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The ultrafast photofragmentation of arylperoxycarbonate®R C(O)O—O—tert-butyl (R = naphthyl, phenyl)

is studied using femtosecond UV excitation at 266 nm and mid-infrared broadband probe pulses to elucidate
the dissociation mechanism. Our experiments show that the rate of fragmentation is determinedby the S
lifetime of the peroxide, i.e., the time constants gfdg@cay and of C@and R-O* formation are identical.

The fragmentation times are solvent dependent andefdbutyl-2-naphthylperoxycarbonate (TBNC) vary
from 25 ps in CHCI, to 52 ps inn-heptane. In the case of thert-butylphenylperoxycarbonate (TBPC) the
decomposition takes 5.5 ps in @0, and 12 ps im-heptane. The C&Oragment is formed vibrationally hot

with an excess energy of about 5000 @niThe hot CQ spectra at high energy can be modeled assuming
Boltzmann distributions with initial vibrational temperatures of ca. 2500 K which relax to ambient temperature
with time constants of 280 ps in CL{and 130 ps im-heptane. In CGlthe relaxed spectra at 1.5 ns show
3.5% residual excitation in the = 1 level of the asymmetric stretch vibration.

Introduction SCHEME 1: Investigated Compounds: tert-Butyl-2-

. . . . ._naphthylperoxycarbonate (I; TBNC) and
Organic peroxides provide easy access to free radicals Viatert-Bufylphenylperoxycarbonate (I, TBPC)

facile O—0O-bond cleavage and are used on a large scale as
N N
I 7
I 1

initiators in technical polymerization processes. They have been
the subject of numerous studies, upon which rests much of the
methylfluorenyl radical product, according to Bartlett's proposi-

experimental basis of free radical chemistATheir thermal
fragmentation has been suggested to take place by either a
stepwise or a concerted mechanism. In the former, initia0®

bond cleavage in the peroxy compound R(OYQR' is
followed by subsequent decarboxylation of the R(O)&dical,

whereas the latter involves a concerted two-bond cleavage

yielding instantaneously*RCO,, and*OR . While early trapping

experiments established the existence of the benzoyloxy radica

as an intermediaté Bartlett and co-workers showed in their

pioneering work that the rate of thermal decomposition of a
series of peroxyesters increases with the stability of the alkyl
radical formed in their decarboxylation. This observation led

them to suggest that concerted two-bond cleavage occurs

whenever a sufficiently stable radical is formed, and that the
intermediate R(O)COis not involved!
As extremely short-lived intermediate aroyloxy radicals would

not be detectable in thermolysis experiments, and because
peroxyester photolysis “leads to chemical reactions that appear

to mimic closely those of their...thermolysés’Falvey and

Schuster were led to carry out a landmark 266 nm picosecond

laser flash photolysis experiment tart-butyl-9-methylfluorene-
9-percarboxylate (TBFP). They observed a first-order transient
absorption rise with a time constant of 55 ps, which they
attributed to the 9-methylfluorenyl radical formed by decar-
boxylation of the intermediate aroyloxy radical. They also
pointed out that because of the very high stability of the
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tion this lifetime should represent something like a lower limit
for aroyloxy radicals in general. As a consequence, the two-
step mechanism would be the rule, with decarboxylation rates
Ibecoming very rapid for highly stable product radicals, but
probably not exceeding 2 10'°s™2. This conclusion by Falvey
and Schuster found support in subsequent photolysis studies
showing that aroyloxy radicals generally decarboxylate on time
scales ranging from roughly 50 ns to a few microsecconés.
It is also corroborated by recent observations of slow, CO
production on a microsecond time scale in the photolysis of
organic peroxides containing coumarin or bis(phenylethynyl)-
benzene chromophores that indicate sequential fragmentation
via intermediate carbonyloxy radicais!3

However, in contradiction to this generally accepted view,
measurements by picosecond UV-pump/IR-probe spectroscopy
showed that in TBFP photolysis at 308 nm £&ppears within
the experimental time resolution of about 2'p#nstantaneous
CO, formation was also observed following UV-photolysis of
diaroylperoxidestert-butylbenzoylperoxide, antrt-butylphe-
nylperoxycarbonate (TBPC; compouthdn Scheme 13216 This
seemed to suggest that photodecomposition of these compounds
via the electronically excited singlet state involves concerted
bond cleavage without the intermediacy of an aroyloxy radical.
On the other hand, a “slow” build-up of GQwith a time
constant of 30 ps was found in the photolysisteft-butyl-2-
naphthylperoxycarbonaf&(TBNC; compound in Scheme 1),
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SCHEME 2: Sequential (top) and Concerted (bottom) Decomposition Path of Compounds | and Il Following 266 nm
Excitation to the (z*) S;-State: (a) Aryloxycarbonyloxy Radical and (b) Aryloxy Radical
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which might be taken as evidence for fast sequential bond Experimental Technique
breakage on a time scale suggested by Falvey and Schuster for Pump and probe pulses were generated from the output of a

