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ABSTRACT: The photochemistry and radical chemistry of two widely used photoinitiators have been studied in
liquid and supercritical carbon dioxide solutions and compared to conventional solvents such as acetonitrile and
toluene. A specially modified time-resolved electron paramagnetic resonance (TREPR) apparatus was used to
detect free radicals produced from the ftriplet states of dimethoxyphenylacetophenone (OlyIR¥éd
trimethylbenzoyldiphenylphosphine oxide (TMDPZ),after excitation of the parent compounds using a 308 nm
excimer laser. The photochemistry and photophysics of these moleculesiar€8milar to those observed in
conventional solvents. In the presence of methyl methacrylate (MMA) monomer, both berdzpyar(d
dimethoxybenzyl 1b) radicals from DMPA react to form adduct radicdlsand1d, which are indistinguishable

by TREPR. The MMA concentration dependence and time dependence of these spectra are simulated and discussed.
From 2, the trimethylbenzoyl radica?a is much less reactive than the diphenylphosphinyl oxide radibal
Measurement of the TREPR line width at a constant delay time as a function of MMA concentration gives the
rate of additionkage Of 2b to MMA ((5.5 + 0.5) x 10’ Mt s71in liquid CO;; (6.1+ 0.6) x 10’ M~1stin
supercritical CQ). These values are close to those observed in acetonitrile {8Ll16) x 10" M~ s 1) and

toluene ((4.0+ 0.4) x 10" M~1 s71),

Introduction methyl methacrylate (MMA). The two initiators used in this
work are shown in Scheme 1, along with the photochemistry
leading to free radicals and the MMA adduct radicals from the
initiator addition reaction. The photochemistry of these com-
pounds$? and the physical properties of the ensuing radi¢alé

have been extensively studied in conventional solvents and are
well understood. In a previous study by Jent et@iwo-photon
Jprocesses have been observed ihat lead to the production

of methyl radicals and methyl benzoate, but for the low light
fluxes used in our experiments we do not need to be concerned
with such processes. Of all the radicals depicted in Scheme 1,
the diphenylphospinoxyl structui2b is likely to be the most
reactive (it is the most electron-deficient radical center), followed
by 1b. Of the much less reactive benzoyl structures we expect
to see less reactivity from the more sterically hindered trimethyl
benzoyl radicala

Many researchers have studied propagation rates for MMA

The addition of a free radical to an alkene is ubiquitous in
polymer synthesis, where it finds application in the emulsion,
dispersion, and homogeneous polymerizations of many reactive
monomers. Over the past 15 years these reactions have been
successfully carried out using liquid or supercritical carbon
dioxide as the solveritThe “green” chemistry surrounding GO
as a reaction medium has led to major advances in the syntheti
methodology of polymerjn nanotechnology;® and in lower-
ing the cost of production of several economically important
macromolecule8.In almost all of these advances, free radical
initiation, propagation, and termination reactions are used, often
in conjunction with suitable stabilizersand tunable solvent
propertie$ to optimize desirable features of the polymer
products.

Our research group has been interested for some time in the
structure, dynamics, and reactivity of free radicals in this unusual and other common alkene monom&<° Because of the unique

solvent. In 1997 we reported the construction of a fast, 9.5 GHz solvent properties of Coand the growing utility of this solvent
time-resolved electron paramagnetic resonance (TREPR) specs prop 9 9 y

trometer for such studisWe have used this apparatus to for environmentally b.er.".gn |ndust.r|.al polymerllzatlpn processes,
. X . . . measurement of the initiator addition rakgq() in this unusual
investigate radical structures and dynamic processes in both

o " . . S medium is of considerable interest. The valuekgfy can be
liquid and supercritical Cg) including (1) the initiation process - . . .

