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ABSTRACT: Dimethyl vinyl phosphonate, diethyl vinyl phosphonate, and diisopropyl! vinyl phosphonate were
polymerized at 60C via free radical polymerization to give oligomers. High-resolution electrospray ionization

mass spectrometry was used to analyze the resulting oligo(vinyl phosphonate)s in order to elucidate their
polymerization mechanism. The resulting mass spectra showed no evidence of polymer chains capped with initiator
derived fragments as end groups. Instead, the mass spectra indicated that transfer reactions generate activated
monomer species (i.e., a monomeric radical), which then act as initiators in the polymerizations. Additionally,
these studies indicate that termination takes place by chain transfer to monomer.

Introduction group fragmentatiof; 1012t thus appears to be well suited to
the characterization of poly(vinyl phosphonate)s and specifically
its oligomers. However, to the best of our knowledge, until today
there is no report on a mass spectrometry study of poly(vinyl
phosphonate)s.

The aim of the current contribution is to investigate the details
of the free radical polymerization mechanism of vinyl phos-
phonates to better understand the reasons for their sluggish
polymerization behavior. At the onset of this work, there was
a strong hint that transfer to the monomer plays an important
role in the polymerizatioA? and this gave the reason to test
the following monomers: CkH=CH—P(O)(OCH), (DMVP),

Copolymers of vinyl phosphonafefind use in the electrical,
transportation, and construction industries due to their flame-
retardant propertieshowever, relatively few investigations into
the homopolymerization of vinyl phosphonates have been
reported. The few reports found in the literature have investi-
gated the free radical polymerization of diethyl vinyl phospho-
nate (DEVP) diisopropyl vinyl phosphonate (DISP)and
dimethyl vinyl phosphonate (DMVP)® Kosolapoff et al.
indicated the reluctance of DEVP to polymerizand Pike et
al. suggested that chain transfer may play an important role in
the hompolymerization of DEVP and DISHhe failure of vinyl
phosphorus monomers to homopolymerize to high molecular CHz=CH-P(O)(OCHCHs), (DEVP), and CH=CH—-P(O)-
weight products was explained invoking significant steric effects (OCH(CHy))2 (DISP).
that reta_rd the propagation reaction wit_h regard to terminqtion Experimental Section
and chain transfer processeldowever, vinyl phosphonic acid
can be polymerized to high molecular weight products by free | o “h\vp (Aldrich, 85%) and DEVP (Aldrich, 97%) were
radlca_l p(_)l_ymenzatlon as was rec_:ently demonstréteq. . distilled under reduced pressure. DISP was synthesized following

A significant challenge regarding the study of oligo(vinyl  the procedure described in the literatér,2-Azobis(2-methyl-
phosphonate)s is the characterization of oligomers in terms of propionitrile) (AIBN; Fluka, 98%) and 4,4-azobis(4-cyanovaleric
their molecular weights. Size exclusion chromatography cannot acid) (CVA; Aldrich, 98%) were used as initiators.
be used to obtain the weight-averaged molecular welglt, Polymerization of DISP. DISP (1.0 mL, 5x 103 mol) and
n, or polydispersity of poly(vinyl phosphonate)s, since narrow initiator (AIBN (0.5 mg, 3.0x 10-3 mmol) (0.5 g/L) or CVA (0.9
molecular weight distribution standards are not available for Mg, 3x 10~ mmol) (0.85 g/L)) were put in a Schlenk flask, which
calibration. Moreover, static light scattering is difficult to apply Was evacuated and backfilled with nitrogen prior to the polymer-

to determine theM. of polv(vinvl bhosphonate)s of onl ization. The reaction mixture was heated to°€Dfor 12.5 h. The
oligomeric nature w poly(vinyl phosp ) y conversion was 35% as determined'byNMR by comparing the

. . . .__intensities of the signal of the methine (OCH) protons of oligo-
Mass spectr.omet.ry IS anqther technique Capat,"_e of Obtalnlng(DISP) with that of the double bonds left in the reaction medium

molecular weight information, and the capability of mass n the 34 NMR spectrum after polymerization.

