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ABSTRACT A poly(styrene-co-butadiene) (SBR) was photocross-linked in the presence of various ketones 
at  20 "C. The degree of cross-linking was determined by sol/gel analysis. The cross-linking efficiency increased 
in the order deoxybenzoin, benzophenone, dibenzyl ketone, p-methylbenzophenone. For comparison, the SBR 
was modified with phenylacetyl chloride, whereby phenylacetylphenyl groups were formed, and then pho- 
tocross-linked in the absence of additives; the cross-linking efficiency was relatively low. Experiments were 
carried out without magnetic field and with external homogeneous magnetic fields between 42 and 975 mT. 
Even low-flux densities (42 mT) brought about a definite effect. The magnetic field effect reached ita highest 
value a t  about 240 mT in all experiments. The smallest influence of the magnetic field was observed for the 
SBR with phenylacetylphenyl groups. The results are discussed using radical pair theory. 

Introduction 
Photoreactions in a polymer matrix are of interest to 

modern science and technology for photoprocesses (e.g., 
"microlithography"), optical memory systems, or solar 
energy conversion.' They are also important for the theory 
of energy transfer, migration in polymers, and segment 
m ~ b i l i t y . ~ - ~  The present paper is concerned with photo- 
cross-linking in an external magnetic field. 

Interest in the investigation of chemical reactions in 
magnetic fields has grown in recent years. The difference 
in the results (e.g., product yields or cross-linking densities) 
received without and with the influence of a magnetic field 
can be denoted "magnetic field effect". In the following, 
we only consider reactions with radical intermediates, The 
magnetic field effect can here be interpreted by the radical 
pair theory, which is also the theoretical background of 
CIDNP spe~troscopy.~ 

Most investigations describing magnetic field effects 
have been concerned with low molecular chemistry, for 
example, photochemical reactions in micellar solutions, in 
particular the photolysis of Some work in 
polymer chemistry has also been published. First, the 
cross-linking of 1,4-polybutadiene by photolysis of per- 
oxides in the presence of phenanthrene was investigated 
in the magnetic field! Second, the influence of a magnetic 
field on photocrm-liking of bromo- and chloromethylated 
polystyrene in the presence of thioxanthone was described? 
Third, a magnetic field effect was found in the photo- 
cross-linking of a poly(styrene-co-butadiene) (SBR) in the 
presence of ketones such as deoxybenzoin.10 The keto 
groups were covalently linked to the polymer chain in 
additional experiments." The photocross-linking yield 
increased in a magnetic field (in contrast to cross-linking 
of 1,4-polybutadiene with bis(2,4-dichlorobenzoyl) per- 
oxideaJ2J3). For example, 15-20% more cross-linking 
(measured by sol/gel analysis) was found with dispersed 
ketones and 3-10% more cross-linking for the copolymer 
with keto groups at a flux density B of 1.0 T. 

The magnetic field effect, plotted as a function of the 
flux density (B) ,  a t  the beginning increases with B and 
seems normally to attain a constant value at relatively low 
magnetic f i e l d ~ . ~ J ~  But the absolute value can also pass 
a maximum a t  a certain value of B. Experimental exam- 
ples are provided by the (2)-(E) photoisomerization of 
stilbene14 and the photolysis of p-chlorodibenzyl ketone 
or 1,2-diphenyl-2-methylpr0panone.'~ 

In the present investigation, the flux density dependence 
of the magnetic field effect on the photocross-linking of 
copolymer/ketone systems is described for the first time. 
On the one hand, an SBR was cross-linked in the presence 
of deoxybenzoin (C6H5CH2COC6H5), benzophenone (c6- 
H5COC6H5), dibenzyl ketone (C6H5CH2COCH2C6H5), or 
p-methylbenzophenone (CH3C6H4COC6H5). On the other 
hand, the SBR was modified by Friedel-Crafts reaction 
of the phenyl groups of the copolymer with phenylacetyl 
chloride and then photocross-linked; this polymer con- 
tained phenylacetylphenyl groups (C6H5CH2COC6H,-) 
which correspond to deoxybenzoin. 

Experimental Section 
Materials. The SBR was supplied by Goodyear (SBR-E-3024, 

10 wt % styrene). It was purified from a solution in methylene 
chloride by precipitation with methanol. The ketones used were 
commerical prcducta (p.a.) of Fluka without further purification. 

For photocross-linking, a solution of 2 wt % copolymer in 
methylene chloride was prepared. The ketone was added and 
dissolved. Then the solvent was evaporated and the remaining 
mixture vacuum-dried and kept in the dark at  5 "C. 

