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Abstract

The use of the rheometric quartz crystal microbalance (QCM) as a quantitative cure

monitor for photocuring systems was demonstrated. The technique requires the use of

films with thicknesses in the micrometer range, and is based on the direct measurement

of the rheological properties of the film at a frequency of 15 MHz. To access curing

processes much faster than the ∼ 1 s resolution of the QCM measurement, a rotating

shutter system was designed to capture processes with a temporal resolution of ∼ 1 ms.

The photocuring process was studied in both air and nitrogen environments, and was

applied to a traditional, radically polymerized acrylic system, and a thiol-ene based
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system. Thiol-ene systems cured in oxygen reach comparable stiffnesses to those cured

in nitrogen, but take longer to cure and contain 1-2.5 wt.% oxygen in the final materials.

These results indicate that the QCM can be utilized as an effective photorheometric

technique able to provide useful mechanistic insight into photoreactive processes.

Introduction

The facile synthesis of photopolymers allows for the creation of on-demand materials with

tunable chemical, mechanical, and structural properties. Recent examples include the devel-

opment of dental adhesives and resins1–5, 3D printed structures5,6, and photopolymerizable

and photodegradable hydrogels for biomaterial applications7–10. Although much of the lit-

erature on curing kinetics have been focused on the chemical conversion rate of monomers,

there are still many opportunities to investigate the curing kinetics from a rheological per-

spective. Examination of viscoelasticity during photocuring provides meaningful insight on

the local and bulk mechanical and structural properties, which can guide in the strategic

engineering of polymeric materials.

A common method to study the photorheology of a polymer system is the parallel plate

rheometer that allows light to pass through to the material under testing7,8,11–15. This type

of setup is suitable for curing polymers that have a starting viscosity of ∼1 Pa-s (in the

monomeric form) and do not exceed ∼100 MPa in shear modulus. For mechanical testing

outside of this range, the sample geometry, applied strain, and/or force transducer need to

be adjusted, which can be extremely tedious and can lead to experimental difficulties. Also,

other challenges such as oxygen inhibition, inhomogeneous diffusional processes, and thermal

rheological complexity can lead to sub-optimal experimental results.

In this study, the utilization of a quartz crystal microbalance (QCM) to study photorhe-

ology is described. As suggested by its name, the QCM is traditionally used as a highly

sensitive mass balance with a reported areal mass sensitivity in the nanogram range16,17.
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However, from a general perspective, the QCM is more accurately viewed as a shear acoustic

reflectometer, capable of simultaneously measuring mass changes and high frequency (MHz)

viscoelastic responses of a polymer film in real time.

The QCM consists of an AT-cut, single crystal, quartz disk with metal electrodes deposited

on both sides of the disk. The quartz disk is connected to an oscillating voltage source which,

due to the piezoelectric property of quartz, is used to initiate a mechanical shear wave. The

shear wave can be used to probe the high frequency viscoelastic response of a material that

is deposited onto one of the electrode surfaces16,18,19. Because of the low thickness (less than

ten microns) of the deposited film and the large exposure area of the top film surface, the

entire film is homogeneously cured since diffusional processes through the thickness of the

film are fast relative to the experimental time scale. Also, viscoelastic measurements can be

performed for an extremely broad property range, including liquid materials with viscosities

less than 1 Pa-s and solids with shear moduli greater than 1 GPa18. Furthermore, the quartz

substrate can be reused multiple times and, if necessary, be replaced economically. The goal

of this paper is to demonstrate that the QCM can be employed as a versatile photorheometer,

enabling sophisticated experiments that are not possible with traditional rheometers.

