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Abstract

The kinetics and mechanisms of thermally initiated (using-8zbbisisoburyronitrile (AIBN) as initiator) radical homopolymerizations of
a series of maleimides, includindgphenymaleimide (PHMI) [1-phenylH-pyrrole-2,5-dione]N-n-hexylmaleimide gHMI) [1-(n-hexyl)-
1H-pyrrole-2,5-dione]; andN-cyclohexylmaleimide (CHMI) [1-cyclohexylH-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 theNtHstdeMIs is:E; pymi < Eq it <
E. cuwi- The overall polymerization rate paramekeaind the pre-exponential factdrwere calculated. The kinetic order with respect to the
N-sub-Mls was in the range of L < m < 0.75 for the initiator anch = 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 mect@r#661 Elsevier Science Ltd. All
rights reserved.

Keywords Maleimide; Free radical polymerization; Kinetics

1. Introduction Many modern instrumental techniques have been utilized
to obtain kinetic rate parameters with a higher precision.
Many studies have been carried out on the free radical Real time IR is one of the most useful methods [19-22].
homopolymerization oN-sub-Mls. The focus has always However, in the mid-IR range, complicated peak fitting or
been on the effect of thN-substituent on the reactivity of  deconvolution to overcome the significant peak overlapping
the monomer and/or the final physical and chemical proper- problems usually is required [23]. In particular, in situ solu-
ties of the polymer [1-10]. The rate of polymerization has tion polymerization is very hard to follow by mid-IR
been found to be influenced by solvent [7,11—14], initiator because of the limitations of KBr windows. Therefore,
[8,13,15], temperature [8,13,16] and additives [5]. A litera- near-IR (NIR) spectroscopy offers promising advantages
ture review has outlined these influences on the homopoly-for obtaining kinetic data because Pyrex cells of long path
merization of PHMI,nHMI, CHMI and otherN-substituted length may be used.
maleimides [17,18]. In the NIR region, the strongest absorption bands arise
However, the reason why thé-sub-MIs polymerization from overtones and combinations of the fundamental vibra-
rates vary for differeniN-substituents is not clear. In addi- tions of =C—H, C—H, O—H and N-H [24]. These groups
tion, little work has been reported on the kinetics of the have significant molar absorptivities for these overtones
homopolymerization of MIs to high conversions, which is because of the large anharmonicity of the vibrations
a necessary requirement for any practical application of which involve a light hydrogen atom and a heavier atom
these materials. Furthermore, the published kinetic para-such as C, O, or N. In the NIR region, C—-G=C, C=0, C—N
meters often vary significantly, even though in some casesbonds exhibit only very weak absorption bands, and the inten-
the techniques used to obtain these data are the same.  sity of the G=C—H, O—H and N—H bands are 10 to 100 times
weaker than in the mid-IR region. So, the NIR spectra are
* Corresponding author. Tel+61-7-3365-4100; fax+61-7-3365-3833.  Simpler than the mid-IR spectra with less band overlap, and
E-mail addresshill@chemistry.ug.edu.au (D.J.T. Hill). through spectral accumulation, high quality spectra with
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C==C C=C C—C before the desired purity was obtained. For CHMI, repeated
/ \ / \c—o o—c/ \C_O sublimation was found to be the best and most efficient
0= \N/C:O =T o e o method for purification of the final product. AIBN was puri-
. fied by recrystallizing twice from methanol. AN-sub-MIs
6 5 6 2 and AIBN crystals were stored in dark containers and kept
. , ) ; in a refrigerator before use. THF was refluxed with sodium

chips under Nuntil dry and freshly distilled before use. The

p monomer purity was confirmed using FTIEC and *H
PHMI nHMI CHMI 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-
excellent signal to noise can be obtained. Thus, in the NIR ments were also conducted in the absence of added initiator.
spectra the absorption bands forC-H, O-H, and N-H However, no evidence for self-initiation was found for
vibrations can be detected at levels as low as 0.0005 absornHMI or CHMI, but PHMI did show evidence of a very
bance units [25], with an accuracy and precision equivalent to slow polymerization in the absence of added initiator. The
ultraviolet/visible (UV/Vis) spectroscopy. The detection self-initiation of PHMI is discussed herein. After prepara-
limits are in the order of 0.1% [26]. tion, aliquots of the reaction mixtures were transferred into