. " . py determined by measuring the decay of the transient absorption
itself, especially those relevant to synthesis of ,@ilic

polymers!®(2) how chain dynamics influence the spin exchange gtegléir?;t:ft gae(lj:ajii%lgy gﬁzglln'rg?a;[ir:]e IE;PI:S“;eTVISSER
interaction in flexible polymethylene chain biradicéland (3) Y ng i 9 9

! . .__gpectral intensities to chemical lifetimes requires careful mea-
an unusual and previously unobserved electron spin relaxation . i . f I
phenomenon for flexible biradicald.In all of our previous surement and independent confirmation o severa §ystgm-
L ' dependent parameters such as the electron spin relaxation times
studies it has proven useful to compare our observed TREPR - - '
i . and EPR microwave cavity resonator properties. Althokigh
spectra to conventional solvents as this has often helped to - 2
understand chanaes in the spectra. which can be subtle values have been reported previously from such measurefients,
. 9 P o . _' these important experimental parameters were not determined
In this paper we turn our attention to the addition reaction of i, ¢ work. An additional complication regarding quantification
a free radical to an alkene in GOwith an emphasis on the

: 2ok ) of TREPR intensities is the presence of chemically induced
study of typical polymer photoinitiators in the presence of giactron spin polarization (CIDEP) in the spec¥ahe decay

of this polarization in liquid solutions is typically through
* Corresponding author. E-mail: mdef@unc.edu. electron spin relaxation mechanisms. Even with fast chemical
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Scheme 1 Stanford Research Systems boxcar integrator (100 ns gates), and
the external field was swept over 2 or 4 min. For consistency, the

o experiments in toluene were run using the same apparatus and flow
cell. A smaller inner diameter flow cell was used for experiments
lFl’ for more polar solvents (acetonitrile and ethanol).
o\© Safety Note.On occasion, when ramping up the pressure we

have experienced the shattering of sample cells or failure of the

HaCO OCHj

1 2 epoxy seals between the quartz tube and the stainless steel
hv hv pressurizing heads. Initial pressurization of such flow systems
should always be carried out with full face protection. We also

resonator assembly at all times when the pressure is above ambient.

0
< > A |
HsCO * + O=R¢ Results and Discussion
1a >_© @ Figure 1 shows TREPR spectra and simulations for radicals

Q recommend using a plexiglass safety shield around the sample cell/

2a detected after laser flash photolysis at 308 nm lofin
1b supercritical CQ. In Figure 1A only compound. is present,
CHs CHs 2b and the expected free radicals d4eseand1b, confirmed by the
¢ _ﬁ/COOCHa ¢ __\/COOCH3 simulation in Figure 1B using spectral parameters listed in the
figure caption. The signal from benzoyl radida is not very
intense and manifests itself only as an additional intensity and
CHs CHs line width slightly doyvnfield from the sigr!al assigned to rad?cal
< @_P/\< 1b. Thg low intensity of thela} signal is due to fast spin
HsCO OCH; COOCH, (II) COOCH, relaxatlo_n, a common featu_re in the TREPR spectroscopy of
2¢ acyl radical$82" This relaxation process has been extensively
le investigated by several researchers and, specifically for this
benzoyl radicaf® is due to a large spinrotation interaction.
%CHS y CHs The parameters used for the simulation of dimethoxybenzyl
3 COOCH, 4 COOCH, rag!ca:lb are consistent with Iltelrature va:)lugsndécatmg that. -
iy 2 radical structures are not strongly perturbed under supercritica

solvent conditions.
. . . Figure 1C shows the same system in a slightly lower pressure
reaction rates, th@, values of all th? radicals presentin any ¢ jj| supercritical C@solution with 6.0 M MMA monomer
given system should be. known .lndep.endently if accurate pged. This spectrum was acquired atsafter the laser flash.
determmaﬂoQ of the reaction rgte 1S deS'Féd_' . An arrow indicates the presence of new peaks on the shoulder
The line width method mentioned above is independent of of the signal due tdb along with other peaks on the perimeter.
spectrometer parameters and polarization effects if radical \ye assign these new peaks to the adduct radibaisnd 1c,
concentrations are low, and the measurements are made akrising from attack of MMA byLa and1b, respectively. Since

exactly the same delay time after the laser flash. We employ there are no hyperfine couplings adjacent to the attacking radical
the method here to extract thgysvalue for DPP/MMA infour  center in eitheda or 1b, both adduct radicals have essentially

solvents, including liquid and supercritical @J'o the best of  gentical spectra. For this reason it is not possible to state which
our knowledge, no measurementslafq have been reported  of 1¢ or 1d is present in higher concentration. Simulation of
for any initiator or monomer in C9 this spectrum is shown in Figure 1D, with the parameters listed
. ) in the figure caption. These parameters agree well with those
Experimental Section reported by Karatek# and Mizut&° for both radicals. The high

