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ABSTRACT: Bismaleimides and bisitaconimides bearing diphenylmethylamine, triphenylamine, or 2,5-
diphenyl-1,3,4-oxadiazole chromophore (symbolized as A())-D(/)-A())), as well as their saturated model
compounds were synthesized, and their steady-state and time-resolved fluorescence spectra were
investigated. These A())-D(/)-A()) monomers display strong intramolecular fluorescence quenching. Their
fluorescence quantum yields and lifetimes are generally lower than those of their model compounds. It
was found that the electron-poor CdC bond of maleimide and itaconimide units (A())) plays a key role in
the intramolecular quenching, which is correlated to the electron-accepting ability of A()) and the geometry
arrangement between A()) and electron-donating chromophore (D(/)). The intramolecular quenching was
attributed to an intramolecular charge transfer interaction, which was confirmed by intermolecular
fluorescence quenching and time-resolved fluorescence studies. On the basis of the intramolecular
quenching, a new fluorescence approach can be developed to monitor the process of the polymerization
and curing of bismaleimides, which can directly reflect the CdC bond consumption during polymerization
and curing. The new fluorescence approach can be utilized not only by an intrinsic fluorescence technique
but also by an extrinsic fluorescence technique.

Introduction

In recent years, a wide range of vinyl monomers and
their polymers bearing various photo- or electroactive
chromophores have been studied and applied in the
fields of advanced composites, optical materials and
devices.1 Generally, the CdC bond of vinyl monomers
was used as a useful tool to attach various photo- or
electroactive groups to a polymer backbone. However,
little attention was paid to the effect of the polymeri-
zable CdC bond on the photochemical or photophysical
behavior of these vinyl monomers and their polymers.
We have had long-standing interest in the synthesis and
photochemical behavior, including fluorescence and
photosensitization behavior, of electron-poor vinyl mono-
mers bearing electron-donating chromophores (A())-
D(/)), and electron-rich vinyl monomers bearing electron-
accepting chromophores (D())-A(/)) as well as their
polymers.2,3,6,24a The electron-poor vinyl monomers with
electron-donating chromophores can be symbolized as
A())-D(/), where A()) denotes an electron-accepting Cd
C bond such as an acrylic CdC bond, and D(/) denotes
an electron-donating chromophore. The electron-rich
vinyl monomers with electron-accepting chromophores
can be symbolized as D())-A(/), where D()) denotes an
electron-donating CdC bond such as a vinyloxy CdC
bond, and A(/) denotes an electron-accepting chro-
mophore. It has been found that the fluorescence
intensities of these monomers are always dramatically
lower than those of their corresponding polymers at the
same chromophore concentration.2,3 Recently, Cumpston
et al.,4 Warman and Verhey et al.5 also separately
described a similar phenomenon. In further work, we
found that these A())-D(/) and D())-A(/) monomers can
not only initiate their own polymerization without the

addition of photoinitiators, but also serve as photoiniti-
ators and photosensitizers to initiate other polymeri-
zation.2d,3 Furthermore, it was found that the photoini-
tiating efficiency of these A())-D(/) and D())-A())
monomers was strongly correlated to the extent of
intramolecular fluorescence quenching.3b

Among A())-D(/) monomers, we also synthesized N-
(4-N′, N′-dimethylaminophenyl) maleimide and its co-
polymer, and investigated their fluorescence behavior.6
The CdC bond of the maleimide group (A())) displays
strong electron deficiency as compared to an acrylic Cd
C bond due to the electron-withdrawing effect of two
carbonyl groups.

As mentioned above, the exploration of intramolecular
quenching had been focused on the A())-D(/) and D())-
A(/) monomers in our previous work. A deeper under-
standing of the fluorescence behavior of two or more
electron-accepting CdC bonds (A())) attached to one
electron-donating chromophore (D(/)) was of subsequent
interest to us.

Recently, bismaleimide resins have attracted much
attention in the fields of advanced composites because
of their excellent processing characteristics without the
formation of volatile byproducts, and outstanding ther-
momechanical and flammability behaviors in the finally
cured state.7 Although a variety of bismaleimide deriva-
tives containing rigid or condensed aromatic rings was
synthesized for the preparation of bismaleimide resins,
studies on their photochemical behavior, especially
fluorescence behavior were scarce.

In this article, we report the synthesis of the new
types of A())-D(/)-A()) monomers, that is, bismaleimides
containing electron-donating chromophores (Table 1)
and their fluorescence behavior. For comparison, bis-
itaconimides containing triphenylamine or 2,5-diphenyl-
1,3,4-oxadiazole chromophore were also synthesized and
studied.
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On the other hand, recently, there has been an
increasing interest in the development of the on-line
monitoring of polymerization, cross-linking or curing by
means of fluorescence spectroscopic techniques.8 Most
of the work was performed through the use of a small
amount of fluorophore added as a probe to monitor
polymerization process, which was the so-called fluo-
rescence probe technique.8,9 Although the current fluo-
rescence probe technique can provide some useful and
referential information on the process of polymerization,
it does not give direct information on the conversion of
CdC bond during polymerization. In this study, on the
basis of the fluorescence behavior of A())-D(/)-A())
monomers, we attempt to develop a new approach
toward the fluorescence monitoring of polymerization
or cure reaction.

