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Matthew D. Miller a, Andrew J. Holder a,*, Kathleen V. Kilway a, Gregory J. Giese a,
Jason E. Finley a, DeAnna M. Travis a, Benjamin T. Iwai a, J. David Eick b

a Department of Chemistry, University of Missouri e Kansas City, 410H Flarsheim Hall, 5110 Rockhill Road, Kansas City, Missouri 64110, USA
b Department of Oral Biology, University of Missouri e Kansas City, 650 E. 25th Street, Kansas City, MO 64108, USA

Received 29 June 2006; received in revised form 13 October 2006; accepted 16 October 2006

Available online 7 November 2006

Abstract

Polymerization volume change (PVC) was measured systematically using mercury dilatometry for 41 epoxide and methacrylate monomers
with quartz filler. Quantitative structureeproperty relationship (QSPR) models were developed based on this previously unreported data to gain
insight into the data collection method for future models. Successful models included only data from those samples which were polymerized to
hardness. The most significant descriptors in these models were related to monomer reactivity. In contrast, PVC data collected under experimen-
tal conditions which maximized monomer conversion resulted in descriptors describing size and branching, indicating that conversion must be
considered for future PVC measurements. A rule of mixtures (ROM) correction term improved the correlations of the dilatometer data with
varying quartz content, and an adjustment for conversion may similarly enable inclusion of data which had not polymerize to hardness.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the inherent problems found with current dental com-
posite restorative materials is polymerization volume change
(PVC), which can lead to marginal discontinuity. Polymeriza-
tion shrinkage is due to the formation of covalent bonds between
monomers that were previously separated by van der Waals
distances [1]. In addition to seal disruption between the restor-
ative and tooth, internal stresses accumulate as the reaction
continues beyond the gelation stage. These stresses contribute
a variety of forces leading toward premature failure of the
restorative.

Addition of an inert filler results in reduced volume change
and stress [2,3] due to the decreased number of bonds formed
and results in improved material properties. Although the
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relationship between added filler and decreased volume change
is complex and not always strictly predictable [4e6], this
relationship has been found to continue until some threshold
value is attained [7]. Ring-opening reactions, with compounds
such as epoxides or bicyclic monomers, are generally assumed
to limit the volume change as each newly formed bond is
counteracted by the breaking of another bond(s) [8]. Due to
the lower ratio of bonds formed by the reaction to the total
number of bonds in the monomer, larger monomers reduce
the volume change as compared to smaller monomers. Effects
such as molecular mobility, intramolecular/intermolecular
attractive forces, and steric hindrance to the reactive site com-
plicate the connection between larger structure size and PVC.

The relationship between PVC and conversion is well
established and volume change has been used to estimate the
degree of methacrylate conversion [9e11] based on the con-
sistent molar volume change for each methacrylate group [9].
Further work has shown that this relationship is likely not sim-
ple, as FT-NIR analysis measuring methacrylate conversion
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may result in substantial deviation when compared with the
estimated conversion from PVC [12]. Also, there is a point in
monomer conversion at which the sample becomes incapable
of volume change, consequently building up internal stresses
while conversion continues [13].

There are a variety of methods to measure PVC, such as
dilatometry (usually Hg), bonded disk, strain gage, and linom-
eter [4,14]. Unfortunately, published values from the different
methods are not directly comparable with one another [14]. As
the use of a systematic experimental method is necessary for
the development of a predictive model, the purpose of this
work was to measure PVC in a single laboratory under identi-
cal experimental conditions using mercury dilatometry. Single
monomer experiments were performed to reduce the number
of variables for this study. This data was then used to develop
a quantitative structureeproperty relationship (QSPR). At-
tempts to correlate volume change with structure also included
data with a correction factor adjusting for the amount of filler
added to the system. In addition, a model is described for
volume change measurements using monomer and polymer
densities which included a peroxide initiator system ensuring
maximum monomer conversion. The contributing components
from each model were then compared to elucidate a means to
improve the collection of PVC data.

