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The ultrafast photo-fragmentation of dibenzoyl peroxide (DBPO) is studied using femtosecond
UV excitation at 266 nm and mid-infrared broadband probe pulses to elucidate the dissociation
mechanism. With the help of '*C-labeled DBPO it was possible to unambiguously assign transient
IR bands in the fingerprint region to the benzoyloxy radical. Our experiments show that the
fragmentation is controlled by the S;-lifetime of DBPO and within 0.4 £ 0.2 ps leads to a
benzoyloxy/phenyl radical pair plus CO, via concerted bond breakage of the O—-O and the
phenyl-C(carbonyl) bond. 20% of the radical pairs geminately recombine to phenyl benzoate on

a timescale of 70 ps.

Introduction

Dibenzoyl peroxide (DBPO) is a widely used initiator of free-
radical polymerizations in solution whose dissociation can be
induced photochemically or by thermal activation. Whereas
the thermal decomposition is well understood and proceeds via
bond breakage of the O—O bond yielding benzoyloxy radicals
which subsequently either decarboxylate on a microsecond
time scale to form phenyl radicals (pathway 1 in Scheme 1) or
are scavenged by reaction with the solvent or appropriate
substrates,' the primary steps of fragmentation after UV
excitation of DBPO are not completely understood. Early
chemical trapping experiments® showed that the photodisso-
ciation not only produces benzoyloxy radicals (which later
were characterized by their UV-Vis® and EPR*® spectra), but
also in a two-bond cleavage phenyl radicals and CO, as
expressed by pathway 2 in Scheme 1. The importance of
pathway 2 is supported by the observation of the photopro-
duct phenyl benzoate formed by geminate recombination of
the benzoyloxy—phenyl radical pair (see ref. 6 and references
cited therein).

Consistent with pathway 2 are results from picosecond UV-
pump/IR-probe spectroscopy indicating CO, formation with-
in the experimental time resolution of about 10 ps.” According
to this study the nascent CO, molecules possess large excess
energy corresponding to an initial vibrational temperature of
2300 K.

Recently, based on femtosecond pump—probe experiments
employing 267 nm excitation, Abel et al.® suggested an alter-
native model in which they assigned the transients in the
visible to near-IR spectral range that decayed to a constant
offset on a picosecond timescale to hot benzoyloxy radicals.
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According to their model, DBPO photofragmentation initially
follows pathway 1 with O—O-bond scission being faster than
200 fs, yielding highly vibrationally excited benzoyloxy radi-
cals. A fraction f of these radicals rapidly decomposes to
phenyl plus CO, (dashed arrow in Scheme 1), while the
remaining population by vibrational energy relaxation cools
down to thermal equilibrium and subsequently decarboxylates
on a microsecond timescale. This analysis, however, rests upon
the correct assignment of transient electronic spectra in the
visible and near-IR. As the absorption bands of intermediates
including electronically excited states are broad or not known,
extensive overlap of spectra may render the definitive assign-
ment to certain species difficult. In the picosecond time range
the analysis may be even more complicated by spectral shifts
and band narrowing caused by vibrational relaxation of hot
intermediates.

As vibrational absorption bands are narrower than electro-
nic spectra, femtosecond broadband IR spectroscopy can
provide additional information on complex photoreactions.
In cases where the IR spectra are not known quantum
chemical calculations offer the opportunity to compare experi-
mental and theoretical spectra and thus identify the relevant
intermediates. Using this approach we recently discovered that
the decarboxylation rate of the arylperoxocarbonates
R-O-C(0)O-OBu' (R = naphthyl, phenyl) is limited by the
S;-lifetime of the photo-excited peroxide and that an inter-
mediate aryloxycarbonyloxy radical cannot be detected.’ In
this paper we present a detailed analysis of the primary steps
of the photodecomposition of DBPO. We focus on the ques-
tion whether in the fragmentation all bonds break sequentially
as suggested by femtosecond UV/Vis pump—probe
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Scheme 1 Reaction pathways of dibenzoyl peroxide (DBPO) decom-
position.
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experiments® or whether possibly concerted bond cleavage is
involved. Also, the geminate recombination of the benzoyl-
oxy—phenyl radical pair should be detectable by our appro-
ach. Unambiguous assignment of IR bands was achieved by
additional experiments with '*C-labeled DBPO molecules.

