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Graft polymerisation of acrylamide onto PCL film by electron beam
pre-irradiation in air or argon. Morphology in the final grafted state
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Abstract

Poly(e-caprolactone) has been graft polymerised to final graft yields with acrylamide (AAm) as monomer in an aqueous solution by the
pre-irradiation method. The synthesis of the samples obtained, pre-irradiated in air or argon atmosphere, was controlled by dose and
concentration of inhibitor, provided as Mohr’s salt, in the ranges from 2.5 to 10 Mrad and from 0.005 to 0.500 wt%, respectively. Final
graft yields and lateral dimensions in swollen condition ranged from 70 to 3400 wt%, and frarB@8 89x 94 mn?, respectively, as
atmosphere during irradiation, dose and concentration of inhibitor were altered. These properties gave values in crystallinity extending from
4 to 57 wt%. Samples pre-irradiated in air and subsequently graft polymerised yielded higher values of crystallinity in the entire range of dose
and concentration of inhibitor. At low concentration of inhibitor, final graft yield and lateral dimension for samples pre-irradiated in air had
considerably larger values while the final graft yield and lateral dimension of samples pre-irradiated in argon had slightly larger values at high
concentration of inhibitor. The initial biaxial morphology of the PCL film was continuously transformed into a uniform morphology, which
was reached at a final graft yield of approximately 800 w2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction transition temperature of-60°C [13]. The conformation
and the unit cell of PCL resemble those of PE [14] although
Heterogeneous graft polymerisation of polymers in their the molecular structure in PCL contains an ester group
solid state with an agueous monomer solution is a versatileinstead of a methylene sequence, see Fig. 1.
way of hydrophilisation [1-5]. This may be accomplished PCL is usually produced by ring opening polymerisation,
by initial introduction of free radicals within the trunk creating linear molecules while commercial PE to a widely
polymer using high energy irradiation [6—8] followed by varying extent contains chain branches. The differences
exposure to monomer in a separate subsequent graftmentioned generate different physical properties between
polymerisation step. High-energy irradiation of polymers the polymers regarding glass transition temperatures,
generates molecular alterations which depend on the chemi-—100 and—60°C [13,15], melting temperatures, 125 and
cal structure and morphology, as well as on irradiation 60°C [15,13] and heats of fusion at equilibrium, 293 and
conditions (atmosphere, temperature, dose rate, dose). Parti139 J g * [15,16], for PE and PCL, respectively.
cularly for polyethylenes (PE), the effects of theand EB Upon exposure of the irradiated solid trunk polymer to
irradiation have been studied extensively [9-11]. To the monomer containing phase, grafting will proceed from
summarise, irradiation of PE primarily generates alkyl, the surface towards the interior of the solid phase. The
allyl and polyenyl radicals which upon exposure to air initi- progress of graft polymerisation is commonly characterised
ally will form peroxy radicals [9]. The radicals formed in by the increase in graft yield where the graft yield is defined
poly(e-caprolactone), PCL, during EB irradiation in argon as the percentage increase in dry weight in relation to the
atmosphere are predominantly secondary alkylether radicalsungrafted trunk polymer. The characteristic evolution of the
whereas in air atmosphere peroxy radicals are formed addi-graft yield with time for PCL pre-irradiated to 2.5, 5 and
tionally [12]. 10 Mrad in air at a specific inhibitor concentration (Mohr’s
PCL is a semicrystalline polymer with a crystallinity of salt) is shown in Fig. 2. Three apparent stages occur as time
~50 wt%, having a melting temperature of@0and a glass  is increased: an induction stage, a seemingly linear stage
and a final graft yield @), also called the saturation graft
* Corresponding author. Tel+46-8-790-6000; fax:+46-8-10-0775. yield.
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Fig. 1. Molecular structures of (a) PE and (b) PCL.

In general G for an irradiated polymer during graft poly- in air or argon atmosphere in the dose range of 2.5-10 Mrad
merisation is in the main governed by the concentration of with a dose rate of 0.8 Mrad mifl and an electron energy
the grafting monomer, the temperature, the dose and theof 6.5 MeV. The pre-irradiated samples were stored in
addition of inhibitor [2,7]. The latter is added to prevent liquid nitrogen prior to the graft polymerisation. The
homopolymerisation which may be extensive due to chain samples were transformed to an aqueous solution of acryla-
transfer to monomer or, when hydroperoxides are present,mide monomer where the temperature and the concentration
initiation by hydroxy radicals. Although the inhibitor is of monomer were kept constant a8%and 20 wt%, respec-
mainly added to suppress the formation of homopolymer, tively; Mohr’s salt was provided as inhibitor in the range of
it will also influence the graft yield which is seen as a 0.005-0.500 wt%. The grafting solutions were purged with
decrease inG; with inhibitor concentration. Acrylamide argon during 15 min before insertion of the pre-irradiated
(AAm) which is chosen as the monomer to be grafted in film samples. All graft polymerised samples were ensured to
this study is a highly reactive and hydrophilic monomer. reach the final grafted state by using a polymerisation time
After the graft polymerisation it can be further derivatised (60 = 10 min) well above the time needed to obtain this
for coupling reactions [17]. state [19].

