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Polymerization shrinkage of UV curable dental composites containing
multifunctional methacrylates
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Dental compositions containing bis-GMA as basic material, multifunctional methacrylates, inorganic filler and
photoinitiator were used as a model for dental applications. The main problem in the application and UV-Vis curing
process is the shrinkage of dental materials. Total shrinkage of UV-Vis curable dental composites is due to
polymerization shrinkage, which is a typical behavior of multifunctional methacrylates during the polymerization
process. The important factors for curing dental composites are: kind and concentration of used methacrylates, their
functionality, double bond concentration, kind and concentration of added photoinitiator and UV-Vis dose. UV-curable
dental compositions based on 2,2-bis-[4-(2-hydroxy-3-methacryloyloxypropyl)phenyl]propane (bis-GMA) containing
multifunctional monomers such as 1,3-butanediol dimethacrylate (1,3-BDDMA), diethylene glycol dimethacrylate
(DEGDMA), tetraethylene glycol dimethacrylate (T3EGDMA), trimethylolpropane trimethacrylate (TMPTMA),
polyethylene glycol 200 dimethacrylate (PEG200DA) were investigated. Reduction of polymerization shrinkage of
dental compositions is at the moment a major problem for dental technology.
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INTRODUCTION

In technology of dental materials, dental
compositions can be divided into clinical and
technical materials. Clinical materials are mainly
used in dental technology for dental surgery,
whereas technical materials are mostly applied in
dental technology for manufacturing of dentures.
Various polymers have been widely used in dental
materials for many years [1]. Polymerization
shrinkage is one of dental clinicians’ main
concerns when placing direct, posterior, resin-
based  composite  restorations. Evolving
improvements  associated with  resin-based
composite materials, dental adhesives, filling
techniques and light curing have improved their
predictability, but shrinkage problems remained.
The main motivation for the reduction of the
shrinkage is the too high shrinkage phenomenon
using multifunctional methacrylate monomers in
dental UV curable compositions [2]. Radical
photopolymerization of dental compositions is
usually performed in the UV-visible area (UV-
Vis) between 380 and 450 nm [3]. Polymerization
shrinkage is influenced by clinical technique and
manufacturing of the composite resin. This
phenomenon is attributed to the formation of a
three-dimensional, covalently crosslinked network
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during crosslinking, which reduces intermolecular
distances between the monomers used to form the
crosslinked network. Before cure, the molecules
which form the resin are separated by their
characteristic van der Waal's radii. Upon cure, these
intermolecular distances are reduced due to the
formation of covalent bonds between monomers
which produce the desired highly crosslinked
polymer material [4-9]. This reduction of
intermolecular distances creates internal stress
throughout the polymer network, which is
manifested by reduced adhesion of the polymer
material to both the substrate and the object attached
thereto. Shrinkage is a very important criterion in
long-term performance of adhesives and inversely
affects the adhesion properties. In order to control
shrinkage, UV dose, kind of multifunctional
methacrylates and concentration play very crucial
roles. In radiation curing, free radicals are generated
on the molecular chains which come closer to each
other and form a crosslinked network. As the
molecular chains come closer, shrinkage occurs in
the dental compositions, which is detrimental for the
performance of the polymer composition. There
should be no or minimal shrinkage for good
adhesion. Multifunctional methacrylates with the
function of photoreactive crosslinkers are generally
not incorporated in radiation curing but they have
several benefits in improving the physical-
mechanical properties of the adhesive. The shrinkage
is dependent on the nature and amount of crosslinker
and on radiation intensity.
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It is well known that shrinkage is the main
drawback of free radical photopolymerization.
When  photopolymerization  shrinkage s
constrained by adhesion to a substrate, in the case
of dental compositions by adhesion to the tooth
wall, shrinkage stress develops. Excessive stress
results in defects such as curling and cracking
which impedes the long-time application of UV-
curable or UV-polymerizable materials. Besides,
shrinkage also plays an important role by affecting
the marginal integrity of the photo-curable system
[10-16].

