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ABSTRACT
The effect of low-viscosity reactive diluents on the UV-curing kinetics of the
photoinitiated cationic polymerization of a polyhedral oligomeric silsesquioxane
molecule having 8 glycidyl substituents (glycidyl POSS) was examined. This compound
has many beneficial properties such hardness, scratch resistance, and high thermal
stability, which make it suitable for UV coating applications. However, these properties
are outweighed by a high viscosity that causes diffusion limitations, thus lowering the
rate of polymerization.
3,3'-(oxybis(methylene))bis(3-ethyloxetane) (DOX), Limonene Dioxide (LDO), and αPinene Oxide (αPO) were all used as reactive diluents. Glycidyl POSS was
copolymerized with each and the effect of weight percent (wt% ) composition and
viscosity on the overall polymer reactivity was evaluated. The progress of the reaction
was measured using optical pyrometry, and viscosity was measured using a cone-andplate viscometer. Shear rheological studies were used to monitor the thermal curing
behavior of glycidyl POSS with and without photoinitiator. The induction time (tind) and
time at peak reaction temperature (tpeak) were both used to observe the progress of the
reaction.
At any given composition of diluent, DOX performed better than either LDO or αPO;
DOX needed only 20 wt% dilution to show a definite induction time, whereas LDO
needed almost 50 wt% dilution to produce the same effect. Similarly, LDO showed
reaction times that were at least twice as long as those of DOX when compared at the
same viscosity. These results successfully demonstrate that through simple
copolymerization with reactive diluents, the viscosity and reactivity of glycidyl POSS can
be tailored to enhance its practical use in UV coating applications.
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1. Introduction
1.1 Photopolymerization
Photopolymerization is a common method of polymerization, typically used for surface
coating, lithography,1 adhesive,2 and packaging applications. This technique uses light as
the source of energy for the reaction and is typically fast, versatile, and energy efficient.
The polymerization is initiated3,4 when light is irradiated on the sample and absorbed by a
photosensitive photoinitiator that breaks down to release reactive radicals or ions. Radical
photopolymerization is more commonly used, owing to its high rates of reaction3 and
nonspecific mechanism. A wide range of monomers can be used, including methyl
methacrylate, styrene, and vinyl chloride, among others. However, radically-polymerized
compounds typically experience volume shrinkages5 of up to 10%, and the reaction is
sensitive to oxygen. Alternatively, cationic polymerization can be used. As seen in Figure
1, the photoinitiator decomposes to form ions that react with hydrogen donors (typically
trace amounts of H2O) in the reaction mixture to become Brønsted superacids6 which
protonate the monomer. The protonation opens the ring, allowing for the attack of
another monomer to open that ring, propagating the reaction.

Figure 1. Reaction Mechanism of Cationic Polymerization.
1

The products of photo-initiated cationic polymerization via the ring-opening of epoxy
monomers often have good mechanical properties, chemical resistance, and adhesion,
making them ideal for metal coatings. However, the reactions are sensitive to excess
water3, and the rates of reaction depend greatly on the thickness and viscosity of the
sample being cured. The goal of this investigation is to elucidate the correlations between
monomer viscosity and the reactivity of the cationic polymerization, using epoxy and
oxetane-based monomers and their mixtures.

1.2 Optical Pyrometry
As the applications of photopolymerization broaden, newer methods of accurately
measuring the rate of reaction are needed. Photo-Differential Scanning Calorimetry7-9
(DSC) is one option; instruments can be modified by the addition of light sources to
allow for the irradiation of samples. Another approach to the same problem is to use real
time Infrared Spectroscopy; Fourier Transform IR instruments (FT-IR) can take many
measurements every second, making real-time monitoring of the reaction possible. An
opening for a UV light source allows for irradiation and measurement of the sample over
time while monitoring specific absorption peaks to quantitatively measure the progress of
the reaction. However, fast and simple monitoring of the progress of reaction calls for a
different method. Recently,10 Crivello et al. developed a simpler approach to monitor the
progress of a polymerization, as shown in Figure 2. This method, called Optical
Pyrometry, takes advantage of the fact that cationic polymerization is exothermic. Under
continuous UV irradation, the temperature of the sample is measured with an infrared
camera. The slope of the temperature plot is directly proportional to the rate of the
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reaction. This technique was used by itself, and also in conjuction with real-time IR to
combine the results of the temperature rise from OP with the quanitative absorbance
measurements of the FTIR.