The aim of this work is to prepare samples of the grafting
system P(CL-g-AAm) in their final grafted state. The 2 3. Swelling dimensions
morphology of the samples is investigated as the atmo-
sphere during irradiation (air or argon) the dose and concen- The lateral dimensions of the swollen samples as obtained
tration of inhibitor are altered. Moreover, the dimensional in the grafting were measured in swollen condition with a
expansion of the grafted samples in the swollen state for millimetre scale. All samples measured had rectangular
various doses and inhibitor concentrations in each atmo-shapes. The dimensions are designated wijhapd length
sphere is analysed. The proposed approach gives the opportL) where the width was taken as the largest value.
tunity to design materials with controlled graft yield and

morphology. 2.4. X-ray diffraction

] Measurements were carried out on a Philips generator
2. Experimental

700
2.1. Materials \
600
Films of PCL, having a film thickness of 302 pm,
were prepared by film blow moulding of granules of Tone 3500
787, free from additives, kindly provided by the Union 3;
Carbide Company. The molecular weights of virgin PCL = 400 l/ s b
were M, = 130000 g mol! and M,, = 205000 g mor*, 2. 1
as measured by SEC calibrated against PS standards. The & 300 7 I
crystallinity () was 50* 3 and 56+ 2 wt% as measured S 200
by DSC and X-ray diffraction (XRD), respectively. Acryla-
mide (AAm), (Pharmacia LKB 80-1128-10) and Mohr’s salt 100
[(NH,),Fe(SQ),-6H,0] (Merck 3792) were used as
received.

0
0 10 20 30 40 50 60

Time, [mi
2.2. Irradiation and grafting trae, [minmtes]

L . Fig. 2. Graft polymerisation with time for P(CL-g-AAm) pre-irradiated in
The graft polymerisation has been reported earlier [18]. In air to 2.5 Mrad (circles), 5 Mrad (boxes) and 10 Mrad (triangles) 4€35
short, film samples of PCI2 x 2 cnt) were pre-irradiated 20 wt% AAm and 0.050 wt% Mohr’s salt. Data from Ref. [19].
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Table 1

Average molecular weights (from Ref. [12]) and crystallinities as measured by XRD and DSC for PCL irradiated in air or argon

Dose (Mrad) M, x 10 2 (g mol™) M,, X 1072 (g mol™) WiRP (wit96) WESC, (wt%b)

0 130 205 56+ 2 50+ 3

Irradiation in Air Argon Air Argon Air Argon Air Argon
25 102 88 170 165 57 50 54 48
5 80 75 150 148 57 49 55 48
7.5 - - - - 58 50 56 47

10 56 47 112 101 60 51 58 49

PW 1830, nickel filtered CuK-radiation (A = 1.542A), measurements by DSC and XRD, PAAm is essentially
with a Warhus camera under vacuum, and an image analysisamorphous having @, of 468 K [23] which is well above
system. The diffractograms obtained in the image analysisthe melting endotherm for PCL.
system, were converted from light to intensity and analysed, The crystallinity was evaluated according to
assuming a linear Lorenz—Gaussian relation [20]. AH

The intensities were determined according to the proce- w, = —Of
dure proposed by Bak&alleja and Vonk [21]. Corrections AHT%
were made according to the procedure proposed by Kakudo, here AH, is the value of the measured heat of fusion and
and Ka;ai [2,2]' addec_j by the correction for variation in AH% is the equilibrium heat of fusion (139.5 J4§ which
absorption with graft yield. was obtained from Crezcenzi et al. [16].

