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Abstract

The synthesis, characterization, analysis, and effect on solvent uptake of styrene, alcohol, amino,
and perfluoro functionalized silsesquioxane-azobenzene hybrid gels are discussed. 4,4’-
diallyloxyazobenzene and octa(dimethylsiloxy)silsesquioxane (QsMs!) gels are generated using
hydrosilylation chemistry. These gels were modified through two routes: in-situ and post-synthesis
modification, depending on the compatibility of the modifiers. The dynamic gel systems react to
visible and UV light to expand and contract, giving them sponge-like properties. The general
characteristics of each gel are illustrated through UV-Vis, ATR-FTIR, TGA, NMR, and SEM
imaging. Effects on their solvent uptake load and preference for various solvents/pollutants are
detailed below, and notable findings include preferences of the styrene material for aromatics,
perfluoro for THF, and alcohol for acetone. This is accompanied by a low affinity for water,
enabling them to remove organic solvents and particulate from water. We find that selectivity for
certain substances can be obtained but at the cost of total absorptivity of the gel systems.

Keywords: Environmental Remediation, Photo-actuatable, Smart-gels, Azobenzene,
Silsesquioxane, Spherosilicate

1. Introduction

In recent years, research has led to the understanding that many different pollutants have
become integrated into natural waterways and omnipresent within our drinking water, resulting in
a need to remediate such contaminants from water in more efficient, reusable manners.' The use
of porous polymers, which can remove or absorb pollutants from aqueous systems, has become a
significant research focus for this purpose. The design of responsive, smart gel polymer networks
that absorb liquids has benefited several fields and shows potential for use as absorbents or
sponges.*”’

In biomaterials, gels have been used for long-term dosage delivery,® but environmental
response has been implemented to degrade gels in the presence of specific molecules like glucose,’
delivering its contents in response, like insulin or small proteins. Successful degradation has been
achieved by using proteins®!%-1? and polysaccharides'? as biologically compatible scaffolding.
Other designs to specify target interactions with liquids or particles have utilized changes to
materials by the addition of binding sites, changes in polarity, or alterations to pH through added
functionality.’'#"1® For use in remediation, the functionalization of materials has proven beneficial
for adding selectivity or preference for interactions of gels with specific analytes, waste, and
pollutants.!®?® Integration of poly[(N-isopropylacrylamide-co-4-(3-acryloylthioureido) benzoic
acid)0.35]*' and 4-(3-acryloyl-thioureido)-benzoic acid*® into silica gel enabled targeted
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adsorption of phosphoproteins through hydrogen bonding with the phosphate, indicating the
incorporation of hydrogen bonding moieties into porous structures allows for interactions with
phosphorous containing molecules. Functionalizing silicas with pyridine, thiol, and amine groups
has increased the material's adsorption of pharmaceuticals like ibuprofen.?? Integration of
dopamine into silica microspheres has enabled a pH-responsive alteration of the material's
hydrophilicity.”” In contrast, hydrophobicity has been tuned in smart gels by adjusting the
material's butyl methacrylate composition ratio.?* Polarity has been affected by adding azobenzene
photo-switches into silica to cause a reversible shift, which intensifies depending on the irradiation
time.!®

Using these azobenzenes (or its derivatives) has another primary purpose: the light-driven
actuation of materials.?>’ This group of molecules was found to have a reversible isomerization
caused by absorbance of UV light, exciting the N=N double bond, allowing the molecule to rotate
and convert from the stable trans form to the cis. When coupled with the strain of the cis isomer,
the use of visible light excites the bond again, allowing it to relax into the trans conformation. The
wavelengths necessary for activation in these molecules have been altered by substituting the
system's benzene rings. One of the primary goals of this is to make the molecule absorption red-
shift, allowing for a trans—>cis isomerization with non-harmful visible light for use in biological
studies.?’% Other research has focused on the integration of these molecules as crosslinkers in
different types of materials through the addition of polymerizable substituents like allyloxy.?>-31-33
Kumar and Neckers described the structural changes in disubstituted azobenzene monomers as
caused by isomerization of the N=N bond in the photo-excited state to reduce the distance between
the 4 and 4’ para carbons by roughly 3.5 A (9A = 5.5 A).3*3 The change in the crosslinker’s size
is observed across all azobenzene bonds within the network upon irradiation, altering the entire
material’s characteristics. For these reasons, azobenzenes have been used as crosslinkers in photo-
healable networks,?¢ optics,3” thermal energy storage molecules,*® photo-switchable adhesives,
pollutant absorbents,*® photo-responsive thin films*, and gels.*!

The integration of azobenzenes into sponge-like materials provides the potential for hands-
free absorbance and release of environmental pollutants. Early attempts at using azobenzenes in
“sponge” materials utilized hydrogels that showed moderate actuation (~20%), but these materials
required an aqueous environment.*>*3 This reduces the ability of the material to absorb non-
aqueous substances and suggests a need for an alternative porous-forming structural component.
Silsesquioxanes are widely used precursors in many polymerization processes for silicon-based
materials. The Q-type silica cage, which, for simplicity, we will refer to as silsesquioxane (QsMs",
Qs, octakisdimethylsiloxy-silsesquioxane), has terminal silanes that allow for cross-linking via
hydrosilation reactions using a platinum catalyst such as Karstedt’s (Figure S1).4+*7 Integration of
these silsesquioxanes with azobenzenes has resulted in photo-responsive molecules,*2,
nanocomposites,’!*3 films,>* and gels®'>>% through the reversible cis-trans conversion.
Polymerization of 4,4’-diallyloxy-azobene with Qg has resulted in photo-responsive sponges,
demonstrating a reversible actuation of (~18%), comparable to the hydrogels, while in non-
aqueous solvents.>® This shows the potential of these materials as pollutant sponges and provides
an avenue for improved selectivity.

