b, ca. 52% trans) was
dielectric constant. Here we report the synthesis and self-directed"®ached within ca. 10 min. Exposure to room light or heat caused
assembly of a photoactive azobenzene-bridged silsesquioxahe, 4,4 the reverse isomerization (cis trans). For example, from the
bis(3-triethoxysilylpropylureido)azobenzeheHydrogen-bonding phot_ostathnary state (spectrum 1b), room light exposure increased
interactions between the three active centers of the bis-ureide groupdh€ intensity of the 378 nm absorption band (spectra-e)c
(~NH—CO—NH) combined withr—zx interactions between the progressively, reaching a second photostationary state after 20 min.
azobenzene groups serve to self-assertiitgo a highly ordered Alte_rnative_ly, heat treatment (61C, fqr 5 min in the dark) caused
lamellar mesostructure in which thespacing is optically controlled ~ the intensity of the 378 nm absorption band to exceed that of the
through photoisomerization of the azobenzene moiety before or after@S-Prepared solution (spectrum 1f, ca. 87% trans). These results

assembly. demonstrate the facile photoisomerization characteristics of the
Compoundl was synthesized by addition of 0.98 g (4.6 mmol) molecular form ofL. _ _
of 4,4"-azodianiline to 2.35 g (9.5 mmol) gfisocyanatopropyl- Low angle X-ray diffraction (XRD) was used to characterize

triethoxysilane in 12 mL of tetrahydrofuran (THF, water-free), see the.mesos'c.al.e structures (?f the supramolecular solid samples and
Scheme 1. After being refluxed for 24 h under room light, the their sensitivity to Ilght. Figure 2 shows the XRD patterns of
supramolecular producl), a needlelike yellow precipitate, was ~Samplesla—calong with that of a samplel) prepared exactly
filtered, washed with hexane, and vacuum-dried. The overall yield &S 1¢, but exposed to UV light during the evaporation step. The
was ca. 90%, and the purity was quite high based on NMR and IR XRD patterns ofla—c are indicative of lamellar structures with
spectroscopic analyses (see Supporting Information). Thin films d-SPacings of 1.9@) or 2.2 nm (1), which we attribute to those
(samplelb) were prepared by dissolution @& in THF (ca 5.7 of the cis and trans isomers (Figure 1 inset), respectively. Molecular
mg/mL) followed by casting on a silicon substrate. Slower Models of the cis and trans isomers (using CS Chem3D Pro)
evaporation of this same solution produced a shiny yellow faceted estimate the molecular lengths to be ca. 2.8 and 3.1 nm, respectively,
solid (samplelc). Sampleda—cshowed sheet, twisted rope, and indicating that the bis-urea azobenzene units pack at angles of 48

ribbonlike structures on the macroscale similar to those observed (CiS) 0r 45°(trans) relative to the plane of the lamellae. The XRD
pattern ofld hasd-spacings of 1.9 and 2.3 nm attributed to the

* Corresponding author. E-mail: cjbrink@sandia.gov. ; ; ;
tThe University of New Mexico. presence of comparable populations of bot_h isomers arranged into
*Sandia National Laboratories. ordered subdomains. The absence of two distinct sets Hfi§eéks
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378 and 470 nm bands, we conclude that due to extensive
H-bonding interactions, trans> cis isomerization is severely
inhibited in the supramolecular solids the small, reversible
changes ird-spacing perhaps reflecting an optically induced change
in bond angle or orientation for the trans isomer as occurs in the
rotation or inversion mechanistic pathw¥yThis result indicates
that realization of the full potential of transduction of optical
excitation into work (for applications in nanomechanical devites
will require 1 to be sufficiently dilute or chemically modified to
prevent extensive hydrogen bondifgiVe note that dilution ofL

in a timethylsilylated xerogel where hydrogen bonding is avoided
allowed facile isomerization as determined by B¥is spectroscopy
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Wave lengthinm (see Supporting Information).
Figure 1. UV—vis absorption spectra of (d)ain EtOH (0.05 g/L); (b) Because the pendant intermediate (i) is highly soluble in THF
after UV irradiation for 10 min; (e-e) after room light exposure of (b) for and the bridged molecul& is weakly soluble (Scheme 1), the
3, 10, and 20 min; (f) after heating (b) to 6 for 5 min. Inset: primarily cis productla forms at very high concentration and