spectrometric techniques, such as electrospray ionizati@ass Polymerization of DEVP. DEVP (1.0 mL, 6.5x 103 mol)

spectrometry (ESI-MS), in the analysis of synthetic oligomers and AIBN (0.64 mg, 3.88< 10-3 mmol) (0.64 g/L) were put in a

has been outlined in numerous publicatiéns. ESI-MS is a Schlenk flask, which was evacuated and backfilled with nitrogen

soft ionization method capable of detecting the exact massesprior to the polymerization. The synthetic procedure was the same

of individual oligomer chains with limited tendency toward end- as described for DISP. The conversion was found as 17%-by
NMR by comparing the intensities of the signal of the methylene

(OCH,) protons of oligo(DEVP) with that of the double bonds left
in the reaction medium in thtH NMR spectrum after polymeri-

Materials. All chemicals were used as received unless otherwise
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04t L L N 6 Figure 2. Electrospray ionizatiormass spectra obtained on a Thermo

Finnigan LCQ Deca ion trap mass spectrometer using 0.1 mM sodium
acetate in methanol as eluent from samples of oligo(diisopropyl vinyl
m/z phosphonate) synthesized in the presence of 0.06 mol %a2¢bis-
Figure 1. Electrospray ionizationmass spectrum obtained on a  (2-methylpropionitrile) and 4,4-azobis(4-cyanovaleric acid) as initiator
Thermo Finnigan LCQ Deca ion trap mass spectrometer using 0.1 mM in bulk, shown overvz ranges corresponding to a single diisopropyl
sodium acetate in methanol as eluent from a sample of oligo(diisopropyl Vinyl phosphonate repeat unit.
vinyl phosphonate) synthesized in the presence of 0.06 mol % 2,2
azobis(2-methylpropionitrile) as initiator in bulk (a) shown over a full used in positive ion mode with a source temperature of 200
m/z scan range and (b) shown ovemz range corresponding to a  Mass calibration was performed using the fragment ions of Glu-
single diisopropyl vinyl phosphonate repeat unit. fibrino peptide. Samples were delivered into the ion source from
nanospray emitters (Proxeon, Odense, Denmark). The cone voltage
Schlenk flask, which was evacuated and backfilled with nitrogen offset was set at 35 V, and the system was operated with capillary
prior to the polymerization. Reaction time and temperature were voltages ranging from 800 to 1200 kV. All spectra were acquired
12.5 h and 60C, respectivelylH NMR revealed the conversion  via the TOF analyzer and were integrated every 2.4 s within the
as 27% by comparing the intensities of the signal of the methine m/zrange 56-2000 Da. Typicahvz value errors were observed to
(OCH) protons of oligo(DMVP) with that of the double bonds left be +0.06 Da. Theoretical isotopic peak patterns were generated
in the reaction medium in th#H NMR spectrum after polymeri- using the MassLynx software, version 4.0.
zation. Two-stage mass spectrometry (MS/MS) experiments were con-
Characterization. The product species present in unpurified ducted upon precursor ions of interest in order to gain additional
oligo(vinyl phosphonate) samples were characterized using elec-structural information from the resulting fragmentation patterns.
trospray ionizatiormass spectrometry (ESI-MS). Two soft-ioniza-  All spectra were acquired using identical source conditions to the
tion ESI instruments were employed in the mass spectroscopic single-stage mass spectrometry experiments. Typical normalized
studies: a Thermo Finnigan LCQ Deca ion trap mass spectrometercollision energies ranged from 25 to 30% for MS/MS experiments
(Thermo Finnigan, San Jose, CA) and an Ultima hybrid quadrupole conducted using both the ion trap and Q-TOF instruments.
time-of-flight (Q-TOF) instrument (Micromass, Altrincham, Cheshire, Three different eluents were employed in the ESI-MS studies:
UK). All theoretical molecular weights were calculated using the methanol with a sodium acetate concentration of 0.1 mM; methanol
exact mass as provided by the program package CS ChemDrawwith a potassium iodide concentration of 0.03 mM; and methanol
6.0 for the first peak in any given isotopic peak pattern. with a lithium iodide concentration of 0.03 mM.
The LCQ Deca ion trap instrument was equipped with an  'H NMR spectra were recorded in CDClWith a Bruker
atmospheric pressure ionization source operating in the nebulizer-spectrometer operating at 300 MHz.
assisted electrospray mode and was used in positive ion mode. Mass . )
calibration was performed using caffeine, MRFA, and Ultramark Results and Discussion