Experimental Section

Materials and Measurements. p-Nitrofluorobenzene was
purchased from Aldrich. All other chemicals were purchased
from Beijing Chemicals Co, and used without further purifica-
tion. UV-vis absorption spectra were recorded on a Shimadzu
UV-250 spectrophotometer. The steady-state fluorescence
spectra were recorded on a Hitachi F-4500 fluorescence
spectrophotometer at room temperature. The slit width of both
monochromators was 5.0 nm. The time-resolved fluorescence
measurements were preformed using the time-correlated
single-photon counting technique following excitation by a
nanosencond flash lamp (Edinburgh Instruments FL900).
Fluorescence decay curves were analyzed using a least-squares
interactive convolution. All the solvents used were purified to
eliminate the interfering impurities for fluorescence measure-
ment. 1H NMR spectra were collected on a Varian Mercury
200 MHz and Bruker 400 MHz spectrometers using chloroform-

Table 1. A())-D(/)-A()) Bismaleimides, Bistaconimides, and Their Corresponding Saturated Compounds
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d, acetone-d6, or dimethyl-d6 sulfoxide as solvents and tet-
ramethylsilane as an internal standard. Infrared spectra were
recorded on a Nicolet Magna 750 Fourier transform infrared
(FT-IR) spectrometer. Elementary analyses were performed
on a Carlo Erba elementary analyzer. Melting points were
determined using either a Thomas-Hoover melting point
apparatus or a Perkin-Elmer DSC-4 differential scanning
calorimeter (heating rate of 10 °C/min). Number- and weight-
average molecular weights were estimated using two (30 cm
× 75 cm) Burdick and Jackson GPC columns (105 Å, 10 µm
and 500 Å, 5 µm, respectively) at 35 °C. Degassed DMF was
used as eluent at a flow rate of 1.0 mL/min.

Synthesis of Monomers and Model Compounds. N,N-
Bis(4-maleimidophenyl)methylamine (BMMA). BMMA
was prepared by a two-step procedure as follows: (1) A solution
of 4,4′-diaminodiphenylmethylamine (1.0 g, 2.7 mmol) in
acetone (30 mL) was added dropwise to the acetone (10 mL)
solution of maleic anhydride (0.92 g) with stirring at 50 °C for
2 h. A red precipitate appeared in the reaction solution, which
was collected by suction filtration. The resulting bismaleamic
acid was obtained in yield of 75%. The synthesis of 4,4′-
diaminodiphenylmethylamine was described in Supporting
Information. (2) A mixture of the above bismaleamic acid (1.5
g), sodium acetate (0.35 g), and acetic anhydride (7.0 mL) was
heated at 80 °C for 10 h. Then, the reaction mixture was
poured into ice water. A dark brown precipitate was obtained
by suction filtration and then was washed twice with 10%
sodium carbonate and dried in a vacuum. BMMA was recrys-
tallized twice from ethyl acetate to afford red crystal. Yield:
36.6%. Mp: 220-222 °C. 1H NMR (CDCl3, TMS, ppm): δ 3.346
(s, -NCH3), 7.143-7.245 (dd, 8H, aromatic ring), 6.844 (s, 4H,
2-COCHdCHCO-). IR (KBr pellet, cm-1): 3088.2, 1710.1,
1511.9, 1407.5, 1156.0, 832.8, 688.7. MS (EI): m/e 373 (M+),
319, 261, 54. Anal. Calcd for C21N3H15O4: C, 67.56; N, 11.25;
H, 4.05. Found: C, 67.40; N, 10.88; H, 4.21.

N,N-Bis(4-maleimidophenyl)aniline(BMPA). BMPA was
prepared in a similar manner as BMMA except for the
aromatic diamine 4,4′-diaminotriphenylamine, which was
synthesized as described in Supporting Information. BMPA
was recrystallized twice from ethyl acetate to yield yellow
crystals. Mp: 256-258 °C. 1H NMR (CDCl3, TMS, ppm): δ
6.88 (s, 4H, 2-CO-CHdCH-CO-), 7.091-7.34 (m, 13H,
aromatic ring). MS (EI): m/e 435(M+), 218, 77, 43. IR (KBr
pellet, cm-1) 3464.2; 3102.0; 1709.8; 1589.3; 1509.4; 1321.7;
1400.0; 1272.1; 1151.0; 836.5; 688.9. Anal. Calcd for C26H17-
N3O4: C, 71.72; N, 9.65; H, 3.94. Found: C, 71.09; N, 9.08; H,
3.96.

The syntheses of other compounds were referred to BMMA.
The synthetic procedures and spectral confirmations for N,N-
bis(4-succinimidophenyl)methylamine (BSMA), N,N-bis(4-suc-
cinimidophenyl)aniline (BSPA), N,N-bis(4-itaconimidophenyl)
aniline (BIPA), 2,5-bis(4′-maleimidophenyl)-1,3,4-oxadiazole
(p-BMPO), 2,5-bis(4′-succinimidophenyl)-1,3,4-oxadiazole (p-
BSPO), 2,5-bis(4′-itaconimidophenyl)-1,3,4-oxadiazole (p-BI-
PO), 2,5-bis(3′-maleimidophenyl)-1,3,4-oxadiazole (m-BMPO),
2,5-bis(3′-succinimido-phenyl)-1,3,4-oxadiazole (m-BSPO), and
2,5-bis(3′-itaconimidophenyl)-1,3,4-oxadiazole (m-BIPO) were
provided in the Supporting Information.

Michael Addition Reaction of BMMA with Isobutyl-
amine. The on-line monitoring of the reaction of BMMA with
isobutylamine was preformed by means of 1H NMR spectros-
copy in a NMR tube at 28 °C. BMMA (0.0019 g, 0.005 mmol)
was charged in a NMR tube. A solution of isobutylamine (1
µL) in actone-d6 (0.5 mL) was added to the NMR tube via a
gastight syringe and mixed thoroughly. The tube was then
capped with a septum. At regular intervals, 1H NMR spectra
were recorded, and 10 µL of the reaction solution was extracted
using a gastight syringe, then diluted to 10 mL of N,N-
dimethylformamide (DMF) for fluorescence measurement.

Copolymerization of BMMA with 1,6-Diaminohexane.
BMMA (0.0019 g, 0.005 mmol) was copolymerized with 1,6-
diaminohexane (0.0006 g, 0.005 mmol) in acetone-d6 (0.5 mL)
at 28 °C, which was monitored by means of 1H NMR and
fluorescence spectroscopy in the same manner as described
above.

