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The structure of {Zn{OP(CH;){CsHs)O] 2},
nC4Hy O, has been determined by three dimen-
sional single-crystal X-ray techniques. This polymer
crystallizes in the space group P4,/m with two for-
mula units in a cell of dimensions a = 10.725(4) A,
c=29.229(4) A,V =1061.6 A% and d, = 1.45 g/ml.
Least-squares refinement of 432 independent reflec-
tions gives a final R factor of 3.6%. The structure
consists of polymeric chains of tetrahedral zinc
atoms linked by double phosphinate bridges. The
Zn-Zn distance is 4.614 A. The dioxane molecules
are distributed between the chains at normal Van der
Waals distances. IR and NMR evidence suggests that
the amorphous form of the parent polymer {Zn-
[OP(CH3)(C¢H; )O] 2},, has essentially the same
backbone structure.

Introduction

The earlier structural studies on zinc(II) bis-
(phosphinates), which were mostly done on fibers
and disordered crystals [1-4], found them to con-
tain linear chains of tetrahedrally coordinated metal
atoms linked by alternating single and triple 0,0’
symmetrically bridging phosphinate groups. A double
bridge structure for zinc phosphinates with particu-
larly bulky phosphinate groups has also been postu-
lated based on Xray fiber studies [5]. In more
recent single crystal studies a copper(Il) bis(phos-
phinate) [6] and a lead(Il) bis(phosphinate) [7],
were shown to contain double OO’ symmetrically
bridging phosphinate groups.

Three forms of {Zn[OP(CH3)(C¢Hs)20]2}, have
been isolated [8], which include one soluble
amorphous form (designated @) and two insoluble
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crystalline forms (designated § and ¥). The melt
indices and the molecular weight of the soluble
form indicates a polymeric structure. Both crys-
talline forms convert to the amorphous form upon
heating above their melting points and some
amorphous samples convert to the vy crystalline form
on standing.

Experimental

Materials

The preparation of the three forms of {Zn[OP-
(CH3XCe¢Hs)0O]2}, has been described earlier [8].
For this study the @ and § forms were both obtain-
ed as a precipitate from the reaction of two equiv-
alents of (CH3)(Ce¢Hs)P(O)OH with one equiv-
alent Zn(C;H30,),+2H,0 in 95% ethanol. The
¥ form crystallized from a concentrated benzene
solution of the @ form which had been stored for
several months. Samples of the a form were also
obtained by heating the § and y forms above their
melting point.

Crystals suitable for X-ray analysis were obtained
by vapour diffusing dioxane into a water solution
of the amorphous form (@ form) of {Zn[OP(CHj)-
(CsHs)O] 2}

Physical Measurements

Infrared spectra were recorded with both Perkin-
Elmer 337 and 621 spectrophotometers on Nujol
mulls between KBr disks. The DSC curves were
obtained with a DuPont DSC cell module and the
DuPont 990 thermal analyzer. A Varian HR-60 NMR
spectrometer was used for the NMR spectra.

© Elsevier Sequoia/Printed in Switzerland



226

TABLE 1. Crystal Data for {Zn[OP(CH3}(C¢Hs)Olz}n*
nC4Hg 0.

a =10.725(4) A u(MoKa) = 1.89 cm !
c = 9.229(4) Mol wt. = 463.75(n=1)
Vv =1061.6 A° de = 1.45g/ml
zZ =2 dm = 144g/ml
Space Group: P4, /m R = 0.036

Ry = 0,039

Collection of the Intensity Data

A colourless needle with approximate dimensions
0.10 X 0.10 X 0.30 mm was selected and mounted
on a Philips automatic diffractometer. The unit-cell
parameters and other crystal data are reported in
Table I. The 432 independent reflections with I >
2.50(]), collected with the w—26 technique in the
range 4 < 26 < 50° were used for the structure deter-
mination and refinement. The standard deviation
o(l) of the corrected intensity J was taken as [P +
0.25(B; + B)(T,/Tp)? + (0.01 I)2]'2, where P is
the total integrated peak count, B; and B, are the
background counts, 7, and T, are the count times
on the peak and background respectively and 0.01
I is an empirical correction for unrealistically small
standard deviations in strong reflections. Two reflec-
tions, 1 2 0 and —1 — 2 0, monitored periodically,
did not show any appreciable variation in intensity
during data collection, although slight efflorescence
of the crystal was noted, probably due to a superficial
loss of dioxane.