Experimental technique

The femtosecond infrared experiments were carried out with
1-3 mM solutions of DBPO dissolved in CD;CN, CD,Cl,
(Deutero GmbH, 99.6% deuteration grade), or n-heptane.
Sample solutions were excited in a stainless steel flow cell
equipped with 1 mm thick CaF, windows (path length inside
the cell 0.6-1.0 mm) by the third harmonic of a home-built
1 kHz Ti:sapphire laser system (wavelength 267 nm, pulse
duration 100 fs, pulse energy 1-2 pJ). Tunable infrared pulses
were generated by difference frequency mixing of signal and
idler pulses from an optical parametric amplifier'®!! (pulse
duration 100 fs, pulse energy 0.5-1 pJ, bandwidth of
200 em™'). The IR pulses were split into a probe and a
reference beam; at the sample the probe beam was super-
imposed on the pump beam. The relative plane of polarization
of both pulses was adjusted to 54.7° to avoid signal contribu-
tions arising from rotational relaxation of molecules. After
passing the sample reference and probe beam were spectrally
dispersed with a polychromator and independently imaged on
a liquid-nitrogen cooled HgCdTe detector (2 x 32 pixels). The
whole pump-probe setup was purged with dry nitrogen to
avoid spectral and temporal distortion of the IR pulses by CO,
and water absorptions in air.

DBPO (Fluka, water content 25%) was dried by repeatedly
dissolving a sample in dry methanol and subsequently evapor-

ating the solvent under reduced pressure. '*C-labelled DBPO
((C¢H5'3CO,),) was synthesised from the corresponding ben-
zoic acid (C¢Hs'>CO,H, Aldrich) adopting the imidazolid
method.'?

To verify the structural and vibrational properties of DBPO
and the corresponding radicals quantum chemical calculations
using density functional theory (DFT) were performed with
the ORCA program package'>'* developed by Neese. To
enhance the efficiency of the calculations at no significant loss
of accuracy, the resolution-of-identity (RI) approximation was
invoked.!® Since this procedure requires a non-hybrid func-
tional, we have chosen the Becke-Perdew functional,
BP86.'®!'7 The Ahlrichs’ triple-{ valence basis set,'® TZVPP,
with three sets of polarization functions on all atoms was
applied, to which diffuse functions from Dunning’s correla-
tion-consistent polarized triple-{ basis set'® could be added
(hence, aug-TZVPP). In addition, the RI-approximation re-
quires an auxiliary Coulomb fitting basis (TZV/J) for the
triple-C valence basis set, which was taken from the TURBO-
MOLE library.?® Structure optimizations with and without
geometrical constraints were carried out in redundant internal
coordinates using analytical gradients, whose double-sided
numerical differentiation yielded harmonic vibrational fre-
quencies. Following the recommendations by Neugebauer
and Hess?! for calculations at the RI-DFT/TZVPP level of
theory, a correction factor of 1.005 for conversion from
harmonic to fundamental vibrational frequencies was used.

