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The equilibrium constants for the hydrolysis of (CH;)sPh2+ have been determined by emf measurements of the solution pH
as a function of composition at 25° in a 3 A/ (Na)ClO; ionic medium. Trial values of the equilibrium constants were esti-
mated by graphical procedures and refined by least squares. The species produced, the refined hydrolysis constants, and
the estimated standard deviations are: (CHj3):Pb(OH)q, log *Bz = —15.543 == 0.004; [(CH,).Pb(OH);~], log *8y = —28.52
=+ 0.01; [(CH;):Pb(OH)»Pb(CH;):2*], log *8» = —10.827 =+ 0.003; and [((CH;):Sn);(OH).2*], log *34 = —24.31 % 0.01,
The estimated standard deviation in 7 for the set of 503 data items is #0.016. The results of Raman and proton nmr studies
of nonhydrolyzed solutions indicate that the aquodimethyllead(IV) cation has a linear skeleton and that there are weak co-

valent interactions between (CH;):Pb2+ and water molecules and nitrate ions in the first coordination sphere,

The dimethyllead dihalides, in contrast to the analo-
gous germanium and tin compounds, are only slightly
soluble in water. Little information is available on
the nature of the species present in solution. Also, in
marked contrast to the dimethylgermanium and tin
dihalides which give typical molecular liquids and solids
containing tetrahedral molecules,>? the lead com-
pounds have been described as ionic on the basis of
their physical properties.*

In studies of dimethyltin(IV) compounds, it has been
observed that the coordination number of tin increases
readily from four to six when highly electronegative
donors are coordinated to the R,Sn'V moiety as, for
example, in the aquo (CH;),Sn?t ion,® the anion
[(CH3),Su(0OH)42~],® and in complexes with chelating
ligands like 8-diketones.”=® The structures and proper-
ties of these ions and molecules are most easily inter-
preted by treating them as complexes of discrete, linear
R,Sn?* jons.’® By analogy with the tin compounds,
it is to be expected that compounds containing the
(CHg)szIV moiety will have similar structures and
that the high melting points of the dimethyllead di-
halides are a result of the lead(IV) having a coordina-
tion number greater than four with bridging halide ions
as is found in the essentially ionic lattice of dimethyl-
thallium iodide.!' Indeed, a trams octahedrally co-
ordinated structure has been suggested for bis(acetyl-
acetonato)dimethyllead(IV),® and the Raman spectra
of aqueous solutions of (CHj):Pb(NO;),, (CHj).Pb-
(Cl0.);, and (CH;),Pb(OH); have been assigned on the
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basis of a linear structure for the discrete (CH,)oPb2+
cations!? as also has been found for (CH;),Sn +.5

In the study of complexes of these organometallic
ions with ligands containing electronegative donor
atoms, water serves as a particularly simple ligand.
Raman spectroscopy provides a very convenient
method for studying the structure of the species in
aqueous solution since water gives only very weak
scattering within about 3100 cm™! of the exciting line.
The first step, however, in the study of species in solu-
tion is a determination of their stoichiometry, and so
measurements have been made on the hydrolysis of
(CH,):Pb2*. Earlier measurements on (CH;)ySn?™
have indicated that the water molecules in the first
coordination sphere are quite acidic and that several
hydrolysis products, both mono- and polynuclear, are
formed.'3-%® After the conditions under which the
aquo ion is the only species present in significant con-
centration were defined, Raman and pmr spectra were
used to study the structure of the aquodimethyllead (IV)
ion.

Experimental Section

Synthesis.—(CH;):PbO was prepared from (CH;)iPb obtained
from the Ethyl Corp. A 689, solution of (CH;)sPb in toluenc
was titrated with a solution of chlorine in ethyl acetate in the
presence of a large excess of Dry Ice and with constant stirring.
When the color of chlorine persists, the conversion to (CHj);PbCl
is essentially complete. The solution was allcwed to warm up to
ca. —20°, and a second equivalent of clilorine was added in
ethyl acetate. The (CH;),PbCl; produced precipitates as a fine
white powder.’® When the chlorine color again persisted, the
solution was allowed to warm up to 5°, and the (CH;):PbhCl.
was collected on a glass frit, washed with ethyl acetate and ether,
and dried. The product was either recrystallized from water or
from dimethylformamide followed by washing with ether and
dilute HCI which gave the larger yields. At no time during the
recrystallization was the temperature allowed to rise above 40° in
order to prevent decomposition. Anael. Caled for (CH;):PbCls:
C, 7.79; H, 1.95; Pb, 67.23; Cl, 23.03. Found for a typical
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preparation: C, 7.65; H, 1.95; Pb, 67.35; Cl, 23.0. Reaction
of the (CHj;);PbCl, in water with excess Ag:O gave a solution of
(CHj;):Pb(OH); from which the AgCl and remaining Ag,O were
removed by filtration. The hydroxide was precipitated from the
solution by adding acetone, collected on a frit, washed with ace-
tone and ether, and vacuum dried to constant weight over P4Oyq.
The hydroxide was handled and stored under nitrogen to prevent
carbonate formation. The final analysis corresponded to (CHj)e-
PbO. Caled: C, 9.49; H, 2.39. Found for a typical prepara-
tion: C, 9.63; H, 2.40. No strong absorption in the region
3100 to 3800 cm ™! was observed in infrared spectra of the prod-
uct, indicating virtually complete dehydration to the oxide. All
of the dimethyllead(IV) compounds prepared were stored in a re-
frigerator.

