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Abstract

The kinetics and mechanisms of thermally initiated (using 2,20-azobisisoburyronitrile (AIBN) as initiator) radical homopolymerizations of
a series of maleimides, includingN-phenymaleimide (PHMI) [1-phenyl-1H-pyrrole-2,5-dione];N-n-hexylmaleimide (nHMI) [1-(n-hexyl)-
1H-pyrrole-2,5-dione]; andN-cyclohexylmaleimide (CHMI) [1-cyclohexyl-1H-pyrrole-2,5-dione] have been investigated in THF solution
by an on-line FT-NIR technique. It was found that the order of the activation energies for the threeN-sub-MIs is:Ea PHMI , Ea nHMI ,
Ea CHMI: The overall polymerization rate parameterk and the pre-exponential factorA were calculated. The kinetic order with respect to the
N-sub-MIs was in the range of 0:71 , m , 0:75 for the initiator andn� 1:0 for the monomer. Radical transfer to solvent was found to be the
key factor in determining the apparent order with respect to the initiator.

All of the homopolymers had a relatively low molecular weight. The end groups of the polymer chains were characterized by MALDI-
TOF, GPC and NMR methods and the results clearly indicate that the polymerization was initiated by THF radicals, and that the termination
reaction is mainly controlled by chain transfer to solvent through an hydrogen abstraction mechanism.q 2001 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Many studies have been carried out on the free radical
homopolymerization ofN-sub-MIs. The focus has always
been on the effect of theN-substituent on the reactivity of
the monomer and/or the final physical and chemical proper-
ties of the polymer [1–10]. The rate of polymerization has
been found to be influenced by solvent [7,11–14], initiator
[8,13,15], temperature [8,13,16] and additives [5]. A litera-
ture review has outlined these influences on the homopoly-
merization of PHMI,nHMI, CHMI and otherN-substituted
maleimides [17,18].

However, the reason why theN-sub-MIs polymerization
rates vary for differentN-substituents is not clear. In addi-
tion, little work has been reported on the kinetics of the
homopolymerization of MIs to high conversions, which is
a necessary requirement for any practical application of
these materials. Furthermore, the published kinetic para-
meters often vary significantly, even though in some cases
the techniques used to obtain these data are the same.

Many modern instrumental techniques have been utilized
to obtain kinetic rate parameters with a higher precision.
Real time IR is one of the most useful methods [19–22].
However, in the mid-IR range, complicated peak fitting or
deconvolution to overcome the significant peak overlapping
problems usually is required [23]. In particular, in situ solu-
tion polymerization is very hard to follow by mid-IR
because of the limitations of KBr windows. Therefore,
near-IR (NIR) spectroscopy offers promising advantages
for obtaining kinetic data because Pyrex cells of long path
length may be used.

In the NIR region, the strongest absorption bands arise
from overtones and combinations of the fundamental vibra-
tions of yC–H, C–H, O–H and N–H [24]. These groups
have significant molar absorptivities for these overtones
because of the large anharmonicity of the vibrations
which involve a light hydrogen atom and a heavier atom
such as C, O, or N. In the NIR region, C–C, CyC, CyO, C–N
bonds exhibit only very weak absorption bands, and the inten-
sity of the CyC–H, O–H and N–H bands are 10 to 100 times
weaker than in the mid-IR region. So, the NIR spectra are
simpler than the mid-IR spectra with less band overlap, and
through spectral accumulation, high quality spectra with
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excellent signal to noise can be obtained. Thus, in the NIR
spectra the absorption bands for CyC–H, O–H, and N–H
vibrations can be detected at levels as low as 0.0005 absor-
bance units [25], with an accuracy and precision equivalent to
ultraviolet/visible (UV/Vis) spectroscopy. The detection
limits are in the order of 0.1% [26].

In addition, the low molar extinction coefficients of these
absorption bands make it easier to obtain linear Beer’s Law
relationships at higher concentrations. Despite the fact that
only carbon tetrachloride and carbon disulfide are transpar-
ent throughout the entire NIR region, subtraction of the
solvent background is facile and the use of conventional
solution concentrations is acceptable [27]. Furthermore, as
quartz or normal glassware can be used as the sample cell,
the real benefit of working in the NIR region is the ability to
measure samples in real time without special sample or cell
(window) preparation.

