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Abstract

The photophysics and the long wave>@300 nm) photochemistry of poly (“thoxyacrylophenone) were investigated. The quantum
yield for fluorescence is low (1@ mol (einsteiny?), and the principal excited species is the carbonyl triplet. The quantum yield for
phosphorescence is greater andithgx value is 445 nm. The triplet lifetime at 77 K is 0.41 s, but @<at 300 K. These observations are
consistent with the formation of a low-lying triplet, which, in turn is the result of substitution of the aromatic ring with the electron donating
ethoxy group. The principal photoprocess occurring in dilute solution (in@4H of the polymer is a Norrish Type 1l decomposition,
which results in random chain scission and a rapid decrease in the molecular weight. The relatively low quantunx $&sd rt®l
(einsteiny) for the scission process reflects the low reactivity of a triplet (which has someé character) in abstraction reactions. In
the case of PEAP, H-abstraction is a prerequisite for biradical formation, which, in turn leads to chain scission. Chain scission was subje
to inhibition by triplet quenchers, such as naphthalenecéil, 3-pentadiene, and the data conformed to Stern—Volmer kinetics. However,
the quenching rate constanks, were lower in magnitude than the corresponding diffusion controlled values, and it is proposed that this is
principally due to a steric effect, the actual encounter of the quencher with the carbonyl triplet being subject to adverse steric interactior
associated with the proximity of the relatively bulky polymer chain. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction and poly (3,5-dimethoxyacrylophenone) had appreciable
n—m* character, and were consequently less reactive in

The photophysics and photochemistry of poly (acrylophe- abstraction reactions, and this was reflected in the values of

none) and its methoxy analogues have been the subject othe quantum yields for chain scission [6,7].

a number of studies, extending over two decades [1]. Ear- So far, no study of the homologous poly-thoxyacrylo-

lier investigations showed that the principal photo-process phenone) (PEAP) has been made, and the work described

which occurred when the polymers were irradiated with below was undertaken as part of a general study of the effect

long-wave UV light in dilute solution was Norris Type Il of ring substitution on the photophysical properties and the

reaction, which, in turn lead to random chain scission [2—4]. photochemistry of the poly (acrylophenones).

It was also established that the principal excited species was

the carbonyl triplet, which was formed in high quantum

yield and rapidly from the initially formed singlet-s=*

state [1]. Qualitatively similar results were obtained when

the polymers were irradiated in the solid state. However, the .

quantum yields for chain scission were considerably lower, 2-1. Materials

self-quenching by the terminally unsaturated ketonic enti-

ties (formed in the Norrish Il reaction) being more probable ~ The monomer, ‘4ethoxyacrylophenone, was prepared by

in the solid state. In addition, the higher viscosity of the the Friedel-Crafts acetylation of ethoxybenzene, followed

solid state restricts conformation mobility, and this results by dehydrochlorination with ethanol and potassium ac-

in a lower rate of collapse of the biradica- a prerequisite etate. Reaction conditions were similar to those previously

for chain scission [5]. Later, more detailed photophysical €mployed [8]. Polymerization was carried out in bulk at

investigations showed that thesnm* triplet in the methoxy- 343K, under high vacuum and in the absence of initiator,

lated polymer (i.e. poly (34-dimethoxyacrylophenone) and the reaction was quenched (liquid)Mafter about 10%
conversion. The polymerization proceeds rapidly at lower

* Corresponding author. temperatures, but they cannot be used, since the resulting

2. Experimental

1010-6030/00/$ — see front matter © 2000 Elsevier Science S.A. All rights reserved.
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very high molecular weight polymers form gels, which are 20

impossible to characterize. The polymer was recovered by
precipitation of the reaction mixture in pure MeOH, and it
was purified by repeated dissolution in &, followed

by precipitation in the MeOH. After drying under vacuum
at 343K, the polymer was stored in the dark.