2. Materials and methods

2.1. Experimental

All compounds were purchased and used without further
purification. Phenyl[p-(hydroxytetradecyloxy)phenyl] iodium
hexafluoroantimonate (PI) was purchased from GELEST,
Inc. CYGEP and PHEPSI were obtained from 3M ESPE
(Seefeld, Germany). Camphorquinone (CQ), ethyl 4-dimethyl-
aminobenzoate (EDMAB), and the remaining test monomers
were purchased from Aldrich Chemical Company. The mono-
mer structures and designations are shown in Figs. 1 and 2.
Test monomers were chosen based on structure similarity for
a series of commercially available monomers.

The experimental procedure was performed at room tem-
perature (22e24 �C) under yellow light to avoid photoinitia-
tion by ambient light. The photoinitiator and monomer
were mixed in the following mass percents: PI (3.0%), CQ
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Fig. 1. Epoxide compounds tested using mercury dilatometry.
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Fig. 2. Methacrylate compounds tested using mercury dilatometry.
(1.0%), EDMAB (0.1%), and test monomer (95.9%). When
the monomer was solid or highly viscous, or if there were
solubility issues between the photoinitiator system and mono-
mer, the material was placed in a warm water bath on a hot
plate and heated to a temperature to ensure mixing. In such
cases, consideration was taken for each compound0s boiling
point as not to facilitate monomer evaporation. The monomer
was mixed continuously with the photoinitiator system using
a magnetic stirrer in a glass scintillation vial until no solid
particles remained.

Approximately 0.5 g of the photoinitiator/monomer mix-
ture sample was weighed and placed in a Crescent� mixing
capsule [15]. Passivated quartz filler [16] was added in small
increments and blended in a Silmat� Dental Amalgamator,
Model A, for 8 s. The quartz filler has been passivated with
respect to acidic functionalities to reduce potential interactions
between the filler and monomer during curing. The addition of
quartz was repeated until the composite reached a consistency
similar to that of commercial toothpaste, ensuring that the sam-
ples would be usable in the instrument despite substantial vari-
ation in monomer viscosities [17]. The final composite mixture
was then weighed to determine the amount of filler added.
Following composite preparation, a 0.080e0.100 g sample
was weighed and deposited on a glass microscope slide and
placed in a NIST dilatometer [18]. Special care was taken to
ensure there were no air pockets in the sample as it was evenly
distributed on the slide. The slide was then clamped into the
apparatus and inverted. Mercury was added to the dilatometer
chamber until the linear variable differential transformer
(LVDT) reading was �1000.00 bits. Once the instrument sta-
bilized (<4 standard deviations) as determined by the com-
puter software, the sample was photoinitiated for 60 s with a
Spectrum� dental lamp (415 mW/cm2). The instrument was
automatically corrected for temperature variation due to light
initiation. Volume change data was collected for 60 min, and
the sample was then re-irradiated for 30 s to ensure thorough
curing. Each compound was tested two to ten times depending
on the initial precision of the measurements.

Based on Archimedes’ principle, the density of each cured
product was determined by measuring the mass of the dry
product followed by its measurement in degassed water using
a MettlereToledo density determination apparatus [19]. To
reduce water uptake, attempts were made to minimize sample
exposure to water, usually not more than 30 s. The cured
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sample density was entered into the dilatometer software [20]
and the polymerization volume change (%PVC) was calcu-
lated [21]. This was determined from the measured mass of
the uncured polymer, Muncured (also equivalent to mass of
the cured polymer, Mcured), the determined density of the poly-
mer, rcured, and the volume change measured by the dilatom-
eter, DV. The software calculates the volume of the cured
polymer, Vcured, from input of rcured and Mcured using
Eq. (1). Utilizing Eqs. (2) and (3) provided %PVC based on
Vuncured. While this deviates from the method to calculate
shrinkage based on volume change relative to the Vcured as
reported by Stansbury and Ge [22], the difference is minor
and the method consistent throughout the study.

Vcured ¼
Mcured

rcured

ð1Þ

Vuncured ¼ Vcured �DV ð2Þ

%PVC¼ DV

Vuncured

ð3Þ

The rule of mixtures (ROM) adjustment was used to deter-
mine the volume change of only the monomer fraction.
This normalized %PVC experimental values, enabling direct
comparison of monomer shrinkage despite the variation in
quartz filler content which was necessary to test the different
monomers. The procedure includes calculation of the volume
fraction of monomer (Eq. (4)). The volumes used in this equa-
tion were obtained from densities and measured masses of the
monomer and filler using Eq. (1). The measured change in vol-
ume of the composite, DV, is actually the change in volume of
the monomer and filler (Eq. (5)). Assuming that the change in
volume of the filler is negligible and acts primarily as a diluent
(DVfiller¼ 0) [23], all change in volume is attributed to the
monomer, DVmonomer. Obviously, the quantity of filler is
important, as even tests for the same monomer would be
affected by variation in the filler/monomer ratio. Eq. (6)
adjusts DVcomposite to estimate the change in volume attribut-
able to the monomer.