In this study, threeN-substituents (N-phenyl,N-n-hexyl,
and N-cyclohexyl) were chosen to represent aromatic,
aliphatic, and cyclic alkyl substituents, respectively
(Fig. 1). AIBN has been used as the initiator. The polymer-
ization experiments have been carried out in THF because:
(a) it is a polar solvent in which all of the selectedN-sub-
MIs have the best solubility; (b) solution polymerization
will reduce gelation interference; (c) the lack of literature
data for polymerizations in THF.

The aim of this study was to investigate the kinetics and
mechanism of the free radical solution homopolymeriza-
tions of PHMI,nHMI and CHMI. The results of the study
should reveal the effect of theN-substituents and the solvent
THF on the kinetics and mechanisms of the polymeriza-
tions. A new method for deriving the polymerization para-
meters by an on-line FT-NIR technique has been utilized,
and a combination the techniques of NMR/GPC/MALDI-
TOF MS has also been applied for characterization of the
polymers.

2. Experimental

Syntheses of PHMI,nHMI and CHMI were carried out
according to literature methods [28] with little modification.
The relevant intermediates and crude monomers were
recrystallized several times in petroleum spirit or ethanol

before the desired purity was obtained. For CHMI, repeated
sublimation was found to be the best and most efficient
method for purification of the final product. AIBN was puri-
fied by recrystallizing twice from methanol. AllN-sub-MIs
and AIBN crystals were stored in dark containers and kept
in a refrigerator before use. THF was refluxed with sodium
chips under N2 until dry and freshly distilled before use. The
monomer purity was confirmed using FTIR,13C and 1H
NMR, and microanalysis and the data compared with litera-
ture values where available [18].

The polymerization mixtures were prepared in volumetric
flasks using AIBN as the thermal initiator. Some experi-
ments were also conducted in the absence of added initiator.
However, no evidence for self-initiation was found for
nHMI or CHMI, but PHMI did show evidence of a very
slow polymerization in the absence of added initiator. The
self-initiation of PHMI is discussed herein. After prepara-
tion, aliquots of the reaction mixtures were transferred into
glass tubes (with i.d.< 3.4 mm), and the samples were
subjected to four freeze–thaw–degas cycles to remove the
O2, and then sealed under vacuum at a pressure of 4:0 ×
1022 Pa: The sealed sample tubes were immediately
inserted into liquid N2 to ensure no reaction before use.
These operations were carried out in a dark room to prevent
any premature photo initiation of polymerization.

Polymerization was facilitated by placing the sample tube
in a thermal-controlled heating block at a predetermined
temperature (̂ 0.58C). The FT-NIR spectra were obtained
using a Perkin–Elmer 1600 IR spectrometer. A computer
program was used to acquire spectra over the range 6500–
4500 cm21 (usually coaddition of 32 scans) at 1–2 min
intervals to high conversion.

Matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF MS), NMR and GPC
measurements were conducted for identification of the poly-
mer end group, repeating unit, and molecular weight. The
MALDI-TOF mass spectra were obtained on a Micromass
TOF-Spec E spectrometer in reflection mode using a 20 kV
accelerating voltage with desorption using a N2 laser. Mass
spectra were generated by summing the results of 200 laser
pulses. Quantitative NMR spectra were obtained in CDCl3

solutions at 508C using either a Bruker Advance DRX 500
or a Bruker AMX 400 (DEPT studies) instrument with a
relaxation decay of 10 s and inverse-gated decoupling to
suppress NOE effects. GPC measurements were made
using a Waters 2690 instrument fitted with two linearm-
styragel columns at 508C and RI, UV and Viscotek detec-
tors. THF was used as the eluent (0.5 ml/min) and the instru-
ment calibrations were made using low molar mass
polystyrene standards.

3. Results and discussion

All of the N-sub-MIs have CyCH overtone peaks at about
6100 cm21 (PHMI, 6098 cm21; nHMI, 6095 cm21 and
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Fig. 1. The structure of PHMI,nHMI and CHMI.



CHMI, 6093 cm21). Fig. 2 gives thenHMI absorption
spectrum over the range of 5800–6500 cm21. It is clearly
shown that the CyCH peak ofnHMI is well separated from
the first overtone of the CyCH peak that is at about
5900 cm21. Beer–Lambert’s law was shown to be valid
for this vinyl band under the experimental conditions [18].

