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ABSTRACT: A complete characterization of the electron density distribution of divinyl fumarate and its effect
on various properties has been performed by using a combination efvid\6pectroscopy, cyclic voltammetry,
theoretical calculations, and a diagnostic Michael addition reaction involving an aliphatic thiol and the fumarate
carbon-carbon double bond. The results show that the presence of the conjugation between the two vinyl ester
double bonds and the fumarate carb@arbon double bond significantly changes the electron density in both;
that is, the vinyl ester double bonds of divinyl fumarate are more electron rich and the fumarate double bonds are
more electron poor compared to nonconjugated analogues. This electron density distribution greatly influences
the copolymerization behavior of divinyl fumarate. Divinyl fumarate also acts as both a monomer and photoinitiator
in the photopolymerization of 1,6-hexanediol diacrylate. Because of the larger electron density deficiency of the
fumarate group on divinyl fumarate compared to its saturated analogue, diethyl fumarate, there is a reduced
propensity of the fumarate group to copolymerize with electron-deficient acrylate groups. Finally, the fundamental
photocleavage reaction of vinyl fumarate that leads to initiating radicals was determined by chemical trapping
(2,2,6,6-tetramethyl-1-piperidinyloxy free radical, TEMPO) to be the primeagleavage process between the
carbonyl carbon and the vinyl ester oxygen.

Introduction monomers, have been obseréd@hese differences result from
the presence of both acrylate and vinyl groups on the same
molecule, presumably due to some typems€onjugation. In
addition to altering the chemical reactivity of the vinyl ester
and acrylate double bonds, the resultant conjugation also results

in a red shift in the UV absorption that apparently generates

fumarates/maleates, and evg+vinyl amides polymerize via a free radicals by a photo_sqi_ssion process (Norr_ish | type) in t_he
free-radical chain process, their conversion rates are slow. absen_C(_a_of_added photoinitiators; hence, its utility as an effective
Acrylates, on the other hand, polymerize rapidly via a free- photoinitiating monomer. Unfortunately, v[nyl .acrylate has an
radical chain procegsDuring the past two decades, there has extremely low boiling point, thereby reducing its usefulness in
been considerable activfty? designed to alter the structures of Photocurable systems.
acrylates and methacrylates to achieve even greater polymeri- It would be expected that analogues of vinyl acrylate with
zation rates by synthesis of monomers with groups that are higher molecular weight and greater double bond conjugation
remote from the acrylate double bond; i.e., functional groups would also exhibit similar UV absorption and enhanced reactiv-
with various heteroatoms have been attached primarily to the ity behavior. Recently, monovinyl fumarate, divinyl fumarate,
terminal carbon of the alkyl side group (typically at ffrearbon and divinyl maleate have been synthesized, and their use as
of an ethyl group) of the acrylate ester. Recently, the photo- self-initiating photoinitiators and commoners has been described
polymerization of vinyl acrylate has shown it to be a very unique in a short communicatiotf. These novel vinyl esters exhibit
monomer with significantly altered copolymerization kinetics red-shifted UV absorption compared to vinyl acrylate. In
compared to traditional acrylate and vinyl ester monomers, and particular, divinyl fumarate (DiVF; structure given in Chart 1)
it is photochemically labile and serves as a photoiniti&tot? is characterized by strong UV absorption at wavelengths greater
Significant differences in the addition rates of external free than 300 nm, a critical property for efficient photoinitiators. In
radicals to the acrylate and vinyl ester double bonds of vinyl addition, DiVF at low concentrations has been shown to
acrylate, compared to traditional acrylate and vinyl ester efficiently initiate acrylate photopolymerization; however, at the
low concentrations reportéd,the DiVF monomer is rapidly
*To whom correspondence is to be addressed: e-mail consumed by copolymerization with the acrylate leading to its

As photoinitiated polymerization began to expand in the
1970s, it became apparent that rapid polymerizing monomers
that could be readily converted into network structures via a
free-radical chain process upon exposure to UV light were
essential=* While styrene, methacrylates, vinyl esters, dialkyl
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Chart 1. Chemical Structures of (a) DiVF, (b) DIEF, (c) VDEC, S 40
(d) VPRO, (e) HDDA, (f) DMPA, (g) TEGDVE, and (h) E3M -g :
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Figure 1. Mole conversions vs time plot of DiEtF/VDEC (a) fumarate
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0 o~ and (b) vinyl ester 1:2 molar mixtures at 8G. Irradiance is 14 mW/
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voltammetry and theoretical calculations as well as an assess-
ment of DiVF chemical reactivity in both small molecule : :
reactions and free-radical polymerization processes. The results 0 .30 . 60 90
presented herein provide a clear rationale for the photochemical Irradiation Time (sec)