Copolymerization of 4,4′-Bismaleimidodiphenylmeth-
ane with 4,4′-Diaminodiphenylmethane. Glacial acetic
acid (20 µl) was added to a solution of 4,4′-bismaleimidodi-
phenylmethane (0.3586 g, 0.001 mol) and 4,4′-diaminodiphen-
ylmethane (0.1990 g, 0.001 mol) in fresh m-cresol (4 mL). The
flask with the reaction mixture was immersed in an oil bath
kept at 110 °C for 12 h. Then, 200 µl of the reaction mixture
was extracted at regular intervals using gastight syringe and
poured into menthol (10 mL)/saturated NaCl (10 mL) to give
a yellow precipitate, which was then dried in a vacuum for 1H
NMR and FI-IR measurements. Afterward, 0.0035 g of the
resulting yellow solid was dissolved in 10 mL of DMF for
fluorescence measurement. Samples 1 and 2 were prepared
by the above procedure except for p-BMPO (0.0041 g, 0.01
mmol) and pyrene (0.0020 g, 0.01 mmol) added at the begin-
ning of the copolymerization, respectively.

Cure Reaction. Sample Preparation. A stoichiometric
mixture of BMMA (0.0187 g, 0.05 mmol) and 1,6-diaminohex-
ane (0.0058 g, 0.05 mmol) was dissolved in dichloromethane
(1.0 mL). Films were prepared by squeezing 5 drops of the
above mixture solution into two quartz plates (1.0 cm × 2.0
cm with thickness 1.0 mm) divided by a 1.0 mm spacer, and
the solvent was subsequently volatized at room temperature.
The fluorescence spectra were taken in the front face config-
uration before curing and after subsequent curing at regular
intervals and cooling the sample to room temperature. Samples
for FT-IR monitoring were prepared by spreading two drops
of the mixture solution of BMMA and 1,6-diaminohexane on
KBr pellets. The thicknesses of these samples were such that
the absorbance values did not exceed 1.0.

Results and Discussion

Synthesis of A()))D(/))A()) Bismaleimides, Bisi-
taconimides, and Their Model Compounds. Bis-
maleimides and bisitaconimides containing triphenyl-
amine, diphenylmethylamine, or 2,5-diphenyl-1,3,4-
oxadiazole chromophore as well as their corresponding
saturated model compounds (Table 1) were synthesized
by the reaction of corresponding aromatic diamines with
maleic anhydride, itaconic anhydride or succinic anhy-
dride, followed by thermal cyclization in the presence
of sodium acetate and acetic anhydride. The precursors
4,4′-dinitrodiphenylmethylamine and 4,4′-dinitrotri-
phenylamine were prepared by a modified Ullman
condensation,12a-f which is a nucleophilic halo-displace-
ment reaction. Another precursor 2,5-bis(3′-nitrophen-
yl)-1,3,4-oxadiazole was obtained by the cycloconden-
sation reaction of m-nitrobenzoic acid and hydrazine
hydrate in polyphosphoric acid.

The representative synthetic routes to A())-D(/)-A())
bismaleimides BMMA and BMPA are shown in Scheme
1. To our best knowledge, the syntheses of these A())-
D(/)-A()) monomers except for BMPA (only appeared in
a patent)12g have not yet been reported in detail.

Steady-State Absorption and Fluorescence Spec-
troscopy. Effect of Electron-Poor CdC Bond. Fig-
ures 1A and 2A show the UV-vis absorption spectra of
bismaleimides BMMA and p- and m-BMPO, bisitacon-
imides p- and m-BIPO, and their corresponding satu-
rated compounds bissuccinimides BSMA and p- and
m-BSPO in 1,2-dichloroethane. It is seen that the
absorption spectra of these A())-D(/)-A()) monomers are
quite close to their model compounds, indicating that
the electron-poor CdC bond does not obviously affect
their ground states.

In contrast, the fluorescence spectra of these A())-
D(/)-A()) monomers show a distinct difference from their
corresponding model compounds as shown in Figures
1B and 2B. Almost no or very weak fluorescence was
observed for these A())-D(/)-A()) bismaleimides and
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bisitaconimides, whereas their model compounds dis-
play a strong fluorescence at the same chromophore
concentration. Such a phenomenon was also observed
for BMPA and BSPA as shown in Figure 3. These A())-
D(/)-A()) monomers display strong intramolecular fluo-

rescence quenching. The only difference between these
A())-D(/)-A()) monomers and their model compounds
is the electron-poor CdC bond; therefore, it is believed

Scheme 1. Synthetic Routes to A())-D(/)-A()) Bismaleimides BMMA and BMPAa

a Key: (i) K2CO3, DMSO, 1450-150 °C, 5 h; (ii) acetone, CH3I, reflux; (iii) DMSO, CsF; (iv) Fe, HCl, 50% C2H5OH, reflux; (v)
acetone, maleic anhydride, 50 °C; (vi) acetic anhydride, AcONa, 80 °C, 10 h.

Figure 1. UV-vis absorption spectra (A) and fluorescence
spectra (B) of bismaleimide BMMA (- - -) and bissuccinimide
BSMA (s) in 1,2-dichloroethane, concentration 5 × 10-5 M. Figure 2. UV-vis absorption (A) and fluorescence spectra

(B) of bissuccinimide p- and m-BSPO (-), bisitaconimide p-
and m-BIPO (‚‚‚), and bismaleimide p- and m-BMPO (- - -) in
1,2-dichloroethane, concentration 3 × 10-5 M.
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that the CdC bond of the maleimide and itaconimide
units plays a key role in the intramolecular quenching.