The synthesis, analysis, and effect on solvent uptake of functionalized silsesquioxane-
azobenzene hybrid gels are discussed in comparison to the original material below. 4,4’-diallyloxy-
azobenzene and octa(dimethylsiloxy)silsesquioxane (QsMs") gels are generated using
hydrosilylation chemistry and Karstedt’s catalyst, where bond formation occurs between the
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alkene of the allyloxy group and the terminal silanes of the silsesquioxane (Figure 1).°® The
actuation of each cross linker causes the gel systems to be dynamic, reacting to UV and visible
light to contract and expand, giving them sponge-like properties (Figure 2). These gels were
modified with various functional groups through two routes: in-situ and post-synthesis-
modification, where the functional alkene reacts with unbound silanes within the cage network
utilizing residual catalyst. Previous research demonstrated the ability to add allyl groups, such as
allyl alcohol, to QsMs! using this catalyst without quenching the catalyst.>’
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Figure 1. Reaction of octa(dimethylsiloxy)silsesquioxane (QsMs') and 4,4°-
diallyloxyazobenzene (azo, red) to form the cross-linked network in dichloromethane (DCM).

1
7 \_Azobenzene
R —{—0—sH Si—
\ Yo ¢ |
Azobenzene =0, _0—Si— ;-Azobenzene
> FFRF o/ SR 6 90X
q X WF a) QS 6
si—o0. RX F xRS O Rx§/
- Si FF F N ol RXsi
N=N XR.g, 0 RXo) N Si—0" Rx
| Q M og=Sio.? Azobenzene Q d
Azobenzene-g;. © o oxR Q %‘O‘Simzobenzene _S.i/ o s
d O\S' o os./_/ \1 OSI\O’_!Si/ ! o, fzobenzene
i O — -si
xR O L pxs | : P T (N
SN ait0¢ Si si. O )
0 —%0 S~ I~ O,
0,280 A ) 0gsicg 0
0% O Si Azobenzene —Si=-0. &
SiXR 9 5RX R 0 Sy
.0 O0—si— o &—0
Azobenzene~S! 14 N9
~Si~,
I S| Azobenzene . Azobenzene™] s?
Cis I Trans
Azobenzene

Figure 2. Structural and physiological changes observed in functionalized azobenzene cross-
linked silsesquioxane gels when exposed to UV (365 nm) and green visible (515 nm) light.
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The analysis of solvent swellability described herein provides insight into the potential use
of these materials as hands-off sponges, which can selectively absorb pollutants from water or
other liquid environments. These materials can be swollen from a dry state or using green (515
nm) light and wrung out with UV, reducing the need for direct contact. The effects on their solvent
uptake load and preference for various environmental pollutants are detailed below, and general
characteristics are illustrated through FTIR, TGA, and optical/SEM imaging.

2. Experimental Methods
2.1. Materials

All materials and items were purchased from vendors or donated and used as received
unless described here within. Dichloromethane (DCM) and acetone were purchased from EMD
Chemicals. Toluene and tetrahydrofuran (THF) were obtained from Supelco. Hexafluorobenzene
(99.0%), styrene (>99.0%), and 3,3,4,4,5,5,6,6,6-nonafluoro-1-hexene (>98.0%) were all obtained
from TCI America. Allylamine (98%) was purchased from Sigma-Aldrich, and allyl alcohol
(98+%)  through  Thermo  Fisher  Scientific. = Karstedt's  catalyst  (platinum-
divinyltetramethyldisiloxane complex, 2% Pt in xylene) was obtained from Gelest, Inc. 1,1,1-
trichlorotrifluoroethane (CFC) was bought from Synquest Labs Inc. 9-fluorenone (98+%) was
purchased from Alfa Aesar. Both gasoline (regular unleaded) and diesel were obtained from
Marathon. Reverse osmosis purified water was used in all testing. Norm-Ject®-F Leur Solo 1mL
syringes were used with hypodermic needles (18Gx 1 2" Luer-Lock, Air-Tite Products Co., Inc.)
for the injection of solutions. The 365 nm lamp was purchased from ThorLabs (COP1-A Olympus
- M365LP1-C1 15.0V Lamp), and Lumenshooter made the 515 nm flashlight.
Octakis(dimethylsiloxy)silsesquioxane (QsMs!) were provided by Mayaterials Inc., Ann Arbor,
MI. 4,4’-diallyloxy-azobenzene synthesized via method by Hu and Furgal >

2.2. Gel Preparation and Solvent Exchange

2.2.1 Preparation of the 1:2 Azo-octa(dimethylsiloxy)silsesquioxane (QsMs'/Azo) polymers

The formation of the 1:2 mol ratio QsMs"/Azo gels was modified from the methods used
by Hu and Furgal.’® In a 20 mL vial, 0.192 g (0.2 mmol) QsMs" and 0.13 g (0.4 mmol) 4,4’-
diallyloxy-azobenzene were added together and dissolved in 2 mL DCM. In a separate vial, 1 mL
of DCM was mixed with 1 drop (0.0007 mmol Pt) of Kartsedt’s catalyst and then added to the
other solution. The mixture was warmed to 36 °C to initiate polymerization, and then 2 mL of
DCM was added to the vial. The material underwent solvent exchange to remove impurities before
cutting and analysis.

2.2.2 Preparation of the 1:2:4 Azo-octa(dimethylsiloxy)silsesquioxane (QsMs"/Azo/Modification)
polymers — prefunctionalized

In a 20 mL vial, 0.192 g (0.2 mmol) QsMs", 0.13 g (0.4 mmol) of 4,4’-diallyloxy-
azobenzene, and styrene/3,3,4,4,5,5,6,6,6-nonafluoro-1-hexene (0.8 mmol — 0.090 mL/0.140 mL)
were added together and mixed in 2 mL DCM. In a separate vial, 1 mL of DCM was mixed with
1 drop (0.0007 mmol Pt) of Kartsedt’s catalyst and then added to the other solution. The mixture
was warmed to 36 °C to initiate polymerization, and then 2 mL of DCM was added to the vial

https://doi.org/10.26434/chemrxiv-2024-7gp9m-v3 ORCID: https://orcid.org/0000-0002-7040-0793 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-7gp9m-v3
https://orcid.org/0000-0002-7040-0793
https://creativecommons.org/licenses/by-nc-nd/4.0/

(Figure 4). The material underwent solvent exchange to remove impurities before cutting and
analysis.

