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Peculiarities of tracks formed in polycarbonate films 
irradiated with Kr + ions 
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Radiation chemical transformations ot" polycarbonate (PC) irradiated with accelerated 
Kr + ions have been studied Tile irradiation resuhs in the cleavage of carbonate bridges 
accompanied by the detachment of phenyl groups to form aldehyde and ketone groups~ The 
formation of branched and linked PC macromolecules is established The products of etching 
of PC bombarded by heavy ions have been determined It is established that the oligomers 
formed differ both by molecular weight distribution and chemical composition, depending on 
the sizes of the etched track. 
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Polycarbonate (PC) is used as a track detector for 
heavy charged particles I and is widely used in the prepa- 
ration of track membranes  (e.g., Nuclepore membranes 
(Costar, USA)) because of its high stability toward 
irradiation. Nevertheless, irradiation (y-beams, electrons, 
fast neutrons,  heavy ions, and UV) results in the de- 
struction of polymer chains to form phenyl or phenoxyl 
radicals and to yield CO and CO?, respectively, 2-9 
accompanied by a decrease in the molecular weight of 
the polymer. However, in some cases, depending on the 
irradiation dose, the cleavage of polymer chains is ac- 
companied by linking. 6-8 Nevertheless, the radiation 
chemical t ransformations in PC occurring upon the 
irradiation with high-energy ions have not been sut~- 
ciently studied. One of the distinctive features of this 
type of irradiation is that the process of track formation 
is followed by a considerable increase in temperature 
along the pathway of a moving ion. 9,t° Theretore, many 
similarities between this process and thermal oxidation 
destruction of polymers are obse~ 'ed  6,tl Another  pecu- 
liarity of the action of heavy ions is that the ion energy is 
localized in the track. It has been established by electron 
microscopic studies of cr3'stals that the size of a latent 
track is of the order of 10--20 nm. 1°'12-14 For poly- 
mers, sizes of tracks measured under similar condit ions 
vary in a very large interval: 20 to 150 nm. 15-21 In 
addit ion,  it has been established that the material around 
the track axis is heterogeneous. For example, a study of 
the dependence  of the pore size on the etching time for 

several po lyme~  (poly(ethylene terephthalate) (PETP),  
polycarbonate (PC), and polyimide (PI)) shows that the 
region with a radius of ~5 nm is characterized by a high 
rate of track etching, which is related to the destruction 
of the polymer. Then there is a region with a lower 
etching rate (5--15 nm), which is explained by linking 
of polymer chains, il,18 

In this work, radiation chemical processes in PC 
irradiated with high-energy ions are studied. 

Experimeatal 

A batch PC film based on diphenylolpropane (DPP) pro- 
duced in the Scientific Industrial Plant "Zat3~a" (Dzerzhinsk) 
10 mm ill width (density 1200 kg i-n -3 and refractive index 
1.5850) was studied 

The Film was bombarded with accelerated Kr e ions with an 
energy of 220 MeV on a U-400 accelerator in tile Laboratory 
of Nuclear Reactions of the United Institute of Nuclear 
Research (DubnaL The irradiation density varied from 105 to 
1012 ion cm 2 

An aqueous sotutiou of KOI-t (0,3 tool L 1) was used for 
etching of PC in a thermostat at 80 °C 

Etching in laye~ was used to study the products formed at 
dill)rent distances from the track axis. tt,/° Tile first etching 
was performed at a pore radius of 5 to 7 nm: the second 
etching was performed at a pole radius of 5--7 to 15 nm, and 
the third etching was carried out from the pore radius of 15 to 
30 nm At the fourth etching, the PC film with the irradiation 
density of 109 ion cm °2 dissolved completely The etching 
was monitored by tile change in the weight of the irradiated 
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and control (nonirradiated samples with an accuracy of 
_+0 1 m g  

Pore sizes were measured by the hydrodynamic Hagen--  
Poiseuille method and electron microscopy~ 21 A Hitachi S-800 
electronic microscope was used for studying the surface. The 
difference in pore sizes measured by both methods was not 
greater than ±10 %~ 