Table 2 lists the spectral data of these compounds in
1,2-dichloroethane. Compared to their model com-
pounds, the fluorescence quantum yields13 of A())-D(/)-
A()) bismaleimides decrease sharply. For A())-D(/)-A())
bisitaconimides, the fluorescence quantum yields de-
crease by 1-2 orders of magnitude relative to their
model compounds. Furthermore, the intramolecular
quenching can be quantified by the ratios of fluorescence
quantum yields of A())-D(/)-A()) monomers to their
corresponding model compounds, which indicates that
the intramolecular fluorescence quenching of A())-D(/)-
A()) bismaleimides (φp-BMPO/φp-BSPO ) 1/4990, φm-BMPO/
φm-BSPO ) 1/6060) is stronger than that of A())-D(/)-
A()) bisitaconimides (φp-BIPO/φp-BSPO ) 1/12.1, φm-BIPO/
φm-BSPO ) 1/19.1). This result can be explained from the
electron-drawing strength of maleimide and itaconimide
acceptor (A())). The itaconimide unit can be regarded
as an R-substituted acrylamide derivative (EA ) 0.565
eV), which shows weaker electron-accepting ability than
a maleimide unit (EA ) 1.16 eV) according to their
electron affinity (EA).14 Thus, the A())-D(/)-A()) bisi-
taconimides display relatively weak intramolecular
fluorescence quenching. This result suggests that the

intramolecular quenching is correlated with the electron-
accepting strength of the electron-poor CdC bond (A())).

In addition, it is well-known that a 2,5-diphenyl-1,3,4-
oxadiazole (DPO) group is generally recognized as an
electron-accepting chromophore in the fields of elec-
troluminescence science and technology.15 However,
compared to the model compounds (p- and m-BSPO),
the fluorescence intensities of bismaleimides (p- and
m-BMPO), and bisitaconimides (p- and m-BIPO) obvi-
ously decrease, which also shows intramolecular fluo-
rescence quenching. This implies that an intramolecular
interaction occurs between the 2,5-diphenyl-1,3,4-oxa-
diazole group and the maleimide or itaconimide unit.
This result can be analyzed according to the electron-
accepting ability of maleimide, itaconimide, and DPO
groups. The electron affinity (EA) of maleimide (EA )
1.16 eV)16 and itaconimide (EA ) 0.565 eV)14 is higher
than that of DPO (EA ) 0.449 eV).17 In principle, the
higher value of EA represents stronger electron-accept-
ing ability. Therefore, compared to the strong maleimide
and itaconimide acceptors (A())), the DPO group acts
as a relative electron donor (D(/)). In other words, within
the three-unit compounds (p- and m-BMPO, p- and
m-BIPO), the DPO group displays a relatively electron-
donating property, although the EA value of the ita-
conimide unit is very close to that of the DPO group.

Absorption and Emission of Charge-Transfer
Complex (CTC). For BMMA, BMPA and BIPA, inter-
estingly, the absorption at 309.0 nm decreases and
becomes broader gradually, a weak absorption band
appears in BMPA, and becomes more obvious in BIPA
(434.5 nm) as shown in Figure 3A. Accordingly, the
fluorescence intensity of BIPA at 375.3 nm decreases,
and an obvious broad structureless fluorescence peak
was observed at 530.6 nm (Figure 3B). The three-
dimensional fluorescence (excitation-emission-inten-
sity) spectra of BIPA are shown in the inset of Figure
3B. The broad absorption and emission bands were
caused by an intramolecular charge transfer interaction,
which was subsequently confirmed by its disappearance
in methanol as shown in the inset of Figure 3A. This is
due to the protonation of triphenylamine group to a
certain extent in protonic solvents, leading to an invalid
electron donor. Hence, the broad structureless absorp-
tion and emission are assigned to a CTC formation,
which may be involved in an intramolecular multiple

Figure 3. UV-vis absorption (A) and fluorescence spectra
(B) of bismaleimide BMMA (- - -) and bissuccinimide BSMA
and (s) in 1,2-dichloroethane, concentration 5 × 10-5 M. A.
Inset: UV-vis absorption spectra of BIPA in menthol. B.
Inset: Three-dimensional fluorescence (emission-excitation-
intensity) spectra of BIPA, the emission and excitation of
triphenylamine donor (a) and intramolecular charge-transfer
complex (b) and the scattered light (c).

Table 2. UV-vis Absorption Maxima (λA,max), Extinction
Coefficient (E), Fluorescence Emission Maxima (λem,max),
and Fluorescence Quantum Yields (Of) and Lifetimes (τ)

as Well as the Goodness-of-Fit Parameters (øR
2) in

1,2-Dichloroethane

λA,max
(nm)

ε (×104)
(M-1 cm-1) λem,max φf (%) τ (ns) øR

2

BMMA 306.9 1.70 a a a
BSMA 310.3 1.69 369.0 7.03 0.85 1.03
BMPA 308.6 2.49 a a a
BSPA 307.5 2.50 372.6 6.92 1.12 1.14
BIPA 308.6 2.25 375.3 0.05 0.91 (12.7%),b

0.46 (87.3%)b
1.15

434.5 0.13 530.6 0.50 0.93 1.28
p-BMPO 298.5 3.80 355.7 0.02 a
p-BSPO 296.8 3.85 359.8 8.23 0.26 (84.3%),b

1.32 (15.7%)b
0.87

m-BMPO 283.2 3.79 336.0 0.01 a
m-BSPO 283.2 3.81 336.0 60.6 0.97 0.86
m-BIPO 281.5 3.80 338.0 3.18 0.24 (75.4%)b,

1.48 (24.6%)b
0.94

a No reliable data obtained due to very weak fluorescence.
b Fractional contribution from each species.
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charge-transfer interaction, that is, an intramolecular
interaction between multi- maleimide or itaconimide
acceptors (A())) and one triphenylamine donor (D(/)). In
the case of intermolecular interaction, the absorption
and emission of multiple charge transfer are hardly
observable, since the dynamic collision occurring among
three or four molecules is hardly possible at the same
time. This can be further supported by the following
intermolecular quenching study. It should be noted that
the multiple charge transfer is considerably interesting,
which is being explored in our current study on tris-
maleimides bearing electron-donating chromophore (sym-
bolized [A())]3-D(/)).