2.2.3. Preparation of the 1:2:4 Azo-octa(dimethylsiloxy)silsesquioxane
(OsMs''/Azo/Modification) polymers — postfunctionalized

In a 20 mL vial, 0.192 g (0.2 mmol) QsMs" and 0.13 g (0.4 mmol) were added together and
dissolved in 2 mL DCM. In a separate vial, 1 mL of DCM was mixed with 1 drop (0.0007 mmol
Pt) of Karstedt’s catalyst and then added to the other solution. The mixture was warmed to 36 °C
to initiate polymerization, and then 2 mL of DCM was added to the vial. After 15 minutes, a 1 mL
solution of DCM and allyl alcohol/allyl amine (0.8 mmol — 0.055 mL/0.060 mL) were slowly
injected into the middle of the gel with a syringe (1 mL, 20 g needle). After 24 hours, the material
underwent solvent exchange to remove impurities before cutting and analysis. Synthesis is shown

in Figure 3.
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Figure 3. Formation of functionalize

2.2.4. Solvent Exchange and Analysis

Si\
/ “Azobenzene

d gels using in-situ (blue) and post (red) functionalization
methods.

NH,

Gels underwent an exchange process in between analyses. Samples in vials had existing

solvent decanted and new solvent added (~90%) to promote diffusion of unutilized reagents and
an exchange of solvents. Samples were allowed to rest in ambient conditions with the new solvent
for 2 hours before the process was repeated for a total of 3 replacements. This process was
performed 24 hours after the initial gel synthesis and after each solvent study to remove impurities
and ensure solvent replacement through diffusion. Samples were analyzed by light microscopy
(section 2.3) during actuation. Initial images were obtained, then samples were irradiated for 3
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cycles of 365 nm (UV — 30 minutes) and 515 nm (Green — 30 minutes), with images taken at each
step. If a gel degraded, a new sample was imaged in DCM and exchanged into the solvent of
interest, and the calculations were based on the new solvent by percentage.

2.2.5. Solvent Preferability Analysis

Solvent miscibility and preference effects were studied using water, DCM, and THF
solutions. First, a sample of styrene functionalized gel was exchanged into DCM. The sample was
then placed on a glass petri dish and encapsulated in water by a pasture pipette. UV light was used
to irradiate the sample for 16 minutes while recording the process by light microscopy. Second, a
1 M 9-fluorenone solution of 1:1 (I mL water — 1 mL THF) was made, and after gentle mixing, 2
drops of the solution were added to a partially dried styrene functionalized gel that had been stored
in water. The solution was exposed to 515 nm light to facilitate absorption, and the process was
recorded using light microscopy. Still frame images were generated from each video to
demonstrate the material's solvent selectability.

2.3. Light Microscopy and Surface Area

A Zeiss Stemi 2000-C light microscope (Carl Zeiss Meditec Inc., Dublin, CA, USA)
equipped with an AxioCam ERcS5s camera at 0.65 x magnification was used to capture images.
The perimeter of the gels and background was highlighted using the Magic Wand Tool in Adobe
Photoshop (V. 25.1.0), and the difference between the selected pixels and the entire picture was
recorded (Formula 1). These values were used to compute the variations in different solvents with
respect to the sample size in the beginning. Note: Using a consistent setting on the microscope
produces images with identical pixel counts (307,200 pixels).

Formula 1. Equation used to generate the surface area in pixels for comparative analysis.

Surface Area = Total Image Pixels — Highlighted Background Pixels

2.4. Dry-Swelling Analysis

The DCM swollen gels were allowed to dry out completely over 24 hours in ambient
conditions through evaporation prior to imaging. Then, the gels were exposed to DCM and allowed
to reswell, and images were taken. The microscope images were used to assess the approximate
change in surface area by percentage of the dried sample.

2.5. UV-Vis Spectroscopy

Using an Agilent (Santa Clara, CA, USA) Cary 60 UV/Vis, a series of absorbance spectra
were obtained. Dichloromethane swollen gel systems were put in a quartz cuvette (reduced
volume 1 cm x 1 cm with 2 mm sample path length) containing DCM. Every seven seconds,
until the actuation stopped, a series of scans were taken between 200 and 800 nm. Using 365 nm
or 515 nm light, an overlay of the absorbance vs. wavelength was plotted during the length of the
conformational shift using Microsoft Excel.
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2.6. Fourier Transform Infrared Spectroscopy — Attenuated Total Reflection (ATR-FTIR)

Spectra was obtained using OMNIC Spectra (Thermo Scientific, Waltham, MA, USA,
2017) on a Thermo Scientific ATR-FTIR (Nicolet iS5 Fourier Transform Infrared Spectrometer
iD7 Attenuated Total Reflection, SN: ASB1817610). ATR methods were used, and solid samples
were placed directly on a ZnSe crystal. All samples had 16 scans from 4000 to 400 cm—1 with
0.121 cm—1 data spacing. Post-analysis was performed using Microsoft Excel (Version 2305 Build
16.0.16501.20074) 64-bit.

2.7. Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis was conducted using a Hitachi STA7200 Thermal Analysis
System and NEXTA. Before examination, materials were dried in a vacuum oven (50°C for 48
hours). 5-20 mg samples were placed in a ceramic crucible and heated at 10 °C per minute from
25 to 1000 °C, with an airflow of 200 mL/min. Data was extracted and graphed for analysis in
Microsoft Excel.

