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                                   Fig. S1.1H NMR (500 MHz, CDCl3 ) of Compound 1 
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Fig. S2.   13C NMR (125 MHz, CDCl3) of Compound 1 
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Fig. S3. ESI-Mass Spectrum of Compound 1   
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         Fig. S4.1H NMR (500 MHz, CDCl3 ) of Compound 2 
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Fig. S5. 13C NMR (125 MHz, CDCl3) of Compound 2 
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Fig. S6. ESI-Mass Spectrum of Compound 2 

 

 

O

N N

N

O

NN

N

Zr

Zr

O
O

O

O

O
O

Cl

Cl

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2013



 

Fig. S7.1H NMR (500 MHz, CDCl3 ) of Compound 3 
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Fig. S8. 13C NMR (125 MHz, CDCl3) of Compound 3 
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Fig. S9. ESI-Mass Spectrum of Compound 3 
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Fig. S10.1H NMR (500 MHz, CDCl3 ) of Compound 4 
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Fig. S11. 13C NMR (125 MHz, CDCl3) of Compound 4 
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Fig. S12. ESI-Mass Spectrum of Compound 4 
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Fig. S13.1H NMR (500 MHz, CDCl3 ) of Compound 5 
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Fig. S14. 13C NMR (125 MHz, CDCl3) of Compound 5 
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Fig. S15. ESI-Mass Spectrum of Compound 5 
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Fig. S16. 1H NMR (500 MHz, CDCl3 ) of Compound 6 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2013



 

Fig. S17. 13C NMR (125 MHz, CDCl3) of Compound 6 
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Fig. S18. ESI-Mass Spectrum of Compound 6 
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Fig. S19.1H NMR (500 MHz, CDCl3 ) of Compound 7 

 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2013



 

Fig. S20. 13C NMR (125 MHz, CDCl3) of Compound 7 
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Fig. S21. ESI-Mass Spectrum of Compound 7 
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Fig. S22.1H NMR (500 MHz, CDCl3 ) of Compound 8 
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Fig. S23. 13C NMR (125 MHz, CDCl3) of Compound 8 
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Fig. S24. ESI-Mass Spectrum of Compound 8 
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Fig. S25.1H NMR (500 MHz, CDCl3 ) of Compound 9 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2013



 

 

Fig. S26. 13C NMR (125 MHz, CDCl3) of Compound 9 
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Fig. S27. ESI-Mass Spectrum of Compound 9 
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Fig. S28. 1H NMR (500 MHz, CDCl3 ) of Compound 10 
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Fig. S29. 13C NMR (125 MHz, CDCl3) of Compound 10 
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Fig. S30. ESI-Mass Spectrum of Compound 10 
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Fig. S31. 1H NMR (500 MHz, CDCl3 ) of Compound 11 
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Fig. S32. 13C NMR (125 MHz, CDCl3) of Compound 11 
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Fig. S33. ESI-Mass Spectrum of Compound 11 
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Fig. S34. 1H NMR (500 MHz, CDCl3 ) of Compound 12 
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Fig. S35. 13C NMR (125 MHz, CDCl3) of Compound 12 
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Fig. S36. ESI-Mass Spectrum of Compound 12 
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Fig. S37. Molecular structure of 11; thermal ellipsoids were drawn at 30 % probability level, hydrogen atoms have been 
omitted for clarity. Selected bond lengths (Ǻ) and angles (◦): Zr(1)–O(1), 1.9702(9), Zr(1)–O(1)i 1.9702(9), Zr(1)–N(1) 
2.3731(16), Zr(1)–N(1)i 2.3731, Zr(1)–Cl(1) 2.4135(4), Zr(1)–Cl(1)i 2.4135(4),  O(1)–Zr(1)–N(1) 75.30(4), O(1)i–Zr(1)–
N(1)i 75.30(4). 
 