For other A())-D(/)-A()) bismaleimides and bisita-
conimides, no absorption or emission of charge-transfer
complex (CTC) was observed. Thus, although the elec-
tron-donating and electron-accepting ability of D(/) and
A()) obviously affect the formation of CTC, a reasonable
correlation cannot be obtained between the formation
of CTC and the strength of A()) or D(/). The reason for
this may be that the CTC formation was determined
not only by the strength of A()) and D(/) but also by
various other factors such as the axial orientation or
geometry arrangement between A()) and D(/).

Influence of the Geometry Arrangement Be-
tween A()) and D(/). For the para series p-BMPO,
p-BIPO, and p-BSPO, their absorption and fluorescence
spectra generally show red shifts from 14.0 nm to 23.8
nm relative to the meso series m-BMPO, m-BIPO and
m-BSPO as shown in Figure 2A and Table 2. The
intramolecular quenching of the meso series (φm-BMPO/
φm-BSPO ) 1/6060, φm-BIPO/φm-BSPO ) 1/19.1) is stronger
than that of the para series (φp-BMPO/φp-BSPO)1/4990,
φp-BIPO/φp-BSPO ) 1/12.1). Therefore, the geometry ar-
rangement of the para and meso series has to be further
analyzed as a factor in the intramolecular quenching.
The conformations of energy minimum of the para and
meso series were calculated by a semiempirical (AM1)
method using a Gaussian98 program, showing that the
twisted or dihedral angles between A()) and D(/) for
m-BMPO (28.20°) and m-BIPO (29.5°) are larger than
those of p-BMPO (23.9°) and p-BIPO (27.7°). A large
twisted angle between A()) and D(/) favors the occurrence
of charge separate state,9d-f which leads to more obvious
intramolecular quenching for meso series.

The above results reveal that the electron-poor CdC
bond plays a key role in the intramolecular quenching,
which is correlated to the electron-accepting strength
of A()) and the geometry arrangement between A()) and
D(/). The formation of CTC shows that the intramolecu-
lar quenching is attributed to an intramolecular charge-
transfer interaction.

Time-Resolved Fluorescence Spectroscopy. To
further explore the nature of intramolecular quenching,
the time-resolved fluorescence decays of these A())-
D(/)-A()) monomers and their model compounds were
investigated. The fluorescence lifetimes and goodness-
of-fit parameters of these compounds are also listed in
Table 2. For BSMA, BSPA, and p- and m-BSPO, their
fluorescence decays were well fitted by a single-
exponential function. A typical fit is illustrated in Figure
4A. For BMMA, BMPA, and p- and m-BMPO, no
reliable data were obtained due to the very weak
fluorescence. For p- and m-BIPO, a dual exponential fit
was observed, which may be due to the existence of two
emitting conformations. The average lifetimes of p-BIPO

(〈τ〉 ) 0.426 ns) and m-BIPO (〈τ〉 ) 0.545 ns) are shorter
than that of their model compounds. Therefore, the
intramolecular quenching also results in a shortened
fluorescence lifetime. The time-resolved fluorescence
spectra of BIPA are shown in Figure 4B. At higher
emission wavelengths, the decay curve becomes broader.
The fluorescence decay was fitted by dual exponential
curve. With increasing emission wavelengths, an in-
creasing amount of relatively longer lifetime was ob-
served. The short lifetime (0.46 ns) is assigned to the
reduced emission of triphenylamine donor. The rela-
tively long lifetime (0.93 ns) is assigned to the emission
of intramolecular charge-transfer complex. These results
confirm that the charge-transfer mechanism of intramo-
lecular quenching.

Intermolecular Fluorescence Quenching. To gain
a better understanding of intramolecular quenching, the
intermolecular fluorescence quenching of these model
compounds by itaconic anhydride and maleic anhydride
was investigated. The kinetics of steady-state fluores-

Figure 4. (A) Fluorescence decay curve of BSPA in 1,2-
dichloroethane, λex ) 310.0 nm, λem ) 375.0 nm, the flash lamp
instrument response profile (O), the experimental fluorescence
data points (b), the fitted curve (s), and the residues between
the fit and experimental data. Concentration: 5.0 × 10-5 M.
(B) Time-resolved fluorescence decay of BIPA, in 1,2-dichlo-
roethane. The excitation wavelength was 310.0 nm and the
emission wavelength was varied from 370.0 to 610.0 nm in
10.0 nm steps. Concentration: 5.0 × 10-5 M.
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cence quenching is described by the Stern-Volmer
equation18a

where I0 and τ0 are the unquenched intensity and
lifetime, and [Q] is the quencher concentration. The
quenched intensity (I) was corrected to avoid the inner
filter effects due to the absorption of quenchers.18b It
should be noted that the correction for quenched inten-
sity is considerably important, if the absorption of
quenchers is near the excitation wavelength. Some
unreasonable results can be obtained readily without
the correction.10 The Stern-Volmer plots for the fluo-
rescence quenching were given in the Supporting In-
formation. The Stern-Volmer constant (Kqτ0) and bi-
molecular quenching constant (Kq) were calculated and
are listed in Table 3.

In principle, kq reflects the efficiency of fluorescence
quenching or the accessibility of the quenchers to the
fluorophore. The value kq for BSMA indicates a diffu-
sion-controlled quenching, which typically leads to the
values of kq near 1 × 1010 M-1 s-1.18a The smaller values
of kq (108-109 M-1 s-1) for BSPA and p-BSPO may be
due to the steric shielding and electron-donating strength
of the model compounds.

Generally, the smaller values of the ionizing poten-
tials of electron donors represent stronger electron-
donating ability. The ionizing potentials of triphenyl-
amine, diphenylmethylamine and 2,5-diphenyl-1,3,4-
oxadiazole are 6.86, 6.94, and 9.0 eV, respectively.19

Thus, the electron-donating ability decreases in the
order of BSPA> BSMA > p-BSPO. However, the bimo-
lecular quenching constants (kq) decrease in the order
of BSMA > BSPA > p-BSPO, which is not consistent
with their electron-donating ability. The result can be
understood from the steric effect of the chromophore
donor. Although the electron-donating ability of triphen-
ylamine group is stronger than that of diphenylmeth-
ylamine group, the steric shielding of triphenylamine
group is more obvious, which leads to a decrease in the
collisional quenching.