EXPERIMENTAL

Materials

The
methacrylates:

investigated multifunctional
2,2-bis-[4-(2-hydroxy-3-

methacryxloyloxy-propyl)phenyl]propane  (bis-
GMA), 1,3-butanediol dimethacrylate (1,3-
BDDMA), diethylene glycol dimethacrylate

(DEGDMA), tetraethylene glycol dimethacrylate
(T3BEGDMA), trimethylolpropane trimethacrylate
(TMPTMA), and polyethylene glycol 200
dimethacrylate (PEG200DA) and bifunctional
radical  photoinitiator ~ 2-hydroxy-1-{4-[4-(2-
hydroxy-2-methyl-propionyl)-benzyl]-phenyl}-2-
methyl-propan-1-one (lrgacure 127) are presented
in Table 1. All multifunctional methacrylates and

the photoinitiator Irgacure 184 are available from
BASF (Germany), and hydroxyapatite is available
from Continental Chemical (USA).

Hydroxylapatite in form of white powder is the
hydroxyl end member of the complex apatite group
and crystallizes in the hexagonal crystal system.
Thus, it is commonly used as a filler for restorative
dental compositions.

The investigated UV-curable dental composition
contained the following raw materials:

Bis-GMA: basic material 40 wt.%
Multifunctional (meth)acrylate 30 wt.%
Hydroxyapatite 28 wt.%
Irgacure 127 2 wt.%

Measurement of shrinkage

The thickness change of the polymer was
measured with the reflective laser scanning system to
determine the shrinkage. The transparent object
mode of the laser displacement sensor was chosen
for testing the clear liqguid monomers. In this
measurement mode, the laser displacement sensor
detected and recorded the displacement of the upper
surface of monomers caused by photopolymerization
shrinkage [15]. A reflective laser scanning method
based on a laser displacement sensor was used to
directly measure shrinkage due to UV-curing.

Table 1 Multifunctional methacrylates and photoinitiator used in this work

Raw material Chemical structure

Chemical name

Bis-GMA )To\floo\florg

. P o
1,3-BDDMA >L {
[©) [e)
DEGDMA sA oo A
o
T3EGDMA s g0 g0 N
(@]
)O
TMPTMA e O%S\O A
o _2=o
(@]
PEG200DA /j{o\/\o]i/
fe) n

Irgacure 127

2,2-bis[4-(2-hydroxy-3-meth-acryloyloxypropyl)
phenyl]propane

1,3-butanediol dimethacrylate

diethylene glycol dimethacrylate

tetraethylene glycol dimethacrylate

trimethylolpropane trimethacrylate

polyethylene glycol 200 dimethacrylate

2-hydroxy-1-{4-[4-(2-hydroxy-2-methyl-propionyl)-benzyl]-
phenyl}-2-methyl-propan-1-one
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The laser displacement sensor Keyence, LK-
G10 (Japan) could detect the position of the upper
surface of the sample (thickness of the sample).
When photopolymerization occurs, the change in
the sample thickness was recorded as a function of
time. Percentage shrinkage (S) is defined by the
dimensional change according to the following
equation:

S = (Ho-Hi)/Ho=(1-Hy/H,)>x100 [%]

where Ho is the initial thickness and H; is the
thickness at time t. The measured shrinkage is
actually a linear shrinkage. However, as the planar
dimensions are much greater than the thickness and
constrain planar shrinkage, the linear shrinkage
appropriately equals to the volumetric shrinkage.
The photopolymerization was conducted in ambient
conditions at room temperature. The plane UV
source (emitting window: 25x25 mm) used was 395
nm RX Firefly SN 490454 from Phoseon
Technology (USA). The radiometer from Hoenle
UV Technology (Germany) was used to detect the
radiation intensity on the surface of samples. The
UV intensity on the sample was adjusted to 5
mwW/cm?,

RESULTS AND DISCUSSION

Variation of UV-Vis curing time, kind of
multifunctional (meth)acrylates and functionality

To  compare the UV-behaviour  of
multifunctional methacrylates with that of
acrylates, the photopolymerization of dental
compositions containing multifunctional
(meth)acrylates: tetraethylene glycol dimethacrylate
(T3EGDMA), diethylene glycol dimethacrylate
(DEGDMA), 1,3-butanediol dimethacrylate (1,3-
BDDMA), trimethylolpropane trimethacrylate
(TMPTMA) and polyethylene glycol 200
dimethacrylate (PEG200DMA), was examined. As
shown in Table 2 and Figure 1, the irradiation starts
at 0 s and there is no shrinkage before. The
shrinkage of all tested monomers significantly
increased during UV exposure. In the shrinkage
profiles of all tested monomers, an obvious

expansion after a very short induction time is
observed (Fig. 1).

