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Mn, Cu, etc.) oxide spinel structures in condensation and 
soluble polyimides are being pursued. Process parameters 
are also being probed to optimize the air-side oxide 
thickness, uniformity, and purity and to establish general 
structure-property-process correlations for metal ion 
modified polyimides. The model is being further probed 
by optical and electron microscopy and will be evaluated 
using ac electrical measurements. 
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ABSTRACT Two types of peroxy radicals have been obtained in polypropylene by y irradiation and exposure 
to oxygen. The radicals differ in their dynamics and stability. The stable and rigid peroxy radical can be 
studied separately after the decay of the mobile radical. Reversible changes in the ESR spectra from the 
peroxy radicals have been studied from 77 to 303 K and assigned to  g-tensor averaging due to  motion. The 
principal values of the g tensor for both radicals a t  77 K are 2.0349, 2.0069, and 2.0032. ESR spectra from 
both radicals are simulated by using the modified Bloch equations. Best agreement with experimental results 
is obtained by assigning to  the mobile radical a chain axis rotation with 180' jumps and to the rigid radical 
a C-0 bond rotation with 180° jumps. The simulations indicate that the angles between g,, g,, and g3 in the 
mobile radical and the chain axis are 50', 97', and 41°, respectively. g, is in the direction of the 0-0 bond, 
and g3 is perpendicular to the COO plane. Inspection of the spectra from polypropylene y irradiated under 
vacuum suggests that  the most likely precursors for the rigid and mobile peroxy radicals are the midchain 
radical -CHzC(CH3)CHz- and the. end-chain or propagating, radical -CHzCH(CH3)CH,', respectively. An 
additional end-chain radical, -CH2CH(CH3), is also formed on y irradiation. No significant effect of the degree 
of crystallinity on the ESR spectra or intensity ratio of the two radicals has been detected. 

Introduction 
The radiation chemistry of polypropylene (PP) has been 

extensively investigated in recent ~ea r s . l -~  Samples irra- 
diated under vacuum have indicated the presence of sev- 
eral alkyl radicals which have been studied by ESR 
spectroscopy in polypropylenes with different degrees of 
crystallinity. It has been suggested that most of these alkyl 
radicals are located in the crystalline portions of the sam- 
ples, thus explaining the considerable stability of the 
radicals in the absence of ~ x y g e n . ~ J  

High-energy irradiation of PP in air, or exposure of the 
alkyl radicals formed under vacuum to oxygen, results in 
formation of peroxy radicals. These radicals were also 
studied by ESR and identified by their typical g anisotropy 
and lack of hyperfine interaction. In contrast to alkyl 

0024-9297 / 87 / 2220-0795$01.50/ 0 

radicals, however, the peroxy radicals in PP decay at  room 
temperature within several days and even faster when the 
temperature is increased to 310 K. It has been suggested 
that peroxy radicals are localized in the amorphous regions 
of the p ~ l y m e r . ~ J ~  The kinetics of the peroxy radical decay 
in PP has been widely studied, because polymer oxidation 
results in degradation and in change in the mechanical 
properties on which the use of PP is based.2 

ESR studies have also indicated that two types of peroxy 
radicals are formed in PP, with different mobilities and 
stabilities. The "rigid" peroxy radicals have been studied 
by Suryanarayana and Kevans in terms of a specific 
motional mechanism. Both types of radicals have been 
studied by Kashiwabara and co-w~rkers.~ The main con- 
clusions from these studies were that the mobile peroxy 
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radicals are localized in regions of low crystallinity and the 
rigid radicals are trapped in highly ordered regions of the 
polymer; in addition i t  was suggested that the intensity 
ratio of the two radicals and the principal values of the g 
tensor from the mobile radical are temperature depend- 
ent.Q 

We became interested in the radiation chemistry of PP 
because the radical species obtained in bulk PP present 
a clear case of reactivity being a function of mobility. We 
have found that ESR spectra of peroxy radicals often re- 
flect the symmetry and microscopic structure of the me- 
dium and that comparison of calculated with experimental 
spectra enables determination of the specific motional 
mechanism.l' For this reason the peroxy radicals have 
been utilized as spin probes in a variety of polymeric 

The use of peroxy radicals involves the av- 
eraging of the g anisotropy, which extends over a range of 
about 200 MHz for measurements at X-band (9 GHz), 
making the peroxy probe especially sensitive to  fast 
motions. The measured ESR spectra as a function of 
temperature are compared with calculated spectra based 
on the modified Bloch equations for different values of the 
lifetime of the radical between the jumps. 