Preparation of Solutions.—Standard solutions of (CHj3).Pb-
(ClOy); were prepared by dissolving weighed amounts of (CHj)p-
PbO in standard perchloric acid. Each solution was prepared
from a fresh lot of (CH;):PbO which had been analyzed for C and
H to test for decomposition. Since the (CH;),PbO was not an
especially easily characterized substance and the infrared spectra
sometimes showed some weak absorption due to water, there was
a possibility for small errors in the concentration of (CH;);Pb!V
and in the analytical hydrogen ion concentration of the solu-
tions, Since complete hydration of the oxide to (CH;);Pb(OH),
would only cause an error cf ca. .69, in the calculated (CHj,),-
Ph?t concentration, this was mainly troublesome in its effect
on the analytical hydrogen concentration. To check the con-
centrations, the solutions were analyzed for (CH;),Pb!V. Ini-
tially, attempts were made to precipitate the ion as (CH;),Pb-
(Cr0O4)z; however, the product exploded readily when dry.
The concentration of (CH;):Pb?* was then determined by adding
nitric acid, evaporating the solutions to dryness to cleave the
lead—carbon bonds, and repeating the process twice more.
The Pb?t produced was determined as the chromate?” In
addition, the analytical hydrogen ion concentration and, hence,
the concentration of (CH;):Pb?t were measured independently
with the electrochemical cell described below. The solution was
discarded if the average deviation from the mean of these values
exceeded 1.59%, in most cases it was only a few parts per thou-
sand.

The sulfide test’® was used to demonstrate the absence of
Pb2+t, and proton nmr spectra were run on the solutions to test for
(CH;)sPb*.,  No traces of either species were found.

Apparatus and Procedure for Solution Measurements.—The
electrochemical cell and the vibrating-reed electrometer circuit
used to measure the cell potentials were similar to those described
earlier.!® The titration vessel contained both Beckman General
Purpose and E-2 glass electrodes. Runs were discontinued if
both electrodes failed to indicate substantially the saine pH
values. Only the E-2 lithium glass electrode was used at pH
values above 8. Calibration of the cells was effected by HClO4—
NaOH titration in the 3 M NaClO; medium in the absence of
(CH,):Pb?*". Back titrations carried out to # ~ 0 indicated that
the hydrolysis was reversible and that no stripping of methyl
groups had occurred.

Raman Spectra.—The Raman displacements from the 4358-A
line were recorded photoelectrically with a Cary Model 81 spec-
trophotometer, and the general procedure for the measurements
has been described earlier.5 All spectra were recorded within a
few hours after the preparation of a given solution. The di-
methyllead(IV) solutions were maintained at 0° in the light
furnace by pumping water through the 7-mm diameter cell
which was provided with a 48-cm long water jacket. Dry
nitrogen was blown over the cell window to prevent condensation
of moisture. Depolarization ratios were determined using large
Polaroid cylinders which surrounded the water jacket.

Pmr Spectra.—Proton resonance measurements were made
with a Varian A-60 spectrometer at ca. 35°. The coupling con-
stants are believed to be accurate to =1 ¢ps.
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Figure 1.—Average number of protons transferred per (CHj),-
PblV as a function of pH at 25° in a 3 M perchlorate medium:
|, 90.16 mM; 4+, 60.35 mM; O, 33.10 mM; ¥, 18.68 mM; X,
16.88 mM,; &, 12.24 mM,; O, 6.69 mM; O, 6.07 mM stoichio-
metric (CH;):Pb!Y concentration. Only a fraction of the
data points is shown for clarity.

Results

Calculation of Equilibrium Constants for the Hy-
drolysis of (CHj;);Pb(ClO,)..—The data in the form of
#, the average number of protons transferred per
(CH;)sPb? ™, as a function of —log[H™] are illustrated
in Figure 1. The dependence of % on the total stoichio-
metric (CHg),Pb'V concentration indicates that at least
one polynuclear complex is formed. The system also
exhibits a crossover or ‘“‘isohydric”’ point at 7 slightly
greater than 1, pH 8.3, indicating that the degree of
polymerization is a maximum under these conditions.
This behavior is unusual for an aquometal ion although
it has also been observed with the hydrolysis of (CHs)o-
Sn2+.

