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these systems are characterized by spatially fixed cavities suc aFigure 1. Luminescence spectra of ANS at 26, 50°C, and 80°C in

encapsulated molecules experience an environment that is constanyyigterent environments: (a) solution, (b) TMOSITMOS, (c) APTS-
and once encapsulated in the porous structure the environmentyTMOS, and (d) enTMOS.
remains largely unchanged and spatial modulation is not feasible.
Consequently, systems wherein dimensions of the pores can bel-naphthalenesulfonic acid was used because of its solubility in
externally modulated by means of an externally applied stimulus water/methanol mixture#\ 3 mM stock solution of ANS was made
provide a pathway to the design of smart systems with externally by dissolving 0.0047 g of the dye in a solvent mixture composed
tunable spatial confinement effects. of 1 mL methanol and 4 mL water. The volume sensitive gels used
In this context, large changes in spatial conformations under in this study were prepared from a sol made by mixing 1.0 mL of
confinement have been postulated as the basis for the stabilizationenTMOS, 1.0 mL of methanol, and 2.0 mL of 3 mM stock solution
of protein folding pathways mediated by chaperonin cavitihile of ANS. The resulting sol was coated onto a precleaned glass slide
the stabilization of proteins has been achieved upon confinementwith the approximate dimensions of 0.9 cen3 cm. The slides
in pores and cavitiesthe ability of chaperonins to effectively  were allowed to dry for 30 min under a nitrogen environment and
modulate the confinement effect via dynamic changes in spatial then were placed in a quartz cuvette. The cuvette was filled with
conformations and pore volufeemains unparalleled, and artificial 4 mL of 4:1 water/methanol mixture containing water purged with
analogues capable of such tunable confinement effect remainnitrogen for 4 h, and the cuvette was sealed under nitrogen prior
desirable. With this in mind, we report the unique temperature to measurements. The glass slides in the sealed cuvette were used
dependent orderdisorder processes occurring in the pores of an for all the luminescence measurements with an excitation wave-
organosilica setgel system made from the hydrolysis of bis[3- length of 370 nm. A similar procedure was followed with control
(trimethoxysilyl)propyl] ethylenediamine (enTMOS) precursor. We  sol—gels made with tetramethoxysilane (TMOS), methyltrimethoxy-

show that these porous glasses act as thermoresponsive materialsjlane (MTMOS), and 3-aminopropyltrimethoxysilane (APTS). The
which undergo reversible changes in pore volume resulting in the TMOS—MTMOS sol was made by mixing 1.5 mL of TMOS, 1.5
dynamically altered confinement of encapsulated entities as mani-mL of MTMOS, 0.8 mL of water, 1.0 mL of methanol, and 0.044
fested by the synchronously correlated luminescence of the mL of 0.04 M HCI followed by sonication for 40 min. An amount
encapsulated entity. A particularly remarkable feature of this system of 1 mL of this sol was mixed with 1 mL of the ANS stock solution
is that the temperature-dependent confinement effect provided byto form gel films on a glass slide. Similarly, the APFSITMOS
the gels is reversible and can be efficiently modulated by simply sol was made by mixing 1.5 mL of APTS, 1.5 mL of MTMOS,
changing the temperature. We have recently demonstrated variation$).8 mL of water and 1.0 mL of methanol. An amount of 1 mL of
in molecular selectivity as well as bulk volume changes of this sol was mixed with 1 mL of ANS stock solution to form the
gel on a glass slide. For solution measurements, 1.5 mM ANS
solution made in a watemrmethanol mixture was used.

The luminescence spectra of ANS in different environments as
a function of changing the temperature are shown in Figure 1. There
the nanoenvironment of encapsulated luminescent probe entities.is slight but distinct increase in luminescence intensity of ANS in

