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Elimination and Substitution Compete During Amination of 
Poly(vinyl chloride) with Ehtylenediamine: XPS Analysis and 
Approach of Active Site Index

Abstract: Various chemical modification methods have been tried on PVC polymermaterials for recycling and functionalization purpose. These methods employ sub-stitution, elimination (dehydrochlorination) and grafting polymerization processes.PVC is treated with ethylenediamine (EDA) for amine grafting since it is a reactive aminefor substitution and efficient removal of chlorides. Nevertheless, optimum conditionsfor substitution (amination) and significance of its competition with eliminationhave not been reported in detail so far. In this study, PVC resin has been treated with99% EDA and 80% EDA (aqueous), and also 9.1% THF solution of PVC has been treatedwith 99% EDA at varying temperatures (RT to 85 °C or RT to 65 °C). Additionally,PVC membranes have been treated with 99% EDA and 80% EDA (aqueous) at threedifferent temperatures (RT, 50 °C, 75 °C). Effects of temperature and solvent on thedegrees of amination and dehydrochlorination have been elaborated. Up to 99%dechlorination and 34% amination is possible with the use of EDA. Direct amination of membranes facilitates production of ready-castaminated PVC membranes. FTIR Spectroscopy was used to study chemical structures. Morphology was observed via scanning electronmicroscopy (SEM) and atomic contents were analyzed via X-ray photoelectron spectroscopy (XPS) in order to survey the degree of ami-nation etc. UV-Visible Spectroscopy was used to characterize the length of conjugation.
Keywords: PVC, membrane, ethylenediamine, amination, dehydrochlorination, XPS.
1. IntroductionPoly(vinyl chloride) (PVC) is one of the most common plasticsmaterial used in manufacturing industry. Among its miscellaneousapplication areas are construction, packaging, pipes, toys, med-ical devices-tools and even membrane applications.1-3 It is aubiquitous plastic material widely preferred due to its chemicaland physical properties and cost advantages. Besides coarseuses, PVC has been studied academically for cutting edge tech-nologies as well. The spectrum of such PVC applications stretchesto a broad area of catalysts, ultrafiltration membranes, hetero-geneous ion exchange membranes etc, biomedical tools anddevices.4-8

In the last few decades, many different reactions of PVCincluding processes of elimination, dehydrochlorination, graft-ing polymerization via cationic and free radical pathways andsubstitution have been reported. Concept of chemical modifi-cation of PVC is basically about dechlorination process whichincludes both substitution and elimination mechanisms.9-11Among these mechanisms, substitution has been widely inves-tigated for modification of PVC structure. Yoshioka et al. 12 stud-ied reactions with five nucleophiles: I-, SCN-, OH-, N3- and phthalimideanion. They could achieve more than 90% dechlorination, butdegree of substitution was less than 30%. Yoshinaga and co-workers13 investigated the effect of solvent with alkaline (NaOH)on dechlorination of PVC. Dehydrochlorination was dominantover substitution in their work as well.Recently, PVC has been treated with ethylene diamine (EDA)for highly efficient degree of substitution. Balakrisnan et al.14have reported that PVC treated with aqueous solution of EDA canbe linked to poly(ethylene glycol) (PEG) in the presence of a linkeragent. As they proposed, PVC material which is grafted by aminegroups can be furthermore attached some functional groups togain the PVC surface hydrophilicity or biocompatibility. Worksof Shi et al.7 and Simmchen et al.8 show the significance of suchgrafted PVC or another plastic materials for blood bag applications.Amine-grafted PVC is expected to be a softer material to use inblood bag manufacturing, which also possess more hydrophilic
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Macromolecular Research surface than PVC bags. In a membrane technology related workof Allan et al., PVC was aminated with 90% aqueous solution ofEDA for further sulfonation.15 In Eldin’s report,16 chlorines of PVCwere substituted with terminal primary amine groups via anamination reaction with EDA in a solution of tetrahydrofuran(THF). Although substitution reaction of PVC with EDA has beenwidely used for further reactions, as far as we know, the optimumconditions for substitution has not been reported in detail. Var-ious conditions of concentration parameters such as 80%-90%aqueous solution or concentrated EDA, and various tempera-tures have been used in amination reaction of PVC with EDA sofar. Degree of substitution (or amination) have not been focusedand mentioned in past works,14-18 thus we decided to elucidateeffects of such varying conditions on reaction mechanisms anddegree of amination etc. Aminated PVC (APVC) can be an importantgadget for manufacturing ion exchange tools, biomedical devices,agents of metal recovery, CO2 capture, catalysis and so on. Aminationcan be carried out on PVC resin, dissolved PVC or PVC membrane.APVC resins and already-dissolved APVC can be used to castmembranes if their solubility is adequate. Elaboration andcomparison of all these cases including physical states and reactionconditions is one of the significant aspects of this work. Also thinmembranes of PVC were aminated for the first time in our work.To summarize, various forms of PVC was treated with 80%aqueous solution of EDA or 99% EDA at varying temperatures(RT~85 °C) in this study. Amination of PVC dissolved in THFsolvent was also investigated at various temperatures (RT~65 °C)since dissolving PVC granules is supposed to favor kinetics andreactivity between EDA and PVC. Products of such reactions arementioned hereafter either with a general name, PVC-EDA orwith codes starting with APVC and numbers for each product.We confirmed that contrary to findings of Krishnan et al.,4 PVCwould not react with EDA with high yields (~100%) as mentionedby them within 4 h or such short durations at room tempera-ture however we tried. Using higher temperatures is requiredto increase the reactivity of PVC with EDA for similar lengthreactions.Our experiments confirmed that PVC can be successfullyaminated with EDA as reported by several researchers.14-18However, mixture of EDA and H2O prepared as 80w% EDA didnot react well with PVC at low temperatures. Early results ofFTIR for such products showed -NH2 peaks at first, but repeti-tion of drying process in longer durations resulted in disap-pearance of same -NH2 peaks. Therefore, either waterless EDA(99%) should be used for PVC resin or a THF solution of PVC shouldbe reacted with EDA for more efficient amination of PVC aroundroom temperatureFinally, we discussed how “nitrogen content, degree of dehy-drochlorination, degree of substitution and degree of overall

