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Tetrahedral-Atom Zincophosphate Structures. Zinc Diethyl Phosphate, [{Za(0,P(OC;Hs),):),

One-Dimensional Inorganic “Polymer™

William T. A. Harrison,™ Tiaa M. NesofY, Thurman E. Gler, and Galea D. Stucky”
Department of Chemistry, University of California, Sants Barbara, California 93106-9510

Received March 3, 1992

Thcsynmmmcmmdmcmmmohm sabydrous, zinc ethyl pbosphate are describod. 28(04P-
{OC;H,),); (ZaPOEL) crystallizes in the monoclinic space group C2/c (No. iS5 witha = 22176 (6) A, # = 3.042
(DA c=5088 (A, 5=96553(8)°. Vw1610 pose = 1.533 g/’ = 178 con', and Z » 4, with R(F,)
= §.94% for 658 obscrved reflections (1 > 3e(l)). The novel structure consists of infinite 1 -dimensional chains of

vertex-linked zinc-axygen and

ygen tetrabodra forming “four-rings”. two of the phosphate P-O

phosphorus-ox
vertices are coordinated o etdyl (—~C;H;) groups, and the “berringbone™ crysial packing is determined by ven der
Waals' forces between these terminal organic groups. Physical (TGA, DSC) and spectroscopic dawa (TR, 'H, and
1P NMR) are presented. The physical data show a2 meltisg, followed by ¢ decompasition resction, eveatually
resulting in Za(POh);. ZaPOEt is soludic in, and recrysillizable from, several polsr and noapoiar solvests: the
NMR dats suggest that ZnPOE1 maintsins 2 “polymeric” state in solution. ZaPOE! is contrasted with its mifur-

containing seslogue, Zn(S;P{OC,;Hs))):.

Introduction

Over the past few years there has been coasiderabie interest
in the structures and properties of layered metal/phosphorus/
oxygen/organic phases, composed of organopbospbate (0,P-
(OR)., 7 = 1, 2 ) or organophospbonate (O;PR) groups, in
combinstion with di- or trivalent metal ions. Several metal-
organophosphonate phases, exemplified by the typical formula
M(O;PR)-H;0 (M = Mg, Ca, M, Fe, Co, Ni, Cu, Za, Cd, etc.;
R = methyl, ethyl, phenyl, <c.) were first prepared by Cun-
ningbam et al.! and structurally studied by Alberti et a1.2 Mallouk
and co-workers prepared a number of divaient metal organo-
phosphonates as single crystals and determined the structure of
manganese phenyiphosphonate hydrate, Ma(OPCH;)-H;0.}
Clearfield and co-workers solved the structures of zinc phe-
nylphosphonate hydrate, Zn(O,PCH;}-H,0,¢ and zinc cthy!
phosphste hydrate, Zn(O,POC;H;)-H;0, and a functionalized,
amide-contsining congener, Zn{O,POC,H.NH;){O,CCH,), by
X-ray diffraction methods.* The layered structure of VOCH;-
PO;-H;O has been determined by Huan et 8l..% and a new family
of ferric phosphonates has been reported,’ which contain layers
of FeOQ, octahedra and O,PCH; tetrahedra.

Crystal-structure studies have demonstrated that the above
materials contain 2-dimensional jayers of M- and P-centered
polyhedra, separated by organic groups. These phases have been
considered to be model compounds for the industriaily-important
pillared clays,! since these structures have s well-defined and
predictable layer topology. Substitution in the metal coordination

* Authors for correspondence.
* Department of Chemistry, University of Houston, Houston. TX 77204-

564",
{1) %m;lsinghlm, D.. Hennely, P. J.D.. Decney, T. Inorg. Chim. Acta 1979,

(2) Atberti,
Chem. 1978, 40, 11113,

(3)] ‘2;76:' G..Lee. H.; Lynch, V. M.: Mallouk, T. E. fnorg. Chem 1988, 27,

4) Mtrt;n K. Squsttrito. P. J.; Clearfield, A. Jnorg. Chim. Acra 1989,

G.. Costantino, U.; Alluli, S.; Tomassini. J. J. fnorg Nucl.