TBFE' L _home-built Ti:sapphire oscillator/regenerative amplifier system
Evidently, the distinction between concerted and sequential producing 100 fs laser pulses at a repetition rate of 1 kHz with
reaction paths is intimately related to the time scale accessibleenergies of 75@J centered at 800 nm. Part of the energy was
to observation. A closer look at the “concerted” mechanism sed to produce 267 nm pump pulses by frequency doubling
employing femtosecond pumjprobe spectroscopy in the visible  and subsequent mixing of generated 400 nm with remaining
to near-IR spectral range led to the suggestion that in reality it 800 nm light in two BBO crystals. The UV light was attenuated
consisted of an ultrafast sequence of elementary 8teps.  to pulse energies of 0-® 1J and focused with a 200 mm focal
According to this view, instantaneous—@-bond scission length quartz lens down to a spot size of 400 at the sample.
generates vibrationally highly excited aroyloxy radicals that may 250.J of the regenerative amplifier output was used to pump
rapidly decarboxylate while they simultaneously undergo vi- a continuum seeded BBO based collinear optical parametric
brational energy relaxation. The rate of £@@rmation and amplifier, which after difference frequency mixing of signal and
aroyloxy radical decay depends on the initial vibrational excess idler provided mid-IR pulses with typical energies of ©5uJ
energy, the energy transfer efficiency, and the barrier height to and a bandwidth of 200 cm.2® The IR light was split into a
decarboxylation. A quantitative model based on these assump-probe and a reference beam by means of a,@afelge. Both
tions and quantum chemical calculations (DFT B3LYP) could pulses were focused into the sample cell, whereby the probe
be successfully adjusted to reproduce the transient absorptiorpulse was overlapped with the pump. After passing the cell
data in the majority of systems studied, and it was concluded probe and reference beam were spectrally dispersed in a grating
that the sequential mechanism is the prevalent mode of spectrometer and independently imaged on a liquid nitrogen
photofragmentation of organic peroxid@s_ cooled HgCdTe detector (% 32 pixels) with 11.4 nm

One has to bear in mind, however, that this analysis rests "esolution. _ , ,
upon the correct assignment of transient spectra in the visible A computer-controlled translation stage adjusted the time
and near-IR. As spectral overlap of different absorption bands 9€lay between pump and probe pulses. The relative plane of
is extensive and spectral positions are known precisely for only polarization of both pulses was adjusted to 34c7avoid signal

a limited number of radicals and electronically excited states, contributions arising from rotational rel_axation. Every second
their assignment to specific aroyloxy radicals is difficult, in pump pulse was blocked by a synchronized chopper to measure

- - long-term drifts of the background absorption. To avoid spectral
particular as on top of that there may be spectral shifts and band . : .
narrowing in the picosecond time range caused by vibrational and tem_porgl d[stortlon of the mid-IR pulses by £and water

. . . . . . absorption in air the pumpprobe setup was purged with dry
cooling of hot intermediates. Therefore, it seems highly desirable nitrogen
to verify the fast sequential process by more reliably identifying gen. . .

7 . . The measurements were performed in a stainless steel flow
radical intermediates using femtosecond broadband IR spec- . . . .

. cell equipped with Cafwindows of 1 mm thickness. The

troscopy. For the purpose of this study we focus on the two

. optical path length inside the cell varied between 0.6 and
peroxycarbo_nates TBNO)(and TBPC ) prewogsly charac- 1.0 mm. Concentrations of peroxyesters were adjusted so that
terized by different time constants of G@rmation, 30 p¥

. R the optical density of the sample at the pump wavelength was
and 2 ps'f respectively. Similar time constants were also found P y P pump 9

. . . . . ; bout 1.
in transient absorption decays in the near-IR region and assigne

o the d boxvlati £ th five int diate radical The peroxyesters were synthesized in our laboratory by
0 the decarboxylation of the respective intermediate radicals o 5ction of sodiumtert-butyl peroxide with chloroformic acid
la andlla (see belowf°

phenyl ester and chloroformic acid 2-naphthyl ester, respec-
The sequential and concerted photodecomposition paths of tjvely.24 After column chromatography the purity of peroxyesters
andll that one wants to distinguish are depicted in Scheme 2. was>95% as controlled byH NMR spectroscopy. Perdeuter-
In recent quantum chemical calculations employing MP2 and ated solvents acetonitrile (MeC#iy) and dichloromethane
DFT methods it was shown that the character of the R group (CH,D,) were obtained from Deutero GmbH (99.6% deuteration
and its influence on the heights of the relevant reaction barriers grade). Tetrachloromethane (GChnd n-heptane were pur-
determines which pathway is the more favorable in thermoly- chased from Merck (p.a.). All experiments were performed at
sis?? The experimental findings so far seem to indicate that room temperature.
for both | andll the sequential pathway is dominant and that ~ The experimental studies were accompanied by density
the time scales of intermediate radical decay differ by a factor functional theory (DFT) calculations performed with the Gauss-
of 10. ian03 software packadeto verify the structural and vibrational
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Figure 1. (a) Linear absorption spectrumloin MeCN-ds; (b) transient B e e
spectrum 1.3 ns after 267 nm excitationloh MeCN-d; (at 2220~ 5 '
2370 cnmt the spectrum was recorded in GQlecause MeCMk is
opaque in this range)®) bleaching ofl; (O) formation of CQ; (x)
formation oflb; black bars indicate calculated frequencies and relative oF
1 1 1

intensities oflb. :

1740 1780 1800

v/icm?

