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ABSTRACT: We report here a new feature for highly wet-
table polyethylene films prepared by spontaneous surface
enrichment of perfluoroalkylated phosphorylcholine (PC)
additives via a simple heat-press technique. Perfluoroalky-
lated PCs were newly synthesized from monohydroxyethyl
ether compounds with hexafluoromethylene (CgF;3PC),
octafluoromethylene (CgF17PC), and decafluoromethylene
(C19F21PC) chains. Hexadecyl phosphorylcholine (C;cPC)
was synthesized as a control. These PC additives were mixed
well with low-density polyethylene (LDPE) microparticles (¢
= 6 um), placed between stainless plates, and pressed at
120°C. Perfluoroalkylated PCs effectively improved the sur-
face wettability of the composite film compared with that of
the alkylated PC. CgF,7PC is extremely surface active in the

LDPE matrix and occupies ~ 95% of the outermost ~ 10 A.
The water contact angle data for the LDPE film was decreased
from 94°/81° (8,4/6r) to 28°/8° by the addition of an approxi-
mately low concentration of CgF;7PC (3.3% w/w) because of
spontaneous enrichment on the surface. When the elongation
to break value of the films was slightly reduced with the PC
additives, Young’s modulus and the tensile strength of the
composite films were similar to those of pure LDPE film. In
conclusion, fluoroalkylated PCs have good potential as addi-
tives to improve the wettablility of thermoplastic polymers.
© 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102: 2868-2874, 2006
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INTRODUCTION

Recently, there has been a great deal of interest in
the control of surface wettability in both research and
technology because of the possibilities of many poten-
tial applications.' Improvements in the hydrophilicity
of polymer surfaces can be accomplished by several
methods® including chemical treatment, plasma-, co-
rona-, photo-irradiation, etc. While these approaches
have been quite successful, new processes for surface
modification for use with specific equipment are
always needed.

To this end, surface modification via surface enrich-
ment of one component of a multicomponent system,
the driving force of surface modification in such a sys-
tem, is largely thermodynamic where the component
with the lowest critical surface tension rises to the air/
polymer interface, thereby lowering interfacial free
energy. Consequently, fluorochemicals and fluoropoly-
mers have often been studied as surface-modifying
molecules for various applications.>® To enhance addi-
tive efficiency, suitable conditions such as solvents,
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annealing temperature, and chemical structures were
optimized. The surfaces normally show a highly hydro-
phobic and lyophobic nature. In contrast, Yuan and
Shoichet demonstrated that the application of trifluoro-
vinyl ether polymers could enhance the surface wet-
tability of poly(styrene) films.” They prepared blend
film by the solvent casting method; the surface hydro-
philicity on the film depended on the type of solvent.

We have been studying 2-methacryloyloxyethyl
phosphorylcholine (MPC) polymers synthesized as
biomimetics of biomembrane structures.'®'> MPC is a
highly hygroscopic monomer because of the zwitter-
ionic phosphorylcholine group. MPC polymers have a
surface that resists nonspecific protein adsorption
and cell adhesion, i.e., “biofouling.”l‘l’15 Biofouling
reduces a material’s functionality and can induce an
unexpected bioreaction. Further, it has been shown that
cells in contact with MPC polymers do not exhibit acti-
vation or an inflammatory response.'®!” Using MPC
polymers, the surface modification of conventional poly-
mers such as polyurethane,'® polysulfone,'” and poly-
olefine®® by blending has been studied. Although these
blend polymers showed excellent ‘““nonbiofouling”
properties, solvents and their evaporation conditions
for casting polymers were found to be important for
enriching the surfaces of MPC polymers.
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Recently, Nederberg et al. reported on the synthesis
and characterization of phosphorylcholine-end capped
poly(e-caprolactone) (PCL-PC) as polymeric additives
in a poly(e-caprolactone) (PCL) membrane. Surface
rearrangement and enrichment of the PCL-PC occurred
on the PCL membrane by use of the hot-water treat-
ment and resulted in improved surface wettability.*'**
An environmentally responsive surface (smart surface)
with a polymer blend was also demonstrated by Anas-
tasiadis et al.”® They synthesized polystyrene-block-
polyisoprene diblocks with hydrophilic groups such as
a sulfobetaine- and a dimethylamine group at the end
of a low energy polyisoprene block and mixed with
polystyrene homopolymer.”® The wettability of the
blend polymer changed with environmental humidity.
The surface response demonstrated good harmoniza-
tion of a hydrophilic functional group and the polyiso-
prene block. To make additives having PC groups and
low energy chemicals or polymers, spontaneous PC-
enriched surfaces would be obtained from polymer
blending.