Intensities were corrected for Lorentz-polariza-
tion effects; absorption corrections were not applied.
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A { scan on a few reflections showed a maximum
deviation of 3% in intensity.

Structure Solution and Refinement

The structure was initially solved in the space
group P4, by means of Patterson and Fourier
syntheses which gave the positions of all the non-
hydrogen atoms. During the least-squares refinement
of the structure the presence of high correlation coef-
ficients between several atomic parameters, which
resulted in abnormally large standard deviations,
convinced us of the existence of a mirror plane
perpendicular to the fourfold screw axis at z = 0.

In P4;/m the structure quickly refined at an R
factor of 0.042 with anisotropic temperature factors
for all the non-hydrogen atoms. The dioxane mole-
cules showed a disordered distribution around the
2/m equivalent position, with the four carbon atoms
lying in the mirror plane and the oxygen atoms out
of the plane with a site occupation factor of 0.5. A
difference Fourier synthesis calculated at this point
showed the positions of all the independent hydrogen
atoms, save for one methyl hydrogen atom. Inclusion
of these atoms with a temperature factor U = 0.06
A%, followed by one more least squares cycle on the
non-hydrogen atoms, gave final agreement factors R
and Ry of 0.036 and 0.039, respectively. Ry is
defined as [Zw(| F,| —|F,|)*/ZwF2] Y2, The function
minimized was Zw(|F,|—|F,|)? with weights w =
K/(6*(F) + 0.01 F?), with standard deviations on F
from counting statistics and K a variable scale factor.

All the calculations were performed with the set
of programs SHELX-76 [9] with coefficients for
analytical approximation to the scattering factors
and anomalous dispersion corrections from the Inter-
national Tables [10]. The molecular plot and the
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Fig. 1. ORTEP drawing showing the polymeric chain of bis(u-methylphenylphosphinato)zinc(II)-dioxane.
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TABLE II. Positional Parameters (X104), Thermal Parameters® (A X 103) and Estimated Standard Deviations for the Atoms of

{Zn[OP(CH3)(C¢H5)0]2}°nC4Hg O;.

Atom x/a y/b zfc Unp Uazz Uss Up Uss Ua3
Zn 0 0 2500 51(1) 51(1) 24(1) 0 0 0
P(1) 667(2) 1932(2) 0 44(2) 52(2) 35(1) —4(1) 0 0
0O(1) 905(4) 1215(4) 1379(5) 65(3) 75(3) 42(3) —18(2) -6(2) 20(2)
C() —880(10) 2497(11) 0 44(7) 102(10) 95(9) 35(N 0 0
C2) 1726(8) 3241(8) 0 34(5) 48(6) 48(5) 5(5) 0 0
C(3) 2138(7) 3758(6) -1307(8) 62(5) 52(5) 61(4) 1(4) 16(4) 1(4)
c4) 2923(8) 4778(N —1283(10) 78(6) 57(5) 103(7) —-5(5) 29(5) 13(5)
C(5) 3329(11) 5279(12) 0 53(8) 58(8) 154(13) —4(6) 0 0
Atom x/a y/b z/c U Atom” x/a y/b zfc
0(2) —-4299(10) 1128(10) 284(18) 91(4) H(1) -1165 3099 -737
C(6) —5653(26) 1235(31) 0 240(14) H(3) 1917 3176 -2354
C(7) ~-3726(27) -24(19) 0 193(9) H(4) 3219 5080 —2439
H(5) 3994 6059 0
H(6) -5590 1014 621
H(7) —-4028 -201 1006

