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ABSTRACT: We have recorded *C NMR spectra of silk fibroins from Bombyx mori and Philosamia
cynthia ricini to examine solvent- (or diluent-) or mechanical-treatment-induced conformational transi-
tion. First, 13C NMR spectra of silk I and II forms of the crystalline (Cp) fraction of B. mori fibroin and
of a-helix and 8-sheet forms of P. ¢. ricini fibroin were recorded under improved spectral resolution than
those previously reported. For the latter fibroin, two kinds of a-helical domains (stable and less stable a-
helical domains consisting of longer and shorter Ala sequences, respectively) were distinguished in view of
the substantial difference in the stability of helices between the solid and the solution. Hydration of B.
mori fibroin resulted in a stabilization of silk I forms, as manifested from the significant narrowing of peaks
without inducing conformational transition. In P. c. ricini fibroin, however, hydration caused a partial
conformational change from the less stable a-helix to the 8-sheet form, without any change in line widths.
Furthermore, solvent-induced conformational change of B. mori fibroin from the “random coil” to the silk
IT form was examined and explained in terms of ease of dehydration by the solvent used. In addition, con-

formational change by mechanical treatments such as drawing and compression was also examined.

Introduction

Crystalline silk fibroins are known to exist in one of
the polymorphs, either silk I or silk IT and either o-helix
or (-sheet forms, depending on the species of silkworms,
Bombyx mori and Philosamia cynthia ricini,
respectively.™ Besides, the “random coil” form can be
distinguished from the above-mentioned polymorphs in
fibroins of noncrystalline samples. Previous works showed
that a number of solvents (or diluents) or mechanical
treatments induce conformational transition from the less
stable “random coil” or silk I form to the more stable
silk IT (3-sheet) form.>7 Extensive study of such a pro-
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cess is very important to gain a better understanding of
the relative stability of the respective forms as well as a
plausible mechanism of induced conformational transi-
tion.

Recently, Asakura and co-workers attempted to uti-
lize this sort of conformational transition of silk fibroins
to develop an immobilized enzyme support system with-
out inducing inactivation of entrapped enzymes.# ! Here,
entrapment is facilitated by the partial formation of effec-
tive physical “cross-links” of polymers from aggregates
of ordered $-sheet sequences. Effectiveness of this pro-
cedure is based on the fact that such conformational tran-
sition is induced by a gentle process such as solvent or
mechanical treatment. For this purpose, it is important
to clarify and to control various types of conformational
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transitions of fibroins in a more detailed manner.?

Traditional means of conformational elucidation such
as X-ray diffraction or infrared spectroscopy, howéver,
is not always adequate for this purpose because these
methods are not suitable for the quantitative evaluation
of the relative proportion of noncrystalline forms. In this
connection, we have demonstrated that a high-resolu-
tion solid-state 13C NMR study'? !4 is a very useful means
to evaluate the relative proportion of several types of forms,
even if they are mixed in a sample. This is based on the
fact that the three forms of silk fibroins including “ran-
dom coil” are readily distinguished by examination of the
conformation-dependent 3C chemical shifts of the respec-
tive amino acid residues as determined by the high-res-
olution solid-state NMR method. In fact, the 3C chem-
ical shifts of respective amino acid residues are indepen-
dent of its sequence and are mainly determined by local
conformations determined by the torsion angles (¢, ¥)
and the manner of hydrogen bonding.'®%"

In this paper, we first recorded 3C NMR spectra of
highly crystalline samples under improved spectral res-
olution as a reference for the study of conformational
modification. Then, we analyzed the effect of hydration
of fibroin on the stability of respective forms or induced
conformational transition as studied by high-resolution
solid-state 13C NMR spectroscopy. Furthermore, we stud-
ied conformational transition of a variety of fibroin sam-
ples by means of solvent or mechanical treatment. The
starting materials used in this study are as follows: (a)
cast film, (b) regenerated fibroin solution, (c¢) lyo-
philized fibroin, and (d) fibroin gel.

