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The ground state gpand lowest energy triplet stateijTenergy surfaces of the parent dioxetane have been
extensively explored using various CASSCF active spaces with MP2 corrections in several basis sets. In
particular, the singlet/triplet surface crossing regions have been examined and therbfiigcoupling and
energetics computed. The computed energy barrier for the ring-opening of dioxetane is 16 kéalmich

is lower than the experimentally observed threshold (22 kcalthfar unsubstituted dioxetane decomposition.
However, the surface topology is in good agreement with the experimental observations. The barrier for
O—0 cleavage on the ground state surface is found to lie at nearly the same energy as the transition structure
for C—C biradical cleavage on the triplet energy surface. More significantly, the computational results indicate
that the singlet and triplet surfacdse not crossalong the minimum energy path (MEP) between the ground
state G-O cleavage transition state and the singlet biradical, as previously thought. Insteagl; t#3%)

surface crossing is prompted by a motmmthogonalto the reaction coordinate, which has components along
both the OC-CO torsional and ©C—C asymmetric bending vibrational modes. In particular, we find evidence

for a singlet/triplet crossing “line” that spans the ground statedCcleavage valley and lies a few kcal mbl

higher in energy. The computed spiarbit coupling between the ground state and trig(8tr) surfaces is

large (ca. 60 cmt) throughout this crossing region. Therefore it is suggested that facile intersystem crossing
(ISC) from the ground state to the triplet surface can occur anywhere along the MEP. ISC leads to production
of a*OCH,—CH,Or triplet biradical that can either fragment to form triplet products or undergo ISC back to
the ground state surface. The existence of a triplet/singlet crossing region located very close to the computed
triplet biradical, suggests that this species is metastable with a short (picosecond) lifetime.

Introduction SCHEME 1

The thermal decomposition of 1,2-dioxetanes has received o] o)
considerable attention in the pagtMost recently, accurate [+ H
experimental investigations on simple methyl-substituted diox-
etane%have provided coherent information about the activation 0—0 A
parameters and yields as a function of the degree and pattern
of substitution. These data form an ideal basis for the formula- .
tion and testing of a detailed mechanism of chemienergization 0 o O 0
and luminescence. It is of particular interest that these com- I+ H [ ]|
pounds decompose on moderate heating-@®°C) to form a ToorS; v
mixture of ground state, triplet, and a small amount of excited
singlet carbonyl products. The large proportion {30%) of
triplet product formed in symmetrically alkyl-substituted deriva- energy diagram shown in Figure 1a. According to this diagram,
tives, such as tetramethyldioxetdrf@MD) and tetraethyldiox- the rate-determining step on the ground state surface corresponds
ané (TED), indicates that the thermally-induced singlet to triplet to oxyger-oxygen (O-O) cleavage into aOCH,—CH,0O"
intersystem crossing (ISC) between the groungl §8d the first biradical, analogous to the accepted “textbook” mechanism
excited triplet state (Ij must be extremely efficient. Fragmenta- (Figure 1b)>® However, Figure 1a suggests that the activation
tion on the triplet energy surface then produces, in the case ofenergy for G-O cleavage on the ground state surface is very
the parent dioxetane, two molecules of formaldehyde, one in small (ca. 3 kcal mot'). Further, while the ground state product
the ground state and one in the tripletrfh state, as shown in ~ formation is controlled by this small barrier, the activation
Scheme 1. The excited state molecule can then decay radiativelyenergy for*OCH,—CH,O* biradical fragmentation on the; T
with luminescence, although most of it decays nonradiatively. energy surface is found to be 20 kcal midhigher. This predicts

Our initial theoretical study of the mechanism for the that the ground and excited state pathways must have very
decomposition of the parent dioxetane molecule predicted the different activation energies. On reviewing the experimental data

S King' on dioxetanes, the computed energy diagram appears to be

g's College London. . . . L . .
t Universita di Bologna. inconsistent with the following independent observations: (a)
TUniversitd Wirzburg. the barrier for the rate-determining step in the unsubstituted
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Figure 1. Energy diagrams for dioxetane decomposition on the singlet
(So) and triplet (T) state surfaces: (a) energy diagram computed in
ref 4; (b) “textbook” energy diagram, refs 5 and 6.

dioxetané is 22 kcal mot?; (b) measurements on TMB and
cis-diethoxy-1,2-dioxetarfe(DED) indicate that the activation
energy for the ground state (singlet) and excited state (triplet)
decomposition reactions are the same; (c) for 3,3-dimethyl-1,2-
dioxetané the lack of trapping establishes that the lifetime of
the triplet biradical intermediate must be very shottlQ ps).

In order to eliminate the discrepancy between the compted
and experimentally derived mechanistic pictures, we have
reinvestigated both the singlet and triplet dioxetane decomposi-
tion pathways using several different high level computational
methods. We have mapped out the different singlet and triplet
potential energy surfaces and studied possible singlet/triplet
crossing regions, using spiorbit coupling (SOC) computations
to predict the efficiency of ISC.

