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PHOTOCHROMISM AS A PROBE OF GELLATION IN 
ALUMINOSILICATE GELS DOPED WITH SPIROOXAZINE 

XIAODONG SUN1, MEIGONG. FAN2 and EDWARD T. KNOBBEI* 

I Department of Chemistry and the University Center for Photonics and Laser 
Research, Oklahoma State Universio, Stillwater, OK 74078-0447, USA 

institute of Photographic Chemistry, Chinese Academy of Sciences, Beijing 
IOOlOI, P .  R .  China 

Abstract Aluminosilicate gels containing photochromic spiro( 1.3.3- 
trimethylindolo-2,3’-naphth[ 1,2-b]-1,4sxazine) were prepared by the sol-gel 
route. The sphxazine compound has been used as a photochromic probe for 
studying the sol to gel transitions of aluminosilicate host gels. Absorption and 
luminescence sptctroscopy werc used to elucidate physicochemicd changes to the 
gel network. The photochromic probe compound was found to be very sensitive 
to local changes that occur during the gel fomtion process. 

I” 

The sol-gel process is a synthetic route that promotes the preparation of amorphous 
guest-host media comprised of transparent oxide matrices doped with organic species. 
Syntheses of this type are typically performed at room temperature. Thus organic 
molecules, which may have poor thermal stability at high temperatures, can be 
incorporated within the inorganic matrix leading to novel hybrid materials.14 Practical 
device considerations dictate the encapsulation of monomeric photofunctional 
compounds into a stable, chemically inert solid state host matrix for use in. 
Development of photonically-active media requires a good understanding of the 
structure of doped sol-gel networks amd of the conditions that the oxide matrix imposes 
on the dopant at a molecular level. Such interactions have important effects on the 
optical properties of entrapped photonically-active species. Spiro( 1,3,3-trimethylindoio- 
2,3’-naphth[ 1,241- 1.4-oxazine), a photochromic compound, which will be referred as 
SP1 hercinafter, has been used to probe changes within the gel network at the molecular 
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58 X.  S U N  Y I  ul. 

level. 
SP1 photochemistry has been studied by many rt~earches.s-~ The structures of 

the SPl before and after W irradiation arc shown in Figure 1. Photochromism in SPl 
generally involves the reversible breaking of a C-O bond in the oxazhe ring (SPI) to 
form a photomerocyanine structure, PMCl. Recently, the authors found that SP1 has 
unique properties in acidic alcoholic  solution^^^^. We have coined the phrase 
"acidichromic" to indicate the observed phenomenon, wherein the spectral 
characteristics of a photochromic species (i.e. SP1) are reversibly changed by varying 
the pH. 

SPl PMCl 

Figure 1. Chemical structure and of SP1 and the corresponding 
W-induced photomerocyanine form 

This study examines the nature of spectroscopic changes to SP1 doped in 
transparent gels prepared by the sol-gel prauss. The host gels which serve as the focus 
of this work arc prepared using di-sec-butoxyaluminoxytriethoxysil~e (DBATES), a 
silicon-aluminum double-alkoxide precursor which may be used to prepare porous 
inorganic aluminosilicate polymers. sP1 proved lo be a useful molecular-level probe of 
physicochemical changes within the aluminosilicate gel. Changes to the spectral 
character of spirmxazine dopant yielded insights into the evolution of the DBATES- 
derived gel due to the strong influence exerted by the local chemical environment on the 
luminescent photochromic guest. 