As a measure of the crystallinity of the samples, we used 1o crystallinity for grafted samples was corrected for
the expression graft yield (GY) according to

2

Ig.10+ |g.11+ IgOO

\/\IXRD = 1 SC _ \/ GY(%)
c I, + 170 + |11 1 200 @ we Wel 1+ 100 3

wherel,andI are the areas under the amorphous halo and wherew/, was obtained from formula (2).

the hkl-reflections, respectively. PCL gives reflections at

20 = 216°(110), 260 = 24.0°(2000 and 2 = 222°(111) 2.6. Scanning electron microscopy

[14]. The major contribution to the crystallinity>95%)

originates from the reflections from the planes (110) and 1 he thickness in dry condition was measured with scan-
(200). ning electron microscopy (SEM). The specimen was

In order to obtainwXRP for the PCL backbone in grafted prep_ared in liquid nitrogen and the sput_tering material was
samples, a polyacrylamide correction was introduced for the 2PPliéd from an Au/Pd cathode to a thickness of approxi-
contribution of PAAm to the amorphous halo. This was mately 10 nm. Microscopy investigation was performed on
obtained from diffractograms of random oriented film & J€0l SEM-5400.
samples made by stacking ungrafted PCL films with varying
amounts of PAAm films, simulating different graft yields.
Smt_:ewé( » which only refers to PCL, was keptunchanged,  The thickness in swollen condition was obtained with
an internal correction for the contribution of PAAM was  enyironmental scanning electron microscopy (ESEM).

2.7. Environmental scanning electron microscopy

obtained as a function of graft yield. Microscopy studies were performed on an ElectroScan
_ ) ) _ ESEM-2020 at STFI, Stockholm, Sweden. The microscope
2.5. Differential scanning calorimetry operating conditions were an accelerating voltage of 15 kV,

a working distance of 8.8m, a sample chamber pressure of

Melting endotherms were measured on a Perkin—Elmer :
9 6 Torr and a test piece temperature-65°C.

DSC-7 calorimeter with sample weights of 264 mg
depending on the graft yield, and a heating rate of
20°C min~'. The instrument was calibrated with indium 3. Results and discussion

(T, =4298K, AH;=2846Jg"'). Samples were

preheated to 8C and cooled at 2C€ min™* to —60°C 3.1. Effect of irradiation

and kept at that temperature for 5 min after which they

were heated again to 8D at 20C min~%; during the latter In Table 1 the crystallinities as measured by XRD and
scan the heat of fusion was recorded. In evaluating the crys-DSC for PCL irradiated in air or argon are displayed. The
tallinity it was assumed that the only contribution for the corresponding molecular weights, originating from Ref.
polyacrylamide grafted samples originated from the crystal- [12], are also presented.

lites remaining in the trunk polymer. According to separate  The virgin PCL has a crystallinity of 56 2 and 50+
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Table 2
Field graft yields G;), lateral dimensions and crystallinities § as measured by XRD and DSC for the system P(CL-g-AAm) pre-irradiated in air and graft
polymerised at 3% with a concentration of 20% AAm at various irradiation doses and concentrations of Mohr’s salt

Dose (Mrad) [Mohr's salt] (wt%) Gt (Wt%) Length (mm) Width (mm) WXRD (wtds) WESC (Wt%)
25 0.500 73+ 6 23+ 0 30+1 57 45
25 0.250 100+ 3 24+ 0 32+1 48 40
25 0.100 153+ 8 27+1 34+1 45 36
25 0.050 223+ 9 32+1 38+1 43 30
25 0.025 389 21 41+ 1 44+ 0 33 24
25 0.010 805+ 80 53+ 1 54+ 2 20 17
25 0.005 1276- 97 62+ 2 66+ 2 19 14
5 0.500 112+ 0 25+1 33+0 52 42
5 0.250 149+ 1 28+ 2 34+1 48 36
5 0.100 240+ 12 32+ 1 38+1 46 32
5 0.050 358+ 7 39+ 1 43+ 2 39 27
5 0.025 702+ 24 52+ 3 53+ 2 32 22
5 0.010 1412+ 55 65+ 3 70+ 4 25 19
5 0.005 1856+ 247 73+ 3 78+ 4 17 17
7.5 0.500 121+ 7 26+ 1 34+1 57 40
75 0.250 17t 5 28+ 0 35+0 55 35
75 0.100 300+ 2 34+1 40+ 1 34 31
7.5 0.050 512 18 46+ 2 49+ 1 28 27
75 0.025 914+ 15 56+ 1 57+1 27 21
75 0.010 1900+ 8 74+ 1 77+1 15 17
75 0.005 2885~ 23 88+ 4 91+ 2 12 15