Experimental Section

Materials. B. mori Fibroin. Preparation of the degummed
fibroin and the crystalline (Cp) fraction was described in the
preceding paper.!®'® The dried degummed fibroins were dis-
solved in 9 M LiBr aqueous solution (3% w/v) at 40 °C, fol-
lowed by dialysis against distilled water (regenerated fibroin
solution). The cast film was obtained by casting the regener-
ated fibroin solution on a PMMA plate, followed by drying.
Lyophilized fibroin was obtained from the regenerated fibroin
solution. Fibroin gel was a product of prolonged dialysis (4 days).
These starting materials (regenerated fibroin solution, lyo-
philized fibroin, and fibroin gel) were mixed or immersed in
organic solvent while vigorously stirred (0.5 h for the regener-
ated solution or the fibroin gel; 1 week for the lyophilized fibroin).

The cast film was used as a starting material and was pre-
pared by the following three kinds of methods.?®?! Samples
were hydrated by placing in a desiccator of 96% relative humid-
ity (RH) for 30 min prior to the following mechanical treat-
ments. The hydrate sample was then compressed at 560 kg/
cm? for 20 min to obtain the compressed film. Second, the
hydrate film was uniaxially drawn 3-fold by placing it on a
stretcher for 10 min (the rate of drawing was 0.2 mm/s). Third,
the fibroin film was kept under 20 °C, 96% RH for 1 week
without any mechanical treatment.

P. c. ricini Fibroins. o-Helical P. c. ricini fibroin was obtained
by casting liquid silk directly taken from the posterior silk gland
of the mature larva on a PMMA plate.!® Highly crystalline 8-
sheet fibroin was prepared from precipitates of P. c. ricini fibroin
digested by chymotrypsin.?? The cast film of P. c. ricini fibroin
was prepared following the same preparation of the cast film
from B. mori fibroin, and the resulting hydrated film was com-
pressed or drawn as described above.

The 75.46-MHz high-resolution solid-state 3*C NMR spectra
were recorded on a Bruker CXP-300 spectrometer equipped with
an accessory of cross polarization-magic angle spinning (CP-
MAS). The detailed conditions of data acquisition were the
same as those described in the preceding paper.'® Except for
the well-hydrated samples, all samples were dried in vacuo over-
night prior to NMR measurements. The well-hydrated sam-
ples were prepared by placing the sample in a 96% RH desic-
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Figure 1. 75.46-MHz 1°C NMR spectra of silk fibroins from
the Cp fraction of B. mori fibroin adopting silk I (A) and silk
II (B) forms in the solid state. Roman letters I and II above
the peaks stand for the peak positions from silk I and silk II,
respectively.
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Figure 2. 75.46-MHz '2C NMR spectra of a-helix (A) and 8-
sheet (B) forms from P. c. ricini fibroin in the solid state. The
greek letters « and g stand for the peaks from the «-helix and
B-sheet forms.

cator for 15-45h. The 1C chemical shifts were calibrated through
the external carboxyl peak of glycine (176.03 ppm) and con-
verted to the values from tetramethylsilane (Me,Si).

Results

Figure 1 demonstrates the 3C NMR spectra of silk I
(Figure 1A) and silk II (Figure 1B) forms of the Cp frac-
tion whose spectral resolution is much better than that
in previous work.!214%24 In particular, the achieved spec-
tral resolution in the silk I sample is noteworthy;?® the
carbonyl peaks are resolved into three regions (Figure
1A) in which the uppermost and the lowermost signals
are in accordance with the !3C NMR signals of Gly and
Ala residues in form II of (Ala-Gly),,'® respectively. The
remaining least intense central peak is thus readily ascribed
to the Ser C==0 signal by taking into account the rela-
tive proportion of amino acid residues. Then, the upper
and lower carbonyl peaks of the silk II sample (Figure
1B) are ascribed to Gly and Ala plus Ser residues, respec-
tively, on the basis of the relative proportion of amino
acid residues and of the 3C chemical shifts of the refer-
ence samples: form I (8-sheet) of (Ala-Gly), and the 8-
sheet form of (Ser),.!® Figure 2, parts A and B, demon-
strates *3C NMR signals of a-helix and 8-sheet forms of
P. ¢. ricini fibroin, respectively. Again, the carbonyl sig-
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Table I
13C Chemical Shifts of Polymorphic Forms of Silk Fibroins and Related Polypeptides (ppm from Me,Si)
silk 1 silk II a-helix B-sheet
B. mori  ref polypeptides  B. mori  ref polypeptides  P.c. ricini  ref polypeptides P.c. ricini  ref polypeptides