The concentra t ion of dissolved PC was estimated by the 
loss of mass and from the concentra t ion dependence  of the 
intensity of the band at 280 nm in the UV region. The amount  
of  product transported to the solution from the tracks was 
determined from the difference between the mass losses of the 
irradiated and control samples~ For example, for etching a fihn 
0.5 rn ? in suriace area with an irradiation density of 10 ~ 
ion cm ? the concentra t ion  of the etching products from the 
region of tracks with radii shorter  than 5 nm was -15 to 
20 mg L I, and the total concentra t ion of dissolved PC was 
not lower than 40 mg L I 

Chemical  transformations of PC occurring both during 
irradiation of fihns with ions and upon the ff3rmation of pores 
were studied by UV and IR spectroscopy UV spectra were 
recorded on Specord UV and Specord M 40 spectrophotom- 
clefs. BelBre recording t V  spectra, a filtered alkaline solution 
was neutralized by hydrochloric acid to pH 8 - - 9  

Absorption spectra of films in the IR region were recorded 
on a Specord M 80 spectrophotometer  using a multiple dis- 
lotted f:lll ~ te rna l  reflectance ( M D F  rR) a t tachment  equipped 
with a prism of a single germanium c~'stal with angles of 45 ° 
and 24 refleclions. 

Samples for IR spectroscopy were prepared in the follow- 
ing way: tile alkaline solution was separated from the precipi--  
tare (microgel), which was analyzed separately. Then the 
etching products were extracted with chloroform, the chloro- 
form was evaporated, and the solid residue was used for the 
preparation of pellets based on KBr. 

To estimate the parameters of molecular-weight distribu- 
lion (MWD) of PC samples, a high-performance liquid chrorna- 
tograph (Waters) was used, which was supplemented with a 
UV-detector  ( m ~ e l  490) with a variable wavelength and three 
columns filled with a Micrigcl sorbent with pore sizes of 103 
and 104 /k and PL-gel with a pore size of  I00 A. Chlorofoml 
was used as the eluent,  and the rate of  feed was I mL rain -I  
The wavelength of the UV-detector  was 254 n m  The concen-  
tration of the initial solution w a s 0  1 w t  %. The volume of an 
injected probe was 20 ml 

Several PC samples were studied on a liquid chromato-  
graph (Milton Roy) equipped with a small-angle laser light 
(SALL) detector,  a KMX-100 model (Chromatix KMXL to- 
gether with a refractometric detector  (RD) (Milton Roy)  In 
the G P C / R D / S A L L  system (G PC is gel-permeation chrontato-  
graphy), two chromatograms were obtained, one of which 
characterized the molecular-weight distribution on the basis of 
indications of KMX-100,  and the other  of whicil, obtained on 
a refractometric detector, characterized the concentrat ion distri- 
b u t i o n  MWD parameters of the studied samples were calcu- 
lated by the PCLAALS program Chromatographic  columns 
were filled with a Microgel sorbent with pore sizes of 10 4 and 
106 A, chloroform was used as the eluent,  and the rate of feed 
was I mL min i 

R e s u l t s  a n d  D i s c u s s i o n  

T h e  U V  s p e c t r a  o f  the  in i t ia l  PC d i s so lved  in c h l o r o -  
f o r m  exh ib i t  a b s o r p t i o n  b a n d s  at  ;~. 267 a n d  272 n m  
c a u s e d  by a 7 t - n * - t r a n s i t i o n  due  to the  e x c i t a t i o n  o f  