Figure 2. (a) Transient spectra of the CO stretch absorption band of
| in CCl, recorded at selected pumprobe delay times; (b) evolution

of the excited state CO stretching band derived from the difference
between the transients of part a and the spectrum at 150 ps-pump
probe delay (color code is the same as for the upper panel); the insert
shows the decay of the integrated band intensity (exponential fit gives
a time constant of 25 2 ps).

1760 1820
properties of the investigated compound. For the peroxides we
used the B3LYP functional in conjunction with a 6-31G(d,p)

basis set. Product radicals were computed with the UB3LYP

functional and a cc-pVTZ basis set.

Results

1. TBNC (I). In Figure 1b a transient IR spectrum recorded
1.3 ns after UV excitation of in MeCN-ds is compared with | = 41.7 km/mol) can be assigned to the CO stretch, and the
the corresponding linear absorption spectrum (Figure 1a). band at 1577 cmt (calculated: 1624 cmi, | = 40.1 km/mol)
Because of the 32-pixel resolution of the HgCdTe detector and is of CC ring stretch character.
the limited bandwidth of the IR probe pulse the transient  For selected peaks of Figure 1b the spectral and temporal
spectrum of Figure 1b was constructed from seven individual evolution is presented in Figures—3. Immediately upon
overlapping narrow-band spectra in the range 4850 cnr. excitation by the UV pump pulse, CO stretching bands in the
At 2220-2370 cn1! the transient was recorded in GGince electronic ground state and the lowest excited singlet state appear
MeCN-ds is opaque in this range. We estimate the error of the as bleach and absorption, respectively, as shown in Figure 2a
relative amplitude of spectral features arising from this procedure for | in CCls. With increasing pumpprobe delay the excited
to be <25%. state population decays, photoproducts are formed, and only

The transient spectrum of Figure 1b shows four prominent the ground state bleach remains at long times. Spectra of the
negative peaks marked by full circles representing direct mirror CO stretching band in the excited state are obtained separately
images of the linear spectrum in the upper panel and indicating by subtracting the ground state bleach, using the transient at
photobleaching of. Most prominent is the CO stretch vibration 150 ps. As shown in Figure 2b this band peaks at a lower
at 1802 cnm! with a secondary peak at 1767 ciThe FTIR frequency (1799 cm') than in the ground state (1806 ch.
spectrum of crystalling in a KBr pellet shows only a single  From the decay of the integrated band intensity (insert in Figure
peak centered at 1792 cisuggesting the presence of different  2b) the § lifetime of 25 + 2 ps is obtained by exponential
conformers of in solution with different CO stretch resonances. fitting. The analysis of the temporal evolution of the carbonyl
DFT calculations reveal a dominant influence of the configu- stretch band also indicates that the electronic ground state is
ration of the O—C?—03-0* moiety (see Scheme 2) on the not repopulated on the time scale of the experiment up to 1.5
CO stretch frequency. According to these calculations we ns. In addition, in the frequency window accessed in our
attribute the stronger blue-shifted absorption to the trans-isomerexperiment there is no transient absorption that could be assigned
whereas the weaker band is assigned to the slightly less stableo the CO band in other excited electronic states. One may,
(180 cnt?) cis-isomer. therefore, conclude that the quantum yield of photofragmentation

The strongest line appearing in the transient spectrum is thehas to be close to unity. We find no evidence that the quantum
asymmetric stretch vibration of newly formed €& 2336 cm?* yield is affected by competing intersystem crossing to the triplet
(open circle in Figure 1b; amplitude scaled by a factor of 0.5). state ofl.
Additionally, four weaker absorptions at 1518, 1531, 1560, and  Figure 3 shows the formation of GOnonitored at thev;
1577 cm! (asterisks) are detected which we attribute to the asymmetric stretch absorption band after photoexcitatioh of
2-naphthyloxy radicalb. Infrared spectra of this radical have in CCl;. The contour diagram demonstrates that initially the
not been published so far. Our DFT calculations of the radical spectrum is broad and red-shifted with respect to the band origin
Ib provide two weak and two intense vibrations in this frequency of the (0,0,0)— (0,0,1) transition at 2336 cm. With time the
range (see the black bars in Figure 1b) in nice agreement with spectrum narrows and its intensity at 2336 ¢énincreases
the measured spectrum. The strong 1518 tpeak (calcu- simultaneously. This behavior has been observed in earlier
lated: 1532 cm! (without correction factor), integrated intensity ~ studied®6and can be attributed to the formation of vibrationally
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than in CC}, (Figure 1b). In Figure 6b one can identify four
negative peaks assigned by full circles representing photo-
bleaching of the parent molecule Three transient absorption
peaks marked by asterisks indicate formation of the phenyloxy
radicalllb . The vibrational frequencies at 1490, 1512, and 1549
cm~1 are in excellent agreement with those found Ifidr in
low-temperature argon matrices (1481, 1515, and 1550tcm
and were assigned to CO stretch, combination of CC stretch
and CH bend, and CC ring stretch modes, respecti/ely.

