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Polynorbornene: synthesis, properties and simulations Thomas I;: A. Haselwandel; Walter Heitz*, Stefan A. Kriigel, Joachim H. W e n d o e



Fachbereich Physikalische Chemie und Wissenschaftliches Zentrum fur Materialwissenschaften, Philipps-Universitat Marburg, D-35032 Marburg, Germany Dedicated to Prof. Dr. Harald Cherdron on the occasion of his 65th birthday (Received: February 2, 1996; revised manuscript of May 10, 1996) SUMMARY The vinylic polymerization of norbornenes upon catalysis with Pd2' complexes with = lo6) display a set of norbornylnitrile as ligands is reported. The polynorbornenes unique properties including a dense packing in the amorphous state, high glass transition temperatures, large refractive index, low birefringence and significant brittleness. To test the concept that these properties can be traced back to the conformational constraints of the polymer chains, we performed ab initio calculations, semi-empirical quantum mechanical calculations and force-field calculations employing a force field developed by us for polynorbornenes.



(a,,,



Introduction Polymers with restricted rotation about the main chain should have some remarkable properties'). Polynorbornenes obtained by vinylic polymerization of norbornene might well be a prototype of this class of materials. Their peculiar properties are due to the fact that two adjacent carbon atoms are fixed in their conformation and that the rotation between two neighbouring monomer units is strongly restricted. Polynorbornenes are soluble in a variety of solvents, particularly those containing chlorhe2), but also in cyclohexane, they can be spin-coated or cast to amorphous films, they possess high glass transition and decomposition temperatures3). In view of their particular chemical structure, they are expected to show a low water uptake and both a small optical birefringence and dielectric loss. This makes them prime candidates for a broad range of applications such as in optical devices as thin films or as protective coatings in opto-electronic devices. On the other hand, polynorbornenes have several disadvantages. They cannot be manufactured from the molten state because of decomposition, they are brittle even for larger molecular weights. Copolymers involving units such as the ethylene unit in addition to the norbornene unit are therefore considered for commercial application~~'~). We report in this contribution the synthesis of new catalysts for polynorbornene, and we describe the polymerization. It is well known that vinylic polymerization of norbornene occurs in the presence of [(RCN),Pd]*+ or zirconocene catalystsc8). By the variation of nitrile ligands in the Pd2+ moiety we were able to dissolve these catalysts in the same solvent which dissolves polynorbornene: the polymerization was performed in a homogeneous phase. This contribution furthermore is concerned with the experimental characterization of selected properties of the polynorbornenes and with the result of corresponding ab initio and force-field calculations. 0 1996, Huthig & Wepf Verlag, Zug
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Experimental part Techniques used The thermal properties of the polynorbornenes were investigated by Perkin Elmer DSC 7, Perkin Elmer TMA 7, and a Mettler TA 50 (TGA). All thermal analyses were carried out under nitrogen at a heating rate of 10”C/min. The density of the polynorbornenes was obtained by using film samples in the suspension technique. Wide angle X-ray scattering (WAXS) curves were obtained using a Siemens D-5000 diffractometer, the data were taken in the scattering range from 2 0 = 1’ to 60”.A linear background was subtracted prior to performing Lorenz and polarization corrections. Small angle X-ray scattering (SAXS) was investigated with a Kratky camera equipped with detector using a step scan. Ni-filtered Cu-K, radiation was used in all cases. The refractive index was obtained via wave guide methods. We employed the set-up manufactured by Metricon. The IR spectra were obtained with a Perkin Elmer 1600 FTIR spectrometer. Computational methods The ab initio calculations were performed using the software GAUSSIAN92, Rev. F.39) as implemented on the “High Performance Computer” (Hessische Hochstleistungsrechner) at the Technical University of Darmstadt, Germany. We used various sets of basis functions, we employed in particular STO-3G1”, 3-21G1”, 4-31G”’ and 6-31Gl3). A special basis set proposed by Sadlej14)was chosen for the calculation of the polarizability of norbornane. The semiempirical quantum mechanical calculations were performed using the MOPAC software’’), in particular the Austin Model 1 (AM1)I6) and the Parametric Model 3 (PM3)l7’. The program Cerius2 of Molecular Simulations Inc. was used to carry out molecular dynamic simulations”). The calculation of static and dynamic properties of the condensed state requires the use of an appropriate force field which contains intramolecular force constants, bond lengths and bond angles as well as expressions for intermolecular interactions (Lennard Jones potential and Coulomb potential). The construction of such a force field was performed by ab initio calculations (STO-3G) on the norbornane. Materials The catalysts were prepared with dry and degassed solvents in a glove box. The polymerizations were carried out with standard Schlenk technique. CH3N02 and CH,CN were received from Riedel-de-Haen, CH3(CH2)2CN, 4CH3(CH,),CN, (CH,),CHCN, (CH&CCN, C~HSCN,C ~ H S C H ~ C p-CH,C6H,CN, N, cyanobiphenyl, 1-cyanonapthalene, 2-cyanonorbornane (exoledo), NOBF,, P(C6HS),/PS resin and norbornene were received from Aldrich. All solvents and liquid nitriles were refluxed over CaH,, distilled, degassed and stored under Ar. Solid nitriles were used as received. Norbornene was refluxed over Na and distilled. Pd powder was received from [5], [617) were prepared as described in literature. Degussa. Catalysts [1]’9), Catalyst preparation The catalysts [(RCN),Pd][BF,], were prepared using the method described by Schramm”). A common preparation carried out in a glove box is described as follows: 107 mg (1.00 mmol) Pd power were stirred in a 25-mL tube with 10 mL nitrile or a nitrile/CH,NO, mixture. The amouqt of nitromethane was adjusted such that the catalyst
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did not precipitate during preparation. 250 mg (2.14 mmol) NOBF, were added and the mixture was stirred for 10 h at room temperature. The yellow solution was then filtered and added dropwise into ether. The yellow precipitate was filtered off, washed with ether, and dried in vacuum. Experimental data are shown for the catalysts [(RCN),Pd][BF,],, NMR data in ppm:



[2] R = CH3(CH2)2greenish oil, yield 90%, vCN (KBr) 2324 cm-'. 'H NMR (CD3N02):6 = 2,95 (2H, t, CH3, 1,76 (2H, m, CH,), 1,OO (3H, t, CH,). 13C NMR (CD3N02): 6 = 127,95 (1 C, s, CN), 20,45 (1 C, s, CH2), 19,723 ( l C , s, CH,), 1,295 (1 C, S, CH3). [3] R = CH3(CH2),,greenish oil, yield 87%, vCN (KBr) 2325 cm-'. 'H NMR (CD,NO,): 6 = 2,95 (2H, t, CH2), 1,72 (2H, m, CH2), 1,41 (2H, m, CH2), 0,90 (3H, t, CH3). 13CNMR (CD,NO,): 6 = 126,96 (1 C, s, CN), 25,68 (1 C, s, CH,), 21,31 (1 C, s, CH,), 17,37 (1 C, S, CH,), 11,92 (1 C, S, CH3). [4] R = (CH3),CH, yellow solid, yield 98%, vCN (KBr) 2324 cm-I. 'H NMR (CD3COCD3):6 = 3,06 (1 H, m, CH), 1,37 (6H, d, CH3). 13C NMR (CD3COCD3):6 = 126,75 ( l C , s, CN), 21,48 (2C, S , CH,), 20,47 (lC, S, CH). [7] R = C6H5CH2,yellow solid, yield 94%, vCN (KBr) 2331 cm-I. 'H NMR (CD3COCD3):6 = 7,45 (5H, m, arom.), 4,lO (2H, m, CH,), 1,OO (3H, t, CH ). "C NMR (CD3COCD3):6 = 130,90 (1 C, s, arom.), 129,59 (2C, s, arom.), 128,69 (2C, s, arom.), 128,41 (IC, s, arom.), 121,38 ( l C , s, CN), 24,43 ( l C , s, CH,). [(C6H&H2CN),Pd][BF& Calc. Found



C 51,33 H 3,77 C 50,96 H3,88



N 7,49 N7,25



[S] R =p-CH3C6H4,yellow solid, yield 57%, vCN (KBr) 2290 cm-'. 'H NMR (CD3N02):6 = 7,92 (2H, m, arom.), 7,49 (2H, m, arom.), 2,46 (3H, s, CH3). I3C NMR (CD3N02):6 = 149,34 (1 C, s arom.), 134,ll (2C, s, arom.), 130,28 (2C, s, arom.), 123,84(1C,s,CN)103,50(1C,s,arom.),20,88(1C,s,CH3). L(p-CH3C6H,CN),PdI[BF412



