January 1994

Chem. Pharm. Bull. 42(1) 1—4 (1994) 1

Molecular Orbital Study on Photoreaction of Peroxy Radicals of

Polytetrafluoroethylene

Akihiro NoGucHI, Shin-ichi Konpo, and Masayuki Kuzuya*

Laboratory of Pharmaceutical Physical Chemistry, Gifu Pharmaceutical University, 5-6—1, Mitahora-higashi, Gifu

502, Japan. Received June 23, 1993

The photoreaction of peroxy radicals of polytetrafluoroethylene (PTFE) was investigated by means of the
molecular orbital (intermediate neglect of differential overlap/spectroscopy—configuration interaction (INDQ/S-CI))
calculations of the excited states of model compounds for two types of radicals, i.e. the endchain peroxy and midchain
peroxy radicals. Calculations showed that the midchain radicals are excited to the second lowest excited doublet
(D,) state, which is responsible for the photoreaction, with much higher efficiency than the endchain peroxy radicals.
The bond order perturbations accompanied by the transition from the ground doublet (D) state to the D, state in
the midchain radicals seem to well explain the experimental results.
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In previous papers we have reported the nature of
radicals formed by plasma irradiation of polytetrafluoro-
ethylene (PTFE) and of the peroxy radicals formed on
exposure to air."? That is, argon plasma irradiation of
PTFE gave midchain radicals as a major product, endchain
radicals formed by cleavage of the main chain and im-
mobilized dangling-bond sites in the cross-linked part
near the polymer surface. These radicals were immediately
oxidized on exposure to air to give the corresponding
peroxy radicals. The midchain peroxy radical was easily
decomposed by UV (ultraviolet) irradiation to give end-
chain perfluoroalkyl radicals, while the endchain peroxy
radical is known to be inactive with UV irradiation.3#
The photolabile property of the peroxy radical of PTFE
is quite interesting, in contrast with the high thermal and
photochemical stabilities of PTFE.

With a view to gaining insight into the nature of the
electronic structure of peroxy radicals of PTFE in the
excited state, we have carried out molecular orbital (MO)
calculations of the excited states for the model com-
pounds of the endchain peroxy and midchain peroxy
radicals using the INDO/S-CI (intermediate neglect of
differential overlap/spectroscopy—configuration interac-
tion) method.* Calculations were also performed for the
model compounds of peroxy radicals of polyethylene.

Results and Discussion

We used perfluoro pentyldioxy radical (1) as a model
compound of endchain peroxy radicals of PTFE and
perfluoro 1-ethylpropyldioxy radical (2) as that of mid-
chain peroxy radicals. Pentyldioxy radical (3) and 1-
ethylpropyldioxy radical (4) were used as model com-
pounds of peroxy radicals of polyethylene. The calculated
excitation energies and the oscillator strengths for the
examined peroxy radicals are shown in Table 1.

The calculated transition energies from the ground
doublet state (D,) to the lowest excited doublet (D,)
state were quite low (ca. 0.5eV) for all the peroxy radicals
and those from the D, states to the second lowest excites
doublet (D,) states were in the region of ca. 5—6¢eV.
Taking account of the reported experimental conditions

and the results of photoreaction for peroxy radicals of
PTFE,** the photoreactions are apparently associated
with excitation by a light from the UV region. Thus, the
D, states seem not to be responsible for the photoreaction
and the excited states that are associated with the photo-
reactions are considered to be the D, states. Also,
in comparison of the Dy—D, transition in 1 with that
in 2, the calculated transition energy (6.10eV) in 1 was
higher than that in 2 and was also higher than the applied
light energy (below ca. 5¢V) in the experiments; also, the
calculated oscillator strength in 1 was smaller than that
in 2. So, it is considered that midchain peroxy radicals
of PTFE are excited to the D, state with much higher
efficiency than the endchain radicals with UV irradiation.
On the other hand, such a large difference in the property
of transition between the endchain peroxy and midchain
peroxy radicals was not shown for alkyl peroxy radicals.

Next, the photoreactions of peroxy radicals were in-
vestigated based on the electronic properties of the
excited states. The configuration interaction (CI) features
of the D, and D, states in 1-—4 are shown in Figs. 1—4,
together with the coefficient distributions and nodal prop-
erties of the relevant MO’s.

The CI features of the D, states were nearly identical
with one another for all the examined peroxy radicals
and were mainly composed of the transitions from the
highest occupied MO’s (HOMO?s) in the ground state to
the singly occupied MQ’s (SOMO’s), both of which are
7-type antibonding orbitals localized on the peroxy groups.
On the other hand, the CI feature of the D, state in the

TaBLE 1. Calculated Transition Energies (4E in eV) and Oscillator
Strengths (f)

1 2 3
Transition
AE  f AE  f AE  f A4E f
D, D, 0.51 0.000 0.57 0.000 0.77 0.000 0.75 0.000
D, D, 6.10 0.002 492 0.145 539 0.162 491 0.156
D, D, 6.29 0.005 572 0.001 592 0.001 5.37 0.002