-
o
|

2.2. Analytical techniques

Absorbance
o
]

UV-VIS spectra were obtained using a Lambda Il spec-

trophotometer (Perkin Elmer) and emission spectra were 057

recorded using LS50B luminescence spectrometer (Perkin

Elmer), which was also used to measure phosphorescence

lifetimes at 77 K. 0 T I

I I
230 270 310 350 390 430

2.3. Photochemical techniques Wavelength (nm)

Fig. 1. UV absorption spectrum of PEAP in @El, (concentration
Polymers were exposed to UM%300 nm) radiation un-  —10-3m).

der vacuum (10°kPa) in CHCl, solutions (& 1072 M).
Before irradiation, the solutions were thoroughly outgassed
under vacuum. The Pyrex reaction vessel was thermostatedransition of the phenyl group. The longer wave absorption,
to 298+0.1 K, the UV source was a medium pressure Hg arc (x,,,=325nm approximately) due to the—* transition
(Hanovia 200 W). Details of the system have been published of the carbonyl, is not well resolved, overlapping to a large
elsewhere [9]. Quantum yields for chain scission were es- extent with ther—=* band. The emission characteristics
timated by photochromic actinometry, the extent of absorp- of PEAP are shown in Fig. 2 (fluorescence) and 3 (phospho-
tion in the photo-active region of the UV being determined resence) along with the corresponding excitation spectra.

by UV spectrometry [10]. The fluorescence spectrum, measured in,Cll solution
at 300K exhibits a typical mirror image relation to the
2.4. Transient measurements excitation spectrum, and the relatively small Stokes shift

implies that the geometries of the ground and thestates
Polymer solutions (in CbCl,) were degassed and irra-  are similar. The quantum yiel&?r=10-%mol (einsteiny .
diated at 300 K with pulses of 8-10ns duration (10 mJ per The instrument was calibrated with dibenzyl ketone [12].
pulse at 337.1 nm) from a nitrogen laser (Molectron UV-24). As in the case of other aromatic ketones, low flourescence
A detailed description of the equipment and technique has quantum yields reflect the high probability of ISC [13].

been published [11]. Both intensity and quantum yieldd() of phosphorescence
are much greaterd(,=7x10"2mol (einstein)?), and the
2.5. Molecular weights triplet energy, ET(0—0) is 2675%kJmot. The decay

Number averageM,) molecular weights of the origi-
nal polymer and those of polymers undergoing degradation
were determined by gel permeation chromatography, using
Waters equipment in conjunction with a UV detector and
Ultrastyragel columns. The system was calibrated with nar-

row range poly(styrene) standards. The progress of chain 3
scission was also monitored by GPC, the number average Ir
molecular weight being measured as a function of radiation 2

dose. The unreacted polymer had an,} value of 16.

3. Results

0 i T T T
300 350 400 450 500

Fig. 1 shows the UV spectrum of a dilute solution Wavelength (nm)

(10-2M) of PEAP. (The absorption characteristics of a
film are very similar). The intense short-wave absorption fig. 2. Fluorescence spectrum of PEAP ¢THy solution=5x10-3M at
(Amax=280nm) is due to the symmetry forbidden—m* 300K). Fluorescence intensity is in arbitrary units.
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Fig. 3. Phosphorescence spectrum of PEAP in glass at 77 K. Phospho-

rescence intensityp is in arbitrary units. Fig. 5. Decay of the PEAP triplet in degassed £Zitp solution at 300K,

monitored at 390 nm.

characteristics of the triplet were investigated at 77 K, and a

single exponential was obtained. The data are summarizedThe linearity, which is evident particularly in the earlier
in Fig. 4 (linear and semi-log plots) and a lifetime of the stages of the reaction, implies that random chain scission is
triplet at 77 K of 0.41 s can be inferred. occurring. (The lack of linearity in the subsequent stages of

Laser excitation of degassed solutions of PEAP producedthe reaction will be discussed below). The quantum yield
a new transient absorption in the 385-405nm region, andfor chain scissiong s is given by the expression

this was attributed to the carbonyl triplet. The time decay

characteristics are shown in Fig. 5, the change in optical den- ¢ —

sity being monitored at 390 nm. From the data, a triplet life-
time, tT, of 8.7us at 300K can be derived. The five orders
of magnitude difference in the lifetime at 300K (relative to
that 77 K) is typical of acrylophenone polymers [1,6].

