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ChapterChapter  3 

Energ yy dependen t polymerization  of resin-base d composite . 

Introductio n n 

Thee understanding of methacrylate-based polymerization of dental 
restorativee materials is becoming increasingly important. This is due to a 
numberr of factors including the recent introduction of non-traditional 
curingg sources (e.g. plasma arc lamps and lasers), curing techniques that 
promotee a reduction in polymerization stress, and claims of curing resin-
basedd composite (RBC) in thickness significantly greater than has been 
historicallyy advocated. In all of these instances, the extent of 
polymerizationn (conversion) is a desired parameter to characterize since it 
relatess to ultimate mechanical and dynamic mechanical properties [1], 
hardnesss and monomer solubility [2], fracture toughness [3] and wear [4]. 

Conversionn of methacrylate functionalized dental restorative materials via 
photoinitiatedd polymerization is dependent upon several parameters. 
Monomerr formulation has been shown to impact conversion of unfilled 
resinss [1,5,6] and resin-based composite [7]. Even with the most reactive 
monomers,, the fraction of reacted functional groups is significantly less 
thann unity due to the highly cross-linked structure of the developing 
polymer.. Increasing temperature increases the molecular mobility with a 
subsequentt increase in conversion [8,9]. Conversion is also dependent 
uponn the rate of polymerization and the exposure time. Since the former 
iss impacted by the radiant intensity absorbed by the photoinitiator, the 
irradiancee of the curing source and its spectral distribution become 
criticall  variables [10]. The efficiency of the photoinitating system and 
oxygenn quenching also affect the polymerization rate [10] and hence, the 
conversion.. This inhibition is particularly noted at the outer surface of 
materialss incorporating acrylate and methacrylate resins. Of all these 
variables,, the irradiance of the light source and the exposure time are of 

Publishedd before: Halvorson RH, Erickson RL, Davidson CL. Dent Mat 
2002;18:463-469. . 

37 7 



particularr interest since they, in practice, are amenable to manipulation by 
thee clinician. 

Thee exposure time and intensity dependence on conversion of resin-based 
dentall  materials or their conversion dependant properties has been a topic 
off  much investigation. Rarely, however, has the interdependence of 
intensityy and exposure time on conversion been explored. Of particular 
interestt is determining the conversion of acrylates and methacrylates 
polymerizedd under conditions of equivalent radiant energy (dose) by 
adjustingg the irradiance (power density) and exposure time. Establishing a 
reciprocall  relationship between these two parameters would add 
significancee to the analysis of conversion as a function of radiant energy 
ratherr than as two separate variables. The post-vitrification 
polymerizationn of hexanediol diacrylate using differential scanning 
calorimetryy and FTIR has been reported [11]. In one set of experiments, 
similarr conversion for thin film samples measured via FTIR was reported 
whenn maximally polymerized with equivalent doses using a UV source. 
Thee exposure conditions, however, were well outside the range 
encounteredd in dentistry (from over seven minutes up to 125 hours). For 
bulk-curedd dental RBC materials, similar depths of cure utilizing a 
scrape-backk method and similar conversion profiles from FTIR 
measurementss were found when cylindrical samples were polymerized 
withh equivalent doses [12]. Finally, equivalent fracture toughness, flexural 
strength,, and modulus values were found for four RBC materials when 
equivalentt doses were applied [13]. Although equivalent conversion with 
ann equivalent dose was inferred from these two studies, it was 
demonstratedd only through a limited range of conversions [12] or under 
exposuree conditions that are assumed to yield near maximum properties 
[13]. . 

Itt was the intent of the present study to explore the energy dependency on 
conversionn of resin-based composite by measuring conversion via FTIR 
att doses sufficient to span the full conversion range and to examine the 
reciprocall  relationship between power density and exposure time at 
selectedd points within this range. 