The copolymer with covalently bound phenylacetylphenyl 
groups was received by reaction of the SBR with phenylacetyl 
chloride as described previous1y.l' 

Photocross-Linking. Polymer foils (thickness 25 pm) were 
received by pressing 2 mg of the copolymer/ketone mixture or 
the copolymer with phenylacetylphenyl groups between two glass 
plates. The foils were fixed to a thermostated (20 "C) aluminum 
block positioned between the poles of the electromagnet (Bruker 
BE 10/B-2 l lha)  and irradiated with a 150-W high-pressure 
mercury lamp (Hanau TQ 150) a t  a distance of 80 cm.'O All 
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Table I 
Sol/Gel Analysis of Photocross-Linked SBR." Magnetic Field Demndence 

0 
42 
90 

139 
240 
390 
600 
780 

21.78 
20.61 
19.99 
19.53 
19.17 
19.03 
18.90 
18.84 

1.78 
1.13 
1.56 
0.68 
1.46 
0.35 
1.11 
1.29 

69.18 
80.0-90.0 67.70 
80.0-90.0 67.38 
90.0-95.0 66.31 
90.0-95.0 64.63 
95.0-97.5 64.78 
95.0-97.5 65.46 
95.0-97.5 64.83b 

0.78 
0.70 
0.60 
1.01 
0.69 
0.82 
0.84 
2.09 

97.5-99.0 
99.5-99.9 
99.0-99.5 

>99.9 
>99.9 

99.5-99.9 

OMixture of SBR with deoxybenzoin (10 mmol/100 g of copolymer) and (b) SBR containing phenylacetylphenyl groups (10 mmo1/100 g 
of copolymer); irradiation time 30 min. bMean of two values. 

Table I1 
Sol/Gel Analysis of Photocross-Linked SBR," Magnetic Field Dependence 

(a) (b) (C) 

B,  mT G, % s, % P c, % s, % P 0, % s, % P 
0 55.78 0.80 54.87 0.69 52.64 0.76 

42 
90 

139 
240 
390 
600 
780 
975 

54.60 
53.38 
51.09 
48.36 
48.96 
49.97 
48.21 
48.42 

1.75 
1.66 
0.60 
0.79 
1.46 
0.87 
1.09 
0.28 

80.0-90.0 
95.0-97.5 

>99.9 
>99.9 

>99.9 
>99.9 
>99.9 

99.5-99.9 

50.46 
47.14 
48.06 
46.36 
46.88 
47.01 
46.97 
47.91 

0.82 
0.74 
2.28 
1.42 
0.23 
1.81 
1.30 
1.00 

>99.9 
>99.9 47.63 1.70 99.5-99.9 

>99.9 44.71 1.50 >99.9 
>99.9 
>99.9 44.89 1.97 99.5-99.9 
>99.9 
>99.9 45.15 0.95 >99.9 

99.5-99.9 

Mixture with (a) benzophenone, (b) dibenzyl ketone, and ( c )  p-methylbenzophenone (10 mmol of ketone/100 g of polymer); irradiation 
time 10 min. 

inadequacies of the experimental setup (for example, the possible 
influence of the field on the mercury lamp) were excluded as 
described previously.sJO 

Sol/Gel Analysis. The cross-linked foils were removed from 
the glass plates and weighed (G,). They were then extracted with 
15 mL of toluene for 3 days at 20 "C. The remaining gel was dried 
for 24 h at 40 "C and 16 Torr and weighed (GJ. From this, the 
soluble fraction G (%) = (G ,  - G,)100/GV was determined. The 
cross-linking degree of the polymer increases with decreasing G .  

Results 
Table I shows the data concerning (a) a mixture of the 

SBR with deoxybenzoin (10 mmo1/100 g of copolymer) and 
(b) the SBR containing phenylacetylphenyl groups (10 
mmol/ 100 g of copolymer). The irradiation time was 30 
min. Photocross-linking was performed at  flux densities 
B = 42,90, 139,240,390,600, and 780 mT. Experiments 
were not carried out in this order, but at  random (for 
example, in the sequence 139, 42, 600, 390, 240, 90, 780 
mT) to achieve random distribution of experimental errors 
due to unavoidable_ small changes in the experimental 
setup. The mean G of the results of three separate de- 
terminations of G yas calculated for each value of B. A 
comparison of the G values in (a) and (b) demonstrates 
that the copolymer/ ketone mixture is more cross-linked 
than the modified copolymer under the same experimental 
conditions. 

A statistical evaluation of the G values was carried out, 
see Table I; s is the standard deviation and P is the sig- 
nificance level according to Student's t-test.16 P is the 
probability that the G values for the given flux density do 
not belong to the same parent distribution as the G values 
for B = 0. 

