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Objective. The aim of this study was to assess volume changes that occur during photopoly-

merization of unfilled dental resins based on bis-GMA-TEGDMA.

Methods. The resins were activated for visible light polymerization by the addition of

camphorquinone (CQ) in combination with dimethylamino ethylmethacrylate (DMAEMA)

or ethyl-4-dimethyl aminobenzoate (EDMAB). A fibre-optic sensing method based on

a Fizeau-type interferometric scheme was employed for monitoring contraction during

photopolymerization. Measurements were carried out on 10 mm diameter specimens of

different thicknesses (1 and 2 mm).

Results. The high exothermic nature of the polymerization resulted in volume expansion dur-

ing the heating, and this effect was more pronounced when the sample thickness increased.

Two approaches to assess volume changes due to thermal effects are presented. Due to the

difference in thermal expansion coefficients between the rubbery and glassy resins, the

increase of volume due to thermal expansion was greater than the decrease in volume

due to thermal contraction. As a result, the volume of the vitrified resins was greater than

that calculated from polymerization contraction. The observed trends of shrinkage versus

sample thickness are explained in terms of light attenuation across the path length during
photopolymerization.

Significance. Results obtained in this research highlight the inherent interlinking of non-
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. Introduction

hotocuring of multifunctional monomers is a well-known

ethod applied in clinical restorative dentistry. The major

isadvantage of dental composites over amalgam is that
hey shrink during polymerization causing shrinkage strain
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ization and volumetric changes in bulk polymerizing systems.
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and marginal gaps at the tooth composite interface. [1,2]
Therefore, the reduction of composite shrinkage presents an
ta, Argentina.

It is well known that the exothermic nature of free radi-
cal bulk polymerization of dimethacrlylate monomers leads
to elevated cure temperatures. Consequently, the shrinkage

blished by Elsevier Ltd. All rights reserved.

mailto:civallo@fi.mdp.edu.ar
dx.doi.org/10.1016/j.dental.2008.04.014


l s 2

Inc.), with its emittance centered at 470 nm. The LED was
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that occurs due to the polymerization reaction is accompanied
with volumetric expansions and contractions resulting from
the temperature changes. In highly filled resin composites,
the temperature increase is partly reduced by the presence
of the filler. However, for less highly filled composites (e.g.
marginal sealants) and for experimental studies of polymeric
shrinkage of unfilled resins, the thermal effects during poly-
merization must be taken into account. The present study has
been conducted to gain a further insight into the volumet-
ric changes which occur during photopolymerization under
non-isothermal conditions.

Several methods for the measurement of shrinkage in den-
tal composites have been proposed. The methods are based on
two general approaches: volume dilatometry or non-volume
dilatometric methods. The change in density and volume
of the composite has been assessed by dilatometry [3–5]
or gas pycnometry. [6] Non-volume dilatometric measure-
ments are usually one-dimensional and employ a contacting
or non-contacting transducer including the linometer [7,8],
the bonded-disk technique [9], thermomechanical analysis
[10], and optical methods [11–14]. In this study, a non-
contact, Fizeau-type interferometric method for monitoring
the shrinkage development during photopolymerization of
unfilled dental resins was employed. The technique enables
quantitative measurements providing data for the continuous
shrinkage evolution during photopolymerization. The ability
to collect data at high acquisition rates permits the real-time
monitoring of extremely fast chemical reactions as in the
case of the polymerization of multifunctional methacrylate

monomers.

Two approaches to predict the volume changes that occur
during photopolymerization, including both thermal effects
and polymerization effects are presented. Computations were

Scheme 1 – Molecular structure of the
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carried out by combining experimental measurements of
shrinkage evolution, double bond conversion and temperature
profiles during photopolymerization. Results obtained in this
research highlight the inherent interlinking of non-isothermal
photopolymerization and volumetric changes in bulk poly-
merizing systems.

2. Materials and methods

2.1. Materials

The resins were formulated from blends of {2,2-bis[4-
(2-hydroxy-3-methacryloxyprop-1-oxy)phenyl]propane} (bis-
GMA) and triethylene glycol dimethacrylate (TEGDMA) at
mass fractions 70:30 bis-GMA/TEGDMA. bis-GMA (Esstech,
Essington, PA, USA) and TEGDMA (Aldrich) were used
as received. The resins were activated for visible light
polymerization by the addition of camphorquinone (CQ)
and amine reducing agents. The amines were dimethy-
laminoethylmethacrylate (DMAEMA) (Aldrich) and ethyl-4-
dimethylaminobenzoate (EDMAB) (Aldrich). The structure of
the monomers and photoinitiator systems are depicted in
Scheme 1.