Supramolecular structures formed by SDA in trans or cis forms. Atomic

legend: gray (C), dark blue (N), red (0), purple (Si), green (H). elevated temperature by exceeding the solubility limit. In contrast,

trans solidslb—d form from very dilute solution. This difference

el a1 may reflect an enhanced stability of the cis isomer at high
o o | \ concentration and elevated temperature due to noncovalent bonding
1b @0 :Engfq_ﬁ J/r'\ﬂ interactions. Alternatively, the cis produtt may be homoge-

. (o02) " 3 a4 a0 ez ss s neously nucleated, whereas produdis-d may be heterogeneously

R e _n me oM oFm e T - : .

z " nucleated at the solieliquid or liquid—vapor interfaces during slow

§ ‘ e . si(oaz) evaporatiort3 In support of this latter hypothesis, amphiphilic

E T — T azobenzene-containing moieties interfacially organized on a water

£ la N G surface form principally the trans isomkér.
] 4 N Overall, photoactive bridged silsesquioxanes represent a new
”"._fi_ A N | class of precursors that as molecules are of interest for optom-
3 7 11 15 19 23 27 31 35 39 echanical actuation and as solids provide a means of photocontrol

2 Theta (degree) of the supramolecular structure and properties.
Figure 2. X-ray diffraction (XRD) patterns of the sampléa, 1b, 1c, and Acknowledgment. This work was supported by DOE-BES,
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in samplesla—c suggests that these samples consist of a single ) . . . 20g; 131
domain type that presumably accommodates the presence of any SUPPOrting Information Available:  #Si,™C, *H NMR, and FTIR

. L : . . “data ofl. SEM images of samples (1a—c). UV—vis spectra of xerogel
minor amount of the opposite isomer by disordering or alteration ™ R . - ]
of the packing angle. thin film derivatized with1l and hexamethyldisilazane (PDF). This

All samples showed at least eight orders oflj@@aks, indicating material is available free of charge via the Internet at http://pubs.acs.org.

highly uniform mesoscale periodicity. Scherrer anal{sedicated

that the domain sizes decreased from 90 to 49 nm in the order . _

lc(trans)> 1d(trans)> 1b(trans)> la(cis), reflecting that slow (1) Guan, S Inagakd, S.; Ohsuna, T.; TerasakiJOAm. Chem. S0@000,

evaporation1c,d) enables better ordering than fast evaporatids) ( (2) Inagaki, S.; Guan, S.; Ohsuna, T.; TerasakiNature 2002,416, 304—
initati i ing i 307.

or precipitation from concentra_ted solutidkaj. Taking into ac_cpunt (3) Asefa, T.. MacLachlan, M. J.: Coombs, N.: Ozin, G. Nature 1999,

the electron density of the silane- and azobenze-containing sub- 402, 867—871.

layers, the lower relative intensity of the (002) reflections as  (4) Lu, Y.; Fan, H.; Doke, N.; Loy, D. A; Assink, R. A; Lavan, D. A.;

. ™ Brinker, C. J.J. Am. Chem. SoQ000,122, 5258—5261.
compared to the (001) or (003) reflections indicates that the two (5) Moreau, J. J. E.; Vellutini, L.; Wong Chi Man, M.; Bied, &.Am. Chem.
sublayers are of comparable thickness. Hydrolysis and condensation Soc.2001,123, 1509—1510.

. f (6) Moreau, J. I. J. E.; Vellutini, L.; Man, M. W. C.; Bied, C.; Bantignies,
due to exposure of these samples to ambient humidity caused only J-L.; Dieudonne’, P.; Sauvajol, J.-I. Am. Chem. So2001, 123 7957
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