By far, the most important manifestation of photochemical
reactivity was the rapid reduction of the molecular weight of
PEAP. Typical data for a C#Cl, solution are shown in Fig. 6
in which the molecular weight changes are representes] by

the number of chain scissions per original macromolecule.
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Fig. 4. Decay characteristics of the PBAP triplet at 77 K, showipass.
time. Inset: the semi-logarithmic plot.
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Fig. 6. Molecular weight decreases as a function of time of irradia-
tion of PEAP in CHCI, solution (5<10-3M) at 300K (.>300nm and
P=10"°kPa). Data shown ar8, the number of chain scissions per orig-
inal macromolecule, as a function of time.
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in which 14 is the number of Einsteins of photons absorbed
in unit time. 15 is related to the incident intensityy, as 1

In = Ig[1 — exp(—eCl)] (2) 7_1

wherege is the absorption coefficieng is the concentration
andl is the effective path length of the solution. The num- 6
ber of molesn is related to the observed molecular weight

changes by (3) [14], i.e. RSJ o
y -
4
N = _w { (Ailn)O _ 1} 3)
(Mo | (M)t 5] 2
in which (M,)0 and (M,), are, respectively, the original
number average molecular weight, and that after tiroé 27
irradiation, andw the mass of polymer undergoing photol- 4
ysis. Substitution in (1) yields
Y Y 0
o= _w[(Mn)O/(Mn)t —1] ) 0 { ; é .
(My)olo[1 — exp(—eCl)z] [Q] (Mx10-3)

Ia was determined from UV absorption data, and actinom- rig . Quantum yield ratioR(=®o/®) as a function of quencher con-
etry and a value of £10~2mol (einsteiny! was obtained centration, [Q] 1:+naphthalene, 2: cis-1,3-pentadiene.

for @.s. The effects of triplet quenchers were investigated.

Addition of naphthalene to the films reduced the phospho- _ _ o
rescence intensity at 77K (Fig. 7). It is clear that, despite N which Kgy is the Stern—Volmer constant, which is in turn,
the limited mobility in the solid state at 77 K, naphthalene related to both triplet lifetimezr and the quenching rate

is effectively quenching the PEAP triplet. Similarly, the ef- constantkq Values (i.e. values of610% dm? m_oI*l s~ and
fects of naphthalene armis-1,3-pentadiene on the rates of 1-9x10°dm?mol~*s~* for naphthalene andis-1,3-penta-
chain scission are shown in Fig. 8, in which quantum yield diene respectively, were obtained. These data also confirm
ration (@o/®) for chain scission in presence ab) and in the involvement of the triplet in the chain scission process.
absence of quencher @¢) are shown as a function of the Photophysical a_nd photochemical parameters for PEAP
quencher concentration, [Q]. It can be seen that data for botha’® compared with those of the closely related poly

quenchers (Fig. 8) conform satisfactorily to Stern-Volmer (4-methoxyacrylophenone) (PMAP) in Table 1. With the
kinetics, i.e. exception of the values fokmax and quantum yield for

fluorescence and the triplet lifetimes at 77 K, which were
%o =1+ K[Q] (5) re-determined in this study, data for PMAP and PDMAP
@ were taken from the literature [1,6]. All of the data for
PEAP are subject to an uncertainty-65%.

280

240 3-———_20 4. Discussion
2007 UV spectra of methoxylated aromatics are rarely well
resolved, and that of PEAP is no exception (Fig. 1). Sub-
stitution of electron-donating groups (like MeO) in the
benzene ring perturbs the energies of the bonding and
anti-bondingm-electrons, and this produces a bathochromic
shift in the symmetry forbiddenr—«* transitions (i.e.
1A1g — B1y and *A1q — 1Byg) There are two important
consequences of this. In the first place, the lower intensity
1A19 — B2y band becomes buried in the more intense
A1 — !B1y, band, and this, in turn overlaps thesnr*

300 400 500 600 band due to the carbonyl, to the extent that the carbonyl

Wavelength (nm) absorption appears as a shoulder only. The increased sub-

Fig. 7. Effects of naphthalene on the phosphorescence characteristics ofsmuuon in the r"?g §l|SO leads _tO a reductlon_ in tDen
the PEAP film at 77 K. Numbers (0-50) represent the concentrations of Symmetry, and with it a relaxation of the forbidden char-
naphthalene (w/w9%). acter of thew—«* transitions and this is reflected in the
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Table 1

Comparison of photophysical and photochemical data for poly(acrylophenones)

Polymer Fluorescence Phosphorescence @¢ at 300K mol 1 at 71 at ko? at 300K dcs at 300K
Amax (NM) Amax (NM) (einsteiny?! 77K (s) 300K (us) (dmPmol1s1)  mol (einsteiny®