2.2. Light source

The light source employed to cure the resins was assembled
from a Light Emitting Diode (LED, OTLH-0090-BU, Optotech
selected taking into account that the CQ photoactivator is acti-
vated in the wavelength range 400–500 nm with an absorption
peak at 470 nm. The emission spectrum of the LED source was

monomers and photoinitiators.
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Fig. 1 – Schematic diagram of the interferometer apparatus.
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ll components are mounted on a vibration isolation
ptical table.

easured with a calibrated CVI-monochromator (Digikrom
80) and a Si-photodetector. The power of the photocuring
ource was measured with a calibrated laser probe thermopile
ensor. The irradiance of the source at the base of the polymer-
zing specimen was measured to be 30 mW.

.3. Measurement of volumetric shrinkage

fibre optic sensing method based on a Fizeau-type interfer-
metric scheme was employed for monitoring the evolution
f the shrinkage during photopolymerization. Details of
he technique were reported elsewhere [14] and are briefly
escribed here. Fig. 1 depicts the experimental arrangement.

laser diode operating at 1.31 �m was used as the coher-
nt source of the interferometer (Mitsubishi 725B8F mounted
n Thorlabs KT112 collimation and focusing system, powered
ith LD2000 Thorlabs Laser Driver). Laser light was coupled to
2 × 2 single mode (1.31 �m) fiber directional coupler (Thor-

abs 10202A-50). Two optical waves are coupled back into the
ber from the Fizeau interferometer. The optical signal from
ne of the outputs (labelled as 2 in Fig. 1) was collected by
n InGaAs detector (Thorlabs DET410), amplified, converted
o a digital signal and acquired on a PC (personal computer)
t 500 samples/s. A further averaging process was performed
efore plotting the values. In order to avoid spurious signals,

ight reflections from another output of the coupler (labelled
s 3 in Fig. 1) were eliminated by the employment of an index
dapter liquid. An air-gap was developed between the cleaved
nd (corresponding to the output labelled as 4 in Fig. 1) of
he single mode directional coupler (reflectance labelled as R2
n Fig. 1) and a reflective surface consisting of a very small
iece (1 mm × 1 mm) of thin aluminium foil was placed onto
he resin sample (reflectance labelled as R1 in Fig. 1). The glass
late was fixed to a positioning system which was aligned in
rder to ensure that the two reflective planes R1 and R2 were
arallel. Beams coming from R1 and R2 interfere and, if the dis-
ance between both reflective surfaces changes, the coherent

rocess generates a temporal modulation (intensity distribu-
ion of maxima and minima. Thus, the separation between
wo intensity maxima corresponding to two consecutive inter-
erence fringes occurs at �L = �/2 or 0.655 �m [14]. Mechanical
( 2 0 0 9 ) 103–114 105

vibrations give rise to noise that complicate contraction mea-
surements, so it is important to assemble the apparatus in a
vibration free environment. The apparatus used in the present
experiment was assembled on a vibration free optical table.

A rubber ring of inner diameter equal to 10 mm was glued
to the microscope glass plate. The sample resin was placed
onto the glass plate in the centre of the rubber ring and the
small piece (1 mm × 1 mm) of reflective thin aluminium paper
was placed on top of the sample. The fibre end was aligned
parallel to the reflective foil with an initial separation of less
than 100 �m. When the system was stabilized and a nearly
continuous optical signal of 1.31 �m reflected from the inter-
ferometer was observed on the oscilloscope, data acquisition
commenced five seconds before the LED was turned on, and
thus, the optical signal was acquired and processed. For each
signal point plotted, three experimental data were averaged.
Measurements were carried out on samples of 1 and 2 mm
thickness. The samples were recovered at the conclusion of
each experimental run by using a razor blade to remove them
from the microscope slide. The sample thickness was then
measured to within ±2% with a precision micrometer. The
initial sample thickness, L0, was calculated as the sum of the
thickness measured immediately after the test and the total
�L measured from the interferogram register. The samples
were irradiated for 320 s and data acquisition continued with
the LED unit turned off to complete the 600 s experimental
period.