Since the peak area is directly proportional to the mono-
mer concentration, the conversion–time profile can be
easily derived from the spectra. Fig. 3 shows a three-
dimensional plot for thenHMI CyCH overtone peak

area–time profile. Similar 3D profiles were also obtained
for the polymerization of PHMI and CHMI.

Fig. 4 shows a comparison of the conversion–time
profiles for PHMI, nHMI and CHMI polymerizations at
608C, �M� � 0:8 M; �I� � 0:02 M: The polymerization
rates are in the order of PHMI. nHMI . CHMI under
these conditions.

The polymerization rate (Rp) has been obtained by differ-
entiation over the whole range of the conversion–time
profile. In Fig. 5A, the conversion–time profiles fornHMI
are shown for polymerizations over a range of initiator
concentrations, and for a fixed initialnHMI concentration
of 0.8 M. The corresponding rate curves in Fig. 5B have
been derived from those in Fig. 5A by differentiation to
yield the conversion dependence of the polymerization
rate, which is seen to be dependent on the initial concentra-
tion of the initiator and also on the conversion. As the poly-
merization proceeds the monomer concentration decreases
and so doesRp. This dependency can be described by
Eq. (1).

Rp � k�I�m�M�n �1�
where I is the initiator,mandn are the orders of the reaction
with respect to I and M, respectively, andk is the overall
polymerization rate constant, which obeys the Arrhenius
equation.

Fig. 6A shows the conversion–time profile ofnHMI at
different initial monomer concentrations, and Fig. 6B shows
the correspondingRp versus conversion profile.

The initial rates of polymerization can be obtained from
plots of the variation in the monomer concentration versus
time. Fig. 7 shows the initial polymerization rates derived
using this approach for the threeN-sub-MIs for different
initiator concentrations.
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Fig. 2. nHMI FT-NIR spectrum, [nHMI] � 1.6 M, [AIBN] � 0.02 M, in
THF, 608C.

Fig. 3. In situ FT-NIR profile for nHMI homopolymerization,
[nHMI] � 1.6 M, [AIBN] � 0.02 M, in THF, 608C.

Fig. 4. Conversion–time profiles of solution homopolymerization ofN-
substituted maleimides, [MI]� 0.8 M, [AIBN] � 0.02 M, 608C in THF.



3.1. Determination of apparent initiator order (m)

In this study, the initial rates of polymerization (Rp) have
been determined from the slope of the plot of monomer
concentration [MI] versus time in the initial stages of the
polymerization, as described above. Based on the values of
the polymerization rates obtained from the plots in Fig. 7A–
C, the relationship between log(Rp) and log[AIBN] will
yield the order of the polymerization (m) with respect to
the initiator Fig. 8.

3.2. Determination of apparent monomer order (n)

The reaction order for the monomer (n) can be deter-
mined using the same method as that used above for the
initiator from data such as that in Fig. 9A fornHMI. In
this case the initiator concentration was fixed while the
monomer concentration was varied. From the slope of a
plot of log(Rp) versus log[nHMI] (see Fig. 9B) a value of
n� 1:00 for nHMI is obtained.

Alternatively, a plot of ln(Rp) versus ln[MI] for a fixed
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Fig. 5. (A) Conversion–time profiles fornHMI polymerization at variable
initiator concentration and fixed [nHMI] � 0.8 M, 608C in THF. (B) Rp–
conversion profiles derived from (A).

Fig. 6. (A) Conversion–time profiles fornHMI polymerization at variable
monomer concentrations and fixed [AIBN]� 0.02 M, 608C in THF.
(B) Rp–conversion profiles derived from (A).

Table 1
The kinetic parameters for PHMI,nHMI and CHMI homopolymerizations

Monomer m n k(608C) (mol12n2m lm1n21 s21) Ea (kJ/mol) A (mol12n2m lm1n21 s21)

PHMI 0.71^ 0.02 1.00̂ 0.03 (4.1̂ 0.3)× 1023 90^ 2 (4.8^ 0.3)× 1011

nHMI 0.75^ 0.02 1.00̂ 0.03 (3.0̂ 0.2)× 1023 94^ 2 (1.9^ 0.2)× 1012

CHMI 0.76^ 0.02 1.00̂ 0.03 (1.5̂ 0.2)× 1023 102^ 3 (1.9^ 0.2)× 1013



initiator concentration can be used to derive the value ofn
for each monomer. Fig. 10 shows that when the concentra-
tion of AIBN is fixed at 0.02 M and the initial monomer
concentration is 0.8 M for each monomer a value ofn�
1:00 is obtained.