2.8. MAS SS #Si NMR

Magic Angle Spinning Solid-state 2°Si NMR and '*C were collected using a Bruker
600MHz Avance [IIHD DNP spectrometer (Bruker, Inc., Billerica, MA, USA). Ground samples
were packed into 3.2 mm zirconium rotors, spun at 10kHz MAS frequency, and heated to
~300K. A 3.2 mm HXY-DNP probe was used to collect all data. 2°Si utilized H-Si cross
polarization experiments (145 to -255 ppm, 256 scans, and 7-second decay period). 1*C analysis
utilized H-C cross polarization with a spectral window of 296 to -97 ppm. All spectra were
generated using MestReNova (v15.0.1-35756) with a Bernstein Polynomial baseline correction.
2%Si NMR data were used to approximate functionalization percentages based on relative peak
heights of the Si-H and Si-C shifts.
Original gel — 2°Si NMR (8 ppm): 6 12.11, -2.89, -109.78; *C NMR (151 MHz, § ppm): &
229.65, 215.60, 193.02, 183.18, 163.38, 149.28, 126.74, 116.91, 97.14, 83.04, 72.36, 60.38,
50.88, 32.06, 25.43, 18.88, 15.99, 11.55, 2.20.
Styrene gel —2°Si NMR (8 ppm): & 11.52, 9.16, -3.04, -109.93; *C NMR (151 MHz, 8 ppm): &
229.75, 215.60, 195.88, 180.77, 163.45, 149.22, 130.26, 116.94, 72.43, 65.87, 33.11, 31.48,
27.79,25.37,22.02, 16.46, 14.26, 11.75, 2.01, 0.47, -0.34.
Nonafluoro gel —2°Si NMR (& ppm): § 12.16, 6.50, -2.94, -110.08; 3C NMR (151 MHz, § ppm):
0229.65, 215.58, 192.97, 183.24, 163.46, 149.27, 126.71, 116.88, 97.21, 72.34, 60.46, 50.47,
31.92, 25.38, (18.88), 15.88, 11.48, 9.27, 1.59.
Amine gel —2°Si NMR (8 ppm): § 11.08, -3.19, -19.58, -110.22; *C NMR (151 MHz,  ppm): &
229.75, 215.47, 193.09, 183.06, 163.49, 149.28, 132.18, 126.76, 116.99, 97.27, 82.93, 72.60,
47.00, 29.72, 25.48, 16.46, 11.72, 2.39.
Alcohol gel: Si NMR (8 ppm): 6 12.11, -109.73; 13C NMR (151 MHz, & ppm): § 229.84,
215.53,193.18, 183.28, 163.54, 149.29, 126.87, 117.12, 97.28, 82.89, 72.63, 67.02, 28.54, 25.38,
15.98, 2.04.
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2.9. Scanning Flectron Microscopy (SEM)

Dried samples were mounted to the sample spaceman with a carbon adhesive strip
revealing exterior and interior surfaces occurring from fracturing when drying. A conductive layer
was applied using a Hummer VI-A Sputter Coater (gold/palladium mix). Mounted samples were
placed inside the instrument, and images were obtained using a Hitachi S-2700 Scanning Electron
Microscope with a lanthanum hexaboride source (Hitachi, Tokyo, Japan). Images were obtained
using 70x magnification with working distances of 13-14, 15 kV, and an aperture of 4.

3. Results and Discussion

Octakisdimethylsiloxy-spherosilicate (QsMst, Q-silsesquioxane) — 4,4’-diallyloxy-
azobenzene (azo) photo-responsive gels were synthesized according to the methods described in
Section 3 using hydrosilylation in DCM, and the addition of the functional group in-situ or post-
polymerization. The original gel system was designed to be photo-actuatable, and the
functionalized variants retain their photo-responsive nature at varying efficiency in the presence
of different solvents. The mol ratio of 1:2 QsM;gH-Azo was used as its previous work showed its
actuation was the largest compared to other formulations.>® Functionalized gels were formed with
a mol ratio of 1:2:4 (QsMs":azo:functional group) to show the effect of the moiety on solvent
absorption while reducing the impact on actuation efficiency. With some variation from the random
polymerization, using this composition of components, each cage within the gel is expected to, on
average, have no unbound corners, with half of the corners bound to an azobenzene, and half to
the functional groups base on stoichiometry. Styrene, 3,3,4,4,5,5,6,6,6-nonafluoro-1-hexene
(nonafluoro, fluoro), allylamine (amine), and allyl alcohol (alcohol) were chosen due to their
difference in potential solvent interactions (Figure 4). Functional group reactivity with the catalyst
(platinum) was considered in the choice of incorporation method, where alcohol and amine groups
were added post-gelation. Interaction of the functionality with the catalyst may still occur, as
discussed herein, but this preparation method aimed to reduce these instances. Gels were
characterized by UV-Vis, ATR-FTIR (attenuated total reflection-Fourier-transform infrared
spectroscopy), TGA (thermogravimetric analysis), 2°Si SS NMR (Solid State Nuclear Magnetic
Resonance) and SEM (scanning electron microscopy) Materials were analyzed by swelling and
actuation in different solvents to observe the effects of functionalization. A comparative analysis
is provided for insight into the structural, thermal, and geomorphic properties of the polymerized
materials with differing functionalities to the original, unmodified QsMg!-azo gel referred to
herein as the “original gel”.
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Styrene Nonafluoro Amine Alcohol

Figure 4. Images of the functionalized gels post-reaction (top) and after solvent exchange and
drying (bottom). Styrene and nonafluoro utilized the in-situ method, while the amine and alcohol
gel were post-functionalized. Each shows a visible difference in color, texture, and firmness.

3.1. Material Characterization

UV-Vis analysis of the 4,4’-diallyloxyazobenzene gel and each of the functionalized
materials shows effects of the functionalization on the photo-actuation of the material. Conversion
of the original gel from trans to cis occurs within 175 seconds under UV irradiation where the
absorption at 360 nm diminishing over time while the bands at 260 and 460 nm increase. The
reverse transformation takes 350 seconds with 515 nm light to completely return to the original
state showing the opposite shifts in absorbances and maintaining the isosbestic points of 325 and
430 nm (Figure S2). The styrene gel exhibits a distinct change, where there is no observed
isosbestic point, and a reduction in absorbance at 365 nm under UV (105 sec) and increase with
green light (560 sec). This is believed to occur due to competitive absorption of the aromatic
groups within the material (Figure S3). Both the nonafluoro and amine gels have similar absorption
bands and transitions to the original materials with an increase in the intensity of the 265 nm peak
(Figures 5 and S4). Despite the similarities, the speed of actuation does change compared to the
original gel where the amine converts from trans to cis in 112 seconds and cis to trans over 175
seconds, while the nonafluoro gel has a faster trans to cis conversion (105 sec) but slower cis to
trans (245 sec). The alcohol functionalized gel acts more similarly to the styrene material, where
there is a reduction in absorption at 365 nm when exposed to UV (112 sec) and an increase under
green light (420 sec) with no isosbestic point (Figure S5). This may be an indication of competitive
absorption occurring from functionalization at the hydroxy end, leaving the allyl group in the
exterior of the material. An alternative explanation would be a reduction in the amount of 4,4’-
allyloxyazobenzene bound to each cage due to excessive attachment by the functional group.
Overall, each material exhibits some absorption at 365 nm, despite the differences in intensities
and other peaks observed.