dechlorination” were influenced with respect to the physicalstate of PVC being dissolved by a solvent (THF), being in resinor membrane form, presence of H2O and temperature. ‘Time/duration of the reaction’ was not treated as a parameter in ourwork. We set time at an optimum duration (4 h) for PVC resin &dissolved PVC, and a rather longer time (24 h) for PVC membranebased on experience and related references to obtain the bestdegrees of amination. Longer times would lengthen the worktoo much. Comparing the effect of the time factor will be a sep-arate kinetics work which is worth studying in our lab. In orderto synthesize PVC-EDA products with the highest nitrogen con-tent, and the best physical and chemical properties, it is crucialto establish best conditions favoring amination over elimination.In case that elimination prevails, highly dehydrochlorinatedPVC (DHPVC) species can be prepared with EDA, which acts asa dehydrochlorination agent. DHPVC may possess long polyenesequences depending on the degree of elimination.18-20 DHPVCcan be further grafted through double bonds, e.g. via sulfona-tion.21-23 As elimination and substitution mechanisms result indifferent types of products, it is vital to control the competitionbetween two mechanisms in order to obtain the desired poly-mer required for any application.FTIR spectroscopy was used to confirm the chemical structureof PVC-EDA species. Morphology was monitored with SEM, andelemental composition (C, N, O, Cl) was analyzed with XPS inorder to reveal “nitrogen content, degree of dehydrochlorination,degree of substitution and degree of overall dechlorination”UV-Visible spectroscopy was used to estimate approximate lengthof conjugation in products and its correlation with degree ofelimination. 
2. Experimental

2.1. Materials and chemicalsPVC resin of average molecular weight ~48,000 was kindly donatedby Hanwha Co., Korea. Anhydrous ethylene diamine (EDA, assay≧99%) was purchased from Samchun Chemical and used asreceived. Tetrahydrofuran (THF, assay ≧99.5%) was purchasedfrom Sigma-Aldrich. Deionized water (DI water) was used forall aqueous processes.
2.2. Amination of PVC resins and its THF solutionsPVC resin was aminated with 99% EDA and 80% aqueoussolution of EDA under conditions shown in Table 1. 1 g PVCresin was added to 10 g of 99% EDA or 12 g of 80% aqueoussolution of EDA in 50 mL bottles. To determine the effect of sol-vent, 1 g PVC resin was dissolved in 10 g THF (~11.2 mL) and

Table 1. Weight ratios and temperature conditions for reactions of PVC resin (APVC1-19) and membrane (APVCM) vs. EDASample Code PVC (g) EDA (99%) (g) EDA (80%) (g) THF (g) Temp (°C)APVC1~7 1 10 - - 25-85 (intervals of 10)APVC8~14 1 - 12 - 25-85 (intervals of 10)APVC15~19 1 10 - 10 25-65 (intervals of 10)APVCM1~3 ~0.1 30 - - 25, 50, 75APVCM4~6 ~0.1 - 30 - 25, 50, 75
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followed by dropwise addition of 10 g 99% EDA. Each bottlewas purged with nitrogen gas and vigorously stirred in oil bathmaintained at various temperatures between RT and 85 °C for4 h. For THF solution, the highest temperature was 65 °C, sincethe boiling point of THF is 66 °C. Products in THF solution wereprecipitated with addition of DI water in the end. After comple-tion of these steps, aminated resins or precipitates of the prod-ucts were filtered on paper filters, and washed with copiousamount of DI water in order to remove unreacted EDA andother byproducts (HCl, EDA·HCl, etc). Finally, all products weredried in a vacuum oven for 2 days.
2.3. Amination of PVC MembranesA 75 μm thick membrane was cast from a 20% THF solution onglass plate with a doctor blade. It was dried and cut into 3cmx-3cm pieces for further use. These pieces were put in vials and99% EDA or 80% aqueous solution of EDA were added ontothem according to the conditions in Table 1. After closing thevials tightly, they were either left at room temperature or keptin ovens of 50 °C and 75 °C during 24 h each. Aminated mem-branes were laid in H2O for 1 day and then dried in a vacuumoven for another day. FTIR and XPS analysis were carried outon these for comparing degree of amination in membranes tothat in resins. 
2.4. Characterizations A Shimadzu FTIR spectrometer (Shimadzu Corporation, Japan)was used to record Fourier-transform infrared (FTIR) spectraof PVC-EDA products and structures were characterized. Thespectra were obtained via attenuated total reflectance (ATR)unit with a scan number of 20 and a resolution of 4 cm-1. Wave-length varied from 4000 cm-1 to 600 cm-1. Scanning electronmicroscopy (SEM) (JEOKL Instrument, JSM-6700, Thermo NORAN)was used to monitor the morphology of PVC and aminated PVCsamples. The accelerating voltage was set to 5 kV, and the sam-ple was coated with platinum in advance by using an ion sput-terer. X-ray photoelectron spectoscopy (XPS) measurementswere carried out on a Multilab 2000 XPS system with a mono-chromatic Al Kα source (Thermo Scientific, America). Operationconditions were set at 15 kV, 150 W and beam size of 500 μm.UV-Visible spectra were recorded on a Photodiode Array UV-VisSpectrophotometer S-3100 (SCINCO, Korea). Absorbance wasmeasured in the range of 240~960 nm. Sample disks of ~350 μmthickness were prepared with a pressing tool prior to analysis.
3. Results and discussion