Method ss and Material s 

Thee materials evaluated are identified in Table 1 and their composition 
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describedd in Table 2. All contain Bisphenol A diglycidyl ether 
dimethacrylatee (Bis-GMA) together with one or more other 
dimethacrylatee diluents. 

Tablee 1. Materials Investigated 
Materiall  Code Shade Manufacturer Lot no. 

Heliomolar®® HL A3 Vivadent A02845 
radiopaquee Schaan, Lichtenstein 
3M™Siluxx Plus™ SP U 3M Dental Products 8EL 
Anteriorr Restorative St. Paul, MN USA 
XRV™™ Herculite® XR A3 Kerr Corporation 712399 

Orange,, CA USA 
3M™Z100™™ Z A3 3M Dental Products 8WR 
Restorativee St. Paul, MN USA 

Tablee 1. Material Composition (Bis-GMA: Bisphenol A diglycidyl 
etherether dimethacrylate; TEGDMA: Triethyleneglycol dimethacrylate; 
UDMA:: Urethane dimethacrylate; DDMA: Decandiol 
dimethacrylate;; Bis-EMA: Ethoxylated bis-phenol A dimethacrylate) 
Alll data obtained from manufacturer literature except as indicated. 

Codee Monomers Fillers Filler size %Filler content 

Bis-GMA,, UDMA, 
DDMA A 

Bis-GMA,, TEGDMA 

Bis-GMAa,, TEGDMA3 

Bis-EMA1 1 

Bis-GMA,, TEGDMA 

Colloidall  Silica, copolymer, 
ytterbiumm trifluoride 

Colloidall  Silica, copolymer 

Colloidall  Silica, Barium-
aluminumm boro silicate 

Zirconiaa silicate 

0.04-0.2um m 
(range) ) 

0.04um m 
(avg.) ) 

0.6um m 
(avg.) ) 

0.6um m 
(avg.) ) 

78/599 (wt/vol) 

56/40 0 

67/46 6 

84.5/66 6 

'' Reference [14] 

ConversionConversion Profiles 

Transmissionn FTIR was utilized to determine monomer conversion as a 
functionn of radiant energy. Specimens were prepared by forming a thin 
fil mm of composite (approximately 50 to 75 microns) between polyester 
fil mm (25 micron) and a KBr plate. This assembly was placed on a slab of 
compositee of the same type being measured and irradiated with a 
tungstenn halogen curing light (3M™XL 3000 Curing Lamp, 3M, St. Paul, 
MN,, USA). The radiation energy of the curing lamp at full output was 
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determinedd using a power meter (Power Max 500D Laser Power Meter, 
Molectronn Detector Inc., Portland, OR, USA) integrating the radiant 
powerr with respect to time over the interval of zero to 30 seconds (a 
constantt irradiation time of 30 seconds was chosen to determine the 
curingg profiles). Bandpass filters were used to limit the measured 
bandwidthh between 400 and 500nm. Power density was determined by 
dividingg the measured power by the cross sectional area of the light 
guide.. Because of the limited response time of the above meter when 
determiningg the light output immediately after being switched on, a 
secondd power meter was used (351 Power Meter, UDT Instruments, 
Baltimore,, MD, USA) to measure the power output of the curing lamp 
duringg the first five seconds. This data was then included in the 
determinationss of the integrated energy after cross calibration of the two 
meters.. Attenuation was achieved by neutral density filters placed 
betweenn the light guide and the KBr plate. The attenuation factor of the 
filterss together with the KBr plates were determined using the latter 
powerr meter (351 Power Meter) and the aforementioned curing lamp. The 
spectrall  output of the curing lamp with and without filtering was 
recordedd with a spectroradiometer to ensure that the filters attenuated the 
spectrall  output without changing the spectral distribution. Infrared spectra 
weree recorded with a Magna 550 FTIR spectrometer (Nicolet, Madison, 
WI,, USA) using 32 scans at a resolution of 4cm1. Spectra were collected 
att five minutes from start of cure and 24 hours post-irradiation. A 
backgroundd spectrum of the polyester film was made prior to each 
samplee spectrum. Conversion was calculated from the decreasing 
absorbancee of the methacrylate carbon double-bond vibration at 1638cm"1 

usingg as an internal reference the aromatic skeletal absorbance from Bis-
GMAA at 1582cm'. Integrated areas of both peaks were determined using 
aa standard baseline technique. After the five-minute measurement was 
complete,, samples were stored at room temperature in nitrogen until the 
24-hourr spectra were recorded. Each test condition was run in triplicate. 