 

 

 

 

 

 

 

 

Fig. S38. Molecular structure of 12; thermal ellipsoids were drawn at 30 % probability level, hydrogen atoms have been 
omitted for clarity. Selected bond lengths (Ǻ) and angles (◦): Hf(1)–O(1), 1.958(8), Hf(1)–O(2) 1.971(7), Hf(1)–N(1) 
2.295(9), Hf(1)–N(4) 2.392(8), Hf(1)–Cl(1) 2.385(4), Hf(1)–Cl(2) 2.403(4), O(1)–Hfi(1)–N(1) 76.6(3), O(2)–Hf(1)–N(4)  
76.0(3). 
 
Table I Crystal data for the structures 1, 4, 7, 10, 11 and 12 

Compounds         1     4       7       10          11       12 
Molecular formula 
Formula weight 
T/K 
Wavelength (Ǻ) 
Crystal system, 
Space group 
a/ Ǻ 
b/ Ǻ 
c/ Ǻ 
α (°) 
β (°) 
γ (°) 
V/ Ǻ3 

Z, Calculated density  (g cm-3) 
Absorption coefficient(mm-1)  
θ range/˚ 
Reflections collected/unique 
Independent reflections 
Data/restraints/parameters 
Goodness-of-fit on F2 
Final R indices [I ˃2σ(I)] 
 
R indices (all data) 
 
Max. and min. transmission         

C22H31N3O4Zr 
492.72 
173(2) K 
0.71073A 
Monoclinic, 
C2/c 
17.9699(8) 
12.6633(6) 
22.2998(10) 
90 
111.613(2) 
90 
4717.7(4) 
8,  1.387 Mg/m^3 
0.497 mm^-1 
2.43 to 28.47  
16386 
5374 
5374/0/ 272 
1.018 
R1 = 0.0421, 
wR2 = 0.1039 
R1 = 0.0491, 
wR2 = 0.1104 
0.9071 and 
0.8453 
 

C73H64N12O4Zr  
1264.58 
173(2) K 
0.71073 A  
Monoclinic, 
P2(1)/c 
12.5037(4)  
30.0814(10)  
17.0526(6)  
90 
109.807(2)  
90 
6034.5(4)  
4,  1.392 Mg/m^3 
0.246 mm^-1 
1.89 to28.55 
44575 
13796 
13796 / 0 / 818 
1.081 
R1 = 0.0688, 
wR2 = 0.1635 
R1 = 0.0839, 
wR2 =0.1724   
0.9570 and  
0.9410 
   

C73H64Hf N12O4  

1351.85 
173(2) K 
0.71073 A  
Monoclinic,  
P2(1)/c 
12.5729(7) 
29.9689(16) 
17.1728(9) 
90 
109.688(2)  
90 
6092.4(6) 
4,  1.474 Mg/m^3 
1.776 mm^-1 
1.85 to 28.38  
45634 
14989 
14989 / 5 / 818 
1.177  
R1 = 0.0358, 
wR2 = 0.0735 
R1 = 0.0456,  
wR2 = 0.0772 
0.7766 and 
0.6652   

C59H48Cl4N12O4Ti 
1226.69 
173(2) K 
0.71073 A 
Triclinic, 
P-1 
12.0351(5)  
12.7717(6) 
18.3390(8) 
103.316(2) 
93.616(2) 
91.888(2) 
2734.3(2) 
2,  1.490 Mg/m^3 
0.549 mm^-1 
1.64 to 30.44 
40307 
15262 
15262 / 0 / 735 
1.019 
R1 = 0.0401, 
wR2 = 0.0917 
R1 = 0.0628,  
wR2 = 0.1017 
0.9076 and  
0.8750 

C26H20Cl2N6O2Zr 
610.60 
173(2) K 
0.71073 A 
Monoclinic, 
C2/c 
18.6144(15) 
10.8807(8) 
15.4550(12) 
90 
124.471(3) 
90 
2580.6(3) 
4,1.572 Mg/m^3 
0.670 mm^-1     
2.29 to 28.60 
8798 
3204 
3204 / 0 / 169 
1.041 
R1 = 0.0235,   
wR2 = 0.0624 
R1 = 0.0257,  
 wR2 = 0.0639 
0.8777and 
0.7994 
 