Results and discussion

Fig. 1(a) shows linear absorption spectra of DBPO and '*C-
DBPO in CD;CN. For both compounds the CO stretching
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Fig. 1 (a) Linear absorption spectra of DBPO (black) and '*C-DBPO (red) in CD;CN (bars indicate calculated frequencies and intensities); (b)
transient difference spectra 1.3 ns after 267 nm excitation of DBPO (black) and '*C-DBPO (red) in CD5CN (at 2220-2380 cm ™' spectra were
recorded in n-heptane, because CD;CN is opaque in this range); symbols indicate bleaching of DBPO (filled circles) and formation of the products
CO, (open circles), benzoyloxy radical (stars), and phenyl benzoate (squares); the inset shows calculated frequencies and intensities of the

benzoyloxy radical.
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band is split into two components arising from symmetric
(DBPO: 1789 cm™'; '*C-DBPO: 1746 cm™') and antisym-
metric (1766 and 1723 cm ™!, respectively) combination vibra-
tions of the two carbonyl groups. Our DFT calculations
indicate a decisive influence of the COOC dihedral angle on
frequency and IR intensity ratio of both CO stretching vibra-
tions. For the minimum energy structure of DBPO with
ocooc = 87° (crystal structure data give pcooc = 91°)%
frequencies and IR intensity ratios (bars in Fig. 1(a)) are in
agreement with the measured spectra. Also the experimental
isotope shift of 43 cm ™' is nicely reproduced by the calcula-
tions (42.5 cm™'). Weaker red-shifted absorption bands in the
CO-stretching region are probably due to other conformers.
The absorption bands at 1453, 1492, 1585 and 1601 cm™!
correspond to CH bending and CC stretching vibrations of the
phenyl ring and hence are almost unaffected by '*C-labeling of
the carbonyl groups. Using Wilson’s notation of benzene these
modes can be assigned to 19b, 19a, 8b and 8a, respectively.

In Fig. 1(b) transient difference spectra recorded 1.3 ns after
UV excitation of DBPO and '*C-DBPO in CD;CN, respec-
tively, are presented for the frequency range 1420-1820 cm™".
Because of the limited bandwidth of the IR probe pulse they
were constructed from several overlapping spectra of ~ 100
em ™! width. The estimated error of the relative amplitudes of
spectral features arising from this procedure is estimated to be
<25%. At 2220-2400 cm~' where the solvent CD;CN is
opaque separate transient spectra of DBPO and '*C-DBPO
in n-heptane are shown. This part of the spectrum is not to
scale.

The transient spectra show negative peaks caused by bleach-
ing of the peroxide and positive absorptions due to the
formation of photoproducts. Most prominent is the bleaching
of the CO stretching bands but also phenyl ring vibrations at
1453 cm ™! clearly show the disappearance of DBPO and '*C-
DBPO, respectively, as indicated by full circles. The strongest
increase of absorption arises from the asymmetric stretching
vibration of newly formed CO, at 2337 cm™! and '*CO, at
2273 em™!, respectively (open circle in Fig. 1(b)). In the
fingerprint region strong and sharp bands at 1476 (DBPO)
and 1461 cm™' (*C-DBPO) and, additionally, weaker but
broader absorptions at 1535 (DBPO) and 1508 ecm™! (1*C-
DBPO) appear as marked by asterisks. Because of the pro-
nounced isotope shift of 15 cm™! for the sharp and 27 cm ™" for
the broad peaks we attribute these bands to the benzoyloxy
radical. Infrared spectra of this radical have not been pub-
lished so far. Our DFT calculations of the unlabeled radical
yield strong IR active vibrations at 1478 and 1524 cm ™' with
an intensity ratio of about 1 : 2.3 as demonstrated in the inset
of Fig. 1(b). Upon labelling these vibrations shift down to
1463 and 1503 cm ™', respectively, where the intensity ratio is
reversed to 2.5 : 1. This is in excellent agreement with the
measurements such that the asterisked bands unambiguously
can be assigned to the benzoyloxy radical. A closer analysis
of the calculations reveal that both strongly IR active modes
involve combinations of OCO and phenyl-CH bending
(mode 19a in Wilson notation) vibrations of the benzoyloxy
radical. For the low-frequency mode the two motions are in
phase whereas for the high-frequency mode they are out of
phase.