The peroxy probe method has been applied also to the 
study of peroxy radicals in polyethylene.llb In this system 
extra lines appear in the ESR spectra of the radicals as 
the sample is warmed above 77 K. We have demonstrated 
that these lines are due to molecules for which the motional 
process does not much change their resonance frequency, 
so that exchange narrowed lines result even at  low rates 
of motion. In our interpretation there is no need to assume 
drastic variations in the g values, which are very hard to 
justify, in order to understand the motional process. These 
assumptions have been made in the interpretation of the 
dynamics of peroxy radicals in polypropylene. As will 
become evident below, we propose a different approach, 
based on plausible assumptions. 

This study was undertaken with two main objectives. 
First, our goal was to  analyze the detailed motional 
mechanism in both types of peroxy radicals formed in PP. 
In addition, we wanted to  study the effect of sample 
crystallinity on the ESR spectra and on the relative in- 
tensity of the two types of radicals. In order to  fully an- 
alyze the results, we had to go one step back and reanalyze 
and simulate the spectra of the alkyl radicals obtained in 
PP,  as possible precursors of the peroxy radicals. As a 
result of this study a detailed picture is obtained on the 
dynamics of peroxy radicals and the identity of the cor- 
responding alkyl radicals in polypropylene. 

Experimental Section 
Two polypropylene samples containing different, small, 

amounts of antioxidants were obtained from Hercules Inc. The 
samples were used as sent or purified as follows. The polymer 
was dissolved in boiling toluene, precipitated by and washed in 
acetone, and vacuum dried. This procedure was repeated 3 times. 
The degree of crystallinity in these polymer samples was deter- 
mined by pycnometry measurements of the density in 2-propanol 
using established procedures.16 The values of 0.935 and 0.854 g 
cm-3 for the densities of crystalline and amorphous polypropylene, 
respectively, were used.17 The crystallinity fractions X ,  in the 
untreated polymer were 0.430 and 0.675. After purification the 
values of X, increased to 0.651 and 0.817, respectively. This 
increase in crystallinity has been observed before for PP purified 
by solution in n-heptane and other hydrocarbons.18 In this way 
four batches of polypropylene with crystallinity fractions of 0.817, 
0.675,0.651, and 0.430 were prepared. The polymer samples were 
transferred to 3-mm-0.d. quartz tubes, evacuated to lo6 Torr at 
ambient temperature, annealed at 370 K under vacuum for 36 
h, and sealed under vacuum. y Irradiation was carried out in a 
Gammacell 200 6oCo source (Atomic Energy of Canada, Ltd) at 
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Figure 1. X-band ESR spectra of peroxy radicals in poly- 
propylene at 298 K for the indicated crystallinity fractions X,. 
Total dose: 30 Mrad. The arrow indicates extra signals, due to 
motional averging of the g anisotropy. 

a dose rate of 1.25 Mrad h-' at the University of Houston to a 
total dose of -30 Mrad or at a dose rate of 0.05 Mrad h-' to a 
total dose of 1-6 Mrad at Oakland University, at ambient tem- 
perature. The corresponding peroxy radicals were obtained by 
exposing the samples to air. 