In the following, the values of G at  B # 0 (denoted GB) 
are compared with the values of G at  B = 0 (denoted Go). 
The relative differences E (%) = (GB - Go)lOO/Go, calcu- 
lated from the G values in Table I (a) and (b), are plotted 
versus B in Figure 1. In the case of the copolymer with 
phenylacetylphenyl groups, the E values are only about 
50% of those received for the mixture of the copolymer 
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Figure 1. Magnetic field effect ( E )  in photocross-linking of (a) 
SBR with deoxybenzoin (10 mmo1/100 g of copolymer) and (b) 
SBR containing phenylacetylphenyl groups (IO mmo1/100 g of 
copolymer) at different magnetic flux densities (B);  irradiation 
time 30 min. 

with deoxybenzoin. The most recognizable changes are 
observed in the range B = 0-240 mT. 

Table I1 shows the corresponding results, with additional 
measurements a t  975 mT, for the mixtures of the SBR 
with (a) benzophenone, (b) dibenzyl ketone, and (c) p -  
methylbenzophenone (10 mmol of ketone/100 g of co- 
polymer). The irradiation time was 10 min. Photocross- 
linking was carried out as described above. As Figure 2 
shows, all three systems have dependences of E on the flux 
density (B) similar to those in Figure 1. A steep increase 
in the effect is observed up to B = 240 mT. A t  higher 
fields, E remains constant within experimental error. 

With regard to the cross-linking efficiency and the 
magnitude of the magnetic field effect, the results received 
with benzophenone can be compared with those published 
previously for the same SBR containing benzoylphenyl 
groups (C6H&OC6H,-).11D17 The magnetic field effect is 
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Figure 2. Magnetic field effect ( E )  in photocross-linking of SBR 
with (a) benzophenone, (b) dibenzyl ketone, and (c) p-methyl- 
benzophenone (10 mmol of ketone/100 g of Copolymer) at different 
magnetic flux densities (B);  irradiation time 10 min. 
higher in the case of the mixture of the copolymer with 
benzophenone (up to 13%) than for the copolymer con- 
taining benzoylphenyl groups (about 5%). This is the 
same tendency as in Table I and Figure 1 for the mixture 
of the SBR with deoxybenzoin and the copolymer con- 
taining phenylacetylphenyl groups. But in contrast to the 
data in Table I, cross-linking efficiency with respect to the 
keto groups is much higher in the case of the copolymer 
containing benzoylphenyl groups than in the mixture of 
the SBR with benzophenone." 
Discussion 

A. Cross-Linking Efficiencies. An interesting point 
in the results is the difference in cross-linking efficiencies 
of SBR/ ketone mixtures and SBR modified with corre- 
sponding amounts of keto groups. Though this investi- 
gation gives no direct insight into the mechanisms, this can 
be explained by differences in the reaction pathways. 

1. Deoxybenzoin and Phenylacetylphenyl Groups. 
The main reaction in photolysis of deoxybenzoin is cy- 

cleavage.ls A radical pair of a benzyl radical (C6H5CH;) 
and a benzoyl radical (C6H5CO') is formed in the first step. 
Besides other reactions, these radicals abstract H atoms 
from the SBR chains. Among other possibilities, cross- 
links are. the result of the combination of two macroradicals 

In the case of SBR containing phenylacetylphenyl 
groups, a radical pair of a benzyl and a macrobenzoyl 
radical (-CH2CH(C6H4CO')CHz-) is formed by a-cleavage. 
Again H abstraction is among the following reaction steps. 
But the combination of macrobenzoyl radicals with ma- 
croradicals yields unstable cross-links, l ,  which may un- 
dergo chain sci~sion; '~  see eq 1. The resulting ketone, 2, 
may be once more subject to a-cleavage and so on. This 
provides an explanation for the lower cross-linking effi- 
ciency observed. 

(-CH&HCH=CH-). 

-CH 2CH C H 2- -CH2CHCH2- 
I I 

I 

2 

=C H CH CH CH C H2- - -CHCH2 
I 

Q 
1 

2. Benzophenone and Benzoylphenyl Groups. The 
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photocross-linking of the mixture SBR/benzophenone 
proceeds via reaction between benzophenone and a poly- 
mer chain as an H donor (photoreductionz0Pz1). A radical 
pair consisting of a ketyl radical ((C6H5)&-OH) and a 
macroradical results. The free ketyl radical may react 
under abstraction of an H atom from another polymer 
chain to form a further macroradical. One possibility for 
cross-linking is the combination of two macroradicals. 

In the case of the SBR containing benzoylphenyl groups, 
the initially formed radical pair consists of a macroketyl 
radical, 3, and a macroradical; see eq 2. In contrast to the 

-CH ,CH CH 2- r -cH2cHcH2- I 1 I 

( 2 )  

3 -CH&HCH=CH- 

-CH2CHCH=CH- 4 i *  lag* 
mixture SBR/benzophenone, a recombination of the rad- 
ical pair yields a cross-link, 4. This explains the higher 
cross-linking efficiency of the modified polymer compared 
with the mixture. 

