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Abstract

The crystal and molecular structures of NdCl;-
4THF have been determined by the low temperature
(—60 °C) X-ray diffraction method. NdCly-4THF
recrystallizes in the monoclinic space group P2,/c
with unit cell parameters g = 9.404(4), b = 21.591(5),
c=11.751(3) A, $=111.033)°, Z=4. The final R
value is 0.039. Three chlorine atoms and four oxygen
atoms from THF are coordinated with the central
Nd(lll) ion to give a pentagonal bipyramid poly-
hedron with coordination number 7, the average
Nd- Cl bond length is 2.674 A and Nd-O 2.498 A.

When combined with aluminum alkyls, NdCls-
4THF is a highly effective catalyst for the polymeri-
zation of dienes.

Relationships between complex structures and
polymerization activities are discussed and the differ-
ence in polymerization activities between NdCl; and
NdCl;-4THF is related to their crystal stabilities.

Introduction

It is known that when combined with aluminum
alkyls, NdCl; is less active for the polymerization of
dienes. If NdCl; is coordinated with some donors
(D =ROH [1], R3;PO [2] and THF [3]) the polymer-
ization activities of NdCl3-nD combined with alumi-
num alkyls will increase greatly. In order to study the
relationship between polymerization activities and
molecular structures we have determined the crystal
structure of NdCl;-4THF.

The crystal structures of NdCl;-3i-C3H,OH [4]
and NdBry-4THF [5] have already been reported but
the structure of NdCl;-4THF has not been communi-
cated as yct.
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Experimental

Preparation of NdCl3-4THF

Anhydrous NdCl; was dissolved in THF. The
solution was centrifuged to remove insoluble solid.
Hexane was added to the clear solution and it was
kept at a temperature below 0 °C to give a single
purple crystal.

Polymerization Procedure

Reagents

Pure butadiene was purchased from Beijing Oil
Co. Isoprene was freed of inhibitor by distillation and
stored over active aluminum oxide prior to use.
Hexane used as the polymerization solvent was
purified by distilling under nitrogen and storing
over active aluminum oxide.

Catalyst preparation

Into a predried and N, filled glass tube containing
several glass beads a weighed quantity of NdCl3+4THF
was placed. A calculated quantity of solvent and
AlEty was added. The mixture was then shaken for
several hours. The resulting suspension could be used
for polymerization after overnight standing.

Polymerization procedure

Polymerizations were carried out in 50 ml glass
bottles under N, atmosphere. The reagents were
introduced into the bottle in the following order: the
monomer, the solvent, and finally the catalyst. The
polymerization reaction proceeded at 50 °C for 5 h
and terminated by adding an ethanol solution con-
taining antioxidant. The resulting polymer was
precipitated with an excess of ethanol and dried to
a constant weight. The conversion percent was calcu-
lated based on the quantities of monomers used and
polymer obtained.

Polymer characterization
Infrared spectra of polymer films on NaCl plates
were recorded on an 580B spectrophotometer. The
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relative contents of cis-14-, 1,2- and trans-14-
polybutadiene were calculated by the equation:

A = 17667D1as + 3673 .8Dgy, + 4741 4Dy,
cis-1,4 (%) = (17 667D435/A) X 100

trans-1 4 (%) = (4741 4Dgg,/A4) X 100

1,2 (%) = (3673.8Dg;,/A4) X 100.

For polyisoprene the contents of cis-1,4 and
3,4 structures were calculated by the equations:

A= —8‘82[)890 + 704.50D1130 + 31 66D890
- 7.43D1130

cis-1,4 (%) = (—8.82Dgg + 704.50D, 130/4) X 100
3,4 (%) = (31.66Dggq — 7.43D;30/4) X 100

The intrinsic viscosity (n) of the polymers was
determined with an Ubbelohde viscositymeter in
toluene solution at 30 °C.

Determination of Crystal Structure

Because crystals of NdCl3-4THF are unstable in
air at room temperature crystal selection was carried
out on a device made by ourselves under N, at
—70 °C. A good single crystal was chosen of size
0.40 X0.30 X0.04 mm.

The low temperature technique was adopted to
protect the crystal and coliect the X-ray diffraction
data. X-ray diffraction data were collected on Nicolet
XRD Corporation R3 Four Circle Diffractometer at
—60 °C under the following conditions: Mo Ka (A =
0.71069 A) radiation, graphite monochromator, scan
mode 0—20 at the speeds of 6 and 29.3 */min, and
scan range 4°< 20 <40°. Two control reflections
were set and every 61 reflections a detection period
was undertaken. Data for 2852 reflections were
measured and 1791 reflections satisfying 7> 2.50(J)
were accepted as being unique observations.