PowerPower density / exposure time reciprocity 

Reciprocityy was examined for materials XR and Z at four applied energy 
levelss . A series of samples prepared as above were irradiated with 
equivalentt doses by adjusting the exposure time and power density. This 
processs was accomplished by determining the exposure time required to 
yieldd a desired energy level through integration of the unattenuated lamp 
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outputt and accounting for a filtering factor. Spectra were recorded after 
fivee minutes from start of irradiation and again after 24 hours. 
Conversionn was determined using the same method described above. 
Resultss within each energy level were analyzed with one-factor ANOVA 
andd compared for differences using Fisher Protected LSD at a .05 
significancee level. Each test condition was run in triplicate. 

Result s s 

Figuree 1 shows the unattenuated power output of the curing lamp. As 
withh many tungsten halogen curing devices, the power decays after 
reachingg a maximum output shortly after being switched on. An 
alternativee would have been to let the power stabilize before initiating 

Figuree 1. Unattenuated power 
outputt of curing light. 

00 10 20 30 40 50 60 70 80 90 
Timee (seconds ) 

exposure.. It was the intent of the present investigation, however, to 
operatee the lamp as it would be used in practice. Figures 2 through 5 
showw conversion as a function of radiant energy at five minutes and 24 
hourss for the four materials evaluated. The abscissa has been split to 
increasee the resolution of the data at low energies. It is also instructive to 
comparee the curing profiles between materials by expressing the 
conversionn as a percentage of the maximum 24-hour conversion. This is 
shownn in Figures 6 and 7 for the 5-minute and 24-hour measurements 
respectively.. These two figures show the full data collected. Although no 
statisticall  differences within a material were measured over the upper 
three-quarterss of the exposure energy range, a trend towards maximum 
conversionn with increasing power density is seen. Finally, Tables 3 and 4 
showw conversions obtained at equivalent energy doses for materials XR 
andd Z. Statistically significant differences between means (p=.05) within 
ann energy level are identified with letter designation for both the 5-
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Figuree 3. Silux Plus - conversion 
vs.. applied energy. Each point 
representss an average of three 
measurements. . 

Figuree 4. Herculite XRV -
conversionn vs. applied energy. 
Eachh point represents an average 
off  three measurements. 
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Figuree 6. Five-minute curing profile: five-minute conversion values are shown relative 
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Figuree 7. 24-hour curing profile: 24-hour conversion values are shown relative to the 
maximumm 24 hour conversion. 

minutee and 24-hour values. There appears to be a slightly greater range 
forr the 5-minute measurements compared to the 24-hour values within a 
givenn dose, though this is not true for all groups. The 24-hour values 
showw quite similar conversion at a given dose for the four levels. 

43 3 



Tablee 3. Conversion at equivalent radiant energy for material XR 
(meann values designated with the same superscripts are 
statisticallyy equivalent, p=0.05). n=3 per group 