1 UV dose: 5 mw/cm?

Shrinkage [%]

—a— T3EGDMA
44 —e— DEGDMA

—4— 1,3-BDDMA
24 —v— TMPTMA

—e— PEG200DA

0 5b 160 1 éO 260 250 360
Curing time [s]
Fig. 1. Shrinkage of dental filling containing the
investigated (meth)acrylates versus curing time

This expansion is induced by the accumulated
curing, in this case polymerization heat, due to the
higher reactivity of acrylates in comparison to
methacrylates. The expansion also increases at a
very early stage of curing due to auto-acceleration
effect. Because of the high reactivity, the acrylate
monomer PEG200DA shows much higher
shrinkage than the other tested methacrylates and
needs less time to reach the maximal measurable
shrinkage profile. Beyond this point, the shrinkage
rate decreases due to significant reduction of
monomers/initiator/radicals (de-acceleration). Thus
the shrinkage tends to reach the equilibrium final
shrinkage.

There is no doubt that the shrinkage depends on
double bonds conversion because the shrinkage
phenomenon is a consequence of the
polymerization process of the investigated
monomers that provides curing of dental filling
compositions. The double bond conversion of
polymerized monomers can be assessed by
comparing the shrinkage plateaus of the
investigated monomers. After 240-300 s (4-5 min)
shrinkage reaches a maximal level and at this
moment the conversion reaction of monomers
double bonds is finished.

Table 3 presents molecular weight, density,
functionality of investigated monomers,
concentration of double bonds in their structure,
and maximal shrinkage values after UV curing.

Table 2 Polymerization shrinkage of multifunctional methacrylates as a function of curing time

Polymerization shrinkage as a function of curing time [%]

(Meth)acrylate Curing time [s]
0 10 20 30 40 50 60 120 180 240 300
T3EGDMA 0 0.4 1.9 3.2 4 4.7 5.1 6.3 6.5 6.7 6.8
DEGDMA 0 0.6 3.1 4.8 5 6.5 6.8 8.3 8.5 8.7 8.8
1,3-BDDMA 0 1.9 5.1 6.5 7.2 8 8.6 9.9 101 103 104
TMPTMA 0 3.3 5.5 7.1 7.9 8.8 9.2 11 112 114 115
PEG200DA 0 5 7.6 9.2 10.3 11 116 126 128 13 13.1
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Table 3 Monomers parameters and shrinkage of tested dental compositions

Molecular  Density at Concentration Maximal shrinkage after
Monomer Functionality weight 25°C of double bonds UV curing [%]
[kg/kmol] [kg/m?] Cab [mol/L] g
T3EGDMA 2 286 1090 7.6 6.8
DEGDMA 2 242 1070 8.8 8.8
1,3-BDDMA 2 226 1010 8.9 10.4
TMPTMA 3 338 1060 9.4 115
PEG200DA 2 308 1110 7.2 13.1

Changing the degree of ethoxylation (1,3-
BDDMA, DEGDMA or T3EGDMA) is a
convenient way to alter monomer chain lengths
(the segment lengths between double bonds in
monomers). Two methacrylates with different
degrees of ethoxylation, tri (DEGDMA) and four
(T3BEGDMA) moles of ethoxy groups were used to
evaluate the effect of monomer chain lengths on
shrinkage. Figure 1 shows that when the degree of
ethoxylation is raised, shrinkage obviously
decreases.  Another dominant factor, the
concentration of double bonds (Cdb), should be
taken into consideration.