Materials. Both initiators were purchased from Aldrich and used degree of overlap of the transitions betwednand 1d/1d is
without further purification. Methyl methacrylate (Aldrich) was somewhat problematic in making these fits, as is the signal-to-
dried over calcium chloride and distilled immediately prior to all noise ratio. However, they are satisfactory for the present
experiments. purpose of radical identification. The relative reactivity laf

TREPR Spectroscopy in CQ. Our TREPR apparatus has been  and1b as related to the spectral analysis of Figure 1C,D will
described in detail previousk,and our modifications for high  pe discussed in more detail below.

pressure are detailed in a separate public&tBrefly, spectra were . .
recorded on a Varian E-line X-band (9.5 GHz) EPR console and Figure 1E shows the TREPR spectrum obtained for the same

bridge modified with a fast preamplifier and a low noise GaAs SYStém as in Figure 1C, except that the data were collected at
FET microwave amplifier (25 dB gain). The microwave power @ later delay time, 2.@s. This spectrum has been scaled up to
incident on the samples was 10 mW for all experiments. High- Show detail. It is clear by inspection and from the simulation
pressure C@solutions were circulated through a quartz flow cell in Figure 1F that the adduct radical is now present in a higher
of 9 mm outside diameter and 2 mm inside diameter using a concentration 1d1d:1b = 3:2 here vs 1:2 in Figure 1C).
specially modified Micropump with a sapphire shaft. The quartz Because of the overlapping lines from the different signal
sample tube was epoxied to stainless steel pressurizing heads angarriers, is difficult to tell whether the line width dfb has
centered in a home-built brass cylindricalgi Emicrowave cavity changed from 0.5 to 2 @s. By visual comparison of the spectra

equipped with a slotted window for light access. The flow system i, £iq,r6 1 E it can be stated with certainty that any changes
is routinely pressure-tested to 200 bar, and experiments are then '

run below 180 bar. The solutions were irradiated by a 308 nm laser In this line \_N'dth mgst be m|nqr. ) ]

pulse (20 ns width~10 mJ hitting the sample, repetition rate 60 ~ The dominant spin polarization mechanism in these spectra
Hz) from a XeCl excimer laser LPX100i (Lambda Physik). Spectra is the TM, which shows net emission as expected for an
were collected at a fixed delay time after the laser flash using a acetophenone derivative. There is a small amount of RPM



Figure 1. (A) X-band TREPR spectrum acquired in supercritical @819 K, 120 bar) 0.%:s after 308 nm photoexcitation of 0.01 M DMPA)(
scale is 5 time larger than the scale in (A). (D) Simulation of the spectrum in (C) using the hyperfine coupling constants listed above for radical
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(B) Simulation using the following parameters for radidéat hyperfine coupling constants: 14.83 G (ortho, 2H), 5.80 G (para, 1H), and 1.65 G
(meta, 2H);g = 2.0028; line width (full width at half-maximurmy 0.6 G. For radicala, g = 2.0006 and line width= 2.0 G. (C) TREPR spectrum
1b. For the adduct radicdld hyperfine coupling constants were 13.7 &QH,), 22.3 G 3-CHs), 1.1 G (-OCH), g-factor = 2.0031, and line
width = 0.6 G. (E) Same conditions as (C) except the spectrum was acquired at a delay timeusf &) Simulation of (E) using the same

W m"m{v;lon
Magnetic Field / G
acquired using 0.01 M DMPA and 6.0 M methyl methacrylate in supercritical @@6 K, 75 bar) taken at 04s after the laser flash. The vertical
parameters listed above for both radicals. In (D) the ratio of integrated intensitidstofld in the simulation is 2:1, and in (F) this ratio is 2:3.