10 0.500 137+ 5 25+ 1 33+1 57 43

10 0.250 199+ 7 30+ 1 34+ 2 48 40

10 0.100 353+ 11 37+ 1 42+1 44 34

10 0.050 627+ 57 49+1 51+1 32 31

10 0.025 1018 69 59+ 2 60+ 2 24 24

10 0.010 2266+ 81 79+ 2 84+ 4 18 19

10 0.005 3361+ 82 89+ 1 94+ 1 17 15

3 wt% as measured by XRD and DSC, respectively. The surfaces are similar in spite of the differences in chemical
W2SC data refer to the second run of the DSC analysis and structure. The crosslinking localised to the crystallite
thus depend on re-crystallisation [24—-26]. This is seen for surfaces and at lamellae folds may prevent further changes
the virgin PCL, which has a higher crystallinity when in crystallinity but the decrease in crystallinity from 0 to
measured by XRD as compared with DSC. After irradiation 2.5 Mrad as obtained by XRD indicates an initial deteriora-
in air up to 10 Mrad this difference decreases while there is a tion of the crystallites which is not seen for the same irra-
slight increase with dose to 60 and 58 wt%. This is accom- diation in air.

panied by a decrease M, as well asM,,, implying that

chain scission is the net effect in this dose range. This 3 5 Gyaft polymerised samples

favours re-crystallisation even in the solid state which has

been verified in several investigations on polyethylenes The data obtained for PCL samples pre-irradiated in air
after irradiation in air [27—29]. As seen in Table 1 the crys- and argon and subsequently graft polymerised to their final
tallinity values upon irradiation in argon differ significantly —grafted state, are compiled in Tables 2 and 3, respectively.
from those obtained in air whereas the XRD and DSC data Values of G; and lateral dimensions are given as mean
are quite similar and constant throughout the dose range,values with the corresponding standard deviations obtained
although on a lower level than for irradiation in air, i.e. from two or more samples grafted at the respective combi-
50 wt% for XRD and 48 wt% for DSC. Since XRD is nation of dose and concentration of inhibitor. The crystal-
measured on the unperturbed samples, the XRD data indi-linity data, as obtained by XRD and DSC, are from a sample
cate an actual decrease in crystallinity from 56 wt% for with a G close to the mean value of each respectyeAs
unirradiated PCL as compared to 50 wt% for 2.5—-10 Mrad mentioned in Section 2, the crystallinity dataxs*° and

in argon. It has been shown for other semicrystalline poly- w2S“—refer only to the PCL core of the grafted samples,
mers, including polyethylenes irradiated under inert condi- since corrections were made for the dilution effect of the
tions that crosslinking occurs at the chain folds and in the grafting.

transient phase at the crystallite surfaces [30,31]. Since PCL As seen in Table 2, variations of dose and concentration
and PE have similar folding characteristics [25,32], it seems of inhibitor in the ranges from 2.5 to 10 Mrad and from
plausible that the molecular conformations at the lamellae 0.005 to 0.500 wt%, respectively, give samples w@h
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Table 3
Final graft yields G), lateral dimensions and crystallinities f as measured by XRD and DSC for the system P(CL-g-AAm) pre-irradiated in argon and graft
polymerised at 3% with a concentration of 20 wt% AAm at various irradiation doses and concentrations of Mohr’s salt

Dose (Mrad) [Mohr's salt] (wt%) Gt (Wt%) Length (mm) Width (mm) WXRD (wi%) WS (Wt%)
25 0.500 94+ 4 23+ 0 31+1 48 36
25 0.050 257 46 36+ 1 38+1 29 25
25 0.005 938+ 98 56+ 2 58+ 3 10 8
5 0.500 123+ 6 23+1 31+2 45 35
5 0.250 161+ 5 27+ 1 34+ 0 43 32
5 0.100 251+ 21 32+1 38+1 31 30
5 0.050 360+ 41 37+0 42+1 28 23
5 0.025 556+ 28 46+ 1 48+ 1 18 15
5 0.010 765+ 49 53+ 2 54+ 1 14 11
5 0.005 1126+ 88 57+ 2 61+ 2 7 5
75 0.500 1327 25+ 0 32+1 43 32
7.5 0.050 462+ 8 42+0 47+ 4 24 19
7.5 0.005 1366 618 63+ 9 68+ 11 8 5

10.0 0.500 139 21 26+ 1 33+1 40 31

10.0 0.050 528 18 45+ 1 47+ 1 20 15

10.0 0.005 1463 316 65+ 6 72+7 5 4

ranging from~70 to~3400 wt% for samples pre-irradiated

in air; the higherG; are obtained at high doses and low
concentrations of inhibitor, i.e. Mohr's salt. Accordingly,
the lateral dimensions of samples in the swollen state vary
within broad limits: 23x 30 to 89x 94 mnt reflecting the
respective final degrees of grafting;, The crystallinity also
changes between 12 and 57 wt%, and between 14 and
45 wt%, as measured by XRD and DSC, respectively;
however, in reverse order to the graft yield and swelling
data.