Two photopolymers were chosen and investigated: a model acrylate polymer and a thiol-ene

polymer undergoing a “click” reaction. The acrylate polymer proceeds with the classical

chain growth radical mechanism, whereas the thiol-ene system polymerizes by a step growth

radical process20. The effects of varying bursts of direct UV exposure and “dark” periods

in between direct irradiation were investigated. Also, due to the reported insensitivity of

oxygen inhibition in thiol-enes from reflective IR studies20,21, the impact of oxygen on the

viscoelastic curing evolution was examined. Schemes 1 and 2 show the general polymerization

and oxidation reactions for the model acrylate and thiol-ene systems, respectively. The

peroxy radical formed by the reaction of oxygen with a propagating radical in a traditional

vinyl polymer polymerization is no longer reactive towards additional monomer (scheme 1),

but in a thiol-ene polymerization the reactive species is regenerated by the abstraction of
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a proton from the thiol. While the thiol-ene polymerization is therefore able to proceed in

the presence of oxygen, the detailed structure and properties of the resulting polymer are

expected to differ from the polymer obtained in the absence of oxygen. One of the aims of

this work is to investigate the potential for the quartz crystal microbalance to probe these

differences when operating in the rheometric mode that we employ.
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Scheme 1: Generalized chain growth radical polymerization and oxygen inhibition reaction
for acrylate systems.

hv

initiator

chain transfer

propagation

oxidation

R 1 SH 

R 1 R 2 

O 
O 

O 2 

R 1 R 2 

O 
OH 

R1

SH 

R 1 S 

R 1 
S R 2 

R 1 
S R 2 

R 1 SH 

Scheme 2: An overview of the thiol-ene polymerization and oxygen scavenging reaction.
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Methods and materials

BisGMA sample preparation

The monomer, bisphenol A glycerolate dimethacrylate (bisGMA), was obtained from Sigma-

Aldrich (St. Louis, MO) and dissolved in toluene at a 1:1 weight ratio. Approximately 0.5

wt% of 2,2-dimethoxy-2-phenylacetophenone (DMPA) initiator was added to the solution.

A UV-visible spectrometry measurement performed on DMPA dissolved in toluene showed

that the initiator was excited at wavelengths from 300-370 nm. The chemical structures of

bisGMA and DMPA are shown in Figures 1 a and b. The monomer solution was thoroughly

mixed, filtered three times with a 0.45 µm or smaller syringe filter, and protected from

ambient light. A ∼4.5 micron thick film was deposited onto clean QCM crystals using a

Laurell, Model WS-650MZ-23NPP, spin coater (North Wales, PA). Prior to spin coating,

the QCM crystals were rinsed with ethanol and acetone, blow dried, and exposed to UV-

ozone for 15 min. The film was formed by setting the spin coating speed, acceleration, and

spin time to 4500 rpm, 4500 rpm/s, and 75 s, respectively. A Bruker Contour GT optical

profilometer (Billerica, MA) was used to determine the optimal spin coating conditions for

the preparation of smooth films with the desired film thickness. A film was determined

to be “smooth” when the measured characteristic roughness was less than 15% of the film

thickness.
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Figure 1: Chemical structure of (a) the model acrylate monomer, bisGMA, (b) the pho-
toinitiator, DMPA, (c) the tetra-thiol monomer, PETMP, and (d) the tri-ene monomer,
TATATO.

Thiol-ene sample preparation

The monomers, pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and 1,3,5-triallyl-

1,3,5-triazine-2,4,6(1H,3H,5H )-trione (TATATO), were obtained from Sigma Aldrich. The

chemical structures of PETMP and TATATO are shown in Figures 1c and d. The two

monomers were combined at 0.9:1, 1:1, or 1.1:1 stoichiometric ratios of thiol to ene functional

groups. Approximately 0.5 wt% of DMPA initiator was mixed into the PETMP/TATATO

monomer mixture. The monomer mixture was stirred for at least 10 min. and subsequently

filtered at least twice with a 0.45 µm or smaller pore size syringe filter. Prior to addition of the

initiator, DMPA was dissolved in a small amount of toluene in order to ensure homogeneous

dispersion within the monomer mixture; less than 2% of solvent was present in the final

monomer mixture. The monomer mixture was protected from ambient light throughout the

preparation process. Before spin coating, the QCM crystals were cleaned by rinsing under

a stream of ethanol and acetone and exposed to 15 min. of UV-ozone. Spuncast films with

thicknesses of ∼ 2.2µm (9000 rpm, 200 rpm/s, 90 s) or ∼ 3.4µm (6000 rpm, 200 rpm/s, 90

s) were deposited onto the QCM crystals.
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UV curing