1621 (Aldrich) in the mass-to-chargen(g) range 1951822 Da. Vinyl phosphonates were homopolymerized in the presence
All spectra were acquired within the/z range of 156-2000 Da of 0.5 mol % of AIBN (or CVA as radical initiators) at 60C
with spray voltages ranging from 3 to 6 kv, capillary voltages ¢, 15 5 p jn pulk. The resulting oligomers were analyzed by

ranging from 10 to 45 V, and a capillary temperature of 225 . R .
Nitrogen was used as sheath gas (flow: 50% of maximum), and ESI-MS in order to gain insight into structure of the products

helium was used as auxiliary gas (flow: 5% of maximum). Typical and more specifically to the end groups. The end-group
m/z value errors were observed to 1.3 Da. Theoretical isotopic ~ characterization of the various oligo(vinyl phosphonate)s are
peak patterns were generated using the Xcalibur software. presented below.

The Q-TOF instrument was equipped with a ZSpray sample  Characterization of Oligo(DISP). An ESI-MS ion trap mass
introduction system in a nanoflow electrospray ion source and was spectrum obtained from oligo(DISP) synthesized in the presence
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Table 1. Peak Assignments for the Mass Spectrum Obtained from Oligo(diisopropy! vinyl phosphonate) Shown in Figure 1 Obtained Using a
Quadrupole lon Trap Detector

peak ion assignment M Ztheoretical mlzexperimental error (2
1 [P+ NaJ* 983.44 983.44 0.00
2 [P+ H]* 961.46 961.20 0.26
3 [(P-1 ester group)- Na]*" or [P, + Na]* 941.39 941.30 0.09
4 [(P-1 ester group)- H] " or [Pz + H] ™ 919.40 919.20 0.20
5 [(P-1H + Na)+ Na]* 1005.43 1005.30 0.07
6 [Py + NaJ* 1025.48 1025.27 0.21

of AIBN is depicted in Figure 1. Six adduct specids-6) were different initiators in order to gain additional structural informa-

observed within each repeat unit. Signals labeled with the sametion for selected signals from the resulting fragmentation
number in different repeat units are separated by 192.09 massypatterns. A comparison of the spectra of the signals observed
to-charge 1fVz) units, which corresponds to the exact mass of atnm/z983.44 in the two oligo(DISP) samples revealed the same
the monomer. Theoretical and experimemté values used in fragmentation products, confirming the absence of initiator
the assignment of the mass spectrum of oligo(DISP) are givenfragments as end groups. The mass losses observed during

in Table 1. fragmentation correspond to the masses of propene and water,
Each main peak (labeletin Figure 1a) of the distribution ~ which are formed from oligo(DISP) upon elimination of the
corresponds to a chain with the expected strucRi(&cheme isopropyl ester moiety and formation of cyclic anhydrides,

1) for a chain growth where an activated monomer species respectively. In other words, the chemical structures observed
formed via transfer from an AIBN radical acts as the initiator, in oligo(DISP) samples synthesized in the presence of two
and termination occurs by a chain transfer reaction. For instance different initiators are identical. These results confirm that the
the mv/z of the most abundant peak in the observed distribution, homopolymerization of DISP proceeds via chain transfer from
983.44, corresponds to a singly charged sodiated adduct formedan initiator radical to monomer, which then acts as the true
from a oligo(DISP) 3-mer chain with a monomer unit at both initiating species in the polymerization (Schemes 1a,b). Mass
ends (Table 1). In addition to these sodium adducts, protonatedspectra also indicate that the termination step of the polymer-
adducts formed from chains &f were identified as well. The ization takes place via chain transfer (Scheme 1c). Chain transfer
signal belonging to the protonated adduct formed from this either to monomer or to polymer can terminate the polymeri-
oligomeric species is labele?lin Figures 1a,b. Experimental  zation of DISP. Termination via chain transfer to polymer would
and simulated isotopic pattern distributions for the proposed lead to a branched polymer; however, evidence for such a
chemical structure are in excellent agreement. branched polymer has yet to be observed.