reactivity of DiVF and the inherent propensity of the electroni- Figure 2. Mole conversions vs time plot of DiVF (a) fumarate and

cally coupled double bonds to participate in free-radical chain () vinyl ester at 60°C. Irradiance is 14 mWicfnat 365 nm. DMPA
reactions. (1 wt %) was used as a photoinitiator.
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hydrogen atoms and p polarization functions on hydrogen, and
additional, diffuse s and p functions on all non-hydrogen atoms. In
Materials. 1,6-Hexanediol diacrylate (HDDA), dimethyl sul-  particular, Mulliken population analys€swere performed, and
foxide (DMSO), and 2,2-dimethoxy-2-phenylacetophenone (DMPA) molecular orbital energies of frontier orbitals were examined.
were obtained from Cytec, Fisher Chemicals, and Ciba Specialty All calculations were performed using the Gaussian03 program
Chemical, respectively. Ethyl 3-mercaptopropionate (E3M), diethyl package?®
fumarate (DIEF), vinyl decanoate (VDEC), vinyl propionate  Photopolymerization. The photopolymerization kinetic profiles
(VPRO) and triethylene glycol divinyl ether (TEGDVE) were during the UV-induced free-radical polymerizations were recorded
obtained from Aldrich Chemicals. All chemicals were used as using real-time infrared (RTIR) spectroscopy on a modified Bruker
received without further purification. Divinyl fumarate (DiVF) was 88 FTIR spectrometer designed to allow light to impinge on a
synthesized by transesterification between vinyl acetate and fumarichorizontal sample using a fiber-optic cable as a function of

Experimental Section

acid in the presence of a palladium catalfsThe chemical jrradiation time. A 200 W high-pressure mercuixenon lamp
structures of DiVF, DiEF, VDEC, VPRO, HDDA, DMPA,  (Oriel) served as the light source. Conversion rates of each bond
TEGDVE, and E3M are shown in Chart 1. were calculated according to disappearance of IR absorption

Characterization. UV absorption spectra in hexane solution bands: 812 cmt for the acrylate of HDDA, 2570 cnt for the
were measured using a Cary 5 spectrometer. Cyclic voltammetric thiol of E3M, 764 cn1! for fumarate of DiVF, 980 cmt for
(CV) experiments were performed with a model 990B electro- fumarate of DIiEF, 885 cnt for the vinyl ester of DiVF, and 870
chemical scanning microscope (CH Instruments, Austin, TX). A cm! for the vinyl esters VDEC and VPRO.
conventional three-electrode cell was used, with a Pt wire as the Amine-Catalyzed Michael Addition Reaction. A 1:1 molar
counter electrode, Ag/Ag (10 mM AgNG:—0.10 M tetran- ratio of DiVF or diethyl fumarate and E3M was mixed at room
butylammonium perchlorate (TBAP) in GEN) as the reference  temperature in nitrogen conditions. Before adding 1 mol % of
electrode, ad a 2 mm indiameter Pt disk electrode or 3 mm glassy diethylamine, IR of the mixtures between two NaCl salt plates was
carbon (GC) electrode as the working electrode. Acetonitriles{CH  obtained. After mixing with the amine, IR spectra were measured
CN, >99.93%, HPCL grade, Sigma-Aldrich) or dimethyl sulfoxide at 30 and 60 s. IR absorption of the thiol peak and the fumarate
(DMSO, >99.9%, Sigma) with TBAP (electrochemical grade, peak were measured and normalized with the height of CH
Fluka, 0.10 M in DMSO) was used as the electrochemical solvent stretching peak as an internal standard to compensate for variation
and electrolyte, respectively. All solutions were degassed with high- in sample thickness between samples. Then, conversions were
purity N, for ~15 min, and the working electrode was polished calculated from normalized absorbance changes of thiol and
with 0.3um alumina slurry and then washed and dried before each fumarate peaks.
CV. All experiments were conducted at a room temperature of  Chemical Trapping of Initiating Radical. DiVF (1 mmol) and
20+ 2 °C. 2,2,6,6-tetramethyl-1-piperidinyloxy free radical (TEMPO) (10