Energyy *Exposure Conversion (%) 
(mJcnr2)) time (s) 5 Minute 24 Hour 

393 1 1 

393 1 1 

393 1 1 

393 1 1 

172 4 4 

172 4 4 

172 4 4 

172 4 4 

172 4 4 

314 4 
314 4 
314 4 
314 4 

314 4 
314 4 
69 9 

69 9 
69 9 

7 7 

30 0 

70 0 
158 8 

6 6 
13 3 
30 0 

67 7 
120 0 
3 3 

6 6 
12 2 
21 1 
40 0 
86 6 

8 8 
14 4 

30 0 

47.7(0.8) a a 

48.7(1.2) a a 

50.6(0.9) b b 

51.9(0.6) b b 

44.7(0.9) a a 

45.6(0.3) ab b 

46.6(0.7) bc c 

48.0(0.7) cc  d 

49.2(0.9) d d 

36.2(0.4) a a 

35.8(0.4) a a 

37.4(0.8) bb b 

38.0(0.5) b£ £ 

38.8(0.5) c c 

39.8(0.4) d d 

13.8(2.3) a a 

13.0(1.3) a a 

11.8(1.2) a a 

60.3(1.4) a a 

60.7(1.0) a a 

61.8(0.5) a a 

61.0(0.5) a a 

57.5(1.5) a a 

58.1(0.3) ab b 

58.7(1.0) ab b 

59.2(0.7) b b 

59.2(0.7) b b 

46.6(0.9) aa b 

45.8(1.0) a a 

46.2(1.8) a a 

46.0(1.4) a a 

48.1(1.8 ))  a b 

48.8(1.4) b b 

14.6(2.5) a a 

13.2(2.5) a a 

11.3(2.6) a a 

**  determined from integration of unattenuated power output and a filtering factor to yield the desired 
energy. . 
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Tablee 4. Conversion at equivalent radiant energy for material Z 
(meann values designated with the same superscripts are 
statisticallyy equivalent, p=0.05). n=3 per group. 

Energ y y 
(lïLfCOT* ) ) 

393 1 1 

393 1 1 

393 1 1 

393 1 1 

172 4 4 

172 4 4 

172 4 4 

172 4 4 

172 4 4 

314 4 
314 4 

31 4 4 

314 4 
314 4 
314 4 

113 3 
113 3 
113 3 

^Exposur e e 
tüne(s ) ) 

7 7 
30 0 
70 0 
158 8 
6 6 

J3 3 
30 0 
67 7 
120 0 

3 3 
6 6 

12 2 
21 1 
40 0 
86 6 
7 7 
16 6 
30 0 

Conversio nn (% ) 
55 Minut e 

37.2(0.7) a a 

39.5(0.9) b b 

40.4(1.0) bc c 

41.7(0.7) c c 

34.7(1,4) a a 

35(0.2 ))  a 

36.5(1.3) ab b 

37.4(0.9 ))  b 

37.3(0.7) b b 

24.6(0.8) aa b 

24.2(1.0 ))  a 

26.5(1.3) c c 

26.4(0.5 ))  ab c 

27.1(1.7 ))  c 

26.4(l-8) ab c c 

11.7(1.0) b b 

12.2(0.4) b b 

11.5(0.8 ))  b 

244 Hou r 

48.5(0.7 ) ) 

50.3(0.9 ) ) 

50.3(1.0 ) ) 

51.6(0.7 ) ) 

45.0(1.1 ) ) 

45.7(0.5 ) ) 

46.9(1.1 ) ) 

46.8(.03 ) ) 

46.7(1.4 ) ) 

31.8(1.5 ) ) 

30.6(1.3 ) ) 

34.4(1.7 ) ) 

33.5(1.2 ) ) 

35.5(1.2 ) ) 

35.3(2.2 ) ) 

12.6(0.9 ) ) 

14.7(1.7 ) ) 