The new results are summarized in Figure 2a. Clearly, in spite
of the much improved agreement with experiment for the
energetics, the computed singlet-O cleavage barrier (about
17.6 kcal/mol uncorrected, 16.3 kcal mblwhen thermally
corrected) is still underestimated with respect to the experi-
mentally observed barrier of 22 kcal mél Further, while the
computed singlet ©0 cleavage and triplet-€C fragmentation
barriers (corresponding {6S; andTS; in Figure 2a) are of the
same magnitude, we find that the ground state %¥8d) state
energy surfaces are separated by a gap of a few kcaimol
which persists along the path to the singlet biradi@aR(®). It
is therefore unclear how th¢3n) state is efficiently populated
via O—0 cleavage.

In the following sections we describe how the discrepancy

between computational and experimental results can be sub-

stantially reduced by moving from a one-dimensional to a two-
dimensional view of the reaction coordinate. In particular, we
show that some 6 kcal ndl above the G-O cleavage transition
structure there is a11S, energy surface crossing that extends
along the path to the biradical region. This- 1-dimensional
crossing surface (whereis the number of degrees of freedom
in the molecule) provides an efficient ISC channel to )
surface, such that-©0 cleavage becomes the rate-determining
step for production of both singlet and triplet products. This is
consistent with observation (b). We explain the origin of

Wilsey et al.
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Figure 2. Recomputed energy diagram for dioxetane decomposition
on the ground state and tripl&Br) surfaces using state-of-the-ait

initio computations. All energy values are given in kcal molThe
labels refer to the structures shown in Figure 3. The energies are from
Table 2. (a) One-dimensional energy diagram of the ground state and
triplet 3(37) potential energy surfaces along the dioxetane decomposition
reaction coordinate computed using CAS(12,10)/6-Gt+MP2 with
thermally corrected values in square brackets. (b) Potential energy
diagram of the singlel(4r) and triplet3(3r) potential energy surfaces
along theTS;-synMAX S OC—CO twisting coordinate and along the

observation (c) on the basis of the computed energy surfaces inSynMAX $-synT; O—C—C asymmetric bending coordinate, orthogonal

the biradical region (see Figure 2c), where we have identified
a crossing region in the vicinity of the tripl&¢3x) biradical,
BIRT, where ISC back to the ground state surface can occur.
The large computed spirorbit coupling (SOC) of ca. 60 cm
in this crossing region suggests that this ISC will be exceedingly

to the reaction coordinate in the-@ cleavage region. Energies
computed at the CAS(8,6)/6-31&MP2 level. (c) One-dimensional
energy diagram of the ground sta{@r) and triplet3(3) potential
energy surfaces along thBIRT-BIRS-BIRT O—C—C asymmetric
bending coordinate, orthogonal to the reaction coordinate in the biradical
region. Energies are computed at the CAS(8,6)/6-3tKP2 level.
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CHART 1 CHART 2

(12,10) (12,12)

space (see Chart 2). The addition of a pair of “virtual” n* orbitals
yields a (12,12) space, although this active space is too large
for CASSCF geometry optimizations. In such cases, the
37 structures were optimized using GVBCAS calculations, in which
the four C-O o orbitals were kept in the GVB space. CAS-
s(8,8)/MP2 energies (without the,o* orbitals) were then
computed at these structures.
The standard GAUSSIAN 6-31G* basis set was used for
Theoretical Background and Computational Details the routine CAS(8,6) and GVBCAS(12,12) computations, while
) ) . the CAS(12,10) computations were run with the 6-&* basis.

Itis usually assuméd that dioxetane decomposition takes  The parrier heights for the ground state-O cleavage transition
place via biradical intermediate®CH,—CH,O* formed after state and the triplet dissociation transition state were also
initial cleavage of the ©0 bond. Due to the weak interaction  recomputed in the CAS(8,6) active space using the correlation
between the two radical centers, especially ingtht conforma- consistent cc-pVDZ basis set of Dunning. These calculations
tion, such a biradical is electronically rather complex since there \yqre expected to give more reliable energetics, since the s and
is a possible 8-fold (4-fold triplet and 4-fold singlet) state quasi- 1, orpitals are contracted separately, and the basis sets have been
degeneracy. The quasi-degeneracy arises from the differentyyiimized using a correlated wavefunction. In each case the
possible occupations of the orbitals on the oxygen atoms (Chartesyits were corrected with single point multireference MP2
1). ) , computations, using the method of Peas¢l.l (CASMP2)