# Anisotropic Thermal Factors are of the forms exp(—21r2(3zi=13Ej=1hihjai' ai' Usy).

Hydrogen Atoms was fixed at a value of 0.06 A%,

bThe isotropic Thermal Factor for the
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Fig. 2. Packing of the chains in bis(u-methylphenylphosphinato) zinc(II) showing also the positions of the dioxane molecules.

packing diagram were produced by ORTEP [11].
Final atomic coordinates and thermal parameters
with estimated standard deviations obtained from

the least-squares calculations are reported in Table
II.

Description of the Structure

The structure of bis(u-methylphenylphosphinato)-
zinc(Il)+dioxane is similar to that of bis(u-diphenyl-
phosphinato)lead(II) [7] and bis(u-dibutylphos-
phinato)copper(Il) [6]. It consists of polymeric
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TABLE III. Bond Lengths (A) and Angles (deg) with Estimat-
ed Standard Deviations in Parentheses.

a) Phosphinate
Zn—Zn 4.614
Zn—0(1) 1.926(4) 0(1)-Zn—-0(11) 115.0(3)
0O(1)-Zn-0(1a) 106.8(1)
Zn-0(1)-P(1) 135.4(3)
O(1)-P(1) 1.508(4) O(1)-P(1)-0(1") 115.0(4)
P(1)-C(1) 1.767(10) O(1)-P(1)~-C(1) 109.5(3)
P(1)-C(2) 1.806(9) O(1)-P(1)-C(2) 106.8(2)
C(1)-P(1)-C(2) 108.9(5)
C(2)-C(3) 1.399(8) P(1)-C(2)-C(3) 120.4(4)
C(3)-C4) 1.381(9) C(3)—C(2)—C(3") 119.2(8)
C(4)—-C(5) 1.371(10) C(2)-C(3)-C#4) 119.5(7)
C(3)-C(4)-C(5) 121.209)
C(4)—-C(5)-C4" 119.5(11)
b) Dioxane
0(2)-C(6) 1.480(29) C(6)-0(2)-C(7) 117.7(15)
0(2)-C(N 1.404(25) 0O(2)-C(6)-C(71) 120.2(37)
C(6)-C(71) 1.459(27) OQ)-C(T)-C(61) 116.9(35)

chains running parallel to the fourfold screw axis with
the phosphinato groups forming double bridges
between the zinc atoms (Fig. 1). The dioxane mole-
cules are distributed in cavities between the chains
and at normal Van der Waals distances (Fig. 2).
Owing to disorder around the 2/m equivalent posi-
tions. It cannot be stated whether they assume the
boat or the chair conformation. The coordination
around the zinc atom is an almost regular tetrahedron
with S, crystallographic symmetry. The planes of
symmetry normal to the fourfold screw axis pass
through the phosphorus atoms and the methyl carbon
atoms, bisecting the phenyl rings. Bond lengths and
angles in the structure are in agreement with the
values from analogous metal phosphinates (Table IIT)
[6,7].

The Zn—Zn distance along the fourfold screw axis
is 4.614 A which is somewhat shorter than the Cu~Cu
distance  in  bis(u-dibutylphosphinato)copper(Il)
(4.938 A). Since bond lengths and angles in the phos-
phinato bridge are essentially unaltered in the two
structures, the shortening of the metal--metal
distance along the chain must be attributed to the
increased values of the O—M-Q angles which are
much closer to the tetrahedral values in the present
structure.