Molecular Orbital Calculations. Ab initio molecular orbital mmol) were dissolved in hexane in a quartz tube and degassed with
theory calculations were performed at the level of second-order nitrogen at—5 °C for 20 min to produce an oxygen-free system.
perturbation theory (MP2j employing the 6-31:+G(d,p) basis The mixture was photolyzed using 365 nm UV light @ h in a
set16-18 This basis set comprises the standard triplealence Rayonet photochemical reactor (The Southern New England
6-311G split-valence set, d polarization functions on all non- Ultraviolet Co.). The majority of unreacted TEMPO was removed
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Figure 3. UV absorption spectra of (a) DIiEF, (b) DiVF, and (c) DMPA
in hexane solution with equal molar concentration.
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Figure 4. Cyclic voltammograms obtained from a 0.10 M TBAP
DMSO solution containing (a) 61 mM DIiEF and (b) 83 mM DiVF at
2 mm in diameter Pt electrode with a scan rate of 100 mV/s. For clarity,
the current was multiplied by 1.5 for (b).
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Figure 5. Cyclic voltammograms obtained from (a) 73 mM DiVF,
(b) 85 mM VDEC and (c) 88 mM TEGDVD and in 0.10 M TBAP
CHsCN solution at 3 mm in diameter GC electrode with a scan rate of
100 mV/s. For clarity, the current was multiplied by 2.5 for (a), 0.40
for (b), and 0.7 for (c).
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Figure 6. Plot of the lowest unoccupied molecular orbital (LUMO)
for DiVF—the v antibonding orbital of the fumarate double bond.

Table 1. Molar Extinction Coefficients (L/(mol cm)) of DIEF, DiVF,
and DMPA at 254, 313, and 366 nm

254 nm 313 nm 366 nm
DiEF 407.94 77.66 9.28
DiVF 6872.62 485.31 123.94
DMPA 9329.7 81.1 107.47

UV —vis spectroscopy, a catalyzed diagnostic reaction with a
monoalkylthiol, electrochemical measurement of the reduction
(fumarate) and oxidation (vinyl ester) of DiVF in comparison
to a traditional dialkyl fumarate and vinyl alkylate, a Mulliken
electron population analyses from molecular orbital calculations
of the terminal double bonds in DiVF compared to those in
VDEC and TEGDV, and calculation of the LUMO energies
for DIVF and its analogue DIiEF. Next, the photopolymerization
kinetics of a diacrylate monomer [1,6-hexanediol diacrylate
(HDDA)] with increasing DiVF concentration is reported using
real-time infrared (RTIR) spectroscopy to follow all polymer-
izable functionalities including acrylate, fumarate, and vinyl ester
double bond conversions. The effect of the DiVF concentration
on the conversion of HDDA is hence established. Finally, a
radical photoproduct was identified by reaction with a radical
trap.

Photopolymerization of DiVF and DIEF/VDEC Mixtures.
In order to establish a sound basis for the characterization of
DiVF as a monomer patrticipating in free-radical polymerization
processes, we first present results for the photopolymerization
of DiVF and a model system comprised of a mixture of diethyl
fumarate (DIEF) with vinyl decanoate (VDEC) by excitation
of an added external photoinitiator. Results for the use of DiVF
as a photoinitiator will be relegated to a later section. Figure 1
shows the mole fraction conversions of fumarate and vinyl
groups vs exposure time to the 366 nm output (14 mV¥yah
a filtered medium-pressure mercury lamp for 1:1 and 1:2 molar
mixtures of DIEF and VDEC with 1 wt % DMPA photoinitiator.
In both cases the mole fraction conversion rate of fumarate
double bonds is higher than the mole fraction rate of vinyl ester
groups: note that the mole fraction conversion plot for VDEC
in Figure 1b had to be adjusted (multiplied by a factor of 2)

by sublimation under reduced pressure. The chemical structure ofpefore comparison with the fumarate molar conversion could

the photolyzed product was analyzed ¥y and 13C NMR (200
MHz, Bruker) including correlated spectroscopy (COSY) and the

distortionless enhancement by polarization transfer (DEPT) tech-

nique.

Results and Discussion

The chemical structures of all components used in this (0.0076 mol L1

investigation including DiVF and corresponding models are
shown in Chart 1. After considering critical aspects of its
inherent polymerization in free-radical polymerization using an
external photoinitiator to initiate polymerization, characterization
of DiVF with respect to the electron density of the fumarate
internal double bond and the two vinyl ester terminal double

bonds will be presented. Characterization techniques include

be made due to the higher molar concentration of VDEC. The
results in Figure 1 are consistent with reactivity ratios 0¥
0.44 andr, = 0.011 for the copolymerization of DIEF
(component 1) with typical vinyl alkonates reported in the
literature?! Before proceeding to results for DiVF, we point
out that the initial conversion rate for the fumarate double bond
s71) is greater than for the vinyl ester double

Table 2. Mulliken Population Numbers of Carbons in Terminal
Vinyl Ester Double Bonds of VDEC, DiVF, and TEGDVE