In addition, the low molar extinction coefficients of these glass tubes (with i.d.=~ 3.4 mm), and the samples were
absorption bands make it easier to obtain linear Beer’'s Law subjected to four freeze—thaw—degas cycles to remove the
relationships at higher concentrations. Despite the fact thatO,, and then sealed under vacuum at a pressureQx 4
only carbon tetrachloride and carbon disulfide are transpar-10"2 Pa The sealed sample tubes were immediately
ent throughout the entire NIR region, subtraction of the inserted into liquid N to ensure no reaction before use.
solvent background is facile and the use of conventional These operations were carried out in a dark room to prevent
solution concentrations is acceptable [27]. Furthermore, asany premature photo initiation of polymerization.
quartz or normal glassware can be used as the sample cell, Polymerization was facilitated by placing the sample tube
the real benefit of working in the NIR region is the ability to  in a thermal-controlled heating block at a predetermined
measure samples in real time without special sample or celltemperature £0.5°C). The FT-NIR spectra were obtained
(window) preparation. using a Perkin—Elmer 1600 IR spectrometer. A computer

In this study, threeN-substituentsN-phenyl,N-n-hexyl, program was used to acquire spectra over the range 6500—
and N-cyclohexyl) were chosen to represent aromatic, 4500 cm® (usually coaddition of 32 scans) at 1—-2 min
aliphatic, and cyclic alkyl substituents, respectively intervals to high conversion.

(Fig. 1). AIBN has been used as the initiator. The polymer-  Matrix-assisted laser desorption/ionization-time of flight
ization experiments have been carried out in THF because:mass spectrometry (MALDI-TOF MS), NMR and GPC
(a) it is a polar solvent in which all of the selectbdsub- measurements were conducted for identification of the poly-
Mis have the best solubility; (b) solution polymerization mer end group, repeating unit, and molecular weight. The
will reduce gelation interference; (c) the lack of literature MALDI-TOF mass spectra were obtained on a Micromass
data for polymerizations in THF. TOF-Spec E spectrometer in reflection mode using a 20 kV

The aim of this study was to investigate the kinetics and accelerating voltage with desorption using aléker. Mass
mechanism of the free radical solution homopolymeriza- spectra were generated by summing the results of 200 laser
tions of PHMI, nHMI and CHMI. The results of the study  pulses. Quantitative NMR spectra were obtained in GDCI
should reveal the effect of tié-substituents and the solvent  solutions at 58C using either a Bruker Advance DRX 500
THF on the kinetics and mechanisms of the polymeriza- or a Bruker AMX 400 (DEPT studies) instrument with a
tions. A new method for deriving the polymerization para- relaxation decay of 10 s and inverse-gated decoupling to
meters by an on-line FT-NIR technique has been utilized, suppress NOE effects. GPC measurements were made
and a combination the techniques of NMR/GPC/MALDI- using a Waters 2690 instrument fitted with two linger
TOF MS has also been applied for characterization of the styragel columns at 3¢ and RI, UV and Viscotek detec-
polymers. tors. THF was used as the eluent (0.5 ml/min) and the instru-
ment calibrations were made using low molar mass
polystyrene standards.

Fig. 1. The structure of PHMRhHMI and CHMI.

2. Experimental

Syntheses of PHMInHMI and CHMI were carried out 3. Results and discussion
according to literature methods [28] with little modification.
The relevant intermediates and crude monomers were All of the N-sub-Mls have E&CH overtone peaks at about
recrystallized several times in petroleum spirit or ethanol 6100 cm* (PHMI, 6098 cm™; nHMI, 6095cm * and
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Fig. 2. nHMI FT-NIR spectrum, iHMI] = 1.6 M, [AIBN] =0.02 M, in
THF, 6CC.

CHMI, 6093 cm Y. Fig. 2 gives thenHMI absorption
spectrum over the range of 5800—6500 ¢mit is clearly
shown that the ECH peak onHMI is well separated from
the first overtone of the €CH peak that is at about
5900 cm'. 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 C=CH overtone peak

Fig. 3.
[NHMI] = 1.6 M, [AIBN] = 0.02 M, in THF, 60C.

In situ FT-NIR profile for nHMI homopolymerization,
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Fig. 4. Conversion—time profiles of solution homopolymerizationNef
substituted maleimides, [ME 0.8 M, [AIBN] = 0.02 M, 60C in THF.

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
60°C, [M]=08M, [I]=0.02M. The polymerization
rates are in the order of PHM# nHMI > CHMI under
these conditions.