EXPERlMErYTAL 

Spiro(l,3,3-trimethylindolo-2,3'-naphth[ 1,2-b]-1,4-oxazine) was synthesized from 2- 
methylene-l~3,3-himethy~doline and 1-nitroso-2-naphthol. A detailed summary of the 
synthesis of SP1 appears elsewhere'*. DBATES was obtained from United Chemical 
Technology and used without further purification. Anhydrous reagent grade isopropanol 
was purchased from the Fisher Scientific Company. The water was deionized and 
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PHOTOCHROMISM AS A PROBE OF GELATION 59 

distilled. 
Bulk gel specimens were prepared using a modified sol-gel process which was 

previously reported by Pouxviel ef af. and o t h e r ~ l ~ - ~ ~ .  Briefly, the DBATES precursor 
was diluted using isopropanol to get a 1:l volume ratio binary solution (solution 1). A 
separate solution containing a 1:l volume ratio of water to isopropanol was prepared. 
SP1 was dissolved in the latter* fonning solution 2. Solution 2 was subsequently added, 
in a dropwise fashion with constant stirring, to solution 1 producing the initial sol. The 
final SP1 concentration was 0.1 mM. The resultant sol was hydrolyzed in a covered 
container at mom temperature overnight, poured into polystyrene cuvettes, covered, and 
allowed to gel. Gellation of specimens prepared in this manner occurred within three 
days. Gels were aged in the covered cuvettes for two weeks. After aging, the covers 
were perforated to allow solvent evaporation. Gel specimens were allowed to dry under 
ambient conditions for three weeks. Optical characteristics of the precursor solutions, 
aged gels and the dried xerogels were periodically determined The dopant molecular 
number densities (No) of entrapped SP1 in the dried xerogel specimens were calculated, 
based upon the final dimensions of the dried bulk monoliths, to be 8.2~1016 cm-3. 

The ultraviolet excitation source was a model 160-W UV Lamp (Fisher Scientific 
Company) with peak emission at 365 nrn and a manufacturer-specified irradiation 
intensity of 11,600 pW/cmZ. Absorbance spectra were determined using a Cary 5E 
spectrophotometer (2.0 nm spectral band pass). Continuous wave front face excitation 
and emission spectra were measured using a Spex Industries Model F112A 
spectrofluorimeter, excitation and emission band passes were 5.55 and 2.58 nm, 
respectively. All luminescence spectra were collected in the dark at room temperature 
and corrected for instrumental response. 

L sp1 
Figure 2 shows the fluorescence emission spectra of SPI doped aluminosilicate sol 
excited at 350 nm (Curve 1) and 540 nm (Curve 2). The intense emission band centered 
at 430 nm was observed to remain essentially unchanged over excitation wavelengths 
ranging from 320 to 370 nm. A much smaller peak which is not apparent on the scale 
shown can be found at 643 nm in curve 1. The weak 643 nm emission band was also 
observed when an excitation wavelength of 540 nm was used (Curve 2 of Figure 2; 
intensity increased 6-fold with respect to Curve 1). These results may be interpreted as 
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60 X. SUN et al. 

follows: An equilibrium state exists between SP1 and PMCl in the DBATES sol, as 
indicated in equation 1. The intense emission band at 430 nm is assigned to radiative 
relaxation from the lowest excited singlet state of SPI. The weak 643 nm is attributed to 
radiative relaxation from the lowest excited singlet state of PMCl, which is present in 
low concentration in the sol but is selectively probed by the 540 nm excitation source. 

SP1 - Z  PMCl (1) 
The emission band of PMCl is not observable in isopropanol solution since there 

is strong interaction between the solute and solvent species in solution. It is expected 
that strong solute-solvent interactions provide a very rapid collisional deactivation 
pathway for electronically excited states. In the sol stage, however, the viscosity has 
greatly increased with respect to alcoholic solution. Thus, the PMCl product may be 
observed in the sol even though it is not readily studied in alcoholic solution. 