Photopolymerization experiments were performed with an Omnicure S1500 UV lamp (Lumen

Dynamics, Mississauga, ON, Canada). The UV radiation with a 320-390 nm filter was

directed through a liquid filled light guide. A collimator was attached to the end of the light

guide in order to produce a uniform one inch diameter spot that covered the entire QCM

crystal surface. A custom-built polymethylmethacrylate gas chamber was constructed, as

shown in Figure 2a. A hole was placed on the top side of the chamber and covered with

a glass slide to allow passage of UV light to the sample. Concerns over the UV absorption

of the glass slide was neglected since the irradiation wavelengths is above the absorption

range of the glass slide (below ∼320 nm)22. The light intensity was measured with a VWR

Traceable® light meter (Batavia, IL) at the same surface level as the QCM sample and set

to 10 ± 0.5mW/cm2. The interface between the top chamber surface and glass slide was

sealed with silicone oil to prevent uncontrolled gas leakage.

A shutter system was used to control the UV exposure burst time. For UV exposure burst

times of 0.2 s, the built-in shutter in the Omnicure S1500 UV lamp was used. For burst

times less than 0.2 s, a custom shutter system was built. The custom shutter consisted of

a rotating disk, constructed from a stiff board, with a predefined slit thickness. The board

was wrapped in Al foil in order to prevent residual UV penetration. The UV burst times

and intervals times (no UV exposure), graphically represented in Figure 2b, were varied. All

curing processes were performed at room temperature.
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Figure 2: A schematic of (a) the UV curing chamber and (b) a graphical depiction of the
burst and interval times on the experimental time axis.

QCM measurements and data acquisition

QCM crystals used in this study consisted of 5 MHz AT-cut quartz disks with gold elec-

trodes deposited on both sides, obtained from Advanced Wave Sensors (Valencia, Spain),

Inficon (East Syracuse, NY), and Stanford Research Systems (Sunnyvale, CA) and placed

in a Kynar® QCM holder (Inficon). Crystals obtained from these three vendors had the

same electrode geometry. Also, control experiments displayed nearly identical quality and

response. Prior to use, the crystals were rinsed with ethanol, blow dried, and exposed

to 15 minutes of UV/ozone. A vector network analyzer (Makarov Instruments, Thornhill,

ON, Canada) supplied an oscillating voltage across a range of frequencies and measured

the electrical conductance and susceptance of the QCM crystal. Exciting the quartz crystal

at frequencies corresponding odd harmonics of the crystal resonance (5 MHz, 15 MHz, 25

MHz, etc.) produced resonance peaks in the measured electrical admittance. A MATLAB

script was used to fit a Lorentz equation16,23 to the observed peaks so that the resonance

frequencies, fn, and half-bandwidths, Γn, were determined, where the subscript, n, denotes

the harmonic order (n=1, 3, 5, etc.). Due to the nature of the QCM resonance behav-

ior, anharmonic resonances were observed when Γn ≳ 10 kHz, which were accounted for by

implementing a multi-peak fitting protocol23,24. To ensure good Lorentz fitting, each scan
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consisted of at least 300 data points, with the full scan taking no more than half a second

to collect.

Measurements were taken at room temperature for each crystal prior to film deposition, in

order to obtain reference values for fn and Γn. Films deposited onto the top side of a QCM

crystal led to a change in the resonance frequency, ∆fn, and half-bandwidth, ∆Γn. These

changes were used to determine the film properties as described below.