In Table 3 the same properties as in Table @Hateral
dimensions andv.—as a function of dose and inhibitor
concentration are given for samples pre-irradiated in argon
and subsequently graft polymerised. The same principal
dependencies foiG; on irradiation dose and inhibitor
concentration are observed although all properties show
lower variations. Anyhow, the variations are significant:
Gt ranges from~90 to ~1500 wt%, the lateral dimensions
range from 23< 31 to 65x 72 mnt and the crystallinities
extend from 5 to 48 wt% and from 4 to 36 wt% as detected
by XRD and DSC, respectively.

Final Graft Yield, [wi%]

3.3. Graft yields

In Fig. 3(a) and (b)G¢ for samples pre-irradiated in air or
argon, as a function of dose and concentration of inhibitor,
are shown in three-dimensional diagrams. To be noted, the
inhibitor concentrations are represented at equal distances in
the grid regardless of internal proportions. The actual
dependence ofG; on linear inhibitor concentration is
shown more accurately in Figs. 4(b) and 6(b). However,
the three dimensional diagrams, as presented here, are
Fig. 3. Final graft yield of P(CL-g-AAm) pre-irradiated in (a) air or (b) shown with the intention to visualise differencesGnfor

argon as a function of dose and concentration of Mohr's salt [MS]. Condi- ifradiation in air and argon.
tions as in Tables 2 and 3. As seen in Fig. 3(a) and (b), the highest as well as the

Final Graft Yield, (wt%]
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Fig. 4. Crystallinity (boxes), as measured by XRD, and final graft yield (circles) as a function of concentration of Mohr’s salt for P(CL-g-AArajiaed
to 5 Mrad in air (open symbols) and in argon (closed symbols). Conditions as in Tables 2 and 3.

lowestG; values belong to the samples pre-irradiated in air. This is also shown in Fig. 4a and b where the crystallinity, as
Below an inhibitor concentration of 0.05 wt% theSedata measured by XRD, an; for 5 Mrad in air or argon are
are higher and also their increase @& as the inhibitor plotted versus concentration of inhibitor.

concentration is further lowered, is much faster compared For both atmospheres there is an inverted relation
to pre-irradiation in argon. To the contrary for increasing betweenG; and crystallinity. As the inhibitor concentration
concentration of inhibitor, there is an area from 0.05 wt% at is increaseds; decreases and crystallinity increases with the
2.5 Mrad to 0.5 wt% at 10 Mrad whef@ is higher for pre- highest changes in the low concentration range. At higher
irradiation in argon. Although th&; values are much smal- inhibitor concentrations the curves level off, approaching
ler in this region this difference is consistent. In the mid almost constant values. The difference between the crystal-
region—0.05 wt% inhibitor and 5 Mrad—th&; values linity curves for air and argon (Fig. 4a) has no correspon-
seem identical; 358 and 360 wt% for air and argon samples,dence in G; curves (Fig. 4b). Only for inhibitor
respectively. This is in agreement with an earlier investiga- concentrations below 0.05wt% where bo@ curves
tion using the same grafting conditions [19]. As is obvious increase steeply as the inhibitor concentration is lowered
from the present investigation, this is not a general perfor- there is a clear divergence in th@tfor air increases more
mance but limited to a transition zone between high and low than for argon.

Gt values. In Tables 2 and 3 also the crystallinity data as

measured by XRD and DSC are given. In all cases there is a3 5 Effect of dose and inhibitor

decline in crystallinity in the PCL core with increasif®.

Also in this case, the DSC data are from the second run and The results of the final graft yield3) as a function of
consistently lower than the XRD data, as expected from re- dose at various inhibitor concentrations of samples pre-irra-

crystallisation effects. diated in air, are shown in a logarithmic diagram in Fig. 5,
and in a linear diagram in Fig. 6.
3.4. Effect of atmosphere The final graft yield Gy) represents the total grafted mass,

which is possible to obtain under each specific grafting

When comparing Tables 2 and 3 it is evident that the condition. It is constituted by the number of graft poly-
crystallinity remaining in the PCL core of the grafted merised chains and their average molecular weight from
samples is consistently lower for pre-irradiation in argon. the beginning of the grafting reaction until it spontaneously



T. Lindberg et al. / Polymer 41 (2000) 4099-4111 4105

ceases by exhaustion of initiating sites. In principle in f
homogeneous systen@ would be directly correlated to

the amount of initiating radicals and the rates of the graft
initiation, propagation and termination reactions. In addi-
tion grafting in a heterogeneous system involves transport
phenomena across moving phase boundaries where permea-
tion and amount of reactants may change during the graft-
ing. Although the irradiation dose has a direct correlation to
the radicals generated in the trunk polymer their decay,
accessibility and the monomer supply will have impacts
on the order of dependence betwd&grand the irradiation
dose D). In radiation induced heterogeneous grafting, an
inhibitor such as F& in the form of Mohr’s salt, is added to
suppress homopolymerisation in the liquid phase. Sce

is strongly dependent on the inhibitor concentration it may

in principle terminate grafted chain radicals as well as
primary radicals in the trunk polymer. The latter case
would be expected to occur at high concentrations of inhi-
bitor.