(5) Or;lz-Awh Y:: Rudoiph, P. R.; Clearficld, A. Inorg. Chem. 1999, 28,

un

(6) Huan, G.. Jacobeen, A J.: Johnson, J W Corcorsn E W _Jr Chem
Mater. mo 2,91,

(1) Bujoli, B.; Palvadeau, P Rouxel. J. Chem. Marer. 1990, 2. $22.

(8) Frink, K. J., Wang, R.-C.; Colbn, J. L. Clearfield, A Imorg Chem
1991, 30. 1438

spbere and intercalation resctions have bees demonstrated for
several of these layered phases t?

In this puper we report the synthesis, structure, aad some
properties of zinc diethyl phosphate, Zn(OQ:P(OC,Hs)) (Zn-
POEL), a ncw zinc organophosphate which bas & 1-dimensiona!
anwm.hmm these chains have
tetrabedral ionic cores surrounded by hydrocarbos coatings.
ZaPOE! is compared to zinc 0,0-dicthy! dithiophosphate, Zn-
(S;P(OC;H,),); (ZHSE(),'&” a2 matenal whichk bss found
extensive applicability in Jubrication science.'? However, ZnSE(
has a chain connectivity and resctivity difTerent from those of the
material reported here.

Experimental Section

Sywthasls. The ZaPOEt was prepared hydrothermally: 1 .61g0of 20O,
29.14 g ol 1riethyl phosphate, (Et0Q),PO, and 20 e’ of water were placed
in 2 Teflom bottle, resulting in & white slurry, whick was placed in 2 100
*C water bath, enciosed in 3 well-vestilated fume bood. Etbasol was
given of{ (detacted by its odor) and large transfucent crystals formed over
several days, after which the solution was cocled, aad upoe wasking with
wetbanol, a very large mass of fibrous, intergrown crystals was recovered.
The yieid was 507 g (68% dased ou ZaQ). ZaPOE: sppesrs 0 be
indefinitely stable in air.

Strectwre Determination. ZaPOE: crysuals are extremely soft and
easily damaged, but s good-quality, sharply diffrscting (typical o-scan
width = 0.17°), needlie-shaped tramsiucent crystal (dimenmons ca, 0.5 X%
0.1 X 0.1 mm) was finslly selectad and mountad on & thin glass fiber with
cysnoecrylate glue. Room-temperature {28 {1)*C) intensity data were
collested on & Huber sutomated fourcircle diffractometer (grapbite-
monochromated MoKa radistion, A « 0.710 73 A), as outhined in Table
1. A ol of 21 reflections were locsted and centered by searching
reciprocal space and indexed to obtain s unit ceil and orientstios matrix.
The lattioe constants were optimized by least-squaret reflisement, resulting
in the following monoclinic psrameters: a = 22.176 (6) AL b = 8.042(2)
Acm9.088(3) A, 8=96.553(8)". V= 1610A". A rotalof 2388 unique
intensity data were collected using the 8-2# wcanning mode between 0
and 45° in 20, with standard reflections monitored for intensity varistion
throughout the course of the experiment: no significant variation in
standards was observed. The scan speed was 1°/min with & scan range
of 1.4° below Ka, to 1.5° above Ka;. Crystal absorption was mounitored

(9) Cia, G: Mallouk. T E. fnorg, Chem 199130, 1434

(10) ho, T.. Igarashi, T.; Huﬂnn H. Acta Crystaliogr. 1969, B25. 2303

(ll)!umAJDcnnS Ganey!T:nPSGJCthoc
Perkin Trans. 1999 753,

(12) Ford. } F J Inst. Per 1968 54, m
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Tabe L. Crysullographic Purameters for Zn(0,POC; Hshi)s

empirical formula  2aPOyCoHp 2 4
w 374 T¢*C) 25 (1)
spacs group C2/c(No.13)  MMoaKa) (A) 0.710713
a(d) 22176 (6) Soue (8/0m") 1.533
8(A) 8.042 (2) (Mo Ka) {cm) 178
e(A) 9.088(3) R(FY (%) 6.94