Moreover, it was found that the fluorescence intensity
of p-BSPO was not quenched by itaconic anhydride
(Table 3), suggesting that the charge-transfer interac-
tion between p-BSPO and itaconic anhydride hardly
occurred intermolecularly due to their close electron
affinity. However, in the intramolecular case, as de-
scribed in previous section, the intramolecular quench-
ing occurred obviously in p-BIPO and m-BIPO (A())-
D(/)-A())). This shows that the intramolecular quenching
is a distinct mechanism from the intermolecular quench-
ing as shown in Scheme 2. The intramolecular quench-
ing generally causes a sharp decrease in fluorescence
intensities and lifetimes, which is concentration inde-

pendence. In contrast, the intermolecular quenching
may be attributed to a dynamic quenching. There is only
a moderate decrease in the fluorescence intensities,
which strongly depends on the concentration of fluoro-
phores and quenchers.

Model Reaction. Since the electron-poor CdC bond
(A())) plays a significant role in the intramolecular
quenching, the fluorescence intensities of A())-D(/)-A())
bismaleimides can be expected to increase with the Cd
C bond consumption. Therefore, the model reaction of
BMMA with isobutylamine in acetone was carried out
as follows:

Figure 5A shows that the fluorescence intensity
increases gradually during the reaction. This implies

Table 3. Stern-Volmer Constants (kqτ0) and Bimolecular
Quenching Constants (kq) of the Fluorescence

Quenching of Bissuccimide BSMA, BSPA, and p-BSPO by
Itaconic Anhydride (IAn) and Maleic Anhydride (MAn)

quenchers kqτ0 (M-1) kq (M-1 s-1)

BSMA MAn 7.00 8.24 × 109

IAn 9.53 1.12 × 109

BSPA MAn 2.78 2.55 × 109

IAn 2.74 2.51 × 109

p-BSPO MAn 0.29 2.9 × 108

IAn 0a 0a

a No fluorescence quenching observed.

I0/I ) 1+ Kqτ0[Q]

Figure 5. (A) Fluorescence spectra during the reaction of
BMMA with isobutylamine at room temperature (λex ) 310.0
nm). Reaction times for each spectrum (min): 0, 40, 60, 100,
120, 162.5, 180, 200, 220, 240, 303.5, 320, 340, 360, 380, and
400 in the order of increasing fluorescence intensity (from
bottom to top). (B) Reaction of BMMA with isobutylamine
monitored by following the changes in fluorescence intensity
(O) and by means of NMR spectroscopy (b).
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that the CdC bonds of BMMA were consumed gradually
leading to the disappearance of intramolecular quench-
ing. To verify the fluorescence data, the changes of Cd
C bonds during the reaction were monitored by means
of 1H NMR spectroscopy. The NMR peak at δ 3.35 (3H
of -CH3 adjacent to the N atom of BMMA) was used as
a reference. The 1H NMR spectra during the model
reaction were provided in Supporting Information. The
kinetic curve of the reaction was obtained by calculating
periodically the integrals of the peak at δ 7.01 (4H of
the CdC bonds of two maleimide ring) during the
reaction. The fluorescence data are quite in agreement
with the 1H NMR data as shown in Figure 5B. Thus,
the consumption of the CdC bonds of these bismaleim-
ides can be estimated by following the change in
fluorescence intensity during the reaction.

Copolymerization Monitoring. Recently, fluores-
cence spectroscopy as a significant tool has been devel-
oped for the in situ, on-line monitoring of polymeriza-
tion, cross-linking, or curing.8,21-24 The most of infor-
mation on polymerization was indirectly obtained from
the changes in microenvironment such as reduced free
volume, polarity, viscosity, etc.8,9c,24b Therefore, this
often leads to some unsatisfactory reports on polymer-
ization: 20 (1) The fluorescence behavior of probe is no
sensitive to the polymerization at the early stage, where
almost no changes occur in surrounding media. (2) At
the gel effect and/or vitrification stage, the fluorescent
signals are grossly magnified due to the dramatically
environmental changes.

To overcome the problem mentioned above, Miller et
al.,21 Neckers and Jager et al.,22 and Pankasem et al.23

separately used acrylate derivatives bearing fluorine,
4-(dialkylamino)-4′-nitrostilbenes or pyrene fluorophore
as fluorescence labels to monitor the polymerization of
methyl methacrylate. Likewise, we reported the photo-
polymerization monitoring of A())-D(/) N-acryloyl-N′-
phenylpiperazines by following their fluorescence be-
havior.24a It was found that the fluorescence intensities
of the fluorophores of these acrylic labels are only
partially or not quenched by their own acrylic CdC
bond. Therefore, the fluorescence intensities of unpo-
lymerized acrylic labels also contribute to the overall
fluorescence changes during the polymerization. This
leads to an obvious error in the polymerization monitor-

ing due to the uncertain amount of these unpolymerized
acrylic labels, as these labels become incorporated into
polymer chain. Recently, Warman and Verhey et al.5
reported the use of a maleimide derivative bearing a
chromophore as a fluorescence label. However, not only
the fluorescence intensity of the maleimide label but
also its emission wavelength was changed during po-
lymerization. This caused a complex and difficult moni-
toring of polymerization.

In this study, we seek a good and convenient approach
toward the polymerization monitoring by means of
fluorescence spectroscopy. In general, fluorescence spec-
troscopic techniques can be divided into two classes, an
intrinsic fluorescence technique and an extrinsic fluo-
rescence technique. In the following work, the two
techniques were employed, respectively.

(a) Intrinsic Fluorescence. Copolymerization of
BMMA with 1,6-Diaminohexane. The polyaddition
reaction of an equimolar feed of BMMA and 1,6-
diaminohexane in acetone at room temperature gave a
linear polymer7 (Mn)6450) with a board polydispersity
(PD ) 1.7).