12.6(0.6 ) ) 
**  determined from integration of unattenuated power output and a filtering factor to yield the desired 

energy. . 
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Discussio n n 

Consistentt with previous studies on dental resins [1] and resin based 
compositee [7] a limiting conversion was found at maximum intensity. 
Thiss result is characteristic of highly crosslinked polymers in which the 
developingg network severely restricts the mobility of the reacting 
constituents.. It is also apparent from the figures that significant 
conversionn occurs post-irradiation in the interval between five minutes 
andd 24 hours. For each material, the extent of the "dark-cure" is 
consistentt throughout the plateau extending into the "knee" of the curing 
profile.. This additional cure from five minutes to 24 hours represents, 
dependingg upon the material, as much as 19 to 26% of the final 
conversion.. Below the knee of the curing profile, the dark-cure measured 
withinn this interval decreases though it is still measurable even at very 
loww intensities. Due to the lag between the end of exposure and the first 
measurementt (four and one-half minutes) the full extent of post-
irradiationn conversion is not represented throughout the curing profile. 
Thoughh data was not collected within this time interval at low conversion, 
supportingg experiments have shown the additional cure to be as much as 
35%% when measured from the end of a 30 second exposure for material Z 
whenn converted maximally (unpublished data). Approximately 37 and 62 
percentt of this occurs within the first five and 60 minutes respectively. 
Post-irradiationn conversion for RBC inlay materials from measurements 
madee immediately after irradiation and 24 hours later have been reported 
[15].. Additional conversion approaching 30 percent relative to the final 
measurementt was found for some of the materials when polymerized 
maximally.. Although the post-irradiation polymerization of resin-based 
compositee has been described previously via hardness measurements 
[16],, a non-linear correlation with conversion [2] prevents a direct 
comparison.. These previous experiments are in agreement with the results 
off  this study that extensive post-irradiation polymerization does occur 
overr the first twenty-four hours. 

Ass noted previously, the conversion within an increment of a given 
thicknesss of material wil l be related to the efficiency of the 
photoinitiatingg system, the intensity at the increment and the irradiation 
time.. Figures 6 and 7 reveal similar curing profiles when conversion is 
representedd relative to the maximum 24-hour conversion. While this was 
nott predicted, it might be understood, in part, by considering the 
widespreadd use of photoinitiating systems based on camphorquinone 
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(CPQ)) and tertiary amines. While no attempt was made to identify the 
specificc amine present in all the materials investigated, manufacturer's 
data,, together with gas chromatographic results, revealed that all materials 
usee CPQ. Below the knee of the curing profile, a greater range in 
fractionall  conversion between the materials is noticed at a given energy. 
Structurall  differences in the dimethacrylate monomers used in these 
materialss may account for this effect either through differences in chemical 
reactivityy due to steric or polar differences [17], or to pendant group 
mobilityy [18]. The differences noted may also be due, in part, to filler 
compositionn through a radical termination mechanism [19]. 