2.4. Measurement of temperature evolution during
photopolymerization

The temperature during polymerization was monitored in
specimens of the same thickness to those used in the
shrinkage measurements (1 and 2 mm), with fine K-type ther-
mocouples (Omega Engineering Inc., USA) embedded in the
resin. The thermocouples were connected to a data acquisi-
tion system that registered values of temperature every 1 s.
The samples were irradiated for 320 s and the data acquisi-
tion continued with the LED unit turned off to complete the
600 s experimental period. Three replicates were conducted
for each experiment. The experimental conditions, i.e. glass
plate support, rubber ring and irradiation method, were the
same as those for the shrinkage measurements. This ensured
that the heat transfer of the different tests was the same.

2.5. Measurement of the coefficient of thermal
expansion

Measurements of changes in the volume of the monomer
and vitrified resins versus temperature were performed during
cooling of the samples. A sample was placed onto a ther-
mostated heating plate and its temperature recorded once
every second. When the sample reached a steady tempera-
ture, the thermostat was turned off and the temperature and
volume were simultaneously monitored during the cooling
period. Samples of monomer were cooled from 90 to 25 ◦C at

a cooling rate of 2.92 ◦C/min whereas samples of glassy resins
were cooled from 45 to 20 ◦C at an average cooling rate of
1.2 ◦C/min. The coefficient of thermal expansion was calcu-
lated from the resulting linear plots of �V versus �T, where
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�V is the decrease in volume measured by the interferome-
ter and �T is the temperature decrease measured with the
thermocouple embedded in the sample.

2.6. Measurement of the specific heat

The specific heat measurements of monomer and pho-
topolymerized samples were made with a Shimadzu TA 50
calorimeter provided with software which enables processing
of the data generated by each run. Calibrations were made
with high purity alumina.

2.7. Measurement of double bond conversion

FTIR spectra were acquired with a Genesis II Mattson FT-IR
(Madison, WI, USA). NIR spectra were acquired over the range
4500–7000 cm−1 [15] from 16 co-added scans at 2 cm−1 reso-
lution. The co-added spectra took 120 s to acquire. Unfilled
resins were sandwiched between two glass plates separated by
a 2 mm thick rubber spacer, and were tightly attached to the
sample holder using small clamps. With the assembly posi-
tioned in a vertical position, the light source was placed in
contact with the glass surface. In order to obtain the double
bond conversion as a function of the irradiation time, differ-
ent samples were irradiated for 5, 10, 20, 40, 60, 80 and 100 s.
Spectra were collected 120 s after the exposure interval. The
background spectrum was collected through an empty mold
assembly fitted with only one glass slide to avoid internal
reflectance patterns. The conversion profiles were calculated
from the decay of the absorption band located at 6165 cm−1.
Three replicates were used in the measurement of conversion.

2.8. Measurement of the molar extinction coefficient of
CQ

The UV absorption spectra of CQ was measured with an UV–vis
spectrophotometer 1601PC Shimadzu in 10 mm cuvettes
using ethanol as solvent. The concentration of CQ was
3.65 × 10−3 mol/L.

3. Results and discussion

Fig. 2 shows a typical interferogram. When the sample is
irradiated, the polymerization proceeds with its associated
contraction. As the sample thickness decreases the dis-
tance between both reflective surfaces (�L) increases and
a very clear intensity pattern is observed with a resolution
less than 0.1 �m. Polymerization shrinkage is a multiaxial
phenomenon. The compensation for shrinkage at free bor-
ders makes it difficult to record volumetric shrinkage from
measurements along only one axis. However if the lateral
shrinkage of the specimen can be restrained by bonding to the
substrate then the vertical shrinkage is equal to the volumet-
ric shrinkage. This lateral restraint can be achieved, subject to
three conditions—the resin must be in the gelled state so that

flow does not occur, the gel must be bonded to the substrate
and the specimen must have a squat shape so that lateral
shrinkage of its free surface is constrained by the bonded
surface. It is well known that dimethacrylates gel at low
Fig. 2 – Typical interferogram collected from the detector.
The cure light was turned on at 5 s.

conversions (typically less than 1%) so that the first condition
is fulfilled. The specimen geometry (1 or 2 mm high and 10 mm
diameter) was chosen (Fig. 1) so that the specimen adhered to
the glass substrate (as noted above) and so that the specimen
aspect ratio (diameter/thickness) was sufficiently high for the
lateral boundary effects to be minimized [16,17]. Therefore,
the percent of volumetric contraction can be calculated by the
following expression:

Shrinkage = 100
�V

V0
≈ 100

�L

L0
(1)

