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ABSTRACT: An acrylic monomer having phenoxazine moiety, i.e., N-acryloylphenoxazine
(APO), has been synthesized by dehydrochlorination of N-(3-chloropropionyl)phenoxazine
with 1,5-diazabicyclo[5.4.0]undec-5-ene in dimethyl sulfoxide. The monomer can be poly-
merized with AIBN as an initiator. The photochemical behavior, including the fluorescence
and photosensitizing properties of this monomer and its polymer, has been studied. It has
been recorded that the absorption spectrum of polymer P(APO) displays a few blue shifts
compared with its monomer APO. It has also been observed that the fluorescence emission
intensity of the monomer is dramatically lower than that of its polymer at the same
chromophore concentration. This may be ascribed to the charge transfer interacting be-
tween the coexisting electron-accepting acrylic carbon-carbon double bond and the electron-
donation phenoxazine moiety in APO, intramolecularly or intermolecularly on excitation.
The fluorescence of the APO polymer, which does not have carbon-carbon double bond,
can be quenched by electron-deficient unsaturated nitriles and esters, clarifying that the
electron-deficient carbon-carbon double bond does play an important role for the fluores-
cence quenching of the monomer. Thus, we term such phenomena as structural self-
quenching effect, differing from the concentrational self-quenching effect, which is caused
mainly by concentrational factors. The fluorescence quenching of P(APO) by C60 has also
been demonstrated. The formation of the charge transfer complex of P(APO) with C60 in
the ground state is revealed by the upward deviation from the linearity of the Stern-
Volmer plot. APO can act as a photoinitiator to sensitize the photopolymerization of vinyl
monomers such as acrylonitrile in dimethyl formamide and pursued kinetically. From the
ultraviolet analysis of the PAN sensitized by APO, it is proved that APO not only sensitizes
the photopolymerization of AN, but also incorporates in the PAN chain. q 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 65: 481–489, 1997

Key words: N-acryloylphenoxazine; fluorescence self-quenching effect; C60; Stern-
Volmer plot; charge transfer complex; fluorescence lifetime; polymerizable sensitizer

INTRODUCTION havior of acrylic monomers having nitrogen-con-
taining, electron-donating chromophore moieties,

We have reported on the photochemical behavior i.e., p-(N,N-dimethylamino)benzyl methacrylate,1

including fluorescence and photosensitization be-
N-(4-N*,N*-dimethylamino phenyl)acrylamides,2

N-acryloyl-N *-phenylpiperazines,3 N- (4-N *,N *-Correspondence to: F.-M. Li.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/030481-09 dimethylaminophenyl)maleimide,4 N- (4-N *,N *-

481

8E93 4237/ 8e93$$4237 05-14-97 22:09:59 polaal W: Poly Applied



482 YU ET AL.

dimethylaminophenyl)itaconimide,4 N-acryloyl- of the fluorescence quenching of P(APO), besides
the above-mentioned quenchers, C60, a represen-phenothiazines,5 and acryloyloxyquinolines,6 and

vinyloxy monomer-bearing, electron-accepting chro- tative of the fullerene family, has been used as a
quencher in order to widen the understanding ofmophore moiety, N-(vinyloxyethyl)-1,8-naphthal-

imide.7 The fluorescence emission intensity of the electronic nature of fullerenes. The photopoly-
merization of AN sensitized by APO has also beenthese monomers1–4,6,7 is always dramatically

lower than that of their corresponding polymers undertaken.
at the same chromophore concentration. This may
be ascribed to the occurrence of charge transfer
interacting between coexisting electron-deficient EXPERIMENTAL
acrylic carbon-carbon double bond and nitrogen-
containing, electron-donating chromophore moie- Materials
ties intramolecularly or intermolecularly under