For a given solvent, the formation of the photoproducts CO
andllb and the decay of the excited parent molecule can be
characterized by a single time constant. As an example we show

AA [ mOD

i e N in Figure 7 the temporal evolution of the carbonyl stretch band
EO_D 1=25+3ps of Il in MeCN-d; after UV excitation. At early times a
0 100 200 300 400 500 superposition of ground state bleach and excited state absorption
time / ps is observed in Figure 7a (similar to the naphthyl compound in

Figure 3. Spectral evolution of the; absorption band of C&produced Figure 2). At later times, when the _State ofl IS depopulated,

in the photodissociation of in CCl.. The lower panel shows the ~ ©nly the ground state bleach remains. The time constant of the

integrated band intensity (red curve: exponential fit to the data with Sy decay is evaluated from a plot of the integrated band intensity

time constant of 25t 3 ps). vs time (insert in Figure 7a) to be6 1 ps. The excited state
spectra were calculated separately by subtracting the ground

hot CQ, cooling down by vibrational energy transfer to the state bleach at 30 ps. The corresponding spectra are presented

surrounding medium. However, due to higher spectral resolution jn Figure 7b and are 2 cm red-shifted with respect to the

and better signal-to-noise ratio, in Figure 3 we can identify a ground state spectrum. Obviously, the oscillator strength is about

12.5 cnr* modulation on top of the bands that is seen more 3 factor of 2 larger for the excited than for the ground state.

clearly at individual spectra for selected purrobe delays  Also in this case, following the same arguments as above, the

in Figure 4. The temporal evolution of the @@oncentration photofragmenta’[ion quantum y|e|d is practica"y unity_

is derived by evaluating the integral absorbance of the bands. The kinetic data for the photodissociation bf are sum-

The corresponding time-dependence is shown in the lower panelmarized in Table 2. The time constants af&cay and C®

of Figure 3. Exponential fitting gives a characteristic £Dild- and phenyloxy radical formation are almost identical. The

up time of 25+ 3 ps. _ phenyloxycarbonyloxy radicdla cannot be detected.
The formation of the 2-naphthyloxy radic#d after UV

excitation ofl in CD,Cl; is presented in Figure 5. At early times  piscussion
only a weak bleaching arising from the superposition of ground N ) ] .
state bleach and excited state absorptiohisfobserved in the 1. Decomposition MechanismThe essential observations
transient spectrum of Figure 5b (the stationary spectrumof  regarding the peroxide photofragmentation mechanism may be
shown for comparison in Figure 5a). Subsequently, an absorptionsSummarized as follows:
peak at 1519 cmt with a satellite at 1526 crt emerges. The (1) Instantaneous bleaching of the ground state CO stretch
formation time of this feature derived from the integrated band band is matched by the instantaneous appearance of correspond-
intensity (Figure 5c) is 26 3 ps. The same time constant was ing slightly red-shifted CO stretch absorption in thesgate of
found for the band at 1577 crh the parent peroxide.
The kinetic data for the photoinduced decompositioh afe (2) Subsequent formation and decay of transient IR bands
summarized in Table 1. Within experimental error of about 10% are governed by a single time constant.
the time constants of;Slecay of the peroxide observed at its (3) Appearing absorption bands can be assigned to product
carbonyl absorption band agree with the formation time o CO radicals and C@ Transient bands that could be assigned to
or the spectral features marked by asterisks in Figure 1. aryloxycarbonyloxy radicalslg, lla) were not found.
Consequently, the transient absorptions in the 33880 cnt?! The time constant of 25 ps found for TBNC) @grees well
range of Figures 1 and 5 are attributed to the 2-naphthyloxy with those measured earlier by different technigt¥.In
radicallb. Our data provide no evidence for the appearance of contrast to previous interpretations of this observation, however,
an intermediate naphthyloxycarbonyloxy radital our findings strongly suggest that sequential bond cleavage to
The tert-butoxy radical is invisible to us because in a produce an intermediat@, be it highly vibrationally excited
difference spectrum only those vibrations are detectable which or vibrationally cold, does not take place on this time scale.
change their frequency and/or intensity. For tieet-butoxy This implies that the previous assignment of the transient
radical this is mainly the case for the CO stretch vibration, absorption band in the near-IR region to this radical has to be
whereas G-H stretch and bend will not be changed significantly erroneoug? In view of the present study it has to be reassigned
with respect to the parent molecule. According to literaure  to the $—S; transition of TBNC. To maintain the previous
the CO stretch vibration of alkyloxy radicals is outside our interpretation one would have to assume that the slightly red-
experimental window at around 1000 tin shifted instantaneous transient CO stretch absorption band
2. TBPC (ll). In Figure 6 the linear IR spectrum (a) bfis belongs tda. As discussed above, experimental and theoretical
compared with its transient absorption spectrum measured 1.3evidence clearly shows that this would not be a reasonable
ns after UV-photoexcitation (b). The transient spectrum was assignment. In addition, we measured the fluorescence lifetime
generated in the same manner as described for Figure 1b. Atof TBNC in n-heptane to be 51 ps, providing further support
2230-2390 cnr?! the buildup of the C@asymmetric stretch ~ for our new assignment. Of course, one cannot rule out an
band was measured mheptane since MeCMNs is opaque in ultrafast sequence of bond scissions, in which theGDbond
this frequency range. Note that the band is considerably broaderis broken first with a rate constant of (25 p%)followed by
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Figure 4. (a—c) Transient spectra of the absorption band of Cat selected pumpprobe time delays formed after decompositior @i CCly
(each spectrum is composed of 4 individual spectra offset by 3 nm); (d) linear absorption spectrumdiésoed in CCj, lines are simulated