Calc. Found



C 51,34 H 3,77 C 49,02 H 3,82



N 7,48 N 6,95



[9] R = 4-C&C6&, yellow solid, yield 94%, vCN (KBr) 2238 cm-'. 'H NMR (CD,NO2): 6 = 8,14 (2H, m, arom.), 7,98 (2H, m, arom.), 7,72 (2H, m, arom.), 7,49 (3H, m, arom.). 13CNMR (CD,N02): 6 = 149,09 ( l C , s, arom.), 138,13 ( l C , s, arom.), 134,85 (2C, s, arom.), 129,41 ( l C , s, arom.), 129,13 (2C, s, arom.), 127,84 (2C, s, arom.), 127,24 (2C, s, arom.), 123,75 (1 C, s, CN), 105,20 (1 C, s, arom.). [(4-C6H5C6H4CN)4Pd1LBF412



Calc. Found



C 62,65 H 3,64 C 60,50 H4,02



N 5,62 N 597



[lo] R = l-CI0H6,yellow solid, yield 56%, vCN (KBr) 2285 cm-'. 'H NMR (CD3COCD3):6 = 8,38 ( l H , m, arom.), 8,18 (3H, m, arom.), 7,75 (3H, m. arom.). I3C NMR (CD3COCD,): 6 = 135,54 (2C, s arom.), 134,94 (2C, s, arom.), 134,40 (1 C, s. arom.), 133,46 ( l C , s, arom.), 130,41 (1C s, arom.), 129,lO ( l C , s, arom.), 126,72 ( l C , s, arom.), 125,68 ( l C , s, CN), 119,ll (lC, s, arom.).
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Calc. Found



C 59,20 C 58,Ol



H 3,16 H3,24



N 6,28 N 5,74



[ll]R = C7H11 (exo/endo), yellow solid, yield 79%, v, (KBr) 2315 cm-I. 1 H NMR (CD3NO2): 6 = 3,30 ( l H , d, CH), 3,00 (IH, t, CH), 2,67 (2H, S, CH), 2,37 (2H, s, CH), 2,11 (2H, t, CH,), 1,82 (2H, d, CH,), 1,65 -0,93 (12H, m, CH,). I3C NMR (CD3N02): 6 = exo: 129,31 (1 C, s, CN), 42,39 (1 C, s, CH), 37,20 (1 C, s, CH2), 36,08 (2C, S, CH2, CH), 30,92 ( l C , S, CH), 27,72 ( l C , S, CHZ), 27,32 ( l C , S, CHJ. endo: 129,lO ( l C , s, CN), 40,35 ( l C , s, CH), 38,08 ( l C , s, CH3, 36,36 ( l C , s, CH), 34,88 (lC, S, CH,), 31,67 ( l C , S, CH), 28,09 ( l C , S , CHZ), 25,Ol ( I C , s,CHZ).



[(C7HllCN)4Pd][BF4]2



Calc. Found



C 50,24 H $80 C 50,34 H $97



N 7,33 N 737



Polymer synthesis Method A: 1.00 g (10.6 mmol) of norbomene was dissolved in 8 mL CH3N02, and 0.02 mmol of catalyst dissolved in 2 mL of CH3N02was added. After 4-5 min a white precipitate showed up. The reaction mixture was stirred at room temperature for 1 h and then poured into 100 mL of methanol/conc. HCI (50: 1). The product was filtered off, washed with methanol, and dried in vacuum at 90°C for 8 h. For other ratios of Pd/norbomene the amount of catalyst was changed. Method B: 1.00 g (10.6 mmol) of norbornene was dissolved in 8 mL C6H5C1,and 0.02 mmol of catalyst [4], [6], [7] dissolved in 0.2 mL acetone was added. The clear reaction mixture was stirred at room temperature for 1 h and then poured into 100 mL of methanollconc. HCl (50: 1). The product was filtered off, washed with methanol, and dried in vacuum at 90 "C for 8 h. Method C: 1.00 g (10.6 mmol) of norbomene was dissolved in 8 mL C6HSCI, and 0.02 mmol of catalyst [ l l ] dissolved in 2 mL C6H5CIwas added. The clear reaction mixture was stirred at room temperature for 1 h or 24 h and than poured into 100 mL of methanollconc. HCI (50: 1). The product was filtered off, washed with methanol, and dried in vacuum at 90 "C for 8 h. 'H NMR (Cd15Br): 6 = 3,20 - 0,90 (m, CH, CH,, maxima at 2,40; 1,65). I3C NMR (C6D5Br):6 = 61,O - 26,O (m, CH, CH,, maxima at 53,8; 28,O; 21,O). (C7HLO)n (94,151,