Cdb [mol/L] = Functionality > Monomer
density/Molecular weight, where L is the monomer
chain length. According to this equation, rising the
degree of ethoxylation means reduction of the
concentration of double bonds due to the
significant increase of the molecular weight. In
fact, shrinkage depends on the conversion and by
full conversion, on the concentration of double
bonds. Because increase of monomer chain lengths
has more significant effect on decreasing the
concentration of double bonds than on increasing
conversion, shrinkage is low even at high
conversion. It was also observed that the maximum
of shrinkage decreases from 8.8 % to 6.8 % with
rising the degree of ethoxylation (Table 3). Thus,
the monomer chain lengths effect on the shrinkage
is attributed to the change in the concentration of
double bonds. Besides, the drop heat expansion
shown in Fig. 1 with decreasing the degree of
ethoxylation is also due to reduction of the
concentration of double bonds. Thus, as shown in
Table 3, the maximal shrinkage level moved from
the expansion stage to the shrinkage stage when
the degree of ethoxylation was increased. The
mobility of free radicals and monomeric and
pendant double bonds rises due to the formation of
less crosslinked networks, and the segmental
diffusivity of pendant double bonds rises due to the
more flexible pendant double bonds. Thus, the
propagation is less diffusion-controlled when the
degree of ethoxylation is up.

The ethoxylation is an attractive way to lower
shrinkage because the concentration of double

bonds significantly drops with increasing the
molecular weight of ethoxylated multifunctional
monomers. Likewise, other ways to increase the
molecular weight may be promising to solve the
shrinkage problem. The influence of the
concentration of double bonds in the investigated
methacrylate monomers is shown in Fig. 2 (Table
3).

124

114

104
9 L]

Shrinkage [%]

O = N W Hh OO N ®©
P R T S S R

T T T T T T T "
72 7,6 80 84 88 92 96 100
Concentration of double bonds [mol/L]

Fig. 2. Shrinkage of a dental composition containing
multifunctional methacrylates versus concentration of
double bonds in the methacrylates

It is widely believed that reduction of
functionality lowers the shrinkage. However, the
functional effect on shrinkage is very complicated.
Functionality obviously affects the conversion and
the concentration of double bonds. The
concentration of double bonds may not decrease on
reducing functionality because changing the
functionality is always accompanied by changing
both the molecular weight and the density. In this
work the difunctional T3SEGDMA, DEGDMA and
1,3-BDDMA, and the trifunctional TMPTMA
were used to evaluate the functional effect. As
shown in Figure 1 and Table 3, the shrinkage level
decreases with the increase in monomers
functionality, due to the formation of a microgel in
the early step. But the shrinkage does not follow
this trend. The trifunctional methacrylate
TMPTMA has the highest final shrinkage of 11.5
% in comparison with other tested difunctional
methacrylates (Table 3).

Influence of the UV dose on shrinkage

Dependencies shown in Fig. 1 point out that the
UV dose during curing can influence shrinkage of
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the investigated dental filler compositions
containing (meth)acrylate monomers. The UV-
polymerization effect on the shrinkage of the tested
(meth)acrylates, evaluated for UV doses between
10 and 50 mW/cm? and for 3 min UV-crosslinking
time, is shown in Table 4 and illustrated in Figs. 3-
7.

14 4 monomer: PEG200DA

>y & &
o

12 4

10

—a— 10 mW/cm?
—e— 20 mW/cm?
—4a— 30 mW/cm?
—v— 40 mW/cm?
—<— 50 mW/cm?

Shrinkage [%]

0 T T T T T T
0 50 100 150 200 250 300

Curing time [s]
Fig. 3. Shrinkage of dental filling containing the
monomer PEG200DA versus curing time and UV

curing dose
12 4 monomer: TMPTMA
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—=— 10 mW/cm?
64 —e— 20 mW/cm?
—4a— 30 mW/cm?
—v— 40 mW/cm?
—<— 50 mW/cm?

Shrinkage [%]
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Curing time [s]

Fig. 4. Shrinkage of dental filling containing the
monomer PTMPTMA versus curing time and UV

curing dose

121 monomer: 1,3-BDDMA

—a— 10 mW/cm?
6 —e— 20 mW/cm?
—4— 30 mW/cm?
—v— 40 mW/cm?
—<¢— 50 mW/cm?