8 (deg) 96.553 (8) RJAF P (%) .21
V(AN 1610

R« LWL - FYTFL P Ry = (DollFd - F DY EMFRI2.

by using ¥-scans through 360° for selectad refloctions with x =~ 90°.
Absorptioa was negligible, and 8o correction waa appliad to the data. The
taw data wers reduced using a Lehmana-Larsea profile-fitting routine."?
i0d the normal corrections for Lorentz and polarization ¢ffects were
made. All the data collection and reduction routines were based oa the
UCLA peckage.'t After data merging to 678 unique intensities
(observability criterion I > 3o(/); Ry = 14%). systematic absences (Akl,
A+ k; 40U, b, I, 0k0, k) were compatibie with space groups Ce and C2/c.
The aumber of observed reflections, expressed a3 a perceatage of the
total aumber possible in the molybdenam sphere, was ly 28%. However,
this is competible to the 31% of reflections found o0 have messursdie
intensities in the structure determination of Za(S:P(OC;Hs).'®

The structure was solved by direct methods, assuming the space group
was ceatrosymmetric C2/¢ (No. 15), as confirmed by the course of the
subsequent refinement. A chemically-reasonable direct-methods soluticn
for all the noa-hydrogen atoms was obeained from the program SHELXS-

/'? Noretsonable peoton iocaticas couid be determined from difference
Fourier syntheses, and after anisotropic refinement, all the proton pasitions
were located geometricaily oa their respective carbon atoms. The protons
were attached to the carbon atoms astuming sp? goometry around these
tpecies: for the three terminal protons attached to C(2) sod C(4) 1be
torsion angle o(O-C-C-H) for one of the three methyl hydrogen atoms
wassetat 130°. Theprotoas were then refined by niding on their respective
sarbon atoms with the distance and angle constraints of d(C-H) = 0.95
A and {H-C-H) = 109*, respectively. Finsl agreement factors of R(F)
= 6.94% and R,(F) = 6.21% (w, = 1) were obtsined, as defined in Table
1. Thelenst-squares and subsidiary calculations were performed by using
the Oxford CRYSTALS system,’$ runaing 0a 3 DEC uVAX-II computer.
Final full-matrix refinements were against F and included anisotropic
temperatare factors (hydrogen thermal parameters were not refined)
and a secondary extinction correction!” (refined value = 121 (11)).
Neutral-atom scattering factors were obtained from ref 18. Final Fourier
difference maps revealed no regioas of significant clectron density
(minimam = -0.4 e/A’. maximum = 0.5 ¢/A7). Tabies of observed and
alculated structure factors are available from the authors.

X-ray powder data (Scintag automated PAD-X diffractometer, 4-4
seometry, Mat piate sample, Cu Ka radiation, A = 1.541 78 X, T'= 2§
(2) *C) werecollected foea crushed sampleof ZnPOEL. Theinstrumental
Kay /Kay profile was reduced to a single Cu Ka; peak (A = 1.540 568
A) by & stripping routine, and 4 spacings were established using silicon
powder {a = 543035 A) as an internal standard, relative 10 this
wavelength. The data were of insufiicient resolution to reves! say
observable Kar/Kay splitting. The patters could be indexed with
monoclinic ccll parameters determined in the single-crystal study, and
the powder lattice parameters were optimized by least-squares refinements
using Scintag software routines, resulting ia the refined values listed in
Tablell. The pattern was successfully simulated in terms of line positions
and intensities with LAZY-PULVeRIX' using the single-crystal structural
parameters described below. Many calculated positions were 100 weak
to be observed, but no evidence for other phases was visible from inspection
of the powder data.

{13) Lebmann, M. S. Larsen. F. K. Acta Crynailogr. 1974, AJ0, $80.

