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ABSTRACT:

Yields and lifetimes of triplet states of 2-vinylnaphthalene (2-VN) in-

corporated as comonomer in copolymers with phenyl vinyl ketone (PVK) were meas-

ured in benzene solution at room temperature.
Light absorbed by PVK moieties was effectively transferred to 2-VN

light flashes.

Samples were irradiated with 347.1-nm

moieties. With a copolymer sample containing about 20-mol% 2-VN and possessing
at the end of the flash about 20 triplet excited 2-VN base units per macromolecule, it
was possible to evidence both inter- and intramolecular T—T annihilation.

The triplet energy transfer from PVK to 2-VN appeared to be accomplished pre-
dominantly by an intramolecular process possibly-.including energy migration along

the chain within PVK segments.
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We reported recently on transient absorption
spectra of poly(phenyl vinyl ketone) PPVK' and
copolymers of phenyl vinyl ketone with methyl
methacrylate MMA and other comonomers® ob-
tained by irradiating polymer solutions with
25-nsec laser light flashes (1=347.1nm). The
transient absorptions were assigned to PVK base
units excited in their triplet states. It was found
that the lifetime of excited PVK base units lo-
cated as isolated units in MMA chains was
relatively long (several psec). Thus it was pos-
sible to investigate conveniently the processes
involved in the triplet photosensitization3 as well
as in the quenching in polymer systems, such as
intramolecular selfquenching or triplet—triplet
annihilation, by use of a laser. The present
work also is aimed at obtaining information along
this line. Copolymers of PVK and vinylnaph-
thalene, which is an effective photosensitizer for
the isomerization reaction of stilbene,® were con-
sidered as appropriate materials for this purpose
for the following reasons:

(a) Naphthalene is known to quench triplet
excited PPVK, whereby the formation of the
absorption spectrum of triplet naphthalene is

sensitized."* The lifetime of triplet naphthalene
thus formed is relatively long (several psec) and
enables one to easily follow its decay. It was
assumed that moieties with pendent naphthalene
groups incorporated in a PPVK chain should
behave analogously.®

(b) Naphthalene does not absorb light at 1=
347.1nm. Therefore, any naphthalene triplet
absorption detectable should originate from
PVK-triplets having excitation energy transferred
to naphthalene.

Based on the fact that photolyzing light is
exclusively absorbed by PVK base units, the
following reaction scheme is postulated,5 where
'PVK, *PVK*, 'VN, and *VN* designate ground
and excited triplet states of PVK and VN base
units in the copolymer:

IpVK 2, pvK* (1)
(2)
(3)
(4)
(5)

IPyK* %2, 1pyk
PVK*+1VN 2, IPVK L PYN*
WYN* P, yN

SWN*LBVN* 5, lyN* L IVN
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EXPERIMENTAL

Phenyl vinyl ketone (PVK) was prepared by
Hofmann degradation of g-dimethylaminopropio-
phenone hydrochloride. 2-Vinylnaphthalene (2-
VN) was recrystallized from ethanol solution.
Appropriate monomer mixtures were polymerized
in benzene solution at 60°C using a,a’ -azobis-
isobutylonitrile as an initiator. The conversion
was less than 109%. The copolymers were re-
precipitated several times from benzene solution
with methanol and dried in vacuo. The co-
polymer composition was determined by elemen-
tal analysis. Five copolymer samples were used,
with 2-VN contents of 2.8, 7.8, 11.8, 16.4, and
19.7mol9. The number average molecular
weight of the samples determined by membrane
osmometry in toluene varied between 2 and
7x 10°.

The copolymers were dissolved in benzene.
Dilute solutions were irradiated in rectangular
cells and were freed from air by bubbling with
purified Ar. A ruby laser (Korad Model K1QS2)
was used as the photolyzing light source (1=
347.1 nm) and a Xenon lamp (Osram XBO 450 W)
as the analyzing light source. The intensity of
the incident light was reduced by Schott BG
23 filters. Further details have been reported
before."?

RESULTS AND DISCUSSION

Absorption Spectra and Lifetime of Transient
Species
Both absorption and emission were observed
in the wavelength range of about 320 to 600 nm.
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Figure 1. Oscilloscope trace obtained at 2=430 nm
with poly(PVK-co-2-VN) containing 2.8-mol% 2-
VN in benzene solution: Copolymer concentration,
2.1x10-3 base mol/l; absorbed dose, ca. 1.5x10-*
einstein//.
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Figure 2. Absorption spectrum observed at the
end of the flash in benzene solution containing
poly(PVK-co-2-VN): 2-VN fraction, 2.8 mol%;; co-
polymer concentration, 2.1x10-3 base mol/l.