VFmonomer ¼
Vmonomer

VmonomerþVfiller

ð4Þ

DVcomposite ¼ DVmonomerþDVfiller ð5Þ

%ROM¼ DVmonomer

VFmonomer

ð6Þ

Polymer hardness tests were performed using a modified
Gilmore needle test (GNT) with a mass of 453 g similar to a
reported procedure [24]. The 1 mm needle was placed on the
sample surface for 30 s. To pass the GNT, the sample was
required to support the needle with no visible indentations,
cracking, or breaking resulting from the test.
2.2. Model development

Data used in the models contained negative values for
volume change, as all measurements resulted in shrinkage.
Calculations were performed on monomers using the AM1
[25] and SAM1 [26] semiempirical methods implemented in
AMPAC 8.0 with graphical user interface [27]. Conforma-
tional analysis was performed by systematic dihedral angle
rotation to identify the lowest energy conformation for each
monomer. All geometries were identified as stationary points
by frequency calculations, which had no imaginary frequen-
cies following unconstrained optimization. Properties were
computed from these geometries for use in the development
of the QSPR models. The program CODESSA [28] was used
to calculate descriptors from the output files. A heuristic algo-
rithm [29] was used to derive several correlations from these
descriptors resulting in a final set of multilinear regression
equations. Several hundred possible descriptors were created
which may be categorized as follows: constitutional (# atoms,
bonds, and rings), topological (atomic connectivity indices),
geometric (molecular volume and surface area), electrostatic
(charge distribution), quantum chemical (orbital energies,
charge distribution based on quantum chemical calculations),
and thermodynamic (enthalpies and entropies). Acceptable
models were determined based on R2, adjusted R2, cross-
validated R2

CV (leave one out method), F-test, and t-test.
Statistical analyses were performed using SPSS 11.5 (SPSS
Inc.) to eliminate the possibility of high intercorrelation
between descriptors and chance correlations. The quantities
used for this purpose include the variance inflation factor
(VIF< 5) and significance ( p< 0.01). In our approach, corre-
lations are developed using a standard forward stepwise
method [30] beginning with a single descriptor. A second
descriptor was included in each model following the require-
ment that criteria for significance and orthogonality were
satisfied.

For ab initio calculations, closed shell restricted Hartreee
Fock (RHF) optimizations were performed with the 6-31G**
basis set [31,32] using Gaussian 03 [33] beginning with
AM1 geometries. All optimizations were continued to default
convergence criteria and were confirmed as stationary points
by frequency calculations [34,35]. Open shell radical struc-
tures were optimized using the unrestricted HartreeeFock
(UHF) method and the same basis set. To enable the formation
of the radical species, a proton was added to the terminal al-
kene carbon at the reactive site and the charge remained
0 for a doublet electronic state.

3. Results and discussion

In our study, dilatometry experiments were performed on
41 compounds. Not all of the tested compounds produced
results usable for a QSPR correlation. Difficulties arose
when the monomer or cured product was too volatile for den-
sity measurements. Therefore no volume change was able to
be determined.
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3.1. Epoxides

Several trends are seen in the polymerization volume
change measurements for the epoxides, as given in Table 1.
In general, the samples with greater volume change following
the ROM correction passed the GNT, although exceptions do
exist. Polymerization of glycidyl phenyl ether (4) exhibited
an 8% shrinkage, a large value relative to the other epoxides
measured, but the product failed the GNT. All epoxide mono-
mers which passed the GNT contained more than one epoxide
group and the single epoxide group in compound 4 resulted in
a linear polymer with a less rigid polymer matrix. A similar
explanation may be applicable for 8 which also failed the
GNT, yet exhibited more shrinkage than that of the other
‘‘hard’’ polymerizates.