(14) Data eollection and reduction were controlled using a locally modified
version of the UCLA Crystaliographic Computing Package. developed
by C. E. Strouse. Department of Chemistry, UCLA, Los Angeles, CA

{13) Sheidrick G. M.SHELXS-36 User Guide, Crystallography Departmert.
Univeniity of Gottingen: Géttingen, Germany, 1986,

(16) Watkia, D. J.; Carruthers, J. R.; Betieridge, P. W, CRYSTALS Uzee
Guide. Chemical Crystsllography Laborstory, Oxford Upivers:;
Oxford, U.K. 1985.

(17) Lanom, A. C. ln Crystallographic Computing. Ahmed, ¥. R., E<
Munksgaard: Copenbagen, 1970; p 291.

(!8) Cromer. D. TV International Tables for X-Ray Cryssaliography: Kynex :
Press: Birmingham, U.K., 1974; Volume 1V, Table 2.3.1.

(19) Yvou. K.; Jeitscho, W.; Parthe, E. J. Appl. Crysiallogr. 1977, 10, °

Harnsoe et ol

Tobis . X-ray Powder Duzx for Za(OyMOC Hy by [ Monactiaw,

ae 22193 (1) AL b » 8041 (8). c = 9.091 (8) A 8 = 96.44 (4)°)
& & ! Y a2 e Hret)
P 0 1.0%0 go0l0  i1op 100
1 | 0 1M .00 1.554 n
1 ! -1 15000 0012 5.908 1
t 1 1 is.607 0.009 S649 4
3 i 0 1645 0.012 $.423 6
3 t - 18.36¢ G014 '3 31 6
3 1 1 19.79% 0.005 4490 b
2 0 1 0.013 1024 2
t ¢ nm 0.0!$ 3.887 16
i 1 T 1388 0.01s 1813 3
4 0 -1 1037 000! 1.703 3
6 0 0 2421y 000 34676 2
3 I -2 asm 0010 1612 o
22 - 25183 002 3.933 3
b i 23934 0.01) 3438 1
4 0 2 26.918 9.038 331 i
b | 2 w0 0018 1338 o
. 2 0 s 000 3.243 3
&€ 0 -1 95 00u 1.021 !
o 2 1 »Nns 003 3.003 i
4« 2 4 M) -00n2 3123 o
2 2 -2 0% 0.004 2954 o
7 1 0 04Ty 0.002 1933 o
1 2 Mg 0006 2844 o
5 | T 383 001 1804 o
6§ 12 ¢ 3By a.016 1713 3
8 0 -2 m 0.063 2480 o
s 3 0 930 0.010 2291 o
¢ W6y 0.001 1174 o
T3 0 44357 0006 2041 i
4 4 0 41150 0019 1989 !
1 1 -2 ass o0 1.862 o
0 4 2 wm 0.047 1.8317 o

W ~ Weie 1 < 100,/ 100,

Intorcalntion Stwdles. The novel structure of ZaPOEL (vide infra)
And previous studies on similar compounds’# suggestad (st (atercalstios
of other species in the structare might be possible. No inclusion wss
observed, but ZnPOEL is soluble to various degroes is severn! polar and
noapolar organic sotvents, including methanol, ethanol, cyciobexane, and
substituted xylenes.

ZaPOE( was redissolved in hot water, then ethanol was added, and
the mixture was cooled. Giant nesdlelike crysials (typical dimeasions 20
X 0.5 % 0.3 mm) resdily crystailized. The powder patiern of the ground.
recrystallized product is idestical 10 that of the starting material, ZnPOEL.
The powdered starting material is sparingly soluble in cyciobeaane st
room temperature, resuiting in a translucent solution. Upoa evaporzuon,
poor-quality crystals of the starting phase of ZaPOE: were recoversd.
ZaPOE: was also dissolved in bot xylene, resuiting in a perfectly clear
solution, which was filtered through 0.2-um filter paper to ensure the
sbeence of gross nucieating sites: no residus was recovered. Cooling the
solution yielded crystals of the original material with ao evidence for
xylene incorporation.