Mulliken population of carbons

VDEC —0.188
DiVF —0.215
TEGDVE —0.384
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Figure 8. RTIR percent conversion vs time plots of HDDA polym-
erization in the presence of (a) 5 wt % of DiVF, (b) no photoinitiator,
and (c) mixture of DIEF and VPRO equivalent to 5 wt % of DiVF.
Light intensity (full arc) is 187 mW/cr
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Figure 7. FTIR spectra changes of thiol and fumarate double bonds QIaIkIy! fumara.tesl Ista rezuflt of atn extlendetc)i Codnjugb?tlon
of (A) DIEF/E3M and (B) DiVF/E3M 1:1 molar mixtures during an INvolving the vinyl ester and fumarate car rbon double

amine-catalyzed Michael reaction. bonds and the intermediate carbonyl. Because UV light sources
_ _ traditionally provide strong intensities at 254, 313, and 366 nm,
Table 3. Percent Conversion of Thiol and Fumarate from molar extinction coefficientse] at these wavelengths are an

Amine-Catalyzed Michael Reactions of DIEF/E3M and DIVF/E3M important aspect of a chromophores overall ability to initiate

Mixtures as a Function of Time L . .
- - photopolymerization upon exposure to mercury light. For direct
ESM/DIEF ESM/DIVF comparison, Table 1 shows the molar extinction coefficients
time(s)  thiol (%)  fumarate (%)  thiol (%) fumarate (%) (¢) of DiVF, DIiEF, and DMPA at 254, 313, and 366 nm in

0 0 0 0 0 hexane. Compared with DIiEF, DiVF has much higherlues
30 63.3 61.6 97.7 94.8 at all three wavelengths. The extinction coefficient at 254 nm
60 73.8 75 98.3 95.7 of DIVF is about 26% lower than that of DMPA. However,

) for DiVF is ~6 times greater than the value ©for DMPA at
bond (0.0054 mol L* s7) for the 1:2 molar ratio of fumarate: 313 nm. The nx* absorption extinction coefficients at 366
vinyl ester. The results in Figure 1b are a model for the DiVF 1 gre approximately the same for both DMPA and DiVF. This
results to be presented next. In Figure 2, plots of the fumarate (gd-shifted absorbance for DiVF is a unique propertydg-
and vinyl ester group mole fraction conversion vs time for DiVF | ,nsaturated esters which is only found to exist when an

upon exposure to the same lamp source intensity and photo-ynsaturated carbercarbon double bond is on the oxygen
initiator concentration used for the DIEF/VDEC mixture indicate gster: the same phenomenon is seen for vinyl acrylaéhyl

that the mo_la_r_conversion (if adjusted for the_ 1:2 molar_ fumarate: vinyl fumarate, vinyl cinnamate, and vinyl crotonate as well as
vinyl ester initial double bond ratio) of the vinyl ester is greater any similarly configured molecular architecture.

than the molar conversion of the fumarate. Furthermore, the  Characterization of DiVF: Cyclic Voltammetry. Probably
initial rate of conversion of the vinyl ester group of DIVF  the best method of characterizing the electronic nature of the
(0.0239 mol L* s ) is greater than for the fumarate group  double bonds in a reactive chemical species is to measure its
(0.0165 mol L= s™). We quote the initial rates for DIVF since  oxidation and reduction profiles. Accordingly, cyclic voltam-
at this point in the reaction all of the fumarate and vinyl ester mograms of DiVF and its monomolecular saturated analogues
groups present are conjugated. As the polymerization proceedspier and VDEC were recorded in GEN (oxidation at GC)
there will be a mixture of conjugated fumarate and vinyl ester oy pmMSO (reduction at Pt) at room temperature using a
double bonds on unreacted DiVF as well as nonconjugated conyentional three-electrode cell, with a Pt wire as the counter
fumarate and vinyl ester groups resulting from reaction of the gjectrode, Ag/Ag (10 mM AgNO;—0.10 M TBAP in CHs-
“other double bond” on DiVF. Bearing this in mind, comparing - cN)) as the reference electrode, and eita@ mmdiameter Pt
the results in Figure 2 for DiVF to those in Figure 1b for 1:2 o 3 3 mmdiameter GC electrode as the working electrode.
it is apparent that the reactivities of the DiVF double bonds are \yayves of DiVF and DIEF indicates that it is much easier to
markedly different than their DIEF and VDEC counterparts. We  redyce the fumarate group of DiVF than DIiEF. The reduction
have suggested in a previous communicatidhat the DiVF peak potentials are located-aR.00 V vs Ag/Ag™ (Figure 4a)
fumarate double bond is much more electron poor than the o, DiEF and—1.63 V vs Ag/Ag™ (Figure 4b) for DiVF at a Pt
fumarate double bond of DIEF, and concomitantly the DIVF g|ectrode in DMSO with a scan rate of 100 mV/s. This large
vinyl ester double bonds are more electron rich than the vinyl itference in reduction peak potentials clearly indicates that the
ester double bonds of traditional vinyl alkanoates such as vinyl fymarate double bond of DiVF, as expected, is much more
acetate, vinyl propionate, or vinyl decanoate. In the next sectionSejectron deficient than DIEF. On the reverse scans, a small
we present a complete chemical and theoretical description of ygoxidation wave around-1.7 V vs Ag/Ag- is observed for
the electron density of the fumarate and vinyl ester bonds in pieg  put not DiVF. When relatively high scan rates (200
DIVF. 500 mV/s) were employed, the peak ratio of the reoxidation to
Characterization of DiVF: Absorbance and Extinction reduction was slightly increased for DIEF; however, for DiVF
Coefficients. As shown in Figure 3, DiVF exhibits strong UV  the reoxidation wave did not appear with the faster scan rate.
absorption at wavelengths longer than 300 nm, extending to The reduction processes are probably attributed to one-electron
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Figure 9. RTIR percent conversion vs time plots of HDDA polym-
erization in the presence of 1 mol % of (a) DiVF and (b) DMPA. Light
intensity (full arc) is 187 mWi/crh
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Figure 10. RTIR percent conversion vs time plots of HDDA
polymerization in the presence of (a) 0.01, (b) 0.05, (c) 0.1, (d) 0.5,