Phenoxazine (Aldrich), 3-chloropropionyl chlo-ultraviolet (UV) light irradiation. In these chro-
ride (Aldrich), and 1,5-diazabicyclo[5.4.0]undec-mophore moieties, the electron-donating nature is
5-ene (DBU; Aldrich) were used without fur-mainly contributed by the nitrogen atom of the
ther purification. C60 was prepared by an arcingN,N-dialkylphenyl groups and heterocyclic rings.
method with a homemade apparatus according toThe fluorescence of these polymers, which do
the literature8,9 ; the purity of C60 is 99.9%. Tolu-not have carbon-carbon double bonds, can be
ene, absolute methanol, 1,2-dichloroethane (DCE),quenched by electron-deficient compounds, for ex-
dimethyl sulfoxide (DMSO), dimethyl formamideample, unsaturated nitriles such as methacryloni-
(DMF), MA, AN, MMA, and MAN were redis-trile (MAN), acrylonitrile (AN), fumaronitrile
tilled. TCNE and FN were purified by recrystalli-(FN), and tetracyanoethylene (TCNE) and un-
zation before use. All solvents and reagents usedsaturated esters such as methyl acrylate (MA)
for spectral measurements were confirmed to en-and methyl methacrylate (MMA), indicating that
sure no existence of interfering impurities.the acrylic carbon-carbon double bonds in these

monomers possess a significant role for the fluo-
rescence quenching of these monomers. This is Synthesis of N-3-Chloropropionylphenoxazine (I)
not an accidental phenomenon but is commonly

To a solution of 0.92 g of phenoxazine (5.0 mmol)observed in a series of acrylic monomers bearing
in 15 mL of Na-dried toluene, 0.96 mL (10.0electron-donating chromophore moieties. Thus,
mmol) of 3-chloropropionyl chloride in 2.0 mL ofwe have termed this phenomenon based on the
toluene was added dropwise with stirring. Thestructural factor as the structural self-quenching
reaction was kept refluxing for 24 h. After evapo-effect, which is different from the well-known con-
ration of the solvent, the residue was recrystal-centrational self-quenching effect. These mono-
lized twice from methanol. N- (3-chloropropionyl)mers not only sensitize the photopolymerization
phenoxazine (I) (1.11 g) was yielded (81.0%;of vinyl monomers such as AN, MMA, etc., via
melting point [m.p.] , 126-87C).exciplex formation, but also incorporate into the

polymer chains. We have also reported5 on the
synthesis and photochemical behavior of acrylic Synthesis of APO: Dehydrochlorination of (I)
monomers bearing phenothiazine moieties as by Using DBU
electron-donating chromophores in which the sul-

A stirred mixture of 1.11 g (4.05 mmol) of N- (3-fur atom of phenothiazine residues contributes
chloropropionyl) phenoxazine and 0.61 mL (4.05the electron-donating nature. They display the
mmol) of DBU in 6 mL of DMSO was heated atsame photochemical behavior as that of acrylic
80–907C for 2 h. The mixture was allowed to coolmonomers bearing nitrogen-containing electron-
and then poured into 10 mL of ice water, precipi-donating chromophores. In this article, an acrylic
tating a light-brown solid powder. After recrystal-monomer bearing phenoxazinyl moiety, that
lization twice from hexane, 0.54 g (yield 56.3%)is, N-acryloylphenoxazine (APO), has been syn-
of pure product was obtained (m.p., 110-17C).thesized and polymerized in order to evaluate

whether the oxygen atom in the oxygen-con-
taining heterocyclic chromophore moiety displays Polymerization of APO
the photochemical behavior as we have previously
reported. The fluorescence behavior of APO and AIBN (1.1 mg) was added to the solution of 0.22

g of APO in 2.2 mL of toluene. The solution waspolymer P(APO) has been studied. In the study
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purged by N2 and kept at 607C for 48 h. The poly- drochlorinating agent in DMSO. The synthetic
route is shown below:mer was precipitated from methanol. The product

was purified by dissolving in toluene and precipi-
tating from methanol several times. P(APO)
(0.045 g) was obtained with a polymerization con-
version of 21%. The polymer was confirmed by
following the disappearance of the carbon-carbon
double bond with a 1,620 cm01 absorbing peak of
infrared (IR) spectrum.