Shrinkage [%]

0 T T T T T T
0 50 100 150 200 250 300

Curing time [s]
Fig. 5. Shrinkage of dental filling containing the
monomer 1,3-BDDMA versus curing time and UV
curing dose
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Fig. 6. Shrinkage of dental filling containing monomer
DEGDMA versus curing time and UV curing dose
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Fig. 7. Shrinkage of dental filling containing the
monomer T3EGDMA versus curing time and UV
curing dose

The results of the tested dental compositions for
shrinkage at different UV doses with variation of
multifunctional monomers are given in Figures 3-7
which represent the effect of UV polymerization
dose in the range between 10 and 50 mW/cm?. 1t is
observed that with increasing the UV dose from 10
to 50 mW/cm? the shrinkage values during UV
curing increases and remains at a constant level
after 120 s, especially at higher UV doses up to 30-
40 mW/cm?. This indicates that the UV dose of 50
mW/cm? is sufficient to cure the investigated
dental filling compositions. The maximal
shrinkage was observed for the bifuncional
monomer polyethylene glycol 200 dimethacrylate
(PEG200DMA).

CONCLUSION

The polymerization shrinkage of (meth)acrylate
monomers was found to depend mainly on the
double bonds conversion, concentration of double
bonds, UV curing time and UV curing dose.
Methacrylate monomers displayed lower shrinkage
than acrylate monomers because the low
reactivity decreases the conversion as a
function of curing time. Increase in chain
length of monomers
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Table 4. Polymerization shrinkage of monomers as a function of curing time and UV curing dose

Curing shrinkage [%] as a function of curing time and UV dose

UV dose —
Monomer [mW/em?] Curing time [s]
0 10 20 30 40 50 60 120 180 240 300
10 0 7.0 86 101 108 114 116 127 129 130 131
20 0 9.0 100 10.7 113 116 117 128 13.0 131 131
PEG200DA 30 0 97 108 115 118 120 126 13.0 13.0 131 131
40 0 11.0 116 119 122 124 127 130 131 131 131
50 0 115 120 125 129 130 130 131 131 131 131
10 0 4.2 6.3 7.8 8.4 9.1 95 110 112 113 115
20 0 4.6 6.5 8.0 9.0 98 103 112 113 114 115
TMPTMA 30 0 5.8 7.7 9.1 99 105 108 113 114 115 115
40 0 6.4 90 100 106 110 111 113 115 115 115
50 0 75 103 108 110 111 112 114 115 115 115
10 0 2.0 6.0 7.1 8.1 8.6 9.1 98 101 103 104
20 0 5.0 7.1 1.7 8.6 9.0 95 100 102 104 104
1,3-BDDMA 30 0 6.3 7.5 8.8 9.4 98 100 101 103 104 104
40 0 7.2 8.4 9.2 98 100 101 102 103 104 104
50 0 8.0 94 98 100 102 103 104 104 104 104
10 0 1.8 3.0 50 6.1 6.6 7.1 8.0 8.6 8.7 8.8
20 0 2.2 4.8 5.2 6.3 7.0 7.5 8.4 8.7 8.8 8.8
DEGDMA 30 0 2.6 5.0 65 7.1 79 83 8.6 88 88 8.8
40 0 4.1 6.0 7.0 7.8 8.2 8.5 8.7 8.8 8.8 8.8
50 0 5.0 6.8 7.8 8.2 8.5 8.6 8.7 8.8 8.8 8.8
10 0 0.9 2.3 3.2 4.3 4.9 5.4 6.1 6.4 6.7 6.8
20 0 1.3 2.7 41 5.0 5.6 5.9 6.2 6.5 6.8 6.8
T3EGDMA 30 0 1.9 3.8 51 5.7 6.2 6.4 6.5 6.7 6.8 6.8
40 0 2.2 41 5.3 6.0 6.3 6.5 6.6 6.8 6.8 6.8
50 0 44 55 6.3 6.5 6.6 6.7 6.8 6.8 6.8 6.8
(rising the degree of ethoxylation) significantly 3.N(.2|(\)/|0075)zner, U. Salz, Macromol. Mater. Eng. 292, 245
lowered the shrinkage because the obvious rise of 4.C.F. Liu, S. M. Collard, C. D. Armeniades, Am.J. Dent.
molecular weight decreased the concentration of 3, 44 (1990).
double bonds. Reduction of functionality was not 5.J. Luo, J. J. Lannutti, R. R. Seghi, Dent. Mater. 14, 29
an attractive way to lower the final shrinkage due (1998).