Photochromic effects were studied in the sol as given shown in Figure 3. The 
optical absorption specm of SPl dissolved in an aluminosilicate sol is shown in Curve 
1 of Figure 3. This spectrum consists is composed of two absorption shoulders peaking 
at 320 nm and 350 nm in the absence of UV irradiation, and corresponds to the SP1 
form of the molecule. After 2 minutes of W irradiation, a new absorption band 
centend at 610 nm appeared (Cwe 2 of Figure 3). The onset of a 610 nm absorption 
band is associated with the formation of the ring-opened merocyanint or PMCl 
conformation, a result which is consistent with findings reported by Schneider et al. 
using laser photolysis 

B.B 
35B 4BB 45D SBD 55D U B  6SD ?BB 

WBVClCngtb (NU) 

111 SSD 4DD 45D S)1 551 SDD 65B ?BB 

WlVCkngth (MI) 
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PHOTOCHROMISM AS A PROBE OF GELATION 61 

The PMCl form exhibited a lifetime of approximately 30 seconds in the 
aluminosilicate sol, a relaxation rate to the SP1 form which is much slower than that 
observed in isopropanol, which typically has a lifetime of approximately 0.5 s~~ondS.15 
This result indicates that the local viscosity is much higher in the DBATES sol, showing 
the molecular rearrangement responsible for the regeneration of SPl from PMCl. 

The most dramatic macroscopically-observed physical changes occur during 
gellation, when the initial sol is transformed into a rigid solid. At gellation the solvent 
phase consists of excess isopropanol and water with the additional ethanol and butanol 
produced by the hydrolysis of the DBATES alkoxy groups. In the unaged gel, SPl is 
not constrained by the ramified and open gel structure. Thus, the luminescence spectra 
of SP1 and PMCl species in the unaged gel arc essentially the same as those observed 
for these species in a liquid solution. 

zsp1- 
During aging, the gel is kept in a closed container and no evaporation of the organic 
molecules occurred. Thus, a substantial amount of solvent remains in the 2-phase 
matrix of an aged gel. The fluorescence spectra of an aged SP1-doped specimens arc 
shown in Figure 4. The fluorescence band centered at 440 nm (Curve 1 of Figure 4; bX 
= 370 nm) is essentially the same as that observed in the sol (Curve 1, Figure 2). An 
intense new fluorescence band, centered at 540 nm, was observed when the excitation 
wavelength was increased to 435 nm (Curve 2 of Figurt 4). This peak is quite similar to 
one found in isopropanol solutions acidified by the addition of HC1.8 This band was 
previously assigned to the acidichromic product of SPl, SPlOHCl complex, in acidic 
alcoholic solution. The absence of HCl from the preparation, however, necessitates 
consideration of other possibilities. The authors propose the formation of a new species 
in the aged gel, SPloHO-M, which is postulated to result from complexation between 
SPl and acidic metal hydroxide sites in the alwnioosilicate network according to 
equation 2: 

where M =presents Si or Al , and SPloHO-M is the acidichromic product. 
Similarly, the thermochromic compound PMCl (equation 1) may also interact 

with HO-M to yield the acidichmic product of PMCl, PMCl*HO-M. as shown in 
equation 3: 

SP1 + HO-M .- SPloHO-M (2) 

PMCl + H O - M - e  PMClOHO-M (3) 
When the excitation wavelength was increased to 540 nm, in addition to the 

weak emission band centexed at 643 nm (previously attributed to singlet state emission 
from (PMCl)*, see Curve 2 of Figure 2), a new band centered at 580 nm was also 
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62 X.  S U N  et d. 

observed ( C w e  3 of Figure 4). The authors suggest that the new band results from the 
excited state of a PMClOHO-M complex. Aged aluminosilicate gels consist of network 
polymers formed by Si-oSi, Si-0-Al and A14-Al linkages. These systems contain 
large quantities of charged polar species such as Si-OH and Al-OH groups. SP1 and 
PMCl may interact electrostatically with these inorganic species, resulting in the 
formation of the SPlOHO-M and PMClOHO-M type complexes. The d y  fonnation 
of open-form memcyanine conforms indicates that the aged gel is still comparatively 
low in density, permitting the necessary molecular rearrangement of SP1 to proceed. 