C26H20Cl2Hf N6O2 
697.87 
173(2) K 
0.71073 A 
Monoclinic, 
Cc 
18.5596(6) 
10.9098(3) 
15.4502(5) 
90 
124.5010(10) 
90 
2578.15(14) 
4,  1.798 Mg/m^3 
4.290 mm^-1 
2.29 to 28.34 
8579 
3569 
3569 / 206 / 325 
1.044 
R1 = 0.0124,  
wR2 = 0.0322 
R1 = 0.0127, 
wR2 = 0.0324 
0.4808 and  
0.3406 
 

R1 = ∑|F0| − |Fc|/∑|F0|, wR2 = [∑ (F0
2 − Fc

2)2/∑w(F0
2)2]1/2 
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Fig. S39.  
(Table 2, E

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S40. 
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Scheme I Mechanism of ring-opening polymerization initiated by complexes 4–9 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. S41. Plot of Mn and Mw /Mn vs. % conversion for L–LA and rac–LA polymerization at 140 °C using 1 and 4. 
 

 

 

 

 

 

 

 

 

 

Fig. S42. 1H NMR spectrum (500 MHz, CDCl3) of the crude product obtained from a reaction between rac–LA and 4 in 
20:1 ratio at 140 °C. 
 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2013



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S43. MALDI-TOF spectrum of the crude product obtained from a reaction between rac–LA and 4 in 20:1 ratio at 140 
°C. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S44. Intramolecular transesterification products present in MALDI-TOF spectrum of the crude product obtained from a 
reaction between rac-LA and complex 1 in 20:1 ratio at 140 °C. 
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1. Polymerization Details 

1.1 Determination of molecular weights  

Data concerning molecular weights (Mn) and the MWDs (Mw/Mn) of the polymer samples obtained by the ring-opening 

polymerization (ROP) of lactides (LA) and epoxides were determined by using a GPC instrument with Waters 510 pump 

and Waters 410 differential refractometer as the detector. Three columns namely WATERS STRYGEL-HR5, STRYGEL-

HR4 and STRYGEL-HR3 each of dimensions (7.8 × 300 mm) were connected in series. Measurements were done in THF at 

27 °C. In the case of LA number average molecular weights (Mn) and polydispersity (Mw/Mn ) (MWDs) of polymers were 

measured relative to polystyrene standards with Mark-Houwink corrections.  

Molecular weights (Mw) and the MWDs (Mw/Mn) of ethylene samples were determined by GPC instrument with Waters 510 

pump and Waters 2414 differential refractometer as the detector. The column namely WATERS STRYGEL-HR4 of 

dimensions (4.6 × 300 mm) was connected during the experiment. Measurements were done in tri-chloro benzene (TCB). 

Number average molecular weights (Mn) and molecular weight distributions (MWDs) of polymers were measured relative to 

polystyrene standards. 

1.2 Polymerization Kinetics 

Bulk polymerization using 1, 2, 5, 8 and 11 were carried out at 140 °C under an argon atmosphere. At appropriate interval of 

time, 0.2 mL aliquots were removed from the reaction mixture, quenched and analysed by 1HNMR. The [rac-LA]o /[ rac-

LA]t  ratio was  calculated  by  integration  of  the  peak  corresponding  to  the  methine  proton  for  the monomer and 

polymer. Apparent rate constant were obtained from the slopes of the best-fit lines. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S45.  rac-LA conversion vs time plot using 2, 5, 8 and 11: [rac-LA] o/[Cat] o  = 200 at 140 °C. 
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Table II C
 
 

Comp

 
 
 
1 

 
 
 
7 

 
 
 