Fig. 3a and b shows the shrinkage over time dur-
ing photopolymerization for formulations prepared with
1 wt.% CQ in combination with an equimolar proportion
of EDMAB or DMAEMA. Significant differences in the rate
of contraction were measured between resins contain-
ing these amines. EDMAB, is a very effective hydrogen
donor and rapid cures are obtained even at low accel-
erator concentrations [18,19]. Conversely, DMAEMA is a
less efficient photoreducer resulting in low polymerization
rate and lower conversion compared with the EDMAB aro-
matic amine [18,19]. The values of volumetric shrinkage
are much higher than those reported for commercial dental
dimethacrylate composites, because the latter are filled with

non-shrinking inorganic particles. The contraction started
after an induction time, which was obtained from the data
as the time that transpired between the start of irradiation
and the beginning of oscillations in the sample interfer-
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Fig. 3 – (a) Shrinkage vs. time during photopolymerization
for formulations containing 1 wt.% CQ/DMAEMA and
different sample thickness. The LED unit was turned off at
320 s. (b) Shrinkage vs. time during photopolymerization
for formulations containing 1 wt.% CQ/EDMAB and different
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in shrinkage measurements. Samples containing CQ/EDMAB
exhibited a maximum increase in temperature of 20 and 30 ◦C
while for samples containing CQ/DMAEMA the maximum

Fig. 4 – (a) Temperature evolution during the
photopolymerization of samples containing 1 wt.%
ample thickness. The LED unit was turned off at 320 s.

gram. This time lag at the beginning of each shrinkage
rofile is attributed to the presence of both free radical

nhibitor in the resin and dissolved oxygen. According to
he manufacturers, the bis-GMA resin contains 570 ppm of

ethoxyhydroquinone (MEHQ) to inhibit self-polymerization
uring storage and it was used as received without further
urification. In addition, the resins were not degassed before
he experiment commenced and so a significant amount
f oxygen was dissolved in the resin. Furthermore, the top
urface of the test sample was exposed to air during the
ourse of the measurements, allowing oxygen flux into the
esins. The mechanisms of oxygen inhibition have been the
ubject of several previous investigations [20–24]. Oxygen is
nown to inhibit free radical polymerizations by reacting with

nitiator, primary, and growing polymer radicals to form per-
xy radicals. The peroxy radicals are more stable and do

ot readily reinitiate polymerization, and thus, the oxygen
ssentially terminates or consumes radicals. The atmospheric
xygen and MEHQ inhibit photopolymerization by scavenging
( 2 0 0 9 ) 103–114 107

initiator radicals and so competing with the reaction between
initiator radicals and monomer. Consequently, the photocur-
ing reaction is delayed until nearly all the inhibitor or oxygen
is consumed. Another variable that dramatically affects the
extent of oxygen inhibition of free radical photopolymeriza-
tion is the initiation rate. If the initiation rate (determined
by the initiator concentration and activity and the radia-
tion intensity) is sufficiently low, all of the radicals generated
could be consumed in the inhibition process. Thus formula-
tions prepared with the more reactive photoinitiator system
(CQ/EDMAB) resulted in the lowest induction period because
the inhibiting species were consumed faster.

It is well known that the dimethacrylates polymerization
reaction is highly exothermic. Thus, the temperature of the
sample during polymerization is expected to increase. Fig. 4a
and b shows the temperature profiles measured during resin
photopolymeration under identical conditions to those used
CQ/DMAEMA. The LED unit was turned off at 320 s. (b)
Temperature evolution during the photopolymerization of
samples containing 1 wt.% CQ/EDMA. The LED unit was
turned off at 320 s.
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Fig. 5 – Temperature vs. time during irradiation of a 1.5 mm
thick monomer sample. The LED unit was turned off at

marked when the sample thickness increases. Consequently,
the volumetric change measured by the device is the combi-
nation of contraction due to the polymerization reaction and
the expansion or contraction associated with thermal effects.

Table 1 – Density (�), heat capacity at 20 ◦C (cp), and
thermal expansion coefficients (˛) of the monomer and
polymerized samples

Material � (g/cm3) cp (J/g K) ˛ (K−1)

Monomer 1.15 1.88 11.8 × 10−4

Polymer 1.20 1.57 4.5 × 10−4
1200 s.

increase in temperature was 10 and 18 ◦C. This is consistent
with the relative reactivity of the amines because a more reac-
tive amine will lead to a faster polymerization and a faster rate
of heat evolution. As described in Section 2, the samples were
irradiated for 320 s and the data acquisition continued in the
dark to complete 600 s. The discontinuity of the temperature
traces at 320 s corresponds to the time at which the LED unit
was turned off. It should be noted that the LED may heat the
irradiated specimen directly. This thermal heating of the sam-
ples by the LED was assessed by monitoring the temperature
rise during irradiation of a monomer sample. Fig. 5 shows the
recorded temperature values and a theoretical prediction was
made as follows. The temperature of the sample for a given
time may be calculated from the energy balance which is given
by [25]:

�cpV
dT

dt
= q − U′(T − T0) (Joule/s) (2)

where T is the sample temperature, � is the density, cp is the
specific heat, V is the volume, q is the rate of heat genera-
tion by the LED init, U′ is the global heat transfer coefficient
and T0 is the temperature of the environment. This energy
balance assumes that heat transfer within the sample occurs
at a higher rate than heat transfer from the sample to the
surroundings. This can be predicted by calculating the Biot
number for the system, which gives the ratio of internal ther-
mal resistance to external thermal resistance [25]. The Biot
number is given by the following relationship: Bi = hLc/k, where
h is the heat transfer coefficient evaluated under free convec-
tive airflow, k is the thermal conductivity of the resin, and Lc

is the thickness of the sample. When this number is small
(less than 0.100), the temperature non-uniformity within the
sample can be neglected, and it has a spatially uniform tem-
perature that is a function of time only. Estimations of the

Biot number for each sample by using conservative values for
h and k [k: 0.29 J/m s ◦C [26], h: 6.7 J/m2 s [25]) resulted in values
lower than 0.1, which validates the use of Eq. (2) for the time
5 ( 2 0 0 9 ) 103–114

evolution of the temperature. Dividing Eq. (2) by �cpV:

dT

dt
= Q − U(T − T0) (◦C/s) (3)

where Q (q/�cpV) is the heating rate produced by the LED unit
(in ◦C/s) and U (U′/�cpV) is the global heat transfer coefficient
per unit volume. Therefore, knowing U and Q makes it possible
to assess the influence of the heating by the irradiation source
on the sample temperature.

The solution to Eq. (3) is

T = T0 + Q

U
(1 − e−Ut) (4)

By making Q = 0 in Eq. (3) and integrating:

ln(T − T0) = −Ut + C2 and T − T0 = (Ti − T0) e−Ut (5)

where Ti is the sample temperature when the led was turned
off. Then a plot of ln(T − T0) versus t, when the LED unit is
turned off will give a straight line of slope U. In addition, a
plot of (T − T0) versus [1 − exp(−Ut)] when the LED is turned
on gives a straight line of slope Q/U. By using the U and Q
values calculated as described, the temperature versus time
was calculated with Eqs. (4) and (5). Fig. 5 shows the com-
puted values along with the experimental measurements. The
good agreement between predicted and experimental results
lends support to the expressions used for the energy balance.
Because the U and Q values depend on the sample volume
and cp value, they have to be estimated for each sample. The
heating of the led was calculated in 1 and 2 thick samples
of monomer and polymer by using the values of � and cp of
monomer and polymer given in Table 1. Fig. 6 shows the evo-
lution of the sample temperature due to the heating of the
LED. It is seen that for 1 and 2 mm thick specimens, the sam-
ple heating due to the presence of the LED can be disregarded
relative to the curing exotherm and the sample temperature
rise may be attributed exclusively to the heat released by the
polymerization reaction.

From the results presented in Fig. 4 it emerges that the
non-isothermal nature of polymerization will result in vol-
ume expansion during heating and this effect will be more
The density of the polymer was calculated from the density of the
monomer (data sheet from the manufacturer) and the volumetric
shrinkage values presented in Fig. 3.
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Fig. 6 – Estimation of the heating of 1 and 2 mm thick
samples of monomer and polymer by the LED unit. The U
and Q values for each sample were calculated from the U
and Q values presented in Fig. 5 and the � and cp values
p
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between volume contraction and mole of converted double
bonds, was first proposed in 1953 by Loshaek and Fox [28]
and more recent literature [29,30] still refers to this early
work. However, plots of volumetric shrinkage measured by
resented in Table 1.

olume changes associated with thermal effects are given by:

dV

V
= ˛ dT and V = V0 e˛ �T (6)

here ˛ is the volumetric coefficient of thermal expansion,
V is the change in the sample volume when the temperature
hanges by dT and V0 is the initial sample volume.