https://doi.org/10.26434/chemrxiv-2024-7gp9m-v3 ORCID: https://orcid.org/0000-0002-7040-0793 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-7gp9m-v3
https://orcid.org/0000-0002-7040-0793
https://creativecommons.org/licenses/by-nc-nd/4.0/

225 275 325 375 425 475 525 575
Wavelength (nm)

0.9
0.8
0.7

3

©06

®
£0.5

2

204

0.3
0.2
0.1

0

225 275 325 375 425 475 525 575
Wavelength (nm)

Figure 5. UV-Vis Spectra of the 1-2 QgMgH — 4,4’-allyloxyazobenzene nonafluoro functional

gel. Trans to Cis transition of the azo-crosslinker occurring over 105 seconds of 365nm UV light
exposure is shown on top. Conversion from the cis form to the trans happens within 245 seconds
of exposure to a 515nm light (bottom). The direction of each transition is shown with arrows.

ATR-FTIR was performed on dried-out samples of each functionalized gel and compared
to the original material (Figure S6). Each material shows the presence of the Si-O-Si (1130-1000
cm™), Si-H (2280-2080, 950-800 cm™), and Si-CH3 (~2960, ~2870, ~1380, and 1275-1245 cm™)
peaks from the Qs-silsesquioxanes but distinct resonances also show their functional groups. These
peaks may be present in each sample as the polymers are formed randomly, so not every cage unit
will have full functionality or crosslinking. The spectra of the styrene functionalized gel shows
high conversion of the Si-H groups compared to the original material by the reduction in the peaks
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at 2139 and 895 cm!. This is easily observed when the spectra are adjusted to show similar peak
heights for the Si-CH3 peaks, showing a similar reduction of the Si-H group in all functionalized
gels. The presence of the styrene’s aromatic ring is observed in the unsaturated region at 3078,
3060, and 3024 cm™'. In the nonafluoro material, the N=N peak of the azobenzene crosslinker is
more visible in the 2020 cm! region; however, this functional group’s resonances, such as C-F
(1100-1000 cm™), overlap with the Si-O-Si section and little more inferences can be made. The
amine gel was synthesized post-gelation due to its hindrance to the polymerization process. Spectra
of the amine material does not show any notable peaks, but there is noise present in both the
primary amine (3500 cm™) and aliphatic amine (~1650-1540 cm™!) regions; the latter is also
broadened. In the alcohol-modified gel, the presence of the OH group is clearly observable by the
broad peak around 3400 cm™!. While the results of the FTIR analysis supports the attachment of
each functional group by both in-situ and post-gelation methods inferring attachment efficiency is
best left for the clearer spectral comparisons obtained by 2°Si NMR.

Thermal gravimetric analysis was performed on each of the original and functionalized
gels. Each modified gel exhibits a difference in the decomposition temperatures at 5% weight loss
(T4s%), indicating that adding functionalization alters the thermal stability of the materials, except
for nonafluoro (Figure S7). The addition of styrene reduces the stability from 396 °C in the original
gel to 375 °C due to the higher content of hydrocarbons, and attachment of this functionality
changed the observed ceramic yield (CY) by 18.0% (Table S1) suggesting high functionalization.
Gels containing nonafluoro did not alter the Tqsv from the original material; however, as described
above, there is a notable reduction in Si-H groups observed in the FTIR. The shape of the TGA
plot is also notably different, with a steadier degradation slope, and a 9.8% observed change in the
CY suggests a lower attachment efficiency. Reduction in functionalization by nonafluoro is most
likely due to the repellent nature of perfluoroalkanes, but this still affects the solvent preference.

Since the amine and alcohol gels were formed prior to functionalization, neither group can
reduce the amount of azobenzene bound to the cage like styrene, suggesting the difference in CY
occurs strictly from the functional group, whereas the in-situ functionalized gels may be affected
in crosslinking. The addition of the amine side group resulted in the only increase in thermal
stability, with a Tas, 0f 425 °C (+29 °C). The ceramic yield of the amine gel was 54.5%, only 3.3%
lower than the original material, suggesting a reduced attachment efficiency. This is potentially
due to interactions with the catalyst as attempting to form the gel through in-situ methods failed,
with no gel formation after 24 hours. Lack of polymerization was attributed to quenching of the
catalyst by the amine in these trials, and the reduced attachment rate via post-functionalization
could result from similar issues. Despite this, there is still a noteworthy alteration in the final
materials' solvent preferences and thermal stability. The alcohol gels show the lowest thermal
stability with a significant mass reduction beginning at 290 °C suggesting there was either poor
attachment of the allyl alcohol or the degradation products are more volatile. The ceramic yield
suggests that the material was adequately functionalized, with a difference in CY of 12.8%. As
previously mentioned, other researchers have shown that allyl alcohol preferentially reacts at the
C, not O, terminal end when attaching it to QsMsg! with Karstedt’s catalyst,’’ suggesting the
material should have retained the free hydroxy terminations, unlike allyl amine. This is further
supported by the gel's preference for acetone, a more polar solvent, where C terminations would
reduce this preference.
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Figure 6. Stacked spectra of the 2°Si NMR spectra of each gel.