The data were used to construct a projection map
log B(—log [H*])7 % where B is the total stoichio-
metric concentration of (CHa)szIV. At 7 values
less than 0.9, the data give straight lines with slopes
(0logB/0 ~log [H+]), = —2.0. Thisindicatesthat the
hydrolyzed species up to # = 0.9 are all of the general-
ized type {[(CHj)Pb][(CHg),Pb(OH),l,2+}1% where
#n may be any integer. The degree of polymerization
of the system is observed to be a maximum at an 7
value of only slightly greater than 1. The valuen = 1
corresponds to the complete formation of only the first
polynuclear complex in the series, that is [(CHj)sPb-
(OH):Pb(CHjy),2*]. Since depolymerization of the
polynuclear species occurs for # values above about 1.1,
the dimer must be the main polynuclear complex
formed.

Assuming that [(CHz):Pb(OH),Pb(CHj),**] was

(19) (a) F. J. C. Rossotti and H. Rossotti, ‘“The Determination of Stabil-
ity Constants,”’ McGraw-Hill Book Co., Inc., New York, N. Y., 1961, p
374; (b) ébid., p 358,
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the only species formed by hydrolysis up to # =~ 0.9,
the value for the log of the formation constant *8s,%
was estimated to be —10.6. A-least squares refine-
ment of this single parameter was carried out for the
313 data points with # < 0.9 using the Fortran-60 pro-
gram GAUSS Z?!' and the University of Minnesota’s
CDC-1604 computer. Equal weights were employed
in all of the calculations. In general, it seems best to
set up weights as the reciprocals of the variance. For
this work, the estimated errors in fighsd — Fealed UP tO
ca. pH 10 are relatively constant. That this is likely
to be the case is borne out by an examination of the
residuals from a least-squares fit to the n#(log [H¥])
curve for (CyH;)sSnT, a monoprotic acid,’® where the
correct shape of the curve is known a priori. No par-
ticular trend in the residuals is evident as 7 increases
from 0 to 1. Thus, equal weights are adopted for the
data in this work up to pH 10. In more alkaline solu-
tions the errors are undoubtedly larger, and smaller
weights would be indicated for fitting with a set of
data where there was a uniform distribution of points
throughout the entire pH range. In this case ex-
perimental difficulties limit the number of points at
high pH, so the fit is biased in favor of the data at the
lower pH values. Rather than make the fit even less
sensitive to these high pH points by giving them small
weights, it seemed better to give them the same weight
as for the bulk of the points. The refined value was log
*Bp = —10.822 = 0.003 with an estimated standard
deviation (esd) in %, o; = =£=0.0127. The refinement
converged rapidly to this value when other trial values
of *Bs were used. A normalized projection mapt® 1%
was computed for only the two complexes [(CHj),-
PbOH*] and the dimer [(CH,;);Pb(OH).Pb(CH;)s*7]
and compared with the experimental map log B(—log
[H*])» in order to estimate an upper limit to *Bu.
Using the trial value log *811 = —7.9, the two constants
were subjected to least-squares refinement using the
points with # < 0.9. The constant for the dimer con-
verges to essentially the same value as in the single-
parameter refinement log *8» = —10.825 =+ 0.005.
Convergence is not obtained for the value of log *8u
which is reduced to more and more negative values with
very large esd values. The esd in # is unchanged by
inclusion of the constant for the second species, [(CHj)z-
PbOH ], and remains at =0.0127. The same result
is obtained when much larger trial values, for example,
log *8u = —6.0, are used. An upper limit of log *8u
£ —7.4 can be set since the esd in 7 increases very
rapidly when calculations are made using values larger
than this. Thus, there is no evidence from these data
for measurable concentrations of the simple mono-
nuclear monohydroxo complex in the solutions.

Since depolymerization of the dimer occurs for 7
values much above 1, (CHj):Ph(OH), must be the prin-
cipal new species formed in the solutions at # values
up to 2. An estimate of log *Kj of —9.2 was made

(20) The nomenclature used for equilibrium constants is that of L. G.
Sillén and A. E. Martell, “Stability Constants of Metal-Jon Complexes,”

Special Publication No, 17, The Chemical Society, London, 1964,
(21) R.S. Tobiasand M. Yasuda, Inorg. Chem., 2, 1307 (1983).
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from the pH value corresponding to # = 1.5, and this
was combined with the upper limit to *8y to give the
trial value log *3; = —16.6. Refinement of the
values of *8y and *By was then carried out using the
479 data points for which # £ 2.0. The values refine
to log *8x = —10.819 = 0.008 and log *8y = —15.518
=+ 0.008 with an esd in 7 of £0.036.