In Fig. 5 the final graft yield @) is plotted versus the pre-
irradiation dose D) in logarithmic diagrams for various ,
inhibitor concentrations. From the slopes in Fig. 5 the 3 4 5678910 20
dose exponent&; for samples pre-irradiated in air at the Dose, [Mrad]
different inhibitor concentrations are obtained. The identical
analysis was made with the samples pre-irradiated in argon.rig. s. Final graft yield for P(CL-g-AAm) pre-irradiated in air as a function
Both analyses are summarised in Table 4. of does at varying inhibitor concentrations. From bottom to top: 0.500 wt%

For samples pre-irradiated in air, the dose exponent is (open circles), 0.250wt% (open boxes), 0.100 wt% (open diamonds),
constant with an average of 0.73 for an inhibitor concentra- -050 Wt% (open triangles), 0.025wt% _(tilted crosses), 0.010wt%
tion from 0.005 to 0.050 Wt%. Above the latter concentra- (crosse;) and 0.005 wt% (cross_ed boxes). Standard deviations are indicated
. . ; R as vertical bars. Conditions as in Tables 2 and 3.
tion, the exponent declines as the concentration of inhibitor
is increased. The uniform dose exponent for inhibitor
concentrations at 0.050 wt% and below is connected with decay before the initiation. Nevertheless, whether initiating
high and rapidly increasing; as discussed previously in  radicals would be lost by reduced grafting rate or by direct
conjunction with Fig. 3 and Fig. 4. In this range we propose termination by inhibitor, the result would be a reduction in
that the inhibitor predominantly terminates the graft propa- the dose exponent f@; in both cases.
gation. In an earlier investigation on pre-irradiation of acry- ~ As seen in Fig. 6, the crystallinity an@ curves for
lamide onto LLDPE, which shows very similar behaviour, it samples pre-irradiated in air show the same inhibitor depen-
was concluded tha®; varied as would the average molecu- dence as discussed in Fig. 4. Although there is a scatter in
lar weight upon monomolecular chain termination by’ Fe  the crystallinity data in Fig. 6 the crystallinity decreases
for the same concentration range as in the present systenwith dose particularly below an inhibitor concentration of
[33]. For inhibitor concentrations above 0.050 wt%, the 0.100 wt%. This corresponds to an increas€as the dose
dose exponent gradually decreases to about 0.45 atis raised. Also forG; the effect is higher for inhibitor
0.500 wt% which might indicate an additional extinction concentrations below 0.100 wt%, however the dose depen-
of primary radicals. As was previously shown in Fig. 4b dence is reversed; an increas&iwith dose corresponds to
for G¢ versus inhibitor concentration for a dose of 5 Mrad, a decrease in crystallinity. The concentration of radicals
Gt becomes seemingly independent of the inhibitor concen- formed has been reported to be proportional to the dose in
tration above 0.100-0.250 wt% where it approaches a finite the case of PE [35]. Howeveg; is not directly proportional
value above zero. This may imply that a minimum chain to the dose, as is evident from the dose exponent in Table 4.
length is required for termination by the inhibitor sincéfe A higher dose requires longer time during irradiation since
with counter-ions would not penetrate into the grafting zone the dose rate is constant. Thus at ambient temperature a
as well as the acrylamide monomer [33,34]. Further, even atlarger portion of the total amount of free radicals will
0.500 wt% of inhibitor and a 20 wt% monomer solution, decay as the dose is raised. Furthermore, at high doses a
Fe’* is outnumbered by acrylamide monomer by a molar saturation effect may be reached due to recombination,
ratio of 1 to 220. However, at this amount of inhibitor the which will give an upper limit for the radical concentration.
frequent chain termination alone would lower the grafting At inhibitor concentrations of 0.050 and 0.005 wt%, is
rate, allowing a higher proportion of the primary radicals to increased by factors-2.8 and~2.7, respectively, as the

0.005 wt%

0.010 wt%

0.025 Wt% |

0.050 wt%

0.100 wt%

Final Graft Yield, [wt%]

0.250 wt%

0.500 wt%
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Fig. 6. Crystallinity as measured by XRD and final graft yield as a function of concentration of Mohr’s salt for P(CL-g-AAm) pre-irradiated in ditrai2.5

(circles), 5 Mrad (boxes) and 10 Mrad (triangles). Conditions as in Table 2.