p h e n y l  rings. T h e i r  i n t ens i t i e s  a n d  s h a p e s  r e m a i n  a lmos t  
u n c h a n g e d  a f t e r  i r r ad ia t ion  o f  the  f i lm wi th  heavy  ions~ 
T h e  s p e c t r u m  of  the  i r r ad ia t ed  s a m p l e  in the  l onge r -  
wave reg ion  at 300 n m  exh ib i t s  a c o n s i d e r a b l e  inc rease  
in the  a b s o r p t i o n  o f  the  p o l y m e r  r e l a t ed  to the  f o r m a t i o n  
of  c h r o m o p h o r i c  and  p o l y c o n j u g a t e d  s t r u c t u r e s  and ,  as a 
c o n s e q u e n c e ,  an  e n h a n c e m e n t  o f  lhe  ye l low c o l o r  o f  the  
po lymer .  A s im i l a r  p ic tu re  has  b e e n  o b s e r v e d  p rev ious ly  
in the  t h e r m a l  ox ida t ive  d e s t r u c t i o n  of  PC 23 and  in tile 
p h o t o i r r a d i a t i o n  o f  PC and  m o d e l  c o m p o u n d s  6,24, z6,z7 

T h e  IR spec t r a  o f  PC b o m b a r d e d  wi th  Kr + ions  with 
a dens i ty  o f  5" 109 cm -2 exh ib i t  a d e c r e a s e  in tile 
in t ens i ty  o f  the  a b s o r p t i o n  b a n d  at 1770 cm 1 as s igned  
to the  s t r e t c h i n g  v ib ra t i ons  o f  the  c a r b o n y l  g r o u p  o f  tile 
c a r b o n a t e  br idge ,  the  b a n d s  o f  tile s t r e t c h i n g  v i b r a t i o n s  
o f  tile C - - O  b o n d s  o f  the  c a r b o n a t e  g r o u p  (1250 ,  1 2 0 0  
and  1170 c m - I ) ,  7,25,z8,29 a n d  the  b a n d  at 1385 cm I 

a s s igned  to the  m e t h y l  g r o u p s  tt In a d d i t i o n ,  the  ap -  
p e a r a p c e  o f  new b a n d s  at 1740 a n d  1660 c m  i and  an  
inc rease  in tile in t ens i t i e s  o f  the  b a n d s  at 1600 and  
1500 cm ~ are o b s e r v e d  

W h e n  the  re la t ive  op t ica l  dens i t i e s  DiTTo/Di5oo md 
DI74o/DIsoo as a f u n c t i o n  o f  the  i r r a d i a t i o n  d e n s i t y  of  
b o m b a r d m e n t  wi th  Kr + ions  (Fig.  I) have  b e e n  m e a s -  

u red ,  tile i n t e n s i t y  o f  the  b a n d  w i th  Dis00, a s s igned  to 
s k e l e t o n  v i b r a t i o n s  o f  the  b e n z e n e  r ing,  has  b e e n  c o n -  
v e n t i o n a l l y  c o n s i d e r e d  c o n s t a n t ,  zs A n o t i c e a b l e  d e c r e a s e  

in DiJ7o/Dtsoo ( cu rve  1) a n d  an  i n c r e a s e  in Di74o/Dt5oo 
( cu rve  2) are  o b s e r v e d  w h e n  t he  i r r a d i a t i o n  d e n s i t y  is 
10 II c m  -2, T h e  c o m p a r i s o n  o f  t i le d e p e n d e n c e s  pre -  
s e n t e d  in Fig. I shows  tha t  t he  a p p e a r a n c e  o f c a r b o n y l  
g r o u p s  wi th  d i f f e r en t  s t r u c t u r e s  t h a n  t hose  in tile ini t ia l  
p o l y m e r  is r e l a t ed  to the  d e c o m p o s i t i o n  o f  the  c a r b o n a t e  
b r idge  a n d  ti le f o r m a t i o n  o f  an  e s t e r  b o n d ,  