polarization superimposed on the spectrum, which has an E/Ain such experiments rather than advantages, but the results are
CIDEP pattern expected from a triplet precursor excited state nonetheless qualitatively informative regardikgs and quan-
and a negative exchange interaction in the radical pair. The RPMtitative regarding the radical structures.
polarization is only clearly observable in Figure 1A as a slight  Photoinitiator2 is more promising for the extraction of rate
difference in intensities between the two most intense high and information because of the large hyperfine splitting expected
low field transitions. It is not included in the simulation in Figure from phosphorus-centered radi@y. This is expected to lead
1B because the simulation is only used to confirm the identity to very well-resolved, isolated transitions from which precise
of the radical from line positions. The coarse intensities are line widths can be extracted. Figure 2A shows the TREPR
approximately equal to the calculated binomial coefficients for spectrum obtained in ethanol solution Q«4 after 308 nm
each transition. excitation of2. Here we see only three transitions: a broad
It is interesting to note the large concentration of MMA singlet atg = 2.0006 from the trimethylbenzoyl radicah and
required to see significant signals from the adduct radical(s). a doublet from the phosphinyl radicab at g = 2.0035,3P
This observation, along with the relatively small change in line hyperfine splitting~ 380 G. Photoexcitation & in liquid CO;
width of 1b at 2.0us, suggests that the reaction rate of either leads to exactly the same spectrum (not shown). Addition of
laor 1b with MMA is quite slow (<10° M~1s™1) comparedto  0.19 M MMA to this system in CgQ with observation at a delay
other initiators. Because of the spectral overlap between the twotime of 0.1us, leads to the spectrum shown in Figure 2B. In
radicals, it is not possible to quantify this reaction rate further. comparison with Figure 2A, three notable new features are
As mentioned above, analysis of the intensities is complicated observed: (1) There is a substantial decrease in the intensity of
by the fact that both radicals are undergoing spin relaxation of the signal from2b relative to2a, which is unlikely to be due to
their chemically induced spin polarization. It is fair to say that spin relaxation because the spectrum is acquired aaglier
Figure 1 highlights more of the disadvantages one can encounterdelay time than in Figure 2A. Makarov et al. have measiied
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Figure 2. (A) X-band TREPR spectrum acquired in ethanol st
after 308 nm photoexcitation of 0.01 M TMDPQ)(at 295 K. (B)
TREPR spectrum acquired in liquid GE95 K, 172 bar) 0.ks after
photolysis of 0.01 M2 and 0.19 M MMA. (C) Same as (B) except
[MMA] = 0.38 M. Microwave power was 1 mW in all spectra.
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Figure 3. Time dependence of the X-band TREPR spectra obtained
under the same conditions as in Figure 2C (0.02,\0.38 M MMA,
liquid CO,). These spectra are expanded on xhexis to show the
hyperfine splittings in the adduct radic2t. Delay times are (A) 0.1
us, (B) 0.5us (scaled upx 5), and (C) 1.Qus (scaled upx 10). (D)
Simulation of radicaRc at 0.5us using hyperfine couplings constants
of 13.5 G 3-CH,), 21.6 G 3-CHs), and 63.8 G{P); g = 2.0035, line
width = 3.0 G.

the RPM polarization, while still E/A in phase, is higher in
intensity than in Figure 1.

Figure 2C shows the TREPR spectrum acquiredu8. after
308 nm excitation of2 in liquid CO, with 0.38 M MMA.
Doubling the concentration of MMA leads to an increase in
the signal due to adduct radiczt, and again there is a notable
decrease in the signal frorb relative to 2a. Clearly the
phosphonyl radica2b is much more reactive than the trimeth-
ylbenzoyl radical2a, and this leads us to assign the adduct
radical2cto a single structure, as shown in Scheme 1. There is
no evidence any major reactivity 8&to give the other adduct
radical 2d. The observed net A from the TM is expected for
radicals from precursors such &s and the increase in the
magnitude of the RPM polarization in this system is due to the
larger hyperfine coupling of the phosphorus-centered radical.