Previous workers have suggested [3] a structure
containing alternating single and triple phosphinato
bridges for {Zn[OP(CH3)(C¢Hs)0]: }n; however, this
work clearly shows that it is possible to have a double
bridged structure. It is also possible for the various
modifications of the pure polymer to have structures
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Fig. 3. Infrared spectra of {Zn[OP(CH3)}(C¢Hs5)Ol2}y in
Nujol mull. (A) Dioxane adduct: (B) Amorphous a form; (C)
Crystalline y form; (D) Crystalline g form.

that differ from each other and from that of the
dioxane adduct. The X-ray powder patterns of the §
and -y forms of the pure polymer are clearly different
from one another [8] and from that of the dioxane
adduct, but it cannot be said whether this difference
is due to single triple vs. double bridging or to chain
packing such as in the orthorhombic and monoclinic
forms of {Zn[OP(CH3;¥C4Hs)O]2}n [2]. In our
opinion the IR spectra which will be discussed below
suggest that the dioxane adduct and amorphous
form have the same backbone structure.

Physical Properties and Structural Isomerism

The infrared spectra of the three forms of {Zn-
[OP(CH3)(CsH5)0,}, and its dioxane adduct are
presented in Fig. 3. All contain two strong PO,
stretching bands at ca. 1135 and 1060 cm™’. The
position and separation of these bands is indicative
of symmetrical 0,0’ bridging phosphinate groups
[12, 13]. In the spectrum of the amorphous form
these bands are very broad whereas they are sharp
in the spectra of the crystalline forms. Some differ-
ences in the spectra of the various forms occur in the
12001300 cm™! region; however, these bands are
very weak and are probably overtones or combination
bands. The most significant differences in these
spectra are in the M-—O stretching region. The
amorphous form and the dioxane adduct both have
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TABLE IV. NMR Results for CH3(C¢Hs)P(0)OH and {Zn[OP(CH3)(CgHs)O]2 }, in Chloroform.

Compound Nuclei s (PPM)? J(CPS)
(CH3)(CgHs)P(O)OH Iy 1.61° 7.49° 7.84° 14.3P
{Zn[OP(CH3)(CHs)0)2}p 1y 1.32° 7.21° 7.7° 14.6°
(CH3)(C6Hs )P(O)OH Stp —43.59 145+ 0.5
{Zn[OP(CH3)}C6H5)0]3 )y, 3lp -36.0° 14.5 £+ 0.5

I;Relative to (CH3)4Si (internal) and 85% H3PO4 (external).
Quartet.

bDoublets due to CHs.
®Quartet slightly broader than in spectrum of free acid.

cOverlapping doublets due to CeHs.

TABLE V. Transition Temperatures and Energies of {Zn[OPRR’O]z}n.

{Zn[OPRR'O]2}, Endotherm Type of . aH Ref.

Form R R ;:::t:gn Transition' Kcal/Mole

a CH3 CeHs 90 A-M <0.9

B CH,3 CeHs 185 C—-M 5.6

% CHj CeHs 210 CcC-M 5.3

Dioxane CH3 CgHs 113 C-M 133

Adduct + Dioxane
CaHg C4Hg 170 C-M 3.3 14
CgHyy CgHysy 145 C-P 3.0 14
C4Ho C¢Hs 168 C-P 5.2 15
CaHy CeHs 167 C>P 3.1 15

2A-Amorphous; C-Crystalline; M-Melt; P-Paracrystalline melt.

two bands in this region, one at 525 cm * and one at

485 cm™!. On the other hand the 7y form of {Zn[OP-
(CH3)(CsHs)0]2}n has only one symmetrically split
band centered at 525 cm ' and the 8 form has an
unsymmetrical band at the same frequency. The
similarities of the spectra of the amorphous form and
the dioxane adduct suggest a similar structure for
these two forms.

The *P and proton magnetic resonance spectra
for (CH3)(CsHs)P(O)OH and the amorphous form of
{Zn[OP(CH;3)(CeH5)0]2},, were recorded and the
results appear in Table (IV). Except for the chemical
shifts the only other difference between the spectra
of the acid and the zinc polymer is a slight broaden-
ing of the P resonance in the spectrum of the
polymer. One would expect that if the polymer had
two types of bridging phosphinate groups, as in the
single triple bridged structure, additional splitting
of the *'P resonance would be observed. Unfortu-
nately, the absence of this splitting does not prove
double bridging.