Figure 2. Setup for monitoring photopolymerizations by Optical Pyrometry.

Although optical pyrometry is not a quantitative method, it serves as a fast and simple
way to understand the qualitative differences in reaction rates. This allows for quick
screening of formulations of reaction mixtures. Subsequent experiments using photo DSC
and RT FTIR would provide detailed information on the chemical changes during the
photo-polymerization.

1.3 Viscosity
Viscosity is the property of a fluid’s resistance to flow in response to applied stress. Sir
Isaac Newton established the governing law to quantitatively measure viscosity.
𝑑𝑉

Shear stress = τy,x = -η 𝑑𝑦𝑜

3

(1)

The equation was derived using an idealized situation which hypothesizes a fluid
sandwiched between two solid plates that are y units apart.

Figure 3. Schematic diagram to show illustration of shear geometry with sample
sandwiched between two parallel plates

One plate stays stationary, while the other plate moves at a constant velocity Vo. Due to
friction, the layer in contact with the moving plate would also be moving with the same
velocity, while the layer in contact with the still plate would also remain motionless. At
equilibrium, it can be assumed that each layer would have a velocity Vx proportional to
the speed of the moving plate and inversely proportional to the distance from the plate.
The sheer stress is the force required to keep the stationary plate at rest, divided by the
area of that plate. The proportionality constant, η, is the viscosity of the liquid. However,
Newton’s Law of Viscosity is only constitutive, and there are many exceptions to the
rule. A Newtonian fluid is one which behaves according to the law, such as water,
ethanol, and ethylene glycol. Some fluids have a viscosity that is dependent on the
amount of force being applied, and are known as non-Newtonian fluids. Examples of
non-Newtonian fluids are corn starch, ketchup, and mayonnaise.
4

1.4 Polyoctahedral Oligomeric Silsesquioxanes
Silicon-oxygen bonds are quite common in nature, but often come in the form of silicon
dioxide, SiO2. Subsequently, the chemistry of these compounds is heavily focused on
silica or other minerals that share this empirical formula. In 1946, however, Scott was
able to isolate the first oligomeric silsesquioxanes.11,12 These are organo-silicon
compounds that have the empirical formula of RSiO3/2 where R can be hydrogen or one
of various alkyl, alkylene, aryl, or arylene groups. They can assume random, ladder, or
various caged structures, as shown in Figure 4. Even though this discovery is half a
century old, it is only in recent years that the study of silsesquioxane chemistry is
expanding.

Figure 4. Structures of various silsequioxanes.12
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Ladder compounds were first synthesized9 starting in the 1990s; they exhibit remarkable
oxidative and heat resistance, insulating properties, and gas permeability13-14 meaning
that they can be used as photo-resistant or scratch-resistant coatings, gas separation
membranes, and other widely varying applications. Recently, caged structures have been
gaining more popularity and many of these Polyhedral Oligomeric SilSesquioxanes
(POSSs) are readily available for purchase from commercial sources1515 in a large scale.
POSS molecules are hybrid compounds; the outer organic groups cover the inner
inorganic cage. This Si-O cage can be thought of as the smallest unit of silica, but with
covalently bonded functionalities. These functional groups are wide-ranging, often being
used for polymerization or grafting to copolymers. Octa(propylglycidyl ether)-POSS
(glycidyl POSS) has been previously investigated 12-16 for its use in nanocomposites, film
preparation, and photoresists, but seemingly little research has gone into the use of
glycidyl POSS in UV coatings. We believe this is due to the diffusion-limited kinetics of
the compound; OP studies show that the reaction takes more than 3 minutes of
irradiation, and very little heat is produced, as seen in Figure 5:

6

Figure 5. Sample temperature as a function of irradiation time from Optical Pyrometry
for (A) glycidyl POSS, (B) DOX, (C) LDO, and (D) αPO. The sample contains 2 wt%
IOC-11 as the cationic photoinitiator, and the UV light intensity was 1900 mJ/cm2*min.