The fluorescence intensity was found to increase
rapidly at the beginning of copolymerization, implying
that the CdC bond conversion is fast. As the copolym-
erization proceeds, the increase in fluorescence intensity
becomes slower, suggesting the CdC bond conversion
becomes lower. At the end of polymerization, the
fluorescence intensity does not increase obviously. The
dynamic data obtained from the fluorescence intensity
were confirmed by 1H NMR spectroscopy.

Figure 6A shows the 1H NMR spectra during the
copolymerization of BMMA with 1,6-diaminohexane. It
is seen that all 1H NMR peaks become broader during

Scheme 2. Proposed Mechanisms for Intermolecular Quenching (a) and Intramolecular Quenching (b)

3122 Zhang et al. Macromolecules, Vol. 36, No. 9, 2003



the polymerization due to the formation of polymer
chain. The peak at δ 7.00 (4H of two CdC bonds of
BMMA) decreases during the copolymerization, which
is used to calculate the consumption of CdC bond by
taking the integrals under the peak from δ 7.18 to 7.35
(assigned to 8H of two phenyl rings) as a reference. A
good agreement between the fluorescence data and 1H

NMR data is shown in Figure 6B. Such a good agree-
ment may be attributed to the strong intramolecular
quenching of A())-D(/)-A()) bismaleimides: (1) the very
weak fluorescence of BMMA does not contribute to the
overall changes in fluorescence intensity during the
copolymerization; (2) the fluctuation error in fluores-
cence intensity is negligible as compared to the pro-

Figure 6. (A) 1H NMR spectra during the copolymerization of BMMA with 1,6-diaminohexane in acetone-d6, reaction times for
each spectrum (min): 0, 66.5, 152.5, 240.0 (from top to bottom). (B) Kinetic curve of the copolymerization obtained from 1H NMR
data (O) and fluorescence data (b). Inset: Plot of fluorescence intensity vs the degree of copolymerization.
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nounced enhancement in fluorescence intensity during
the copolymerization. As a result, the increasing fluo-
rescence intensity is exclusively due to the consumption
of CdC bonds of BMMA. A linear relationship between
the fluorescence intensity and the degree of copolym-
erization can be obtained as shown in the inset of Figure
6B. Thus, based on the intramolecular quenching, a new
fluorescence approach could be developed to directly
reflect the CdC bond consumption during the copolym-
erization of these bismaleimides.

(b) Extrinsic Fluorescence. The above results show
that the new fluorescence approach can be employed by
an intrinsic fluorescence technique. To pursue a further
study, we explore the possibility for an extrinsic fluo-
rescence technique.

4,4′-Bismaleimidodiphenyl methane (BMDPM) and
4,4′-diaminodiphenyl methane (DADPM) were com-
mercially available and widely used as comonomers for
bismaleimide resins.7 The condensation polymerization
of an equimolar feed of BMDPM and DADPM gave a
linear polymer in m-cresol at 110 °C.25 A small amount
(4.1 mg) of p-BMPO as an extrinsic label was added to
the BMDPM/DADPM system at the beginning of copo-
lymerization (sample 1) as follows:

The polymerization process was monitored by 1H
NMR spectroscopy according to the change in 1H NMR
peak at δ 7.16, using the integrals of the peak at δ 4.03
(assigned to 2H of the methylene unit of DADPM) as
an internal reference. The degree of polymerization was
also determined by means of FT-IR spectroscopy ac-
cording to the change in the absorption band at 1183
cm-1 using eq 1, which is described in detail in the
following cure monitoring.

Figure 7 shows the fluorescence spectra during the
copolymerization for sample 1. A fluorescence intensity
curve with reaction time was thus obtained, which
agreed with the kinetic curve obtained from 1H NMR

or IR data as shown in Figure 8. The result suggests
that the new fluorescence approach can be also em-
ployed by an extrinsic fluorescence technique. In addi-
tion, Figure 8 also shows that the IR results are
consistent with the 1H NMR results, indicating that the
IR method used is reliable in this study.

For comparison, sample 2 was prepared by adding a
small amount of pyrene (2.0 mg) into the BMDPM/
DADPM system, which is a commonly used fluorescence
probe technique.26,9b A fluorescence intensity ratio
(IE/IM) method9b was utilized to follow the polymeriza-
tion process, which was calculated by taking the inte-
grals under the fluorescence spectra from 455.0 to 555.0
nm for the pyrene excimer (IE), and from 372.0 to 440.0
nm for the pyrene monomer (IM). There is only a slight
change in the intensity ratios of pyrene (IE/IM) during
the copolymerization (Figure 8), which is no sensitive
to the polymerization process. Hence, the currently
applied fluorescence probe technique is not suitable for
the polymerization monitoring of bismaleimides.

Therefore, compared to the current fluorescence probe
technique, the advantage of the new fluorescence ap-
proach is that its fluorescence information is derived
from CdC bond, not from microenvironment changes.

Cure Monitoring. The monitoring of cure process
is important to control and design optimal properties
for advanced materials.Various methods such as dif-
ferential scanning calorimetry (DSC),24b,27 FT-IR spec-
troscopy,28 UV-reflectance spectroscopy,29,10a solid-state
NMR spectroscopy,30 and ESR spectroscopy31 have been
utilized to study cross-linking or cure system. Among
them, recently, fluorescence spectroscopic techniques
have gained an considerable interest as a significant tool
for the cross-linking or cure monitoring.24b,32-34 Neckers
and Strehmel et al.33 used a strong medium-dependent
fluorescence probe to monitor photoinduced radical and
cationic cross-linking. Sung et al.10,29b,c,32 studies a series
of cure systems using an intrinsic fluorescence tech-
nique. Recently, Vatanparast and Hakala et al.34 re-
ported on the use of several fluorescence probes to follow
the entire curing process. However, the fluorescence
information was not directly correlated to the CdC bond

Figure 7. Fluorescence spectra (sample 1) during the copo-
lymerization of 4,4′-bismaleimidodiphenylmethane and 4,4′-
diaminodiphenylmethane in m-cresol at 110 °C. Reaction times
for each spectrum (min): 10, 20, 32, 40, 51, 146, 159 (from
bottom to top). [p-BMPO] ) 6.25 × 10-5 M(λex)310.0 nm).