The two states of most interest are the singletelectron for the (8,6) and (8,8) active spaces, and the method of Roos
state {(4x)), which dgscrlbes the reactant and groun_d state (CASPT2) for the (12,10) active space. These MP2 methods
products, and the triplet 8 electron state %(3z)), which differ mainly in the choice of zeroth-order Hamiltonian.
describes the triplet excited state products (i.e., a mixture of = greqency calculations were carried out at each of the critical
triplet and ground state formaldehyde). The small quantity of points located at the CASSCF/6-31G* level, using a (4,4) active
excited state singlet formaldehyde that has also been obetved space without the doubly occupied oxygen orbitals. These were
would result from dissociation from the singlet 8lectron state used both to verify the nature of the point found and to provide
(X(3m)). The third possible orbital configuration corresponds to zero-point energy (ZPE) corrections. At a few selected points

the singlet and triplet:2 electron states; dissociation from these (a b, m, andq), frequencies were computed using an (8,6)
surfaces would lead to two excited state formaldehyde mol- ;4\ /a s,pace for extra accuracy, and these were used for

ecules, which would occur at much higher eAnergies._ evaluating thermal corrections (including ZPE) to the energies
The exploratory computations of Reguetal®on the singlet o1 these points (see Table 1). In some regions of the potential

and triplet potential surfaces of dioxetane were performed using energy surface, near-degeneracies between surfaces led to

complete active space (CAS)-SCF with a limited active space \ejiaple frequency computations, and these are indicated in

and a 4-31G basis set. Our primary objectives in this work are o taple.

to investigate the potential energy surface for the decomposition Crossing points were located using the conical intersection

gf dloxetatnti in more det?ltlhusmg htl_gher Ievgl_s Otf thfeor)t/) atr;]dt:]o algorithm in GAUSSIAN942 This method optimizes the lowest
ocument the regions of the reaction coordinate (for bo € energy point on am — 2-dimensional intersection hyperline

O~0 cleavage and fragmentation steps) where(fe) triplet between two surfaces of the same symmetry and multiplicity.

surfaqe Crosses .W.'th the groun.d' state surface. The relatlVeThe remaining two dimensions describe a plane spanned by the
energies of the minima and transition states on the ground stateya rivative coupling and gradient difference vectors. Such a

and 3(37) surfaces of dioxetane are the central question. method has been the focus of several paSercently, and
Therefore, we have computed these quantities using a hieramhytherefore is not described in detail here. Spanbit cou’ ;

. . . pling
of methods (CASSCF, GVBCAS, and multireference MP2) with calculations were performed using the code implemented in

various basis sets, in order to demonstrate some convergences A ;ss|AN94. This code uses a one-electron approximation

in the co_mputational “?S“'ts- . . . for the spin-orbit coupling operator, with the effective nuclear
An active space of eight electrons in six orbitals (Chart 1) is charges of Kosekét al16 (C, 3.6; O, 5.6). For both the conical

thefmlnlmgm r;ee((jjeql_;o describe tht? t0p°|093{) of the pottegtlrél intersection optimizations and the spiorbit coupling computa-
surfaces involved. These energetics can be corrected Dyyons siate averaged orbitals were used.

performing multireference MP2 (CASMP2) computations using
this CASSCF reference space. However, it is not possible to
perform geometry optimizations using CASMP2. Therefore, an
improved level of theory requires increasing the active space The relevant energetics for the minima and transition states
by adding additional orbitals so that some of the dynamic on the triplet and singlet potential energy surfaces along the
correlation effects can be included in the CASSCF geometry dioxetane decomposition reaction coordinate are collected in
optimization. The obvious extension of the active space involves Tables 1 and 2, and the corresponding molecular structures are
the inclusion of the €0 a/o* orbitals to give a CAS(12,10)  shown in Figure 3. Several conical intersection structures were

fast, such thaBIRT can be regarded as a metastable specie
with a picosecond lifetime, too short-lived for chemical trapping.

Results and Discussion
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TABLE 1. CAS-SCF and Multireference MP2 Energies for Dioxetane Decomposition Potential Energy Surfaces

structure state CAS (8,6)/ CAS (8,6)/ relative relative
(see Figure 3) (see Chart 1) 6-31G*2 6-31G*~+MP22 ZPE correctioh thermal correctioh
dioxetane
(@) S Y(4) —227.6988 —228.2221(0.0) (0.0) (0.0
TS,
(b) S Y(4) —227.6863 —228.1950(17.0) 1.1) (-1.3)
T:3(37) —227.6703 —228.179226.9)
synMAX
() S Y(4) —227.6819 —228.1853(23.1) +1.9)
T13(37) —227.6824 —228.188221.3)
synT;
(d) T13(37) —227.6869 —228.1912(19.4) e
S, Y(4n) —227.6802 —228.183924.0)
gaucheBIR
(e) S Y(4) —227.6952 —228.2007(13.4) -1.6)
S, Y(27) —227.6933 —228.199514.2)
T13(37) —227.6931 —228.2000(13.9)
® S Y(27) —227.6980 —228.205210.6) +2.3)
S, Y(4) —227.6912 —228.196516.1)
T,33n) —227.6935 —228.1994(14.2)
9) T13(27) —227.6978 —228.205210.6) 2.4)
(h) T,33n) —227.6954 —228.2039 (11.4) e
S Y(27) —227.6959 —228.2041(11.3)
S Y(4n) —227.6931 —228.1986(14.7)
0] S Y(37) —227.695% —228.2033(11.8) e
anti BIR
0) So H4) —227.6964 —228.2021(12.6) -1.8)
S Y(2n) —227.6919 —228.1986(14.7)
T13(37) —227.6930 —228.1986(14.7)
(k) S 1(27) —227.6990 —228.20749.2) (-2.0)
S, Y(4x) —227.6913 —228.196516.1)
0) T, 3(27) —227.6990 —228.20739.3) (—2.5)
(m) T, 3@3n) —227.6960 —228.2039 (11.4) #+0.4) (+0.6)
S Y(27) —227.6972 —228.204511.1)
S, Y(4x) —227.6939 —228.199514.2)
(n) S, X(37) —227.6956 —228.2032(11.9) e
gaucheTs;
(0) S Y(4) —227.6960 —228.2007(13.4) 2.7)
(p) T133n) —227.6644 —228.178227.5) +4.5)
antiTS,
(a) T1337) —227.6666 —228.181325.6) 4.4) (—3.8)