(e) 1, (f) 2, and (g) 5 wt % of DiVF. Light intensity (full arc) is 187
mwW/cn.
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Figure 11. RTIR percent conversion vs time plots of HDDA
polymerization in the presence of (a) 5, (b) 10, (C) 20, (d) 30, (e) 40,
and (f) 50 wt % DiVF. Light intensity (full arc) is 187 mW/cin
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electrochemical reductions followed by hydrodimerization
chemical reaction& The electrohydrodimerization products can
be further oxidized at peak potential valuestdi.21 andt0.37
V vs Ag/Ag* for DIEF and DiVF, respectively.

The oxidation of DiVF, and for comparison VDEC, was also
evaluated in order to establish the electron density of the vinyl
ester groups on DiVF with respect to the vinyl ester double

Macromolecules, Vol. 40, No. 17, 2007

Ag/Ag™ for the vinyl ether indicates that while the vinyl ester
double bond of DiVF is electron rich compared to the vinyl
ester group of VDEC, it is still certainly not as electron rich as
a conventional aliphatic vinyl ether double bond.

Characterization of DiVF: Theoretical Calculations. In
order to provide additional evidence for the electron density of
the vinyl ester double bonds of DiVF, theoretical calculations
for DiVF, VDEC, and TEGDVE were made. A Mulliken
population analysis is simply an algorithm for summing the
electron density by atoms. Thus, a negative population indicates
an electron density around that atom greater than the positive
charge of that atom’s nucleus. Results are presented in Table
2. Note that the calculations support the conclusions drawn from
the oxidation potentials presented above. The vinyl ester double
bond of DiVF is electron rich as compared to that of VDEC,
but less than the double bonds of TEGDVE.

The population numbers of the carbons in the fumarate double
bonds were too small for valid comparisons. Therefore, another
result from the calculations was compared. For both of the two
fumarates, DiVF and DIEF, the lowest unoccupied molecular
orbital (LUMO) is thex antibonding orbital of the fumarate
double bond. Thus, reduction of each of these fumarates will
occur most easily at the fumarate double bond. A plot of the
LUMO for DiVF is shown in Figure 6. The energies for the
LUMO in DiVF and DIEF are 15.41 and 27.86 kcal/mal,
respectively. While these energies are certainly not quantitative,
the trend is irrefutable and indicates that DiVF should be reduced
much easier than DIEF. This is consistent with and provides a
rationale for the reduction potentials obtained from cyclic
voltammetry.