© 1994 Pharmaceutical Society of Japan

NII-Electronic Library Service



D] D2

|
]

|
l

¥y

|
)
I

Orbital energy (eV)

|
T

|
I

|
N
I

Fig. 1. Configuration Mixing in the D, and D, States and the Relevant
Molecular Orbitals for 1

endchain perfluoro alkyldioxy radical, 1, was apparently
different from that in the midchain peroxy radical, 2.
That is, the D, state in 1 mainly consisted of the transition
from the SOMO (ys5) to the lowest unoccupied MO
(LUMO, ¥/56) which is an antibonding g-orbital localized
on the C-O-O moiety. The D, state in 2 mainly consisted
of the transition from the doubly occupied bonding C-C
o-orbital (Ys5;) to the SOMO (¥s55). For alkyldioxy
radicals, the D, state in 3 mainly consisted of two
transitions from the bonding C-H ¢-orbitals (Yisand yq)
to the SOMO (,,). And, the D, state in 4 mainly consisted
of the transition from the bonding C-C ¢-orbital (¥50) to
the SOMO (y,,) and was similar to that in 2.

It was shown that for both perfluoro alkyl and alkyl
compounds the CI features of the D, state in the end-
chain peroxy radicals differ from those in the midchain
peroxy radicals. Also, in the endchain peroxy radicals, the
relevant MO’s involved in the D, state of perfluoro
alkyldioxy radicals apparently differ from those of
alkyldioxy radicals, but in the midchain peroxy radicals
those of perfluoro alkyldioxy are similar.
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Fig. 2. Configuration Mixing in the D, and D, States and the Relevant
Molecular Orbitals for 2

The photoreactions of peroxy radicals were investigated
based on the perturbation (4P) in the bond order (atomic
bond population) accompanied by the Dy—D, transition.
The AP values were calculated according to the following
equation:

onA onB

AP,p= Z Z d,f'(i_j)(C{;C{—CLC;')S,w
I3 v

where p and v represent atomic orbitals on atoms A and
B, respectively, d, ;_; is the CI coefficient of kth electronic
configuration formed by the transition of one electron
from ith MO to jth MO, CJ means the coefficient of atomic
orbital y in jth MO, and S, is the overlap integral between
atomic orbitals u and v.

The results are shown in Fig. 5. For perfluoro alkyldioxy
radicals, the D,—D, transition in 1 showed remarkable
decreases in the C-~O and O-O bond orders, and that in
2 showed a marked decrease in the O-O bond order and
noticeable decrease in the B-C-C bond order. For
alkyldioxy radicals, the features of the 4P values in 4 were
similar to those in 2, but those in 3 were different from
those in 1 and showed a marked decrease in the O-O bond
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Fig. 3. Configuration Mixing in the D, and D, States and the Relevant
Molecular Orbitals for 3
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Fig. 5. Changes in the Bond Order Associated with the Dy—D, Transition

Fig. 4. Configuration Mixing in the D, and D, States and the Relevant
Molecular Orbitals for 4
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order and noticeable decreases in the C~H bond order.

Although the decrease in the C-O bond order on the
Dy —D, transition in 1 is nearly the same as that in the
O-O0 bond order, the C-O bond cleavage which results in
the formations of alkyl radical and molecular oxygen is
considered to be energetically more favorable than the
O-0O bond cleavage which results in the formations of
alkyloxy radical and atomic oxygen. On the other hand,
the D,—D, transition in 2 may lead to the O-O bond
cleavage and the ensuing reaction. It has been reported
that the photoirradiation for peroxy radicals of PTFE
gives some fragments such as difluoro ketone and carbon
monoxide together with endchain perfluoro alkyl radi-
cals.® The formations of those fragments could be ascribed
to the O-O bond and B-C-C bond clevages and the
subsequent reactions by atomic oxygen in the midchain
peroxy radicals.

For alkyldioxy radicals, 3 and 4, the bond order per-
turbations on the Dy—D, transition were similar to
each other and so the photoreactions may be due to the
O-O bond cleavage in both types of peroxy radicals.

In conclusion, the MO calculations showed that the
photoreaction of peroxy radicals of PTFE is due to the
reaction of the midchain peroxy radical in the D, state,
based on the calculated transition energies and the oscil-
lator strengths for the Dy,—D, transition. Also, the bond
order perturbation accompanied by the D,—D, transition
seems to well explain the experimentally known photo-
reactions of peroxy radicals of PTFE.

Calculation

The geometries of examined peroxy radicals (1, 2, 3 and
4) were optimized by the AM1-UHF method.® In the
geometry optimization, the conformation of the main
chain was fixed in the 15/7 helical structure (the CCCC
torsional angle of 166.15°), which is experimentally known
as the stable structure of PTFE,” for perfluoro compounds
(1 and 2) and in the trans-planar conformation for 3 and
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4. The AM1 calculations did not give the known geometries
of peroxy radicals and the calculated C-O and O-O bond
lengths were too long and too short, respectively,
compared to the known values.® So, the geometric
parameters for the peroxy moiety were taken from the
results of the ab initio calculations reported for alkyldioxy
radicals.?

The molecular orbital calculations for the excited states
were performed by the INDO/S-CI method, in which the
method and parameters for saturated molecules by
Salahub® were used. The value of the resonance integral
between oxygen atoms, fy,, Was estimated as —27.5eV
so as to reproduce the observed absorption wavelength
(255nm) of methyl peroxy radical.”

Calculations were carried out on a FACOM M-780/20
computer at the Computation Center of Nagoya Uni-
versity and on a HITAC M680-H computer at the Com-
puter Center of the Institute of Molecular Science.
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