thermal spectra (see text).
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Figure 5. Formation oflb after photodissociation dfin CD.Cl,: (a)

linear absorption spectrum ofin CD,Cl,; (b) the emerging strong

absorption band is attributed to the CO-stretch vibratioribof (c)

integrated band intensity (red curve: exponential fit to the data with

time constant of 25t 3 ps).

TABLE 1: Time Constants (in ps) Observed for the
Photodissociation of | by fs-IR (this work, ref 15),
ps-VIS—Pump—Probe Spectroscopy (ref 20), and
Fluorimetry (, this work)

S;-lifetime formation formation
solvent of | of CO, of Ib

CCl, 2542 254+ 3

27 4+ 5% 314+ 5%
propylene carbonate 25 120 19+ 5%
CD.Cl, 25+ 2 26+ 3
MeCN-ds 2543 26+ 3
MeCN 364+ 220
CH;OH 31+ 2%
n-heptane 52t 3 55+ 5

51+ 1%

414 5%

and there is no evidence for an intermediddewith a lifetime
longer than about 100 fs in this case. We think, therefore, that
from the point of view of photochemical kinetics the mechanism
in both cases may be considered as concerted. The question
whether both bonds break synchronously cannot be answered
on the basis of these experiments.

From a thermodynamic point of view the fact that photo-
fragmentation is faster fadi than forl might look surprising,
as Ib is the more stable product radical comparedlitn.
Similarly, assuming that the rate-controlling step of the overall
fragmentation sequence ig<SS; internal conversion from the

O-C bOﬂd Cleavage at an Ol’del’ Of magnltude faS'[eI’ rate. ThIS equ"lbrated $_State' the energy gap |aW a|so does not provide
kind of intermediacy of an extremely unstabie would still

be compatible with our measurements. For TBROD the
situation is identical, the only difference being that photofrag- states, the statistical rate coefficient for unimolecular fragmenta-

mentation via the Sstate is much faster. Again, previous
assignments of transients in the neaf9Rave to be corrected,

a reasonable explanation since the-S; energy gap is smaller
for I. On the other hand, because of the higher density of educt

tion from the $-state would be expected to be significantly
smaller forl. Considering the 2550 ps time scale for the
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—T——————T//—T1—— TABLE 2: Time Constants (in ps) Observed for the
] Photodissociation of Il by fs-IR (this work, ref 16) and
ps-VIS—Pump—Probe Spectroscopy (ref 20)

Alau.

- S;-lifetime formation formation
solvent of Il of CO, of llb

1300 1400 1500 1600 1700 1800 2300 2400
. : : ‘ : . CDCl, 55+ 1.0

b) o ] CH.Cl,
05 . propylene carbonate 5:80.6° <10
| MeCN-d; 6.0+ 1.0 55+ 1.0
Axox MeCN 6.3+ 0.6°
0.0 n-heptane 123 12+ 3
1 134 2%

AA / mOD

-05 4
¢ ] obtained earlier in the visible spectral range shown in Table 2,

L ' there seems to be no clear trend, neither with solvent polarity

1300 1400 1500 1600 1700 1800 2300 2400 . . . .

v/em® nor with viscosity. But these data may suffer from overlapping
Figure 6. (a) Linear absorption spectrum of in MeCN-ds; (b) photoproduct transients that obscure the picture. One may
transient spectrum 1.3 ns after 267 nm excitatioH oh MeCN-ds (at observe that the electronic polarizability efheptane as
2220-2390 cm!® the spectrum was recorded imheptane because  measured byr@ — 1)/(n? + 1) is smaller by about 15% than
MeCN-d; is opaque in this range)®) bleaching ofil ; (O) formation that of CCl and CHCI,. If one assumes that there is a barrier
of CO,; and ) formation ofllb . along the reaction path resulting from an intersection of two
harmonic surfaces which show a linear relative energy shift with
solvent polarizability, the barrier height would change ap-
preciably and could account for the observed change in
5 rate coefficient. Acetonitrile, though, has a refractive index
slightly smaller than that af-heptane, but on the other hand it
is strongly polar with ultrafast dielectric relaxation components
which could contribute to the lowering of relevant regions of
the potential energy surface even on the time scale of a
fragmentation. At present, however, we do not know whether
the photofragmentation is a barrier-controlled process. Investiga-
tions of the temperature dependence could help to clarify this