This is typical of a photoreaction instead of a photopolymerization; the glycidyl POSS is
too viscous for the polymerization to propagate. To investigate the impact of the viscosity
of Glycidyl POSS on its reactivity, the monomer was diluted with one of three different
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reactive diluents: Limonene dioxide; α-pinene oxide; and 3,3'-(oxybis(methylene))bis(3ethyloxetane), also known as DOX.

Table 1. Summary of chemical structures and physical properties of epoxy and oxetane
monomers

Limonene dioxide (LDO) and α-pinene oxide are both natural terpenes that show high
reactivities towards photoreactions. Unfortunately, the tertiary carbon adjacent to the
epoxy undergoes rearrangement of the 1,2 epoxide group that halts the reaction and
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prohibits it from continuing to form polymers. However, the low viscosities of both
monomers make them prime targets as reactive diluents. DOX is of great interest in our
lab, due to the favorable physical properties that result when used in polymer blends.
With the help of some kick-starting oxetane chemistry pioneered by Crivello et al, it is a
possible candidate to replace epoxies in some coating and food packaging applications.
Oxetanes exhibit less toxicity16 to humans but should have similar reactivity to epoxides.
In this case, however, its order-of-magnitude viscosity makes for a very useful
comparison in its effect as a diluent along with LDO and αPO.

9

2. Experimental Section
2.1 Materials
EPO409 Glycidyl POSS was purchased from Hybrid Plastics and used as is. 3,3'(oxybis(methylene))bis(3-ethyloxetane) (DOX) was received as a gift from the Toagosei
Chemical Company, Nagoya, Japan. 1,2, 8,9-Limonene Dioxide was purchased from
Aldrich Chemical Company, Milwaukee, WI, and purified before use by fractional
distillation. α-pinene oxide was provided by Atochem, Philadelphia, PA.

The diaryliodium17 salt photoinitiator, (4-n-undecyloxyphenyl)phenyliodonium
hexafluoroantimonate, also known as IOC-11, had been previously prepared by Crivello
et al.

I+

OC11 H23

SbF6Figure 6. Chemical structure of IOC-11 photoinitiator.

2.2 Optical Pyrometry
For the OP studies, an Omega OS552-V1-6 Industrial Infrared Thermometer (Omega
Engineering, Inc., Stamford, CT) with a sensitivity of ±1 °C and a temperature range of 18 to 538 °C was used. The light source was a UVEX model SCU-110 mercury lamp
directed by 95-cm liquid light pipe. Samples were prepared by homogeneously mixing
monomer, eluent, and 2 wt% photoinitiator, and then sandwiching 2-3 drops (about 40
mg) between two fluorinated polypropylene films separated by a fiberglass mesh to act as
10

spacer. The intensity of incoming radiation was measured with a UV Process Supply Inc.
Control Cure Radiometer and was consistently measured as 1900 mJ/cm2*min. at 320
nm. Reactions were conducted at room temperature. Reaction temperature data were
directly recorded and saved to a personal computer.

2.3 Viscosity
Viscosity measurements of various monomer mixtures were made using a Brookfield
DV2T Viscometer with a programmable cone/plate assembly. The cone used was a CPA52Z spindle, which allows measurements from 4 cP to 92000 cP, and calls for 0.5mL of
sample. Data were recorded using RheoCalc software and saved onto a personal
computer.

Figure 7. Schematic diagram to show sample shear geometry in Cone-and-Plate
Viscometer.
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2.4 Rheology and Thermal Cure
Rheology measurements were made using an AR Series Rheometer (TA Instruments,
New Castle, DE). Samples were loaded onto an 8 mm parallel plate with a gap of 5001000 µm. Temperature ramps were performed from 25 to 250 °C with 0.5% strain and an
angular oscillation frequency of 1 Hz for the dynamic shear experiments.

12

3.Results and Discussion
3.1 Thermal Stability
Thermal shear rheology was used to observe the stability of the Glycidyl POSS monomer
and photoinitiator to confirm that any subsequent polymerization was indeed due to the
UV irradiation, and not to any spontaneous ring-opening or thermal decomposition of the
photoinitiator. A sample approximately one mm thick was sandwiched between two
parallel plates, and oscillation was kept constant while the temperature of the plates was
increased. The complex modulus was measured to determine the onset of opening of the
epoxy ring and subsequent photoreaction. The complex modulus is defined as the ratio of
a material’s stress to strain under oscillatory conditions, and can be thought of as the solid
equivalent of Hooke’s spring constant. It is broken down into real G’ and imaginary G”
components.