Kinetic Study for the Polymerization of AN

The kinetics for the photopolymerization of AN
sensitized by APO was performed by a dilatomet-
ric method in a thermostat. A 3-mL-volume dila-
tometer made of hard glass was used. The photo-
polymerization was performed in DMF under UV
irradiation of a 300-W high-pressure mercury arc
lamp which was filtered by potassium chromate
solution. The distance between the centers of the
dilatometer and the UV lamp was 6 cm. Oxygen
in the polymerization system was purged out be-
forehand. The final polymer was obtained by pre-
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cipitating in cold petroleum ether several times.

The structure of APO is confirmed by 1H nuclear
magnetic resonance (NMR), IR, MS, and elemen-Apparatus and Spectral Measurement
tary analysis as follows.

The determination of absorption spectra and flu-
orescence spectra was as follows. The absorption
spectra were recorded on a Shimadzu UV-250

1H NMR (d, ppm, TMS, CDCl3) : 5.77–5.80 (m, 1H),Spectrophotometer. The emission fluorescence
6.53–6.67 (m, 2H), 7.11–7.60 (m, 8H)spectra were recorded on a Hitachi M-850 Fluo-
IR (KBr, cm01) : 753, 767, 785, 960, 1,621, 1,667rescence Spectrophotometer at room tempera-
MS (EI source): 237 (m/e)ture. The slit width of both monochromators was
elementary analysis: CALCD (%) C: 75.85, H: 4.67, N:10 nm. 1,2-Dichloroethane used as a solvent was 5.90

purified to eliminate the interfering impurities for FOUND (%) C: 75.74, H: 4.55, N: 5.67
fluorescence. The fluorescence lifetime was deter-
mined by a multifrequency, phase-modulation
method with an SLM Inc. 48000 Phase Fluorome-
ter, equipped with a multifrequency modulation

Absorption Spectra of APO and its Polymersystem.
P(APO)

Figure 1 shows the absorption spectra of APO and
P(APO). The absorption wavelength maximumRESULTS AND DISCUSSION
and corresponding molar extinction coefficients
of APO and P(APO) in 1,2-dichloroethane (6.0Synthesis of APO
1 1005 mol/L) are listed in Table I. It is seen that
the absorption wavelength maximum of P(APO)Even though phenoxazine has an aromatic sec-

ondary amino group, like the preparation of N- possesses a little more blue shift than that of APO
and the extinction coefficients of P(APO) areacryloylcarbazole and N-acryloylphenothiazines,

APO cannot be directly prepared by the reaction smaller than those of APO. These may be due
to the disappearance of the carbon-carbon doubleof phenoxazine with acryloyl chloride. A success-

ful method is via the dehydrochlorination of N-3- bond in P(APO), which lessens the conjugation
of the polymer.chloropropionylphenoxazine with DBU as a dehy-
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Figure 1 Absorption spectra of APO and P(APO) in
DCE. Concentration (Conc.) : 6.0 1 1005 mol/L. (1) Figure 2 Fluorescence emission spectra of APO and
APO, (2) P(APO). P(APO) in DCE. Conc.: 4.2 1 1003 mol/L; lex Å 367

nm. (1) APO, (2) P(APO).

Fluorescence Behavior of APO and P(APO)
electron-donating chromophore and their poly-Both APO and P(APO) display fluorescence
mers. This may be due to the occurrence ofemission in solution. Figure 2 shows the fluo-
charge transfer interacting between the coexist-rescence spectra of APO and P(APO) in DCE at
ing electron-accepting acrylic carbon-carbonthe same chromophore concentration excited at
double bond and the electron-donating phenoxa-367 nm. It can be seen that the fluorescence
zinyl moiety in APO, intermolecularly under UVemission intensity of APO is dramatically lower
light irradiation. In the cases of acrylic mono-than that of its polymer P(APO) , that is, APO
mers having nitrogen-containing and sulfur-possesses the structural self-quenching effect,
containing electron-donating chromophore moi-as we have reported on the acrylic monomers
eties, the electron-donating nature is contrib-having nitrogen-containing or sulfur-containing
uted by the nitrogen atom and the sulfur atom,
respectively. With regard to APO, instead of ni-
trogen and sulfur atoms, the electron-donating
nature is contributed by the oxygen atom of theTable I lmax (nm) and Extinction Coefficient