QCM viscoelastic modeling

Several QCM viscoelastic models have been developed18,25–29. In particular, “Voigt” based

models that rely on the spring and dashpot elements are commonly invoked29–32, despite

acknowledgements in its problematic physical interpretation on the frequency dependence

of the storage and loss modulus25,33. Although some “extended” Voigt models incorporate

a power law frequency dependence28,31,34, abidance of the Kramers-Kronig relationship be-

tween the storage and loss modulus35 is unclear.

In the viscoelastic model proposed by Johannsmann25,36, and the Voinova model29, a Taylor-

expansion series approximation in the film thickness is used to extract the viscoelastic prop-

erties, where viscoelasticity can be viewed as a perturbation to the response obtained from a

purely inertial mass loading of the film. Accurate determination of the viscoelastic properties

requires that thicker films be used:
d

λ
∼ 0.25, (1)

where d and λ represent the film thickness and the shear wavelength propagating in the film,

respectively. In this case, a more complete numerical method needs to be employed18,37.

Readers are referred to refs.37 and18 for a detailed explanation of the numerical QCM vis-

coelastic model used in this study. Briefly, three measured values, ∆fn1 , ∆fn2 , and ∆Γn3 ,

were used, where n1, n2, and n3 represent the harmonic order and n1 ̸= n2. With the

assumption that the storage and loss moduli obeys a power law exponent defined by a
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constant viscoelastic phase angle, a reasonable assumption within the relatively narrow fre-

quency range considered here, the following three quantities are obtained by solving a series

of non-linear equations in MATLAB:

1. The mass per unit are of the film, MA

2. The product of the magnitude of the complex shear modulus and film density at the

nth harmonic, |G∗
n| ρ 1 and

3. The viscoelastic phase angle, ϕn.

Measurements are recorded for at least two odd harmonics, so that at least four pieces of

information were collected: ∆fn1 , ∆Γn1 , ∆fn2 , and ∆Γn2 . Thus, two separate sets of data

could be used to compute MA, |G∗
3| ρ, and ϕ3. For example, for data collected at the third

and fifth harmonic, two sets of measurements could be used to perform the calculations:

(∆f3, ∆f5, ∆Γ3) and (∆f3, ∆f5, ∆Γ5). As a shorthand, these two sets of calculations

are herein referred to as “353” and “355”, respectively. Ideally, values computed from any

combination of datasets yield the same result. However, differences often indicated that

systematic errors due to unaccounted anharmonic mode mixing, sample defects, and sample

surface roughness were present. As described in previous sections, special care was taken

to produce films that were homogeneous, smooth, and free from defects caused by dust

particles. For reasons related to experimental repeatability and insensitivity towards edge

effects of the crystal16,25,38,39, data analysis was focused on the third and fifth harmonics.

To measure properties for an uncured thiol-ene mixture, a clean QCM crystal was immersed

in the monomer mixture and protected from light to prevent curing caused by ambient light.

This allows the implementation of the semi-infinite QCM viscoelastic relations18:

|G∗
n| ρ =

[
−πZq∆fn

f1 sin (ϕn/2)

]2
=

[
πZq∆Γn

f1 cos (ϕn/2)

]2
(2)

1With an estimated film density of ∼ 1 g/cm3, |G∗
3| ρ is effectively a measure of the complex shear modulus

magnitude.
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and

ϕn = −2 arctan

(
∆fn
∆Γn

)
. (3)

The constants, Zq = 8.84 × 106 kg/ (m2 · s) and f1 = 5MHz, represent the quartz acoustic

impedance and fundamental harmonic of the QCM crystal, respectively. This semi-infinite

viscoelastic analysis for the uncured thiol-ene mixture is a limiting case of the complete

model described by Denolf, et al.37 applicable to low viscosity materials where the decay

length of the shear wave is less than the film thickness. In this regime, measurements are no

longer sensitive to the film mass, but |G∗
n| ρ and ϕn can be obtained from measurements at

a single harmonic, using Equations 2 and 3.