The presence of a single epoxide does not explain the GNT
failure of 18, which is a diepoxide known to homopolymerize
to hardness by cationic initiation [36]. However, past research
showed that for 18, complications arise from inter- or intramo-
lecular interactions via the ester group, resulting in potential
backside attack [37]. The nucleophilic character of the ester
carbonyl is generally considered to be greater than that of an
epoxide [38], and formation of a crosslinked product may
take substantially longer than the 60 min period of our current
systematic procedure. This is further substantiated by the ob-
servation that 18 polymerized to hardness and passed the
GNT following a 24 h dark cure period. The volume change
following a longer cure time for 18 was not considered for
QSPR correlations. Modifications of light intensity, cure
time, and photoinitiator concentration were not studied due
to our standardized procedure. This is a different study.

Similar to 18, a reduction in crosslinking due to ester inter-
actions is likely responsible for failure of the GNT by the diep-
oxide 10. Diepoxide 11 is an anomaly because it did not
contain an ester nor did it polymerize to hardness. However,
the small volume change may indicate low reactivity for this
monomer under these conditions.
As noted above, the size of the monomer is, at least concep-
tually, related to the relative amount of volume change for the
monomer to polymer conversion. Such a relationship was not
evident from this data. Just considering those compounds that
were ‘‘hard’’, the smallest monomer certainly did not demon-
strate the largest shrinkage. This result suggests that electronic
or steric effects play a significant role in producing polymeri-
zation volume change.

3.2. Methacrylates

All of the methacrylates which passed the GNT exhibited
greater shrinkage than that of the samples which failed
(Table 2). This again points to a strong relationship between
conversion and volume change. However, unlike the epoxides,
a number of hard polymer products were formed from mono-
functional methacrylates. Similar to the epoxides, no general
size trend of monomer vs. volume change could be discerned
for all of the measured methacrylates. When considering only
the monomethacrylates, the greatest shrinkage was measured
for the smallest monomer, methacrylate 22. The slightly larger
hydroxymethacrylate compounds 23 and 24 exhibited approx-
imately equivalent shrinkage, which was significantly less than
compound 22. The fused rings on the monomethacrylates 29
and 34 resulted in less shrinkage than that of the hydroxyme-
thacrylates. This effect is likely a consequence of a combina-
tion of size and steric hindrance. The dimethacrylates which
passed the GNT were separated by one (39), two (30), or three
(41) ethylene glycol (EG) units. Each additional EG unit pro-
duces greater shrinkage, which is contrary to the expected size
effect. This information further supports the importance of
electronic effects and complexity of the phenomenon of
polymerization volume change.

Even though there is evidence from the data reported in
this study advocating a relationship between electronic effects
and volume change, it is troubling in light of past evidence
associating the size of a molecule with PVC [9]. It clearly
Table 1

Epoxide compounds tested using mercury dilatometry listed in decreasing volume change by %ROM