Optical probes of structure, organization, and confinement have the water/methanol solution (Figure 1a) possibly because of reduced
been extensively used to elucidate changes occurring along the sol microviscosity leading to a disorganization of solvent shell around
the molecule as the temperature is incred8éoh the other hand,
anilinonaphthalenesulfonate (ANS) dyes is dependent upon spatialthe luminescence intensity decreases (Figuresd}izonsiderably
changes in their environment, particularly confinement effects, and in the sot-gel matrixes as the temperature is increased from 25 to
has been extensively used to monitor environmental changes80 °C because of the decrease in pore sizes resulting from con-
associated with orderdisorder phenomena in membranes, gels, and densation of the gel network. It is important to note that similar
other system8.n this study, we use ANS as a probe to show that changes in luminescence are also observed when the gels are am-
its luminescence is characterized by a strong correlation with biently dried for an extended period. Overall, the results indicate a
strong sensitivity of the ANS molecule to changes in its immediate
monitor the confinement effect, the ammonium salt of 8-anilino- environment caused by confinement effect owing to expulsion of

organically modified silica gels by means of temperatukere,
we show that the porous segels exhibit dynamic changes in pore

volumes with pore shrinkage at high temperature and pore enlarge-

ment at low temperatufeéthereby enabling spatial modulation of

gel—xerogel structural transformatiofisThe luminescence of

changes in pore volume of sefjels because of loss of solvent. To
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Furthermore, the results indicate the dynamic volume changes of
enTMOS gels because of the presence of the bispropyl ethylene-
diamine group, which is found to be a critical requirement for the
gels to exhibit reversible changes in porosity, since-gels that

do not contain this group exhibit irreversible pore shrinkage. In
this context, it is important to note that even the structurally
analogous APTSMTMOS gels exhibit irreversible pore collapse.
Thus, it is clearly evident that the volume sensitivity of the gels is
g exclusively due to the presence of the-8CH,)3—NH—(CH,),—
NH—(CHy)s—Si group, and gels that lack this functionality do not
exhibit dynamic changes in pore volumes. Additionally, the fact
that the nanoenvironment of ANS in enTMOS gels can be reversibly
altered by simply changing the temperature (with all other condi-
tions remaining constant) indicates that the confinement effect is
strongly coupled with the thermoresponsivity of the materials and
Figure 2. Changes in luminescence intensity of ANS®—) owing to the concomitant changes in porosity. As such, the observed results

sequential variations in temperature@-) in different environments: (a)  are consistent with the dynamic confinement originating as a result
solution, (b) APTS-MTMOS, and (c) enTMOS. of variations in thermally regulated ordedisorder processes.

solvent and consequent pore shrinkage and confirm changes in In conclusion, our results establish the ability of enTMOS-sol
luminescence intensity as a sensitive indicator of the conflnementge'S to exhibit thermally regulated changes in pore volumes resulting

effect in dynamic confinement of encapsulated entities. The enTMOS gels
Next, we investigated the changes in luminescence intensity of undergo temperature-controlled variations in porosity, which allow

ANS as a function of cyclical variation of temperature between 25 a fine-tuning of the spatial d_|men5|ons in the environment Of.
and 80°C. The results are shown in Figure 2. While there is a encgpsulated molecules leading to a therr_noregul_ated _dyna_mlc
slight change in intensity in solution medium (Figure 2a) which conf_ln_ement effect. Such a modglatpn .Of |nteract|o_ns IS qu@e
correlates directly with temperature, the control-spél samples remlnls'cent of the chf’;\peronln function in biology wherein aIIoster!c
TMOS—MTMOS (data not shown) and APTSMTMOS (Figure reg_ulanon of mt_e_ractlons (_:reates a sp{:mally modulated nano_c_awty,
2b) show an irreversible decrease in intensity as a function of time which can exhibit dynamic changes in pore volume to facilitate

independent of temperature. This is consistent with the fact that in ' protein folding. This feature will likely find potential applications
these gels, the pores continue to shrink irreversibly along with the in dynamically controlling the structure and reactivity of encapsu-

- ; . | molecul well in igning novel materials with
expulsion of solvent as a result of ongoing hydrolysis and ated molecules as well as designing novel materials wit

condensation reactions. On the other hand, in enTMOSgaib dynamically regulated photonics. . .
(Figure 2c), the intensity exhibits an inverse correlation with tem- Acknowledgment. We thank MTC at SIUC for financial
perature such that a decrease in intensity accompanies an increa upport of this work and Prof. Matt McCarroll for the use of
in temperature. When the temperature is lowered, the intensity fluorescence instrument.

increases and returns to original value. As shown in Figure 2c, these
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