ESR spectra were measured at X-band with a Varian E-9 
spectrometer operating at 9.3 GHz and with a Bruker 200D SRC 
spectrometer operating at 9.7 GHz, using 100-kHz modulation. 
Spectra at 77 K were taken in a liquid nitrogen Dewar inserted 
in the ESR cavity. In the range 96-300 K ESR spectra were 
measured with the Bruker ER 4111 variable temperature unit 
with liquid nitrogen as coolant in a flow system. The temperature 
of the sample was measured by a digital chromel-constantan 
thermocouple with an accuracy better than *2 K. The absolute 
value of the magnetic field was measured with the Bruker ER 
035 M NMR gaussmeter. Calibration of g values was based on 
DPPH (g = 2.0036) and 63Crs+-doped MgO single crystals (g = 
1.9800). The scan of the Varian Spectrometer was calibrated with 
55Mn2+-doped MgO single crystals. The value of 86.7 G for the 
separation of the two center lines of the hyperfine sextet was used. 
When using the Bruker spectrometer, direct field readings were 
used for scan measurement. 

Computer simulations of ESR spectra were performed on a 
Burroughs 6800 mainframe computer and were plotted by using 
an IBM PC and a Hewlett-Packard 7470A digital plotter. ESR 
spectra of peroxy radicals were calculated with the codes we 
developed, based on the modified Bloch equations." ESR spectra 
of alkyl radicals were calculated with the code written by Paul 
Kasai of IBM Instr~ments .~~ 

Results 
ESR Spectra. Peroxy radicals in polypropylene were 

obtained by y irradiation under vacuum followed by ex- 
posure to  air and were studied in the temperature range 
77-313 K. Typical ESR spectra are shown in Figures 1-4. 
Figure 1 gives ESR spectra of the peroxy radicals as a 
function of the degree of crystallinity of the polymer, at 
298 K. No significant variations in the lineshapes are 
detected in these spectra. ESR spectra of peroxy radicals 
obtained in PP with X, = 0.675 are shown in Figure 2 in 
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u lDPPH 
293 K 

Figure 2. X-band ESR spectra of peroxy radicals in poly- 
propylene with X, = 0.675 at the indicated temperatures. Total 
dose: 28 Mrad. Spectra were taken immediately after exposure 
to air and disappearance of alkyl radicals. The arrow indicates 
extra signals, due to motional averaging of the g anisotropy. 

32 h 

166 h 

238 h 

Xc=. 675 
T=298 K 

Figure 3. X-band ESR spectra at 298 K of peroxy radicals in 
polypropylene with X, = 0.675 after the indicated times of ex- 
posure to air. Total dose: 28 Mrad. The arrow indicates extra 
signals, due to motional averaging of the g anisotropy. 

the temperature range 77-303 K. Figure 3 indicates the 
disappearance of one type of peroxy radicals as a function 
of time, at 298 K. This less stable peroxy radical represents 

V Xc-. 675 

Figure 4. X-band ESR spectra of peroxy radicals in poly- 
propylene irradiated to a total dose of 3.7 Mrad, at the indicated 
temperatures. The spectra were taken after complete decay of 
the mobile radicals by heating at 313 K for 2 h. 

the mobile radical; the remaining signal belongs to the rigid 
radical. Figure 4 shows the lineshape as a function of 
temperature for the rigid radical, after complete decay of 
the mobile component. 

The results presented in Figures 2-4 very clearly indicate 
the presence of the two types of peroxy radicals in PP. The 
rigid radical can be studied separately, as shown in Figure 
4, after the decay of the mobile radical. The extra tran- 
sitions, indicated by arrows in these figures, clearly are due 
to the mobile radicals because they are absent in Figure 
4. 

In all the measured spectra we have not detected any 
significant effect of the irradiation dose or of the small 
amount of antioxidant in the samples on the ESR line- 
shapes or on the relative intensity of the two peroxy rad- 
icals. 

Simulations. To interpret the temperature variation 
of the ESR spectra, we compare the experimental results 
with spectra calculated by using the modified Bloch 
equations, as a function of jump rate 7-l of the radical 
between the possible sites.'l The calculation of the spectra 
involves the evaluation of the transformation matrix of the 
g tensor for the particular model chosen and depends upon 
the geometrical relationship between the sites in each case. 

On the basis of the appearance of the spectra and pre- 
vious studies,14 we have used two models of rotation for 
the two types of radicals present in the spectra. The C-O 
bond rotation model with the 0-0 group undergoing 180° 
jumps has been succesfully used before to simulate the 
ESR spectra of the rigid peroxy radical? Good agreement 
has been obtained with a COO angle of 104'. 