NMR analysis shows differences in each materials constitution when both silicon and
carbon are investigated. 22Si NMR shows the differences between the silicons present in the

material, which can show speci

fic changes correlating to the cage and its corners (Figure 6). The

original material exhibits peaks with nearly equal intensities at 12.11 [-OSi(Me).CH2R,
allyoxyazobenzene bonding], -2.89 [-OSi(Me);H, Q-cage corner], and -109.78 ppm [Q,-type,
Si(OSi),, cage structure]®®. This supports that the 1:2 (Q-cage:azo) ratio results in four unbound
and four crosslinked corners. In each of the functionalized materials there is a decrease in peak
intensity for the peaks around -2.89 and 109.78 ppm, showing a reduction of the Si-H termination.
Beyond this, the changes are unique to each material, with several having a shoulder at ~10 ppm
indicating attachment of a similar -OSi(Me)>CHzR structure, shifted by the distinct functional

group. In the styrene material,

there is an additional peak at 9.16 (similar to PhCH,SiCl; peaks

which appear at 7.2 ppm)*® and -3.04 (Q-cage corner) which suggests that not all of the corners
were functionalized, but the majority of this material was (~90+%, peak height estimation). For
the nonafluoro gel, there is a peak at -6.50 ppm which we attribute to the -OSi(Me)>CH:2R structure

with slight shielding occurring

from the fluorocarbon chain. This is combined with a larger peak

at -2.94 (cage corner), suggesting that the material is lesser functionalized, and based on

approximate peak heights may
shoulder is noticeable around 1

have reached an attachment of ~60+%. In the amine spectra, the
0 ppm, however it is not clearly defined. There is a peak near -19

ppm suggesting the -OSiMe,R peak shifts upfield due to the propylamine group. This is
accompanied by a peak at -101 ppm which is typical of silanol/hydroxy terminated siloxane which
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may indicate corners which reacted with the nitrogen instead of the allyl end.” This is the only
material which exhibits this slightly deshielded cage structure, and was the most likely to react at
the functional end of the reactive group; however the majority of the Si-H group was reduced (-
3.19 ppm), and the amine attachment is the primary unique peak observed, suggesting ~65+%
attachment. The alcohol gel shows a full functionalization where the allyl alcohol reacts to form a
hydroxypropyl termination, which would show a similar shift to the original cage formed from
allyloxy terminated azobenzene; however, there is no presence of the -OSiMe;H peak ~-3ppm.
The findings of the 2°Si NMR study supports the findings of the FTIR and TGA analysis, which
suggested near full functionalization of the styrene and alcohol gels, while the nonafluoro and
amine did not react as efficiently.

13C NMR spectra revealed minor differences among the carbons present in each gel sample
(Figure S8). Using the H-C cross polarization experiment, there are notable spinning sidebands at
10 kHz over 180 ppm and at 97, 82, 60, and 50 ppm. This was found to be the spinning speed with
the least overlap to the shifts of the materials. Across all materials there are some common peaks:
For the styrene gel, there is a shift in the peak near 130 ppm (from 126 ppm) which is due to the
para carbon of the styrene which lies in the same region as other aromatic carbons on both the
styrene and azobenzene. Other variances are seen in shifts from 50-0 ppm due to the reduction in
Si-H groups and the presence of the -SiCH2CHAr carbons in the functional group. The primary
difference between the original and the nonafluoro functionalized gels when viewed by *C NMR
is the presence of an additional peak around 9 ppm which we attribute to the -SiCH2CH>CF»-
carbons in the functional group. This peak is at low intensity, suggesting, along with the other
characterization methods, that the nonafluoro functional group bound with lower than desired
efficiency. There are few differences in the shifts observed in the amine material spectra. The
peaks observed at 47, 29, and 16 ppm reflect the propyl formed when the allyl amine binds to the
material. This suggests that the primary form of attachment with the amine is through the allyl end.
Similar to the amine, the primary differences seen in the alcohol functionalized gel are the shifts
at 67 and 28 ppm which occur from the exterior two carbons in the hydroxy propyl chain (-
SiCH2CH2CH20H). Additionally, a lack of the shift at 11 ppm present in every other material may
complement the 2°Si NMR, indicating the complete functionalization of the material.

When viewed by microscopy, the functionalized gels show some distinct features (Figure
S9). Styrene functionalized gels shows smooth ridges with little evidence of strain during
formation or shrinking. The nonafluoro gel shows striations across the surface, depressions on the
edges, and pore-like structure fractures likely due to incompatibilities between fluorocarbon and
the gel material. The amine and alcohol both have smooth surfaces and formed jagged edges where
the material was split. Unlike with the original material, there was little observable indication of
pores on the surface or interior of the materials.’® This suggests the functional groups fill the
materials’ interstitial space, supported by the reduction in solvent uptake.

3.2. Gel Swelling

All gels were inspected for the change in surface area when dried samples were swollen in
DCM (Figure 7). The functionalized gels each exhibited distinct firmness in all samples, reducing
the ability to produce clean, square cuts, even when using a square punch. To ensure the analysis
was accurate, each image was analyzed using an Al-assisted selection tool, and the surface area
was measured by pixels since each image was taken with the same microscope settings and the
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images contained an identical pixel count and dimensions. This method of analysis considers the
X and Y axis changes of the samples for analysis, and a percentage of swelling was calculated by
dividing the swollen area by the dry sample.

The original material had a surface area change of 413%, and the functionalized gels
decreased in efficiency, starting with styrene (283%), then allyl alcohol (275%), nonafluoro
(196%), and lastly, the allyl amine (153%). Each change in area was then compared to the original
system as the most efficient in absorption and expansion (Table 1). These measurements were used
to generate the graph in Figure S10 and to calculate the relative efficiencies between the original
material and modified species. Note that a decrease in swelling was expected in the functionalized
versus the original gels due to space-filling through the functionalization of open sites and space
within the material.

Original Gel

Styrene

Nonafluoro

Amine

Alcohol

Figure 7. Images of the dry (left) and swollen (right) gels. These images were used to analyze
the change in surface area and volume where applicable. All images were used as shown, except
for the nonafluoro sample, which broke in its Z-axis. The portion outlined in red was used for
calculations.

Table 1. Change in surface area of each azobenzene gel from swollen in DCM to dried out.
These values were used to compare each gel to the unmodified, original gel system. (All Gels
formed in DCM). Change is calculated by dividing the area of the swollen sample by that of the
dried material.