To confirm that the monomer radical does indeed initiate the ~ As mentioned, additional signals other than sigriatsd 2
homopolymerization of DISP, the synthesis of oligo(DISP) was are also present in the mass spectra. The mass of the peak
repeated in the presence of another initiator with a similar half- labeled3 corresponds to an oligo(DISP) chain in which one of
life compared to AIBN at the same polymerization temperature, the isopropyl groups is eliminated. The peak observeaat
namely CVA. Since decomposition constants of AIBN and CVA 941.30 corresponds to a sodiated adduct formed from a oligo-
in the same solvent were not available at°€) the half-lives (DISP) chain with three monomer units, in which one monomer
of the two initiators were compared with the aid of data already has lost one isopropyl group. Th&/z 941.39 in the mass
present in the literature at 8€ and in similar solvents. AIBN spectrum of oligo(DISP) collected using a Q-TOF instrument,
and CVA have a half-life of 1.24 h at 8% in toluene or at which provides spectra of a higher accuracy than the ion trap
78 °C in dimethylacetamide, respectivéfyESI ion trap mass  detector, confirms the elimination of a propene unit from oligo-
spectra of oligo(DISP) prepared with two different initiators are (DISP). (It may be likely that the elimination of the propene
given in Figure 2a, where a single repeat unit is depicted. unit occurs during the acquisition of the mass spectrum, but
Clearly, the spectra of oligo(DISP) synthesized with AIBN and from the given data, we cannot rule out the possibility of it
CVA are identical. In other words, mass spectra obtained from occurring before.) The peak observedrét 919.20 (which has
oligo(DISP) synthesized in the presence of AIBN and CVA did been labeledt in Figure 1) represents the protonated form of
not reveal the signature of the initiator fragments as the end the oligo(DISP), which has lost one isopropyl group by
group, since end groups arising from different initiators would elimination. To clarify the chemical structure giving rise to the
lead to a differences in the/z of the individual oligomers. Two  peak labeled in Figure 1, the acquisition of mass spectra from
stage mass spectrometry (MS/MS) experiments were alsothe oligo(DISP) sample were repeated using dopant cations other
conducted with two oligo(DISP) samples synthesized with the than N&, namely K™ and Li". The mass spectra obtained with

the various dopant cations are given in Figure 3. A comparison

Scheme 1. Suggested Mechanism for Free Radical of the spectra revealed that the separation between the peak
Polymerization for Vinyl Phosphonates labeled5 in Figure 1 and any other peak varies when different
'y M— H+ M {a) dopant cations are used. The position of the signals equivalent
to peak5 in each spectra are denoted as * in Figure 3. The
M+ M— M to) following relation is found between the/z of the peak labeled

M+ M —> P oo M+ PP—>=PM assandl:
m/z(5) = m/z(1) — m/z(proton)+ m/z(cation)

P{O){OR),
P= M{chz—CH«}cHz—cuz and R:-CHy, -CH,CHs, CH(CH3l, These data suggest that a proton in the main reaction product
n ’ ’ P is replaced with a dopant cation. The mass spectra in Figure
P{O}{OR}, 3 show the incorporation of Na as well as K and Li into the