Error estimation described in ref.18 were extended to include correlated random fluctuations

(e.g. temperature fluctuations), which were based on statistical analysis of QCM crystal

measurements prior to deposition of a viscoelastic film. The applied error methodology can

be derived by implementing the matrix formulation of the error propagation law40. Error

bars reported herein represent the 95% confidence interval.

Results and discussion

QCM measurements

Representative calculations for “353” and “355” datasets are shown in Figure 3. To check

for self consistency and validity of the viscoelastic model, the excluded fourth piece of infor-

mation in the analysis was back calculated and compared with the experimentally obtained

value, as listed in Table 1. The average percent difference between the experimental and

predicted values for ∆Γ3 or ∆Γ5 were approximately 6%, which was evidence of good agree-

ment between the “353” and “355” calculations. For all results presented, the “353” and “355”

calculations were in good agreement. Thus, quantitative results presented herein can be

taken with high confidence. For purposes of clarity, results for the “353” calculations are
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plotted, unless indicated.

Figure 3: Numerically determined MA, |G∗
3| ρ, and ϕ3 values for a photopolymerizing bisGMA

film. The film was exposed to 0.01 s bursts of UV radiation with 5 s intervals between each
burst. Error bars are represented by the sizes of the shaded regions. For clarity, markers are
plotted every 10 min.

Table 1: Average percent difference between predicted and measured ∆Γ3 and ∆Γ5 values.

calculation information used information not used ∗ average % difference
type in analysis in analysis in ∆Γ3 or ∆Γ5

353 ∆f3, ∆f5, ∆Γ3 ∆Γ5 6.4
355 ∆f3, ∆f5, ∆Γ5 ∆Γ3 -6.1

∗ in reference to measured values

BisGMA polymer

Due to its prevalence in photopolymer studies1,41–45 and simplicity as a single-type monomer

reaction that proceeds by chain growth radical polymerization, bisGMA is an ideal model

system for this study. The computed values of |G∗
3| ρ and ϕ3 for this system are shown in

Figures 4 and 5. Results shown in Figure 4 are plotted as a function of cumulative UV time

scale, representing the total exposure from direct UV radiation. Note that the experimental

time differs greatly from the cumulative UV time, since the experimental time depends on

both the interval and burst times. For convenience, curing “rates” described in this study

are in reference to the cumulative UV exposure time. Concerns over the effects of residual

solvents after the spin coating process were determined to be negligible, since the calculated

decrease in MA due to solvent evaporation for all bisGMA datasets was less than 0.5%.
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For curing in the presence of oxygen, the viscoelastic properties remained constant through-

out the experiment, an expected result since oxygen is a well known inhibitor for chain

growth radical polymerization22,46. Also, the unchanging mechanical properties of the air-

cured bisGMA dataset provided further justification that effects of residual solvents within

the film had a negligible impact on the viscoelastic properties of the film during curing.

Under nitrogen curing, changes in both |G∗
3| ρ and ϕ3 were observed. Extending the interval

time or reducing the burst time resulted in an increased curing rate. The results are plotted

together on a modified van Gurp-Palmen plot (ϕ3 vs. |G∗
3| ρ )47 in Figure 5 and collapses

onto a linear trend when |G∗
3| ρ is plotted on a logarithmic scale. Changing the interval or

burst times shifts the datasets along the master curve. Specifically, efficient curing rates on

the cumulative UV time scale (longer interval times and/or shorter burst times) led to a

downward shift (higher |G∗
3| ρ and lower ϕ3) along the master curve. This is a reflection of

the structural homogeneity and similarity of the bisGMA samples during photocuring. By

extrapolating a linear fit, ϕ3 = a× log10 (|G∗
3| ρ) + b to ϕ3 = 0, where a and b are empirical

fitting constants, an estimated upper glassy limit |G∗
3| ρ = 10−b/a of ∼ 3.6GPa · g/cm3 can

be determined.