dose is raised from 2.5 to 10 Mrad but at an inhibitor polymers used in pre-irradiation grafting, like polyethylenes
concentration of 0.500 wt%; is increased~1.8 times for [34,36] and polyamides [5], the radicals generated through-
the same dose increase, see Table 2 and Fig. 6. The signifiout the bulk of the polymer, would only survive when
cantly lower increase i for the samples with an inhibitor ~ trapped in the crystalline phase although with limited life
concentration of 0.500 wt% may reflect the contribution times at ambient temperature [37]. Such radicals will
from decay or termination of primary radicals.

migrate to the lamellae surfaces where they may initiate

As shown in Figs. 3—4 the most significant difference grafting of vinyl monomers diffusing into the pre-irradiated
between pre-irradiation in air and argon in the present inves- polymers [38,39]. In the amorphous phase abdyethe
tigation is obtained forG; in the inhibitor concentration
range below 0.050 wt%. As mentioned in the introduction present, by oxidation. The main differences in grafting rates
relatively stable alkylether radicals ak-carbons are
obtained in both atmospheres. As for other semicrystalline related to differences in crosslinking throughout the amor-

Table 4

Dose exponents of samples pre-irradiation in air or argon

Inhibitor concentration

Pre-irradiation in

Pre-irradiation in

radicals rapidly decay by crosslinking or, when oxygen is
andG; as a result of pre-irradiation atmosphere, have been

phous phase. This is readily observed for polyethylenes
[34,36]. In the case of PCL, crosslinking in the amorphous
phase upon irradiation under inert conditions is retarded
since the probabilities for crosslinking and chain scission

(Wt%) aira® (a.u.) argona®®"(a.u.) are about equal [24,40,41]. In order to form measurable gel

contents by EB oty-irradiation, doses of 20—26 Mrad have
8'8(1)(5) 8;2 ?'47 been reported [24,26]. Thus the dose range up to 10 Mrad
0025 071 _ used in the present investigation is far below the gel dose for
0.050 0.75 0.53 PCL regardless of irradiation atmosphere. Consequently,
0.100 0.60 - the observed differences & could not be related to cross-
0.250 0.49 - linking in the amorphous phase upon pre-irradiation in
0.500 0.45 0.28

argon. In earlier investigations [24,26] for PCL irradiated
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Fig. 7. Micrographes of P(CL-g-AAm) pre-irradiated in air: (a) (b) SEM and (b) (d) ESEM of cross sections, see Table 5.

by - or EB-irradiation under inert conditions it was when the crystallites are rapidly disintegrated. On the
concluded that crosslinking occurred between chain folds contrary, crosslinking between lamellae folds and in the
in the crystalline lamellae. Also chain scission and cross- intermediate phase will hinder monomer diffusion and
linking were considered to occur, preferentially in the tran- expansion of the crystallite surface regions as grafting
sient phase and at the crystallite surfaces. Similar resultsproceeds. This would be one factor favouring the higher
were obtained for polyethylenes [31] where it also has G; for pre-irradiation in air at low inhibitor concentrations.
been found that the highest concentrations of radicals Also, as mentioned in the introduction, peroxy radicals are
were trapped on the crystallite surfaces after migration formed in addition to the alkylether radicals upon irradiation
from the interior of the crystallites [42,43]. Since oxygen in air. If these would contribute to graft initiation they must
will rapidly diffuse into the non-ordered regions under pre- be transformed into peroxides, which in turn, should give
irradiation in air, the initial amount of radicals in the amor- radicals by decomposition in a subsequent grafting step. In a
phous phase and at the crystallite surfaces will be consumedecent study PCL seemed to give faster grafting rate with
by oxidation reactions. Only in the interior of the crystal- acrylic acid when pre-irradiated in air as compared to pre-
lites, where the diffusion of oxygen is much slower will irradiation in nitrogen [26]. However, within experimental
trapped radicals remain. In a succeeding grafting step theerror, there seemed to be no differenc&inFurther, it was
differences between irradiation in air or argon would be shown that PCL pre-irradiated from 2.5 to 10 Mrad under
related to differences in crosslinking localised to the surface nitrogen lost all grafting reactivity within an hour after
zones of the crystallites and to the initial surface concentra- storage at ambient conditions. On the contrary the graft
tions of radicals. Thus for PCL pre-irradiated in argon, a yield was found to increase with crystallinity when PCL
higher G; would be explained by the higher initial concen- was pre-irradiation grafted without intermittent exposure
tration of radicals in crystallite surface regions. As seen to air. In the present investigation, there is no clear indica-
from Tables 2 and 3 and visualised in Fig. 3a and b, this tion of significant contribution form peroxide initiation. As
actually occurs for high concentrations of inhibitor concen- seen in Figs. 3a and b and 4b, the considerably hiGntar
trations, where th& and grafting rates are small. Under pre-irradiation in air below an inhibitor concentration of
these conditions differences in radical concentration at the about 0.050 wt% is reversed above this concentration.
surfaces are more important than at higher grafting rates Although allG; values are small in this higher concentration
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Fig. 8. Micrographes of P(CL-g-AAm) pre-irradiated in argon: (a) (b) SEM and (c) (d) ESEM of cross sections, see Table 5.