0 10 20 v
time / ps .
B e S L point.
] 1 i HISU i 18I00 i 180 i 2. Modeling of CO, Spectra.In a previous paper the spectral
15 ; ‘ T evolution of thevs asymmetric stretch absorption band of £O
Dot b) produced in the UV-induced decomposition of aromatic per-
a ::fg;: e ;ggg: oxides was attributed to vibrational cooling of the initially
G ' ' g excited moleculd® The excess energy originates from the

energy release associated with the structural relaxation of the
bent OCO moiety to form the linear G@nolecule. By using
an anharmonic oscillator modélit was possible to assign
vibrational temperatures to the hot spectra and calculate the
temperature as a function of time. However, spectral resolution
i Y S iy in this earlier work was limited to 12 cm such that the
1760 1780 1800 1820 modulation shown in Figure 4 was not resolved. Therefore, we

v/cm” expect to get a more accurate and complete picture of the
Figure 7. (a) Transient spectra of the CO stretch absorption band of Vibrational relaxation process when analyzing our data using
Il in MeCN-d; recorded at selected pumprobe delay times; the insert ~ the same procedure.
shows the decay of the integrated band intensity (exponential fit gives  The broadening of the COrs-band upon vibrational excita-
atime constant of 6.6 1.0 ps); (b) (_evolution of the excited state CO  tjgn originates from anharmonic coupling among symmetric
stretching band derived from the difference between the transients Ofstretch ¢1), bend ¢2), and the asymmetric stretch modes.
part a and the spectrum at 30 ps punppobe delay (color code is the . ~
same for both panels). According to the' model of Hamm et.ﬁ.the spectrunAs(®)

of the asymmetric stretch mode is given by

photofragmentation df, a statistical description of the reaction S

rate most probably would be valid, while for the ultrafast Ay(®) = {[a(ng) — a(n; + 1)](n; + 1) x

dissociation ofll such an approach might be questionable, but ng=

still a nonstatistical reaction ofl would be even faster. It s s

appears, therefore, that photofragmentation occurs on the S z ZO a(nya(ny)-L[@ — v(n;—ng + 1))} (1)
potential energy surface and does not involve internal conversion =0 ri=

to the ground state surface. At present, without detailed

knowledge about the excited state potential energy surface, awherea(ny) is the relative population in theth level of mode
guantitative explanation is still lacking. For the same reason, a k, L(®) is a line shape function, arfglis the maximum number
discussion of the solvent effeeslowing down of the fragmen-  of vibrational levels considered in the calculations. For our
tation rate inn-heptane by about a factor of-has to remain calculations we use8 = 6 for v3, S= 10 for v1, andS= 15
qualitative. If one takes into account also the time constants for v,. The location of a spectral line for a transitiog— nz +
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Figure 8. Temporal evolution of the vibrational temperature (a) and
the energy (b) of C@®produced after photodissociation lbfn CCls.

1 of modevs coupled to the other modes is given by

P(Ny—= Ny + 1) = 5+ X35+

Xi2 T X
= 2 =+ 233N + Xy + Xoq, (2)

In the gas phase the harmonic frequency of the asymmetric
stretch vibration isb; = 2396.30 cm™.2° The anharmonicity
constant® xzz3 = —12.50 cnT?, x;3 = —19.27 cn1l, andx,s =
—12.51 cm! are all negative indicating a red shift of the
band when C@is vibrationally excited.

The populationg(n) in eq 1 are normalized for each mode
and are assumed to be Boltzmann distributed, i.e.,

O exp(=nhw/kgT)
> G, exp(-nhalkgT)

a(n) =

©)

wherew is the fundamental frequency of the vibrational mode.
The degeneracy @, = n + 1 has to be taken into account for
the bend vibration.

At first eq 1 was fitted to the room temperature spectrum of
CO;, dissolved in CCj as presented in Figure 4d by the blue
line. Almost perfect agreement to the FTIR spectrum is obtained
by using a Lorentzian line shape of 6.0 chwidth (fwhm).
The position of the main peak at 2336 chrepresenting the
(0,0,0)— (0,0,1) transition is red-shifted with respect to the
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TABLE 3: Initial Vibrational Temperatures T, Temperature
77, and Energy Decay Time Constantg, of CO, Produced
from Peroxide Photodissociation

compd T/IK solvent T7/ps Tdps
I 2550+ 200 CCl 270+ 30 200+ 20
2600° n-heptane 14@- 20 110+ 20
Il 2500+ 200 CHCI, 67 + 5% 51+ 4%
27005

of 6 cn! at this frequency range was taken into account by
using an effective line shape function computed from the
convolution of a Lorentzian and a rectangular function each of
6 cnT! width. Parts ac of Figure 4 show good agreement
between measured and calculated spectra. The 128 cm
progressions seen on top of the hot spectra represent direct
images of the population of the bend vibration in the individual
guantum states. Note that apart from an amplitude factor the
only adjustable parameter in the fitted spectra is the temperature,
which is evaluated as a function of time and plotted in Figure
8a. The initial CQ vibrational temperature after photodecom-
position of |l is 2550+ 200 K. The temperature decay has a
characteristic time constant of 278 30 ps in CCJ and is
translated into an energy vs time curve according to

hw,

z 1 — exp(—hw/ksT)