Ala C, 51.4 50.5° 49.4 48.5° 52.5 52.4¢ 48.6 48.24
C 16.5 16.6¢ 20.2 20.0% 15.7 14.9¢ 20.0 19.9¢
C=6 177.0 177.1¢ 172.3 171.9° 176.2 176.4° 171.8 171.8‘_1
Gly C, 43.8 43.7¢ 43.1 43.3% 43.0 42.8 43.2
C=0 170.7 171.9° 169.5 169.2? 172.3 171.7" 168.8 168.4*
Ser C, 58.0 55.4 54.4" 4 54.2 54.4/
60.7 63.6 63.9 g 63.0 63.9
C=8 173.7 172.3¢ 171.2 g 171.& 171.2f

° (Ala-Gly), IL'® ? (Ala-Gly), 113 °(Ala),, a-helix form.** ¢ (Ala),, 8-sheet form.?! ¢ Superimposed on the Ala C=0 peak. / (Ser),, 5
sheet form.'® & Not defined. * (Ala,Gly*),, random copolymer, 5% Gly* ([1-13C]Gly).?? ¢ (Gly),, 8-sheet form.3' / Superimposed on the Ala

C=0 peak.
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Figure 3. 75.46-MHz '3C NMR spectra of anhydrous (sam-
ples 1 and 3) and hydrate (96% RH; 15-45 h; samples 2 and 4)
samples from B. mori fibroin: sample 1, cast film; sample 2,
hydrated sample 1; sample 3, lyophilized fibroin after mixing
fibroin solution in methanol solution; sample 4, hydrated sam-
ple 3. The peak with an asterisk in the carbonyl region stands
for the Ala C==0 peak of silk II and the Ala and Gly C=0
peaks of the silk I form.

nal that arose from a broad singlet in the previous
work!? is now resolved into a doublet signal (Figure 2A).
The lower and upper signals are readily ascribed to Ala
and Gly 3C signals, by taking into account the relative
proportion of amino acid composition and the peak posi-
tion of the reference compounds (see Table I). The car-
bonyl peak of the Gly residue in the 8-sheet form, how-
ever, is not resolved but appears at a shoulder of the intense
Ala C=0 signal. The peak positions of Ser C, and Cg
are not clearly resolved as compared with those of the 3-
sheet form. The '3C chemical shifts thus obtained were
summarized in Table L

Figures 3 and 4 summarize the effect of hydration on
the **C NMR spectra of B. mori and P. c. ricini fibroins,
respectively. Hydration of the former fibroins resulted
in a substantial narrowing of the **C NMR signals of the
silk I form, whereas the effect is less pronounced in silk
I1.?6 In particular, the lowermost shoulder of the car-
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Figure 4. 75.46-MHz *C NMR spectra of anhydrous (sam-
ples 5 and 7) and hydrate (96% RH; 15-45 h; samples 6 and 8)
fibroin samples from P. c. ricini in the solid state: sample 5,
cast film; sample 6, hydrated sample 5; sample 7, cast film con-
taining a large proportion of the 8-sheet form; sample 8, hydrated
sample 7.

bonyl peak in the silk I form is evident at 176 ppm in
the hydrate sample (sample 2). On the contrary, the above-
mentioned peak narrowing is not prominent in the fibroins
from P. c. ricini. Instead, it is noteworthy that the rel-
ative proportion of the B-sheet forms is significantly
increased (samples 6 and 8) as compared with that of
the corresponding anhydrous sample (samples 5 and 7,
respectively) as a result of hydration.