Physical aad Spectroscepic Studies. DifTerential scanning calorimetry
was carried out on ground crystals of ZaPOEt using a DuPoat 2000
scanning calorimeter, with & beting rate of 10 *C/min. TGA data were
collected oa 3 DuPont 9900 thermogravimetric analysis machine in air,
using 3 heating rate of {0 *C/min. The infrared spectrum of & disk of
finely ground ZaPOEt/KBr was recorded oa a BioRad FTS-60 diffuse
reflectance spectrometer as described previously. 'H NMR datz were
coliected on a Nicolet NT300 spectrometer. A 0.1-g sampie of ZnPOE!
was dissoived in deuterated methanol, and dats were coliected at 300.5
MHz (field strength 7.03 T) with 24 acquisitions. P liquid-state NMR
datas were obtained using a General Electric GN- 300 spectrometer system
at 121.65 MHz (field strength 7.03 T) with 2122 acquisitions. MP pesk
positions were established relative to standard 85% H,PO..

Results

Crystal Structwre. The asymmetric unit of ZaPOE? is shown
in Figure 1, with the complete unit-cell contents illustrated 0
Figure 2, Final atomic positional and isotropic thermal param-
eters are listed in Table [, with selected bond distance/angle

p
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1. orTEP? view of the asymmetric unit of Za(O,P{OCH )11,

showing the stom labeling scheme and 20% probe bility eilipsosds. Prowons
are omitted for clanty.
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Figwre 2. Pucking diagram for Za{O:P(OC;Hy)s);, viewed down the
S-direction. One chain is indicated by stippling, showing interchain
herringbone packing in the c-direction and iarrachain packing in the
a-direction.

data in Table IV. The asymmetric unit of ZnPOEt consists of
one zinc atom, one phosphorus atom, four oxygen atoms, four
csrbon atoms, and ten protons.

The zinc atom is on a 4-fold speciai position (Wyckoff
position: 4e; site symmetry 2) and the other atoms are on general
8-fold crystallographic sites. Both the zinc and phosphorus atoms
are tetrabedrally coordinated by oxygen atoms: each zinc atom
makes four Zn~O-P bonds, two via O(1) and two via O(2). to
two different P atoms. The P atom is surrounded by one each
of the crystallographically-distinct oxygen atoms and bonds to
twodistinct zincatom neighbors, via O(1)and O(2). Theaverage
Zn~Q bond length is 1.90 (1) A, snd the average O-Zn~O angle
i$109(1)®. Valuesfor the PO, tetrahedronare 1.46 (1) A (oxygen
atoms bonded to P and Zn), 1.55 (2) A (O’s bonded to Pand C),
and 109 (2)° (O-P-O angle). Due to the large thermal factors

Inorganic Chemistry, Vol. 31, No. X8, 1992 S
Tuble (1.  Awomic Posiviona! Parameters for Za(O:MOC Hy),),;

atom x y 8 Uu®

Zaiy ¢ ~0.0084 (1) t/& GOty
[ 4%} 0.0804 (2) 01853 ($) Q52128 (%) 0.0881
(1) 0.0325(4) ~Q 151 (D 03728 (%) 01161

o) 0.0490 (4) 0.132(1)
o) 0.1434 (5)
o) 0.0%15(7)
i 0.1814(8)
c) 0.2364 (9)

0.1468 (%) Q1139
G106 (1) 0331 (1) Q1424
-0372(1) 0.548 (1) 0.143%
-0.084 (3) 0661 (23 Q41778
~0.015 (3) 0851 () 0.239)
(i 0.0867 (9) ~0.494 (2) 0438 (1) 0.1690
C(e) 0.1066 (1) -0.64% (2) 0.508 (2) Q1388

¢ U (AY) = (U LHU)YY. * Wyckoll siwe &

Tabis §V. Bond Distances (A) end Angies (deg) for
Zo(O:OC Hylih

Zn(1-O(1) 1.903(8) x2
PO -OC) 1.458(8)
PO 1.87(1)
O)-C(1) 1.36 (1)
C{1CL) 1.31(2)