Calc. Found



C 89,30 C89,25



H 10,70 H 10,75



Removal of the catalyst The polynorbornene was dissolved in C6H5CI, precipitated into a 1% solution of NaBH, in methanol, filtered off, and dried in vacuum at 90°C for 8 h. Polynorbomene was dissolved in C6H5Cl again to yield a black solution with 2 wt.-% Pd. This solution was filtered through "Weinfilter", Celite, alkaline A1203, or PS resin with P(C6H& groups (3 mmol P/g). Further probes were purified in a Soxhlet extractor or by centrifugation (15 OOO rpm for 2 h). Other purifications were carried out by refluxing the polynorbornene solution over saturated Na2Saq,,for 1 h (4 mL/g polymer) or over HBr for 4 h (2 mL/g polymer). Characterization 'H and I3C NMR spectra were measured with Bruker AC 300 (300,13 and 75,47 MHz), IR spectra with Perkin Elmer 1600 FTIR, AAS with Perkin Elmer 5000
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Atomic Absorption Spectrophotometer. Mole@ar weights were determined in chlorobenzene with two columns (SDV linear, 10 A, 8 x 600 mm) from Polymer Standards Service (PSS) and a refractometer R401 from Waters. Calibration was carried out with polystyrene standards from PSS. At molecular weights lower than 5 * lo4 a Viscotec detector could be used due to the solubility in CHCl,. The values are in good agreement with values calculated with PS standards.



Polymerization Vinyl polymerization of norbornene occurs with Pd2+complexes637),Eq. (1):



The catalysts are characterised by Pd2+species with 4 weak ligands and a non-, or weakly, coordinating anion. The catalyst described have the disadvantage that they are not soluble in solvents which dissolve polynorbornenes. In order to carry out the polymerization of norbornenes in homogeneous phase, we investigated the solubility of [(RCN),Pd] [BF4I2 catalysts, thus avoiding solvents like CH3N02 or C6H5CV C6H,N02 mixtures for the polymerization of norbornene. The polymers obtained are soluble in C6H,C1, 1,2-dichlorobenzene, 1,2,4-trichlorobenzene, tetrachloroethene, p-xylene, and cyclohexane to more than 10 wt.-%. For this reason Pd2+ catalysts with different nitrile ligands ([1]-[ll]) were made and tested under the conditions of polymerization. [1]-[ll] are all soluble in CH3N02or CH3CN, [2]- [ 111are also soluble in acetone and [ 111is soluble in C6H5C1. The results of the polymerization in CH3N02 (method A) are shown in Tab. 1. The yield of polynorbornenes is similar when using aliphatic or aromatic nitriles as ligands in the catalyst. There is no correlation of vCN with yield or Only with the CH3CN ligand [ l ] the yield is 92%. In most cases the measured M,, is close to the theoretically calculated one. The polydispersities are in the range of &?,I&?,= 1,3-1,5 due to the character of a living polymerization2). Polymerization with method B shows, at comparable times, lower yields for the selected catalysts and higher polydispersities, although the polymerization was carried out in homogeneous phase (Tab. 2). It seems that the coordination of acetone to the catalyst is better than the coordination of the norbornene monomer, slowing down the polymerization. Catalyst [11] is soluble in C6H5Cl, and so it is possible to polymerize in pure C&CI (method C). Under standard conditions (1 h, room temperature) the yield is 45% and increases-with -the reaction temperature and time (Tab. 3). On the other hand, M,, decreases and MwlMnincreases. Obviously, these conditions favour a transfer reaction. This effect can also be observed polymerizing according to method A or B. To remove the catalyst from polynorbornene, several methods were investigated (see Experimental part). The amounts of Pd remaining in the polymer were mea-
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Tab. 1. Vinyl polymerization of norbornene with [(RCN),Pd][BF& in CH3N02for 1 h at room temperature ([norbornene] : [Pd] = 500 : 1) and vCN of the complexes



No.