The DSC thermograms of the three forms of
{Zn[OP(CH3)}(CsH5)0],}, were each found to

contain one irreversible endotherm (see Table V).

The initial heating of the a form produced one weak
endotherm at 90 °C, whereas reheating this sample
as well as samples of the & form obtained from melt-
ing B and vy samples, produced barely detectable
endotherms at similar temperatures. This transition
may be due to the transformation of small regions
of crystallinity into the amorphous form, since in
the initial heating the transition energy differed
drastically from sample to sample.

As expected the $ and y form melt at much
higher temperatures and with greater enthalpy than
the @ form. No paracrystalline form was observed
for either the B or y forms as has been found in a
number of other zinc phosphinates [14, 15]. It
was not possible to crystallize either form from
the melt, even with extremely slow cooling (i.e.
1°/hr). Some transition energies and temperatures
which have been observed for other zinc phosphinates
also appear in Table V for the purpose of compari-
son. The transition energies for the fusion of the
crystalline forms of the methyl phenyl polymer are
higher than any previously reported fusion enthalpy,
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however, the @ form of {Zn[OP(C4H;)(CsHs)0)2}n
converts to a paracrystalline form with only slightly
lower AH;.

The dioxane adduct has one endotherm at 113 °C
and its TGA shows a weight loss of 18% at this
temperature. This corresponds to the loss of one
dioxane per Zn[OP(CH;)(C¢H;5)0]; dioxane at
this temperature.

Acknowledgement

We wish to thank the Istituto di Chimica Organica
dell’Universitd di Padova for the use of their dif-
fractometer. The work was supported at Pennwalt
in part by the Office of Naval Research and at the
Universitd di Siena by CNR, under contract No.
79.02351.64.

References

1 F. Giordano, L. Randaccio and A. Ripamonti, Acta
Crystallogr., Sect. B, 25, 1057 (1969).

10
11

12
13

14

15

R. Cini, P. Irioli, M. Sabat and H. D. Gillman

V. Giancotti, F. Giordano, L. Randaccio and A. Ripa-
monti,J. Chem. Soc. A, 757 (1968).

F. Giordano, L. Randaccio and A. Ripamonti, Chem.
Comm., 19 (1967).

F. Giordano, L. Randaccio and A. Ripamonti, Chem.
Comm., 1239 (1967).

V. Giancotti, F. Giordano and A. Ripamonti, Makro-
mol. Chem., 154, 271 (1972).

R. Cini, P. Colamarino, P. L. Orioli, L. S. Smith, P. R.
Newman, H. D. Gillman and P. Nannelli, Inorg. Chem.,
16, 3223 (1977).

P. Colamarino, P. L. Orioli, W. D. Benzinger and H. D.
Gillman, Inorg. Chem., 15, 800 (1976).

S. H. Rose and B. P. Block, J. Polym. Sci., Part A-1, 4,
573 (1966).

G. M. Sheldrick, SHELX-76. ‘Program for Crystal Struc-
ture Determination’, Cambridge University (1976).
‘International Tables for X-Ray Crystallography’, Vol
IV, Kynoch Press, Birmingham, England (1962).

C. K. Johnson, ORTEP, Report ORNL-3794, Oak Ridge
National Laboratory, Tennessee.

H. D. Gillman, Inorg. Chem., 13, 1921 (1974).

H. D. Gillman and J. L. Eichelberger, Inorg. Chem., 14,
840 (1976).

V. Giancotti, A. Ripamonti and P. A. Temussi, Polymer,
12, 409 (1971).

V. Giancotti and A. Ripamonti, J. Chem. Soc. A, 709
(1969).