A typical oscilloscope trace is shown in Figure 1.
The emission decayed within the duration of the
flash. The absorption was formed rapidly within
the flash. The absorption spectrum observed
immediately at the end of the flash is shown in
Figure 2. It is similar to the T—T absorption
spectrum of naphthalene reported by other
authors.®”® However, the peak at 1=413nm
observed with naphthalene is shifted to about
430nm. In the range of 400 to 410 nm the
copolymer exhibits a minor peak. The decay
kinetics were independent of wavelength, which
allows the conclusion that the observed absorp-
tion spectrum is due to a single transient species.
The decay of the spectrum was accelerated in
the presence of oxygen and stilbene. Therefore
the spectrum was assigned to the triplet state
of excited 2-VN base units formed by energy
transfer from PVK to 2-VN units.

For several reasons it is believed that the
optical absorption of PVK triplets does not
interfere with the observation of naphthalene
triplets:

(i) A homo PPVK sample irradiated with a
347.1-nm light flash under the same conditions
as used for copolymer samples containing VN
yielded an optical density at 2=430nm about
60 times less than observed, e.g., with a co-
polymer sample containing 2.8-molg% 2-VN.

(ii) The half-life of PPVK triplets amounts to
about 70 nsec.! It was not found in this work
that a portion of the optical density decayed
with this rate, as would be assumed if the
observed spectrum would be constituted by an
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addition of the absorptions of both PVK and
2-VN triplets.

(iiiy The formation of the absorption during
the flash appeared to occur very rapidly, thus
indicating a very effective energy transfer from
PVK triplet states to 2-VN.

It was found that the decay behavior of the
absorption spectrum shown in Figure 2 was
influenced remarkably by the intensity of the
incident light, as demonstrated in Figure 4,
The extent of the absorption, furthermore, de-
pends upon the copolymer composition, as
demonstrated in Figure 6. Both effects will be
discussed in detail below.

Influence of Intensity of Photolyzing Light on the

Decay Rate

As shown in Figure 3 the absorption depends
linearly on the absorbed dose per flash, indicat-
ing that the triplet concentration at the end of
the flash is proportional to intensity.

The significant influence of the intensity of
the incident light on the decay of the transient
absorption is shown in Figure 4, where the op-
tical density at 1=430nm is plotted semiloga-
rithmically vs. time. It is seen that the plots
exhibit initial curvatures, if the absorbed dose
per flash is greater than about 2x 107 einstein/l.
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Figure 3. Optical density at 2=430nm vs. the
absorbed dose per flash: Half width of flash, 25
nsec; poly(PVK-co-2-VN) in benzene solution
(2.25x 103 base mol/l); 2-VN fraction in copolymer,
0.197.
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Figure 4. Semilogarithmic plot of the optical
density at 2=430 nm vs. time: Poly(PVK-co-2-VN)
containing 19.7-mol% 2-VN; copolymer concen-
tration, 2.25x10-% base mol//. The numbers at
the curves indicate the absorbed dose per flash in
(einstein/l).

At later times the decay follows apparently
first-order kinetics. The slopes of the linear
portions of the curves depend also on the in-
tensity of the incident light, which suggests that
intermolecular triplet—triplet annihilation is oc-
curring. The rate constant of the latter process
ki(inter) was evaluated in the following way.
By plotting the first-order rate constant Kobs
obtained from the linear portions of the curves
in Figure 4 vs. the concentration of 2-VN triplets
[’VN*], a straight line was obtained, as shown
in Figure 5. Thus, it can be assumed that
formally the following relationship holds:

kovs= 3, k1 +ks(inter)["VN*] (6)

where Y k, is the sum of rate constants of first-
order processes occurring simultaneously with
intermolecular T—T annihilation. Values of
triplet concentrations were estimated from O.D.
values obtained by extrapolation of the straight
line portions in Figure 4 to =0 (as indicated
by dotted lines). These values represent the
concentration of the isolated triplet in the chain,
which will not deactivate by intramolecular
triplet—triplet interaction. The extinction co-
efficient of 2-VN triplets at 2=430nm was
obtained as ¢=2.2x10'M*cm™ by using a
measured value of the absorbed dose per flash
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Figure 5. First order rate constant obtained from
linear portions of curves in Figure 4 vs. the initial
concentration of 2-VN-triplets.