3.3. Determination of the kinetic rate parameters

TheRp values at different temperatures for each monomer

have been derived from Fig. 11A–C. Based on the values
for Rp, m andn, the overall polymerization rate parameterk
can be calculated for polymerization at each temperature.
Then from plots of lnk versus 1/T (Fig. 12), the pre-expo-
nential factor,A, and the activation energy,Ea can be calcu-
lated (Eq. (2)). The values are presented in Table 1 together
with the calculated values ofm andn.

k � A e2Ea=RT �2�
The relative values for activation energies for the three

N-sub-MIs are in the order:Ea PHMI , Ea nHMI , Ea CHMI:

This variation inEa can be explained by factors such as
conjugation, steric and polar effects arising from the differ-
ences in the nature of theN-substituents.

3.4. The mechanism of polymerization

In a free radical polymerization,

2
d�M�

dt
� kp

kdf
kt

� �1=2

�I�1=2�M� � k�I�1=2�M�

k � kp
kdf
kt

� �1=2
 ! �3�

Eq. (3) applies for termination dominated by polymer
radicals under steady state conditions, d�Rz�=dt � 0; which
normally applies in inert solutions and in the early stages of
bulk polymerizations. Eq. (3) is a special case of Eq. (1)
with m� 0:5 andn� 1; which assumes that the reactivities
of both the radical and the monomer are not modified by the
solvent [29].

Modification of Eq. (3) is required especially when the
polymerizations are carried out in solution where chain
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Fig. 7. Monomer concentration–time profiles forN-sub-MI homopolymer-
izations at a fixed initial monomer concentration ([MI]� 0.8 M) while
varying AIBN concentrations (608C in THF).

Fig. 8. Log(Rp) versus log[AIBN] plots forN-sub-MIs homopolymerization
at fixed MI concentration ([MI]� 0.8 M) while varying AIBN concentra-
tion (608C in THF).



transfer reactions occur, which can be predominant in the
polymerization.

If R z represents any type of radical, which can include the
initiator radical, Iz, or propagating chain radical, Pz, several
possible types of transfer can take place:

1. To monomer

I z

or

Pz

8>><>>:
9>>=>>;1 M !ktr;M

M z 1

I

or

P

8>><>>:
9>>=>>; �4�

2
d�Rz�

dt
� ktr;M�Rz��M� �5�

2. To solvent

I z

or

Pz

8>><>>:
9>>=>>;1 S!ktr;S

Sz 1

I

or

P

8>><>>:
9>>=>>; �6�

2
d�Rz�

dt
� ktr;S�Rz��S� �7�

For effective chain transfer to solvent the rate of poly-
merization is given by Eq. (3). So the order with respect to
initiator (m) and monomer (n) under these circumstances are
0.5 and 1, respectively. If all solvent chain transfer radicals
do not reinitiate polymerization, the relationship is more
complex [30]. Depending on the extent to which the solvent
radicals reinitiate polymerization, the order with respect to
the initiator may vary between 0.5 and 1.0.

For degradative chain transfer to solvent, under a steady
state concentration of radicals Rz,

2
d�M�

dt
� kp

2kd f �I�
ktr;S�S�1 ktr;M�M� �M� � k

00
p

�I��M�
ktr;S�S�1 ktr;M�M�

�k00p � 2kpkd f � (8)

Under these conditions the order for the monomer,n,
would be observed to be less than one.

The order with respect to the initiator was found to be in
the range of 0:71 , m , 0:76 (̂ 0.02) for eachN-sub-MI
monomer. Many possible explanations for observation of an
order of this magnitude have been proposed in the literature.
For example, (1) both monomolecular and bimolecular
termination occur simultaneously [31,32]; (2) the onset of
a Trommsdorff effect [33] or heterogeneous polymerization
[34]; (3) tautomerization of the monomer, which will
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Fig. 9. Kinetic plots ofnHMI homopolymerizations. (A) Monomer concen-
tration versus time profiles at a fixed AIBN concentration
([AIBN] � 0.02 M) while varying monomer concentration (608C in
THF). (B) Log(Rp) versus log[M].