The first step for the evaluation of the extent of thermal
xpansion and contraction is to obtain adequate information
f the thermal expansion coefficient of the material. Volu-
etric changes due to temperature changes are accurately

etected by the interferometer, which makes it a suitable
echnique to measure thermal expansion coefficient. The
hermal expansion coefficients of the monomer and vitrified
esins are presented in Table 1. To remove the effect of ther-

al expansion from the overall volume change during cure,
he relationship between the volumetric thermal expansion
oefficient and the double bond conversion is required. The
xperimental problem associated with this measurement lies
n the fact that the resin polymerizes during heating. Thus, for

first approximation, the thermal expansion coefficient was
stimated by the following linear relationship:

= ˛m − x

xf
(˛m − ˛f) (7)

here ˛m an ˛f are the thermal expansion coefficients of the
onomer and the polymer, respectively (Table 1), x is the dou-

le bond conversion and xf is the conversion at the end of
he measurement. This expression is similar to that used by
ee and co-workers [27], who studied the volumetric changes
uring polymerization of unsaturated polyester resins. The

onversion versus irradiation time was measured by NIR and
he results are shown in Fig. 7. Volumetric changes due to
hermal effects were assessed by numerically integrating the
( 2 0 0 9 ) 103–114 109

discrete values of contraction versus time given by Eq. (6).

V =
∫

˛V0
dT

dt
(8)

where the time dependence of ˛ was obtained from the
conversion-time profiles and Eq. (7). In addition, values of V
were calculated as follows:

If V(T) = V0(T0) e˛(T−T0)

then �Vi = Vi − Vi−1 = Vi−1[e˛i(Ti−Ti−1) − 1]

where �Vi is a discrete change in volume in a time incre-
ment between ti − 1 and ti, corresponding to temperatures of
Ti − 1 and Ti and ˛i is calculated from the cumulative change in
double bond conversion reached at the time ti. Thus, the total
volumetric shrinkage is:

�V

V0
= 1

V0

n∑
1

Vi(e
˛i �Ti − 1) (9)

Fig. 8 shows the increase and decrease in thickness due to
the exothermic effects on expansion and contraction during
photopolymerization. It is seen that the theoretically calcu-
lated thermal expansion during heating of the sample does
not compensate for the thermal contraction of the resin during
the cooling period because vitrification occurs during the cur-
ing process and, as discussed above, the expansion coefficient
in the liquid or gel state is greater than that in the glassy state.
After subtraction of the exotherm expansion effect from the
overall volumetric changes, the corrected contraction curves
are shown in Fig. 9a and b.

The volume shrinkage during polymerization should be
related to the number of functional groups that have reacted
before the system enters the glassy state. A linear correlation,
Fig. 7 – Conversion vs. exposure duration measured by NIR
for 2 mm thick samples containing 1 wt.% CQ/EDMAB or
CQ/EDMAB.
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Fig. 8 – Typical plot of change in sample thickness vs. time
calculated from Eq. (9) during the photopolymerization of
2 mm thick samples. Computations were made as
�L = ˛L0�T. Positive values correspond to the heating
periods and negative values correspond to the cooling
period. The time at which �L is maximum corresponds to
the time of the maximum rise in temperature (as in Fig. 4).
It is seen that the increase in volume during heating is

bond conversion, x. Assuming that the reaction of one mole
of double bond results in a volumetric contraction equal to
20.4 cm3 [30] and that the thermal change in volume is given

Fig. 9 – (a) Shrinkage profiles corrected with Eq. (8) for 2 mm
thick samples of formulations containing 1 wt.%
CQ/DMAEMA. The experimental curves are shown for
comparison. (b) Shrinkage profiles corrected with Eq. (8) for
greater than the decrease in volume during cooling.

the interferometer versus double bond conversion measured
by NIR are not found to be linear (Fig. 10). This discrepancy
could be the result of measuring shrinkage and conversion
in different specimen configurations. In order to verify differ-
ences between the conversion versus time measured by NIR
and shrinkage versus time measured by the interferometer
the following measurements were carried out. Samples con-
taining CQ/EDMAB were irradiated for 5, 10, and 20 s and the
shrinkage was monitored continuously during and after irra-
diation. Results of shrinkage evolution presented in Fig. 11
show that a considerable amount of shrinkage took place
after the light was turned off. Although no new radicals are
generated from initiation when the irradiation is terminated,
the remaining free radicals continue to propagate and ter-
minate. As described in Section 2, the acquisition time of
the FTIR is 120 s. This means that, due to polymerization in
the dark, the conversion versus time measured by FTIR is
not equivalent to shrinkage development, which was moni-
tored in a continuous way. Moreover, NIR samples were not
open to air, so oxygen inhibition is less important in these
measurements. This observation is supported by the differ-
ent induction times observed for NIR test specimens and
shrinkage test specimens. While shrinkage development in
the 2 mm thick samples containing the CQ/DMAEMA sys-
tem was seen only after 8 s, conversions of around 10% were
measured by the NIR technique after 5 s irradiation. From
these results, it emerges that because of the different data
acquisition times between the FTIR and the interferometer,