Za(1 -2} P88 (8) x 2
PO -O(2) 1.456 (8)
P04 1.83 (1)
O(4)-L(3) L2
CORCH) 1.3942)

O(I)y-2a(1)-0¢1y 1058 (6)
-2Za(1)}-O{1} 1147 ()
O(2)-P1)-OK 1) 118.6(3)
O(3)»-P(1)-O{2) 1111 (8)
O(6)-P(1)-0{2) 1049 (6)  O(4)-H1)-03) 103.1 (83
PU-O(1-2n(1)  1459(6)  PUXI-Za(l)  156.1 (6)
C(1-0(3)~P()) 1223(11)  COPO(a-P(1) 120D
C-C1 -0 158200 C(4-COMN4) 1139018}

of the chain stoms, & rigid-body-motion analysis® was carried
out for the ZnO, and PO, groups. The bebavior of both moteties
could be successfully described by the L companent of the TLS
analysis, with the T snd S components having oegligibie
magnitudes, indicating that libration about the ceatral stom was
the dominant group motion for both species. Libeation-corrected
bood lengths for Zn-O, P-O (to Zsn), and P-O (0 C) were
calculated 1o be 1.92 (1), 1.50 (1), and 1.62 (1) A, respectively,
whilst the corrected bond angles were virtually unchanged from
their as-refined values. This connectivityof Zn, P, sad O creates
an infinite chain of stoichiometry ZaP:0*, which propsgsies
in the ¢ unit ceil direction. The other two phosphorus vertices
{O{3)and O(4)) are part of the etboxide (OE?) groups, resulting
in & chain (and moleculsr) stoichiometry of Za(OyP(OEL);),,
schematically illustrated in Figure 3. By way of contradistinction,
the thermal parameter situation in the related Za(S,P(OE),),'%%!
could not be successfully analyzed by a rigid-body vibration
formalism.

‘There are two distinct ethoxy configurations in esch chain in
ZaPOEt. Adjacent “OEt(1) units, composed of ~-O(3)}-C(1)~
€C(2) (hydrogens omitted), packed in an interieaved “berringbone™
configuration with next-neighbors in the same chain. Adjacent
-QE1(2) groups (~O{4)~C(3)-C(4)) form a herrringbone array
with the equivalent group in adjacent chains. Thus, there are no
direct connections or hydrogen bonds between adjacent chains,
and van der Waals' interchsin contact in the a-direction is via
corrugated sheets of ~OEt(1) groups and in the d-direction is via
interleaved, berringbone contacts of ~OEt(2) entities. Oxygen-
carbon torsion angles () for both ethoxy chains are similar: for
P(1)-0O(3)-C(1)~C(2), @ = 1 75 (1)* and, for P{1 }-O(4)-C(3)-
C(4), ¢ = 173 (1)*, indicating that both chains are close to their
ideal anti configuration, expected on simple steric grounds alone.
Close interchain nonbonded C-C contacts include C(1)-C(4)
(4.05(3)A).C(3)-C3) (4.01(5) A),and C(2)-C(3)and C{2}
C(4) (both 4.16 (3) A), in good agreement with expected van der
Waals's contacts for these methylene and methy! species and
similar to the values determined for nonbinding C~C contacts
in the sulfur-containing analogue, Zn(S,P(OEL1);),."®

O(2)-Za{1)}-O(1) 1076(4)
O()-Za(1)-0{2Y 1067 (8)
QNP1 104.9 (&)
O4)-P{1 -1} 1.5 (6)

(20) Shoemaker, V. Trueblood. K. N. Acta Crysraliogr 1949, 824, 63
(21) Cruckshank. D. W. J. Acta Crystallogr 1961, 14, 396
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OEt

QE!

et

3. Schematic views of the chain coanectivity in (1. top) Zn-
(O:P(OC; Hy) 1)1 and (b, bottom) Zn(S$:P(OC,H;s)z ), showing the distinct
“double” and “single” tetrahedral chains, respectively.