R

Figure 4: Change in (a) |G∗
3| ρ and (b) ϕ3 during photocuring of bisGMA as a function

of cumulative UV time. Errorbars are drawn as color-corresponding transparent shaded
regions. For clarity, markers are displayed in time increments of 0.1 base 10 log units.
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Figure 5: Calculated viscoelastic data plotted on a van Gurp-Palmen plot. A linear fit on a
logarithmic x-axis (—, a = −23.04, b = 220.2, R2 = 0.9784) with 95% confidence bounds (–
–) is shown. The fit is extrapolated for ϕ3 = 0, to estimate the upper limit value for |G∗

3| ρ.
For clarity, markers are plotted in x-axis increments of 0.02 base 10 log units.

Thiol-ene polymer

Viscoelastic evolution

The viscoelastic evolution for both nitrogen and air cured thiol-ene samples are shown in

Figures 6 and 7. Two distinct sets of data in Figure 6a can be identified. Most of the

network formation under nitrogen occured within the first 0.1 s of direct UV exposure. On

the contrary, polymerization under the presence of oxygen led to a mechanical structure that

evolved slowly, only reaching a quasi-steady state after ∼ 10 s of total UV irradiation.

The effects of varying interval times for nitrogen-cured samples were small, but observable.

Increasing the intervals from 5 s to 60 s, increased |G∗
3| ρ , while ϕ3 remained unchanged.

The impact of burst times were larger; decreasing the burst times from 0.2 s to 0.01 s lowered

both |G∗
3| ρ and ϕ3. The impact of manipulating interval times for air-cured samples were

also relatively small, but distinguishable. Increasing the intervals from 5 s to 60 s resulted

in lower |G∗
3| ρ and higher ϕ3 after 10 s of UV irradiation. Varying the burst times appear to

have a negligible effect; differences cannot be confidently distinguished due to overlapping
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error bars.

Figure 7 suggests structural similarities for nitrogen cured samples sharing the same burst

times, since the datasets collapse into a linear master curve on the van Gurp-Palmen plot.

Whereas, decreasing the burst time shifts the dataset to the right of the master curve,

indicating a differing crosslinked network. The air-cured samples share similar slopes during

the early-mid-stage of the curing process. However, past the mid-stage curing, the slopes

begin to deviate, due to differences in the quasi-steady state ϕ3. An upper glassy limit of

|G∗
3| ρ ∼ 3GPa · g/cm3 at ϕ3 = 0 can be estimated by extrapolating a fitted linear curve on

the collapsed datasets.

Figure 6: Changes in viscoelastic properties as a function of cumulative UV time. Samples
cured in air are represented by open symbols. Samples polymerized in nitrogen are repre-
sented by filled markers. For clarity, markers are displayed in time increments of 0.1 base 10
log units. Error bars are drawn as color-corresponding transparent shaded regions.
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Figure 7: A van Gurp-Palmen plot for the thiol-ene polymer system. Same markers were
used as in Figure 6. For clarity, markers are displayed in x-axis increments of 0.05 base 10 log
units. The open black circle marker (#) represent the uncured thiol-ene monomer mixture,
which was determined using the semi-infinite viscoelastic model (see Equations 2 and 3).
A linear fit of the collapsed datasets on a logarithmic x-axis (—, a = −31.80, b = 304.1,
R2 = 0.9426) with 95% confidence bounds (– –) is shown. The fit is extrapolated to ϕ3 = 0
as an estimate of the upper limit value for |G∗

3| ρ.