A different model must be used to simulate the spectra 
of the less stable and more mobile peroxy radical. We have 
extensively studied various models of chain axis rotation 
in order to simulate exactly the experimental position and 
intensity of the "extra" lines that appear a t  intermediate 
temperatures in Figures 1-3. The model that best repro- 
duces the experimental results is shown in Figure 5a. The 
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Figure 5. (a) Model of the chain axia rotation used for simulation 
of ESR spectra from the mobile peroxy radicals in polypropylene. 
(b) Orientation of g,, g,, and g3 with respect to the polymer chain 
axis, deduced from the values of X and t used for the simulation 
that best reproduces the experimental results. 

CHA IN AX I S ROTA; I Oh 
! DPPH 

c--c 
20 G 

1-41 '  

T =o w4 P I  

Figure 6. Effect of the value oft on the ESR lineshapes calcu- 
lated with the model shown in Figure 5a with a constant X value 
of 41°, for T = 0.004 pa. A constant intrinsic line width of 13 MHz, 
independent of orientation, was maintained in all simulations. 

motional model is a chain axis rotation; the orientation of 
the principal values of the g tensor from the peroxy radicals 
with respect to the direction of the chain axis is specified 
by the angles X and e. In Figure 5a g, is the direction of 
the 0-0 bond and g3 is perpendicular to the COO plane. 
All spectra were calculated with the g values dzcduced from 
ESR spectra a t  77 K: g, = 2.0349, g2 = 2.0069, and g3 = 
2.0032. 

The values of X and t control the position and intensities 
of the extra lines which are observed experimentally. The 
sensitivity of the calculated spectra to the values of these 
angles is clearly indicated in Figures 6 and 7, which rep- 
resent simulated spectra for the mobile peroxy radical. 
Pairs of values of X and e determine the final geometry of 

CHAIN AXIS ROTATION 
I t  , DPPH , h  

\ I  / 39 

20 G 

E. 110 

\ I  1; 0.01 " f  

v 
Figure 7. Effect of the value of X on the ESR lineshapes cal- 
culated with the model shown in Figure 5a with a constant c value 
of ll', for T = 0.01 pa. A constant intrinsic line width of 13 MHz, 
independent of orientation, was maintained in all simulations. 

the peroxy fragment COO and the angles of the three 
components of the g tensor with respect to the chain axis. 

In calculating all spectra we have also introduced for 
both models a variation of the intrinsic line width with 
orientation 

( A m 2  = 
sin2 9 cos2 4 + ( ~ W ~ ) ~ ( s i n ~  8 sin2 c$ + cos2 e)  

AH is the orientation-dependent line width, AHH, is the line 
width along the direction of g, and AH2 is the line width 
along g2 and g3; 9 and 4 specify the orientation of the 
external magnetic field relative to the principal values of 
the g tensor. 

Simulation of the experimental spectra containing con- 
tributions from both peroxy radicals was accomplished by 
superposition of the contribution from the rigid peroxy 
radical, calculated with the CO bond rotation model with 
180' jumps, and from the mobile radical, calculated from 
the chain axis rotation model with 180° jumps, with the 
geometry shown in Figure 5a. In Figure 8 are separately 
shown the calculated spectra for the two models of rota- 
tion, before superposition. From Figure 8 we can clearly 
visualize the effects of the superposition on the resulting 
spectra, as the value of T decreases. The shift of g, toward 
lower field and the appearance of extra transitions are due 
to the chain axis rotation of the mobile radical. The small 
upfield shift of g, is due to the C-0 bond rotation of the 
rigid radical. These effects duplicate the experimentally 
observed changes in the ESR spectra with increase in 
temperature, as shown in Figures 1-4. 