2 Absolute energies in Hartrees with energies in kcal thatlative to those of theSeactant in parenthesésEnergies in kcal mof relative
to the S reactant® Structure not completely optimized in full active spa¢®IP2 calculation in (4,4) active space-requency calculation unreliable
due to near degeneracies of other states.

TABLE 2: Energies Computed at GVB-CAS(12,12)/6-31G*, CAS(8,8)/6-31G* MP2, CAS(8,6)/cc-pVDZ+ MP2, and CAS
(12,10)/6-3%#G* + MP2 Levels of Theories for a Series of Relevant Structurés

CAS (12,10)/

structure  state (see GVB-CAS CAS (8,8)/ CAS (8,6)/ CAS (8,6)/ CAS (12,10)/ CAS (12,10)/  6-31+G* + MP2
(see Figure 3) Chart1) (12,12)/6-31G* 6-31G*+ MP2  cc-pvDZ  cc-pVDZ+MP2 6-31+G* 6-31+G* + MP2 + thermal
dioxetane

(a) S Y(4n) —227.7828 —228.23490.0) —227.7145 —228.2597(0.0) —227.7807 —228.29750.0) (0.0)
TS

(b) S Y(4n) —227.7557 —228.2064(17.9) —227.7029 —228.2331(16.7) —227.7526 —228.2514(17.6) (16.3)
anti BIR

0) So Y(4) —227.7607 —228.26628.3)

(m) T2 3(37) —227.7605 —228.2617(11.2) (11.8)

S, Y(4r) —227.7577 228.260(12.2)

antiTS;

(a) T13(37) —227.7355  —228.1931(25.6) —227.6850 —228.2241(22.4) —227.7422 —228.247220.3) (16.5)

2 Absolute energies in Hartrees with energies in kcalthalative to those of theg3eactant in parentheseésComputed at the GVB-CAS(12,12)/
6-31G* geometries.

also optimized; these are illustrated in Figure 4 with the in detail below, other electronic states become involved in the
corresponding energies in Table 3. As mentioned in the previousregion of the singlet and tripleODCH,—CH,O* biradicals (here
section, the two potential energy surfaces of most interest for generically indicated bIRS andBIRT).

the reaction mechanism are those of txer) and?(3r) states. The ground state!(4r)) O—O cleavage transition stafeS;
Accordingly, a schematic energy diagram of the reaction (structureb) corresponds to gauchestructure with an activation
pathways on these energy surfaces is shown in Figure 2a (theenergy of ca. 17.6 kcal mot (16.3 kcal mot?! with thermal
energetics in this figure have been calibrated for a set of selectedcorrection). Structuree corresponds to &(4z) second-order
structures &, b, j, m, andq) computed at the CAS(12,10)/6- saddle point§ynMAX ) located some 6 kcal mot aboveTS;.
31+G*+MP2 levels of theory). However, as we shall discuss At this point the triplet3(37) energy surface was found to lie
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<(0,C,C,0) = 9 (9) [9]
1.554 (1.529) [1.542]

<(0,C,C,0)= 33 (37) [38]
2.118 (2.271) [2.321]

<(G,C,C,0)=0
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Figure 3. Optimized molecular structures for (a) dioxetane, (p}(&r) O—O cleavage transition stat€$), (c) S }(4n) synsecond-order saddle
point (synMAX 9), (d) T; 3(37) synmaximum 6ynTi), (€) $ *(47) gauchebiradical BIRS) (C—C bond length constrained), (fy §27) gauche
biradical, (g) T 3(27) gauchebiradical, (h) & 3(3x) gauchebiradical BIRT), (i) S; 1(37) gauchebiradical, (j) $ (4x) anti biradical BIRS) (C—C
bond length constrained), (kh §27) anti biradical @IRS), (I) T1 3(27) anti biradical, (m) T 3(3x) anti biradical BIRT), (n) S %(37) singletanti
biradical (0) 3 1(47) gauchefragmentation transition state, (p) ¥37) gauchefragmentation transition staté$;), and (q) T 3(3x) anti fragmentation
transition stateS;). Bond lengths are given in angstroms, and angles in degrees.