Compound %TVC %ROM % Filler Hard Tests

1,4-Butanediol diglycidyl ether (14) �4.3 �8.3� 2.0 64 YES 6

Glycidyl phenyl ether (4) �4.2 �8.0� 0.7 68 NO 4

1,2,7,8-Diepoxyoctane (12) �3.8 �8.0� 5.1 75 YES 3

Glycerol diglycidyl ether (16) �4.0 �7.3� 1.6 64 YES 4

Neopentyl glycol diglycidyl ether (15) �3.0 �5.2� 0.8 63 YES 3

CYGEP (20) �3.0 �5.2� 1.0 62 YES 7

Ethylene glycol diglycidyl ether (13) �2.5 �5.0� 0.9 71 YES 5

2-Ethylhexyl glycidyl ether (8) �2.1 �4.2� 0.8 74 NO 8

UVR-6105 (18) �2.2 �4.0� 0.6 66 NO 7

Bis(4-glycidyloxyphenyl) methane (17) �2.5 �3.9� 1.7 68 YES 3

PHEPSI (19) �1.5 �2.7� 0.9 64 YES 5

2-Biphenyl glycidyl ether (6) �1.7 �2.5� 0.3 56 NO 5

2,3-Epoxy-propyl-40-methoxyphenyl ether (5) �1.4 �2.2� 1.5 60 NO 2

Glycidyl 4-nonylphenyl ether (9) �1.2 �2.1� 0.2 68 NO 4

Diglycidyl-1,2-cyclohexanedicarboxylate (10) �0.81 �1.5� 0.4 64 NO 3

1,2,5,6-Diepoxycyclooctane (11) �0.31 �0.56� 0.52 66 NO 5

Styrene oxide (3) �0.12 �0.21� 0.42 66 NO 3

Note: standard deviations are at a confidence level of 95%.
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emphasizes that the degree of conversion must be a significant
contributing factor in this connection. In consideration of
this conclusion, future dilatometry experiments in this series
of studies must be performed in tandem with degree of con-
version measurements. Such results may allow for a propor-
tional correction factor, and therefore enable the adjustment
of the observed volume change to the actual amount of
material that reacted.

3.3. Initial QSPR models

Initial correlations were developed using %PVC and ROM
data for all of the compounds, an admittedly small set for
QSPR analysis. However, we seek insight by this process
rather than a strictly predictive model. Regardless of the num-
ber of descriptors allowed, no correlation passed our standard
statistical analysis criteria. It must be noted here that the poly-
merization mechanisms are very different for the two classes
of monomers. Epoxides react via a cationic process, whereas
methacrylates follow a radical mechanism. Given this major
difference, it is not surprising that the QSPR models describ-
ing them would not be compatible. The full set of tested
molecules was, therefore, subdivided into two categories based
on the reaction mechanism: 17 epoxides and 14 methacrylates.

Correlations for %PVC using all 17 epoxide compounds as
a training set resulted in unacceptable results (three descrip-
tors, R2¼ 0.61, t-test< 2). ROM correlations using these
molecules were likewise far below statistical requirements.
As noted above, monomer conversion is often directly cor-
related with PVC, and it may not be reasonable to use all
of the measured volume change data. One study investigating
the degree of conversion indicated that a threshold value for
the crosslink density exists, beyond which increased conver-
sion has little or no impact on the mechanical properties
[39]. Based on this, it seems reasonable that PVC may have

Table 2

Methacrylate compounds tested using mercury dilatometry listed in decreasing

volume change by %ROM

Compound %TVC %ROM % Filler Hard Tests

HEMA (22) �6.9 �13.0� 0.7 69 YES 4

TEGDMA (41) �6.2 �11.5� 0.6 71 YES 7

DEGDMA (30) �4.8 �10.4� 0.8 72 YES 8

HBMA (24) �5.4 �9.8� 1.3 69 YES 3

HPMA (23) �5.7 �9.6� 1.2 74 YES 7

EGDMA (39) �4.4 �8.5� 1.1 69 YES 4

EG dicyclopentenyl

ether MA (29)

�3.7 �6.8� 0.4 72 YES 5

Isobornyl MA (34) �2.7 �4.7� 0.5 68 YES 4

Glycidyl MA (27) �2.0 �3.7� 0.8 68 NO 4

EG phenyl ether

MA (28)

�2.0 �3.7� 0.4 69 NO 10

DEG methyl ether

MA (31)

�1.5 �3.6� 1.1 80 NO 5

Stearyl MA (25) �1.8 �3.3� 0.4 71 NO 10

Cyclohexyl MA (40) �1.3 �3.2� 0.7 74 NO 7

EG methyl ether

MA (26)

�1.2 �2.4� 1.0 71 NO 4

Note: standard deviations are at a confidence level of 95%.
a threshold beyond which the monomer conversion has only
minor influence on volume change. This would occur after
matrix vitrification, and further reaction would manifest itself
as internal stresses. To test this hypothesis, we developed a
correlation using only those epoxides which polymerized to
hardness (passed the GNT). The AM1eQSPR model passed
statistical tests for the overall correlation and individual
descriptors (Fig. 3).