E(T) = (4)

where the summation is over the g@brational modes with
frequencyw; (the degenerate bend vibration is counted twice).
Due to the high nonlinearity of(T) the time constant of the
vibrational energy decay of COs considerably faster (206

20 ps, see Figure 8b) than the temperature decay. The results
of CO, energy relaxation are summarized in Table 3. A closer
look at Figure 4c reveals that the @€pectrum measured at a
pump probe delay of 1.5 ns cannot be fitted by a thermal
spectrum. Considering the time constants Tf) or E(t)
evaluated from the initial decay of both quantities the,CO
molecule must be thermalized at 300 K by this time. The
corresponding simulated spectrum (blue line), however, does
not account for a small peak 25 chred-shifted from the (0,0,0)

— (0,0,1) transition. Bend excitation cannot be responsible for
this peak because that would require a population inversion with
a(2) > a(1), a situation obviously not observed at earlier times.
Therefore, we attribute this peak to residual population imthe
=1 level of the asymmetric stretch vibration: 3.5% excitation
of v3in n = 1 yields excellent agreement between simulated
(red curve in Figure 4c) and experimental spectra.

Recent molecular dynamics calculations of O@brational
relaxation produced in the photodissociation of organic perox-
ides have showi-32that the different modes lose their energy
on different time scales. Whereas symmetric stretch and bend
vibrations are strongly coupled due to Fermi resonance and

jointly relax with a time constant of 210 f#sn CCly, the high-

frequency asymmetric stretch is only weakly coupled to the other
modes and relaxes on much longer time scales. While this result

gas phase. This is taken into account by reducing the harmonicobviously is in agreement with the nonthermal spectrum in

frequency@s in eq 2 by 19.4 cm®. The satellite at 2324 cm
is due to the (0,1,0~ (0,1,1) transition and reflects 7.5%
excitation of the bend vibration at 300 K. Its shift relative to
the main peak is determined by the nondiagonal anharmonic
termxpz in eq 2.

For the calculation of transient GG@pectra the line shape

Figure 4c, the origin of the excess energys has to be
clarified. One possibility is that it originates (as for the bend)
from the energy release associated with the restructuring of the
OCO moiety after bond breakage to form the linear,Cthis

would require a precursor where initially the two CO bonds

are of different length. The latter could be the case for the parent

was assumed to be temperature independent. The spectrometgreroxide and a hypothetical intermediate (€@—0—t-Bu,

resolution (given by the pixel width of the HgCdTe-detector)

but not for radicala in Scheme 1. For energetic reasons,



10118 J. Phys. Chem. A, Vol. 111, No. 40, 2007 Reichardt et al.

however, it is unlikely that ArG-C bond breakage occurs prior (2) Sawaki, Y. InOrganic PeroxidesAndo, W., Ed.; Wiley: New

to O—0O bond scission. Hence a reaction mechanism may operate"©'k: 1992; p 425.

in which the ArO-C and O-O bonds break synchronously, (8) Hammond, G. G.; Soffer, L. M]. Am. Chem. Sod95Q 72

such that the excess energysipwould be a signature of the (4) Bartlett, P. D.; Hiatt, R. RJ. Am. Chem. S0d.95§ 80, 1398.

asymmetric structure of the OCO moiety in the peroxide. (5) Falvey, D. E.; Schuster, G. B. Am. Chem. S0d986 108 7419.
Alternatively, thevs excitation could be caused by weak (6) Misawa, H.; Sawabe, K.; Takahara, S.; Sakuragi, H.; Tokumaru,

. . . K. Chem. Lett1988 357.
anharmonic coupling of the asymmetric stretch to the other

S o 7) Ch f, J.; L k, J.; Ingold, K. U Am. Chem.
modes, which is enhanced at high vibrational energy. This might llq(2)87C7.ateauneu,J, usztyk, J.; Ingold, K. LlAm. Chem. Sod.983

be sufficient to populaters(n=1) to some extent before (8) Chateauneuf, J.; Lusztyk, J.; Ingold, K.1JAm. Chem. So98§
vibrational relaxation takes place, evenif is not directly 110, 2886.

excited in the process of dissociation. Asandv, transfer their (9) Wang, J.; Tateno, T.; Sakuragi, H.; Tokumaru,JPhotochem.
energy to the bath, coupling te; reduces and 3.5% of the  Photobiol. A1995 92, 53.