We report here on the preparation of highly wetta-
ble polyethylene films with small amounts of per-
fluoroalkylated phosphorylcholine (PC) additives by
the heat-press technique. The effects of chemical struc-
ture and fluoroalkyl chain length on surface modifi-
cation were studied.

EXPERIMENTAL
Materials

2-(Perfluorohexyl)ethanol (C¢F130H), 2-(perfluorooc-
tyl)ethanol (CgF,;0H), and 2-(perfluorodecyl)ethanol
(C10F210OH) were purchased from Daikin, Tokyo,
Japan. 2-Chloro-2-oxo-1,3,2-dioxaphospholane (COP)
was obtained from NOF, Tokyo, Japan. Tetrahydrofu-
ran (THF), acetonitrile (MeCN), triethylamine (TEA),
and trimethylamine (TMA) were purified by distilla-
tion. All other chemicals were used without further
purification.

Synthesis of perfluoroalkylated
phosphorylcholines (C,F5,11PCs)

Perfluoroalkylated phosphorylcholines (n = 6, 8, 10)
were synthesized by an improved process of MPC
synthesis.** Briefly, a solution of 6.43 g (45.0 mmol) of
2-chloro-2-oxo-1,3,2-dioxaphospholane in 25 mL of
dry THF was added dropwise to a mixture of 16.38 g
(45.0 mmol) of C¢F130H and 4.55 g (45.mmol) of TEA
in 120 mL dry THF at 0°C for 1 h and at room temper-
ature for another 1 h under a nitrogen atmosphere.
The triethylamine hydrochloride salt precipitate was
filtered off. The filtrate was evaporated under reduced
pressure up to half its volume. The concentrated sol-
ution of 1-(2-oxo-1,3,2-dioxaphospholan-2-yloxy)-2-
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(perfluorohexyl)ethane and 150 mL of dry MeCN
were placed in a glass pressure bottle. After the mix-
ture was cooled to —20°C, 15 mL of anhydrous TMA
was added, and the reaction was allowed to continue
at 70°C for 12 h. The reaction mixture was again
cooled to —20°C to precipitate 2-(perfluorohexyl)ethyl
phosphorylcholine (C4F;3PC).

'"H NMR (CD;0D) § = 2.59 (m, CF,CH,, 2H), 3.21 (s,
—NT'(CH3)3, 9H), 3.63 (t, —CH,N", 2H), 4.19 (m,
—CH,OP—, 2H), 4.27(br, —OPCH,—, 2H); 'F NMR
(CD3;0D) 6 = —81.40 (CF;, 3F), —113.39 (CF,CHo, 2F),
—121.75 ((CF,)sCF,CH,, 6H), —122.58 (CF;CF,CF,CF,CF,,
2F), —123.49 (CF;CF,CF,, 2F), —126.11 (CF5;CF,, 2F); IR
(em™): 2910 (—CH,—), 1300 (P=0), 1235 (—OPO—),
1085 (—OPOCH,—), 970 (N *(CHs)3).

CgF17PC and CyoF21PC were also synthesized by a
method similar to that described above. Hexadecyl
phosphorylcholine (C;,PC) was synthesized as pre-
viously reported.”® Figure 1 shows the chemical struc-
ture of the PC additives synthesized in this study.

Preparation of composite low-density
polyethylene films with PC additives

The low-density polyethylene (LDPE) used as the base
material in particle form was purchased from Sumi-
tomo Seika Chemicals (Flow beads LE-1080, Osaka,
Japan). The average diameter was 6 um.