3.1. Physical properties of aminated PVCDigital photographs of PVC-EDA samples of different conditionsare shown in Figure 1. Last photo shows pristine PVC as a refer-ence. As temperature is elevated, PVC-EDA in 99% EDA solutiontends to gain darker color. This can be attributed to an increasein degree of dehydrochlorination and lengthening conjugationas temperature rises.

Solubility tests showed that PVC-EDA species obtained with99% EDA at temperatures higher than 45 °C dissolve little ornone in THF (APVC4-7). As to aqueous EDA reactions (80%),most products were soluble in THF (APVC8-13) except for theone of 85 °C (APVC14) At higher temperatures, degree of dehy-
drochlorination occurs higher since more vinyl chlorides transforminto polyene sequences via elimination. Highly dehydro-chlorinated PVC tends to show polyacetylene-like structure whichcontains long conjugated polyene sequences. Polyacetylene(PA) is an insoluble, air-sensitive and infusible black powder asdescribed in Refs. 24-26. Insolubility of PA can be attributedmainly to formation of almost apolar conjugation sequences.Another factor that would contribute to insolubility is amine
cross-linkings within or between polymer chains. Cross-linkingeffect becomes more visible at higher temperatures at which adynamic reactivity is enforced between amine sites (primaryamines, successively formed secondary and tertiary amines)and still unreacted chlorine sites on PVC backbone. Such cross-linking phenomenon was described in Refs. 4, 27. In case of reac-tion with 80% EDA aqueous solution, PVC-EDA samples exhibitlighter discoloration varying from white to yellowish, and yel-lowish to brown. It is a typical trend reported in Ref. 15 as well.Hydrogen bonding and protonation of EDA in aqueous solutiondisfavor both cross-linking and dehydrochlorination effects. Asa noticeable phenomenon, contrast to samples PVC1 - PVC14,samples in THF solution remain as homogeneous solutions evenafter the end of reaction time. Following the addition of H2O intoTHF mixture, products precipitate suddenly. These precipitatesare stiff solids, and they happened to be less soluble in THF thanwe expected. These five samples (APVC15-19) resulted in bulkysolids after steps of precipitation, filtering and washing probablydue to dense cross-linking and abrupt phase change, butdiscoloration shows a similar trend as in PVC-EDA products of99% EDA.Using prolonged reaction times for PVC membrane reactions

Figure 1. Discoloring trend of PVC after treatment with (upper series)99% EDA at different temperatures (RT→85 °C); (middle series) 80%EDA (aqueous) at different temperatures (RT→85 °C); and (lower
series) EDA in THF solvent (50w%).
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causes denser discoloration at all temperature cases and evenalso geometrical deformation at high temperature (75 °C). Thinmembranes are affected substantially in terms of texture andstructure when temperature is near softening temperature ofPVC (~80 °C). Thickness is altered and surface becomes wavyat such high temperature. Since 85 °C showed aggressive alter-ations, we adopted 75 °C as maximum temperature for mem-brane reactions.Only RT product of 99% EDA-membrane system dissolves inTHF, other two are insoluble. On the other hand, RT and 50 °Cproducts of 80% EDA-membrane system are both soluble inTHF (Figure 2). This observation is evidence to the greater extentsof amine cross-linking and dehydrochlorination in 99% EDAsystem compared to 80% EDA-membrane system.
3.2. FTIR SpectroscopyFTIR spectra of PVC resin, PVC-EDA products, PVC membraneand aminated PVC membranes are shown in Figures S1-S4.PVC spectrum is included in each figure for comparison. Figure 3shows spectra of products obtained at highest temperature foreach physical state and thus, shows most of amination effect.Found FTIR bands of PVC are listed in Table 2 which mainly