Stress = G* × strain

(2)

G* = G’ + iG”

(3)

Figure 8 shows the G’ and G” measurements of neat Glycidyl POSS at onset of reaction.
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Figure 8. Oscillatory heat ramp of neat Glycidyl POSS. Temperature ramps were
performed from 25 to 250 °C with 1% strain and an angular frequency of 1 Hz.

This means that Glycidyl POSS is stable until about 200°C, which is much higher than
any temperature we would be working at. Even with the IOC-11 initiator, the sample is
still stable above 130°C, as seen in Figure 9.
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Figure 9. Oscillatory heat ramp of Glycidyl POSS with 2% IOC-11 as photoinitiator.
Temperature ramps were performed from 25 to 250 °C with 1% strain and an angular
frequency of 1 Hz.

3.2 DOX Dilutions
Glycidyl POSS was then diluted with DOX. Figure 10 shows the effect of viscosity on
the dilution of monomer.
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Table 2. Effect of Dilution with DOX on the viscosity of Glycidyl POSS

%DOX
0
1
2
3.5
7
5
10
15
20
50
90
95

η, cP
4700
3000
2200
2300
2200
1700
1500
970
670
110
18
7.6

Figure 10. Effect of dilution with DOX on the viscosity of Glycidyl POSS systems.

The reactivity of each mixture was measured using optical pyrometry. Figure 11 shows
the effect of dilution on the reactivity of the POSS mixture.
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Figure 11. Comparison of optical pyrometry for various mixtures of DOX/Glycidyl
POSS. 2% IOC-11 was used as the cationic photoinitiator, and the UV light intensity was
1900 (mJ/cm2*min).
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When a sharp rise in temperature occurs during irradiation, this indicated that a definite
polymerization reaction had occurred. This is due to the rate of propagation being high
enough to give out excess heat during the ring opening of oxetane and epoxy rings, thus
accelerating the polymerization reaction. The induction time was chosen as the time in
which the slope of the temperature spike and the slope of the preceding temperature
measurements intersected, as shown in Figure 12

Figure 12. Determining the induction time and peak time of optical pyrometry data.

18

For intermediate dilutions, however, a problem arises; even though the induction time is
similar between 50% DOX and 20%DOX in Glycidyl POSS, it is quite apparent that the
two reactions are much different. The more dilute sample has a propagation that is almost
instantaneous, while the 20% DOX sample continues reacting for another 40 seconds
before finishing. Also, in dilutions below 20 wt% DOX, the peaks are so broad that no
induction peak is evident, and only the peak temperature can be used as reference. It is
clear that with DOX as a diluent, there is some critical viscosity above which molecule
diffusion does not limit the propagation reaction. Under this critical viscosity, however,
the diffusion of monomer is too low to allow for proper polymerization. So both the
induction time and the peak time are needed to fully explain the effect of dilution on
Glycidyl POSS.

Table 3. Effect of dilution with DOX on viscosity and reaction time of Glycidyl POSS
mixtures. For lower dilutions, the OP peak was too wide to determine an induction time,
and only the peak time can be used
wt% DOX
0
1
5
10
11.5
15
20
25
50
90
95

η, cP
4700
3000
2200
2200
1700
1500
970
670
110
18
7.6

ti nd

17
19
15
11.5
13.9

19

tpea k
161
122
121
108
83
85
56.4
52.5
24.3
16.9
20.4

300
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Figure 13. Effect of Dilution with DOX on the reaction time of Glycidyl POSS mixtures.
2% IOC-11 was used as the cationic photoinitiator, and the UV light intensity was 1900
mJ/cm2*min.