Swollen-Dry Gel Change in Area (%) Compared to Allyloxy (%)
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Original Gel 413.81 100.00

Styrene 283.31 68.46
Nonafluoro-1-hexene 196.00 47.36
Allylamine 153.65 37.13

Allyl Alcohol 275.61 66.60

Each gel underwent solvent exchanges into various solvents to test the effect of
functionality on selectivity and conduct the actuation tests described in section 2.2.5. There are
some notable differences in solvent preferences among the distinctive species when comparing the
effects individually due to functional group interactions (Table S2). These are easily notable in
Figure S11 which provides a visual comparison of the surface area changes of the individual gels
compared to themselves in DCM. In this representation, all gels swell efficiently in DCM;
however, THF is the second most efficient in the original, styrene, and alcohol gels, while it is the
least in the amine and induces slightly higher swelling in the nonafluoro sample. The alcohol gel
prefers acetone over toluene, unlike the other four, which have the 3™ most extensive swelling in
toluene. In styrene, acetone is roughly 50% of the swelling observed in DCM. While the original
gel swells decently in gasoline (75%), it does not absorb diesel as well (38%). These two solutions
interact similarly in the functional materials, with the most significant difference in swelling
observed in the styrene gel (9%). For both the styrene and alcohol gels, the swelling efficiency in
gas, diesel, water, and hexafluorobenzene was below 50%. This suggests they would not be ideal
at soaking up these materials, but it shows potential for selectively pulling the other solvents out
of mixtures containing these (i.e., THF and water). The nonafluoro gel only swelled to 44%, its
smallest size, in water and slightly preferred 1,1,1-trichlorotrifluoroethane (CFC), a perfluoro
reagent. The allylamine had a minimum swelling of 63% in THF and exhibited a minimal variation
in swelling (9% range) for all other non-DCM solvents.

The reason for the slight variation in the amine gel becomes apparent when the gels are
compared to the maximum swelling in DCM. Table S3 shows the relative swelling percentages of
each gel as a percentage compared to the maximum (original, DCM) derived from the data
previously shown in Table 1. When this is extrapolated into a graph (Figure 8), the slight change
in swelling in the amine gel is due to its overall low loading with a 45% maximum and total range
of 16% change in surface area across all solvents. This data analysis shows alcohol’s preference
for acetone and THF compared to toluene, fuel, water, and a fluorocarbon ring. Alternatively,
styrene functionalized gel absorbs acetone only slightly better than hexaflourobenzene (5.25%),
most likely due to m-m interactions within the interstitial space. While a low absorption for fuels is
less desirable, the low swelling in water is ideal, and styrene exhibits the lowest swelling in water
of all gels at 27%. This provides insight into the selectivity for pollutants over water absorption,
indicating the potential of these materials as remediation sponges that can be expanded and wrung
out without physical interaction.
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Figure 8. Initial, un-actuated surface areas of each gel in the given solvents, using the original
gel's surface area in DCM as the reference maximum for all values. Graph derived from Table
S3.

3.3. Photoactuation and Efficiency

As previously mentioned, DCM was found to swell the original material to its maximum
and was used as the reference value for solvent and actuation effects. When conducting photo-
actuation of the samples, an image was taken of the sample in the solvent (1), then after exposure
to UV (365 nm, 30 min) and green light (515 nm, 30 min) in 3 cycles (1 hr each). An example of
this process is shown in Figure 9. Measurements were derived from each image, and the change
in surface area as a percentage of each gel was compiled in two ways like the swelling analysis,
compared to itself (S) in DCM (Table S4) and against the original gel (O) in DCM (Table S5).
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Styrene

Nonafluoro

Amine

Alcohol

Figure 9. Actuation of the functionalized gels in DCM by 365nm (violet) and 515 nm (green)
light. In each numbered sequence, image 1 is the ambient, unactuated sample. Note that UV
exposure occurs between images 3 and 4 in each series.
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As discussed in Section 3.2, each functionalized gel demonstrates a distinct preference for
swelling or absorbing certain solvents over others. The visual interpretation of the actuations of
each material against themselves (Figure S12) and the original gel (Figure 10) offers a further
understanding of each species’ photodynamics in the various solvent systems. While there are
many results to consider, we focus on any significant shrinking or expansion in surface area by
actuation occurring from the 1%-3" cycles to 565 nm green irradiation, and significant changes
such as those exceeding a 5% variability. A decrease in surface area from the initial to the final
state indicates a general loss of actuation potential. An overall increase indicates relaxation of the
material structure and increased swelling potential. Any other unusual observations will be noted
in detail below.

Styrene Nonafluoro
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Figure 10. Graphs showing the actuation of each functionalized gel in the various solvents
throughout three actuation cycles. Information depicts solvent swelling comparisons of each gel
proportional to the original gel, where the data is derived from Table S3, and a range of 15-75%

is shown.

The styrene functionalized networks were designed to decrease internal polarity vs. the
original. It maintained the expected actuation response in DCM, relaxing in the first cycle before
almost returning to its full size (compared to itself (S) 99.20%, and against the original gel (O)
67.91%). Toluene also showed great actuation and relaxation over each cycle, increasing from
88.98% = 93.24% (S) (60.92 = 63.84% 0), showing a preference and expansion in similar, non-
polar solvents with potential for n-m interactions. In contrast, the actuation in acetone was relatively
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poor, reducing actuation from 50.34% = 30.09% (S), and 34.47% - 20.60% (O), which is likely
due to its poor compatibility with this solvent. This is important as acetone is more polar than the
other solvents and demonstrates our ability to alter the polarity of the pore/interstitial interiors. In
these systems, the unfavorable solvents reduced the size of the gel and greatly halted the actuation
of the material.

The nonafluoro functionalized network gel was expected to improve compatibility with
fluorinated compounds. Overall, we see shrinkage and re-expansion over UV/Vis cycles (30 min
each) for half of the solvents tested, with minimal changes occurring in gasoline, diesel, water, and
hexafluorobenzene; however, there is some complexity in the quantification of the changes
observed. DCM showed the most consistent results with reversible shrinkage and expansion
changes of ~10% (S) or ~5% (O), slightly increasing capacity over 3 cycles from 100% -
101.78% (S) (47.36% —> 48.21% O). Both Toluene and THF show improvement in swellability,
where Toluene increases from 93.04% > 107.54% (S) (44.07% > 50.94% O) and THF from
100.60% - 106.00% (S) (47.65% —=> 50.21% O) showing a preference for these solvents over
DCM. The material is less compatible with acetone, which shrinks from 83.47% = 66.26% (S)
(39.54% > 31.3% O) steadily over the actuations. The compatibility of this perfluoro
functionalized network with linear fluorinated solvents (CFC) is improved over the unmodified
network when compared to its efficiencies (10.40%), but its photoresponse is not straightforward
or overly consistent. The other solvents mostly lost their actuation capabilities, shrinking the
material to under 50% (S) (30% O). There is speculation that the addition of the nonafluoro
functional group and the ability of perfluoro substances to repel many substances results in
reduced actuation.