agree with Ref. 28. As shown in Figure S1 (spectra for 99% EDAproducts), strong and broad stretching bands appear around3300 cm-1 for samples APVC5, APVC6, and APVC7, which weretreated at 65 °C or higher temperatures. This indicates the pres-ence of amine groups, -NH2 and/or -NH. Also a new peak around1060 cm-1 is indicative of C-N bonding of amines. As tempera-ture increases, contrast to the broad band around 3300 cm-1,intensity of peaks at 1427 (CH2 wagging), 1331 and 1255 cm-1(deformation of C-H in CHCl moiety) gradually weaken. Also,three C-Cl peaks in fingerprint region disappear and transforminto a new peak of -NH wagging mode. Thus, it is clear that PVCis dechlorinated by both elimination and substitution reactions. The peak appearing around 1620 cm-1 can be attributed tostretching mode of C=C bonds. Out of plane deformation bandaround 1003 cm-1 as well as a weak and overlapped peak of =C-Hstretching band around 3000 cm-1 also justify formation of dou-ble bonds via elimination. We can infer from these data thatamination (substitution) and elimination reactions occur simul-taneously. In addition to this, primary amine functional groupsmay be undergoing cross-linking within or between polymerchains. Therefore, strong scissoring band of -NH2 around 1565cm-1 is not clearly observed after APVC4 (55 °C) since broad C=Cband seems to overlap it. Furthermore, frequent cross-linkingincidents may be related to this observation.Figure S2 shows the FTIR spectra for PVC-EDA products of80% EDA. A similar trend of weakening and strengthening bandsare observed as in 99% EDA products here as well. However,scissoring -NH2 peaks can be apparently observed here around1565 cm-1 at lower temperatures (RT-55 °C). Likewise, a broadand slightly divided broad band is observed around 3420 cm-1,which is likely to be evidence to a mixture of -NH2 and -NH func-tional groups. 80% EDA products showed conspicuous =C-Hstretching band around 3005 cm-1. Broad and complicated peakbetween 1550 cm-1-1750 cm-1 also denotes the formation of var-ious unsaturated species including conjugation sequences withdiverse lengths. Presence of water constantly feeds the solutionwith hydroxide ions (OH-). Hydroxides may both bolster elimi-nation reactions and substitution reactions yielding alcoholgroups in a competition with EDA.FTIR spectra for PVC-EDA products obtained via THF solu-tions are shown in Figure S3 N-H stretching band around 3350 cm-1starts to appear weakly since 35 °C and grows above that. Like-wise, a peak around 1575 cm-1 may be attributed to scissoringband of primary amines (-NH2). Amination reaction may be strongand prominent in THF solutions at higher temperatures. Dis-solved PVC polymers may be aminated more homogeneously

Figure 2. Discoloring trend of PVC membranes after treatment with EDA atdifferent temperatures (RT, 50 °C, 75 °C) (left) and solubility trend of thesame (right) are shown. Upper series is for 99% EDA, and lower seriesis for 80% EDA.

Figure 3. FTIR spectra of PVC, APVC7 (99% EDA), APVC14 (80% EDA),APVC19 (THF soln), and APVCM6 (Membrane). FTIR spectra of other prod-ucts can be checked in Supporting information (Figures S1-S4).

Table 2. Principal band assignment for the FTIR spectrum of PVCWavenumber (cm-1) Assignment2973 Stretching C-H of CHCl2912 Stretching C-H of CH21428 Deformation (Wagg), CH21330 and 1252 Deformation, C-H of CHCl1097 Stretching, C-C960 Rocking, CH2689, 636, and 618 Stretching, C-Cl



Macromolecular Research

Macromol. Res., 26(10), 913-923 (2018) 917 © The Polymer Society of Korea and Springer 2018

via substitution reactions but this does not rule out occurrenceof elimination reactions. Appearance of C=C stretching bandaround 1620 cm-1 supports this deduction. In a dilute PVC andconcentrated EDA solution in THF solvent, amine cross-linkingis not much likely to happen. On account of this, PVC-EDA prod-ucts mostly exist as dissolved species in THF. However, addi-tion of water causes coagulation into stiff masses or hard solids(not like soft powder structure). This may be because of a latecross-linking which happens during the coagulation process. PVC-EDA membranes display somewhat shifted peaks thanresin products. Stretching band of N-H appears first at 50 °C in99% EDA reactions. It though does not stand out in the spec-trum of 80% EDA product obtained at same 50 °C. Eliminationpeaks of C=C bond around 1620 appears earlier again in case of99% EDA reaction. After weakening or disappearance of 1428 cm-1,1330 cm-1, 1252 cm-1 peaks of C-H deformations, a new peak appearsaround same 1428 cm-1, signaling well amination and remain-ing methylene (CH2) moieties of PVC and joining methylenes ofEDA. Late appearance of a strong band around for 80% EDAproduct explains the fainter color of their membranes com-pared to those of 99% EDA (Figure 2).
3.3. SEM AnalysisPVC resin is composed of granules in 2-4 μm size. As can beseen in Figures S5 and S6, the morphology of granules did notchange largely after reactions carried out at low temperatures.Amination and elimination reactions may have happened mostlyon the surface of the granules, and happened less through thecore. Especially in case of 99% EDA, PVC granules seem to havefused into larger clusters at T > 65 °C. Since the glass transitiontemperature of PVC is 85 °C, APVC7 (85 °C) granules fused mostat T=85 °C. This effect may have caused more homogeneous