Areal mass changes

Changes in MA during the photopolymerization process are shown in Figure 8, where the

calculated percent changes in MA is in reference to 1 s of UV exposure. The areal mass for

the nitrogen cured samples remained relatively constant. However, there are small decreases

in areal mass of less than 0.25%, which is attributed to evaporation of residual solvent

in the film. Concerns over solvent effects on the interpretation of viscoelastic properties

were considered negligible, since there was no clear correlation between changes in MA and

calculated rheological values.

More interestingly, a clear increase in areal mass was observed for samples cured in air. To

determine if the mass increase was due to oxygen or water uptake, experiments were repeated

under ambient and dry air conditions. Changes in viscoelastic properties and MA were in

agreement within the calculated errors between the two experiments, indicating that oxygen

was the primary contributor to the observed areal mass increase shown in Figure 8. From the
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standpoint of chemical kinetics, the mechanism by which oxygen is scavenged involves the

hydrogen abstraction of a thiol functional group by a peroxide group (formed by a carbon

radical and an oxygen molecule)20. This mechanism allows thiol-ene material systems to be

insensitive towards oxygen inhibition from a chemical conversion perspective. It is notable

that the degree of oxygen incorporation and the effects on the high-frequency rheology of

the network can be quantified with the QCM.

We also note that it is difficult to determine the absolute amount of oxygen uptake from the

very beginning of the curing process. Changes in the areal mass are quite large within the

first half second of total UV exposure, where uncertainties in the Lorentz fitting of the broad

resonance peak are relatively large. Empirical extrapolation of the areal mass prior to UV

irradiation were considered. However, the fitting is highly dependent on the behavior within

the first second of UV exposure, making objective comparisons between datasets difficult.

Instead, the areal mass increase in Figure 8 should be interpreted as an estimated lower

limit of the oxygen uptake (∼ 1 − 2% in MA after 25 s of UV exposure). Since the oxygen

incorporation primarily depends on the number of ene functional groups20, an estimate of

the upper limit oxygen uptake can be determined (∼ 16% increase), assuming complete

oxidation of the ene functional groups.

Keeping in mind this caveat that quantitative differences in absolute oxygen uptake can

be difficult to compare, the rate of oxygen incorporation (when expressed in terms of the

cumulative UV exposure time) increases by increasing the interval time or decreasing the

burst time. Correlations between the mass and viscoelastic changes cannot be definitively

made since the relation between structural details and oxygen incorporation are likely coupled

in a complex way. Systematic experiments with thiol and ene monomers of different chemical

functionalities, coupled with chemical kinetic simulations, are needed in order to provide

further insight on the correlation between oxidative processes and structure formations in

these materials.
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Figure 8: Relative areal mass change after 1 s of cumulative UV exposure. Markers are
shown in time increments of 0.05 log units. Error bars are drawn as color-corresponding
transparent shaded regions.

Stoichiometric considerations

Stoichiometric effects were considered to assess the sensitivity of the viscoelastic evolution to

deviations from a perfect 1:1, thiol to ene mole ratio in these materials. Figure 9 shows the

calculated viscoelastic properties for samples cured in air or nitrogen with 5 s interval and

0.01 s burst times. Nitrogen cured samples with a non-1:1, thiol to ene mol ratio displayed a

higher |G∗
3| ρ and a slightly higher ϕ3. The increase in the complex shear modulus was likely a

result of higher chemical conversion and/or degree of crosslinking due to greater availability

of unreacted monomers beyond the gel point. Also, a slight increase in viscoelastic phase

angle was unsurprising due to unreacted monomers in the film that contribute to a more

dissipative behavior. A comparison between samples with a 0.9 or 1.1, thiol to ene mol ratio

reveal that excess tri-ene monomers resulted in a higher |G∗
3| ρ and ϕ3 than excess tetra-thiol

monomers. Specifically, a sample with 0.9, thiol to ene mol ratio had approximately 1.3

times more extra monomers than the sample with 1.1, thiol to ene mol ratio, providing a

higher potential towards complete conversion and higher ϕ3 due to higher amounts of freely