Characterization of DiVF: Thiol Michael Addition to
Fumarate Bond. The lower electron density of the fumarate
ene in DiVF (compared to the fumarate double bond in DIEF)
as determined by cyclic voltammetry and substantiated by
theoretical calculations can be evaluated directly by a diagnostic
reaction used to probe double bond electron density. For-thiol
ene Michael addition reactions, rates are inversely proportional
to the ene electron density2* Therefore, the relative electron
density of the fumarate double bond in DiVF compared to that
of conventional fumarate esters can be determined by comparing
thiol addition rates in the presence of a catalytic amine
concentration. Indeed, the lower electron density of the acrylate
group in vinyl acrylate compared to traditional acrylates has
been previously determined by the lower reactivity of the
acrylate group in an amine-catalyzed Michael addition of an
aliphatic thiol with vinyl acrylate compared to reaction with
traditional acrylate$® Figure 7 shows changes in the IR bands
for thiol (2575 cnT?!) and the central ene fumarate groups (1646
cm~1for DIEF and 764 cm! for DiVF) for the primary amine-
catalyzed reaction between ethyl-3-mercaptopropionate (E3M;
see Chart 1) and both DiVF and DIEF as a function of time
after mixing. From the corresponding conversions of the

bond on a representative saturated aliphatic vinyl ester. Figurefumarate and thiol groups listed in Table 3, it can be concluded

5 (curves a and b) shows the oxidation waves for DiVF and
VDEC at the GC electrode in GEN with a scan rate of 100
mV/s. The oxidation wave for DiVF (Figure 5a) has a peak
potential value of+2.0 V vs Ag/Ad", while the oxidation of
VDEC (Figure 5b) never attains a peak within the potential
window studied, suggesting that its oxidation peak potential is
greater than 2.5 V! Hence, we conclude that the vinyl ester
groups of DiVF are much more electron rich than the vinyl
ester group of the standard aliphatic vinyl ester VDEC. For
comparison, the oxidation wave for TEGDVE is shown in Figure
5c. The low positive oxidation peak potential fL.41 V vs

that the catalyzed thiol addition to the central fumarate double
bond of DiVF is much faster than to DIEF. For the DiVF/E3M
mixture, little of the thiol or fumarate double bond is observed
after only 30 s of reaction while the DIEtF/E3M mixture has
approximately 36.7% thiol and 38.4% fumarate groups remain-
ing after the same time period. It should be emphasized that
essentially identical conversions for the fumarate and thiol
groups indicate a stoichiometric 1:1 addition process, which is
consistent with the results for primary amine-catalyzed Michael
additions to acrylate double bon#sThese results herein clearly
confirm the results found by cyclic voltammetry and theoretical
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Figure 12. RTIR fumarate and vinyl ester percent conversion vs time plots of HDDA polymerization in the presence of (A) 5, (B) 10, (C) 20, (D)
30, (E) 40, and (F) 50 wt % DiVF. Light intensity (full arc) is 187 mW&m

calculations for the DiVF vs the DIiEF fumarate double bond, of DiVF as a photoinitiator, it was compared with the standard
i.e., the lower electron density of the fumarate group in DiVF cleavage photoinitiator DMPA. The conventional initiator
manifests itself in faster reaction rates with the amine catalyzed DMPA has a higher initiating efficiency than DiVF at equal
thiol addition. molar concentrations, as shown in Figure 9. It should be noted
Photopolymerization Kinetics and Initiation Process of that the initiation ability of DiVF is actually better than it appears
HDDA/DIiVF Mixtures: Conversion Rates. To evaluate the in Figures 8 and 9 since the concentration of DiVF decreases
effectiveness of DiVF simultaneously as an initiator and steadily by taking part in a copolymerization process, as will
comonomer for the polymerization of HDDA, a comprehensive be discussed more fully later. It is important to note that the
RTIR analysis of the polymerization process was conducted. vast majority of DMPA remains unreacted after polymerization
First, HDDA was polymerized in the presence of low concen- is complete, while DiVF, as we will show, readily polymerizes
trations of DiVF to evaluate its inherent ability to initiate with the HDDA. Although the overall quantum yield for
photopolymerization of HDDA. For comparison, DIEF and initiation of acrylate polymerization by DiVF is inherently lower
VPRO were added in equal concentrations as the DiVF to (by a factor of between 20 and 30 according to initial rates for
determine whether an intermolecular charge-transfer complexsolutions with equal absorbance at 313 nm) than for the
between vinyl ester and fumarate groups can form and initiate conventional photoinitiator DMPA, its ability to be incorporated
polymerization upon excitation with light. As shown in Figure into the polymer network by virtue of its participation in the
8, where all polymerizations were performed between two salt free-radical polymerization process that it initiates could be an
plates with only residual oxygen present, HDDA does not asset.
polymerize efficiently in the absence of a photoinitiator or in To expand the investigation of DiVF as a photoinitiator for
the presence of a 1:2 molar mixture of DIEF and VPRO (5 wt acrylate polymerization, HDDA samples with concentrations
% DiVF equivalent), while the sample with 5 wt % DiVF  of DiVF from 0.01 up to 50 wt % were next monitored using
polymerizes rapidly. This demonstrates that the presence of bothRTIR, as shown in Figures 10 and 11. The results in Figure 10
fumarate unsaturation and vinyl ester groups on the sameshow that HDDA polymerizes to a conversion-e¥0% in 500
molecule is essential for initiating polymerization photolytically. s in the presence of only 0.01 wt % DiVF. The polymerization
The HDDA sample polymerizes quickly, attaining 70% conver- rate and conversion of HDDA continuously increase with an
sion within 50 s, demonstrating the effectiveness of DiVF as a increase of DiVF concentration, attaining a maximum polym-
photoinitiator. To give an initial assessment of the efficiency erization rate and conversion for a DiVF concentration of 5
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Figure 13. RTIR vinyl ester percent conversion vs time plots of 5% 100
DIiEF in (a) DMSO and (b) HDDA in the presence of 1 wt % DMPA. B
Light intensity (full arc) is 187 mW/cr . 80.
X
wt %. Concentrations of DiVF greater than 5 wt % (Figure 11) = &0 \ Fumarate
exhibited a continual decrease in polymerization rate and _5 ‘
conversion with an increase in DiVF concentration. &£ 404 Vinyl ester
As we have already alluded, DiVF cannot only function as a g 20
photoinitiator, but it can also potentially be consumed by free- o)
radical chain reactions involving both the fumarate and the vinyl O o
ester double bonds. Thus, to complement the results in Figures