R



[lo]



a) ')



2 3 1312 335 231 312335 2 324 2 325 2 324



92 44 62 69 62



42 700 295 000 27 300 24 500 51 400



43 300 439 000 29 200 32 500 29 200



2312



67



38 600



31 500



2 299



73



38000



34 400



2331



72



52 800



33 900



2 290



64



58700



30 100



2 283



61



56400



28 700



2285



70



37 300



33000



1,5



2315



45



30 800



21200



1,6



By GPC with PS standards. The polymerization was started in nitromethane which was then replaced by chlorobenzene; [norbomene] : [Pd] = lo4: 1; reaction time 2 h.



Tab. 2. Vinyl polymerization of norbornene with [(RCN),Pd] [BF,],/acetone in C6H5CI for 1 h at room temperature ([norbornene] : [Pd] = 500 : 1) No.



R



r41



CH3L CH3'



a)



By GPC with PS standards.



22



27 200



I 0 400



1,6



47



18500



22 100



13



38



16900



17 900



1 3
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Tab. 3. Vinyl polymerization of norbornene with [(2-~yanonorbornane)~Pd][BF~]~ ([Ill)in C6H5Cl([norbornene] : [Pd] = 500 : 1)



1



2b' 5c' 1 1 1



24 a)



25 25 25 30 40 60 25



54 27 90 50 62 98 97



b,



By GPC with PS standards. [norbornene]:[Pd] = 1 O4 : 1. CH2Cl2as solvent.



d,



Mvisc:



30800 203 000 22000OOd) 22200 13800 5 300 13700



21 200 270000 900000 23 500 29 200 46 100 45 700



1,6 1,7 -



13 13 26 2.6



$ 0.20



< I.



C



.-



c



0.16 0.12



a



Fig. 1. Residual Pd traces in poynorbornenes after different purification steps of a polymer solution



0.08 -0



;.



0.01



K



0



sured with atomic absorption spectroscopy (AAS) methods (Fig. 1). No Pd was detected (detection limit 0,l ppm) when the C6H5CIsolution of polynorbornene was purified with alkaline A1202,P(C6H& resin or HBr.



Development of a force field The optimization of the molecular geometry of norbornane (C2"symmetry) using semiempirical and ab initio methods yields a very good agreement with experimental data derived by microwave speztroscopy and vapor-phase electron scattering2", e. g., a mean deviation under 0.01 A for bond lengths and 0.3"for bond angles. This is obvious from Tab. 4. Fig. 2 displays the structure of bicyclo[2.2.l]heptane (norbornene) obtained from the ab inifio calculations. The calculation of the force constants is based on the treatment of the nuclear kinetic energy as a perturbation on the fixed-nuclear Hamiltonian2'). The secondorder energy correction is given by an equation for the nuclear motion. The potential V ( R , , ..., R M )consists of the quadratic terms in a power series expansion of ( R , , ...,
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Tab. 4. Bond lengths and bond angles of norbornane (semiempirical and ab initio calculations) Bond



Bond length in MNDO AM1



C1-C2 C2-C3 C1 -C7



1,557 1,561 1,572



1,538 1,539 1,511



PM3



STO-3G 3-21G 4-31G



6-31G*



ChiayG et al.



1,544 1,543 1,510



1,560 1,551 1,545



1,557 1,541 1,537



1,551 1,536 1,546



Angle



1,571 1,550 1,549



1,568 1,552 1,542



Bond angle in MNDO AM1



Cl-C2-C3 103,2 C2-C3-C4 109,6 C2-Cl-C7 101,4



103,7 107,2 101,3



PM3



STO-3G 3-21G 4-31G



6-31G*



Chia;6 et al.



103,5 107,9 101,4



103,2 108,3 101,6



103,l 108,7 101,7



102,7 108,9 102,O



103,2 107,7 101,6



FTIR:



H16



ob inifio:



103,4 107,3 101,6



I l l IIII I IIIIIII I



I



I II I I I I I III I II I



I



HI1



800 HI2



Fig. 2. Fig. 2.