Figure 8. Copolymerization of 4,4′-bismaleimidodiphenyl-
methane and 4,4′-diaminodiphenylmethane in m-cresol moni-
tored by following the changes in fluorescence intensity
(sample 1) (2) (λex ) 310.0 nm, λem ) 355.0 nm), by extrinsic
fluorescence probe technique (sample 2) (4) according to the
intensity ratios (IE/IM) of pyrene, λex ) 345.0 nm, and by
means of 1H NMR spectroscopy (b) and FT-IR spectroscopy
(O). Inset: Correlation plot between fluorescence and the
degree of copolymerization for sample 1.
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conversion, and the fluorescence behavior was complex
during cross-linking or curing.

In the following study, we attempt a further extension
of the new fluorescence approach to the cure monitoring.
The cure reaction of bismaleimide/diamine resins can
yield a cross-linked network.7 Here, an aliphatic 1,6-
diaminohexane is chosen as a commoner in the cure
reaction to avoid the interfering fluorescence of aromatic
diamines. The cure reaction of an equimolar feed of
BMMA and 1,6-diaminohexane was carried out at two
stages: first, at 130 °C for 2 h; second, at 180 °C for
2 h.

In bismaleimide/diamine system, several reactions are
possible.7,30 The Michael addition or amine-maleimide
chain extension reaction and the maleimide-maleimide
cross-linking reaction are widely believed to be the
predominant reactions occurring in the thermal cure
reaction as shown in Scheme 3. Obviously, in both
transformations proposed, the CdC bond of maleimide
unit becomes saturated to form the succinimide unit.

A commonly used FT-IR method was employed to
determine the extent of cure reaction of BMMA with
1,6-diaminohexane. Several distinct changes occur in
the FT-IR spectra during the cure reaction. An absor-
bance band at 1182 cm-1 (corresponding to C-N-C
succinimide resonance) increases due to the formation
of succinimide ring as shown in Figure 9.

In addition, a decrease in 3101 cm-1 band was caused
by the disappearance of the C-H vibrations of male-
imide unit. The extent of the cure reaction based on the
change in 1182 cm-1 or 3101 cm-1 band was calculated
using eq 1 or eq 2.

or

The absorbance due to the phenyl group at 827 cm-1

(A827) was used as an internal reference. The terms
(A1182/A827)t and (A3101/A827)t are the absorbances at 1182
and 3101 cm-1 at cure time t corrected for thickness,
respectively. The terms (A1182/A827)0 and (A3101/A827)0 are
the absorbance at 1182 and 3101 cm-1 at cure time zero
corrected for thickness, respectively.

The process of cure reaction was also monitored by
following the change in fluorescence intensity. Figure
10 compares the fluorescence data with the IR data.

The correlation plot between the fluorescence inten-
sity and the extent of cure is shown in the insetof Figure
10. The plot illustrated a linear relationship with a
slight deviation occurring at 180 °C cure stage. This
indicates that the fluorescence results are in agreement
with the FT-IR results, however, there is a slight
deviation at a high conversion stage. The slight devia-
tion may be due to the multitude and complexity of the
existing maleimide and succinimide formulation at
finally cured state. The correlation plot can be used to
estimate the extent of reaction. Therefore, the new
fluorescence approach is also suitable for cure monitor-
ing, which can directly reflect CdC bond consumption.

Scheme 3. Predominant Reaction Pathways for the Cure Reaction of Bismaleimide BMMA with
1,6-Diaminohexane: Michael Addition Reaction and Maleimide Homopolymerization

Figure 9. Variation of the C-N-C band intensity (1182 cm-1)
corresponding to the succinimide ring during the cure reaction.

Figure 10. Cure reaction of BMMA with 1,6-diaminohexane
monitored by means of FT-IR spectroscopy according to the
change in the absorption band at 1182 (0) or 3101 cm-1 (b)
and by following the changes in fluorescence intensity at 375.0
nm (O). Cure time schedules: at 130 (2 h) and 180 °C (2 h).
Inset: Correlation plot between fluorescence intensity and the
extent of cure.

R ) 1 - (A1182/A827)t/(A1182/A827)0 (1)

R ) 1 - (A3101/A827)t/(A3101/A827)0 (2)
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Conclusion

Bismaleimides and bisitaconimides having electron-
donating diphenylmethylamine, triphenylamine, or 2,5-
diphenyl-1,3,4-oxadiazole chromophore (A())-D(/)-A()))
as well as their saturated model compounds were
synthesized. These A())-D(/)-A()) monomers generally
display a strong intramolecular fluorescence quenching.
Their fluorescence quantum yields and lifetimes are
always lower than those of their corresponding satu-
rated compounds. The electron-poor CdC bond of ma-
leimide and itaconimide units (A())) plays a key role in
the intramolecular quenching, which is correlated to the
electron-accepting strength of A()) and the geometry
arrangement between A()) and D(/). Furthermore, the
absorption and emission of the charge-transfer complex
were observed for BIPA, which revealed that the in-
tramolecular quenching was attributed to an intramo-
lecular charge-transfer interaction. The intramolecular
charge-transfer mechanism is further confirmed by
time-resolved fluorescence spectroscopy. An intermo-
lecular fluorescence quenching study shows that the
intramolecular quenching is a distinct mechanism from
intermolecular interaction. On the basis of the strong
intramolecular quenching of A())-D(/)-A()) bismaleim-
ides, a new fluorescence approach can be developed to
monitor the process of polymerization and curing of
bismaleimides, which can be employed not only by an
intrinsic fluorescence technique but also by an extrinsic
fluorescence technique. The advantage of the new
fluorescence approach is that it provides information on
the chemical structure of CdC bond, which is unavail-
able from the currently applied environment-sensitive
fluorescence probe technique.
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