10 and 11, the conversion vs time plots rates for the fumarate % 0% SN0 00 S0 e

and vinyl ester double bond with increasing concentrations of Irradiation Time (sec)
DiVF in HDDA were also monitored using RTIR, as shown in 155

Figure 12. Focusing first on Figure 12A,B, it is readily noted [o]

that little or none of the fumarate is consumed, while the vinyl —~ 80

ester group readily copolymerizes with the acrylate as well as @

homopolymerizes to attain conversions of-5®M%. We note c 604 Fumarate
that there is some error associated with monitoring of the three -% 40 Vinyl ester

bands (acrylate, fumarate, vinyl ester) in real time; nevertheless, (0]

while this introduces some uncertainty in the exact values for g 20/

conversion of the vinyl ester functionalities in Figure 12 and 8

the acrylate groups in Figures 10 and 11, we are confident of O" ‘ . . ,
our ability to confirm the lack of any significant fumarate 0 100 200 300 400 500
conversion for the 5 and 10 wt % DiVF/HDDA samples in Irradiation Time (sec)

Figure 12A,B. Once the DiVF reaches a concentration of 20

: Figure 14. RTIR fumarate and vinyl ester percent conversion vs time
0
wt % or greater (Figure 12€F), the fumarate double bond plots of HDDA polymerization in the presence of DIEF and VP mixture

conversion becomes substantial due to the apparent copolym<1:2 molar ratio) equivalent to (A) 10, (B) 20, and (C) 50 wt % DiVF.
erization of the fumarate and vinyl groups on DiVF. It is also Light intensity (full arc) is 187 mWi/crh

apparent from Figure 12 that at the lower DiVF concentrations

(Figure 12A,B), the electron-deficient fumarate double bond in function of time that, unlike the DiVF fumarate group, and like
DiVF (as characterized in a previous section) does not readily the results in Figure 13b, the fumarate conversion is rapid and
copolymerize with the acrylate while the vinyl ester groups do. attains a substantial conversion.

Since the concentration of the vinyl ester groups is also low in  Initiation Mechanism. As discussed previously, the UV
the 5 and 10 wt % samples, the inherent copolymerization rate absorption, self-initiation, and polymerization ability of self-
between the fumarate and vinyl ester groups is not large enoughinitiating monomers are strongly dependent on monomer
to compete with the combination of the vinyl estecrylate structure. In addition to the relationship between monomer
copolymerization and the vinyl ester homopolymerization. To structure and their polymerization kinetic profiles, elucidating
illustrate the effect of the low electron density of the fumarate the initiation mechanism is critical in leading to the development
group in DiVF, Figure 13a,b shows conversion vs time plots of better self-initiating monomers. We have chosen to use the
for 5 wt % DIEF in the unreactive solvent DMSO as well as in traditional radical trap, TEMPO, whose structure is given in
HDDA with 1 wt % DMPA photoinitiator in both. At a Scheme 1 to trap radicals produced by the photolysis of DiVF
concentration of 5 wt %, DIEF does not homopolymerize in in a nonreactive solvent. Since TEMPO does not absorb light
DMSO. However, in HDDA it readily copolymerizes with  at 365 nm, the initiation mechanism of DiVF was examined by
acrylate functional groups, in stark contrast to the electron- chemical trapping of the species produced by exposure of the
deficient fumarate groups in DiVF (see Figure 12A). Apparently, DiVF solution using the 365 nm filtered light of a medium-
the electron-poor DiVF fumarate double bond will not copo- pressure mercury lamp in the presence of a large excess amount
lymerize with acrylate groups which themselves are electron- of TEMPO. It is well-known thats,y-unsaturated ketones
poor. Another comparison for the DiVF results in Figure 12 is undergo photoinduced rearrangement upon irradiation via an
shown in Figure 14 for HDDA with DIiEF and VPRO in a 1:2  a-cleavage reactioff. Using various NMR techniques, we have
molar ratio with the DIEF concentration set at concentrations demonstrated that DiVF also undergoes a photoindaeeléav-