Finally, Fig. 1(b) shows weak absorptions (squares) at 1737
(DBPO) and 1694 cm™! ('*C-DBPO), 30 cm ™' red-shifted to
the antisymmetric CO stretching vibration of the respective
parent molecule. Obviously, a new compound has been
formed where at least one carbonyl group of the peroxide
has been preserved. In the case of DBPO the frequency of the
new band coincides exactly with the CO stretching vibration of
phenyl benzoate dissolved in CD3;CN. Thus, 1.3 ns after
photodissociation of DBPO we have clear evidence for phenyl
benzoate which within this time range can only be formed by
geminate recombination of the benzoyloxy—phenyl radical
pair. The phenyl radical itself is not detectable in our experi-
ment because its absorptions are too weak.?

Further evidence supporting the assignment of the CO
stretching absorption to phenyl benzoate is provided from
the time evolution of these bands presented in Fig. 2 for the
photodissociation of DBPO in n-heptane. Immediately upon
excitation by the UV pump pulse, CO stretching bands in the
electronic ground and first excited state of DBPO appear as a
superposition of bleach and absorption, respectively (Fig.
2(a)). With increasing pump—probe delay the excited state
population decays and only the ground state bleach remains.
An exponential fit to the integrated band intensity (inset in
Fig. 2(a)) gives a S lifetime of 0.4 £ 0.2 ps. Then, on a longer
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Fig.2 Transient difference spectra of the CO stretch absorption band
of DBPO in n-heptane recorded at selected pump—probe delay times
(arrows indicate chronology); (a) at early times the S; decay of DBPO
is monitored (the inset shows the temporal evolution of the integrated
band intensity, exponential fit gives a time constant of 0.42 4 0.15 ps);
(b) at later times formation of the recombination product phenyl
benzoate is observed (inset: band intensity around 1745 cm™'; red

curve: exponential fit gives a time constant of 75 + 10 ps).
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timescale the new CO stretching band of phenyl benzoate
emerges at 1745 cm ™' (Fig. 2(b)). Note, that the slightly blue-
shifted absorption in n-heptane with respect to CD;CN (Fig.
1(b)) is in complete agreement with the corresponding sta-
tionary spectra of phenyl benzoate. The time constant of 75 £
10 ps derived from exponentially fitting the temporal evolution
of the band integral (inset in Fig. 2(b)) is typical for geminate
recombination.

Fig. 3 shows the formation of CO, monitored at the 13
asymmetric stretching vibration following photoexcitation of
DBPO in n-heptane. The contour plot demonstrates that CO,
is formed vibrationally hot as initially the spectrum is broad
and red-shifted with respect to the (0,0,0) — (0,0,1) transition
at 2337 cm™'. This behavior is in agreement with earlier
studies.”? The excess energy originates from the structural
relaxation associated with the transformation of the bent OCO
moiety into the linear CO, molecule. According to molecular
dynamics calculations the subsequent energy transfer to the
bath observed in Fig. 3 involves mainly the strongly coupled
bending and symmetric stretching vibrations of CO,, whereas
the symmetric stretching mode relaxes on a much longer
timescale.?** In contrast to the solvent CCl, where the 15
spectrum of vibrationally excited CO, is characterized by a
12.5 cm™! progression caused by anharmonic coupling to the
bending vibration® this feature is covered by the larger in-
trinsic line width of 14 cm™! in n-heptane (see right panel of
Fig. 3) as compared to CCly (6 cm™'). Nevertheless, the
individual spectra can be modeled assuming a Boltzmann
distribution within the CO, vibrational manifold to determine
the evolution of the vibrational temperature as described
previously.” The time constant of the temperature decay of
tr = (145 £+ 15) ps turns out to be in complete agreement with

the corresponding value determined in the decarboxylation of
peroxycarbonates.” However, the initial temperature of T, =
(1500 £ 100) K is significantly below 2500 K found for the
peroxycarbonates which corroborates earlier studies.” In the
upper panel and the inset of Fig. 3 the growth of the CO,
concentration derived from the integral 13 band intensity is
plotted. The rise time of 0.4 £+ 0.2 ps is within experimental
error identical to the time constant for the S; decay of DBPO,
i.e. the decarboxylation of DBPO is limited by the S,-lifetime
similar to the mechanism found for the photofragmentation of
aromatic peroxycarbonates.” No further change of the CO,
concentration is observed up to 500 ps.