However, the Zn/S/P and chain—chaia connectivities in Za-
(S,P(OEL);); are different from the situation in ZaPOE! (see
Figure 3). Topologically, in ZnPOE?t, cach diethy! phosphate
group bridges two adjacent zinc atoms, leading to & chain of
(O-atom-bridged) “four-rings” of Za and P centers, while in
ZaPSEt, oae 0,0-diethyl dithiophosphate group bridges adjacent
zinc atoms, and the other chelates to the same Za atom. Hence,
in ZoPSEt, a single Zn-S-P-S-Zn “polymeric” strand propagates
through the structure, as opposed to the double strand in ZnPOEL.
This difference is doubtless partly due 10 a size effect (d(Zn-0)
~ 1.94 A, d(Zn-S) ~ 2.36 A), but it is also worthy of note that
in ZnPSEt the van der Waals' bonding interactions are more
complex, also involving S—C interactions as short as 3.7 .10

Structure Anslysis. A variety of analytical methods have been
used to confirm and efaborate upon the Zn(O,P(OE1),); repeat
unit of this structure, as determined by X-ray crystallography.
A TGA analysis of this material reveals the onset of decomposition
(loss of diethyl ether) at about 225 *C, with the reaction being
complete at 325 *C. The residue, heated to 800 °C, showed a
clean X-ray diffraction pattern of Zn(PO;);. The weakness of
the van der Waals' bonds between chains is indicated by the
softness of the crystals and the fact that 2 DSC analysis did not
show 3 heat effect at the melting point, but only the endothermic
decomposition at about 300 *C. Carefully dried ZnPOEt melts
at 168-175 *Ctoa syrup which recrystallizes toa product identical
to the original material (comparisoa of X-ray powder patterns
(if the cooling is carried out slowly enough. However, holding
the ZaPOEt syrup at 200 °C for 2 days suffices to vaporize all
of the organic moiety, leaving a dark-colored amorphous residue.

As noted above, ZnPOE! is soluble in water, methanol, and
xylenes. The length of the oligomeric unit (in aqueous solution)
has been studied through the use of ‘H and VP NMR.
Disregarding solvent peaks, the characteristic methyiene and
methyl peaks of the —OEt side chains of ZnPOEt are evident
(Figure da): a quintuplet, centered ar 2.729 ppm, is att=butable
to the methylene group; these two protons are split into a
quadruplet by the methyl protons. [t is then further spiit by the
pbosphorus into 2 doublet. For the methyl group (Figure 4b),
a distinet triplet centered at 0.690 ppm is shadowed by a much

Harrison ot al.

Py

v oy —r—r-T
080 073 Q0 C.6S 060 033 pPPu

Raznas Snan st e 2 T MR SRS 3 U u u
16 1.4 12 10 08 O6 04 02 00 PPM

Figure 4. NMR spectra for Za(Q,P(OC;Hj) )1 () methylene (-CHy-)
protoas: (b) methyl (~CHj) protoms; (c) phosphorus atoms.

smaller triplet centered 21 0.75$ ppm (3Ju 7.2 Hz, 3Jpy 1.27 H2).
A peak integration shows that the larger setisin a $:1 ratio with
the smaller set.

One explanation for the "double™ methyl signal is that the
solution-phase zinc organophosphonate is made up of a distinct
number of repesating Zn(O,P(OEt);); units. The end uaits’
protons will be differeat than the inner units’ protons, as seen by
the observed shift and by the small doubiet splits due to phosphorus
coupling. An approximate chain length has been determined by
integration to contain two end and ten inner units, for a total of
twelve zinc diethyl phosphate units in a chain, i.e., [Zn(O,P-
(OEt) 1)1}z COI\VCMY. for Za(S,P(OE))); a monomeric
solution species was indicated.!®