Since the experimental #{—log [HT]) curves have a
distinct inflection point at # = 2, there is virtually no
overlap in the formation of (CHj),Pb(OH), and the
anionic species which must exist at # > 2. The data
are considerably less precise at the high pH values
necessary to form anionic species; however, there was
no evidence for polynuclear anionic complexes. The
value for log *Kg, —13.0, was estimated from the pH
for 7 = 2.5, and this was combined with the trial value
for *By to give an estimated value log *8y = —29.6.
A least-squares refinement was carried out with the
entire set of 503 points for the three parameters. This
gave the values log *8; = —10.825 = 0.008, log *8n =
15.511 £ 0.008, log *B3 = —28.49 + 0.02, an esd in
# of 0.036, and an R value Z|(flopsa — Aeated) |/ Z|Alobsa]
= 3.189,. Even when vastly different starting values
for the constants were used, the least-squares refine-
ment converged on the same set of constants listed
above.

The calculated points reproduce the experimental
ones quite well except in the vicinity of the isohydric
point at # o~ 1.1 and at slightly larger # values. Since
this point occurs slightly above # = 1, there must be
small amounts of one or more polynuclear complexes
present which have more than one proton trausferred
per dimethyllead(IV). Since this is a minor perturba-
tion, it did not seem realistic to attempt to improve the
fit by the addition of more than one additional equilib-
rium constant. Values were estimated for the equilib-
rium constants for the formation of [((CHjg):Pb),-
(OH);2+], [((CHj):Pb)s(OH)2+], and [((CH;)oPb)s-
(OH)2+], *Bs, *Bss, and *B., respectively. The fol-
lowing R values, which may be compared to the value
of 3.189, obtained from the best three-parameter fit,
were obtained: with *8g, 2.03%,; with *Bsg, 1.60%:;
with *Be, 2.129,. The fit with the constant for the
formation of [((CHj),Pb)s(OH)2+] seemed decidedly
better than the other two, and so this was the only
polynuclear species other than ((CHj3):Pb)y(OH),?+ con-
sidered. In the calculations, trial values of the con-
stants *By, *Bus, and *Be differing by several orders of
magnitude were employed, but the refinement con-
verged to the same set of refined values in each case.
The final values of the equilibrium constants from the
best four-parameter fit, the esd’s in the values, and the
esd in 7 are given in Table 1. In Table II, the ob-
served and calculated 7 values are listed from the last
least-squares cycle. The smooth curves in Figure 1
were drawn using this set of constants. Figure 2 shows
the distribution of the (CHj),Pb" species as a function
of pH for the most concentrated and the most dilute
solutions studied where the quantity a,, = g[(CHs)e-
Pb)a(OH)ﬂ]/[(CH3)2PbIV]total-
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TABLE I
FINaL EQUILIBRIUM CONSTANTS WITH STANDARD DEVIATIONS
FROM LEAST-SQUARES REFINEMENT OF (CH;),Pb'Y HYDROLYSIS
IN A 3 M (Na)ClOs MEDIUM AT 25°

Equilibrium constant Log value
*Bai —15.543 &= 0.004
*Bax —28.52 =+ 0.01
*Baa —10.827 &= 0.003
*Bys —24.81 =0.01
7 =+ 0.016

o

Raman Spectra of (CHj;);Pb(NO;), and (CHj;);Pb-
(C10y4)s Solutions.—Since the emf measurements indi-
cated no appreciable hydrolysis below ca. pH 5, spec-
troscopic studies were made on solutions containing
only 0.01 to 0.05 M oxonium ion. The Raman fre-
quencies, integrated intensities, and depolarization
ratios are given in Table III. Assignments and ap-
proximate descriptions of the normal modes are also
given. Because of the rather large diameter of the
water-jacketed Raman cell, it was not possible to em-
ploy baffles, and the depolarizations are the uncor-
rected, observed values. The survey spectrum of
(CH;):Pb(NO;); solution is illustrated in Figure 3,
while Figure 4 shows details of the spectrum recorded
at high sensitivity. The values found for the per-
chlorate frequencies are those of the free ion and are
very similar to those observed for aqueous solutions of
(CH;)29n(ClOy)2.b There is some indication of split-
ting of the doubly degenerate nitrate modes, v; and ..
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Figure 2.—Distribution of (CH;),Pb!Y among the different
species as a function of pH for solutions with 99.16 and 6.07 m}/
(CH,).PblV,

There was no indication in any of the spectra of a line at
ca. 504 cm~! which has been attributed to (CHs)sPb'Y
impurities.!?