The LDPE and composite films with PC additives
were processed by a heat-press technique. Typically,
the LDPE particles (0.5 g) and 2-(perfluorodecyl)ethyl
phosphorylcholine (C1oF»PC, 0.05 g, 6.86 x 10> mol)
were mixed and thoroughly ground in a mortar. The
mixed powder was then placed between two stainless
steel plates and pressed at a pressure of about 5 MPa
at 120°C for 3 min. To determine the appropriate
C10F21PC composition, we prepared films with differ-
ent blend ratios [CyoF»,PC/LDPE = 1/10 (0.05 g, 6.86
x 107> mol/0.5 g); 1/25 (0.02 g, 2.74 x 10~° mol/
0.5 ¢g); 1/50 (0.01 g, 1.37 x 10~° mol/0.5 g); and 1/100
(0.005 g, 6.86 x 10~° mol/0.5 g) by weight]. Other PC
compounds were mixed with LDPE particles with
molar compositions similar to that of C;oFPC.

C.gPC
cHa(CHz)MCHEOI::"DCHECH2N+(CH3)3
L
CoFaniPC
CFS(CFz)mCHECHEOI::I'OCHchzN*(CHs)a

0
m(=n-1)=5,7,9

Figure 1 Chemical structure of alkylated and perfluoro-
alkylated PC.
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To determine the elution amount of the PC addi-
tives from the composite films, the films were im-
mersed in water or ethanol with gentle shaking. The
solvents were changed three times at 2-h intervals,
and the concentration of the PC additives was deter-
mined by phosphorus analysis.

Surface analysis

X-ray photoelectron spectroscopy (XPS) was per-
formed on a Scienta ESCA-200 spectrometer with Al
Ko. Survey scan spectra of Cy5, Oy, Nyg, Pap, and Fyg
were obtained. All XPS data were collected at takeoff
angles of 15° and 75° (between the specimen surface
and the detector).

The dynamic contact angles for the samples were
recorded as the probe fluid, water (deionized to
18.2 MQ), using a First Ten Angstroms FT-125 gonio-
meter and Gilmont syringes. The advancing (0,) and
receding (0g) contact angles were measured at addi-
tion to and withdrawal from the drop, respectively.

Evaluation of mechanical properties

Tensile strength measurements were performed using
an STA-1150 (ORIENTEC, Tokyo, Japan). The samples

PE

C16PC

CBF13PC/PE

C8F17PC/PE

C10F21PC/PE
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were cut into dog-bone shape (size, 12.5 mm x 2.5 mm).
The crosshead speed was 2 mm/min. Four specimens
were tested. Within the region of elongation from 0 to
5%, the strain-stress curves were linear. Young’s modu-
lus was then obtained from this initial elastic region.

RESULTS AND DISCUSSION
Surface activity of perfluoroalkylated PCs

The perfluoroalkylated PCs with different perfluor-
oalkyl chain lengths were obtained as a white powder.
CeF13PC was readily soluble in water and ethanol.
CgF17PC and C;4PC were soluble in water, but the sol-
utions at this concentration were very viscous, resem-
bling hydrogel, indicating that the intramolecular inter-
action of these molecules is high in an aqueous solution.
In addition, the C;4,PC aqueous solution was turbid.
These additives were easily soluble in ethanol. In con-
trast, C;oF»1PC was not soluble in water or ethanol.
Several groups have shown that perfluoroalkyl
groups that are incorporated into polymers are sur-
face active”**>® and adsorb at free polymer interfa-
ces due to minimization of surface free energy. We
tested the incorporation of the perfluoroalkyl groups
with the PC groups to enhance the efficiency of the

196 192 288 2
Binding energy (eV)

280 142 138
Binding energy (eV)

— T T T T T 1
692 688 684 680

Binding energy (eV)