(1, mol L01 cm01) phenoxazine residue. This means that the struc-
tural self-quenching effect is not an accidental

Monomer/Polymer l1 11 l2 12 phenomenon but is commonly observed in the
acrylic monomers having electron-donating

APO 297 8.7 1 103 228 1.9 1 104

moieties. The intramolecular or intermolecular
P(APO) 289 5.0 1 103 228 1.5 1 104

exciplex is illustrated as follows:
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In the manifestation of the acrylic double bond
is an important factor causing the structural self-
quenching effect; a series of electron-deficient
compounds, for example, unsaturated nitriles
such as MAN, AN, FN, and TCNE and unsatu-
rated esters such as MA and MMA, are added to
the DCE solution of P(APO), at a concentration
of 1.51 1002 mol/L, which does not have a carbon- Figure 3 Fluorescence spectra of P(APO) quenched
carbon double bond in the molecule. As a repre- by MA in DCE. Conc. of MA (11001 mol/L): (0) 0, (1)
sentative, Figure 3 shows the fluorescence 0.41, (2) 1.33, (3) 2.53, (4) 4.34, (5) 6.01.
quenching of P(APO) in DCE by adding MA as a
quencher. The excitation wavelength for all of the
experiments was 367 nm, and the emission was of the carbon-carbon double bond, that is, the

scale of electron deficiency of quenchers. As shownmeasured at 436 nm. The results were analyzed
according to the Stern-Volmer equation by plot- in Table II, for unsaturated nitriles, the increas-

ing of Stern-Volmer constants is consistent withting Fo /F versus [Q ] , as shown in Figures 4–6,
where Fo and F denote the fluorescence intensi- the increase of ‘‘e ’’ values; the order is FN ú AN

ú MAN, and for unsaturated esters, the order isties in the absence and presence of quencher, re-
spectively, and [Q ] denotes the concentration of MA ú MMA. It is interesting that the ‘‘e ’’ value

of MMA (0.60) is half and that of MA (0.40) is one-quencher. Shown in Figure 4 is the Stern-Volmer
plot for the fluorescence quenching of P(APO) in third of that of AN (1.20), but the Stern-Volmer

constants are the same as and two times thoseDCE by MAN, AN, FN, MA, and MAN. It is seen
that all of the Stern-Volmer plots are straight of AN, respectively. This would be explained by

structure compatibility, that is, P(APO) is a poly-lines but with different slopes. The Stern-Volmer
quenching constant kq. t0 is calculated as the tan- mer of acrylate; MA and MMA are also acrylates,

and they are similar in structure. Because ‘‘thegential slope of the initial part of the curve. It is
known that the quenching ability of quenchers like dissolves the like,’’ their structural similarity

might make the quenching easy. Similar resultsis mainly represented by their degree of electron
deficiency. Table II summarizes the correlation of are also found in our previous reports.3,5

It is pointed out that the Stern-Volmer plot of‘‘e ’’ values of quenchers and Stern-Volmer con-
stants for the fluorescence quenching of P(APO). P(APO) quenched by TCNE is an upward curva-

ture, deviating from the linearity, as shown inIn general, the ‘‘e ’’ value represents the polarity
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Figure 6 Stern-Volmer plot for the fluorescence
quenching of P(APO) solution by C60.Figure 4 Stern-Volmer plots for the fluorescence

quenching of P(APO) solution by different quenchers:
(1) FN, (2) MA, (3) AN, (4) MMA, (5) MAN.