and the different oxygen atmosphere between each test, the
double bond conversion and shrinkage measurements are
not comparable. An alternative approach was used to cor-
rect the experimental curves of contraction. The proposed
5 ( 2 0 0 9 ) 103–114

scheme estimates the polymerization contraction from the
experimental shrinkage and temperature profiles shown in
Figs. 3 and 4, respectively. The volumetric change measured
(�Vmeasured) is a combination of contraction due to the poly-
merization reaction (�Vchem) and expansion or contraction
due to thermal effect (�Vtherm).

�Vmeasured = �Vchem + �Vtherm (10)

where �Vtherm is positive during heating and negative dur-
ing cooling. The contraction due to chemical reaction may
be expressed in terms of the volume contraction per mole
of reactive groups, the number of moles of double bonds per
unit mass (which for a blend 70/30 of bis-GMA/TEGDMA is
4.83 × 10−3 mol C C/g), the density (1.15 g/cm3) and the double
2 mm thick samples of formulations containing 1 wt.%
CQ/EDMAB. The experimental curves are shown for
comparison.
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Fig. 10 – Typical plot of corrected shrinkage (from Fig. 9) vs.
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ouble bond conversion (from Fig. 7) showing that the
alues were not fitted by a linear relationship.

rom Eq. (9), the overall volume change is given as:

Vmeasured =
(

V0

8.82

)
x −

(
˛mx − (˛m − ˛f)

x

xf

)
V0 �T (11)

n this equation, the double bond conversion, x, and the con-
ersion at the end of the test, xf, are unknown. Computations
ere carried out by trial and error assuming an xu value from
hich ˛ and x were calculated. The procedure was repeated

ntil the calculated xf was equal to the assumed xf value.
igs. 12 and 13 show the predicted conversion profiles and the
orrected shrinkage curves calculated, respectively, from Eq.
11). Although the trend in conversion for the different pho-

ig. 11 – Typical plots of shrinkage vs. time of samples
rradiated for 5, 10 and 20 s at11.5 mW/cm2. The shrinkage
as monitored during and after exposure to complete

00 s. The lines show the times at which the LED was
urned off. Only the first 120 s of test are shown to make the
lot clearer. It is seen that a considerable amount of
hrinkage took place after the LED was turned off. The
ample was 1 mm thick and the formulation was prepared
ith 1 wt.% CQ/EDMAB.

Fig. 12 – (a) Conversion vs. time profiles calculated from Eq.
(11) for 1 and 2 mm thick samples containing 1 wt.%
CQ/DMAEMA. The conversion measured by NIR in a 2 mm
thick sample is shown for comparison. (b) Conversion vs.
time profiles calculated from Eq. (11) for 1 and 2 mm thick
samples containing 1 wt.% CQ/EDMAB. The conversion

measured by NIR in a 2 mm thick sample is shown for
comparison.

toinitiator systems is the same as that shown in Fig. 7, the
calculated conversion values in the 2 mm thick samples are
around 15% lower than that measured by the NIR technique.
This is attributed to the exposure of the surface of the spec-
imens in the dilatometric experiments to an air atmosphere
which retards the polymerization of the shrinkage samples as
compared with the NIR experiments in which the resin was
enclosed. In addition, no influence of sample thickness upon
double bond conversion (Fig. 13) is predicted. These results
are in disagreement with the experimental evidence that the
conversion attained by the monomer increases with the cure
temperature [22]. Although the difference in the cure temper-
ature between 1 and 2 mm thick samples is not great (Fig. 4),
statistically significant differences in double bond conversion

and volumetric shrinkage with increasing temperature are
expected to occur. In order to explain the trends presented
in Figs. 12 and 13, the influence of light attenuation through-
out the sample thickness was examined. Photopolymerization
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Fig. 13 – (a) Shrinkage profiles corrected by Eq. (11) for
formulations containing 1 wt.% CQ/DMAEMA. The
experimental curves are also shown for comparison. No
influence of sample thickness can be seen in the corrected
values. (b) Shrinkage profiles corrected by Eq. (11) for effects on volumetric changes in bulk polymerizing systems.