T h e  b a n d  at 1660 c m  -I  is a s s igned  to the  a p p e a r a n c e  
o f  a b e n z o p h e n o n e  f r a g m e n t .  2s T h e  c o n s i d e r a b l e  ill- 
c rease  in t he  i n t ens i t y  o f  t he  b a n d s  is c a u s e d  by the  
f o r m a t i o n  o f  m o n o s u b s t i t u t e d  p h e n y l  g roups .  2s,28,29. A 

new b a n d  at 1460 c m  I, w h i c h  can  be a s s igned  to tile 
i on i zed  c a r b o n a t e  CO32 g r o u p ,  was a d d i t i o n a l l y  re ~ 
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Fig. I. Dependences  of relative optical densities (/:') on the 
density of irradiation of PC with Kr + ions: /, Di770/DIsoo and 
2, Dt740/DIsoo 
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Fig. 2. Gel-chromatograms (a) and molecular-weight distribu- 
tion curves (b) of PC ~mples: /, initial film; 2, film with 
irradiation density 108 era-2; 3, film with irradiation density 
109 cm -2 M is the,molecular weight, W is the mass fraction 
UV-detector (Z = 254 nm). Chlorofoml as the eluent Col- 
umns: sorbent Microge[ 103 and [04, PL-ge[ [00 A 

Table I. Average molecular weights of the initial 
polycarbonate sample and PC samples irradiated 
with different densities 

Sample MN" 10 '3 Mw" 10 °°3 M z • l0 -3 

PC (initial) 432 887 1535 
PC (108 ) 462 1131 565,2 
PC (109) 43 4 1434 1620,0 

The data in Fable  I and the M W D  cupees (Fig. 2, b) 
testify to a considerable change m the MWD parameters  
during i r r ad ia t ioa  For example,  the tbrmal calculat ions 
of  average moRcular  weights using the universal calibrat-  
ing Benoit dependence  34 tbr l inear PC and taking into 
account microgels show an increase in the values both of  
M w and M z, This change in the values of  molecular  
weight may be caused by the formation of branched 
structures of  PC macromolecules  usually accompanying  
destruction processes in polymers  6,z5 

To confirm the obtained results attesting to the 
formation of branched structures in irradiated PC, an 
addit ional  series of exper iments  using a SALL detector  
was carried o t l t  

The M W D  curves of ILc initial PC samples and of 
samples irradiated with densities of  108 and 109 cnl 2 ,  
respectively, are shown in Fig. 3. In accordance  with 
the requirements  of  the detector ,  the solutions were 
filtered immedia te ly  before entering the detector  through 
a filter with a pore size of  0.25 mm, which prevents 
larger particles,  including any microgel formed in poly- 
mers upon their  destruction,  from getting into a ce l l  
Therefore,  in this exper iment ,  MN, Mw, M z, and other  
parameters  (Table 2) were calculated without  taking 
microgel into a c c o u n t  In addit ion,  the cal ibrat ing de- 

corded ill the IR spectra recorded by the M D F I R  
m e t h o d  30 

These changes in the IR spectra may be caused by 
processes character is t ic  of  the ,hermal  oxidative d e s t r u c  
tion of  PC and occurr ing mainly via a cha in- rad ica l  
mechanism.  

The  G P - c h r o m a t o g r a m s  of  the in i t ia l  s a m p l e  
(curve 1) and of  PC samples  irradiated with densit ies of 
108 cm -2 (curve 2) and l0 g cm 2 (curve 3) are pre- 
sented in Fig. 2 (a, b). The appearance  of  "shoulders" 
on the ch romatograph ic  peaks in the h igh-molecu la r  
region (Fig. 2, a) and of  a nonmonoton ic  drop in the 
M W D  curves in the same region are evidence for the 
existence of  microgel  tormat ion in the studied solut ions 
of  PC. The appearance  of  these formations is associated 
with processes of  branching  and subsequent l inking of 
macromolecu les  due to destruct ion reactions 31-33 