Thee influence of power density on the extent of conversion is readily 
illustratedd through its relationship to the polymerization rate. With 
continuouss illumination, the rate of free radical polymerization of acrylates 
andd methacrylates follows a characteristic pattern throughout the course of 
thee reaction due to diffusion limitations on the reacting species. This 
patternn is manifested early in the reaction by a decrease in the radical 
terminationn rate and a concurrent increase in the radical concentration. As 
aa consequence, the rate of polymerization accelerates (autoacceleration) 
throughh a maximum despite a decreasing monomer concentration. After 
havingg passed through this maximum, the rate begins to decrease due to 
continuationn in monomer consumption. As the network develops further, 
thee rate of radical propagation eventually becomes diffusion limited and 
thee polymerization rate decelerates, often towards a limited conversion in 
thee presence of unreacted monomer and a significant population of 
radicals.. Decreasing power density wil l decrease the rate of polymerization 
andd shift the maximum rate to longer times [20]. Provided the irradiation 
timee is not limited, conversion wil l continue through to its diffusion 
limitedd maximum. If irradiation is terminated while propagation is 
chemicallyy controlled, the final conversion will be reduced from its 
maximum.. The severity of this reduction is observed in Figure 7 where the 
rapidd descent in conversion is observed to occur over a relatively narrow 
appliedd energy range relative to the full exposure. The conversions 
measuredd in this interval (0-500mJ/cm2) suggest that the rate of 
propagationn has not yet come under appreciable diffiisional control [6] and 
incompletee conversion results from terminating the reaction during the 
chemicallyy controlled phase of propagation. A significantly greater energy 
expendituree is required for a much smaller change in conversion near the 
kneee of the curing profile and into the plateau. This result is expected due 
too the greater diffiisional limitations present at increased conversion. 
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Inn the previous discussion, it was noted that in order to increase 
conversionn with lower power density, longer exposure times are required. 
Tabless 3 and 4 reveal that increasing the exposure time under conditions 
off  declining intensity such that the total energy remains constant has 
resultedd in similar conversion. This result was consistent throughout the 
curingg profile for both materials. Similar results were noted under 
conditionss producing maximum conversion for a multifunctional 
diacrylatee [11]. In the aforementioned study, while increased conversion 
wass noted at the lowest intensities, this result occurred using extremely 
longg exposure times (greater than twelve hours) and was explained from 
kineticc theory as being due to the dependency of kinetic chain length on 
intensity.. In the present investigation, the exposure time was considerably 
less.. Except as indicated in Tables 3 and 4, equivalent conversion at 24 
hourss was found at the doses investigated. Exceptions were generally 
foundd only at the shortest exposure times. Inadequate resolution of the 
measuredd lamp power (Figure 1) within the first ten seconds, during 
whichh it is changing most rapidly, is a likely contributing factor. For 
example,, a single half-second temporal error wil l result in an 
approximatee 25% error in integrated energy at an exposure time of 3 
seconds.. A consistent underexposure error of this magnitude in this 
timeframee is not unrealistic considering the procedure used to measure 
thee energy. At 30 seconds, this magnitude of temporal error results in 
negligiblee error in integrated energy. The differences noted within a 
groupp are not expected to be a result of temperature increase at extended 
exposuree times as photoinitiated copolymerization of acrylates between 
KBrr plates has been shown to be isothermal [9]. It is presumed, in the 
presentt case, that a single KBr plate wil l yield similar conditions. 
Despitee these slight differences in conversion, the reciprocity between 
exposuree time and power density from a practical standpoint is amply 
demonstrated. . 

Thee observation of reciprocity for these materials extends the 
significancee of the curing profiles since any combination of exposure 
timee and power density within the range investigated will reproduce a 
similarr curve. At the surface of bulk-cured RBC isolated from air, it is 
expectedd that the profile wil l be directly applicable in predicting the final 
conversionn from the power density and exposure time. Insufficient 
conversionn at this surface generally is not a concern since nearly 
maximumm conversion can be achieved with relatively low power density 
andd short exposure times (e.g. a ten second exposure with an incident 
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irradiancee of 200mW/cm2 is sufficient to achieve 90 percent of the 
maximummaximum conversion—Figure 7). This profile is also expected to pertain 
withinn the depth of a composite where decreasing light intensity wil l shift 
thee energy for a given exposure time toward the lower part of the curve. 
Thee decrease in energy will mirror the exponential decay of intensity 
withh depth and will be composition dependent. Ideally, the transmission 
propertiess of light through RBC in conjunction with the conversion 
profilee are sufficient to describe the percent conversion with depth. 
Preliminaryy data suggests this hypothesis to be true, and further work is 
inn progress to verify this. Non-isothermal polymerization may limit the 
applicabilityy of estimating conversion from a curing profile generated 
underr presumed isothermal conditions. 

Conclusio n n 

Veryy similar curing profiles for four, commercially available, 
photoinitiatedd resin-based composite materials were observed when thin 
filmss were exposed to decreasing power density. Conversion at distinct 
pointss along this conversion profile can be duplicated with equivalent 
appliedd energy, which documents the reciprocal relationship between 
powerr density and exposure time over a timeframe of practical interest. 
Thee significance of these results is that given the curing profile for a 
resinn based composite and its transmission properties for a curing light, 
thee conversion at any point within the material can, in theory, be 
determinedd for any applied dose. 
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