Pmr Spectra of (CH;),Pb(Cl0,), Solutions.—The in-
direct lead—proton spin—spin coupling constant J(*"Pb-
CHj;) of the aquo ion was determined to be 135.1 cps

TaBLE II

L1sTING OF OBSERVED AND CALCULATED # VALUES FROM THE LAST LEAST-SQUARES CYCLE UsING THE CONSTANTS IN TABLE I
(M = TotavL [(CH,),PblV]; L = [H*]"1)

LOG L 'NOBS  NCAL  LOG'L NOBS NCAL LOG L NOBS NCAL LOG L NOBS  NCAL
*EE M = 0.01868 KEE  Bu44] 14145 14147 54929 4224 4220 24441 =000 4000
84533 14170 1el17! 64062 #4312 315 24882 ,006 000
1.420 =003 +000 84670 14212 14210  6e262 a6 sa72 40771 2015 2001
10543 -e002 +000 84778 141249 1,244  6.260 455 +470 S+813  J142 .120
Teb11 .002 «000 84874 14285 1,276 64364 #8536 4550 64019 244 e234
te701 «000 4000 BeR47 14317 14302  6.447 4592 4600  6e185 4337 356
14980 4007 4000 94046 14356 1,338 64580 4674  +694 62309 4449 4454
24365 4012 4000 94176 1sall 14390 64637  L71S 726 64445 4554 558
5¢532 4089 +057 9,250 1.443 14421 64798  ,788 4804 64565  +636  +645
62080 4358 4346 94384 14503 1,4BO  6.963 1845 4865  6.726 o732 4738
62427 615 0811 9428 1,525 14500 7,158 +901 917 62905 4817 +820
64916 4862  +BBE 94498 14359 14533 74465  ,566 975 74159 4904 903
74944 1,066 12047 6,502 14604 14578  7e739 14010 (4015 74453 068 4965
84739 14262 14250 94696 14650 1e631 Be102 14066 14074 - 74721 14015 1,009
94240 14481 14476 9,701 14694 14674  Be406 14129 1e14a 74992 1,058 1084
QeI 14749 14743 94877 1,739 1,722 B8a646 1,203 1,220  Ba265 14116 1a112
1 33 27 14943 104029 1,802 1,796 84803 1,268 1,280 84457 14179 14180
11e@41 24033 24028  yp,132. |,843 1.842 B4981 14352 14350 B4636 1,237 1,238
110884 24059 24075 10,241 14881 14885 9.272 1,525 1,506 84791 11296 14295
124108 24081 2.120 14893 022 2000 94483 14610 14624 84883 14341 14328
124530 24216 24264 24027  .0l8 +000 64589 1,669 14684 84996 1,397 14395
120704 24351 24349 2,186 4009 4000 94756 1.764 14775 9e126 1,470 1.466
2301 +010 ¢000 9,936 1.844 1,839 90239 14538 14531
24427 4008 4000 {04257 1,938 14955 9+929 1,654 1,643
REE M o= 0.03310 4K 2,808 4001  .000 104495 1.992 1.986 9e681 14795 1,788
24922 4001 4000 11,819 2,054 2,034 94966 1+914 14910
14544 -4003 4000 44431 4000 4001 11,862 2,078 2.C72 104452 2,030 1,990
14611 4002 ,000 5,176 4032 4021 124047 2,095 2,106 124326 24279 24262
12702 ~5002  +000 54399 4071 4055 12,211 24119 2,147 12+730 2,448 2,363
14982 4005  ,000 54557 o120 4103 12,368 2,150 2,198 104924 2,082 24007
2+369 +010 +00C 84646 o181 2142 124467 2,178 2,229 1766 +000 #0000
Se54C 4089 4055 5,733,208 4189 124313 2,201 24287 14895 =4001 4000
60088 4358 4352 54842 278 4261 124589 2,317 2.29)  2.001 -.001 4000
60437 4615 4617 54950 4355 4341 124986 24442 24506 2,182 4,013 .00
60927 4B62  JBEO 64041 4423 4412 14383 L0009 ,000 24435  ,004  ,000
Tr947 14066 1a047 &e103 €470 0661 14563 009 4000 24874 +008 €000
Be724 1,262 1.244 64180 4528 4521 14794 4001 4000 4,768 4015 4001
14891 4026 .000  £.271 4596 4588 {4927 -,008  .00C 5805 142 116
24022 4021 4000 64514 4739 4,738 24083 -.004 4000 64011 <244 o229
24180 4C12  ,0C0 64632 4795 4794  2443C 4000 000 64177 4357 4350
24295 4012 4000 €e722 4830 4B3I0 44842 L007  ,002 6300 L4849 (447
24421 007 «000 6841 872 «871 54783 o130 €138 61435 4554 e581
24599 4002 4000 7,008 4932 4933 54925 4224 4218 6+560 636  ¢635
2+915 4002 4000 7,326 .97 +971 6,088 .312  Lar2  6e717  a732  .732
44337 4000 4000 74453 988  ,988 64259 456 4469 64894 1817  «B16
S5:170 4032 4021 70694 14018 1,017 64256 4655 4467 74147 .99 4900
S5+393 a071 »054 74837 1,033 14036 5,355 536 1546 Tesat 088 963
SeS551 4120 4101 8e047 14063 14067 64442 4592 1606 7,701 1,015 14008
54640 4161 4139 Be283 14110 14111 64574 4674 4691  7.974 1058 1405
54727 208 186 Bea25 14145 141423 64630 TS 723 Be244 14116 14107
54837  .278 84517 1s177 14167  £.791 .78 801 8473 14179 1,172
S.945 +355 Bs651 14212 14204 61956 845 863 Be627 1,237 14226
6:036 .23 Ba7SE 14249 1,237  Te146 L9301 4915 84756 1,296 1,280
6.098 1470 . .- 70453 4966 4973
60176 .528 S_::Z 1_;;; 1:2:: 74726 1.010 1.013
64268 4896 i 84086 1,066 14071 #*% M = 0,00650 ##%
6+512 +739 737 84383 1,129 14128
61629 1795 4793 x¥% M = 0,01688 *#x  B4619 14203 1.211 #000
64720 4830 4630 84773 1,268 1,268 1637 +000
64840 ,872 4870 1,383 +000 1,806 2000
72098 4932 4933 1.566 4000 14506 +00C
7e326 4971 4971 1,796 «000 #mk M = 0,01224 w#x 14959 +000
74460 4988 4988  1.930 +000 24106 2000
74698 1,014 1,018  2.084 #000 1,772 ~eD20 4000 2258 =4027  »000
74841 14033 14036 2,831 «,000 L0000 1,901 4000 24497 ~,028  +000
80055 14063 14068  4eB42 4007 4002 2,006 L000 28871 ~s016 4000
84296 1,110 1all4  5.786 4150 4139 2,189 ~,008 ,000 3¢123 =,023 ,000