ca. 2 kcal mot? lower in energy than thé(4s) surface (to be
discussed in detail subsequently). The lowest)(Biradical
(BIRS in Figure 2a) has aanti conformation (structurg) and

is located 9 kcal mol* below TS;. This biradical is unstable
with respect to € C cleavage such that a fragmentation barrier
could not be fully optimized. Thanti minimum (structuram)

on the3(37) energy surfaceRIR T in Figure 2a) is located-56
kcal mol! belowTS;. At the best level of theory used (CAS-
(12,10)/6-3%-G* 4+ MP2 + thermal correction), the T3(37)
anti biradical fragmentation transition staleS, (structureq)
lies 20.3 kcal mot! above the reactant molecule (16.5 kcal
mol~! when thermally corrected). The thermal correction is
larger inTS; thanTS;, as expected, aES, is a much looser
transition state (see Tables 1 and 2), such that B&hand
TS, correspond to barriers of around 16.5 kcal mol

activation energy of around 16.5 kcal mél(ii) a very unstable
1(47) biradical intermediateBIRS that can fragment im-
mediately, (iii) a triplet}(3x) biradical intermediat8IR T, and
(iv) a triplet fragmentation barrielS; that is of the same
magnitude as theSO—O cleavage barriefTS;. These data
provide a much better agreement with experiment as compared
to the previous computational wotkdowever, the computed
barrier for the rate-determining step still remains some 6 kcal
mol~! less than the experimental activation enetdyurther-
more, no clear-cut mechanism for the production of the triplet
intermediateBIRT emerges from the one dimensional diagram
of Figure 2a. In particular, nosS~ 3(37) crossing occurs along
the ground state ©0 cleavage reaction path.

In the following section we show that, while the computed
barrier height remains in disagreement with experiment (i.e.,

The one-dimensional diagram of Figure 2a supports a CASMP2 appears to underestimate the stability of the closed
mechanism for dioxetane decomposition where there is (i) an four-membered ring), the formulation of a consistent mechanism
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<(0,C,C,0)=-7 <(0,C,C,0)=63 <(0,C,C,0)= 66
1.391
107
1.379 1.564
113
(t)

(u) )

Figure 4. Optimized crossing points: (&4x)/X(37) conical intersection neaynMAX S; (s) Y(27)/*(37) crossing point in the region of the 3
gauchebiradical minima; (t)*(27)/3(3x) crossing point in the region of £§ gauchebiradical minima; (u)(27)/X(37) crossing point in the region
of the (37) anti biradical minima; (v)3(27)/3(37) crossing point in the region of the A3 anti biradical minima.

TABLE 3: CAS-SCF Energies for Crossing Points on the

O—C—C asymmetric bending and G€CO torsional deforma-
Dioxetane Decomposition Potential Energy Surfacés

tions, are located near the-@ cleavage transition state region.

?tate Cé% (%6)/ relative Figure 2b shows cross-sections in the regioi 8f along these
see -31G* energy _C— i i i -
structures (see Figure 4) Chart1) (Hartrees) (kcal/mol) O c-C qsymmemc bending and ,G@O tors"_’”a' deforma
dioxetand@) S 4 —227.6988 0o tions. Motion along the OECO torsional coordinate fromS;
TS1 (b) S Hdn) 9966963 478 leads to a symmetric second-ordgr saddle pagh MAX S
Sy/S; crossing neasynMAX S(r)  Spi(4m) —227.6811  +11.1 (structurec), where the’(3r) state lies below thé(4x) state.
S ;(SH) —227.6810 +11.2 Motion along an in-plane asymmetric bending fregmMAX S
P 35% :ég;gg%g iig'g leads tosyn T (structured) where the3(37) state lies even
SY/S: crossing neagaucheBIR (s) 531(2,,) —297.6937 432 further bellow thg sir)glet surface_in energy. We now discuss
S14(37) —227.6934  +3.4 this crossing region in more detail.
% 22232 :g;‘gggi igi The ground state ©0 cleavage transition stales; (structure
Tu/T, crossing neagaucheBIR (t) T, 3(27) 2276948 425 b) has a 33 twisted structure, and there is an equivalent (i.e.,
T,3(37) —227.6943 +2.8 mirror-image) transition statéS;" with a —33° twist. These
So¥2r) —227.6950  +2.4 two transition states are connected via the-@XD twisting
S{8m —227.6938 3.1 dinate that isrth lto the O-O cl t
SYS: crossing neaanti BIR (u) S i2m) —227.6936  +3.3 coordinate that iorthogonalto the cleavage reaction
S Y37) —227.6935  +3.3 coordinate (see Figure 2a,b). The compu{dd) energy profile
Ti¥2m) —227.6941  +2.9 the OC-CO twisting coordinate corresponds to a double well,
To%3m) —227.6933  +35 where TS; and TS, form the two gauche*minima” of the
T4/T, crossing neaanti BIR (v) T13(27) —227.6946 +2.6 . . S
T,%37) —227.6946  +2.6 double well, with a planar, symmetric structun MAX
So3(2n) —227.6949 +2.4 (structure c), located at the double well maximum. This
$1%3n) —227.6940  +3.0 stationary point (a local energy maximum with two imaginary