T T
134 130 126 696

Figure 2 XPS spectra of PE and composite polymer films.
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TABLE I
XPS Data for Polymer Films
Composition of
PC additives Takeoff XPS elemental data (%)
Films (mol) (% w/w) angle (°) C O N P F
C14PC/PE 6.86 x 10°° 0.6 15 90.07 8.96 0.34 0.63
75 98.71 1.07 0.19 0.03
1.37 x 107° 1.1 15 94.21 4.43 0.45 0.91
75 96.54 2.65 0.45 0.36
2.74 x 107° 2.2 15 88.74 8.84 1.18 1.24
75 91.40 6.71 0.82 1.07
6.86 x 107° 53 15 93.75 3.20 1.50 1.55
Cy0F21/PC/PE 6.86 x 107° 1.0 15 84.45 7.06 0.64 0.58 7.27
75 80.73 497 0.33 0.54 13.43
1.37 x 10°° 2.0 15 76.17 7.03 0.42 0.93 15.45
75 82.93 4.07 0.33 0.43 12.24
2.74 x 107° 3.8 15 56.30 9.17 0.67 1.48 32.38
75 42.49 10.33 1.19 1.95 44.04
6.86 x 107° 9.1 15 65.10 7.20 2.40 2.30 23.00
CgFy7/PC/PE 6.86 x 10°° 0.9 15 84.51 7.30 0.37 1.18 6.64
75 89.04 2.87 0.23 0.36 7.50
1.37 x 107° 1.7 15 36.37 6.71 1.07 2.62 53.23
75 47.67 10.04 1.20 1.73 39.36
2.74 x 107° 3.3 15 38.26 8.02 1.76 2.64 49.32
75 48.32 10.62 1.07 1.94 38.05
6.86 x 107° 7.9 15 37.50 8.00 2.00 2.80 49.70
CeF15/PC/PE 6.86 x 107° 0.7 15 80.77 8.89 0.47 1.08 8.79
75 75.34 7.38 0.68 0.81 15.79
1.37 x 107° 14 15 79.32 3.88 0.49 1.36 14.95
75 85.63 3.14 0.46 0.57 10.20
2.74 x 107° 2.8 15 58.17 13.27 1.25 1.80 2551
75 60.98 11.03 1.14 1.80 25.05
6.86 x 107° 6.8 15 52.90 10.90 2.50 2.10 31.60

additives in the LDPE films that resulted in highly
hydrophilic surfaces.

Figure 2 shows the XPS spectra of LDPE and com-
posite films, which are corrected at a takeoff angle of
15°. For the original LDPE film, a strong intensity at
285 eV was observed and attributed to carbon atoms in
the methylene chains of the polyethylene backbone.
Mixing the PC additives with the PE particles dramati-
cally changed the XPS spectra of the fabricated films.
In every Cjs spectrum of the composite films, a

phosphorus concentrations increased with an increase
in the composition of the PC additives in the feed. In
particular, the surface concentrations for these elements
were remarkably high when CgF;7,PC was used as the
additive. Figure 3 shows the effect of the PC additives
on surface enrichment of the composite films. While the
P/C ratio did not change remarkably with the bulk
composition of C;4PC, the ratio did increase with an
increase in the composition of perfluoroalkylated phos-

shoulder was observed at 286.5 eV. This shoulder 0.08

could be attributed to the ether bonds (C—O) of the PC O O O
additives. In addition, for films mixed with fluoroalky- 0.06 |

lated PCs a peak was observed at 290 eV. This peak cor- 2

responded to the carbon atom bonded to fluorine o004 | 8
(C—F). A peak ascribed to phosphorus was observed g A

at 134.1 eV. This could be attributed to the phosphoryl- 0.02 |

choline group in the PC additives. The spectra of the g 8 L]

phosphorus of the films containing fluoroalkylated 0.00 . . 2

PCs were clearer than that of those containing C;,PC. 0.0 20 4.0 6.0 8.0

This means that enrichment of fluoroalkylated PC is
preferred. At 680 eV, a fluorine signal was also
observed on the fluoroalkylated PC composite film.
The XPS elemental concentrations for the poly-
mer films are summarized in Table I. The nitrogen and

Composition of PC-additives (105 mol)

Figure 3 Surface P/C ratio versus bulk composition
films. Filled circle: C4,PC/PE, Open circle: C¢F13PC/PE,
Open square: CgF;,PC/PE, Open triangle: CyoF,;PC/PE.
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phorylcholine. In particular, the phosphorus concen-
tration of the CgF;,PC/LDPE film was significantly
higher than that of other composite films with low
molar CgF,PC (1.37 x 10~° mol, 1.7% w/w).