After UV excitation of DBPO also the benzoyloxy radical is
formed on a subpicosecond timescale as shown in the contour
diagram of Fig. 4 for the '*C-labeled compound dissolved in
CD;CN. The absorption of the radical at 1461 cm™! is super-
imposed by bleaching of the sharp CH bending vibration of
the parent molecule at 1453 cm™'. Nevertheless, Fig. 4 clearly
evidences that initially the radical band is broad and narrows
within several tens of ps. As for CO, this is a clear signature of
vibrational energy relaxation of a hot species. The absorption
reaches a maximum at 50 ps and, subsequently, slightly
decreases on a 100 ps time scale. For analyzing the temporal
evolution of the relative radical concentration the band in-
tensity was calculated after subtracting the bleach spectrum of
the parent molecule at every time step. The result is plotted in
the upper panel of Fig. 4 and shows that after formation the
radical concentration decreases by about 15% with a time
constant of 80 + 20 ps which coincides with the time constant
observed for the geminate recombination of the benzoyloxy—
phenyl radical pair to phenyl benzoate. Note, that parallel to
vibrational energy relaxation and decline of the 1461 cm™!
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Fig. 3 Spectral evolution of the v5 absorption band of CO, produced in the photodissociation of DBPO in n-heptane; right panel: comparison of
transient spectrum at 500 ps pump-probe delay (points) with the linear absorption spectrum of CO, dissolved in n-heptane (black line); upper
panel: integrated band intensity; inset: short time evolution of the integrated band intensity (red curve: exponential fit to the data with time
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Fig. 4 Spectral evolution of the 1461 cm ™' absorption band of the benzoyloxy radical formed after photodissociation of '*C-DBPO in CD;CN;
right panel: transient spectrum at 500 ps (black) and after subtraction of the bleach component of the parent molecule (red); upper panel:
integrated band intensity subtracting the bleach of the parent molecule (red curve: exponential fit with time constant 80 £ 20 ps).

band no increase of the CO, concentration is detectable. This
indicates that the decrease of the benzoyloxy radical concen-
tration is mainly caused by recombination with phenyl radi-
cals.

Quantum yields of CO, formation and geminate recombi-
nation can be estimated from a comparison of transient

spectra with linear CO-stretch band extinction coefficients.
The upper left part of Fig. 5 shows extinction coefficients of
DBPO (black) and phenyl benzoate (blue) in the CO stretching
region. Underneath we give the difference spectra measured at
the CO stretching band frequency after UV excitation of
DBPO (thick black lines) scaled to the extinction coefficient
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Fig.5 Quantum yields of phenyl benzoate and CO, after photodissociation of DBPO in CCly. The upper left part shows extinction coefficients of
the CO-stretch absorption band for DBPO (black), phenyl benzoate (blue), and terz-butyl-2-naphthylperoxycarbonate (TBNC, red); correspond-
ing molecular structures are plotted in the same colour. Underneath pump-probe difference spectra of DBPO (thick black lines) and TBNC? (thick
red line) normalized to the respective extinction coefficient are presented. From the difference of the DBPO transients at 1.5 ps and 1.3 ns a phenyl
benzoate quantum yield of 25% can be calculated. The amplitudes of the v; asymmetric stretching bands suggest that similar concentrations of

CO; are produced in the photodissociations of TBNC and DBPO.
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of DBPO. By scaling the difference between the 1.5 ps and the
1.3 ns transient at 1742 cm~! with the phenyl benzoate
extinction coefficient we obtain a quantum yield of 25% for
geminate recombination of the benzoyloxy/phenyl radical pair
which is in good agreement with the drop of the benzoyloxy
concentration derived from Fig. 4.