The n u m e r i c a l - m e a n  (MN), weigh t -mean  (Mw), and 
average (M Z) molecu la r  weights calculated using the 
M a r k - - K u h n - - H a w i n k  value for l inear PC in chloro-  
form (K = 12"  l0 -4, a = 0.82) are presented in Table 1~ 

l.O 
d W 
dM 

05 

0 
I() ~ 104 105 106 M 

Fig. 3. Molecular-weight distribution curves of PC samples 
calculated from SALL data: I, initial film; 2, film with irradia- 
tion density 108 cm-2; and 3, film with irradiation density 
109 cm~-2 
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Fig. 4. Calibrating dependences IogM- l. of PC ~lmples: /, ira- 
tim film; 2, film with irradiation density 108 cm-?; 3, film with 
irradiation density 10 'a cm 2; 4, PC of Makrolon 2800 I/~ is 
the eluent volume 

pendellce IogM = f(F), (V i s  the eluting volume) difl)rs  
somewhat  tTom the similar  dependence  tot the model 
PC sample (Makro lon  2800), which may be associated 
with the existence of branched or different structures in 
the initial sample.  At the same hydrodynamic  volume of 
macromolecu les ,  the r ,mlecular weights of  the irradiated 
samples ( i r radiat ion densi ty 108 c m  -2, curve 2) exceed 
the s imilar  values for the initial sample  (curve 1), which.  
is related to increased branching of  the polymer.  At a 
higher densi ty of  i rradiat ion (109 cm-2) ,  a portion of  
the branched structures transforms to the gel fraction, 
their  content  in the sample becomes lower, destruction 
processes accompan ied  by chain cleavage increase, and 
the values of  MW of  this sample decrease (curve d). 

The values of  MW ~ and Mw ~ correspond to the 
fractions of  the po lymer  in the low-molecu la r  and high- 
molecular  regions, which were artificially separated in 
the calcula t ion and comprised  10 % of  the weight of  the 
whole sample.  A decrease in MwL an increase in M,~L 
and an increase in the degree of  polydispersi ty of  the 
sample  are evidence thal branching processes precede 
the linking processes and the reactions of cleavage o l  
n tacromolecules  ( F i g  4, Table 2L 

The UV spect rum of  aqueous extracts ot  the prod- 
ucts of  the first e tching of  the irradiated fihns (radii o i  
e tched tracks are shorter  than 5 to 7 nm) contain a 
broad absorpt ion band with a maximum at Z = 3 1 5  
320 urn, which is related to ch romophor i c  and poly- 
conjugated structures that appear ,  as a rule, in destruc-  
tive thermal  oxidat ion  processes init iated this case by 
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50 / k / 

I 
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Fig. 5, IR specf.ra of microgel fl)rmed in the etching of PC: 
/, fi~I etching; 2, second etching 

the kinetic energy of ions in place of their  penetra t ion 
through the f i lm  It is likely that these compotmds  are 
derivatives of  salicylates formed due to the Fries rear- 
rangement or from d i h y d r o x y b e n z o p h e n o n e s  z4,z6,z7,3s 

This ab~:orption band is not observed in the LIV 
spectra of  the pr¢,ducts of  the second etching (radii front 
5 to 15 nm), while in the products  of  the third etching 
(radii from 15 to 30 nm) the intensity of  the absorpt ion 
in this region is close to that of  the initial PC. 

These data testify that the hmximum changes in the 
chemical  structure occur in the first region,  which is the 
closest to the passage of  h igh-energy ions through the 
film. 

The dist inguishing feature of  the IR spec t rum of  the 
microgel of  the first etching is the existence of  bands at 
1680, 1570, and 1540 cm -I typical  of  c o m p o u n d s  con-  
taining carbol:yl groups (Fig. 5). The amoun t  of  the 
microgel decreases from the first to the third e t c h i n g  
This is evidence that the etching products  isolated as 
microgel are probably h igh-molecu la r  part ial ly oxidized 
compounds  with branched and linked structures.  