LOG L NOBS  NCAL  LOG L NOBS NCAL LOG L NOBS  NCAL  LOG L NOBS  NCAL
44079 ~,016 4000 94397 14717 14742 54585 4248 6s145 4600 4612
5¢859 1090 4086 94547 14801 1.826 5.631 1280 64239 4662 4673
60044 o169 4167 93770 14905 14917 - 5.69a 4327 64306 701 LTi2
64196 ,267 4264 104070 24002 1,976 5,730 +385  6s411  47HT L7686
64338 4365 2371 24162 =4019 4000 5,762 4380 64519 806 814
64497 4471 4497 4,649 4004 4,000 5,803 +413 64616 4845 ,Bc9
64672 4604 4625 64346 4392 4363 5,850 W450 64737 4885 4886
64856 2714 4737 .61 ¢473  ,455 5.885 0477 g,881 922 V920
74063 4818 4833 6,570 49 4540 5927 e510 74057 4956 952
74878 939 +953 6e678 625 617 Be98&2 +536 7+289 1988 LR
70976 1,035 14053 £,801 .700 +696 64004 #5687  7.483  1.006 1,003
Ba378 14142 14163 5,946 L775 4774 64054 $602 74640 1.026 1.022
8e732 1,292 14316 7,112 849 845 64113 642 Te795 14047 14061
94207 1,371 14606 5,354  ,922 - 4921 6e171 «679 74994 14072 1,068
90983 1,941 14961 9,479 1,736 1,790 64226 s710 84153 1.097 1,094
114286 24065 24020 9,423 1,830 1.862 6,300 «750 8,286 14120 14119
11¢657 24135 24046 10,147 1,974 1.983  6.388 . 791 8e392 14143 14143
14523 4006  +0G0 },442 24062 24028 6.a84 #8300 BeSIL 14170 14166
14635 4008 4000 12,341t 2,189 645085 +Bod  Be653 14205 1,200
10808 ~,003 4000  |.517 4000 5,589 1250 8,779 1,240 1,232
14906 =.001 +000 2.245 »000 Se140 051 84914 14281 1,268
14969 $000  2.3a2 4000 5,332 «108 9,027 1,317 1,300
24119 £000 2,508 £000  3.382 «130 94153 14359 14337
20268 «000 3,108 #000 5,444 W 161 90267 14399 1,372
2.508 4000 5,954 2115 24500 v192 9e357  1e44&  1e402
24683 ~-.024 +00C  g,119 201 54539 217 1.473 J002 +000
3,136 =,027 +000 6262 2299 5578 243 14610 005 «00C
44099 =,016 4000 6,373 4385 S.62a «275  1.BOB 4002  .00%
54863 +090 +087 64891 »747 5686 s321 24050 4003 4000
60047 4169 4169 64997 4798 S5.723 0349 5 oaga 000 .o00
60202 4267  «268 74121 4834 849  £,755 €374 51303 oo 000
0365 4376 74346 4905 ,F1F 5795 +406  3lo0e  Jo15 .oz
2471 2501 7,632 4972 .984 5841 +443 54237 ,031 4055
0604 2627 B.011 1,089 1,062 52876 «470 54376 2099 #095
W716 4739 Be260 Let17 14128 £,918 2503  Se480 4139 ,139
+BI8 4834 84459 14184 14197 5952 4529 5.55¢ 176 4179
*@39  +953  B,61a 1,252 12684 5994 *560 S.618  .212  ,218
1035 14052  g,724 1,300 1,319 64045 «596 S.682 +254 261
1e182 14158  gleno 378 j.agq 60103 4635 S4747 4298 309
14292 14305 5,961 1.356 |.ean7 60162 4673 54834 4363 ,375
94108 14581 1,553 66217 2705 51908 4420  .e36
9:218 14628 1.626 6,291 4748 84974 4471 4486
ek M 3 0,00607 #x 9351 1,717 14713 64379 +787 61067 4560 4556
94481 1,802 14791 64473 4826 64150 4600 4615
10912 =.015 91684 1.906 14887 64575 4861 64242 662 .67%
20242 ~.021 94953 24005 14960 61310 4701 W71e
20342 ~4019 24171 =4042 4000 66613 4757 4787
20399 ~,016 44762 4003 400] K®% M = 0,06935 MEx 64521 806 sBls
34109 ~.016 54588 263 4249 62617  4BaS 850
54962 4139 64360 4392 4375 14472 ,003 4000 6¢739 1885  .886
6e123 4214 60470 4473 4462 14608 4006 4000 6885 4922  .92:
64267 4308 6¢578 4589 4545 1,804  ,002 ,000 7+058 4956 952
6377 »382 64683 625 621 24048 «003 2000 7+289 988 983
6,895,732 6+80% 4,700 4699 24351  L000  ,000 76463 1.008 1,003
7,001  .783 6¢950 4775 4776 2,741  .000 o000 74538 1.028 1.022
7e128 +834 70118 +849 848  =,022 2019 $022 74792 14047 1.040
7349 +905 74355 922 0921 sB.226 061 +053 74989 14072 1,067
7.638 972 541369 099 0093 84146 14097 14093
84029 1,049 51471 4139 o138 84277 1s120 1,117
84282 14117 1134 #%#% M = 0.09916 *¥%  =,346  ,176 174 8381 14143 1,138
8,882 1,184 1,206 54610 o212  ,213 Be499 1,170 1.16¢
84638 14232 14275 54139 4074 4050  5,67a  ,284  ,256 8e638 14205 14197
8¢750 14309 14333 54337 4129 4110 5,740 4298  ,303 84760 14240 1,227
84864 14378 1,399 54387 4150 <132 8,828 +363 4371 B8+891 1,281 1e262
84992 14456 14477 54445 4178 4164 5,902 420 4429
94348 1,551 1,876 5506 4207 4196  B,967 .47t 481
0e288 12628 1.633 56546 4230  +221 6,062 540 553
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TABLE III’
RAMAN SPECTRA OF AQUEOUS SOLUTIONS OF -
DimMeTHYLLEAD(IV) CoMPOUNDS AT 0°
0.8 M (CH3)2Pb(Cl0s)z + 0.01 M HCIO,