Figure 5 summarizes '3C NMR spectra of conforma-
tional transition of lyophilized fibroin immersed in organic
solvent for 1 week. The relative proportion of the peaks
characteristic of the silk I form is increased at the expense
of the peaks marked by silk I that include the “random
coil” form. Such conformational transition was acceler-
ated (30 min) when an aqueous solution or fibroin gel
was used as starting material (spectra not shown). The
achieved conformational transitions thus obtained were
demonstrated by the bar graph in Figure 6.2 The silk
IT content thus obtained is 12-74%. It is interesting to
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Figure 5. Solvent-induced 3C NMR spectral change of lyo-
philized fibroin from B. mori. '3C NMR spectrum of the lyo-
philized sample prior to the any treatment is shown in Figure
5F for the sake of comparison.

note that conformational transition is enhanced when water
molecules are present in the solvent of the lyophilized
sample (50% aqueous solution) (Figure 6A). On the con-
trary, the solvent used in this study did not induce any
prominent conformational transition of fibroin gel because
the maximal conformational transition was almost already
achieved at the occasion of gel formation.

Figures 7 and 8 summarize the spectral change of 3C
NMR spectra of B. mori and P. c. ricini fibroins caused
by compression, drawing, or hydration. The effect of
hydration followed by drying is less pronounced but sig-
nificant (Figures 7C and 8D) as compared with that of
the above-mentioned hydration-induced conformational
change (15-45 h) (see Figures 3-5). Compression (at 560
kg/cm?) did not affect any spectral change for both types
of fibroins (Figures 7A and 8C). On the other hand, draw-
ing caused significant spectral change in both samples
but in a different manner. Drawing induced consider-
able broadening of peaks in B. mori (Figure 7B). How-
ever, drawing increased to a similar extent the §-sheet
form in the case of P. c. ricini fibroin (Figure 8B) as that
obtained by immersing the sample in methanol (Figure
8A).

Discussion

Conformational Characterization by °C NMR. Fig-
ure 1 shows that the *C NMR spectrum of the silk I
form from the Cp fraction of B. mori silk fibroin is well
resolved: in particular, the carbonyl **C NMR signals are
split into three peaks depending on the variety of amino
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Figure 6. Graphical representation of the silk II content induced
by solvent treatment. The data presented (£15%) were obtained
by examination of the relative peak intensities of Ala Cj sig-
nals between peaks I and II, with the aid of curve fitting by
assuming Gaussian line shape. Starting materials: (A) lyo-
philized fibroin, (B) regenerated fibroin solution, and (C) fibroin
gel. The dotted bar graph indicates that the data were taken
in the presence of 50% water as the solvent.

acid residues involved. However, such a peak splitting
is obscured for cast or lyophilized fibroins, as starting
materials of the conformational transition, although the
rest is very similar between these fibroins and silk I sam-
ples (Figures 3 and 5). Such unresolved carbonyl peaks
arose from the superposition of 3C NMR signals from
segments, other than the central Cp domain, whose respec-
tive (¢, ¥) torsion angles are distorted to some extent
from those of the standard silk I form. This situation
could be extended to the region adopting the “random
coil” conformation as viewed from X-ray diffraction and
infrared spectroscopy. As pointed out already, the “ran-
dom coil” conformation in the solid state is not always
completely amorphous as shown by the ensemble of fro-
zen allowed conformers present in solution because
observed *C NMR signals are not as broadened as
expected from the sum of the peaks of all allowed con-
formations (5-10 ppm).}* Instead, it is reasonable to con-
sider, on the basis of the similarity of 3C chemical shifts
between silk I and “random coil” forms,'® that the “ran-
dom coil” conformation is a silk I type in which the crys-
talline packing is distorted to some extent by the pres-
ence of conformers and/or segments in which the tor-
sion angles deviate slightly from those of the normal silk
I form.}*