However, from the above analysis it may be concluded that
the trends of double bond conversion and shrinkage with
formulations containing 1 wt.% CQ/EDMAB.

in strongly absorbing or thick layers can lead to non-uniform
photoinitiation and monomer conversion rates. In fact, the
clinically relevant depth of cure of the photocured material,
below which no polymerization occurs, is explained in terms
of the attenuation of radiation [20,21]. For a non-scattering
medium, as is used here, the light intensity decreases along
the beam direction according to the Beer–Lambert law, which
is given by:

A = − log
I

I0
= εCl and I = I010(−εCl) (12)

Here, A is the absorbance, I0 is the light intensity at the bot-
tom surface (Fig. 1), I is the light intensity at a depth l into
the sample, C is the unreacted initiator concentration, and ε is
the molar extinction coefficient of the absorbing species. The

extinction coefficient of CQ at a wavelength equal to 467 nm
measured by UV–vis spectrophotometry was 43.9 L/mol cm.
From this value, the light intensity profiles throughout the
sample thickness, was calculated from Eq. (12) and the inten-
5 ( 2 0 0 9 ) 103–114

sity decay is depicted in Fig. 14. In the 1 mm thick samples
the radiation is attenuated by up to 50% across the film thick-
ness whereas in the 2 mm thick specimens the intensity at
the top of the sample is 25% of the intensity of the incident
light. However during the irradiation process, CQ is photo-
bleached by conversion to moieties transparent or having
lower absorption coefficients [31]. Thus, the absorbance of the
system decreases and the light beam penetrates deeper as
the irradiation time increases, which makes possible the vit-
rification of thick samples. The kinetics of CQ consumption
in bis-GMA/TEGDMA blends (70/30 mass fraction) containing
CQ/N,N,3,5-tetramethylaniline (TMA) photoinitiator systems
was studied by Cook [31]. UV–vis spectroscopic studies car-
ried out by the author showed that for intermediate to high
concentrations of TMA (>0.3 wt.%), the kinetics of the con-
sumption of CQ during irradiation was fitted to a first order
expression and that the rate constant was proportional to the
radiation intensity but was independent of CQ concentration.
UV–vis measurements of decrease of absorbance versus irra-
diation time at 11.5 mW/cm2 in samples containing 1 wt.%
CQ/amine, showed that under the experimental conditions
used, more than 20 min were required to detect a decrease in
CQ concentration. This suggests that in samples irradiated for
320 s, the photobleaching of the CQ can be disregarded and the
light intensity profile through the path length is the controlling
factor that determines the temporal evolution of the polymer-
ization. The rates of primary photochemical processes (e.g.
primary free radicals from the photosensitizer) are generally
proportional to the product of photoinitiator concentration
and local light intensity. Thus, a gradient in polymerization
rate, temperature and conversion, is created inside the sample
and the temperature and shrinkage values measured by each
technique are averaged throughout the sample thickness. The
mathematical analysis of the polymerization rate and conver-
sion profiles along the path length is beyond the purpose of the
present research which aims to assess the influence of thermal
Fig. 14 – Light intensity profile through sample thickness
calculated from Eq. (12). The concentration of CQ was
assumed unchanged and equal to 1 wt.%.
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ncreased sample thickness (Figs. 12 and 13) can be attributed
o the attenuation of the light intensity through the sample
hickness. The greater cure temperature of the thicker sam-
les is accompanied by a lower overall light intensity and
onsequently the degree of double bond conversion averaged
hrough the sample thickness is reduced.

From the results presented it emerges that expansions and
ontractions due to thermal effects can be easily assessed
y measuring the temperature evolution during photopoly-
erization provided that reliable data of thermal expansion

oefficients is available.

. Conclusions

novel interferometric method based on a Fizeau-type inter-
erometric scheme was used for monitoring the shrinkage
evelopment during photopolymerization of a model unfilled
ental resin. The recorded interferograms and the correspond-

ng shrinkage profiles were found to be highly reproducible.
The volumetric change measured during photopolymeriza-

ion of exothermic systems is a combination of contraction
ue to the polymerization reaction and expansion or
ontraction due to the polymerization exotherm and sub-
equent heat loss to the environment, respectively. The
hermal contribution to the overall shrinkage was assessed
rom the temperature profiles and the thermal expansion
oefficients.

Due to the difference in thermal expansion coefficients
etween the rubbery and glassy resins, the increase in vol-
me due to thermal expansion during the heating of the
amples was greater than the decrease in volume during
he cooling period. As a result, the resin vitrifies with a
olume greater than that calculated from polymerization
ontraction.
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