1000



1200



lL00



Wavenumber in cm-’



Fig. 3.



Structure of bicyclo[2.2.llheptane (norbornane)



Fig. 3. Comparison of calculated and experimental FTIR spectrum for the fingerprint area



R,) about the equilibrium position, where XI, ..., X, are the Cartesian cordinates of the M (Eq. (2)).
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At the equilibrium geometry, the potential is a quadratic function of the nuclear displacement (Eq. (3)):



In this harmonic aproximation, the force constants FV are given by Eq. (4).



The ab initio calculated vibrational frequencies (STO-3G) show a very good agreement with experimental results obtained by using FTIR method. The mean deviation is about 14 cm-’ as apparent from Fig. 3 which shows the calculated and experimentally observed frequencies for the fingerprint area of the spectrum. The development of the new force field POLYNORB 1.4B was based on the following structure of the DREIDING force field25)Eq. (5). 1 E=--k,(R2



2



1



1 2



Re) +-Cijk[~~~Oijk- ~ 0 ~ 8 ~ ] ’ + - V i j { l 2



-COS[~~~[S-$!)])



The structure of the new force field is similar to the DREIDING2 force field. The parameters characteristic for polynorbornene are displayed in Tab. 5. For the description of the non-bond interactions, we used the default parameters of the DREIDING:! force field for Lennard-Jones potential and electrostatic interactions. Tab. 5. Force field parameters for polynorbornene (A) Force field parameters for bond stretching Bond



Bond length in A



Force constant in MIA



C2-C3 c1- c 2 C1 -C7 C-H (averaged)



1,551 1,560 1,545 1,086



2358 2 975 3 050 3 248



(B) Force field parameters for angle bending



Angle



Angle in



Force constant in HIA’



(C7)H2 C( 1-6)H2 c 1 -c7-c4 C2-C 1-C6 c 2 - c I -c7 c1-c2-c3



109,4 107,8 96,l 108,3 101,6 103,2



565 573 688 1122 426 506
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Experiments and simulations General considerations The modelling of the polynorbornenes includes exclusively cis-exo-bonded norbornane units referring to the structure determination by NMR investigation. The new force field POLYNORB 1.4B was subsequently used to calculate the dynamic trajectory of single chains and thus the chain stiffness, to calculate the volume taken by the chain and the repeating units (Van der Waals volume) and to simulate the packing of the chains in the condensed state. Chain conformation The rotational potential for the rotation about the single bond connecting the atoms C3 and C9 (Fig. 4) was calculated by semiempirical quantum mechanical as well as by a b initio methods using AM1 and STO-3G respectively.



Fig. 4. Assignment of the atoms used in the determination of the rotational potential



The rotational angle was changed stepwise by 5" in the case of semiempirical calculations and by 10" in the case of a b initio calculations. The remaining geometrical parameters were subsequently minimised with respect to the energy. The results of the a b initio calculations are displayed in Fig. 5. The prediction of the a b initio calculation is that three minima occur at 60",170" and 310°, a large maximum at 240°, and that two of the minima possess an energy of 16 kT/mol relative to the one of the global minimum. The semiempirical quantum mechanical calculations give qualitatively a good approximation of the rotational potential (Fig. 6). Next we considered the dynamical behaviour of a polynorbornene single chain using molecular dynamics simulations. The simulation was carried out at 293 K and I013 hPa, the simulation time amounted to 200 ps. Fig. 7 shows snapshots from the trajectory of this simulation taken every 40 ps.
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Fig. 5. Rotational potential as obtained by ab initio quantum mechanical calculations



Fig. 6. Rotational potential as obtained by semi-empirical quantum mechanical calculations (Energy in kJ/mol)
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In order to obtain quantitative information on the chain conformation and the chain flexibility, we used the calculated rotational potential within the framework of the RIS approach26)to calculate the characteristic ratio (Eq. (6)) defined as C , =-



(3) nl



where (3)is the mean-square value of the end-to-end vector.
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Fig. 7. Snapshots from the trajectory of a single chain of polynorbornene as obtained from molecular dynamics simulations in a 40 ps sequence



The radius of gyration chain was determined for this purpose from the mean value of a large number of RIS chains generated on the computer. Using the RIS approach, we built 1000 structures of a single-chain polynorbomene molecule with a molecular weight of 20000 g/mol. Fig. 8 shows the distribution of the radii of gyration for these samples.