2 Energies obtained using state-averaged orbitals over two states, withfrequencies: 1117i cnt corresponding to ©0 stretching and
weights 0.5:0.5, except foryBt pointr, which was computed bothby ~ 192i cnt! corresponding to OE€CO torsion) was fully
state-ave_raging over three states with weights 0.33:0.33:0.34 (markedoptimized and lies 6.1 kcal mol above the energy of the two
1) and without state-averaging (marked §). transition states (see Table 1). A6, andTS;’ the triplet3(37)
surface lies 9.9 kcal motl abave the energy of the singlét
(4x) surface (see Figure 6 in the Supporting Information for
details). However, at the local maximusynMAX S, the triplet
3(3m) surface lies 1.8 kcal mot belowthe 1(4x) surface (see
Table 1). Thus, thé(37) and(4x) potential energy surfaces

for dioxetane decomposition and chemienergization can be
derived by moving from a one-dimensional to a two-dimensional
view of the reaction coordinate. In particular, we show that
efficient production of thé(3x) intermediates can be explained
by motion through a vast¢8(3r) crossing region that spans ) \
the O-O cleavage valley connectingS; and BIRS. This cross in the ©-O cleavage region betwedi$, andsynMAX S.
crossing region cannot be detected simply by following thedd ~ Since the computed SOC at the crossing points is very large in
cleavage minimum energy path, since it is located a few kcal this region (ca. 60 cm), there is an efficient ISC channel from
mol~* higher in energy, and can only be intercepted by a motion the*(4x) surface to thé(3x) surface. Attempts to optimize the

orthogonalto the reaction coordinate.
Structure of the O—0O Cleavage Transition State Region.

lowest energy(4)/3(37) crossing point were thwarted by the
presence of thé(3r) surface, which lies very close in energy

Our purpose in this subsection is to demonstrate that manyto the3(3x) surface. However, §4x)/3(3r) conical intersection

energetically accessiblé(47)/3(3x) crossings, induced by

(structurer in Figure 4) was located only 3.3 kcal mélabove
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TS,. At this point the triple€(3r) surface lies only 1 kcal mot
below thel(4r) surface, suggesting ti€3:)/1(4) crossing is
close.

A planar stationary poinsyn T, (structured) of biradical
nature was also located on (&) surface close teynMAX S,

J. Phys. Chem. A, Vol. 103, No. 11, 1998675

surface topology depicted in cross-sections Il and Il shown in
Figure 2b,c, respectively.

In the regions around the triplé¢3x) biradicalsBIRT, the
ground state surface is th&) surface and the lowest energy
triplet surface is thé(27) surface, although all four surfaces

but at an asymmetric geometry. This structure was optimized are virtually degenerate in the region of #{@z) minima. The

as a transition state corresponding to -©CQ0O torsion. The

structure of thé(37) and $4(2) potential energy surfaces along

frequency calculation indicated two imaginary frequencies but the coordinate connectirglR T (and the mirror image biradical

is unreliable due to the near degeneracy of the other triptet 3
state. This structure lies only 2.4 kcal mbhboveTS;. At this
structure the¥(3r) surface lies 4.6 kcal mot below thel(4r)
surface in energy.

BIRT) to theanti 1(27) minimum is illustrated in Figure 2c.
The deformation between the two biradical minima is an
O—C—C asymmetric bending motion, orthogonal to the reaction
coordinate (see cross-section Il in Figure 2a,c), analogous to

Thus, Figure 2b shows that while an out-of-plane deformation the motion connectingyn MAX S and syn T, (Figure 2b).

of the highly symmetrisynMAX S structure (i.e., a deformation
towardTS;) leads to stabilization of thi4:) state with respect
to the3(3x) state, an in-plane asymmetric bending motion from
the syn MAX S structure (i.e., a deformation towasyn T,)
greatly stabilizes thé(3m) state. Therefore, the-©0 cleavage

Although a3(37)/%(2x) crossing could not be optimized, both
1(3n)/*(27) (structuress and u) and 3(3x)/3(27) (structurest
andv) crossing points were located at asymmetric geometries
close to thegaucheand anti 3(3) minima. The spir-orbit
coupling computed betweenrand 2t surfaces with different

transition state region must be spanned by many energeticallyspin was found to be large (690 cntt). The ground state

accessible(4)/3(37) crossings, induced by ©C—C asym-
metric bending and O€CO torsional deformations.
The Biradical Region. Thep$o T; and Ty to § Channelsin

1(2x) surface is lower in energy than tB@x) surface; therefore
facile ISC can occur froBIR T back to the ground state surface
such that the triplet biradical intermediate is expected to have

Figure 2a we show that a ground state minimum energy path & Very short lifetime.