3.3.1. Epoxide correlation
The descriptors for this epoxide correlation included YZ

shadow/YZ rectangle and maximum atomic state energy on
an oxygen atom (Eq. (7)). The geometric descriptor likely
has a relationship with the ability of a polymer to pack after
the monomers react. The negative coefficient indicates a larger
value (more complete shadow of the rectangle) would have
greater (more negative) volume change, which may be due
to better packing ability. The descriptor for the Max. At. St.
E(O atom) is localized on the oxygen contained in the epoxide
ring. The descriptor can be interpreted as the quantum chem-
ical potential energy of the electrons on the oxygen atom and
is calculated by summing the electron/electron repulsion ener-
gies and the electron/nuclear attraction energies. As the attrac-
tion is of much greater magnitude, the value is negative, and
a more negative atomic state energy describes a more stable
oxygen atom. The negative coefficient in Eq. (7) is consistent
with a more stable epoxide oxygen atom (i.e. less reactive)
having reduced change in volume relative to a less stable
epoxide oxygen.

ROM¼�1:6
�
Max:At: St: EðO atomÞ

�

� 44:5
�
YZshadow=YZrectangle

�
� 460:7 ð7Þ

3.3.2. Methacrylate correlation
Similar to the epoxides, no statistically significant correla-

tion was possible for the entire set of methacrylates using data

Fig. 3. Epoxide model for samples polymerizing to hardness. Statistics include

N¼ 8, R2¼ 0.977, R2
adj¼ 0.968, R2

CV¼ 0.928, F¼ 107, RMSE¼ 0.3, s2¼ 0.1,

t-test> 4, VIF¼ 1.0, p significance� 0.006.
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measured with the dilatometer (Table 2). However, a model
(Eq. (8)) was developed for the hardened methacrylates using
the SAM1 semiempirical method (Fig. 4). The first descriptor,
PNSA-3 [40], is the partial negatively charged solvent acces-
sible surface area of the monomer. The positive coefficient
and negative value of each descriptor indicates that a larger
PNSA-3 would lead to greater volume change. This descriptor
is calculated by summing the products of each calculated neg-
ative quantum chemical charged atom with its solvent accessi-
ble surface area. The structure of each methacrylate contains
not only a terminal alkene (Fig. 5), but also carbonyl and ether
oxygens with partial negative charges. The charge on each
terminal alkene atom is substantially greater than the charge
of each oxygen atom. This means that the contribution of
each terminal alkene is much greater than the contribution
of each oxygen, despite the larger solvent accessibility of
the carbonyl oxygens. This describes reactivity, as an electron
deficient radical species has greater affinity toward an electron
rich, highly charged terminal alkene. The second descriptor
has a negative coefficient and a positive value. In every case,
the atom with the minimal electron/electron repulsion was
located on the carbonyl adjacent to the reactive site (the
radical of the activated species). Greater electron/electron

Fig. 4. Methacrylate model for samples polymerizing to hardness. SAM1

statistics include: N¼ 8, R2¼ 0.993, R2
adj¼ 0.995, R2

CV¼ 0.972, F¼ 339,

RMSE¼ 0.2, s2¼ 0.1, t-test> 4, VIF¼ 1.0, p significance� 0.005. Hartreee

Fock statistics include: R2¼ 0.997, R2
adj¼ 0.932, R2

CV¼ 0.988, F¼ 773,

RMSE¼ 0.1, s2¼ 0.03, t-test> 4, VIF¼ 1.0, p significance� 0.005.

C
O

C

O

C

CH2

CH3

Terminal
Alkene

Carbonyl

Fig. 5. Reactive site of a methacrylate group. All labeled atoms were used in

ab initio fragment calculations.
repulsion near the reaction site suggests greater instability of
the radical. The electron/electron repulsion is a complex quan-
tity comprised of a number of contributions. Thus, it is prelim-
inary to deduce its involvement in the radical form of each
monomer, although the location in the molecule is certainly
worth noting.

ROM¼ 0:2ðPNSA� 3Þ
� 43:8ðmin electron=electron repulsionC atomÞ
þ 2828:1 ð8Þ

3.3.3. QSPR treatment of reactive species
To further investigate the interpretation for calculated reac-

tivity of the methacrylates relative to PVC, descriptors were
also calculated for the radical methacrylate species. While it
is common to develop QSPR models for polymer products
based on ground state structures, the reaction actually involves
both the ground state and radical forms of each compound
and it was thought that the inclusion of descriptors from
both species for each property value better represents the
polymerization process. From this expanded pool of descrip-
tors, no better correlation was found based on a semiempirical
model. The modest size of the methacrylate monomers also
enabled HartreeeFock ab initio calculations for both the
ground state and radical forms of each compound for a model.
(The size of the epoxide structures did not allow a similar
study.)