PMAP 362 430 1510 0.31 4.6 7.6108 101

PDMAP 390 490 2.410°° 0.55 28.3 1.610° 1.6x1074

PEAP 380 445 10t 0.41 8.7 6.6 10° 6x102

aWith naphthalene.

higher intensity of the combined band (c.f. unsubstituted ical diffusion controlled values in thex510°~10*°M~1s~1
analogues). Secondly, the long wave chromophore becomesange at 300K. It is unlikely that this discrepancy can be
a composite one, and the excitation of the carbonyl can beattributed to adverse enthalpic factors, since the triplet en-
delocalized over the aromatie-system [15]. ergy level in PEAP lies at least 12 kJ médlabove that in
A similar bathochromic shift is observed in the phospho- naphthalene.
rescence spectrum (Fig. 7), and the vibrational structure is Restricted mobility of the chromophore due to the lim-
typically absent from the emission spectrum. ited diffusion of the polymer has been invoked to account
The effect of methoxy substitution on the character of for the differentkg values, [18] and in the present case, the
the n—7™* triplet is also marked. Because of the energetic high degree of polymerization will lead to increased entan-
proximity of the n, rf and thew, w* (aromatic triplets, con-  glement, and hence lower mobility. However, from a quanti-
figurational mixing and vibrational coupling can occur, and tative point of view, these factors are insufficient to account
as a result, the ng* triplet acquires some, 7* character). for the large differences, since complete immobilization of
Methoxy ketones have typically low-lying, 7* and this is the chromophore would reduce tkg value by a factor of
reflected in their lower reactivities and their extended life- two only.
times [16] (Table 1). The actual encounter process must also be considered.
Decreases in molecular weight can be attributed to ran- Energy transfer from excited triplets occurs by the exchange
dom chain scission, which, in turn can be attributed to a mechanism, [17] which requires close approach of donor
Norrish type Il decomposition, which is mediated by a and acceptor orbitals. The specific relative orientations of
v-H-abstraction by the carbonyl triplet. The magnitude of the CO group and the quencher, required for optimal energy
the quantum vyield for chain scission (Table 1) is typically transfer may not necessarily be achieved, if the presence of
low and is a further manifestation of the low reactivity the adjacent polymer chain restricts access to the CO group;
of the triplet towards abstraction, and this, in turn is the i.e. the collision is less effective, and the rate constant will
behaviour of triplets havingr, 7 [6,17]. be less than the diffusion controlled value, which, in turn
The lack of linearity of the data in Fig. 6 suggests that assumes that energy transfer occurs on each collision.
after comparatively small doses, the chain scission is sus- Stereo-electronic restrictions of orbital interaction, which
ceptible to inhibition. (At these low extents of reaction, there have previously been invoked to account for limited efficien-
is no question of substrate depletion). An obvious source of cies of energy transfer [19] are independent of the diffusion
inhibition is the quenching of the carbonyl triplet by the un- processes, but can nevertheless, contribute to the reduction
saturated ketonic moieties that are formed at the chain endsn kg value. A similar conclusion has been reached by
during the Type Il photodecomposition [5]. Such species Scaiano [6].
appear to be particularly effective quenchers, the increased The efficiency of quenching can also be reduced by triplet
activity being associated with their chain end location, which energy migration along the chain, and similarly the new
allows them to act as traps for any migrating triplet energy terminal vinyl ketone groups, formed in the Type Il reac-
[1]. tion, can act as efficient quenchers [20]. These processes
The linearity of the semi-log plot (Fig. 4) and the shape would effectively reduce the triplet lifetime, and thus the
of the decay curve (Fig. 5) indicate that only one excited experimental value oKsy from which kg is derived, will
species (i.e. the triplet) is involved, and this can be reconciled be smaller. It is not, however, possible to assess the con-
with the low fluorescence intensity (Fig. 2) and the very tributions of each of these various factors in a quantitative
small quantum yield for fluorescence (Table 1). The results sense.
of quenching studies (with efficient triplet quenchers confirm
this proposition).
While the quenching data (based upon the inhibition
of chain scission) conform well to Stern—Volmer kinetics Acknowledgements
(Fig. 8), the magnitudes of the quenching constakgs,
derived fromKgy, values are smaller than those expected The authors acknowledge the generous financial support
for a diffusion-controlled process. For example; for of the Canadian networks of Centres of Excellence and the
naphthalene is $10° M~1s~! at 300K, compared to typ-  assistance of Jerzy Arct in synthesizing the monomer.
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