amination and further cross-linking through EDAs at such hightemperatures. Therefore, more frequent cross-linking may haveurged this morphological variation. But the reaction of PVC resinwith 80% aqueous EDA solution did not show significant changeof morphology, but somewhat merging of granules were observedat higher temperatures.In case of THF use to dissolve PVC resins, more homogeneousreactions can be expected to happen between PVC and EDAcompared to solid state PVC-EDA solution systems (APVC1-14).From kinetical aspect, there is a greater chance of collisionbetween vinyl chlorides and EDAs in solution state. Therefore,we may expect higher probability of substitution of Cls by EDAs.This can be confirmed with FTIR and XPS analyses data. FTIRspectra show actually relatively stronger N-H stretching bandsfor THF solution products. XPS data will be discussed in thenext section. Cross-linking through especially open end of EDAdepends on reaction conditions such as concentration of solu-tion, reagent ratio and temperature. Since all PVC and productsare dissolved in THF, addition of water causes a rapid coales-cence and solidification of the products into stiff clusters. Con-tinuous morphologies of APVC15-19 products support thisinterpretation in our opinion (FIGURE S7). During this coales-cence and water treatment for long time, cross-linking mayhave progressed to a higher extent.
3.4. X-ray photoelectron spectroscopy (XPS)

3.4.1. PVC resinPoly(vinylchloride) experiences mainly two kinds of reactionsas shown in Figure 5: (1) Amination by substituting Cls with

Figure 4. SEM images of APVC products: (a) 99% EDA (RT, 85 oC), (b)80% EDA (RT, 85 oC), and (c) EDA in THF (RT, 65 oC).
Figure 5. Reaction scheme showing mechanisms of amination anddehydrochlorination of PVC by ethylenediamine (EDA).
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Macromolecular Research EDAs via SN2 mechanism to yield EDA grafted PVC sequences,(2) dehydrochlorination by eliminating HCl via E2 mechanismto yield C=C double bond sequences. Therefore, the productsare referred to as PVC-EDA (or APVC for detailed assignment)for general purpose in this report. Since both mechanisms causeloss of Cl, both can be counted as dechlorination (Eq. S1). Fromelemental ratios of C, Cl and N in a product, extent of these changescan be estimated approximately. By taking O ratio into consid-eration as well, extent of oxidation occurred on conjugated sequences(double bonds) can be estimated too. Due to restrictions of ele-mental analysis instruments about halogen rich compounds,we preferred employing XPS analysis instead in order to revealchanging trends of dechlorination, amination, dehydrochlorina-
tion and abundance of double bonds depending on reaction condi-tions such as temperature and physical state of PVC. Mathematicalevaluation of XPS data, calculation principles, equations andapproximations are given in Supporting Information part inCalculations section.Comparison of substitution (amination) and elimination(dehydrochlorination) efficiencies via XPS analysis results impliesthat elimination is favored over substitution in almost all cases(Figure 6(a)) since almost all “Degree of Amination/Degree ofDehydrochlorination” ratios are less than unity. The differencebetween the two grows against amination as temperature isincreased however yield of amination grows as well in case of99% EDA system. Same trend is observed for 80% EDA systemwhen T45 °C. This is probably because H atoms on α-carbon(CH2) are kinetically more accessible than secondary C atomswhere substitution occurs. In addition, as more EDAs join topolymer chain, although there will be hydrogen bonding whichmay favor neighborhood of EDAs, steric hindrance betweenbound EDA and attacking EDA cannot be underestimated. Onthe other hand, lengthening conjugation of double bonds con-tribute more to the thermodynamic preference of eliminationmechanism.The trend occurs in favor of amination slightly when tem-perature is increased in THF system. In case of THF systemwhere PVC is completely dissolved, kinetics and rate order ofthe reaction would be different than two other systems inwhich PVC is mostly in solid phase. Whereas PVC-EDA prod-ucts have existed as dissolved species in THF until their precip-itation with addition of water, new cross-linking reaction mayhave happened during coagulation and precipitation. Forma-tion of stiff and large-size solids support this inference. Thesesolid products of THF system are almost insoluble in THF andDMF, although they were dissolved in THF before the reaction.Similar stiffness and insolubility trend were observed for prod-ucts of 99% EDA system obtained at relatively high temperatures.As PVC softens at higher temperatures, PVC-EDA and PVC mole-cules would find more chances to collide and create cross-linking.Even though we omitted cross-linking effect from our calculationsusing XPS data, these observations provide an insight about cross-linking phenomena to some extent.We believe that presence of water suppresses all sorts ofreactions and phenomena including nucleophilicity and basic-ity of EDA in case of 80% EDA system. This is so because EDA ispartially protonated by dissociation of water. On the other hand,