al M, M*, and P represent initiator radical, monomer, activated Main reaction produd® when K" and Li* are used as dopant
monomer radical, and polymer, respectively. cations. At this stage of the study, the exact position of the metal
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Figure 3. Electrospray ionization-mass spectra obtained on a Thermo
Finnigan LCQ Deca ion trap mass spectrometer using various dopant
cations (0.1 mM sodium acetate/methanol; 0.03 mM potassium iodide/
methanol; 0.03 mM lithium iodide/methanol) from a sample of oligo-
(diisopropyl vinyl phosphonate) synthesized in the presence of 0.06
mol % 2,2-azobis(2-methylpropionitrile) as initiator in bulk, shown
overmvzranges corresponding to a single diisopropyl vinyl phosphonate
repeat unit.
Scheme 2. Possible Chain Scission Reaction of Oligo(diisopropyl h
vinyl phosphonate) Repeat Unit f j
waH,—TH 0 /cH3 nnnrCH; —CH, CHj
\‘\ T T T T T T
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OiPr CHa oiPr CHa mfz
Figure 4. ESI mass spectrum obtained on a Thermo Finnigan LCQ
Deca ion trap mass spectrometer from a sample of oligo(diethyl vinyl
phosphonate) synthesized in the presence of 0.06 mol %a2¢bis-
CH3 (2-methylpropionitrile) as initiator in bulk (a) shown over a fulfz

Il scan range and (b) shown ovemé range corresponding to a single
v “CHTCH?_T_°_C_°H2_CW diisopropy! vinyl phosphonate repeat unit.

OiP CH P[O)(OiP
o : (NI, been eliminated. The corresponding signals are labgled
Figure 1.
o cH Characterization of Oligo(DMVP) and Oligo(DEVP). In
2
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order to explore the influences of different ester groups on the
polymerization behavior of vinyl phosphonates, oligo(vinyl
phosphonate)s with ethyl and methyl group were prepared by
free radical polymerization and analyzed using ESI-MS.

An ESI ion trap spectrum of oligo(DEVP) is depicted in

P2
Figure 4, and theoretical as well as experimemté&t values
being incorporated into the polymer is unknown. The reason used in the assignments of the mass spectrum of oligo(DISP)
for the higher number of signals observed in spectra collected are given in Table 2. The mass spectrum of oligo(DEVP) is
when K and Lit are used as dopant cations is due to the dominated by signals arising from an oligomer chgir{see
presence of sodium adducts in these spectra, in addition toScheme 1). For instance, the peak observedvat1335.38
potassium or lithium adducts, respectively. corresponds to a sodiated adduct formed from a oligo(DEVP)
Last, the signal located at/z 1025.27 (labeled in Figure P 6-mer. This peak is labelein Figure 4b. The signals labeled
1) originates from sodiated adducts formed from oligo(DISP) asd andi in Figure 4b correspond to the potassium and proton
P, trimer chains, in which a propene unit has been incorporated adducts of. The replacement of protons in oligo(DEVP) with
as a result of chain scission. Such structures have already beesodium and potassium atoms is indicated by the presence of
reported for oligo(vinyl phosphonate)s in the literatité.In signals observed atvz 1357.35 (labeled) and m/z 1389.53
other words, propagating radicals formed from activated mono- (labeledh), which correspond to the respective sodium and
mer units attacking other monomer units abstract a proton from potassium adducts. The ESI ion trap mass spectrum obtained
the methine carbon in the backbone intramolecularly (Schemefrom oligo(DEVP) also reveals that ethyl groups within the
2a), leading to the relocation of the radical to the pendant group. oligomer chains are eliminated. The signals labete@mz
Thus, a new propagating radical is formed (Schemes 2a,b).1307.20) andb (m/z 1323.40) are due to sodium and potassium
Chain scission at the alkoxy group contained in the main chain adducts formed from chains of oligo(DEVP) in which one ester
thus leads to two polymer chaifsandP,, as shown in Scheme  group is converted to an acid group®H). At this stage, the
2b. ProducP, will give rise to the same signals observed from precise origin of signafl andg is unknown. However, MS/MS
oligo(DISP) chains in which one of the isopropyl groups has experiments conducted upon the signal labajeshowed no
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Table 2. Peak Assignments for the Mass Spectrum Obtained from Oligo(diethyl vinyl phosphonate) Shown in Figure 4 Obtained Using a
Quadrupole lon Trap Detector