Additionally, CODESSA can calculate descriptors from
selected portions of the molecules (fragments) as well as the
entire molecule. The decision to include only the reactive por-
tion (Fig. 5) of each molecule was based on the likelihood that
a correlation involving this fragment may lead to additional
insight into the support of the relationship between the reactiv-
ity of these species and volume change. In addition, this frag-
ment procedure essentially normalizes the descriptors such as
the solvent accessible surface area. No prior reference to such
a technique, where the descriptor pool for a QSPR included
the ground state and activated monomer forms, both in frag-
ments and entirety, appears to exist in the literature.

A successful correlation was found for the ab initio method
with two descriptors (Eq. (9)). The first descriptor is DPSA-3
[40] similar to the SAM1 methacrylate descriptor. However,
this descriptor uses the difference between the positively and
negatively charged solvent accessible surface areas. The neg-
ative coefficient and positive value of the descriptor indicate
that a greater difference in the charged surface area leads to
greater PVC. This descriptor also suggests that charge inter-
actions of the monomers may be more important than the
charge of the terminal alkene as in the SAM1 model. One
reasonable interpretation is that the charge interactions draw
the molecules closer and react due to increased statistical
probability rather than reactivity as described above.

ROM¼�0:6ðDPSA3Þ
� 966:5ðf-rad-max 1-electron reactivity indexC atomÞ
þ3:5 ð9Þ
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The second descriptor is the maximum 1-electron reactivity
index for a C atom. In all cases, the locale of this descriptor
was limited to the reactive site of the radical species, as shown
in Fig. 5. As the name suggests, it is based on the potential re-
activity of a C atom, and the restriction of this descriptor to the
reactive site supports its relevance to methacrylate polymeri-
zation. The negative value of the coefficient and positive value
of the descriptor indicate that increased reactivity leads to
increased volume change.

3.3.4. QSPR for fully-converted polymers
Descriptors for the reported models were consistent with

reactivity (degree of conversion) of the monomer. It seems
counterintuitive that such a PVC model does not contain
size descriptors as well. To test our interpretation of these ef-
fects, a QSPR was developed using the work by Patel et al. [9]
for total volume change of a polymerization reaction for a
series of methacrylates. Experimental conditions held the
temperature of the reaction vessel >80 �C for 3 h. Further,
chemical initiation was carried out using a peroxide initiator.
These procedures were intended to ensure high monomer
conversion. In contrast, dilatometry experiments in this study
were at room temperature for just 1 h, with a different initiator
system, and contained quartz filler.

The resulting model for the 17 molecule training set con-
tains two descriptors (Eq. (10)). The first descriptor was first
order bonding information content (BIC-1). This parameter
was previously found to correlate with solvent effects for
decarboxylation rates [41] and van der Waals’ constants
[42]. It indexes branching and size effects for a particular
geometry. The second descriptor (maximum nuclear/nuclear
repulsion for a CeC bond) is quantum chemical and also in-
directly describes branching. For molecules in the training set,
longer alkyl chains exhibited the least amount of volume
change and had substantially larger descriptor values
(Table 3).

%PVC¼�262:9þ 1:3ðBIC-1Þ
þ 1:9ðmax nuclear=nuclear repulsionCeC bondÞ ð10Þ

A number of statistically significant correlations were also
developed using only the nine linear alkane methacrylates re-
ported by Patel et al. [9]. It is not surprising that several single
descriptor correlations were successful for these structures, as
the reported PVC decreased regularly with the size of the alkyl
chain. As expected, systematic increase of methylene groups
[43] and molecular weight [44] has been found to correspond
to decreased volume change in the past that is consistent with
this correlation. Successful models included the Balaban index
(Eq. (11)) as well as quantum chemical descriptors with a
normalization factor for effect of size of the monomer (total
number of atoms in the denominator, Eqs. (12)e(14).