hydroxides formed by protonation of EDA would compensatefor some dehydrochlorination. FTIR results and discoloring trendof products in 80% EDA system accord well with these inter-pretations. As solubility of highly cross-linked or highly dehy-drochlorinated products can be expected to be very low, wemay argue that vinyl chlorides react little and are mostly intactin products of 80% EDA system up to 75 °C where “Degree ofDechlorination” is as low as around 20% yet (Figure 6(c)). Thisvalue soars lower than or near bottom values of other two sys-tems at lower temperatures than this (<65 °C).According to the “(Degree of Amination)2/Degree of Dehy-drochlorination” graph (Figure 6(b)), 55 °C is the optimal tem-perature for a better efficiency of amination over elimination in caseof THF system. Such an optimal temperature is RT (~25 °C) for99% EDA system, and 45 °C for 80% EDA (aqueous) system. Thismeans that longer reaction periods can be adopted at these tem-peratures for succeeding higher amination yields. Temperaturesbetween 45 °C and 55 °C would work well for both 99% EDAand 80% EDA systems. With respect to our experiment duration (4 h), degree ofamination is the true indicator for the best amination condition.Among three reaction systems, amination generally takes placebest when 99% EDA system is used in the reaction. As tempera-ture is increased to 55 °C, degree of Amination rises suddenlyup to around 15% and a new trend starts. This can be acceptedas the threshold of temperature for reaching higher aminationdegrees for PVC resin. Above 65 °C, rate of increase in elimination degree slows downfor 99% EDA system. This might be due to early completion ofdechlorination process as can be seen on the amination trend.Amination in 99% EDA system is more advantageous againstelimination at lower temperatures. Overall outcome effect is moreapparent at 55 °C as the trend of multiplied effect of aminationindicates (Figure 6(a),(b)).In case of THF, amination already starts with a considerableratio (2.75%) at room temperature. This ratio rises fast up to 14%at 65 °C which is the final temperature for THF reactions. Thetrend implies that using a higher boiling point solvent such asDMF may boost amination higher than 20%. And also, wholedechlorination seems to take place with higher ratios when tem-perature is higher than 65 °C.Low solubility results of most of the products of 99% EDAand THF systems, which were obtained from solubility tests withTHF, DMF and NMP solvents and SEM images indicate that somecross-linking reactions would occur even at low temperaturesinevitably. Low degrees of dehydrochlorination at lower tem-peratures opt out the strong effect of apolar conjugation siteson low solubility of the related species. PVC granules remain in solid state and morphologicallyundisturbed in most cases of 99% EDA and 80% EDA reactions.We can assume that most amination and elimination reactionstake place particularly on the surface of granules and at a weak-ening extent towards the core. Granules tend to melt and fusewhen temperature is elevated to higher temperatures near 85 °Cas SEM images show (Figures S5 and S6). Factors such as intenseamination, amine cross-linking and formation of conjugatedsequences lower the solubility of PVC products tremendously.
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In case of THF reactions, however, products don’t preservegranular morphology anymore. We expected to observe highsolubility for THF reaction products. However, the colorfulproducts, which were obtained at temperatures > 35 °C, werelittle or non-soluble in all three solvents (THF, DMF, NMP). Theproducts exhibit swelling behavior when they are kept in thesesolvents. We were able to cast membrane from APVC15 andAPVC16 of THF system though. Only these two products of THFsystem were soluble again in THF. As the trend of solubility ischecked for two other types of reactions, we can roughly con-clude that the products with a degree of dechlorination lowerthan 20% tend to be soluble. This means that products with~4% amination can be solved in THF to cast membranes. Thiskind of membrane derived from EDA-grafted-PVC can be alkylatedto quaternary amines in order to synthesize anion exchangemembranes. In this case, theoretically it is possible to reach ionexchange capacities more than 2 meq/g. Under these condi-tions, maximum of IECtheo for all species would be as high as8.34 meq/g (Figure 7(c)), if membranes could be cast from allproducts.

For a pursuit for deriving cation exchange membranes out ofPVC-EDA products, sulfonation of amine sites and double bondswould result in sulfonated amines and double bonds. This meansreaching a higher-than-expected ion exchange capacity is feasi-ble for cation exchange membranes obtained from PVC-EDAproducts by this manner since sulfonation of double bondsmultiplies the effect.
3.4.2. PVC membranesDue to formation of mostly insoluble products, we concludedthat it is better to conduct amination on already cast-PVC mem-branes under a few of the conditions for the sake of comparingmainly degree of amination and other trends. Degree of amina-tion has been as high as 37% at most in case of 99% EDA-mem-brane system. This would mean a substantial theoretical ionexchange capacity turnover can be reached with these aminatedPVC samples. And cation exchange membranes can be manu-factured likewise.Estimated “Theoretical Ion Exchange Capacity” would be ashigh as 11.90 meq/g for aminated PVC membrane under con-

Figure 6. Trend graphics for PVC resin and THF-dissolved PVC treated with 99% EDA and 80% EDA (aqueous) on temperature. (a) Degree of Ami-nation, (b) Degree of Unsaturation, (c) Degree of Dechlorination, and (d) Degree of Dehydrochlorination.
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ditions of “99% EDA and T=75 °C”. Using prolonged reactiontimes at milder conditions such as RT would almost quadrupleDegree of Amination up to 13.66% for 99% EDA system. “The-oretical Ion Exchange Capacity” would be 4.62 meq/g for thisgrafted membrane which is fairly higher than most of the resin
systems. Trend of DoA/DoDHC in membrane systems differsthan that of resin systems. Prolonged reaction times let elimi-nation reactions reach a balance with substitution within time.Accordingly, DoA/DoDHC ratio starts lower at room tempera-ture and then rises as temperature is increased for membrane

Figure 7. Dependence of (a) “Degree of Amination/Degree of Dehydrochlorination”, (b) “Square of Degree of Amination/Degree of Dehydrochlo-rination”, and (c) “Theoretical ion exchange capacity” on temperature for when PVC is treated with 99% EDA, 80% EDA, and EDA in THF.