It appears from Figure 2A that almost all Ala residues
in the cast film of P. c. ricini silk fibroin participated in
the domains of the a-helix conformation, as judged by
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Figure 7. '3C NMR spectral change of cast film (D) from B.
mori fibroin after hydration (96% RH; 1 week) (C) and mechan-
ical treatment after hydration of 30 min at 96% RH (A and B).
These hydrate samples were dried in vacuo before measure-
ments.

the conformation-dependent *C chemical shifts of the
C,» C4, and C=0 carbons of the Ala residue.”>*" In fact,
the a-helix content is almost 100% as viewed from the
peak profile of the C; signal, although the Ala C,, signal
has the less intense tail (ca. 13%) at the position of the
B-sheet form. In addition, it is estimated, from the rel-
ative peak intensities of Gly C=0 peaks taking a-helix
and g-sheet forms?® (Figure 2A), that roughly 50% of
total Gly residue is invoived in the domain of the above-
mentioned a-helix conformation. Therefore, the a-heli-
cal content in the cast film from P. c. ricini is roughly
estimated as 65%, from the relative proportion of amino
acid residues involved in the a-helix (48% Ala + 0.5 X
33% Gly).”® This estimated a-helix content is much higher
than that obtained from the data of an aqueous solution
at 0 °C (26%).%° In that case, only 78% of the Ala res-
idues are involved in a-helix. This obvious discrepancy
of a-helical content between aqueous solution and the
solid state could be compromised by taking into account
the existence of two types of a-helical domains: stable
and less stable domains in the solid state.

Asakura et al.’® previously showed that segments of
-(Ala),- sequence with an average residue number, 22,
participated in the stable «-helix domain in aqueous solu-
tion. Saitd et al. showed that (Ala), with n = 16 is able
to form the a-helix in the solid state.’! In addition, it
was previously demonstrated??3? that a smaller amount
of the Gly residue (5-13%) as a guest molecule could be
virtually incorporated into the o-helices of host polypep-
tides in a random copolymer such as (Ala,Gly),, in spite
of the Gly residue being known as a strong helix
breaker.®® This is not unexpected because the local a-
helical conformation at the Gly residue is stabilized when
this residue is sandwiched by the helix-forming Ala res-
idue. In fact, these findings suggest that segments of a
shorter alanine sequence, -(Ala),,-Gly-(Ala),- (m + n =
7-20), can form an «-helical conformation in the cast film
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Figure 8. '3C NMR spectral change of cast film (E) from P. c.
ricini fibroin after hydration (96% RH; 1 week) (D) and mechan-
ical treatment after hydration of 30 min at RH 96% (B and C).
A spectral change induced by immersing in methanol was shown
(A). These hydrate samples were dried in vacuo before mea-
surements.

of P. c. ricini fibroin. Therefore, it is concluded that the
less stable a-helices in P. c. ricini fibroin in the solid are
straightforwardly ascribed to domains with the above-
mentioned sequence, -(Ala),,-Gly-(Ala),- (m + n = 7).3¢
Obviously, the a-helix conformation of this domain is less
stable in the hydrophilic environment and is easily sus-
ceptible to hydration-induced conformational change, as
described later.

The Effect of Hydration. It is noteworthy that hydra-
tion caused significant spectral change in the cast films
of B. mori and P. c¢. ricini fibroins in a different manner
(Figures 3 and 4): peak narrowing and conformational
change for the former and the latter, respectively. In
particular, *C NMR line widths were substantially nar-
rowed (Ala C, and C; and Ser C, and Cj signals of the
silk I form) by hydration of the cast film as compared
with those of anhydrous samples. In other words, the
former and the latter effects can be visualized as hydra-
tion-induced conformational change of smaller and larger
amplitude of torsion angles, respectively. Such hydration-
induced peak narrowing or spectral changes were also
observed for a number of polysaccharide samples.337