The time dependence of the TREPR spectra from photolysis
of 2 is shown in Figure 3 on an expandedxis scale so that
the hyperfine structure of the adduct radical can be clearly seen.
Here the transitions due to radicat are off-scale and not
displayed. The delay times shown in parts A, B, and C of Figure
3 are 0.1, 0.5, and 16s, respectively. The decrease in signal
intensity of radicaRais most likely due to spin relaxation, and
it is interesting to note that this process is much slower for the

for radical 2b to be 600 ns! and these spectra were acquired substituted trimethylbenzoyl structu@a than for the parent
well within that time frame. (2) There is a new signal carrier in benzoyl radicalla. The relaxation mechanism is from spin
the center of the spectrum, which we assign to the adduct radicalrotation interaction in the acyl moiety, and the ortho-methyl
2c. (3) The polarization mechanism, while still predominantly groups in2aclearly have a strong effect on this motion. Figure
due to the TM, is now net absorptive rather than emissive, and 3D shows a simulation of the adduct radi@al optimized to
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MMA concentration. The signal-to-noise ratio is better for this

system due to stronger RPM polarization often observed with
[MMA] =1.14M —— radicals having large hyperfine interactions. As expected, there
L is a pronounced dependence of this line width on the amount
0.19M - - - of MMA present in the solution.

Figure 5 shows plots of the line width (in Hz) of the high
field line of 2b as a function of MMA concentration in four
different solvents. The value &fq4qis determined directly from
the slopes of these plots. Of immediate note is Kyatvalues
obtained in liquid and supercritical G@re very similar. Also,
the rates in C@are comparable to those observed in acetonitrile,
although CQ is a much less viscous solvent than either
acetonitrile or toluene. Intrinsic barriers to free radical addition
reactions to alkenes exist in the form of steric and polar effects
and have recently been extensively revieweth CO, these
factors are clearly important, as the rates we have obtained are
less than diffusion-controlled. The overall rates measured here

35!20 35|30 35|40 35|50 35|60 are on the high end for addition to alkenes for other initiators
but are on the same order of magnitude previously measured
Magnetic Field / G for phosphorus-centered radical structures. For this particular
Figure 4. (A) TREPR spectrum from Figure 3A scaled up10 to radical reacting with MMA, the only literature value f@gqq

show residual peaks from phosphonyl radiesl on the perimeter,  available is 1.8< 10° M~1 s7%, obtained in benzene by Mizuta
indicated by arrows. (B) High field TREPR line of radic2t, signal et al3 Error limits for those measurements were not reported,

averaged, shown for three different concentrations of MMA. Lines are . . o
normalized so that widths can be compared directly. but their number is satisfyingly close to ours for all four solvents
studied.

A 6.1+0.6x10"M" s7"in scCO,, 140 bar, 315 K

® 55+0.5x107M-' s~ in liquid CO,, 175 bar, 295 K Conclusions

8 — L} .
1.4x10 ® 40+04x107M~" s in toluene, 295 K We have demonstrated thiafyq values can be measured in

W 8.1+ 1.6x10"M s in acetonitrile, 295 K CO, using the line width technique of Gatlik et&IThe reaction
for diphenylphosphonyl oxide radicab to MMA is less than
diffusion-controlled and similar to that observed in acetonitrile.
For radicallb it is possible to state that the addition reaction
certainly takes place, but on a slower time scale tharfor
More quantitative consideration cannot be attempted ficsind
1c due to spectral overlap and spin relaxation effects. Clearly
the phosphorus-centered radical systems fdinave many
advantages for these studies, with large hyperfine coupling
constants leading to well-resolved TREPR transitions and strong
polarization. Additionally, they show faster reactivity than their
carbon-centered analogues. Structural modification studies are
: I i I i i I I i currently undemay in our laboratory to qdd to the _database of
00 02 04 06 08 10 12 14 16 kagq Values, to investigate polar and steric effects in,Cahd
[MMA] mol L~ to further test the generality of this method. We are particularly
Figure 5. Dependence of the TREPR line width of radi2alon MMA interested in the role of C{n regard to polar effects because,
concentration during 308 nm photolysisaii liquid CO;, supercritical with no dipole moment but a strong quadrupole moment,

CO;,, acetonitrile, and toluene. The rate constants shown at the top significant solvent effects might still be observable depending
representaqq for the addition of radicalb to MMA, obtained from on the alkene substitution pattern.
the slopes of these plots.

Linewidth / Hz
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