11

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Computed Mull

plex 

1 

liken Net charg

Positions 

O1 
O2 
O3 
O4 
N1 
N2 
N3 
Zr 
O1 
O2 
O3 
O4 

N11 
N14 
N17 
Hf 
O1 
O1i 
Cl1 
Cl1i 
N1 
N2 
N3 
Zr 

ges (Q/e) on var

Mullike
Charge (Q

–0.834
–0.873
–0.861
–0.858
–0.306
–0.056
–0.261
1.965

–0.802
–0.801
–0.795
–0.793
–0.276
–0.052
–0.273
1.841

–0.754
–0.754
–0.275
–0.275
–0.351
0.055

–0.251
1.229

rious atoms of m

en  
Q/e) 

C

4 
3 
1 
8 
6 
6 
1 

5 
2 
1 
5 
3 
6 
2 
3 

1 
4 
4 
5 
5 
1 

5 
1 

9 

metal complexe

Complex 

 
 
 
4 

 
 
 

10 

 
 
 

12 

es 1, 4, 7, 10, 11

Positions 

O1 
O2 
O3 
O4 
N1 
N4 
N7 
Zr 

O1b 
O2b 
Cl1b 
Cl2b 
N1b 
N4b 
N6b 

Ti 
O1 
O2 
Cl1 
Cl2 
N1 
N2 
N3 
Hf 

1 and 12. 

s Mu
Char

–0
–0
–0
–0
–0
–0
–0
1

–0
–0
–0
–0
–0
–0
–0
0

–0
–0
–0
–0
–0
0

–0
1

ulliken  
rge (Q/e) 
0.773 
0.775 
0.767 
0.769 
0.301 
0.274 
0.273 

1.714 
0.587 
0.591 
0.126 
0.425 
0.285 
0.054 
0.250 

0.453 
0.790 
0.778 
0.303 
0.296 
0.348 

0.031 
0.287 

1.351 
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Fig. S46. 
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Fig. S47. 1H NMR spectrum (500 MHz, CDCl3) of the crude product obtained from a reaction between CHO and 1 in 
1000:1 ratio at 100 °C. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S48. 1H NMR spectrum (500 MHz,  CDCl3) of the crude product obtained from a reaction between PO and 1 in 1000:1 
ratio at 30 °C. 
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Fig. S51. 
100 °C. 
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Table III Data for the polymerization of ethylene catalyzed by complexes 1−12 with MAO 
 

entry Cat. MAO:Cat Yielda Activityb Mn
c 

(kg/mol) 

Mw/Mn 

1 1 500 1.2 4.3 80.5 2.1

2 1 1000 1.8 7.0 140.1 2.8

3 1 1500 1.1 4.6 129.2 2.2

4 2 500 1.0 4.9 47.2 2.2

5 2 1000 1.5 7.5 118.0 2.5

6 2 1500 1.1 5.4 62.0 1.9

7 3 500 1.2 5.9 55.1 3.5

8 3 1000 1.2 6.0 111.5 2.5

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1500 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1.0

0.8 

5.5 

5.3 

0.7 

4.8 

4.5 

2.4 

2.3 

1.5 

5.0

3.2 

3.3 

3.1 

3.0 

3.0 

2.8 

5.4 

5.6 

4.1 

66.0 

87.4 

84.8 

76.8 

90.4 

82.6 

71.3 

102.1 

107.0 

80.6 

2.2

2.6 

2.4 

3.1 

2.9 

2.7 

2.9 

3.7 

3.7 

4.8 

All experiments were performed in toluene at MAO:catalyst ratio = 1000, unless otherwise indicated. Ethylene pressure = 8 
atm, 80 °C for 30 min, catalyst = 50 mg, solvent = 45 mL. a g of PE obtained after 30 min.  bA = Activity in (g PE/mol cat × 
h) ×104.  cDetermined by GPC in 1,2,4-C6Cl3H3 vs narrow polystyrene standards. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  S53. Activity obtained in the polymerization of ethylene using 2. 
 

0 200 400 600 800 1000 1200 1400

5.5

6.0

6.5

7.0

7.5

A
ct

iv
ity

 (
g

 P
E

/m
o

l c
at

.h
) 

10
4

MAO:Cat

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2013



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