7(CHsa)e-
7 ClO4~, Assign- Ph2+,
[Seitue) ment em 1 A® Assignment
150 ... s PbC, deform (Ey )¢
425 e PbO stretch
460  »2(E)
480 1170 v PbC; stretch (sym) (Ayg)
630  »s(Fq)
933  »n(A))
1125 v3(F») 1208 150 2 CHjzdeform (sym) (Ag)
2052 150  »; CHj stretch (sym) (Ayg)
3055 50 g CHj stretch (antisym) (Eg)
0.9 M (CH;):Pb(NO3)2 + 0.05 M HNOs
7(CHs)s-
FNOs~, Assign- Pb2+,
cm ! ment cm -1 A P Assignment
150 c 1.15 s PbC: deform
(Eu)e
425 o PbO stretch
480 1560 0.53 »3; PbCystretch
(sym) (Ayg)
710 vs (E7)

730 vs (Ap)¢
1045 Y1 (Al)
1208 248 0.72 », CHsdeform
(sym) (Aze)
1350 v (Ag)d
1415 v (E7)
1460 ve (By)¢?
2950 230 0.43 », CHjstretch
(sym) (Arg)
vs CHj stretch
(antisym) (Eg)
@ Integrated intensity (cm =1 X ¢, deflection). ?* Uncorrected.
¢ Weakly active in most (CH;)M ions and molecules. ¢ Fre-
quencies of coordinated nitrate ion; numbering scheme is that of
J. R. Ferraro, J. Mol. Spectry., 4, 99 (1960).
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Figure 3.—Raman spectrum of aqueous 0.9 M (CH;):Pb(NOs)s
at 0°.

from measurements on solutions containing 0.13 M
(CH;):Pb(ClOy4), + 0.74 M HCIO4. The value for a
0.15 M solution of (CHj):Pb(OH), in water was 128.3
cps. Both of these solutions showed only a single
methyl proton signal, indicating that there was no
appreciable contamination by (CHg),Pb*. The ca.
0.1 M stock solution used in the emf measurements
where the final stoichiometric dimethyllead(IV) con-
centration was 18.68 mM was examined 1 week after
preparation, and there was still no signal due to (CHs)s-
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Figure 4—Raman spectra of 0.9 M (CH;):Pb(NQO;); and of
2.0 M NaNO; at high sensitivity.