peak ion assignment MV Ziheoretical M Zexperimental error (1/'2)
a [P+ Na]* 1335.47 1335.38 0.11
b [(P-1 ester group)- K] ™ 1323.41 1323.40 0.01
c [(P-1 ester groupy- NaJ* 1307.44 1307.20 0.24
c [Ps + NaJ* 1307.51 1307.20 0.31
d [P+K]t 1351.44 1351.46 0.02
e [(P-1H + Na) + Na]* 1357.45 1357.33 0.12
h [(P-1H + K) + K] * 1389.42 1389.53 0.11
i [P+ H]t 1313.48 1313.26 0.22
i [P+ NaJ* 1404.33 1404.53 0.20

evidence for the presence of polymer chains capped with AIBN as initiator and termination occurs by disproportionation.
fragments. Only the elimination of water and ethylene were Termination of the polymerization by disproprotionation would
observed upon fragmentations of the ions contributing toward give rise to two products, i.eR4 and Ps; however, signals
signal g, and no fragment ions associated with products corresponding to adducts formed frédtgare absent in the mass
containing AIBN derived cyanoisopropyl end groups were spectrum obtained from oligo(DEVP). These observations
observed. This suggests that this peak is be related to a speciesuggest that termination leading to the formatiorPgfoccurs
arising from the chain transfer initiation mechanism. by chain transfer to monomer. Although oligo(DEVP) chains
In addition to the reaction products arising from the chain with initiator fragments as end groups were observed in the mass
transfer initiation mechanism, the ESI ion trap mass spectrum spectrum, the relative intensities of these products were very
of oligo(DEVP) also indicates the presence of chains with AIBN low compared to the intensities of the oligomer chains formed
fragments as end groups (Scheme 3). In addition to the as a result of chain transfer initiation mechanism. Thus, the

aforementioned product assignment, the peak laleteth also

be assigned to a polymer chain with initiator fragments at both
ends, as shown in Scheme 3. The formatiorPefs possible
under the condition that radicals formed from the decomposition
of AIBN initiate the polymerization of DEVP, and termination
takes place via combination. The/z expected from a singly
charged sodium adduct formed from a 7-mer of such an
oligomeric chain is 1307.51. Peak assignmentspor oligo-
(DEVP) chains which have lost one ester group are both within
the error range of the ESI ion trap instrument. In an attempt to
obtain more accuratevz data for pealc, a mass spectrum for
oligo(DEVP) was collected using a Q-TOF instrument; however,
no signals corresponding to peakwere observed in these
spectra. Additionally, the ESI ion trap mass spectrum of oligo-
(DEVP) indicates the presence of oligo(DEVP) chains with an
initiator fragment as one end gro#. The signal (Vz 1404.33)
assigned td>, is labeled] in the spectrumP, may be formed
via the free radical polymerization of DEVP when AIBN acts

Scheme 3. Reaction Products Expected from the Polymerization
of Diethyl Vinyl Phosphonate
2,2-Azobis(2-methylpropionitrile)-Derived Radicals Acting as
Initiating Species
C
|
|

Hy (|:H3
H3C—C‘{~CH2‘CHHCH—CH2}~C—CH3
|l | ~
CN P P CN
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&
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CH,
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suggested chain transfer mechanism is the predominant initiation
pathway.

Q-TOF mass spectra obtained from oligo(DMVP) revealed
a polymer chain analogous ® as the main reaction product
of free radical polymerization of DMVP. For instance, tiné&
of the most abundant peak in the distribution, 567.05, corre-
sponds to a sodiated adduct formed from an oligo(DMVP) 2-mer
carrying a monomer unit at both ends (expeatgd 567.11).
In addition to sodium adducts, signals corresponding to proto-
nated adducts formed from oligo(DMVP) chains are also
observed in the spectrum. It is worth noting that the expected
signals arising from oligomer chains with AIBN fragments as
end groups are very close to tigz observed for the most
abundant signals in the Q-TOF spectra. For example, the
expected/z for such an AIBN fragment-capped oligo(DMVP)
2-mer cationized with sodium is 567.18. Assigning the signals
for the oligo(DMVP) with such a product would lead to an error
of 0.13 m/z which is unacceptably high for a Q-TOF mass
analyzer. Therefore, the main signal in each distribution was
assigned to an oligomeric chain formed as a result of transfer
reactions during the polymerization of DMVP. Table 3 shows
the theoretical and experimental/z values used in the
interpretation of the mass spectrum obtained from oligo(DMVP).