The P NMR spectrum of ZnPOEt (Figure 4c) shows a singlet
210.849 ppm, with a slight shoulder at approximately 0.820 ppm.
This toocan be ined a3 two different phosphorus atoms, one
greatly outnumbering the other due to unit location on the chain.
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Figure 8. Infrared spectrum of Zn(O,OCH )2):

The diffuse-reflectance infrared spectrum of ZnPOEt is
illustrated in Figure 5. The methane and methylene C-H strewches
are evident from 2800 to 3000 cm-', the P-O-C (aliphatic)
stretches in the 2200-2500-cm™ and the 1500-cm™! regions, and
the Za/P/O “framework” in the region 1000-500 cm-'. These
Iatter bands are qualitatively similar to those observed for other
metgl-organophosphonate/phosphate phases.’ while the char-

.. acteristic, strong O--H stretch bands seen in materials which

LRIC QUALFTY TITSE -

contain & metal-coordinated water? {r ~ 3300-3500 cm-!) are
absent in this structure. We attribute the weak -OH broad-
band stretch to be from water in the KBr used for dilution of the
sample.

Discussioa

Zn(PO,(QC;:H;s):): (ZaPOE!) represents yet another type of
zincorganophospbate, distinctly different from previously known
species. In Za(O;PCcHs)-H,0, the zinc atom is octahedrally
coordinated by phosphonate-group oxygen atoms and water
molecules, resulting in a layerlike “ionic” structure, with the phenyl
groups separating adjaceat sheets. A similar structure was also
found for Mn(O;PC¢H;)-H 0. In Zn(0,POC,H;}-H,O (Za-
POEtW) and Zn(O,POC;HNH,)}(O,CCH,) (ZaPOEN), the
zinc atom it tetrabedral, with one vertex occupied by a water
molecule in ZnPOEtW and one vertex by an acetate ion in
ZnPOEtN. These species are also layered, and H bonding plays
an important role in establishing the swucture, as well as van der
Waals'interlayer bonding. The mobility of the coordinated water
in th’e M(O,PR)-H ;0 structures bas already been demonstrat-
ed.})8
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In ZaPOE¢, as in ZoPSE1, chains, rather than layers, arc the
structural morif, which bere mauy be considered 10 have “lonic®
Z8/P/O cores and “covalent® C/H exierior surfsoss. The
tetrabedral zinc stom oaly sees oxygen atoms, ail of whick are
bound to ethyl phosphate groups a3 Zn—O-P links, with typical
bond distance /angie parameters. There are ac layer—-building H
boads in ZaPOEL, and adjacent chsins are only loosely bonded
through van der Waals' forces. The combinstion of the swouric
core and bydrophobic exterior of these chains allows ZaPOE! w0
dissolve in several polar and noapolar solvents, but no inclusion
chemistry has yet been shown 0 oocur. Spectral dats suggest
an average length of sdout 12 repeating units of the ZaPOE:
chain in methanol solution.

ZaPOE! shows certain characteristica of & polymer, viz. ibe
infinite hydropbobic chuing, interacting through van der Waals'
forces. However, in ZnPOEt these chaias are highly aligned,
presumably by bonding requirements of the zinc/phosphate
1-dimensional core, to the extent of {orming & normal, sharply
diffracting crystal, although the large thermal factors of 1he
terminal ethyl groups (vide supra) indicate a considerabie degree
of static/dynamic disorder in these groups. Questions such a3
the relative importance of ionic bonding in the chain cores and
covalent interactions of the hydrocarbon chain exteriors and if
the chains may make collective motion relative to each other
noed to be resolved. ZaPOE! may even serve as a model compound
for highly-sligned polymers.? and further experiments are now
in progress to examine these effects in ZnPOEt and reisted
materials. ZaPSE has been used extensively as an antiwear and
antioxidant in lubricants.’? Whether ZnPOE! has any techno-
logical applications as an oil sdditive aiso merits further
investigation-—for instance, the sbove experiments indicate that
it (ZaPOE1) sppears to be more resiliant to degradation by
hydrolysis than its sulfur-containing analogue.!!
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