The polymerization rateR;) has been obtained by differ-
entiation over the whole range of the conversion—time
profile. In Fig. 5A, the conversion—time profiles foHMI
are shown for polymerizations over a range of initiator
concentrations, and for a fixed initiaHMI 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 doeRR,. This dependency can be described by

Eq. ().
R, = k[I]"[M]" D

where | is the initiatormandn are the orders of the reaction
with respect to | and M, respectively, akds the overall
polymerization rate constant, which obeys the Arrhenius
equation.

Fig. 6A shows the conversion—time profile 0fiMI at
different initial monomer concentrations, and Fig. 6B shows
the corresponding, 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 thréd-sub-Mls for different
initiator concentrations.
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Fig. 5. (A) Conversion—time profiles fatHMI polymerization at variable Fig. 6. (A) Conversion—time profiles faiHMI polymerization at variable
initiator concentration and fixechfiMI] = 0.8 M, 60C in THF. (B) R~ monomer concentrations and fixed [AIBN]0.02 M, 60C in THF.
conversion profiles derived from (A). (B) R,—conversion profiles derived from (A).
3.1. Determination of apparent initiator order (m) 3.2. Determination of apparent monomer order (n)
In this study, the initial rates of polymerizatioRJj have The reaction order for the monomen)(can be deter-

been determined from the slope of the plot of monomer mined using the same method as that used above for the
concentration [MI] versus time in the initial stages of the initiator from data such as that in Fig. 9A feaHMI. In
polymerization, as described above. Based on the values ofthis case the initiator concentration was fixed while the
the polymerization rates obtained from the plots in Fig. 7A— monomer concentration was varied. From the slope of a

C, the relationship between Idg{ and log[AIBN] will plot of log(R;,) versus loghHMI] (see Fig. 9B) a value of
yield the order of the polymerizatiormj with respect to n = 1.00 for nHMI is obtained.

the initiator Fig. 8. Alternatively, a plot of InR,) versus In[MI] for a fixed
Table 1

The kinetic parameters for PHMdHMI and CHMI homopolymerizations

Monomer m n k(6C°C) (mol "™ M-t g1 E. (kJ/mol) A (molt M |min-1 gl
PHMI 0.71+ 0.02 1.00+ 0.03 4.1+ 0.3)x10°® 90+ 2 (4.8+ 0.3)x 10"

nHMI 0.75+0.02 1.00+ 0.03 (3.0 0.2)x10°° 94+ 2 (1.9% 0.2)x 10*

CHMI 0.76+ 0.02 1.00+ 0.03 (1.5+ 0.2)x 10°® 102+ 3 (1.9% 0.2)x 10"
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Fig. 7. Monomer concentration—time profiles férsub-MI homopolymer-
izations at a fixed initial monomer concentration ([M4]0.8 M) while
varying AIBN concentrations (6C in THF).

initiator concentration can be used to derive the valua of
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Fig. 8. LogR,) versus log[AIBN] plots foN-sub-MIs homopolymerization
at fixed MI concentration ([MI}= 0.8 M) while varying AIBN concentra-
tion (6C°C in THF).

have been derived from Fig. 11A—C. Based on the values
for R,, mandn, the overall polymerization rate parameker
can be calculated for polymerization at each temperature.
Then from plots of Ik versus 1T (Fig. 12), the pre-expo-
nential factor A, and the activation energk, can be calcu-
lated (Eqg. (2)). The values are presented in Table 1 together
with the calculated values of andn.

k=Ae BRT )

The relative values for activation energies for the three
N-sub-Mls are in the orde, ppmi < Eamami < Ea chmi-
This variation inE, can be explained by factors such as
conjugation, steric and polar effects arising from the differ-
ences in the nature of thé-substituents.

3.4. The mechanism of polymerization

In a free radical polymerization,

diMm f\l?
A =) = i

(=5(%))

Eq. (3) applies for termination dominated by polymer

for each monomer. Fig. 10 shows that when the concentra-radicals under steady state conditiongR#fdt = 0, which

tion of AIBN is fixed at 0.02 M and the initial monomer
concentration is 0.8 M for each monomer a valuencf
1.00 is obtained.

3.3. Determination of the kinetic rate parameters

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

TheR, values at different temperatures for each monomer polymerizations are carried out in solution where chain
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transfer reactions occur, which can be predominant in the

polymerization.

If R" represents any type of radical, which can include the
initiator radical, I, or propagating chain radical,,Reveral
possible types of transfer can take place:

1. To monomer

or b+ MM + ] or 4
P P

CdRT .
g~ em[RIM] ®
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Slope =n=1.00

In[Rp]

In[M]

Fig. 10. InR, versus In[MI] plots for N-sub-Mls homopolymerization
(60°C in THF).