Clearly, the peak narrowing by hydration is explained
in terms of conformational readjustment of deformed struc-
tures with the aid of hydration because narrowed peaks
arose generally from samples of better crystalline pack-
ing. Actually, insolubilization of water-soluble B. mor:
silk fibroin membrane occurs when the membrane was
kept under 96% RH for 1 day.?° The “random coil” form
is thus stabilized by hydration to yield the silk I form. It
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appears, however, that such a hydration-induced confor-
mational stabilization of the silk I form cannot be sim-
ply explained in terms of the well-known crank-shaft
model.®® Instead, Asakura and Yamaguchi®® proposed
three models of the silk I form on the basis of solid-state
13C NMR spectroscopy, long-range C-H spin coupling,
X-ray diffraction patterns, and a conformational calcu-
lation taking into account the hydration effect.*° In any
case, a primary site for hydration should be at Ser O, of
the Ser residue (12.2%)?® because of the presence of free
hydroxymethyl groups. The subsequent conformational
readjustment or change seem to account well for our view
that the “random coil” form is a silk I type conforma-
tion. Other plausible sites for hydration may be at res-
idues with a hydrophilic side chain such as Tyr (4.8%),
Asp (1.9%), and Glu (1.4%).2° On the contrary, hydra-
tion caused partial conformational change of P. c. ricini
fibroin from the less stable domain of the a-helix to the
B-sheet form (ca. 27 and 20% conversion from the a-he-
lix to the 3-sheet forms for samples 6 and 8, respective-
ly). Itis now clear that such conformational change would
be triggered by destabilization of the local a-helical con-
formation of the Gly residue sandwiched by Ala sequences.

Solvent-Induced Conformational Transition. As
far as the lyophilized fibroin sample is utilized as a start-
ing material, a polar solvent such as CF;COOH, acetone,
or methanol induced a considerable proportion of the con-
formational transition from the “random coil” or silk I
type form to the silk IT form. On the contrary, a solvent
of lower polarity like chloroform or propanol produced a
less pronounced effect (Figures 5 and 6). Thus, it seems
that the extent of solvent-induced conformational change
is related to the ease of the hydration/dehydration pro-
cess by these solvents. In fact, a solvent that is freely
miscible with water molecules caused the maximal con-
formational transition, whereas a solvent not miscible with
water did not induce any appreciable effect. As pointed
out already, hydration of B. mori fibroin stabilizes the
silk I or silk I type form. On the contrary, it is expected
that dehydration by an organic solvent destabilizes the
silk I form to result in formation of the silk II form. The
rate-determining step in the conformational transition
of lyophilized fibroin is thus considered to be a diffusion
process of solvent molecules into the individual sites of
the molecular chains. Fibroin gel, on the other hand, is
not sensitive to treatment of any solvents because the
maximal conformational transition due to dehydration
is already initiated by the gel formation step. Thus, it
is possible to control the conformational character through
silk IT content by changing the kinds of the organic sol-
vents used. This is useful in the molecular design of the
enzyme-immobilized silk fibroin membrane.

Mechanical Treatment. As pointed out, hydration
stabilized the silk T form. The resulting stabilized con-
formation could be partially retained, even if such sam-
ples were dried in vacuo overnight (Figure 7C). Com-
pression at 560 kg/cm? was ineffective to conforma-
tional transition for both types of fibroins because the
pressure employed is too low to induce any conforma-
tional transition (Figures 7 and 8). Drawing, on the other
hand, was found to be effective in inducing conforma-
tional change for both fibroins, although the effect to P.
c. ricini fibroin is more remarkable. Again, the presence
of the less stable a-helix, as discussed in the previous
section, is responsible for the initiation of this transi-
tion. Drawing of B. mori fibroin does not always pro-
duce a sample of better molecular orientation, as viewed
from the '3C NMR line widths (Figure 7). It should be
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noted that these insolubilization methods of the water-
soluble membrane were used for the purpose of enzyme
immobilization, but the conformational character of these
membranes after such a treatment is different consider-
ably among them.