Figure 9 is the superposition of the mobile and rigid 
radicals with a constant intensity ratio of 0.95:l. In this 
final simulation, we use X = 41° and t = 1 1 O .  In spite of 
the many parameters involved in the superposition of two 
simulated spectra, the agreement between the calculated 
spectra in Figure 9 and experimental results shown in 
Figure 2 is very satisfactory. We used a constant intensity 
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Figure 8. Simulated lineshapes for the mobile and rigid peroxy 
radicals in polypropylene. In all simulations we used g, = 2.0349, 
g2 = 2.0069, g, = 2.0032, and an intrinsic line width variation with 
orientation: AHl = 23 MHz, AH2 = 13 M H z  for the mobile radical, 
and AHl = 7 MHz, AH2 = 12 M H z  for the rigid radical. The solid 
line indicates the simulation of ESR spectra from the mobile 
radicals, besed on the chain axis rotation with 180’ jumps as shown 
in Figure 5a, with X = 41’ and e = 11’. The dotted line represents 
the simulation of ESR spectra from the rigid peroxy radicals, using 
a C-O bond rotation model with 180° jumps, with a COO angle 
of 104’, as in ref 8. 

ratio of the two radicals because during the time of the 
experiment there is no measurable change in the intensity 
ratio of the two peroxy radicals. 

From the valuea of X and c used for the simulation shown 
in Figure 9 we determined the orientation of the principal 
values of the g tensor for the mobile radical, relative to the 
polymer chaii direction. The angles are No, 9 7 O ,  and 41’ 
for g,, g2, and g,, respectively, and are indicated in Figure 
5b. 
Discussion 
As seen from.Figure 1, the degree of crystallinity has no 

signifcant effect on the ESR spectra of the peroxy radicals. 
The slight variation in lineshape detected and shown in 
Figure 1 is most likely due to the different stage of decay 
of the mobile radical in each of the spectra shown. The 
simulation of the mobile radical shown in Figures 6-8 
indicates that two extra lines appear as a result of motion. 
The line widths detected in ESR spectra are, in general, 
a function of the radical concentration, and all lines are 
expected to be narrower when some of the radicals have 
decayed, including the extra lines. 

In addition, a certain degree of heterogeneity in the 
trapping sites for the peroxy radicals is also expected, due 
to the complex morphology of polymeric systems. This 
heterogeneity is expected to decrease if some radicals 
decay, also leading to narrower lines. The slight lineshape 
variations shown in Figure 1 and also detected in a pre- 
vious studyQ are most likely due to these two effects. 

The observation of two peroxy radicals with different 
motional mechanisms has been observed before in Teflon12 

Figure 9. Superposition of spectra shown in Figure 8, with an 
intensity ratio of 0.95 between the mobile and the rigid radicals. 

and assigned to different radical structures. PP is unique 
because the radicals have different dynamics and chemical 
stability. The stability must be related not only to the 
polymer morphology but also to the location of the peroxy 
group in the chain. The fact that the degree of crystalljnity 
does not seem to affect greatly the lineshapes and the 
intensity ratio of the two radicals indicates that the 
structure of the radical is the dominant factor in the radical 
stability. Therefore it is important to study the alkyl 
radicals produced in PP as precursors of the peroxy rad- 
icals. 

The radical that is believed to dominate the ESR 
spectrum of y-irradiaM. PP at ambient temperature is the 
midchain radical -CH2C(CH3)CH2-. The ESR spectrum 
of this radical has been described in terms of the “8 line 
spectrum” or the “15 line spectrum” by various au- 
thors.1v2s20.21 The simulation of the spectrum has been 
attempted by assuming seven identical protons with an 
isotropic hyperfine splitting of 23 G and line width of 20 
G.20 I t  is important to note that in this interpretation 
strong lines are not expected in the center of the spectra. 

The ESR spectrum of the y-irradiated PP under vacu- 
um to a total dose of 2 Mrad obtained in this study is 
shown in Figure loa. The resolution we obtained at  low 
irradiation doses is very good and the line width is 6 G 
peak to peak. A strong line, whose intensity is a function 
of the time elapsed after the irradiation, is observed in the 
center of the symmetrical spectrum. This variation is 
presented in Figure lob. Figure 1Oc shows the ESR 
spectrum measured 20 days after the irradiation; it is clear 
that most of the intensity in the wings is lost. In Figure 
10d we present the result of the subtraction of spectra 10a 
and lob; the result very closely duplicates the experimental 
spectrum shown in Figure lOc, indicating the presence of 
a t  least two radicals in the irradiated polymer. 

