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Molecular simulation and measurement details for monomers and polymers  

The molecular simulation was applied to calculate the charge density on the N atom 

of diamine additives. All calculations, including geometry optimizations for all 

diamine structures were performed with the B3LYP exchange correlation corrected 

functional with the 6-311+G(d,p) basis set using the Gaussian 03W package. H H 

cosy NMR (400 MHz) spectrum was obtained with a Varian Unity Inova 400 

spectrometer at an operating temperature of 25 oC using DMSO-d6 as a solvent and 

were listed in parts per million downfield from tetramethylsilane (TMS). 

 

Syntheses for some monomers and polymers  

Procedure for polymerization of 5 with diamines (6b-6c) to prepolymers (7b-7c) 

The prepolymers 7b and 7c were separately prepared by the reaction of 5 with 

diamines 6b and 6c (1.0 wt%) in a similar procedure as for 7a. For synthesis of 7b, it 

took about 3 minutes at temperature 250 oC to evenly disperse 6b and the 

polymerization was kept at this temperature for 15 minutes. Selected data of 7b: Yield: 

97wt%. FTIR (KBr, cm-1): 3452 (w, N–H), 3069 (w, Ar–H), 2891 (w, Ar–H), 2226 (m, 
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C≡N), 1671(s, C=O), 1578 (s, C=C), 1502 (s, C=N), 1483 (s, C=C), 1445, 1401, 1352 

(s, C–N)., 1252 (s, C–O), 1015. 1H NMR (400 MHz, DMSO-d6, ppm): 12.79 (s, 1H), 

8.46~8.49 (d, 2H), 8.22~8.29 (m, 2H), 8.11~8.16 (m, 2H), 7.99~8.10 (m, 2H), 

7.89~7.95 (m, 4H), 7.82~7.85 (m, 2H), 7.57~7.61 (m, 4H), 7.27~7.35 (m, 6H), 

7.12~7.21 (m, 4H).  

For synthesis of 7c, it took about 3 minutes at temperature 250 oC to evenly 

disperse 6c and the polymerization was kept at this temperature for 15 minutes. 

Selected data of 7c: Yield: 97 wt%. FTIR (KBr, cm-1): 3397 (w, N–H), 3046 (w, 

Ar–H), 2234 (m, C≡N), 1667(s, C=O), 1587 (s, C=C), 1505 (s, C=N), 1492 (s, C=C), 

1465, 1397, 1345 (s, C-N), 1247 (s, C–O), 1012. 1H NMR (400 MHz, DMSO-d6, 

ppm): 12.94 (s, 1H), 8.31~8.41 (d, 2H), 8.28~8.32 (m, 2H), 8.11~8.23 (m, 2H), 

7.98~8.10 (m, 2H), 7.92~7.99 (m, 4H), 7.86~7.90 (m, 2H), 7.67~7.71 (m, 4H), 

7.45~7.63 (m, 6H), 7.09~7.21 (m, 4H).  

 

Characterization for monomers and polymers  

Characterization for monomer 4 and 5 

FTIR, NMR, GC-TOF and elemental analysis were applied to determine the 

chemical structure of 4 and 5.  

 

 

Figure S1. FTIR spectra of 4 (a) and 5 (b). 
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 IR spectra in KBr pellet of 4 and 5 showed absorption bands around 3021 cm-1 

and around 1764 cm-1 indicative of aromatic C–H stretch and C=O stretch, 

respectively, in addition to the sharp peak at 2222 cm-1, which confirmed the presence 

of nitrile groups (Figure S1). Disappearance of absorptions in the range of 3200-3500 

cm-1 indicates the complete conversion of lactam N–H groups of the phthalazinones. 

As shown in Figure S1a, compound 4 showed absorption bands at 2958 and 2855 

cm-1 corresponding to the νas CH3 and νs CH3 vibrations, respectively. No absorption 

peak corresponding to aromatic ether linkage at around 1200-1300 cm-1 was observed, 

revealing the purity of compound 4.  