Concluding Remarks

We analyzed the manner of conformational change of
fibroin samples, from the silk I or a-helix form to the
silk IT or B-sheet form, respectively, as produced by hydra-
tion or solvent or mechanical treatment and analyzed by
high-resolution solid-state *C NMR spectroscopy. We
found that this approach is most appropriate for the quan-
titative evaluation of the proportion of individual forms.
The present NMR data clearly showed that hydration
causes conformational readjustment of the distorted silk
I type form, leading to the silk I form. In any case, it is
found that the hydration or dehydration process plays a
dominant role in the conformational transition as expected
from the natural process of silkworms. Quantitative eval-
uation of the relative proportion of conformational fea-
ture in silk fibroin can be successfully performed by the
high-resolution **C NMR method, as a means for the setup
of entrapment of enzymes utilizing fibroin, together with
a gentle treatment such as solvent or mechanical treat-
ment.
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ABSTRACT: The results of electron spin resonance (ESR) measurements on the homopolymerization reac-
tions of two bis(maleimides) and several maleimide model compounds containing different amounts of
radical initiators (0~10 wt %) are reported. Two types of radicals were identified: the propagating radical,
which is an intermediate in the chain growth polymerization, and species such as the bis(maleimido-
phenyl)methyl radical and a substituted vinyl radical, both of which are the result of hydrogen atom abstrac-
tion reactions. The concentrations of the radicals observed in the hot-melt homopolymerization of one
particular bis(maleimide) were determined as a function of cure time from the integrated ESR intensities.
The similarity of the ESR results obtained in air-curing and in vacuum-curing suggests that hydroperox-
ides, which might be formed by reactions with ambient oxygen during the cure process, play no role as
radical initiators. On the other hand, differential scanning calorimetry, along with ESR, suggests that
trace amounts of impurities act as radical initiators; but, even in the absence of impurities, the bis(male-
imides) will still homopolymerize by direct thermal homolysis. There is also evidence for thermal as well

as thermooxidative degradation.

Introduction

Cured carbon fiber /bis(maleimide) composites are high-
modulus, high-strength materials that are better than car-
bon fiber/epoxy composites in retaining their mechani-
cal properties after hot-wet or hot-dry exposures at 525
K.'® One undesirable property of bis(maleimide) matri-
ces, however, is that they are brittle. Since the cross-
link density of the network determines the strength and
fracture toughness of the matrix, it is important to under-
stand the mechanisms of the cross-linking reactions and
to find ways of controlling these reactions. We are using
electron spin resonance (ESR) spectroscopy to investi-
gate these cross-linking reactions because they involve a
free-radical mechanism. In this paper we report on our
studies of the types and concentrations of radicals formed
and trapped in the polymer matrix when bis(maleimide)
monomers and selected maleimide model compounds
undergo homopolymerization in the presence of differ-
ent amounts of free-radical intitiator (0-10 wt %). The
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bis(maleimides) studied were 4,4’-bis(maleimidophenyl)-
methane (BDM) and the research-grade monomer 6-
maleimido-1-(4’-maleimidophenyl)-1,3,3-trimethylin-
dane (CIBA). The maleimides included in this study were
N-phenylmaleimide, N-methylmaleimide, and maleim-
ide. The structures are shown in Figure 1.

Experimental Section

The BDM monomer, the main bis(maleimide) used in many
commercial resin formulations, was purified by recrystalliza-
tion from hot mixtures of chloroform and methanol. Small quan-
tities of the material were also purified with high-pressure lig-
uid chromatography using a silica gel column as the stationary
phase and methylene chloride containing 0.2% methanol as the
mobile phase. The CIBA bis(maleimide) was used as received
from the Ciba Geigy Chemical Co., Ardsley, NY. The BDM
monomer and the maleimide monomers were obtained from the
Aldrich Chemical Co., Milwaukee, WI. The latter were puri-
fied either by vacuum sublimation or by recrystallization from
suitable solvents. The deuterated material N-phenyl-2,3-d,-
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