The lines in the wings of the experimental spectra, 
Figure 10, parts a and b, are well simulated by assuming 
the presence of the midchain radical -CH2C(CH3)CH2- 
with proton hyperfine splittings of 21.8 (5 protons) and 
30.0 G (2 protons), as shown in Figure l l a .  The peroxy 
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Figure 10. ESR spectra of radicals obtained by y irradiation of 
polypropylene in the absence of air, at 298 K. Total dose is 2 Mrad 
in (a) and 3 Mrad in (b). In (c) we present ESR spectrum observed 
20 days after y irradiation. (d) Subtraction of ESR spectra from 
(a) and (b). 

radical corresponding to this alkyl radical has been pre- 
pared by Faucitano et aLZo and was shown to have great 
stability. We therefore suggest that the stable and rigid 
peroxy radical measured in this study is obtained from the 
alkyl midchain radical and has the structure 

- C H ~ C ( C H ~ ) C H Z -  

0-0. 
I 

This assignment is in good agreement with the reduced 
mobility observed before for chain peroxy radicals in a 
series of polymers with substituted chains, such as meth- 
acrylates.s In these radicals, as in the rigid PP peroxy 
radical in this study, the only motion that simulates well 
the experimental results is a C-0 bond rotation. 

The line observed in the center of the spectrum in Figure 
10 parts a and b, must belong to an additional alkyl radical. 
The presence of allyl or polyenyl peroxy radicals has been 
suggested22 and these radicals contribute a broad line in 
the spectrum center, in agreement with Figure 10. Another 
possibility is suggested by the ESR spectra shown in Figure 
10, parts c and d, which have a total width of -70 G. This 
splitting might be due to the end-chain radical -CH2CH- 
(CH3)CHz', with hyperfine splittings of 20 G for the two 
a-protons and 30 G for the &proton. The superposition 
of this propagating radical, Figure 10d, and the midchain 
radical -CH2C(CH3)CH2- is shown in Figure l lb ;  the im- 
portant features in the experimental spectra are well re- 
produced in this spectrum, except the lines marked by 
arrows in Figure loa. These lines might be due to an 
additional alkyl radical. We suggest the radical 
-CH2CHCH3, which is an end-chain radical. The simu- 

Figure 11. (a) Computer simulation of the ESR spectrum from 
the midchain alkyl radical -CH2C(CH3)CH2-, with hyperfine 
splittings of 21.8 (5 protons) and 30.0 G (2 protons), Gaussian 
lineshapes, and a peak-to-peak derivative line width of 6.4 G. (b) 
Superposition of the midchain alkyl radical in part a with the 
end-chain radical in Figure lod, in a ratio of 0.481. (c) Computer 
simulation of the ESR spectrum from the end-chain radical 
-CH2CH(CH3), with hyperfine splittings of 28.5 G from two 
&protons and 18 G from the a-proton and the methyl protons, 
Gaussian lineshapes, and a peak-to-peak derivative line width of 
5.8 G. (d) Superposition of ESR spectra shown in Figures lla,c 
and 10d in a ratio of 0.35:1:0.37. 

lated ESR spectrum of this radical is shown in Figure l lc ,  
based on hyperfine splittings of 28.5 G from two 6-protons 
and 18 G from the a-proton and the three protons of the 
methyl group. The superposition of the chain radical 
(Figure l la) ,  the propagating radical (figure lOd), and the 
propagating radical (Figure l lc)  is shown in Figure l l d .  
In this spectrum all lines experimentally observed are 
reproduced. Exact simulation of the spectra shown in 
Figure 10, parts a and b, is very difficult, because the 
overall lineshape is very sensitive to small differences in 
the hyperfine splittings. Small differences in the g values 
of the radicals considered are also possible and are prob- 
ably responsible for the slight asymmetry in the experi- 
mental spectra. We detected variations in the lineshape 
as a function of the irradiation dose, and this confirms our 
suggestion that several alkyl radicals are obtained in PP, 
with very similar stabilities, making the separation process 
impossible. 