of 5, 20, and 50 wt %. It is obvious from the results in Figure age reaction generating two radicals,and 2, as shown in

14 for conversions of fumarate and vinyl ester groups as a Scheme 1. Specifically, the trapped produgtin the noncon-
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Figure 15. (A) *H,!H-COSY and (B) DEPT spectra of photolyzed
product of DiVF in the presence of an excess amount of TEMPO.

Scheme 1. Proposed Mechanism for Radical Formation upon
DiVF Photolysis

o] o]
h 3
\/ON o _v> \/ON.ON.
o] o)

\/ONQ-N Q
o 3 \/o\“/\) .

[o) 1

—
o + .
?
’ >(N)< '
0
47\6 N

centrated photolyzed medium was determinedHhy*H-COSY

(correlated spectroscopy), and DEPT (distortionless enhance- @)

ment by polarization transfer) NMR techniques. Figure 15A
shows thetH,'!H-COSY spectrum of a photolyzed solution of
DiVF. In addition to the peaks from unreacted DiVF [7.36
(quart, 1H,=CH vinyl), 7.0 (s, 1H,=CH fumarate), 5.04 (d,
2H, =CHH vinyl), and 4.73 (d, 2H=CHH vinyl)], new peaks

at 9.77 and 4.45 ppm were observed. The peaks at 9.77 and
4.45 ppm are from the aldehyde and methylene group in the ©)

trapped product4. The correlation peak (9.774.45 ppm) of
these two peaks indicates the presence of pro#iuthe DEPT

Characterization and Photopolymerization of DiVE179

spectrum shown in Figure 15B [DEPT (200 MHz, CRXQlp
(CH and CH) 200.1, 162, 140, 134, 100, down (@HB3.8]
also exhibits two new peaks, one upfield at 200.1 ppm
(aldehyde, HCG) and one downfield at 83.8 ppm ©
CCH0), clearly from productl. Both NMR analyses methods
thus confirm the presence of prodddh the photolyzed solution

of DiVF. It was not possible to readily identify produ8tin

the photolyzed mixture since it would have no distinctive shifts
in either the'H or 13C NMR spectrum compared to the original
DiVF.

Conclusions

Divinyl fumarate (DiVF) is a unique monomer that combines
a fumarate double bond and two vinyl esters that are conjugated
molecularly to provide a distinct red-shifted absorption spectrum
that readily decomposes photolytically upon excitation. The
radicals produced initiated free-radical polymerization not only
of its own self, but also acrylate bonds. The basic polymerization
reactivity of the vinyl ester and fumarate double bonds was
altered compared to their unconjugated analogues. Specifically,
the polymerization rate of the vinyl ester groups was faster than
for the fumarate group. Just the opposite is true for the
polymerization of diethyl fumarate and vinyl decanoate mix-
tures. Also, the fumarate double bond of DiVF does not
polymerize at concentrations less than 10 wt % in a difunctional
acrylate solution. The electron densities of the carbcarbon
double bonds in DiVF were characterized by cyclic voltamme-
try, molecular orbital calculations, and a diagnostic reaction with
a primary amine-catalyzed addition of an aliphatic thiol to the
fumarate. The electron density of the fumarate carbzarbon
double bond in DiVF is much lower than the fumarate double
bond of diethyl fumarate. Likewise, the electron density of the
vinyl ester double bond of DiVF is much greater than the
electron density of the vinyl decanoate double bond. Upon
photolysis DiVF undergoes an efficieatcleavage process to
give two radicals capable of initiating polymerization. The
photoinitiation efficiency of DiVF is lower than that of a
conventional cleavage photoinitiator, DMPA, on a per molar
basis; however, unlike DMPA, the double bonds of DiVF are
reactive and readily incorporated into the polymer network that
they create. Finally, we reiterate that the results in this paper
provide a general methodology for altering the reactivity of
carbon-carbon double bonds by conjugation involving two
double bonds and an ester linkage.
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