Recently, the study on the photophysics of C60

has attracted much interest. One of the intriguing
properties of C60 is that it possesses both stronglyFigure 5. This indicates a significant contribution
electron-accepting and electron-donating natures.of static quenching besides dynamic quenching,
The ionizing potential and electron affinity of C60that is, in addition to the exciplex formed by colli-
are 7.61 and 2.56 eV, respectively. C60 does notsion, a charge transfer complex is formed between
display fluorescence in the ordinary experimentalthe highly electron-deficient double bond of TCNE
condition (in solution at room temperature), butcaused by four strongly electron-withdrawing cy-
it can quench the fluorescence of polymers bearingano groups, with P(APO) in the ground state.
phenothiazine or phenoxazinyl residues as pen-
dant groups. Figure 6 shows the Stern-Volmer
plot for the fluorescence quenching of P(APO) by
C60. Similar to that of TCNE, an upward curva-
ture is also obtained, indicating that charge trans-
fer complexes are formed between strongly elec-
tron-accepting C60 with P(APO) in both the
ground state and the excited state. Compared
with TCNE, the electron affinity of which is 2.3
eV, C60 plays a more effective role as an electron
acceptor, with a Stern-Volmer constant of 6.10
1 103 mol L01 . This result would widen the under-
standing of the electronic nature of fullerenes.

Table II The Correlation of ‘‘e’’ Values of
Quenchers and Stern-Volmer Constant for
P(APO)

Quenchers FN AN MA MMA MAN

‘‘e’’ Value 1.96 1.20 0.60 0.40 0.68
kq. t0Figure 5 Stern-Volmer plot for the fluorescence (mol L01) 39.1 1.27 2.84 1.24 0.51

quenching of P(APO) solution by TCNE.
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Table III Stern-Volmer Constants kq. t0 (mol To get more understanding about the excited
L01) for P(APO) and P(APT) with C60 and TCNE state of P(APO), its lifetime in DCE solution has
as Quenchers been determined by a phase-modulation method.

Multifrequency phase modulation data for P(APO)
Quenchers C60 TCNE (excitation at 367 nm; emission at 436 nm) can

be fitted to a biexponential decay with lifetimes,P(APO) 6.10 1 103 1.36 1 102

t, of 3.97 and 141.1 nsec and fractional intensi-P(APT) 6.93 1 103 2.30 1 102

ties, fi , of 0.81 and 0.19, respectively. The average
value of fluorescence lifetime is 30.2 nsec. In gen-
eral, the monomer usually has one lifetime, and
the excited state exhibits a single-exponential de-We have also reported5 on the photochemical
cay because the fluorophores of small moleculesbehavior of N-acryloylphenothiazine (APT). The
exist in almost the same circumstance. However,structural similarity of APO and APT is shown as
the circumstance of the fluorophores on the poly-follows:
mer chain is much more complicated, that is, some
of the fluorophores are included on the inside of
polymer coils and some of the fluorophores are
exposed to the outside of the polymer coils in solu-
tion. This makes the fluorophores influenced dif-
ferently by factors such as chain conformation and
solvent relaxation, etc. Moreover, the movement

(APO)

O®C©CH®CH¤

©O© (DPE)

N

O
(APT)

O®C©CH®CH¤

N

S

©S© (DPS)
of fluorophores on the polymer is also limited or
hindered by the polymer backbone. All of these
complications result in the double-exponential de-

One can see clearly that the only difference be- cay, illustrated as follows:
tween these two molecules is the electron-donat- Single-exponential decay (monomer):
ing atom, O or S. The sulfur atom in phenothi-
azine is supposed to contribute mainly the elec-
tron-donating nature of APT. In the case of APO,
the electron-donation nature is mainly contrib- APO r

hy
APO* r

t

APO / hy* (1)
uted by the oxygen atom of the phenoxazine resi-
due. Thus, the understanding of the fluorescence
behavior of these two monomers, APO and APT, Double-exponential decay (polymer):
would be focused on the difference of the electron-
donating nature between diphenyl ether (DPE)
and diphenyl sulfide (DPS). Charge transfer com-
plexes of substituted DPS as donors with TCNE
and other electron-deficient compounds have been