The two propagating radicals considered in the final 
simulated spectra, Figure I ld ,  are very likely precursors 
of the mobile peroxy radical detected in this study, to 
which a chain axis rotation has been assigned. We have 
observed this type of motion in a variety of end-chain 
peroxy radicals, in contrast to the more limited mobility 
of chain peroxy radica1s.l' 

Conclusions 
1. Two peroxy radicals, with different stabilities and 

motional processes, are formed when y-irradiated PP is 
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exposed to air. The principal values of the g tensor for 
both radicals are 2.0349,2.0069, and 2.0032 at 77 K. Extra 
transitions are observed due to motional averaging. 

2. The relative intensity of and the lineshapes from 
these radicals are not sensitive to the degrees of crystal- 
linity of the polymer in the range 0.430-0.817. 

3. The more stable peroxy radical is a chain radical 
whose precursor is the midchain alkyl radical -CH2C- 

4. The temperature dependence of the ESR spectra 
from the mobile peroxy radical is simulated well by as- 
suming a chain axis rotation with 180' jumps. The angles 
between the principal values of the g tensor and the chain 
axis are 50°, 97', and 41' for g,, g,, and g,, respectively. 
Likely precursors for this peroxy radical are the propa- 
gating radicals -CH2CH(CH3) and -CH,CH(CH3)CH2'. 
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13C NMR Study of the Selectivity in the Modification of Dextran 
with Ethyl Chloroformate 
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Insti tuto de Pldsticos y Caucho, 28006 Madrid,  Spain. Received July 24, 1986 

ABSTRACT The selectivity of the reaction of dextran with ethyl chloroformate in the homogeneous phase 
has been studied by 13C NMR. The analysis of spectra of the anhydroglucose, oxymethylene, and carbonyl 
carbons shows that  the hydroxyl group a t  position C-2 is selectively substituted and that the reactivity of 
individual secondary hydroxyls decreases in the order C-2 > C-4 > C-3. The results obtained are explained 
by considering the formation of intramolecular hydrogen bonding between the hydroxyl at C-2 and the axial 
anomeric oxygen as well as between the hydroxyl a t  C-4 and the carbonyl group of the ethyl carbonate a t  
the C-2 position on the adjacent anhydroglucose unit. 

Introduction 
It is well-known that the degree of substitution (DS) of 

polysaccharides may have important effects on their be- 
havior and properties. However, derivatives with similar 
DS values may have different substituent distributions. 
The difference in the relative DS at  individual hydroxyl 
groups arises from the fact that three hydroxyl groups at  
the anhydroglucose residue may differ in reactivity.l+ The 
physical, chemical, and biochemical properties are con- 
sidered to depend markedly on the distribution of sub- 
stituents in the anhydroglucose u n i t ~ . ~ ~  

The relative reactivities of these groups have been in- 
vestigated mainly by chemical methods.g10 However, a t  
present 'H and '3c NMR spectroscopy have afforded more 
accurate knowledge of structures, with a consequent in- 
crease in the reliability of deductions based on them. 
Recently, the study of the microstructural characterization 

0024-9297/87/2220-0801$01.50/0 

of cellulose acetates by 13C NMR7J'J2 has been suggested. 
The distribution of 0-acetyl groups can be estimated not 
only from the 0-acetyl carbonyl carbon spectra but also 
from the ring carbon spectra. 

In general, the models used to study the substitution 
reactions in cellulose and other polysaccharides involve the 
following ass~mpt ions :~J~- l~  (a) all the anhydroglucose 
units in the polysaccharide molecule are equally accesible 
for reaction; (b) the relative rate constants of reaction of 
the different hydroxyls remain unchanged throughout the 
process; (c) substitution within a given unit does not affect 
the reactivity of the remaining unreacted hydroxyls; and 
(d) the effects of end groups are negligible. 

On the other hand, dextrans are high molecular weight 
polymers of D-glucopyranose synthesized from sucrose by 
a number of bacterial species belonging to the family 
Lactobacillae. Most of the glucosidic linkages are 1-6, 
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