Figure 13 shows the reactivity/viscosity profile of Glycidyl POSS diluted with DOX,
comparing tind with tpeak. The error bars show the amount of time that the temperature is
within 10% of the max temperature of the reaction; an elongated propagation time would
have a very broad peak with longer reaction, while a short reaction time would have a
narrow peak. There are also more values within 10% of that maximum temperature, so
the error bars are much larger. Dilutions higher than 20% have narrow peaks, and also
20

have a noticeable induction time. As the dilution increases, the tind and tpeak come closer
until the whole propagation is almost instantaneous. Figure 14 shows the reaction time as
a function of mixture viscosity.
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Figure 14. Correlating Reaction Time of DOX/Glycidyl POSS Mixtures with Viscosity.
2% IOC-11 was used as the cationic photoinitiator, and the UV light intensity was 1900
mJ/cm2*min.
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3.3 Terpene Dilution
It is useful to compare the effect of DOX dilution to other monomers.

400
75 wt% LDO

wt.% LDO in
LDO/POSS

350
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40 wt%
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Reaction Time, sec
Figure 15: Comparison of optical pyrometry for various LDO/glycidyl POSS mixtures.
2% IOC-11 was used as the cationic photoinitiator, and the UV light intensity was 1900
mJ/cm2*min.
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Interestingly, when LDO was used, a monotone relationship was seen between reactivity
and viscosity, with no critical viscosity, as shown in Figures 16 and 17.
Table 4. Effect of Dilutions with LDO on the viscosity and reaction time of Glycidyl
POSS
wt% LDO
1
3.5
5
10
15
25
30
40
50
75

η, cP
3100
2800
2000
1500
910
600
520
170
100
22

tind

118
41
75
66
29

tpeak
174
167
146
135
135
142
44
79
71
32

t
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(narrow)
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t
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peak

t
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, sec

200

100
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0
0

20
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60

80

100

wt% LDO
Figure 16. Effect of LDO Dilutions of Glycidyl POSS on Mixture Reactivity. 2% IOC-11
was used as the cationic photoinitiator, and the UV light intensity was 1900 mJ/cm2*min.
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Figure 17. Comparison of Reactivity of DOX and LDO dilutions. 2% IOC-11 was used
as the cationic photoinitiator, and the UV light intensity was 1900 mJ/cm2*min.

It would appear that DOX and LDO have different propagation mechanisms. For any
given viscosity, the DOX mixtures have a faster reaction than LDO. Figure 18 shows this
comparison clearly; below 1000 cP, the induction time for the DOX dilutions is all within
20 seconds or so, compared to the maximum of 100 seconds needed for LDO dilutions.
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Figure 18. Viscosity effects on the induction time for the photocationic polymerization of
DOX and LDO. 2% IOC-11 was used as the cationic photoinitiator, and the UV light
intensity was 1900 mJ/cm2*min.

α-pinene oxide, or αPO, is quite similar to LDO in its structure, and therefore should have
similar reactivity. Preliminary data shown in Figure 19 suggests this to be the case:
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Figure 19: Viscosity effects on the peak time for the photocationic polymerization of
DOX, LDO, and αPO. 2% IOC-11 was used as the cationic photoinitiator, and the UV
light intensity was 1900 mJ/cm2*min.
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4. Conclusions and Future Work
Three reactive diluents, 3,3'-(oxybis(methylene))bis(3-ethyloxetane) (DOX), Limonene
Dioxide (LDO) and α-pinene oxide (αPO) were all used to dilute Glycidyl POSS in an
attempt to overcome the diffusion limitations of viscous POSS monomers on the
reactivity. LDO and αPO had a monotonic effect on reactivity; decreasing the viscosity
resulted in a comparative increase in reaction rate. Diluting with DOX, however, had a
non-monotonic effect on the reactivity of the sample. Dilutions of up to around 20% had
a marked improvement in reaction rate; diluting further had little effect on the reaction
time. At any given viscosity of monomer mixture, the glycidyl POSS/DOX system
exhibited much faster polymerization kinetics than that of the POSS/LDO mixture. Also,
only 20% dilution with DOX was required to achieve a narrow OP peak, whereas LDO
needed almost 50 wt% dilution to achieve a definite induction time. The superior dilution
properties of DOX are due to the fact that oxetanes have a more efficient propagation
mechanism. This viscosity relationship has drastic implications for those hoping to use
glycidyl POSS in surface coating applications. Future investigations into the reactivity of
epoxy systems would look at more common monomers and diluents, in an attempt to
generalize the results and make them accessible to a wider audience. The effect of nonreactive diluents is also crucial to observe, in order to determine what the reaction
kinetics of Glycidyl POSS is once it is no longer diffusion limited.