The CO, quantum yield of DBPO photodissociation were
determined by using tert-butyl-2-naphthylperoxycarbonate
(TBNC) as a reference for which the decarboxylation quantum
yield is close to unity.” The extinction coefficient of TBNC is
shown in the upper left part of Fig. 5 as a red curve. The
corresponding pump—probe spectrum normalized to the ex-
tinction coefficient is also plotted in Fig. 5 (thick red line) and
at 2336 cm ™! shows the same CO, concentration as obtained
from the decarboxylation of DBPO. In other words, the CO,
quantum yield of the primary DBPO photodissociation also is
about unity.

Summary and conclusion

Our results on the DBPO photo-fragmentation can be sum-
marized as follows:

(1) The S;-lifetime of the photo excited DBPO molecule is
extremely short and averages to 0.4 + 0.2 ps in the solvents
studied (CCly, CH,Cl,, CD3CN, n-heptane)

(2) CO; and benzoyloxy radicals are formed with the same
rate as the electronically excited DBPO molecule decays.

(3) The quantum yield of CO, in the direct dissociation of
DBPO is ¢co, = 1.0 + 0.2 and remains unchanged up to 1 ns.

(4) During this time the benzoyloxy radical concentration
decreases by 15-25% with a time constant of (70 & 10) ps. This
decay is accompanied by corresponding formation of the
geminate recombination product phenyl benzoate.

The dissociation mechanism emerging from these findings is
summarized in Scheme 2. It definitely involves a concerted
two-bond cleavage into phenyl, benzoyloxy and CO, with a
rate constant limited by the S;-lifetime of DBPO.

The transients in the visible spectral range observed pre-
viously® after photo-excitation of DBPO also rapidly decayed
on a subpicosecond to picosecond timescale as illustrated in
Fig. 6. The instantancously formed main peak between 565
and 770 nm disappears with a dominant time constant of (0.45
=+ 0.10) ps, identical to the S;-lifetime found in this IR-study.
The original view was that this transient has to be assigned to
vibrationally hot benzoyloxy radicals decomposing into phe-
nyl plus CO,, while the preceding first step in the reaction
mechanism, breakage of only the peroxide O—O bond, could
not be observed in the experiment. Fig. 4 shows that, indeed,
the benzoyloxy radical is formed vibrationally hot and cools
down within the first 10-20 ps, but this process is not
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Scheme 2 Timescales and yields of the photofragmentation of
DBPO.
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Fig. 6 Spectral evolution of the main transient absorption band in
the visible after UV-excitation of DBPO in propylene carbonate
solution. The bottom graph shows the decay of the band integral
between the wavelength limits indicated by the horizontal lines in the
contour plot.

connected with a fragmentation as the radical concentration
does not exhibit a fast decay. Also, the CO, concentration is
constant during this period. Therefore, the strong subpicose-
cond transient in the visible region cannot be attributed to the
benzoyloxy radical. Instead, we reassign them to the S, « S;
absorption of DBPO. On the other hand, we attribute a
second component of the transient absorption decay in the
visible with a time constant of about (3 + 1) ps to spectral
narrowing as a consequence of vibrational cooling of the
benzoyloxy radical whose room-temperature absorption spec-
trum extends from its maximum in the near IR to about
620 nm.

The only reaction consuming benzoyloxy radicals within the
first nanosecond is geminate recombination with the phenyl
radical. The yield is only weakly dependent on the solvent and
on average amounts to ~20%. This value is in complete
agreement with stationary measurements of the phenyl benzo-
ate quantum yield.® The decarboxylation of the remaining
benzoyloxy radical population is a thermally activated process
and takes microseconds.’
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