From the systematic absences in reflections A0/
for I=2n+1 and 0kO for k = 2n + 1 the space group
was uniquely determined as monoclinic P2,/c with
unit cell parameters a = 9.404(4), b =21.591(5),c =
11.751(3) A, §=111.03(3)°, Z=4, ¥=2227(1) A3,
F(000)=1148(e),x=27.12 cm™ L,

The crystal structure was solved by heavy atom
methods using the SHELXTL programs. Lorentz
polarization factor corrections have been made for all
diffraction data. The coordinate parameters of the
Nd atom were found from the Patterson map. The
coordinate parameters of the carbon and oxygen
atoms were obtained by the Fourier iteration tech-
nique. The coordinates of the non-hydrogen atoms
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and isotropic temperature factors were converged by
least-square refinement R = 0.1013. After the coordi-
nates of hydrogen atoms were added according to
theoretical models, anisotropic temperature factors
were refined. The structure parameters were further
refined with blocked-matrix least-squares to a final
R =0.039. All calculations were carried out on an
Eclipse S/250 minicomputer.

Results and Discussion

Description of the Structure

The coordinates, bond lengths and angles of non-
hydrogen atoms are listed in Tables I, 1l and I1I. A
perspective drawing of NdCl3-4THF is shown in
Fig. 1.

The central Nd(III) ion is bonded with three
chlorine and four oxygen atoms of the THF mole-

TABLE 1. Atom Coordinates ()(104) and Temperature
Factors (A2 x 103)

Atom x y z va

Nd 3436(1) 1164(1) 2063(1) 43(1)
CI(1) 3212(4) 1039(1) ~248(2) 80(1)
CI(2) 4364(4) 1329(1) 4485(2) 75(1)
C1(3) 521(4) 1190(2) 1874(4) 111(2)
0O(1) 5705(7) 1823(3) 2170(6) 64(3)
C(11) 5841(16) 2184(7) 1170(11) 109(7)
C(12) 7280(16) 2402(7) 1488(12) 102(8)
C(13) 8023(16) 2324(6) 2797(12) 94(7)
C(14) 7013(14) 1963(7) 3195(11) 102(8)
0(2) 5788(7) 504(3) 2710(6) 59(3)
C(21) 6870(14) 393(6) 2083(11) 88(6)
C(22) 8194(14) 116(6) 2967(12) 93(7)
C(23) 7843(15) 46(7) 4098(12) 101(7)
C(24) 6226(15) 86(7) 3692(12) 105(7)
0(3) 2754(8) 46(3) 1932(6) 57(3)
C(31) 2745(19) —368(5) 996(12) 106(8)
C(32) 2486(20) —994(6) 1411(15) 120(9)
C(33) 1697(19) —865(6) 2248(17) 129(10)
C(34) 2005(22) —272(6) 2598(16) 146(11)
0(4) 2676(7) 2259(3) 1571(5) 52(3)
C(41) 1549(16) 2470(6) 441(10) 90(6)
C(42) 1081(16) 3091(6) 667(11) 97(7)
C(43) 2018(25) 3219(8) 1845(12) 218(14)
C(44) 2806(19) 2704(5) 2457(11) 101(7)

2Equivalent isotropic U defined as one third of the trace of
the orthogonalised U tensor.

TABLE I1. Bond Lengths (&)

Nd—-Ci(1) 2.664(3) Nd-CI(2) 2.689(3)
Nd -C1(3) 2.666(4) Nd--0O(1) 2.530(7)
Nd-0(2) 2.50%7) Nd-0(3) 2.493(6)
Nd-0(4) 2.485(6)




Catalytic Activity of NdCly-4THF

TABLE III. Bond Angles (deg)

CI(1)-Nd—C1I(2) 166.4(1) CI(1)-Nd~Cl(3) 102.2(1)

CI(2)-Nd-CI(3) 91.2(1) Ci(1)-Nd~-0O(1) 82.3(2)
CI(2)-Nd-O(1)  85.6(2) CI(3)-Nd-O(1) 144.4(2)
CI(1)-Nd-0O(2) 89.6(2) Cl(2)-Nd-0(2) 80.6(2)
CI(3)-Nd—-0O(2) 143.5(2) O(1)-Nd-0(2) 70.8(2)