population remains trapped in its= 1 level. This mechanism (10) Wang, J.; ltoh, H.; Tsuchiya, M.; Tokumaru, K.; Sakuragi, H.

is supported by our molecular dynamics simulations. Figures 2 eahedroni995 51, 11967.
(11) Najiwara, T.; Hashimoto, J.; Segawa, K.; SakuragiBtil. Chem.

and 4 of ref 32 demonstrate that directly after excitationof o, Jap2003 76, 575.

and v, there is a short period of several tens of picoseconds (12) Polyansky, D. E.. Neckers, D. @.Phys. Chem. 8005 109, 2793.
where Fhel/g energy _slowly increases. When during V|br_at|onal (13) Polyansky, D. E.; Danilov, E. O.; Voskresensky, S. V. Rodgers,
relaxation symmetric stretch and bend mode lose their energym. A. J.; Neckers, D. CJ. Phys. Chem. 2006 110, 4969.

and reach a threshold of about 4000 ¢nthe energy invs (14) Aschenbitker, J.; Steegiller, U.; Buback, M.; Ernsting, N. P.;
becomes constant at a few hundred wavenumbers above thermdbchroeder, JJ. Phys. Chem. B99§ 102, 5552.

energies. No further temporal evolutionigis observed up to (15) Aschenbraker, J.; Steegriller, U.; Buback, M.; Ernsting, N. P.;
1ns. Schroeder, JBer. Bunsenges. Phys. Cheb998 102 965.

; i ; (16) Buback, M.; Kling, M.; Seidel, M. T.; Schott, F. D.; Schroeder, J.;
On the basis of the present results, a definite conclusion Steegriiller, U. 7. Phys. Chem2001, 215 717,

regarding the mechanism leading to excitation of the asymmetric (17) Buback, M.: Kling, M.: Schmatz, S.: SchroederPhys. Chem
stretch mode cannot be reached. Further experimental andchem. phys2004 6, 5441. T T '

theoretical studies are underway to clarify this point, as it (18) Abel, B.; Assmann, J.: Buback, M.: Kling, M.; Schmatz, S.:
concerns an important basic aspect of the photofragmentationSchroeder, JAngew. Chem.nt. Ed. 2003 42, 299.

dynamics. (19) Abel, B.; Assmann, J.; Botschwina, P.; Buback, M.; Kling, M.;
Oswald, R.; Schmatz, S.; Schroeder, J.; WitteJ TPhys. Chem. 2003
; 107, 5157.
Conclusions

(20) Abel, B.; Assmann, J.; Buback, M.; Grimm, C.; Schmatz, S.;
In the present work we have studied the photodissociation Schroeder, J.; Witte, T. Phys. Chem. 2003 107, 9499.
mechanism of the arylperoxycarbonates TBNLgnd TBPC (21) Abel, B.; Buback, M.; Kling, M.; Schmatz, S.; Schroeded.JAm.
(1) by means of ultrafast infrared spectroscopy. By monitoring Chem. Soc2003 125 13274.
the temporal evolution of vibrational marker bands it is shown __(22) Gu, Z. H.; Wang, Y. X.; Balbuena, P. B. Phys. Chem. 2006
that after UV excitation the Sstates of both peroxides decay 110 2448. e )
with the same respective rate as the final products @l (23) Hamm, P.; Kaindl, R. A.; Stenger, Gpt. Lett.200Q 25, 1798.

carbonyloxy radical are formed. A previously proposed sequen- (24) Lorand, J. P.; Bartlett, P. 0. Am. Chem. S0d.966 88, 3294.
yloxy - AP Y prop q (25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

tial dissociation mechanism with subpicosecond@bond ;A cheeseman, J. R.; Montgomery, J. A., Jr.. Vreven, T.; Kudin, K.
breakage and a spectroscopically accessible intermediateN.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
aryloxycarbonyloxy radical can be ruled out. Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,

[ : . Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
The high initial vibrational energy of the G@ragment results Ishida, M : Nakajima, T Honda, ¥.; Kitao, O.+ Nakai, H.; Klene, M.; Li,

from the structural relaxation of the bend-G—0O moiety after X.; Knox, J. E.: Hratchian, H. P.; Cross, J. B.; Bakken, V.: Adamo, C.;
bond breakage. Whether the 3.5% residual excitation imthe Jcaramillo, 3, Gomlrlnerés, (F;.;hStraLmann, R. E-;IYazyev, 0; Aukstin, A J;
— ; ; ; ; ammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

1level (.)f the asymmem.c stretch vibration O.bserved inCCl Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
at 1.3 ns is also due to this structural relaxation or caused by s : paniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
anharmonic coupling with symmetric stretch and bend vibration D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
at high energies cannot be clarified at this stage. Here additionalgi-si k%'r'gogd; Séimg%srﬁv"lskk/l;-riﬁft‘gaEQV":OE;- %i J'—'_ngt-r?] LTIa-SR?T;%A :\1‘;
experiments with perOX|_des releasing £@th less vibrational M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.:
excess energ}? are required. Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian

03, Rev. D.01; Gaussian Inc.: Wallingford, CT, 2004.
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