B. Field Dependence. For a qualitative interpretation 
of our experimental results, a short survey of some as- 
sumptions of the radical pair theory may be ~ s e f u l . ~  The 
ratio of cage-to-escape products depends on the relative 
spin orientation of the components of the radical pair. 
Cage products result mainly from singlet (S), escape 
products from triplet (T). For radical pairs, the exchange 
energy is small, and therefore, S-T crossing is possible. 
There are two mechanisms for S-T crossing. (a) hfi 
Mechanism. The spins of the radical pair may change 
their relative orientations by hyperfine interaction (hfi). 
The singlet S and the triplet sublevels To, T+, and T- are 
a t  about the same energy without external magnetic field. 
The rate of S-T crossing is the same for all sublevels. In 
the presence of an external field, S remains degenerate 
with T,. But T, and T- do not lie at the same energy level 
as To. The rate of S-T crossing is decreased in the field. 
(b) A g  Mechanism. S-To transitions can also be induced 
by a difference in the g values of the components of the 
radical pair (Ag). Here the rate of S-To crossing is in- 
creased proportional to the applied field strength and Ag. 
The Ag mechanism counteracts the hfi mechanism, and 
a maximum of the magnetic field effect may result. 

First, one can discuss our systems with respect to the 
hfi mechanism. The initial state of the radical pairs is 
triplet.22 Because the rate of S-T, and S-T- crossing is 
decreased by the magnetic field, the fraction of the triplet 
pairs is increased, which results in more free radicals and 
therefore higher cross-linking efficiency. Above a certain 
field strength, only S-To crossings may occur, and a further 
increase in field strength does not alter the field effect. 
This was observed for all systems under investigation. 

Second, a Ag mechanism should be considered. The Ag 
values for our radical pairs are close to 16 X for de- 
oxybenzoin and 3 X lo4 for ben~ophenone.2~ Our modified 
SBRs are also ketones, and it can be supposed that their 
Ag values have the same order of magnitude as the cor- 
responding low molecular ketones. Such Ag values should 
in principle be sufficient for the appearance of a maximum 
of the magnetic field effect.14J5 However, this is not con- 
firmed by our experimental data. 

A further result to be explained is the comparatively 
small magnetic field effect in photocross-linking of the 
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SBR with phenylacetylphenyl groups compared with the 
corresponding SBR/deoxybenzoin mixture. The covalent 
bonding of the photosensitive group to polymer chain has 
a marked influence on the results. The explanation could 
lie in the well-known fact that the magnetic field effect 
depends strongly on the lifetime of the radical pairs.5 It 
is obvious that segments of macromolecules in a solvent- 
free polymer matrix do not always have the same mobility 
as low molecular molecules in this matrix. Thus, the 
lifetime should be different for a radical pair consisting 
of a low molecular and a macroradical compared with a 
radical pair consisting of two low molecular radicals. 

Registry No. C6H5CH2COC6H5, 451-40-1; C6H&OC6H5, 
119-61-9; C ~ H ~ C H ~ C O C H ~ C ~ H S ,  102-04-5; C~HSCOC~H.~CH,, 
134-84-9. 
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On the Double-Melting Behavior of Poly(ether ether ketone) 
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ABSTRACT: The double-melting behavior of poly(ether ether ketone) (PEEK) has been investigated using 
differential scanning calorimetry (DSC) and wide- and small-angle X-ray scattering. The peak temperatures 
of two melting endotherms have been found to depend linearly on the logarithm of the DSC heating rate. 
At  a high heating rate, two endotherms coalesce into a single endotherm which has been considered to represent 
complete melting without reorganization. The peak temperature of the coalesced endotherm has been found 
to be approximately the average of the two former peak temperatures a t  lower heating rates. This behavior 
has also been observed for poly(ethy1ene terephthalate) which is known to show two melting endotherms due 
to crystal reorganization. The average of the two peak temperatures, therefore, has been used in the 
Thomson-Gibbs equation to estimate the thermodynamic melting point (384 "C) and surface free energy (39 
erg/cm2) of the PEEK crystal. The heat of fusion of the PEEK crystal (39.5 cal/g) has been measured from 
a linear relationship between the heat of fusion and the density. 

1 Introduction 
Poly(ether e ther  ketone) (PEEK)  is a semicrystalline 

thermoplastic with a glass transition around 145 "C. The - 
chemical s t ruc ture  of PEEK is 

1 -IN 
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t University of Massachusetts. 
*Oak Ridge National Laboratory. 
*Operated by Martin Marietta Energy Systems, Inc., for the Di- 
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Since PEEK shows good mechanical properties, it is cur- 
rently being studied as a high-performance plastic and as 
a mat r ix  for fiber-reinforced 

Differential scanning calorimeter (DSC) traces of PEEK 
samples which have been isothermally crystallized show 
two distinct melting endotherms.%" The observation of 
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