CI(1)-Nd-0(3) 85.0(2) CI(2)-Nd-0O(3) 100.0(2)
CI(3)-Nd-0(3) 77.4(2) O(1)-Nd-0(3) 183.1(2)
0O(2)-Nd-0(3) 69.3(2) CIi(1)-Nd—-O(4) 86.9(2)
CI(2)-Nd—0O(4) 94.5(1) CI(3)-Nd~0(4) 76.0(2)
O(1)-Nd-0(4) 68.9(2) 0(2)-Nd-0(4) 139.7(2)
O(3)-Nd-0(4) 149.9(2) Nd-O(1)-C(11) 125.3(6)

Nd—-O(1)-C(14) 128.5(7)
Nd—-O(2)-C(24) 125.6(8)
Nd-0(3)—-C(34) 127.5(8)
Nd—-O(4)-C(44) 123.0(6)

Nd—-0O(2)-C(21) 129.1(6)
Nd-0(3)~-C(31) 126.3(7)
Nd—0O(4)-C(41) 124.8(6)

Fig. 1. Perspective drawing of NdCl3-4THF (projected on
001 plane).

cule, The coordination number of the compound is 7.
The coordination polyhedron is a pentagonal bi-
pyramid, shown in Fig. 2. The plane (O(1) O(2) O(3)
0(4) CI(3)) equation is —1.56x +2.49y +11.46z =
2.09* with the r.m.s. deviation of —0.31 A (O(3)).
The plane (CI(1) C1(2) Nd) equation is —1.03x +
21.31y — 1.04z = 1.91. The torsion angle between the
two planes is 90.1°. The bond angle of Cl,—Nd—Cl, is
166.5° which is close to 180°. The distance of Nd—Cl
is in the range 2.664—2.689 A and average value is
2.673 A. The distance of Nd—O is in the range
2.485-2.530 A and average value is 2.504 A. In the
pentagonal structure the average angles of CI-Nd—-O
and O—Nd—O are 76.7° and 69.7°, respectively. The
former is larger than the latter by 7°. This is because
the chlorine atom is larger than the oxygen atom.
The sum of these angles is 362.5°, which is close to
360°.

*The crystal coordinates were taken.
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cl
Fig. 2. Pentagonal bipyramid.

The angles of nip (O(i)) between the vectors of
Ndogy (=1,2,3,4) and normals in the THF ring
containing O() are O(1)=112.2, 0(2)=104.7,
0(3)=90.4, O(4)=79.8° In Table IV the angles
between the normals of the planes are as follows:
P(2)-P(1)=42.1, PQ3)-P(2)=77.2, PQ3)-P(1)=
112.2, P(4)-P(3)=68.3, P(4)-P(2)=70.6, P(4)—
P(1) = 104.9°.

From Table IV it can be seen that the plane P(2) is
seriously distorted with the r.m.s. deviation of —2.6
A. The internal angle sum of the pentagonal structure
is 540° without torsion but that of P(2) is 527.3°. The
planes of P(3) and P(4) are also distorted seriously
with the r.m.s. deviations of 0.17 and 0.16 A. It is
interesting that the torsion is not only related to the
internal angle sum but also the bond lengths of Nd—
0. For example, the longest of four Nd—O bonds is
2.530 A which is slightly distorted with the r.ms.
deviation of 0.09 A (O(1)) from the plane (O(1) O(2)
0(3) O(4) C1(3)), of which the internal angle sum is
near 540°.

Molecular Structure and Polymerization Activity

The crystal structure determination of NdCl; has
been reported [6]. A comparison of molecular struc-
ture of NdCl;-4THF with NdCl;, NdBry*4THF and
NdCl,-3i-C3H,O0H is very instructive. From Table V
it can be seen that when different ligands are bonded
with the central Nd(III) ion the space group changes
greatly.

The NdCl;-3i-C3H,0H molecules in the crystalline
state are associated as dimers because of the coordi-
nate unsaturation. From Table VI it can be seen that
in order to satisfy coordinate saturation the mole-
cules of (CsHs5),NdCI-THF [7] in the crystalline
state are also associated as dimers. However, all the
complexes of (CsHs)3;Nd-THF, Cs;H3;NdCl,-3THF
[8] and NdACIl;4THF in the crystalline state are
monomer.
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TABLE TV. Plane Equations of THF as well as their Average Bond Lengths (&) and Angles ()2

Plane  Equation and atomic deviation (d) C-C C--0 c-Cc-C C-0-C 0-CcC Internal Average