Fig. 8. Chain conformation of polynorbornene chains. (Ordinate in arb. units) The segment length li was taken fro? the semiempirical quantum mechanical calculations on chain molecules as 2,74 A. The analysis gave a value of C, of l Z , l , which is characteristic for semiflexible chains. Similar values are reported for chain molecules such as PS. We used the results of light scattering experiments on the radius of gyration2) to obtain an experimentally based estimate of C,. The value turned out to be 11,4, which is close in view of the approximation involved.
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Using the results on C,, we can obain an estimate on the entanglement molecular weight Me. The knowledge of the entanglement molecular weight is important since it controls dynamic properties such as the rheological behaviour, viscoelasticity or diffusion27! A considerable number of publications have considered the relation between the chain dimension and the entanglement molecular weight. Wu2@has developed a pseudo-topological model of the transient network of entanglements which leads to the following Eq. (7): N,=3Ck



(7)



where N , is the number of virtual bonds per entanglement (Eq. (8)): N , = n, M,IM,



(8)



(n,: number of virtual bonds per repeating unit, in our case n, = 1, M,: molecular weight of the repeating unit). Using the result obtained from the computer simulations on C,, we obtain an entanglement molecular weight of 41 000 g/mol. It is thus apparent from Tab. 3 that the polymers with Mn< 200000 are not entangled, or only slightly so, which certainly is one of the reasons for their brittleness. In fact, with Mn> 200000 processable films are obtained. Packing in the amorphous state



In order to get a quantitative measure of the packing efficiency within the amorphous state, one often compares the Van der Waals volume (hard core volume of the molecule or repeating unit) with the volume actually taken in the amorphous state29). The simulation predicted a Van der Waals volume of 108 cm3/mol. Using the experimentally determined density of 1,094 g/cm3 at room temperature, we calculated an actual volume of 149,9 cm3/mol. The ratio of the two values amounts to 1,43. It is instructive to compare this value with the corresponding ones observed for other amorphous polymers for various kinds of stiffness. Van K r e ~ e l e n has ~ ~ )shown that glassy polymers are in general characterized by an average ratio of 1,60, whereas crystalline polymers possess an average ratio of 1,435. No amorphous polymer studied so far with respect to the packing density had a ratio close to 1,43. The smallest ratio reported up to now amounted to 1,52. The obvious conclusion to be drawn is that the packing of the polynorbomene is very efficient, approaching the one characteristic for the crystalline state. The high packing density may be envisioned to suppress motions within the glass state, which in turn will affect transport properties as well as the dissipation of energy. An insight into the actual short-range order is obtained from calculations on amorphous cells. The procedure consists in filling a cell of a given dimension with polynorr bornene chains up to the density measured experimentally. This cell is then subjected to molecular dynamics simulations using the force field developed above. The radial distribution function is defined as the distribution of intemuclear distances. The result is displayed in Fig. 9. The radical distribution function is characoerised by the occurrence of two maxima in the range of distances of about 6 and 10 A.
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Fig. 9. Radial distribution curve as obtained from force field calculations 1
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These characterstic dimensions were actually also obtained from the analysis of the wide angle diagram (Fig. 10). The X-ray wide angle diagram reveals the presence of two broad halos in the wide angle regime which can be attributed to a short-range order. The distances derived from these halos using the Eq. (9)
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The small angle diagram (Fig. 11) shows the absence of a supermolecular order. No scattering maxima occur, the increase of the scattering intensity at small scattering angles is due to the tail of the primary beam. The conclusion thus is that the polynorbornene forms an amorphous solid state at room temperature. The observa-
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Fig. 11. Small angle X-ray digram
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tion that two (rather than one) amorphous halos occur is not unusual for amorphous polymers. The specific structural information provided by the amorphous cell calculations is that the two maxima are of intrachain nature. Experiment and simulation show that no aggregation of chain segments can be found. So the general conclusion is that the packing within the glassy state is not characterized by some kind of aggregation, yet it is unusually dense. We thus expect a high glass transition temperature. Actually the location of the glass transition temperature is a topic of considerable controversy. The difficulty of determining the glass transition temperature arises from the fact that it is located close to the temperature range where decomposition tends to set in. One way which has been taken in the past to determine the glass transition temperature of a homopolymer involved the extrapolation of the glass transition temperatures of copolymers towards the one of the homopolymer'). This may involve considerable uncertainties since the line connecting the glass transition temperatures for various compositions of the copolymers is in general not a straight line. We have performed DSC investigations which gave very weak indications that the glass transition of the polymers studied here is located at about 220°C (Fig. 12). It is apparent that the stepwise increase of the specific heat at the glass transition is unusually small. Similar results on the location of the glass transition temperature were obtained when looking for the temperature at which the polymer starts to stick to a solid surface. A very reliable way of determining glass transition temperatures consist% measuring thermal density fluctuations via absolute small angle X-ray scattering30931). The mean-square value of the thermal density fluctuations is directly related to the absolute scattering intensity at very small angle (extrapolated to zero scattering angle). The experimental finding and the theoretical prediction is that the slope of the thermal density fluctuation versus temperature curve increases abruptly at the glass transition temperature.
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Fig. 12. DSC curve showing the glass transition (cooling rate 10 Wmin) Fig. 13 shows the result of such experiments for polynorbomene. It is obvious that we observe a sudden change of the slope and that this happens at approximately 220°C. Experiments on the induction of flow under a mechanical loading also agree with this value. We can thus safely claim that the polynorbomene studied here has a glass transition temperature of 220 "C. 111 \
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Fig. 13. Temperature dependence of the scattering intensity in the small angle regime