1.1 -I 
351 4 H  451 518 S51 611 651 718 TW 

Wavelength (nm) 

Figure4 
Fluorescence spectra of SP1-aged gel 
at different excitation wavelength. 

(3) acx=54onm 
(1) a, = 370 nm; (2) & = 430 MI 

1.4 - 

8.2 - 

311 318 411 451 511 5S1 611 651 711 
wrvelen~lh (nm) 

Figurc 5. 
Absorption spectra of SP1-aged gel 

(1). before UV irradiation 
(2). after 2-min. W irradiation. 

Photochromic behavior of SP1 is retained in the solvent-rich aged gels, as shown 
in FigUte 5. Curve 1 of Figurt 5 shows the absorption spectrum prior to W irradiation. 
Two shoulders peaking at 320 nm and 350 nm are observed, corresponding to the SP1 
conformation as previously seen in Curve 1 of Figure 3. The intense absorption band 
centered at 450 nm is assigned to the SPloHO-M species. After 2 minutes of 365 nm 
irradiation, an intense peak cented  at 560 nm was observed (Curve 2 of Figure 5). The 
new band is postulated to result from the formation of a photomerocyanine complex 
derived from SPl*HO-M(e.g., PMCleHO-M). This result is very similar to the 
acidichromic effects previously reported for SP1 in alcoholic solutions8. 

The colored merocyanine complex form (PMC 1.HO-M) generated by irradiation 
with ultraviolet light slowly decays, by a thermally activated mechanism, to SPloHO-M. 
The thermal decay event obeys first order kinetics with a rate constant of 0.359 min-l at 
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PHOTOCHROMISM AS A PROBE OF GELATION 63 

room temperature (correlation coefficient is 0.992). Because of the interactions between 
the photochromic compound and condensing polymeric host material, the decay process 
in the aged gel is orders of magnitude slower than that in alcoholic solutions. 

5% 
The third stage of the proccss is the drying of the gel. When the solvents are removed, 
the gel structure collapses and the gel shrinks dramatically. The final volume is 
approximately one fifth that of the aged wet gel. The oxide network becomes 
substantially more compact, and the flexibility decreases with the departure of the 
solvent. 

The four species SP1, PMCl, SPlmHO-M and PMClmHO-M arc still present in 
the xerogel stage as shown in Figure 6. As discussed early, the intense emission band 
from the lowest excited singlet state of SPI is moved to 460 nm. This band exhibited a 
bathochromic shift of 30 nm compared with the result in the aluminosilicate sol, which 
is due to the environmental change at this stage. The 643 nm peak is from the 
photochromic product PMC1. SPlmHO-M is responsible for the fluorescence band 
centered at 540 nm, whereas PMCleHO-M is for the peak centered at 580 nm All of 
the four species are also observable at the final stage of the xerogel, but no 
photochromic behavior can be observed. 

1.8 I ' " " ' " ' ' " ' " " " " " " ' " " " :  

8.8 - 

8.6 - 

8.4 - 

8.2 - 

Figure 6. 

Fluorescence emission spectra of SP1-Xerogel at different excitation wavelength. 
(1). &x = 370 IUW (2). &x = 435 m; (3). Aex = 540 IIJII. 
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64 X.  SUN et ul. 

The photochromic compound, SPl. is found to be sensitive to changes in the 
local environment associated with the various stages of the sol-gel process. The sol, 
aged gel and xerogel transitions can be monitored by the evolution of absorption, 
luminescence and photochromic behavior of SP1 doped into the aluminosilicate host gel. 
Photochromism is retained through the aged gel stage, but is lost in the initial dry 
xerogel. The appearance of new fluorescence peaks, such as those shown in Figure 5, is 
consistent with the formation of complexes between the probe chromophore and HO-M 
surface groups in the gel. This is in good agreement with previously reported results 
implying the formation of spirooxazine.HCl complexes in alcoholic solution. 
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