P(APO) P(APO)* P(APO) 1 hn π
hn

Energy

transfer t π

t

P(APO) 1 hn (2)
studied, and the reaction site is concluded to be
the sulfur atom, even if the donor orbital is conju-
gated with p-system.11 It is well known that the
value of ionization potential reflects the degree of

The Photosensitization Behavior of APOcharge transfer interaction. Table III summarizes
the Stern-Volmer constant of charge transfer com-

As mentioned above, phenoxazinyl moiety canplex formation for P(APO) and P(APT) with
form charge transfer complexes with electron-de-TCNE and C60, respectively. It is obvious that the
ficient monomers such as AN, MMA, etc. ThisStern-Volmer constant of the P(APT)-TCNE
means that APO can act as a photosensitizer tocomplex formation is greater then that of the
initiate the polymerization of vinyl monomers onP(APO)-TCNE complex formation and that
UV light irradiation. First, the variation of con-P(APT)-C60 is greater than P(APO)-C60. The re-
version with time for the photopolymerization ofsults are in agreement with the values of the ion-
AN sensitized by APO was recorded by varyingization potentials, which are 8.82 and 7.90 eV for
one of the concentrations of AN and APO and theDPE and DPS, respectively. That is, the charge
polymerization temperature. All of the conversiontransfer energies decrease with an increase in

electron-donating ability. time plots appear to be straight lines. The overall
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rate of photopolymerization, Rp , was calculated
from the slopes of the straight lines obtained.
Shown in Figure 7 is the log Rp versus log[APO]
and log[AN] plots. Figure 8 shows the log Rp ver-
sus 1/T plot for the photopolymerization of AN
sensitized by APO in DMF. It is seen that the Rp

is proportional to the 0.37th power of APO concen-
tration and the 0.77th power of AN concentration,
respectively. Therefore, the rate equation can be
described as follows:

Rp } [APO]0.37 1 [AN]0.77 (3)

The overall activation energy for the photo-
polymerization of AN sensitized by APO is 5.89 Figure 8 log Rp versus 1/T plots for the polymeriza-
Kcal /mol. tion of AN sensitized by APO.

PAN obtained this way displayed the same
fluorescence emission peak as that of P(APO) .

or with other electron-deficient vinyl monomersAfter the removal of P(APO) by reprecipitation
such as AN.from chloroform several times, the fluorescence

intensity at 436 nm remained almost un-
changed. It is confirmed that APO not only initi-

CONCLUSIONSates the polymerization but also incorporates
into the AN polymer chain, that is, APO acts

An acrylic monomer bearing phenoxazinyl moiety,as a polymerizable photosensitizer. Thus, if an
APO, and its polymer have been prepared. Theacrylic monomer bears chromophore moiety
fluorescence emission intensity of APO is dramat-with an electron-donating nature mainly con-
ically lower than that of its polymer in the sametributed by nitrogen, sulfur, or oxygen and pos-
chromophore concentration. This firmly provessesses fluorescence structural self-quenching ef-
that the structural self-quenching effect is com-fect in solution, it can be used as a polymerizable
monly observed in a series of acrylic monomerssensitizer due to the exciplex formation in itself
having electron-donating chromophores including
nitrogen-, sulfur-, and oxygen-containing hetero-
cyclics.

The fluorescence of P(APO) can be quenched
by electron-deficient compounds such as MAN,
AN, FN, TCNE, MA, MMA, and C60. The quench-
ing efficiency of the quenchers depends on their
electron negativities and their structural compati-
bilities with P(APO). TCNE and C60 can form
charge transfer complexes with P(APO) in both
the ground state and the excited state. APO can
act as a polymerizable photosensitizer to initiate
the photopolymerization of vinyl monomers, that
is, APO not only initiates the polymerization but
also incorporates into the AN polymer chain.
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