Fig. 10. lnRp versus ln[MI] plots for N-sub-MIs homopolymerization
(608C in THF).



introduce monomolecular termination [7]; (4) chain transfer
to solvent or solvent retardation of polymerization [30,35].

For a bimolecular termination reaction the value ofm
should be 0.5, and if termination is monomolecularm
should be 1. So, if both monomolecular and bimolecular
termination occur simultaneously, them values could be

between 0.5 and 1. Monomolecular termination could
occur at the wall of the polymerization vessel. If this occurs,
the surface to volume ratio will influence the polymerization
kinetics, but no such effect was observed. Gelation can also
prompt monomolecular termination in systems with a high
viscosity. While this may happen at high monomer concen-
tration and/or in the high conversion range in this study, the
calculations of the order of the initiator are based on low
conversion data where gelation does not occur. A heteroge-
neous system would make the radical chain end more
isolated, which may increase the probability of mono-
molecular termination. However, although poly-PHMI and
poly-CHMI systems do become opalescent at high conver-
sions, the poly-nHMI systems remain homogeneous
throughout the whole conversion range. So heterogeneity,
at least for the latter system, cannot be the cause form .
0:5: In addition, as the diketo tautomers ofN-sub-MIs are
among the most stable conformations in solution [36],
termination via a tautomerization mechanism is unlikely.

The solvent retardation theory developed by Burnett and
Loan [37] suggests that radicals of low reactivity can be
produced by transfer to solvent, which can then react with
monomer to reinitiate chains or they can become involved in
termination reactions. In this situation, the kinetic chain
length (and hence�Mw� will decrease [30] andm may
become less than one. This is considered to be the explana-
tion of the observed order for the systems studied herein.

3.5. NMR analyses of the polymer

In order to shed light on the termination mechanism an
NMR analysis of the polymer was undertaken. The quatita-
tive 13C NMR spectra (see Fig. 13) showed that THF is
incorporated into the poly-MI chains. The assignments of
the THF peaks are shown in Fig. 13b. Confirmation of the
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Fig. 11. Monomer concentration versus time profiles forN-sub-MI homo-
polymerization at different temperatures ([MI]� 0.8 M, [AIBN] � 0.02 M,
608C, THF).

Fig. 12. lnk versus 1/T plots of N-sub-MI homopolymerizations
([MI] � 0.8 M, [AIBN] � 0.02 M, in THF).



peak assignment was made using an NMR DEPT 135
experiment (Fig. 14). The negative signal atd � 68:2 ppm
(C4, –CH2–O–) and the positive signal atd � 78:6 ppm
(C1, –O–CHr) [38,39] in the DEPT 135 spectra clearly
indicate that THF fragments are at the ends of the polymer
chains.

In addition, no evidence for peaks from AIBN fragments,
such as –CpH3, –Cp(CN)(CH3)2, –CpN, which would be
characterized by chemical shiftsd at about 14–22 and
120 ppm, was found in the NMR spectra. This indicates
that AIBN does not directly participate in initiation of the
polymerization. THF must therefore be involved in the
initiation and/or termination steps of the polymerization.
There is no evidence of any peaks in the NMR spectra of

these poly-MIs which would be characteristic of CyC,
which appear at about 134 ppm. This confirms that the
principal chain termination reaction is not a bimolecular
disproportionation.

Based on all the evidence outlined above, the following
mechanism for the polymerization is proposed. On decom-
position, the AIBN free radicals undergo transfer to THF
according to reaction (6), and the resulting THF radical
initiates the polymerization, becoming incorporated into
the polymer chain. In the termination step, the polymer
chain radical undergoes chain transfer to THF, so that the
resulting polymer chains have a fragment of THF on one
end and a proton on the other. The THF radicals formed
upon termination can then either initiate a new chain or be
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Fig. 13. (a) Quantitative13C NMR spectra for poly-N-sub-MIs (in CDCl3, 508C, inverse-gated decoupling to suppress NOE, relaxation delay: 10 s, NMR
Bruker Avance DRX 500). (b) Peak assignment for THF chain ends peaks of THF by quantitative13C NMR (zoomed spectra from (a)).



lost in a termination reaction, perhaps involving combina-
tion of two THF radicals, with a very small probability of a
THF radical combining with a radical chain end producing a
polymer chain with a fragment THF on both chain ends.