The IR spectra of the products of  etching in the layers 
(Fig. 6) isolated from a chloroform extract and molded 
as pel lets  show that the in tens i ty  of  the band at 
1740 cm ~l decreases and that of  the band at 1700 cm I 
increases on going trom the first to third etching (curves 
/, 2, attd 3L However, at the fim[~h etching (cmwe 4) 
when the PC flint with the i r rad ia t ion  dens i ty  of 
5" 109 cnt 2 completely dissolves and the average radius 
of the etched lracks is not less than 40 nm, the bands at 
1700 and 1740 cm t are more intense than those in the 
spectra of the initial sample. In addit ion,  the band at 
1560 cm - I ,  which was not observed in the spectrum of 
the initial PC, is re ta ined  The existence of  carboxyl and 
carbonyl groups nonhydrolyzed with alkali is likely asso- 

Table 2. Absolute values of molecular weights of the initial polycafbonate 
sample and samples irradiated with different densities 

Sample M s • 10 .3 M,a" 10 -3 Mz' 10 3 M,,v ~' I 0"] Mw ~" 10`3 

PC (initial) 738 129,9 172.4 231 2706 
PC (108 ) 66,2 1414 201.5 19,0 3251 
PC (109 ) 421 1269 205.1 10.4 331 3 
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Fig. 6. IR spectra of products of PC etching in layers isolated 
from a chloroform extract (chloroform was evaporated, and 
the residue was molded with KBr): /, first etching; 2, second 
etching; 3, third etching; 4, fourth etching; and 5, initial PC 

ciated with linking and branching, which prevent pen- 
etration of alkali into the polymer. 

Thus, both monomeric and high-molecular com- 
pounds with carbonyl and carboxyl groups are t~und by 
UV and IR spectroscopy in the etching products of PC 
irradiated with high-energy ions 

The chronmtograms of microgels of the first and 
second etching are nonmonotomc (Fig 7), which is 
likely caused by the existence of macromolecules of 
different chemical structures in the sample and probably 
by branched microgel formations (a high-molecular re- 
gion of the peak) and destroyed linear macrochains, The 
sample of the second etching has a less destroyed poly- 
meric region, Both samples contain a set of oligomers 
with different terminal groups, including active groups, 
which cause their different extents of sorption on the 
sorbent in the chromatographic co lumn "The composi- 
tions of oligomers in different samples differ somewhat 
The value of M w for the polymeric region of the samples 
decreases from 98000 to 27000 (fi~t etching), while for 
the second etching Mw = 88000. Extracts of etching 
products soluble in aqueous alkali contain a small amount 
of the destroyed polymer, a set of oligomers, and a large 
amount  of low-molecular  compounds  (phenols, 

Fig. "1. Gel-chromatograms of PC (a) and microgel fractions 
(b, c)~ & first etching; c, second etching Chlorolbrm as the 
eluent~ 

diphenylolpropane (DPP), ethers, esters, phenylsalicy- 
lates, and other compounds). However, alkaline hy- 
drolysis also occurs in tile c~e  of nonirradiated PC  For 
example, the GP-chromatograms of the chloroform ex- 
tract from an aqueous-alkaline tincture of the initial PC 
show the existence of polymeric and oligomeric regions 
of the sample in low concentrations. 

The experimental data obtained in this work make it 
possible to present the l~llowing peculiarities of the 
formation of tracks. In the track region at a distance of 
-5 nm from the center of the passage of the ions, first 
etching of the polymer followed by a considerable change 
in its chemical structure occurs (according to UV and 
IR spectroscopy and (}PC data). This is accompanied by 
processes of polymer destruction, including both the 
cleavage of macromolecules (cleavage of the carbonate 
bond, elimination of methyl groups, and ti~rmation of 
low-molecular products) and branching and linking of 
polymer chains involving the macroradicals formed in 
the isopropylidene structures of the macrochaiu or 
phenylsalicylate radicals formed due to the Fries rear- 
range mellt 

Less destruction of the polymer and a retardation of 
the branching and litiking of molecules are observed for 
the track region with a radius from 5 to 15 n m  The 
etching products of the third region of the polymer 
(from 15 to 30 nm) are characterized by fewer changes 
than in the fi~t and second zones, but there are some 
differences compared to the nonirradiated sample. 
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The results of this work show that the polymer 
structure and the surface properties of etched pores 
change depending on their radius up to -40 nrn, which 
should be taken into account in the creation and use of 
track membranes.  
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