range the argon values are consistently higher for all doses pre-irradiated in argon is about three times for both
in spite of the fact that F%é is a co-initiator with peroxides ~ measurements.

[34]. The peroxide radical observed for pre-irradiation in air ~ As seen in Fig. 9, the swelling of the lateral dimensions
[12] may rapidly decay to oxidation products other than are almost identical for the air and argon samples, although
peroxides, like carbonyls or hydroxylic groups, which has there exists a weak tendency to lower expansion of the
been observed for irradiated polyethylenes [9,39]. At the samples pre-irradiated in argon. The latter is emphasised

present stage, we conclude that the higBedata for pre- in Fig. 9c: the curve approximation of the thickness in swol-
irradiation in air is due to the differences in crosslinking in len condition is clearly lower for argon samples than that of
the crystallite surface regions. air samples. As enlarged grafted specimens are obtained by
variations in dose and inhibitor concentration, the initial
3.6. Expansion during grafting shape is preserved. An isolated study showed that an initial

triangular shape also generated a preserved final triangular
In Figs. 7 and 8 the cross-sections of samples of P(CL-g- shape in the final grafted state. Separate measurements have
AAm) pre-irradiated in air or argon, respectively, in dry or been performed to conclude whether the morphology is
swollen condition are shown. The micrographs represent theuniform over the entire specimen. DSC analysis yielded a
extreme points in concentration of inhibitor and dose and, uniform morphology since the crystallinity was almost

hence, final graft yields. constant at five different locations within the specimen
The results of the thickness analysis—detected from investigated. Thus, the initial morphology is still present

Figs. 7 and 8—are compiled in Table 5. at increased graft yields and is represented in the entire
As the concentration of inhibitor (jS)) is decreasedGy specimen. The possible presence of crosslinking in the tran-

is increased and the thickness, both in dgy) and swollen sient phase and at the crystallite surface zones of samples
condition (esen), is increased, as deduced from Table 5. The pre-irradiated in argon are probably the causes for the lower
initial thickness of the PCL film is 3Qum. Upon grafting, expansion in swelling, as compared to samples pre-irra-
the thickness expands to about three times and to four timesdiated in air. In Fig. 10 the ratio of the lateral dimensions
in the dry and swollen condition, respectively, for samples (W/L) as a function of graft yield for samples pre-irradiated
pre-irradiated in air. The maximum expansion for samples in air or argon are displayed.
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Thickness of the films in dry conditiofisgy) and swollen conditiontésgy), lateral dimensioiL X W) and final graft yields@) for specific samples within the

set as indicated

Atmosphere Air Argon

Dose 2.5 10 2.5 10

[MSJa = 0.500 wt% tsem = 34 pm (F|g 7a) tsem = 47 pm tsem = 31pm (F|g 8a) tsem = 32pm
tesem = 33 um (Fig. 7c) tesem = 50 um tesem = 34 um (Fig. 8c) tesem = 43 um
LxW = 23x 31 mnf L X W = 26 34 mnf LxW = 23x 31 mnf LxW = 27x 34 mnf
G = 74 Wi% G; = 134 Wt% G = 92 Wi% G = 154 wi%

[MS]a = 0.050 wt% tsem = 40 wm tsem = 60 wm tsem = 44 pm tsem = 47 pm
tesem = 55 um tesem = 59 um tesem = 39 um tesem = 49 um
L X W = 31x 37 mnf L X W = 49 49 mnf L xW = 37x 39 mn? L x W = 44X 46 mnf
G = 222 wt% G; = 587 wt% G; = 289 wt% G =518 wt%
tesem = 74 pum tesem = 121pm tesem = 73 pum tesem = 81 um (Fig. 8d)

(Fig. 7d)

L X W = 61x 65 mn? L X W = 89x 95 mn? L X W = 55x 56 mnt LXW = 65x 72 mnt
G = 1197 wt% Gy = 3436 Wt% G = 868 Wt% G; = 1403 wt%

S = Mohr’s salt.

References to Figs 7 and 8 in parenthesis.
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