(MEPS) connects the ©0 cleavage transition stat&S;
(structureb) to thel(4r) anti biradical minimumBIR S, While
this is qualitatively correct, the comput®&EPS has a consider-
ably more complex structure. In fact, th¢EPS coordinate
starting atTS; terminates in the vicinity of a stablgauche
biradical minimum on the singlé{2) potential energy surface
(structuref), as thel(4r) and1(27) surfaces cross along the
MEPS coordinate. This coordinate retai® symmetry and
corresponds mainly to an increase in the-&D torsional angle
from 33 to 67°. Further motion along this torsional coordinate
into the region of thenti conformers leads to the lowest energy
singlet biradical, which is again'§2x) structure (structurk),
stable to C-C cleavage. However, a-€C stretching motion
from eithergaucheor anti 1(2x) biradicals (i.e., a fragmentation
motion) leads to thé(4mr) gaucheBIR S (structuree) and(4s)
anti BIRS (structurej) respectively. These had to be optimized
with constrained €C distances (1.56 A), as they are unstable
to C—C fission. This is consistent with the fact that tHdr)

In previous theoretical work, Harding and Godddmported
a 3.1 kcal mot? dispersion for the eight low-lying states in the
biradical region. Our results are consistent with this result as
we have located stablgaucheand anti minima on thel(2r)
surface (structurelsandk) coincident with minima on thé(2x)
surface (structureg andl), all with C; symmetry; andyauche
and anti minima on the3(3x) surface (structured and m)
coincident with minima on thé(3x) surface (structuresand
n) at asymmetriqgeometries. Both unstabfgauche(structure
€) and anti (structurej) minima were located on th&4n)
surface, although these had to be optimized with constrained
C—C distances as the surface is very flat with respect+@C
fission.

Therefore, a vast biradical multistate degeneracy extends
along the gvalley betweerm'S; andBIR S. Thel(4r) and(2x)
surfaces cross alonglEPS, and then recross as the biradical
starts to fragment. As the molecule relaxes aldAigPS and
twists, the triplet3(27) state becomes degenerate with) &d

state is the only one that correlates with two molecules of ground this degeneracy is maintained into the biradical region, where

state formaldehyde.

The 3(37) biradicals,BIRT, were located at botlgauche
(structureh) andanti (structurem) geometries. These structures
could only be optimized in a (4,4) active space, as ¥2a)
surface is virtually degenerate at these points. Whileggthehe

the minima on thé(27) and®(2x) surfaces virtually coincide
(compare structuresand g, k andl). However, single point
calculations on thé(3m) energy surface computed along the
MEPS coordinate (see Figure 7 in the Supporting Information
for details) indicate that it remaingarallel to the MEPS and

structure was optimized as a minimum, the frequency calculation some 3-5 kcal mol® higher in energy. Thus along this path
showed one imaginary frequency but is unreliable due to the the chemically relevari{(4sz) and3(3x) energy surfacedo not

near degeneracy of tf€2x) surface. Thanti structure had no
imaginary frequencies. Notice thaynT; (structured) corre-

cross. It appears that the double-well surface topology of the
S, and3(37) surfaces extends all the way frosgn MAX S to

sponds to a conformational transition state between the two BIRS (see Figure 2b,c), such that a crossing can occur anywhere

gauched(3n) biradicals.

The main structural differences between ttr) BIRS and
the3(37) BIRT biradicals can be seen by comparing the different
gauche(e and h) and anti (j and m) structures. The triplet
biradicals have only one tight ©C—C bending angle and
slightly longer C-O bonds. In fact, lower symmetry is a general
feature of the molecular geometries on &) energy surface
(see for instance structurdsh, m, p, andq). Therefore, along
the symmetricMEPS, the 3t geometries are unstable and the

along the MEPS as soon as a step along the—-O—C
asymmetric bending coordinate is taken. This implies the
presence of an energetically accessdntessing seamindicated

in Figure 2a by a dashed line. The SOC computed between the
So (M(4r) or Y(27)) and Ty (3(3)) surfaces at each point along
the MEPS path was found to be large (6770 cnT?), indicating
efficient intersystem crossing (ISC) would occur between these
surfaces. However, ISC is not expected to be efficient between
the § (X(4x) or {(27)) and the3(2r) energy surfaces, as the

27 and 4t geometries are stable. On the other hand, at SOC is virtually zero €1 cnr?) at all points along th&/EPS.

asymmetric geometries thergeometries are stable, while the

Biradical Fragmentation Region. There appear to be

27 and 4t geometries are unstable. This leads to the type of virtually no barriers to fragmentation on thédr) surface. A
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Figure 5. Triplet quantum yields®T) measured at different temper-

atures for the decomposition of TMD. The structure of the Sand T, potential energy surfaces

documented in the previous subsection allows one to derive a
gauchetransition state (structure) leading from the gauche ~ Mechanistic model for singlet and triplet dioxetane decomposi-
1(47) minimum (structures) to ground state products could not  tion, based upon conclusions {gj). This model is given in
be fully optimized but indicates that the barrier to fragmentation Scheme 2. As pointed out in the Introduction, our computations
is only about 0.5 kcal mot. The correspondingnti transition yield an O-O cleavage activation barrier that is 6 kcal mol
structure could not be located at all, suggesting there is almost/oWer than the experimentally observed value. Although this

no barrier for fragmentation from thenti minimum. error seems unexpectedly large for the level of theory used in
The transition state§'S,) for biradical fragmentation on the ~ this work, it is generally recognized to be computationally
3(37) energy surface were located at bgguiche(structurep) difficult to evaluate the stability of strained rings with respect

andanti (structureq) geometries, the energy difference between 0 Open structures, and therefore we put this discrepancy down
the two transition state conformers being less than 2 kcatinol 0 methodological error.