The NMR results and assumptions with respect to the
polymerization mechanism are supported by previous ESR
investigations [11]. In these studies of the UV initiated poly-

merizations of MIs, theN-alkyl-MI radical (I) and THF
fragment radical (II) were found to coexist in a THF solution
during polymerization (Fig. 15). It was postulated that an
excitedN-alkyl-MI can abstract a hydrogen atom from the
solvent, such as THF, ethanol, or cyclic ethers. Radicals (I)
or (II) can easily initiate the polymerization of the MI to
produce the chain radical (III) or a THF ended radical (IV).
In the case of termination by a combination of radicals (III)
and (IV), a chain with a THF fragment on one end and
proton on the other will be formed.

3.6. Molecular weight and end group analysis by MALDI-
TOF, GPC and NMR

The MALDI-TOF mass spectrum of a poly-PHMI sample
is shown in Fig. 16. All of the ions observed in the spectrum
were molecular ions formed by attachment of a cation
during the ionization process. Furthermore, all of the poly-
mer species were singly-charged ions so that the mass to
charge ratio,m/z, was equal to the mass of the ion.

In Fig. 16, a distribution of polymeric ions can be seen
betweenm/z790 andm/z7377 with a maximum peak atm/z
2171. The peaks in this distribution are separated by inter-
vals of m/z 173.17, which corresponds to the mass of the
poly-PHMI repeat unit. The mass of the most intense peak,
at m/z 2171.33, corresponds to the molecular ion of a poly-
PHMI oligomer consisting of 12 units with a hydrogen atom
at one end and a THF fragment at the other�m� 71�; A
sodium ion�m� 23� is associated with the oligomer in the
mass measurement. The smaller satellite peaks (expanded in
Fig. 16) atm/z2149.24 andm/z2187.26 are attributed to the
attachment of a hydrogen and a potassium ion�m� 39�;
respectively. The masses of all of the peaks in the observed
mass distribution correspond to molecular ions of poly-
PHMI oligomers with chain lengths varying from 4 units
at m/z 790, to 42 units atm/z 7377.
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Fig. 14. Poly-nHMI DEPT 135 13C NMR spectrum, 308C in CDCl3 (NMR AMX400).

Fig. 15. Possible free radicals forN-sub-MI homopolymerization in THF,
detected by ESR.



The mass of the predominant end group of poly-MIs
chains is equal to 72 and is independent of the length of
the polymer chain. However, a small number of chains
(,5%) were found to have a THF unit on both ends,
which means that they are terminated either by combination
of two chain propagation radicals or by combination of a
propagation radical and a THF radical. The MALDI-TOF
spectra of the poly-MIs also clearly confirmed that AIBN is
not the species responsible for initiation of the polymeriza-
tion of the MIs.

The quantitative NMR results can yield a value for ratio
of the number of repeating units ofN-sub-MIs to the THF
fragment on the chain end (calculated from the peak inten-
sity ratio of the CyO to that of the THF fragment –CH2–O–
in Fig. 13). FornHMI/THF and CHMI/THF ratios of 16̂ 1
were obtained, while that for PHMI/THF was 13̂1: A
GPC investigation for poly-nHMI yield an �Mn of 2801^

147 g=mol; which corresponds to 15̂ 1 repeatingnHMI
units in each chain if the mass of the chain end unit (THF
fragment1 proton) is 72. So, both the NMR and GPC
results agree with those obtained from MALDI-TOF.
Close agreement was also obtained between the average
�Mn results from MALDI-TOF and those obtained from

GPC and NMR analyses. A summary of the results obtained
from the three methods (13C NMR, GPC and MALDI-TOF)
is shown in Table 2.

So the conclusion can be drawn that the nature of the
N-substituents in the MIs do not affect the average
number of units per chain, and the low molecular weight
of the poly-MIs arises through chain transfer to solvent.
Predominantly there is one THF per chain and the another
chain end is terminated by proton, which provides experi-
mental evidence for the mechanism of initiation and
termination.
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Fig. 16. MALDI-TOF MS spectrum of poly(N-phenylmaleimide).