Implications of the End-Group Characterizations. Analy-
ses of the mass spectra obtained from oligo(vinyl phosphonate)s
with different ester groups reveals that chain transfer reactions
dominate in the polymerization of vinyl phosphonates. Chain
transfer reactions are important in free radical polymerizations
because they limit the maximum attainable molecular weight.
The mass spectra of all of the oligo(vinyl phosphonate)s reported

Table 3. Comparison of Theoreticalm/z Values for the
Oligo(dimethyl vinyl phosphonate) Chain Formed via the Chain
Transfer Initiation Mechanism with Experimental m/z Values
Obtained Using an Ultima Hybrid Quadrupole Time-of-Flight Mass
Spectrometer f Represents the Degree of Polymerization)

n M Zheoretical m/ZexperimentaI error (1/2)
2 567.11 567.05 0.06
3 703.13 703.10 0.03
4 839.16 839.12 0.04
5 975.19 975.16 0.03
6 1111.22 1111.18 0.04
7 1247.25 1247.21 0.04
8 1383.28 1383.24 0.04
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in this study indicate that the major reaction products do not in terms of their molecular weight. However, we can conclude
possess any initiator fragments as end groups, thus suggestinghat vinyl phosphonates give rise to oligomers via free radical
that an activated monomer (i.e., a monomeric radical) acts asoligomerization with AIBN as initiator. In other words, the
the initiating species in the polymerizations. The formation of maximum attainable molecular weight is limited by the chain
the activated monomer (i.e., monomeric radical) occurs via a transfer reactions. The ratio of the propagation rate constant
transfer reaction from the initiator to monomer, which involves over the transfer rate constant seems to depend on the nature
a hydrogen atom transfer (Scheme 1a). The active radical mayof the alkyl residue in the phosphonateot too surprising, when
be located either on the methine carbon in the vinyl moiety or one considers the generally accepted wisdom that rate constants
on one of the carbon atoms in the pendant group. It is alreadyfor transfer to solvents depend on the molecular structure of
reported in the literature that mechanisms for transfer to the solvents used in free radical polymerizatidhs.
monomer involving the loss of a vinylic hydrogen seem unlikely
due to the very strong€H bonds!® Therefore, it is expected
that the nature of the activated monomer varies with the structure  Only oligomers of vinyl phosphonates with various ester
of the ester group in each vinyl phosphonate. For example, groups can be successfully synthesized via free radical oligo-
transfer to DISP will most likely result in the formation of a merization at 60C in bulk. High-resolution ESI mass spectra
tertiary carbon radical, whereas primary and secondary radicalsfor oligo(DISP), oligo(DEVP), and oligo(DMVP) were obtained,
are expected to form upon transfer to DMVP and DEVP, and all of the product signals observed in these spectra were
respectively. Tertiary carbon-centered radicals are known to beassigned with the exception of two minor signals observed in
more stable than primary and secondary ones. Additionally, the the products of polymerization of DEVP. Detailed analyses of
chain transfer constants to isopropyl esters are higher than thoséhe mass spectra revealed that the polymerization of vinyl
for methyl and ethyl esterfsS.In other words, the stability of phosphonates proceeds via chain transfer from initiator to
the monomer radicals and the efficiency of the formation of monomer, forming an activated monomer which acts as the
the activated monomer will vary depending on the ester moiety initiating species in the polymerization. The chain growth is
present in each vinyl phosphonate. At this stage of the study dominated by transfer reactions. Intramolecular hydrogen
the precise nature of the activated monomer remains open, butransfer from side group located hydrogens to the backbone free
it is apparent that the activated monomer attacks the vinyl radical results in an isomerization reaction, which in conse-
phosphonates leading to chain growth in all cases. The peakquence creates afO—C— bond in the main chain. The bond
assignments for the most abundant signals in all of the massis thermally labile and leads to a specific chain scission reaction
spectra recorded in this study indicate that termination occurs which is detected in ESI-MS. Alternatively, chain transfer to
by chain transfer. side groups of already formed oligomers (intermolecular
hydrogen transfer) may lead to the formation of branches.
¢ However, there is no evidence for such branching at present.