2. To solvent
I’ I

or + Ski?S' + 4 or (6)
P P

_d[R] :
& ke sIR[S] )

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 monomem{) 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,R

_dmM] _ 2y fII1 v
dt ktr,S[S] + ktr,M[M]

(ky = 2koka ) (8)

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

The order with respect to the initiator was found to be in
the range of 0’1 < m < 0.76 (=0.02) for eachN-sub-Ml
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

[11[M]
M] = - -
[ ] kp ktr,s[s] + ktr,M [M]
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Fig. 11. Monomer concentration versus time profilesNesub-MI homo-
polymerization at different temperatures ([M#]0.8 M, [AIBN] = 0.02 M,

60°C, THF).

introduce monomolecular termination [7]; (4) chain transfer
to solvent or solvent retardation of polymerization [30,35].
For a bimolecular termination reaction the valuerof
should be 0.5, and if termination is monomolecular
should be 1. So, if both monomolecular and bimolecular
termination occur simultaneously, the values could be
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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 polypHMI systems remain homogeneous
throughout the whole conversion range. So heterogeneity,
at least for the latter system, cannot be the causenfor
0.5. In addition, as the diketo tautomers Mfsub-Mls 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 henceM,,) 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 C 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. 13. (a) Quantitativé®C NMR spectra for polyN-sub-Mis (in CDC}, 5C°C, 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 quantifatiNdR (zoomed spectra from (a)).

peak assignment was made using an NMR DEPT 135 these poly-MIs which would be characteristic of=C,
experiment (Fig. 14). The negative signaléat 68.2 ppm which appear at about 134 ppm. This confirms that the
(C4, —CH,—0O-) and the positive signal dt= 78.6 ppm principal chain termination reaction is not a bimolecular
(Cy, —O-CH) [38,39] in the DEPT 135 spectra clearly disproportionation.
indicate that THF fragments are at the ends of the polymer Based on all the evidence outlined above, the following
chains. mechanism for the polymerization is proposed. On decom-
In addition, no evidence for peaks from AIBN fragments, position, the AIBN free radicals undergo transfer to THF
such as —(H;, —C(CN)(CHg),, —C'N, which would be according to reaction (6), and the resulting THF radical
characterized by chemical shifs at about 14-22 and initiates the polymerization, becoming incorporated into
120 ppm, was found in the NMR spectra. This indicates the polymer chain. In the termination step, the polymer
that AIBN does not directly participate in initiation of the chain radical undergoes chain transfer to THF, so that the
polymerization. THF must therefore be involved in the resulting polymer chains have a fragment of THF on one
initiation and/or termination steps of the polymerization. end and a proton on the other. The THF radicals formed
There is no evidence of any peaks in the NMR spectra of upon termination can then either initiate a new chain or be
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Fig. 14. PolynHMI DEPT 1353C NMR spectrum, 3TC in CDCk (NMR AMX400).

lost in a termination reaction, perhaps involving combina- merizations of Mls, theN-alkyl-MI radical () and THF

tion of two THF radicals, with a very small probability of a

fragment radical (1) were found to coexist in a THF solution

THF radical combining with a radical chain end producing a during polymerization (Fig. 15). It was postulated that an

polymer chain with a fragment THF on both chain ends.

excitedN-alkyl-MI can abstract a hydrogen atom from the

The NMR results and assumptions with respect to the solvent, such as THF, ethanol, or cyclic ethers. Radicals (1)
polymerization mechanism are supported by previous ESRor (II) can easily initiate the polymerization of the MI to
investigations [11]. In these studies of the UV initiated poly- produce the chain radical (Ill) or a THF ended radical (IV).

H
|
CHy—Ce CH;—CH,
AR \H
M o= t=o0 a =H o
N Ny
R
£ % g
CH,—C —
/N \
(I1D) O=C\N/C=O Ozc/\N/C—;O
| |
R R
CH,—CH,
avy H{./ \CH CH c/H
——cHyC.
N
O =
R

Fig. 15. Possible free radicals fbksub-MI homopolymerization in THF,

detected by ESR.

In the case of termination by a combination of radicals (111)
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 ratioyn/z, was equal to the mass of the ion.