The 15° takeoff angle data indicate the composition
of the outermost ~ 10 A of the samples; the 75° takeoff
angle spectra assess the outer ~ 40 A Comparison
of the atomic concentration obtained from XPS to the
chemical composition of CgF;,PC (C, 29.63%; O,
10.17%, N, 2.23; P, 4.92%; F, 51.33%) indicates that
there is ~ 95% CgF;7PC in the outer 10 A and ~ 75%
CgF17PC in the outer 40 A when the compositions are
calculated from the concentration of fluorine. From
the concentration of phosphorus, there is ~ 55%
CgF,,PC in the outer 10 A and ~ 40% CgF1,PC in the
outer 40 A. The molecular size of CgF7,PC is ~ 18 A,
and the fluoroalkyl chains of CgF;7,PC were partially
oriented to the outer surface. When CgF3PC and
C9F>1PC were added to LDPE with a similar concen-
tration (2.74 x 10-° mol), the surface coverage calcu-
lated from the concentration of fluorine was ~ 55%
and ~ 60% in the outer 10 A, respectively. For
CgF13PC, the surface coverage calculated from the
concentration of phosphorus was 30%; the XPS ele-
mental concentrations at 15° and 75° were quite simi-
lar. This result indicated that the distribution of
CgF13PC in the outer 40 A was uniform. Moreover the
concentration of fluorine in the outer 40 A was higher
than that in the outer 10 A when CioF21PC (2.74

x 107° mol) was added. The surface activity and dis-
persity of CgF17PC in the LDPE matrix may be opti-
mum for the enrichment of LDPE film surfaces.

IWASAKI AND AKIYOSHI

Surface contact angle data for polymer films were mea-
sured with water, as shown in Table II. The water contact
angle data for the LDPE film was 6,/0g = 97°/81°.
The contact angles decreased with an increase in the
composition of the PC additives. On the Cy,PC/
LDPE surface, the contact angles reached 0,/60g
= 43°/15° when the composition of C;,PC was 6.86
x 107° mol (5.3% w/w). At this concentration, the
surface coverage of C;,PC was ~ 15% calculated
from XPS data and was lower than that of fluoroal-
kylated PCs. The water contact angles of the C;,PC/
LDPE film were then relatively high.

The surface contact angles (0,/0r) of CgFi,PC/
LDPE were dramatically decreased at 28°/8° with
2.74 x 107° mol CgF;,PC (3.3% w/w) and 17°/< 5°
with 6.86 x 107> mol CgF;,PC (7.9% w/w). The
effects of C¢F13PC and CyoF;1PC on improving sur-
face wettability were less than that of CgF;,PC
because of their low surface coverage.

Figure 4 shows % elution of PC additives from
composite films after soaking films containing 6.86
x 107° mol of PC additives in ethanol for 2 h. The elu-
tion amount of fluoroalkyl PCs was significantly
lower than that of alkyl PCs. In particular, the elution
amount of CgF{7PC and C;oF»PC was reduced with
an increase in the soaking frequency and elution did
not occur after three soakings. The elution amount of
PC additives from LDPE films in water was also
determined to be much lower than that in ethanol
and CgF;;PC after 24 h of soaking under gentle shak-
ing. The amount was 0.4% or less for 6.86 x 107> mol
(7.9% w/w) and 0.1% or less for 1.37 x 10~° mol

TABLE II
Water Contact Angle Data for Polymer Films

Composition of

PC additives 04/6r (%)
After soaking
Films (mol) (% w/w) Post-preparation in EtOH