Figure 8. Theoretical analysis of PVC-EDA membranes treated with 99% and 80% EDA at RT, 50 °C, 75 °C. Dependence of (a) Degree of Amina-tion, (b) Degree of Dechlorination, (c) Degree of Dehydrochlorination, and (d) Degree of Amination/Degree of Dehydrochlorination ratio on tem-perature.
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systems. By avoiding thermal vulnerability of PVC membranes,using higher temperatures helps with obtaining higher Degreeof Amination.Degree of Dehydrochlorination has been observed to demon-strate a noticeably different trend than its resin system in caseof 99% EDA-membrane system. As temperature is increasedfrom 50 °C to 75 °C, amination keeps accelerating though dehy-drochlorination seems to have reached saturation around 60%.As to 80% EDA-membrane system, temperature rise causesacceleration of dehydrochlorination probably due to contribu-tion of hydroxides. The color of PVC-EDA membrane obtainedwith 80% EDA at 50 °C is just fainted whereas the correspond-ing membrane is black in case of 99% EDA system (Figure 2).This suggests that dechlorination and also dehydrochlorina-tion are not favored in 80% EDA system as much as in 99%EDA system at RT and 50 °C. Due to sharp increase of dehydro-chlorination in 80% EDA system, cumulative dechlorinationdegrees in 80% and 99% EDA systems are near.
3.5. UV-visible spectroscopyDegree of dehydrochlorination can be determined with XPSdata. However, length of conjugation can be more accuratelyestimated by UV-Vis spectroscopy method. Figures 9-11 showthe UV-visible spectra of APVC products prepared by the reac-tion of PVC resin and EDA at different conditions. A 45 µm thinmembrane of PVC was used for UV-Vis spectroscopy whereasPVC-EDA disks were more than twofold thicker. The overallabsorption intensity has been lower in spectra of samples pre-pared under low temperature conditions. Nevertheless, it tendsto increase markedly and a broad absorption band without dis-crete maxima emerges by stretching to higher absorption andlonger wavelength region as degree of dehydrochlorination increasestogether with rising temperature. The typical maximum of theband (λmax) shifts to higher wavelengths as described in Ref. 29when higher temperatures are used. Shift of absorption maxima and shoulders towards longerwavelengths indicate that longer conjugated polymer sequences(polyenes) form at higher temperatures. For example, whereas

breadth of absorption band does not exceed 500 nm in spectrumof APVC1, longest wavelength of the bands gradually increaseswith regard to rising temperature in other samples. λmax of broadband appears around 580 nm in APVC7 spectrum and a regionup to 800 nm is slightly covered by the band (Figure 9). As XPSdata indicates that Cl content dramatically decreases from 31.83%to 1.23% (see Table S1 for XPS data of APVC1 and APVC7),these results also imply that extraordinary long conjugated poly-ene segments are created at higher temperature conditions.Since 99% EDA system yielded higher dehydrochlorinationdegrees in all cases (Figure 6), longer conjugations and greaterabsorbance performance can be expected for similar amountand thickness of samples produced by 80% EDA and THF systems.In addition, spectra of 99% EDA system products transformfrom a combination of discrete absorption peaks to a continu-ous band when T≥65 °C. This is the temperature where degreeof unsaturation exceeds 40% obtained at T=55 °C and reaches55% at T=65 °C.A similar trend to that of 99% EDA system has been observedfor other two systems (APVC8 ~ APVC 19), but overall absorp-tion is lower than that of samples of 99% EDA system. Darken-ing trend of colors depending on increasing temperature, andalso XPS data (degree of unsaturation etc.) support findings ofUV-Vis spectroscopy of the two systems.Conjugation length of polyene systems have been estimatedby using Raman spectroscopy 30 or UV-Vis spectroscopy 31 previ-ously. Differing lengths of conjugation cause slight changes inabsorbance and wavenumber around 1500 cm-1 in Raman spec-troscopy since the strength of bonds and polarizability factorsvary depending on the length. In case of UV-Vis spectroscopy, afour-maxima-band (A-D maxima) or overlapping mixtures offour-maxima bands can be observed depending on the lengthof conjugation. Spectra of all APVC products and PVC demonstrate a com-mon peak at low wavelength region (λ<300 nm) which corre-sponds to electronic absorption of either remaining C-Cl bonds(λmax280 nm) or short conjugations of (C=C)n, where n=2,3,4.Almost all species experience absorption with maxima starting