The energy required for dissociation from thaati triplet Therefore we assume that-@ cleavage occurs exclusively
biradical is 4.7 kcal mol! including thermal correction. The  on the ground state surface, in agreement with the generally
computed minimum energy path§IEPT) from bothanti and accepted mechanistic view of Figure 1b. However, sincegho S
gaucheconformers ofTS; lead toBIRT in one direction, and ~ Tacrossing is located along the computegction coordinate
n—ax* triplet excited state formaldehyde in the other. (see Figure 2a), one must explain the highly efficient chemien-
In conclusion we have shown the following: (a) T#@&m) ergization and production of triplet species. According to the
and'(4x) energy surfacedo notcross alongVIEPS. Instead, ~ results (a) and (b), ISC to the triplet surface can easily occur
there is a line of §3(3x) intersection leading from the €0 after the transition state, somewhere aldfigPS after passage

cleavage region to the biradical region, which can be accessedthroughTS;. In fact, since the computedEP* does not have

by O—C—C deformations, orthogonal to the reaction coordinate. components along the -&C fragmentation coordinate, frag-
(b) The SOC between they §(4x) or }(2)) and3(37) states mentation cannot be “direct”; i.e., there must be some redistri-
is large, and therefore th&3x) biradicals can be thermally ~ bution of energy within the vibrational modes of the molecule
populated via ISC by traversing the crossing in the@  first. Thus, given the large region of space spanned by the
cleavage region. (c) The crossing seam terminates in the regioncrossing line (see Figure 2b and related discussion) and the
of the 3(3x) biradical, such that these biradicals can either go €nergetically facile distortion that the molecule must achieve
throughTS; and fragment, leading to excited state products, or to enter it, we believe that ISC fromy® the*(37) surface can
decay (by facile ISC) to thegDiradical region and fragment,  be efficient and compete with singlet fragmentation. This point
forming ground state products. (d) TR&n) biradicals are is illustrated in Scheme 2, which shows that productioBI&t
unstableand can therefore fragment in an essentially barrierless and BIRS occurs competitively and is controlled by the same

process. rate constanko_o (i.e., dioxetane @0 cleavage). The actual
Mechanism of Triplet-Excited Product Formation and branching ratio cannot be estimated from our analysis, and we

Comparison with the Experimental Data. Energy barriers for ~ indicate it byf.

the triplet reaction were accurately measured by Addral3 After the triplet biradicalBIRT has been generated, frag-

for the parent and all possible methyl-substituted dioxetanes andmentation can be achieved as the O cleavage and the triplet

were found to fall between 22 and 28 kcal mblMoreover, fragmentation barriers have similar magnitudes (associated with

the triplet excitation yield T = [PT])/[D], where [D] is the a rate constant’c_c). In fact, the efficiency of triplet

amount of reacted dioxetane and s the amount of triplet fragmentation observed experimentally suggests Tisatlies
carbonyl product generated) is essentially temperature independower in energy thaT'S;, which, as we discussed earlier, we
dent for TMD, as reported in Figure 5. This indicates a common believe is underestimated. According to FigureR&R T exists
rate-determining step for the triplet and ground state decomposi-in a deep energy well wit a 5 kcal mot?! barrier to either
tion. This conclusion is in agreement with the measurements fragmentation or ring-closure (rate const&hy_o). Such an
made by Steinmetzer and Turf@hey found that the activation  intermediate may be trapped. However, the result (c) indicates
energy for the disappearance of TMD is identical to the that the bottom of the iTenergy surface is leaking (due to
activation energy for the formation of both ground state and efficient ISC to ), leading to decay t®IRS. (d) indicates
triplet acetone products. The same behavior has been observethat theBIR S biradical will fragment as soon as it is formed
in DED & Furthermore, dissociation from the singl&Bm) (i.e., the rate constakf._c is large). In conclusion, we expect
surface also appears to have the same activation energy ima short lifetime forBIRT as any triplet biradical that does not
TMD,” although the singlet excitation yiel®S (and therefore fragment immediately will efficiently branch tBIR S via ISC
also the chemiluminescence yield) is very small. These experi- (rate constanksc). Thus our reaction mechanism is consistent
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Finally, let us comment on the mechanism of the dioxetane
decomposition reaction from a more chemical point of view.
The merged mechanismas previously proposédo unify the
concerted and the two-step biradical pathways in order to

ratlonah_ze thfe Iar_ge amount of kinetic and prodL_th d?‘a- This synMAX S to TS;, (ii) Figure 7 reporting the results ét4x)/
mechanism implies that dioxetane decomposition involves 127, 3(27), and ¥(37) computed energy profiles along the
passage through an extremely asynchronous transition state thal{/lEP,S coordinate connectings; to thegauchebiradical, BIR.

incorporates features of both the biradical and concerted pathsThis material is available free of charge via the Internet at http://
For the parent dioxetane investigated here, we propose that at 9 P:

the merging point, a short-lived<(LO ps), metastable triplet pubs.acs.org.
biradical appears to intervefigwhich should be detectable by References and Notes
femtosecond spectroscopy.
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