(A) angle sum  angle
P(D) —4.78x +18.02y +4.522=1.60

o) Ccay C12) C13) C(14)

-0.05 0.09 -0.09 005 O 1.428 1.442 105.1 110.1 106.1 583.3 107.7
P(2) 1.69x + 19.40y + 3.70z = 2.75

0(2) C(21) C(22) C(23) C(24)

0.21 -0.07 -0.07 020 -0.26 1.462 1.445 104.7 106.1 105.3 527.3 105.5
P(3) 6.56x +4.42y +4.61z =2.58

0(3) C(31) C(32) C(33) C(34

0.10 -0.17 0.17 -0.12 0.02 1.434 1411 104.3 109.8 104.2 532.1 106.4
P4) 8.48x +6.90y — 6.932 = 2.66

0O4) C@41) C42) C(43) C449)

0.07 003 -0.12 0.16 -0.14 1.408 1.422 107.2 106.6 109.2 538.8 107.8
8x,y.z in the plane equations are crystal coordinates and d is the perpendicular distance deviated from plane.
TABLE V. Comparison of Molecular Structures
Complex Space Molecule Nd-X Nd-X Nd-X Specific Association Coordination

group number for (1) 2) (3) gravity d state number
unit cell (g em™3)
NdCl, P63/m 10 2.923 2.886 - 4.139 polymer 9
NdCl3-4THF P2,/c 4 2.666 2.689 2.668 0.968 monomer 7
NdBr;-4THF Pi 2 2.837 2.863 2.871 1.144 monomer 7
NdCl53-3i-C3H,0H  PI 1 2911 2.755 2,693 1.042 dimer 7
TABLE VI. Comparison of Crystallographic Parameters
Compound Space Nd-Ci2 Nd-C2 Nd-02 Coordination SAS
group (A) (A) (A) number

(n°-CsHs)3Nd -THF [9] P2i/n 2.79 2.54 10 0.712
(n5-CsHs);NdCI-THF P2,/c 2.83 2.76 2.55 8 0.777
15-CsHsNdCl,-3THF P2y/n 2.72 2.76 247 8 0.736
NdCl3-4THF P2,/c 2.67 2.50 7 0.748
aAverage.

The solid angle sum (SA4S) of these compounds is
estimated to be near to the value of 0.73.

In order to explain the difference between
polymerization activities of NdCl; and NdCl;-4THF
for diene we completed the polymerization of diene
using the NdCl;-4THF—AlEt,; system. The polymer-
ization results are listed in Tables VII and VIII. It can
be seen from Tables VII and VIII that NdCl;-4THF
is highly active for the polymerization of diene,
also the polymerization activity of butadiene is
greater than that of isoprene.

If the chlorine atom in NdCl3+4THF is replaced by
cyclopentadienyl group the bond lengths of Nd—Cl
increase (Table VI) but the polynierization activities
of CsHsNdCl,-nTHF become close to those of
NdCl;-4THF [10]. We wonder why NdClj; is hard to
react with aluminium alkyls in hydrocarbon solvent,
while NdCl;-4THF is able to react with aluminium
alkyls to form highly active species. The molecules
of NdCl; are bridged by two chlorine atoms to form
a polyhedral crystal but the molecules of NdCl,-
4THF are associated together by the van der Waals
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TABLE VII. Butadiene Polymerization Using the NdCls-
4THF —-AlEt3 System®

Nd/monomer  Conversion (n) Microstructure (%)
1/mol) x 10° dl

(molfmob x 107 (%) @814 12 trans14

4.0 81.3 10.1 96.8 0.5 2.6

3.0 62.6 142 974 0.3 2.0

2.0 44.3 162 97.0 0.3 27

aPolymerizations were carried out at 50 °C for 5 h in hexane
with the monomer concentration initially at 10% (w/v), at
AlEt3/NdCly+-4THF (mol/mol) 30%.

TABLE VIII. Isoprene Polymerization Using the NdClz-
4THF-AIEt; System®

Nd/monomer Conversion (m) . Microstructure (%)
(mol/mol) X 105 (%) dljg) cis-1,4 3,4
14.0 88.2 4.9 95.4 4.6
12.0 85.3 5.7 95.5 4.5
6.0 60.3 7.7 94.8 5.2

aPolymerization conditions are the same as in Table VII.
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force. Of course, the intermolecular force of NdCl; is
greater than that of NdCl;-4THF and the crystal of
NdCl, in non-polar solvent is more stable than that
of NdCl4-4THF.
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