In Fig. 16, a distribution of polymeric ions can be seen
betweemVz 790 andwz 7377 with a maximum peak at/z
2171. The peaks in this distribution are separated by inter-
vals of Mz 173.17, which corresponds to the mass of the
poly-PHMI repeat unit. The mass of the most intense peak,
atm/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 otlrer= 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 andn/z2187.26 are attributed to the
attachment of a hydrogen and a potassium (on= 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
atm/z 790, to 42 units at/'z 7377.
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Fig. 16. MALDI-TOF MS spectrum of poly{-phenylmaleimide).

The mass of the predominant end group of poly-Mls 147 gmol, which corresponds to 15 1 repeatingnHMI
chains is equal to 72 and is independent of the length of units in each chain if the mass of the chain end unit (THF
the polymer chain. However, a small number of chains fragment+ proton) is 72. So, both the NMR and GPC
(<5%) were found to have a THF unit on both ends, results agree with those obtained from MALDI-TOF.
which means that they are terminated either by combination Close agreement was also obtained between the average
of two chain propagation radicals or by combination of a M, results from MALDI-TOF and those obtained from
propagation radical and a THF radical. The MALDI-TOF GPC and NMR analyses. A summary of the results obtained
spectra of the poly-MlIs also clearly confirmed that AIBN is from the three method$C NMR, GPC and MALDI-TOF)
not the species responsible for initiation of the polymeriza- is shown in Table 2.
tion of the Mls. So the conclusion can be drawn that the nature of the

The quantitative NMR results can yield a value for ratio N-substituents in the MIs do not affect the average
of the number of repeating units dFsub-Mls to the THF number of units per chain, and the low molecular weight
fragment on the chain end (calculated from the peak inten- of the poly-Mls arises through chain transfer to solvent.

sity ratio of the G=O to that of the THF fragment —-GHO— Predominantly there is one THF per chain and the another
in Fig. 13). FomHMI/THF and CHMI/THF ratios of 16+ 1 chain end is terminated by proton, which provides experi-
were obtained, while that for PHMI/THF was 131. A mental evidence for the mechanism of initiation and

GPC investigation for polyHMI yield an M, of 2801+ termination.

Le(i:blNe;R, GPC and MALDI-TOF results for poly-PHMI, polgHMI and poly-CHMI

Polymer Ratio of MIs/THF C NMR) DP, (GPC/MALDI) Mp, (g/mol) (GPC/MALDI) M., (g/mol) (GPC) PD (GPC)

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

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

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

2 The polymers were not completely soluble in the GPC solvent.
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Table 3
The wavelength for maximum UV/Vis absorbance of PHMHMI and
CHMI in different solvents

Monomer Amax (NM)

Benzene n-Hexane THF Ethanol
PHMI 320.0 320.0 314.6 312.7
nHMI 299.4 295.7 298.8 298.9
CHMI 303.0 299.2 300.3 300.6

3.7. Order with respect to monomer

The kinetic order for thes-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

4801

of the n> =" absorption band with increasing solvent
polarity (1(n > =*)/cm™! = 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 PHMInHMI and CHMI for poly-
merization are in the range of @ < 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 parametek and the pre-exponential factérhave
been calculated. The polymers formed in the reactions were
found to have similaDP,, and there was no evidence for
primary radical termination.

THF was found to be the chain end initiator fragment for
all the MI polymers (PHMInHMI, 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 fe1GC
groups was found, which suggests that the termination is

N-sub-Mls are strong electron acceptors and THF is an controlled by chain transfer to solvent. This also explains
electron donor with two lone pair electrons. Thus, a donor— the low molecular weights of the polymers prepared in THF
acceptor complex can be formed between the monomer anc®S solvent.

solvent, which may change the effective reactivityjNe§ub-
MI. It has been reported that in the solution polymerizations,

Solvation, complexation, and steric effects are believed to
play a role in determining the polymerization rates through

radicals (both complexed and uncomplexed) may react complexation with the solvent, which is particularly impor-
faster with a complexed monomer than with uncomplexed tant for these systems.

monomer [40]. Moreover, it has been found in the present

The in situ FT-NIR method has proved to be a powerful

study that the PHMI is the only monomer among the three t0ol for studies of polymerization kinetics. In combination

that could be ‘self-initiated’ in THF at 6C. 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 Ba-bexane. The
hypsochromic shift was not observed fafdMI or CHMI

with polymer molecular weight characterization by several
independent techniques, such as MALDI-TOF, NMR and
GPC, the mechanisms for polymerization of théssub-
Mls in THF have been elucidated.
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