Table 2
13C NMR, GPC and MALDI-TOF results for poly-PHMI, poly-nHMI and poly-CHMI

Polymer Ratio of MIs/THF (13C NMR) DPn (GPC/MALDI) M̄n (g/mol) (GPC/MALDI) M̄w (g/mol) (GPC) PD (GPC)

PHMI 13^ 1 16.6(M) 2942(M) a a

nHMI 16 ^ 1 15^ 1(G) 2801̂ 147(G) 5526̂ 121 2.0̂ 0.1
14.2(M) 2637(M)

CHMI 16^ 1 14.9(M) 2743(M) a a

a The polymers were not completely soluble in the GPC solvent.



3.7. Order with respect to monomer

The kinetic order for theseN-sub-MI monomers has been
found to be unity, which clearly indicates:

1. Chain transfer to monomer does not take place.
2. No termination occurs between growing polymer radi-

cals and primary initiator radicals [33], which would
yield an order of two with respect to the MI.

According to the model for polymerization expressed in
Eq. (3) the order with respect to the monomer should be
one. Thus the value of one obtained from the experimental
data for the poly-MI systems agrees with the theoretical
prediction.

3.8. Reactant–solvent complex (RSC) model

N-sub-MIs are strong electron acceptors and THF is an
electron donor with two lone pair electrons. Thus, a donor–
acceptor complex can be formed between the monomer and
solvent, which may change the effective reactivity ofN-sub-
MI. It has been reported that in the solution polymerizations,
radicals (both complexed and uncomplexed) may react
faster with a complexed monomer than with uncomplexed
monomer [40]. Moreover, it has been found in the present
study that the PHMI is the only monomer among the three
that could be ‘self-initiated’ in THF at 608C. It is proposed
that this behavior of PHMI is due to complex formation with
the THF solvent.

A study of the UV/Vis spectra revealed a strong hypso-
chromic shift for PHMI for solutions in polar solvents as
compared to nonpolar solvents, such as Bz orn-hexane. The
hypsochromic shift was not observed fornHMI or CHMI
under the same experimental conditions. These observations
indicate that THF only affects then . pp Franck–Condon
excited state of PHMI carbonyl groups. Then . pp excited
state of a carbonyl group is less dipolar than the ground
state. During the process of excitation, onen-electron is
promoted from a nonbonding orbital on the oxygen atom
of the CyO group to an antibondingpp orbital which is
delocalized over the carbonyl group. Removal of an electron
from the oxygen atom implies a considerable contribution
by thesC̄–Ō% mesomeric structure, with a decrease or even
reversal in the direction of the excited-state dipole moment.
This dipole diminution corresponds to a hypsochromic shift

of the n . pp absorption band with increasing solvent
polarity �n�n . pp�=cm21 < 31;000� [41].

The reversal in the direction of the excited-state dipole
moment allows the PHMI to form a strong RSC with the
THF. This may explain why PHMI is the only monomer
among the three that can be self-initiated, and why the
PHMI polymerization is faster than that for the other two
MIs. Table 3 shows the results of the UV/Vis investigation.

4. Conclusions

The kinetic orders of PHMI,nHMI and CHMI for poly-
merization are in the range of 0:71 , m , 0:75 for the
initiator andn� 1:0 for the monomer. Radical transfer to
solvent was found to be the key factor in determining the
order with respect to the initiator. The overall polymeriza-
tion rate parameterk and the pre-exponential factorA have
been calculated. The polymers formed in the reactions were
found to have similarDPn; and there was no evidence for
primary radical termination.

THF was found to be the chain end initiator fragment for
all the MI polymers (PHMI,nHMI, CHMI), and there was
no evidence for the presence of any AIBN fragments, which
indicates that the AIBN radicals readily undergo chain
transfer to THF. There was only one THF unit per chain
with a proton at the other chain end. No evidence for CyC
groups was found, which suggests that the termination is
controlled by chain transfer to solvent. This also explains
the low molecular weights of the polymers prepared in THF
as solvent.

Solvation, complexation, and steric effects are believed to
play a role in determining the polymerization rates through
complexation with the solvent, which is particularly impor-
tant for these systems.

The in situ FT-NIR method has proved to be a powerful
tool for studies of polymerization kinetics. In combination
with polymer molecular weight characterization by several
independent techniques, such as MALDI-TOF, NMR and
GPC, the mechanisms for polymerization of theseN-sub-
MIs in THF have been elucidated.
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