  The chemical shifts and proton-proton spin coupling constants (Ј) obtained by 1H 

NMR spectra provide helpful evidence in identifying the chemical structure of 4 and 5 

(Figure S2). The characteristic peaks splitting and shifting downfield at 8.48 and 8.50 

ppm, which can always be used as the reference signal to assign the other atoms, is 

diagnostic for the presence of ortho-hydrogen (H-4) of lactam in phthalazinone. As 

shown in Figure S2a, 1H NMR spectrum of 4 shows a singlet at around 2.33 ppm 

assigned to hydrogen protons of CH3 groups. As shown in a representative H-H cosy 

NMR spectrum of 7a (Figure S3), the protons of nitrogen-bridged phthalonitrile 

appear at around 8.60, 8.35~8.39 and 8.26~8.31, whereas those of oxy-bridged 

phthalonitrile appear at 8.14-8.18, 7.94~7.98, and 8.26~8.31, confirming the FTIR 

analysis. The signals for hydrogen protons (H-1, H-2 and H-3) of nitrogen-bridged 

phthalonitrile appear at high frequencies, due to the deshielding effect of the 

electron-withdrawing phthalazinone. The NMR spectra provide powerful evidence for 

identifying the generation of the phthalonitrile-functional phthalazinone. The tested 

values by the element analysis and TOF/MS are respectively in reasonable agreement 

with the theoretical calculated values. 
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Figure S2. 1H NMR spectra of 4 (a) and 5 (b). 

 

 

Figure S3. H-H cosy NMR spectrum of 5. 

 

Molecular simulation of 6a-6c 

  To determine the basicity of diamine additives, the molecular simulation was 

conducted to calculate the charge density on their N atoms. As shown in Figure S4, 

Figure S5 and Figure S6, calculated charge density on the N atom of 6a, 6b and 6c 

were 0.355, 0.364 and 0.373 ev, respectively. Therefore, the charge density of 6a 

according to the molecular simulation was higher than that of 6b and 6c, which is in 

good agreement with the basicity order concluded from GPC analysis in the main text. 
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Figure S4. Mulliken analysis on charge density of 6a. 

 

Figure S5 Mulliken analysis on charge density of 6b. 

 

Figure S6. Mulliken analysis on charge density of 6c. 

 

Characterization for polymer 7a-7c and 8a-8c 

The nitrile absorption of 7b at around 2226 cm-1, which is recorded to be about 69% 

of the origin intensity of 5, decreases with the prolonged polymerization at 250 oC, 
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normalized to the lactam carbonyl bands at 1771 cm-1. Instead, the intensity of the 

absorption at 1502 attributed to C=N stretch obviously increases in the IR spectra. 

The emergence of small peaks around and 1352 cm-1 and around 1015 cm-1 are 

possibly contributed to the formation of N-substituted-3-iminoisoindoline units. 

Besides these characteristic absorptions, a weak band centered at 3452 cm-1 suggests 

the presence of N–H in the polymer chain. The N–H chain ends is also clearly 

identified by signals at 12.81 ppm as shown in a representative 1H NMR spectrum of 

7a (Figure S7). These results also provides powerful evidence for identifying the 

formation of the N-substitued-3-iminoisoindolenine intermediate or 

poly(iminoisoindolenine)s. Similarly, 7c which was obtained by the polymerization 

of 5 in its melt phase with the charge of a minute mount of 6c, and with 

concurrent cyclization a mixture of poly(iminoisoindolenine) oligomers was 

produced. 

 

 

Figure S7. 1H NMR spectrum of 7a in DMSO-d6. 

 

 In the IR spectrum of 8a (Figure 4), the intensity of nitrile absorption is about 33% 

of that of 5 after thermal curing cycles, normalized to the lactam carbonyl bands. 

Instead, the intensity of both the absorption at 1592 cm-1 attributed to C=N and the 

absorption at 1483 cm-1 attributed to C–N significantly increases, indicative of the 

formation of triazines. Additionally, the characteristic absorption band corresponding 

to N–H in the range of 3400-3500 disappears, implying the completely conversation 
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of poly(iminoisoindolenine) to s-triazine networks (Scheme 2). Similar results were 

also exhibited by FTIR spectra of 8b and 8c. 

 

Figure S8 shows the UV-visible absorption of compound 5 and a representative 7a 

in chloroform. Prepolymer 7a-7c, are deep green to blue in their diluted chloroform 

solution with two intensive absorptions at round 667 and 704 nm in the long wave 

length ultraviolet region. The absorption is at a slightly longer wavelength than for the 

prazinoporphyrazine and phthalocyanines previously. In summary, our experimental 

results demonstrated that certain polymerization of phthalonitrile occurred, resulting 

in prepolymers, and their spectra also gave the characteristic absorption of 

phthalazinone-containing poly(iminoisoindolenine)s. 

 

 

Figure S8. UV-vis spectrum of 5 (a) and 7a (b). 

  

 

 

Electronic Supplementary Material (ESI) for Polymer Chemistry
This journal is © The Royal Society of Chemistry 2012



<<
  /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