of 1.9x107° einstein// (curve 4) and an initial
O.D. of 0.043, and assuming quantum Yyield
P(triplets)=0.2. It agrees fairly well with the
value of homogeneously distributed micromo-
lecular naphthalene triplets.® From the slope
of the straight line in Figure 5 ky(inter)=1.1X
10" M~*sec™ is obtained. The rapid decay of
the absorption immediately after the flash sug-
gests intramolecular triplet—triplet deactivation.
We estimated that in the experiment repre-
sented by curve (1) in Figure 4 on the average
there are initially about 20 triplets per macro-
molecule, whereas the average number of triplets
per chain amounts to about 2 to 3 in the ex-
periment pertaining to curve (4) of Figure 4.
This estimate explains satisfactorily why in the
latter case no indication of intramolecular tri-
plet—triplet annihilation was observed. (It
should be noted that the estimate of the number
of triplets per chain was based on the assumption
that ¢(triplets)=0.2 and that all PVK triplets are
quantitatively converted to 2-VN triplets.)

Triplet Energy Transfer from PVK Units to 2-VN

Units

In principle, process (3) may also occur in the
modes of inter- and intramolecular reactions. If
energy migration takes place within the PVK se-
quences of the copolymer chains, intramolecular
energy transfer should be an extremely efficient
process and in dilute solutions the probability
for intermolecular energy transfer should be
negligibly low in our case. A series of experi-
ments carried out to elucidate this situation
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Figure 6. (a) The optical density at 2=430nm
due to T—T absorption of 2-VN-triplets as a func-
tion of 2-VN content. The latter was varied by
the use of copolymers containing different frac-
tions of 2-VN: [PVK], 1.8x10-8 base mol// at all
runs; absorbed dose per flash, 3.8 x10-3 einstein/l.
(b) Data of Figure 6(a) plotted according to eq 8.
(n/N: fraction of VN units in copolymer.)

consisted in the following: Copolymer samples
containing varying fractions of 2-VN were dis-
solved in benzene at such concentrations as to
keep constant the number of PVK base units
per unit volume and to increase the number of
2-VN base units per unit volume. Thus the
absorbed dose per flash remained constant (about
3.8 107° einstein/l). As is shown in Figure 6(a),
the optical density measured at the end of the
flash increases steadily with increasing 2-VN
content and approaches a limiting value at higher
2-VN content, which indicates that at higher 2-
VN contents all PVK triplets are converted to
naphthalene triplets.

Following the concept of energy migration
along the chain vig a process analogous to the
exciton hopping mechanism in crystals of low
molecular weight compounds," we tried to esti-
mate the exciton jump frequency from the data
presented in Figure 6(a). In order to apply the
formal treatment of the exciton hopping model
to our system, it is necessary to assume (a) that
the vinylnaphthalene base units are randomly
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distributed along the macromolecule and (b) that
a macromolecule can be considered as a quasi-
unidimensional system, i.e., that intramolecular
energy migration involves exclusively proximate
base units and does not occur via jumps between
base units of different segments of the same
molecule. By assuming that our quasi-unidi-
mensional system may be treated in a way analo-
gous to three-dimensional systems, which the
exciton hopping model is normally applied for,
we arrived at the following expressions: The
fraction of PVK triplets converted to naphthalene
triplets via migration along the chain is

6CVNY) _ _u(n/N) 7
6CPVK®)  kytu(n/N)
Equation 7 can be transformed to
L kN
SN = Ve ] (P

#(*VN™), quantum yield of naphthalene tri-
plets
#('PVK™), quantum yield of PVK triplets
formed initially
n, average number of VN units per
chain
N, average number of base units per
chain
v, mean exciton jump frequency

As shown in Figure 6(b), a plot of the recipro-
cal optical density due to the absorption of
naphthalene triplets vs. (n/N)™" yields a straight
line, as expected from eq 8. With k,=1x107"
sec™’,! one obtains from the slope of the straight
line in Figure 6(b) v=4x10°sec™. It was thus
assumed that jumps between PVK units occur
with the same frequency as jumps from PVK
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to VN units. The v-value obtained is definitely
lower than the value reported®'® for crystalline
benzophenone (7.5x 10° sec™). However, it is
significantly higher than the value found for
glassy benzophenone (7.5x 10° sec™).**

The relative position of the y-value obtained
in this work for a polymeric system in between
the value of a crystalline low molecular weight
compound and the value of its amorphous
modification appears to show that the applica-
tion of the unidimensional mode of the exciton
hopping mechanism is feasible for a polymeric
system.
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