Figure 9. UV-Vis spectra of PVC-EDA made with 99% EDA solution atdifferent temperatures. Figure 10. UV-Vis spectra of PVC-EDA made with 80% EDA solution atdifferent temperatures.
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around λmax-A≥300 nm. According to Refs. 32, 33, length of con-jugation (n) is suggested to be 2 (λmax-C227 nm), 3 (λmax-B252 nm,
λmax-C263 nm, λmax-D274 nm), 4 (λmax-A272 nm, λmax-B283 nm,
λmax-C296 nm, λmax-D310 nm), 5 (λmax-A290-295 nm, λmax-B310 nm, etc.) or 6 (λmax-A313-323 nm, etc.) around these wave-lengths. Since several conjugation lengths would be mixed inour reaction systems, extra D bands are likely to be observedtowards longer wavelengths. We define λmax-D’ or λmax-edge for thesimplicity of analysis herein to indicate the edge of the bandplateau where D band peak of longest conjugation appears andabsorption starts to descend. Approximations of Sondheimer
et al.31 can be used to establish an equation using the linearrelationship between λmax

2 and n (conjugation length). Since
λmax

2=a×n, and λmax481 nm is the maximum absorption of n11samples in their work, thus the coefficient ‘a’ can be taken as21032 nm2. 
λmax-edge reaches up to 580 nm in case of APVC7 which wasprepared with 99% EDA at 85 °C. It corresponds to conjuga-tion length, n=16. Of course longer conjugations are possiblebut the frequency would be lower for them. Over 65 °C conjuga-tions overlap more and more and continuous bnads are observed incase of 99% EDA system. The trend of multiple maxima is doesnot cease to appear until highest temperatures of the two othersystems. λmax-edge behavior of 80% EDA and THF systems arequite similar so as to be around 480 nm. This wavelength cor-responds to a conjugation length of n=11. Nevertheless, realcolor of APVC19 (80% EDA system product at Tmax=85 °C) looks alittle bit darker than that of APVC14 (THF system product at

Tmax=65 °C). Growing absorbance at wavelengths smaller than 300 nmactually may indicate the contribution of shorter polyene sequences(n ≤ 4) having a number of conjugated double bonds as men-tioned in Ref. 34. Hydrogen atoms at α-positions of the first car-bon-carbon double bonds formed in PVC chain is called allylicsecondary hydrogens. These hydrogens can be more suitablyremoved to form thermodynamically preferred conjugated sequences.Therefore, it is expected that long conjugated polyene sequencesare formed gradually in polymer chain with this zipper effect.

Rising temperature may assist formation of longer conjuga-tions. However, after some point, cross-linking and chain form-ing interactions may commence that limits the formation of muchlonger conjugation sequences at high temperatures. Instead,longer reaction durations and milder temperature conditionsshould be adopted to attain polyacetylene-like dehydrochlori-nated PVC products via EDA reactions. UV-Vis spectroscopyand XPS findings imply that APVC 1~7 products possess relativelylonger conjugated double bonds compared to APVC 8~14 andAPVC 15~19. According to Ref. 31, authors related the conjugation lengthand λmax to the degree of dechlorination. Results were as fol-lows: λmax=230 nm for 2% dehydrochlorinated PVC, λmax=460nm for 15% dehydrochlorinated PVC, etc. Since the reagents,mechanism and products mentioned there and in our work arenot exact matches, direct comparison may be misleading but trendsare comparable. Degree of unsaturation (oxidation excludeddehydrochlorination) turned out to be 74% in 99% EDA sys-tem, where λmax-edge600 nm and shoulder extends towards 800 nm,and almost 40% in two other systems, where λmax-edge480 nmand extends towards 600 nm.
4. ConclusionsAmination of PVC resin, PVC solution in THF and PVC membraneswith ethylenediamine (EDA) resulted in partially aminated andmainly dehydrochlorinated products in varying amination andunsaturation degrees. XPS analysis was skillfully used toanalyze surface characteristics and elemental composition ofproducts. Increasing temperature favored both amination(substitution) and dehydrochlorination (elimination) reac-tions due to thermodynamic and kinetic factors. However,dehydrochlorination is more favored at higher temperaturesas seen in dehydrochlorinated PVC synthesis efforts in whichKOH, NaOH and other bases are used as dehydrochlorinationagent. Longer reaction times at mild temperatures would rein-force amination over dehydrochlorination as results of mem-brane work suggest. 17.6% has been the highest degree ofamination in PVC resin work, whereas it has been 33.7% formembranes. Up to 99% dechlorination has been accomplishedwith EDA use. These findings are highly promising for manu-facturing ion exchange membranes with superior ion exchangecapacity, i.e. anion exchange membranes (AEM), metal recoveryagents, CO2 adsorbents and toxic gas scrubbers, and also recy-cling and dehalogenation of PVC. This work successfully elabo-rated the process of PVC-EDA reaction in different states byevaluating the products with convenient calculation models.Also some conditions have been proposed to control amina-tion and conjugation processes during these reactions in orderfor contributing research of functionalization and recyclingof PVC.
Supporting information: Information is available regardingthe FTIR Spectroscopy, SEM images and calculation for thePVC-EDA products. The materials are available via the Internetat http://www.springer.com/13233.

Figure 11. UV-Vis spectra of PVC-EDA made with 99% EDA in thepresence of THF at different temperatures.
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