PE 98/81 105/92
Cy,PC/PE 6.86 x 107° 0.6 87/61

1.37 x 107° 1.1 87/68

274 x 107° 22 64/30 75/17

6.86 x 107° 53 43/15 41/17
Cy0F,1/PC/PE 6.86 x 107° 1.0 86/65

1.37 x 107° 2.0 93/55

2.74 x 107° 3.8 90/59 81/26

6.86 x 107° 9.1 38/10 91/21
CgF,7/PC/PE 6.86 x 107° 0.9 82/67

1.37 x 107° 1.7 81/8

2.74 x 107° 3.3 28/8 16/10

6.86 x 107° 7.9 17/<5 18/10
CgF15/PC/PE 6.86 x 107° 0.7 84/62

137 x 107° 14 79/29

2.74 x 107° 2.8 68/32 94/55

6.86 x 107° 6.8 26/11 26/10
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Figure 4 Percentage elution of PC additives from com-
posite films soaked in ethanol. Filled circle: C;4,PC/PE,
Open circle: C¢F13PC/PE, Open square: CgF;;PC/PE, Open
triangle: C;oF»;PC/PE.

(1.7% w/w). This solvent dependence of the elution
might be due to the solubility of the PC additives.

Molecular design such as macromolecular ap-
proaches to improve stability and further surface treat-
ments to reduce elution of PC additives from compos-
ite films are now under study.

Figure 5 shows photographs of typical water
drops on LDPE and CgF,7,PC/LDPE after the elution
test in ethanol. When a water drop on LDPE film is
round in shape, the shape spreads out coméaletely on
the CgF;,PC/PE film with 274 x 107 mol of
CgF17PC (3.3% w/w). The surface wettability of the
composite film was present even after ethanol soak-
ing, as shown in Table IL

Mechanical properties of LDPE films
containing PC additives

Table III shows the mechanical properties of the com-
posite films. By mixing PC additives, Young’s modu-

PE
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lus of films was relatively higher than that of the
LDPE film. Every PC additive was a powdery solid at
the measuring temperature and the composite films
were then rigid. When the fracture strength was not
changed by the addition of PC additives, the elonga-
tion of the composite films was reduced. This phe-
nomenon might be due to an incompatibility of the
PC additives and LDPE matrix. Although C;,PC has a
long alkyl chain, which would be more compatible
with PE compared with that of the perfluoroalkylated
chain, the elongation of the composite film with
C16PC was much less. Fluoroalkylated PCs effectively
enriched the LDPE surface and had less influence on
the bulk property of the LDPE films.

CONCLUSIONS

Perfluoroalkylated PCs are potential additives for
improving the wettability of LDPE film. Perfluoroal-
kylated PC was spontaneously enriched on the film
surface using a heat-press technique. High wettabil-
ity can be obtained without chemical or physical
treatment. In addition, no solvent was needed. In
particular, CgF1;PC, which has an octafluoromethy-
lene chain, is most effective for achieving this. The
thermal stability of phosphorylcholine groups has
been assured at 150°C.** Therefore, perfluoroalky-
lated PCs can be applied for surface modification of
other thermoplastic polymers.

There has been a considerable amount of physico-
chemical- and biotechnological-related interest in
PC-enriched surfaces, which show unique properties
such as hydrophilicity,*® zero {-potential (neutral),””
high lubrication,®® and biocompatibility.** Therefore,
surface modification with spontaneous PC enrich-
ment is important for producing high performance
polymeric materials.

CgF,PC/PE

Figure 5 Photographs of water drops on PE and CgF,,PC/PE films (CgF;,PC = 1.37 x 10~° mol) after elution test.
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TABLE III
Mechanical Properties of Polymer Films
Composifci.on of Young's Fracture Averaged
PC additives
modulus strength fracture
(mol) (% w/w) (MPa) (MPa) strain (%)
PE 619 £ 1.5 5.83 = 0.32 80.1
C,6PC/PE 2.74 2.2 716 = 4.4 549 + 0.44 459
6.86 5.3 60.8 = 2.7 545 *= 0.32 46.3
CyoF21/PC/PE 2.74 3.8 757 = 5.3 5.72 = 0.36 52.1
6.86 9.1 68.3 = 3.1 549 + 0.25 58.3
CgFy7/PC/PE 2.74 3.3 79.3 = 6.9 6.00 = 0.23 57.4
6.86 79 68.9 + 3.6 553 £0.19 56.5
CgF15/PC/PE 2.74 2.8 752 + 1.1 568 + 043 60.3
6.86 6.8 68.5 = 4.4 5.56 * 0.28 54.1
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