Amine functionalized networks were designed to significantly increase the internal polarity
versus the original, unfunctionalized material. This system was the most unique out of the new
derivatives, showing reverse UV and visible light performance, especially with DCM. UV
exposure gave polymer expansion and green showed shrinkage of nearly 10% (S) in a
contradictory fashion. There is no clear and consistent actuation with the other solvents. Acetone,
toluene, THF, and hexafluorobenzene all saw changes of >5% (S), but when compared against the
original gel, all solvents, except for DCM, swelled to less than 35%. The UV-Vis of the amine
shows actuation and absorption similar to the original material; however, it is possible that the
amine terminal groups interact with the azo bridge through hydrogen bonding to reduce or alter
the expansion and contraction of the material.

The last functionalization investigated was alcohol, which was utilized to investigate the
effects of increasing the internal polarity of the material, similar to the amine group. The first cycle
of the alcohol in DCM showed an outstanding UV response, leading shrinkage to 74.77% (S)
(66.60 > 49.80% O) of the original volume; however, additional cycles only gave up to 10%
actuation response, ultimately remaining much smaller than it started 71.52% (S) (47.63% O). This
hysteresis effect was sometimes observed in the unfunctionalized gel as well. The results in acetone
and toluene tended to be quite inconsistent compared to the original; however, this material's
affinity for acetone is the highest overall, even over the original material (+19.62%). This is
potentially due to interactions between the -OH group and the acetone. In this sample, THF was
the most consistent actuation and increased the overall material size from 86.83% —271.52% (S)
(57.83 260.93 O) after all three cycles.
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These results show some selectivity for different solvents based on the functionality added
within the material; however, all four variations have a low affinity for water, making them useful
as pollutant sponges. Solvents or pollutants with low or no miscibility with water and high
absorption, such as DCM or toluene, will cause the material to settle in the solvent layer above or
below the water based on density (DCM —under, toluene on top). When dense solvents, like DCM,
are expelled by “squeezing” the gel with UV, the pollutant will form bubbles or pockets around
the material (Figure 11). When gels are exposed to a miscible solvent mixture, like THF, the
material will selectively remove the solvent from the water, including any particulate dissolved in
it. Figure S13 shows a demonstration of this, where a 1 M 9-fluorenone solution of 1-1 water-THF
was dropped on the gel, and over a ~20-minute time frame with 515 nm light exposure, the dye-
containing THF migrated towards and into the gel. The overall uptake of the functionalized
materials is reduced compared to the original system, and incorporation of these groups may be
slowing down actuation; however, the study described herein demonstrates the groundwork for
future work on optimizing similar systems for specific uses and their ability to absorb and expel
potential pollutants in aqueous environments selectively.

Figure 11. Still frame images of a DCM swelled styrene functionalized gel undergoing UV
actuation “squeezing” while encapsulated in water (an incompatible solvent). After 930 seconds
(15min, 30s), the DCM forms bubbles around the gel.

4. Conclusions

The work described above demonstrates the ability to use similar chemical moieties to
purposefully target materials for removal. This study focused on the ability to affect the material's
preference for swelling in various solvents and utilized a 1:2:4 mol ratio (QsMs':azo:functional
group) for this purpose. As demonstrated through the swelling and actuation of the gels and
characterization, the functionalization of the original 4,4’-diallyloxy-azobenene — QsMs! system
affects the photo responsiveness, solvent preferability, and material properties.
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A reduction in actuation potentials was observed (37-68%) compared to the original
material, which suggests that the functional groups reduce the free space within the material, and
future improvements may utilize lower loading levels or mixed functional groups to fine-tune the
performance for specific processes. Two synthetic methods were utilized to generate the modified
gels using a 1:2:4 mol ratio (Qs:azo:functional group), but analysis by thermal gravimetric analysis
and NMR indicates differences in the attachment efficiencies. Styrene and 3,3.,4,4,5,5,6,6,6-
nonafluoro-1-hexene were integrated as the system polymerized (in-situ), where the styrene
indicates higher attachment based on the CY and NMR compared to the original material (90+%).
Despite this, both materials exhibit distinct preferences for solvents and actuation efficiencies. It
is suspected that incompatibilities of the fluorocarbon species caused it to disperse within the
material unevenly, reducing its functionalization efficiency to ~60%. Interactions with the
platinum catalyst (Karstedt’s catalyst) required the integration of the amine and alcohol groups
after the initial gelation process started. Attempts at synthesizing the materials in situ saw
disruption of the polymerization process and halting gel formation. Injection of these groups into
the material resulted in differences in material characteristics and behavior. While the alcohol
group attached completely (100% by NMR and CY) and showed favorable actuation in some
solvents, the amine materials swelled but saw little actuation. This is theorized to be the result of
amine-platinum interactions reducing the efficiency of functionalization (65+%) and interactions
of the bound amine groups with the N=N bond in the azobenzenes, altering the response to the
wavelengths of light used as the electron density of these photoswitches increases.?¢-30-33.60-62 While
the amine gel did not perform as desired, the materials still swell, and this groups’ known
interactions with pharmaceuticals indicate a need for further optimization and understanding of
this system. These findings provide grounds for improvement and insights for the selection of
alternative functionalities with consideration for interactions with the solvent, catalyst, and
photoswitch.

Notable changes in material solvent preference include selectivity for THF and
fluorocarbons when 3,3,4,4,5,5,6,6,6-nonafluoro-hexene is incorporated into the gel, retaining a
low absorption for water. This shows potential toward further investigation of these materials for
fluorocarbon sequestration from waterways. The selectivity of styrene towards other aromatics and
its low affinity for water absorption makes it a candidate for the removal of polycyclic aromatic
hydrocarbons (PAH) and nanoplastics, specifically polystyrene, which presents a potential
direction for future work. Choice of functionality shows potential for the selective removal of a
variety of pollutants, and the gels can be designed to target specific contaminants based on polarity
or structural interactions.
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