Conclusions

Chain Lengths and Conversions.Although identical ex-
perimental conditions were employed during the synthesis o
the oligo(vinyl phosphonate)s with various ester moieties,
differences in conversion were observed for each of these
different vinyl phosphonates. For example, almost the same
conversion of 35% and 41% was determined for the polymer-
ization of DISP in the presence of AIBN and CVA. However,
the conversions in the polymerizations of DEVP and DMVP
were found to be only 17% and 27%, respectively, when AIBN
was used as initiator. For all of the above experiments, an
identical reaction time of 12.5 h was used. Since the activated
monomer unit acts as an initiator in all of the polymerizations,
the concentration of the monomeric radicals in the reaction (1) Shulyndin, S.V.; Levin, Y. A.; lvanov, B. ERuss. Chem. Re1981,
medium will depend on the efficiency of the chain transfer to 50, 865-878.
monomer. The relative concentration of the monomeric radicals (2) Weil. E. D. InEncyclopedia of Polymer Science and Engineering
. . . . 2nd ed.; Mark, H., Bikales, N., Overberger, C. C., Menges, G., Eds.;
is expected to be the highest in the polymerization of DISP Wiley-Interscience: New York, 1990; Vol. 11, p 96.
due to the higher chain transfer constant of isopropyl esters when (3) Kosolapoff, G. M.J. Am. Chem. S0d.94§ 70, 1971-1972.
compared to methyl and ethyl estéfsln other words, the (4) Pike, R. M.; Cohen, R. AJ. Polym. Sci196Q 44, 531—538.
number of the polymer chains initiated is higher in the (5) Jin, S.; Gonsalves, K. BMacromolecules998 31, 1010—1?15. _
polymerization of DISP than in the case of other vinyl ® ggg?ﬁu%égggg%’“{;i'é_vl\’?gie“ M.; Wegner, Glacromol. Rapid
.phosphonates', Whl(:h leads to a h|gher CorllvgrSIOH, .as obsgrved(7) Rabinowitz, R.; Ruth, M.; Pellon, J. Polym. Sci., Part A: Gen. Pap.
in the polymerization of DISP. This scenario is consistent with 1964 2, 1241-1249.
the observation that initiator derived radicals cannot be identified (8) Barner-Kowollik, C.; Davis, T. P.; Stenzel, M..IRolymer2004 45,

as oligomer end groups, and therefore, they do not initiate the ~_ 7791-7805.
polymerization directly. (9) Hanton, S. DChem. Re. 2001, 101, 527-570.

(10) Jackson, C. A.; Simonsick, W. Curr. Opin. Solid State Mater. Sci.
The average degree of polymerization of oligo(vinyl phos- 1997, 2, 661-667.

phonate)s prepared via free radical polymerization in the (11) Fl\’/lrgntsaugl% G\'(;oLﬁttian%rz' R. Rass Spectrometry of PolymeGRC
resence of AIBN were estimated on the basis of mass spectra., Ss. NEW Y ork, - .

Eor both oligo(DISP) and oligo(DEVP), an average degr?ee of (12) Lovest_ead, T. M.: Hart-Smith, G.; Davis, T. P.; Stenzel, M. H.; Barner-

! Kowollik, C. Macromolecule007, 40, 4141-4153.

polymerization of 6 was calculated from the respective ESI ion (13) polymer Handboakath ed.; John Wiley and Sons: New York, 1999.

trap spectra recorded for each of these oligomers. ESI spectra14) Inagaki, N.; Goto, K.; Katsuura, K2olymer1975 16, 641—644.

recorded from oligo(DMVP) indicated the average degree of (15) Moad, G; Solomon, D. HThe Chemistry of Free Radical Polymer-

polymerization as 9. At this stage of study, we hesitate to ization 1st ed.; Elsevier Science: New York, 1995.

compare the oligo(vinyl phosphonate)s with various ester groups MA702225K
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