to the combined effect of the concentration of
double bonds and conversion. The concentration
of double bonds also played an important role in
the shrinkage rate. When changing the degree of
ethoxylation or monomer functionality, it was
observed that shrinkage increased with the
concentration of double bonds. Besides, heat
expansion caused by curing could bring forward a
maximal shrinkage rate from the shrinkage stage
to the expansion stage. Thus, we believe that a
promising way to decrease the shrinkage might be
the increase in the molecular weights of
photoreactive monomers, if other properties such
as viscosity and solubility meet application
requirements.
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[MTOJINMMEPU3ALIMOHHO CBUBAHE HA UV-KATAJIM3UPAHU 3bBH KOMIIO3UTHU,
CbABPXAIIN MHOI'O®YHKIIMOHAJIH METAKPUJIATU

3. Yex”, A. KoBamunk, I1. Parancka, A. AHTOIINK

Hnemumym no opeanuuna xumuyna mexnonozust, 3anaoHo-nomMepancKu mexnoaoeuier ynugepcumem, [llueuun 70322,
Tomua

IMocrernmna Ha 15 suyapu 2014 r..; xopurupasa Ha 5 maprt, 2014 1.
(Pestome)

B craTusTa ce onmcBaT 350HI KOMIO3HINH, ChIbpxkany 0uc-GMA xaTo 0CHOBEH MaTepuai, MHOTO() YHKIIHOHATTHH
METaKpHUIaTH, OPraHWYCH IBIHEX M (POTOMHMIHMATOP KAaTO MOJEIH 3a NPHIOKEHHE 3a 3b0HM mpote3u. [nmaBHUAT
npobiueM 3a npunoxernero 1 UV-Vis - edeOHHSA mpoliec € CBUBaHETO Ha IOJMMEpHHS MatepHal. [IbIHOTO cBHBaHE
Ha UV-Vis — yedeOHHUTEe 350HH KOMIIO3ULIUK € SBICHAETO Ha CBUBAHE NPH MOJMMEPU3ALUATA, KOCTO € TUIIMYHO 32
MHOTO(YHKIMOHAJIHUTE MeTakpmiaTH. Baxxau ¢akTopu 3a nedeOHaTa yrnoTpeda Ha 3p0HATE KOMIIO3UINHN Ca: BUABT H
KOHLIEHTpALMsATa Ha W3MOJI3BAHUTE METaKpUIIaTH, TAXHAaTa (pYHKIMOHAIHOCT, KOHI[CHTpAIUsATa Ha ABOMHHU BPB3KH, Ha
no0aBsiHust hotonHuMarop u gozara Ha UV-Vis — oGpyBaneTo.

Wscnenanu ca UV-neueOHHM 350HH KOMIIO3WIIMH, OCHOBaHH Ha 2,2-0uc-[4-(2-Xuapokcu-3-MeTaKpUIOnI-
okcunponun)pennn|nponan (Bis-GMA) u cbappxamu MHOrO(QYHKIIMOHATHH MOHOMepH, Karo 1,3-Oytananon
mumetakpunar (1,3-BDDMA), nuetusnen rinukon numerakpwiar (DEGDMA), terpaeTuiieH TIIHMKON JUMETaKpHIaT
(T3BEGDMA), Ttpumerwionnponan tpumerakpuiar (TMPTMA), mnomuernned ruukon 200 guMeTakpuiar
(PEG200DA). HamansiBaHeTo Ha MOJMMEPU3AIMOHHOTO CBHBAHE IPH 3bOHUTE KOMITO3HMIMM B MOMEHTA € TJIABHHSAT
po0OJieM B 3600JI€KapcKaTa TEXHOIOTHSL.
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