%PVC¼ 65:5e24:1ðBalabanÞ ð11Þ

%PVC ¼ 54:8� 0:2ðenthalpy=#atomsÞ ð12Þ

%PVC ¼ 88:8� 54:4ðheat capacity=#atomsÞ ð13Þ

%PVC ¼ 12:6� 5:5ðentropy=#atomsÞ ð14Þ

The success of predictions based on density data indicates
that more intuitive descriptors will likely be found for additional
volume change measurements using a consistent experimental
protocol coupled with the effect of monomer conversion.
Table 3

Unfilled methacrylate prediction for %TVC

Structure Exp. Calc.a Calc.b Calc.c Calc.d Calc.e

Methyl �21.0 �21.8 �20.8 �21.1 �21.0 �20.9

Ethyl �18.8 �20.1 �18.7 �18.5 �18.4 �18.4

Propyl �14.9 �15.2 �16.4 �16.1 �16.1 �16.2

Butyl �15.7 �14.2 �14.4 �14.4 �14.5 �14.6

Hexyl �12.9 �12.4 �11.7 �12.1 �12.2 �12.2

Octyl �9.1 �11.2 �10.1 �10.6 �10.7 �10.7

C12 �8.4 �9.1 �8.7 �8.8 �8.8 �8.7

C13 �8.9 �8.5 �8.5 �8.5 �8.4 �8.4

C16 �8.1 �7.1 �8.2 �7.7 �7.6 �7.5

Isopropyl �19.7 �19.1 e e e e

Isobutyl �19.3 �17.5 e e e e

Tert-butyl �16.3 �18.0 e e e e

2-Epoxypropyl �20.2 �18.1 e e e e
Tetrahydropyranylmethyl �12.8 �13.6 e e e e

Tetrahydropyranyl �16.4 �15.3 e e e e

Isobornyl �10.1 �10.8 e e e e

Tetrahydrofurfuryl �14.7 �15.3 e e e e

a Eq. (10) statistics include R2¼ 0.919, R2
adj¼ 0.907, R2

CV¼ 0.887, F¼ 79.3, RMSE¼ 1.2, s2¼ 1.8, t-test> 4, VIF¼ 1.3, p significance� 0.005.
b Eq. (11) statistics include R2¼ 0.964, R2

adj¼ 0. 959, R2
CV¼ 0.950, F¼ 186.6, RMSE¼ 0.9, s2¼ 1.0, t-test> 4, p significance� 0.005.

c Eq. (12) statistics include R2¼ 0.963, R2
adj¼ 0.958, R2

CV¼ 0.949, F¼ 183.1, RMSE¼ 0.9, s2¼ 1.0, t-test> 4, p significance� 0.005.
d Eq. (13) statistics include R2¼ 0.963, R2

adj¼ 0.958, R2
CV¼ 0.948, F¼ 181.5, RMSE¼ 0.9, s2¼ 1.0, t-test> 4, p significance� 0.005.

e Eq. (14) statistics include R2¼ 0.962, R2
adj¼ 0.957, R2

CV¼ 0.947, F¼ 179.1, RMSE¼ 1.0, s2¼ 1.0, t-test> 4, p significance� 0.005.



8603M.D. Miller et al. / Polymer 47 (2006) 8595e8603
4. Conclusions

In this study, we have successfully correlated the molecular
structure to the volume change of quartz filled samples sys-
tematically measured with a mercury dilatometer. Statistically
valid models included only compounds which polymerized to
hardness as determined by the Gilmore needle test, a qualita-
tive test which required substantial monomer conversion.
These compounds generally showed greater shrinkage than
those that did not, in keeping with greater monomer conver-
sion for increased volume change. Additionally, separation
of data by reaction mechanism (cationic/radical) based on
reactive substituent type was also necessary. Application of
a rule of mixtures (ROM) correction to normalize variation
in quartz/monomer ratio resulted in superior models to corre-
lations without this adjustment (not reported), supporting
incorporation of this term in future studies.

Descriptors for each dilatometry model reported in this
study were based on reactivity, indicating monomer conver-
sion must be considered for future experiments to develop
a second correction term for this effect. Elimination of inter-
ference from reactivity in this connection would likely result
in descriptors based on size and branching of the molecule
rather than on reactivity. This correction term may lead to cor-
relations that will predict polymerization volume change for
samples which react by different mechanisms or incompletely
(do not polymerize to hardness). Support for this conclusion is
evidenced by topological descriptors in models that were
derived using experimental data in which monomer conversion
was maximized.
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