Optical properties



The polarizability and dipole moments were calculated for norbomane in order to enable to interpret the optical and dielectric properties. These quantities were determined using both semiempirical and ab initio methods. The results are given in Tab. 6. Optical properties are of importance in connection with applications in the area of optics. The refractive index of polynorbomene measured at room temperature at a
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Tab. 6. Polarizabilities and dipole moments of norbornane SEQM:



I



MNDO



Dipole moment ig D Polarizability in A3 Ab initio:



1



Dipole moment ig D Polarizability in A3



I



AM1



PM3



EX^.^^)



0.0190 7.7



0.0104 6.9



10.8



0.58



STO-3G 3-21G



4-31G



6-31G*



Sadlej14) EX^.^^)



0.021 8.4



0.0629 9.3



0.0634 9.6



0.0771 10.8



0.0619 9.2



0.58 10.8



wavelength of 628 nm turned out to be 1,546, which is rather large in view of the nonaromatic chemical structure of the polymer. Using the Lorentz-Lorenz equation (Eq. (10)) n 2 - 1 - 4xNa n2 2 3



+



whereo N is the particle L;nsity, we obtain a polarizability of norbornane of a = 10,8 A3. It is rather small, although in the expected orange; it is similar to the corresponding value of chloroform, for instance (10,5 A3). The very good agreement between this experimental value and the one obtained from ab initio calculations is very satisfying. Next we determined the anisotropy of the polarizability of polynorbornene as a function of the chain length employing semi-empirical quantum mechanical calculations. We expect that the anisotropy remains weak even for longer chains. Actually, polynorbornene-based polymers are used in optical discs just for this reason. Fig. 14 displays the results of such calculations.
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Fig. 1.4. Dependence of the anisotropy of the polarizability on the number of chain units in oligonorbornene
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It is obvious that the anisotropy remains small, as expected. In the following we will briefly consider the results of the a b initio calculations on the dipole moment. The prediction is that the dipole moment is very small. The dipole moment for norbornane was obtained experimentally by Wilcox et al.32’. The comparison shows a large deviation between the calculated and experimental value. Yet the experimental value seems to be far too large as judged from the chemical structure of the polynorbornenes. We will perform dielectric relaxation studies in order to obtain results on the dielectric properties of the condensed state.



Conclusions Norbornene undergoes vinyl polymerization using Pd2+ complexes of the type (RCN)4PdX2, X being a weakly coordinated anion like BFT. By variation of the nitrile, tuning of the solubility of the catalyst is possible. Homogeneous polymerization is achieved in chlorobenzene using a norbornyhitrile as a ligand. Polynorbornene obtained by Pd catalysis is soluble in many organic solvents like chlorobenzene xylene and cyclohexane. It is an amorphous polymer. Special purification methods allow one to reduce catalyst residues below the detection limit of AAS (
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