27

5. References
1. Sun, H. B.; Kawata, S. Two-Photon Photopolymerization and 3D Lithographic
Microfabrication. Photopolym. 2004, 170, 169-273.
2. Ye, Q.; Spencer, P.; Wang, Y.; Misra, A. Relationship of Solvent to the
Photopolymerization Process, Properties, and Structure in Model Dentin
Adhesives. J. Biomed. Mat. Res. 2007, 80a (2), 342-350.
3. Crivello, J. V. Redox Initiated Cationic Polymerization of Oxetanes. J. Polym. Sci.,
Part A: Polym. Chem. 2015, 53 (16), 1854-1861.
4. Phillips, R. Photopolymerization. J. Photochem. 1984, 25 (1), 79-82.
5. Chuang, S. F.; Chen, T. Y.; Chang, C. H. Application of Digital Image Correlation
Method to Study Dental Composite Shrinkage. Strain. 2008, 44 (3), 231-238.
6. Crivello, J. V. Applications of Photoinitiated Cationic Polymerization in Coatings. J.
Coat. Technol. 1991, 63 (793), 35-38.
7. Delzenne, G.; Smets, G.; Toppet, S.; Dewinter, W. Photosensitized Polymerization of
Acrylic Monomers .2. Kinetics of Polymerization in Presence of Oxygen. J.
Polym. Sci, Part A: Gen. Pap. 1964, 2 (3pa), 1069-&.
8. Decker, C. Kinetic-Study of Light-Induced Polymerization by Real-Time UV and IR
Spectroscopy. J. Polym. Sci., Part A: Polym. Chem. 1992, 30 (5), 913-928.
9. Decker, C.; Moussa, K. Photopolymerization of Multifunctional Monomers .3.
Kinetic-Analysis Using Real-Time Infrared-Spectroscopy. Eur. Polym. J. 1990,
26 (4), 393-401.

28

10. Falk, B. J.; Vallinas, S. M.; Crivello, J. V. Monitoring Photopolymerization Reactions
with Optical Pyrometry. J. Polym. Sci., Part A: Polym. Chem. 2003, 41 (4), 579596.
11. Cordes, D. B.; Lickiss, P. D.; Rataboul, F. Recent Developments in the Chemistry of
Cubic Polyhedral Oligosilsesquioxanes. Chem. Rev. 2010, 110 (4), 2081-2173.
12. Li, G.; Wang, L.; Ni, H.; Pittman, C. U. Polyhedral Oligomeric Silsesquioxane
(POSS) Polymers and Copolymers: A Review. J. Inorg. Organomet. Polym.
2001, 11 (3), 123-154.
13. Hou, G. X.; Gao, J. G.; Tian, C.; Wu, X. J. Preparation and Characterization of
Nanocomposite Films by Hybrid Cationic Ring Opening Polymerization Of
Glycidyl-POSS. Mater. Chem. Phys. 2014, 148 (1-2), 236-244.
14. Liu, Y. L.; Chang, G. P.; Hsu, K. Y.; Chang, F. C. Epoxy/Polyhedral Oligomeric
Silsesquioxane Nanocomposites from
Octakis(glycidyidimethylsiloxy)octasilsesquioxane and Small-Molecule Curing
Agents. J. Polym. Sci., Part A: Polym. Chem. 2006, 44 (12), 3825-3835.
15. Hybrid Plastics. http://www.hybridplastics.com (accessed June 10, 2016)
16. Crivello, J. V.; Sasaki, H. Synthesis and Photopolymerization of Silicon-Containing
Multifunctional Oxetane Monomers. J. Macromol. Sci., Pure Appl. Chem. 1993,
a30 (2-3), 173-187.
17. Crivello, J. V.; Lee, J. L. Alkoxy-Substituted Diaryliodonium Salt Cationic
Photoinitiators. J. Polym. Sci., Part A: Polym. Chem. 1989, 27 (12), 3951-3968.

29