diffusing monomers.
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For films cured in the presence of oxygen, samples with a stoichiometrically imbalanced

thiol to ene mol ratio generally had lower |G∗
3| ρ and ϕ3, which reflects the structural role

of oxygen incorporation into the crosslinking network. The uptake in oxygen, according to

the oxygen-scavenging mechanism reported in the literature20, should be correlated with the

amount of ene monomers in the film. This expectation is consistent with the results shown

in Figures 9 and 10. The initial differences in |G∗
3| ρ and ϕ3 from a 1:1, thiol to ene mol ratio

for the sample with excess ene monomers were greater than the film with additional thiol

monomers. Also shown in Figure 10, the rate in the change of areal mass after 1 second of

UV exposure was highest for the sample with the surplus of ene monomers. In the context

of interpreting results from varying burst and interval times, differences in the viscoelastic

evolution due to functional group stoichiometry is negligible since observable changes in

|G∗
3| ρ and ϕ3 due to 10% stoichiometric variance is relatively small. Thus, errors of less than

2% for a stoichiometrically balanced thiol to ene mol ratio during sample preparation are

unlikely to solely explain the results observed caused by changes in burst and interval times.

Figure 9: Effects of varying stoichiometric mole ratios of thiol to ene functional groups
on the viscoelastic curing evolution for samples cured in air or nitrogen. Datasets shown
have the same interval and burst times of 5 s and 0.01 s, respectively. For clarity, markers
are displayed in time increments of 0.1 base 10 log units. The size of the error bars are
represented by the shaded areas.
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Figure 10: Stoichiometric effects on the relative areal mass changes after 1 s cumulative UV
radiation due to oxygen uptake. All samples were exposed to 5 s intervals with 0.01 s bursts
of UV light. Markers are shown in time increments of 0.05 log units. The size of the error
bars are represented by the shaded areas.

Conclusions

The quartz crystal microbalance was utilized as a high frequency photorheometer capable

of monitoring mass and viscoelastic property changes in real time. By implementing the

appropriate model of the QCM response18,37, the effects of changing interval and burst times

during UV curing were observed for a model bisGMA material and a thiol-ene system.

Increasing the interval time or decreasing the burst time led to faster viscoelastic curing

rates when viewed in terms of the cumulative irradiation time. When plotted in a van Gurp-

Palmen form47, the bisGMA datasets collapsed onto a master curve, which was fit using a

linear equation on a logarithmic modulus axis. The linear fit was extrapolated to ϕ3 = 0,

giving an upper limit of ∼ 3.6GPa · g/cm3 for the room-temperature value of |G∗
3| ρ.

The effects of curing under the presence of oxygen were also explored. Despite the nominal

thiol-ene insensitivity towards oxygen inhibition from a chemical kinetics perspective, oxygen

incorporation into the network had a clearly observable impact on the viscoelastic curing
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evolution. The rate of oxygen uptake was also observable from the calculated mass changes

after 1 s of direct UV exposure. When the datasets were plotted in a van Gurp-Palmen form,

an upper limit of ∼ 4.0GPa · g/cm3 was obtained for the room-temperature value of |G∗
3| ρ.

Effects of the stoichiometric balance between the thiol and ene functional groups were also

explored. Quantitative differences were discerned between samples with excess thiol or ene

monomers. Values of |G∗
3| ρ and ϕ3 were higher for the film with excess ene groups compared

to the sample with excess thiol groups. For films cured in air, non-stoichiometric, thiol to

ene mol ratios generally exhibited lower values of |G∗
3| ρ and higher values of ϕ3 compared

to the stoichiometrically balanced thiol to ene ratio. Changes in areal mass showed that the

sample with excess ene monomers exhibited a higher rate of oxygen uptake after 1 s of UV

irradiation. This result is consistent with the reported mechanism of ene functional groups

scavenging molecular oxygen to form peroxides20.
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