Pb'Y species. Aged solutions of (CHg),Pb(OH), did
show a weak signal upfield from the main proton reso-
nance caused by the formation of small amounts of tri-
methyllead(IV) species.

Discussion

The hydrolysis of (CHs)ePb2* proved to be rapid and
reversible. As expected, hydrolysis is much less ex-
tensive with dimethyllead(IV) than with the analogous
dimethyltin(1V) system although the products formed
in the two systems are very similar. In contrast to
most simple aquo ions, hydrolysis does not lead to a
large number of species in solution, owing, at least in
part, to the blocking effect of the two methyl groups.
Because of the tendency of (CHj),PbOH* to condense,
only an upper limit could be estimated for the magni-
tude of the first hydrolysis constant, log *8y < —7.4.
Comparison with the value for the formation of (CH,),-
SnOHT, log *8n = 3.55 £ 0.01,' shows that the lead
species, as expected, has a smaller polarizing effect
on water molecules in the first coordination sphere.
In both the dimethyllead(IV) and dimethyltin(IV)
systems, the simple mononuclear conjugate base has a
pronounced tendency to dimerize. In the dimethyl-
lead(IV) solutions studied in this work where the
stoichiometric concentrations were greater than 5 m/,
[(CH;):Pb(OH):Pb(CH;),2*] is the only hydrolyzed
species present in significant concentrations at # values
up to nearly 1.

As the pH is raised increasing # above 1, depolym-
erization occurs in both the (CHj)eSn?+ and the (CHj)s-
Pbh2+ systems with the formation of the simple un-
charged dihydroxides. This behavior is very unusual
in the hydrolysis of metal ions where simple associated
hydroxides are rarely found in solution at finite con-
centrations, In strongly alkaline solutions, the an-
ionic complex [(CH;),Pb(OH);~] is formed, and again
the dimethyllead(IV) system resembles the dimethyl-
tin(IV) one where an analogous species is found. The
most surprising difference between the two systems
is that no precipitation was observed with any of the
dimethyllead(IV) solutions, while stannoxanes pre-
cipitate from the dimethyltin(IV) solutions at # =
1.5 or less if the stoichiometric concentration is about
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TaBLE IV
Hyprovrysis CoNsTANTS OF DIMETHYL CoMPLEXES OF d¥ METAL IoNS AND OF THE REDUCED d¥s? IoNs®

Ion Log *Ki1 Log *Ka Log *Ka Log Kg° Medium
(CHj) T1H22 —13.0 0.6 Variable
Ti+ —13.6 0 corrected
(CHjs)oSn2+ —3.55% —5.451 —11.58¢ 2.6 3 M (Na)ClO,
Sn?t —-3.9 3.4 3 M (Na)ClO;4
(CHs):Pb2+ <—-7.4 >-—8.1 —13.0 >4.0 3 M (Na)ClO,
Pb2+ -7.9 -9.6 —11.5 3 M (Na)ClO,

@ Data taken from ref 20 except where noted. ? Equilibrium constant for 2M(OH)] = [M(OH)M].

10 mM or greater. Also, appreciable concentrations
of higher polynuclear complexes than the dimer exist
in solution at pH values just slightly lower than that
necessary to cause precipitation of the stannoxanes.

Table IV lists data for three pairs of ions which have
about the same polarizing effect on coordinated water
molecules: (CH,)sSn2t and Sn?t, (CH;),Pb2t and
Pb2t, and (CH;),T1+22 and T1+.,

Before discussing possible structures for the di-
methyllead (IV) hydrolysis products, it is useful to ex-
amine the spectroscopic evidence bearing on the struc-
ture of the simple aquodimethyllead(IV) ion. Raman
spectra have been recorded photographically for aque-
ous solutions of dimethyllead(IV) compounds by Goggin
and Woodward!? and assigned on the basis of a linear
skeletal structure with effective Djq symmetry as was
found for the isoelectronic dimethylthallium (III) ion.?
Originally we recorded the spectra of our solutions to
test for trimethyllead(IV) species which are formed by
disproportionation of (CHj).Pb?*t, for example, by re-
action 1% since all of Goggin’s dimethyllead solutions

2(CH;),Pb?t 4+ X~ = (CH;)sPb*t 4 Pb2t 4+ CH;X (1)

contained trimethyllead impurities. No Raman lines
attributable to trimethyllead(IV) species could be de-
tected in the spectra. Although our spectra differ in
certain respects from those of Goggin, his assignment
of the linear structure to the ion is certainly correct.
Comparison of our spectrum of (CH;)sPb(NO;),; solu-
tion, Figure 3, with that published earlier for (CHj),Sn-
(NO,), solution which contains linear H;C-Sn—CH,2+
ions shows that they are virtually identical with only
the small expected frequency shifts.

The differences between our photoelectrically re-
corded spectra and those determined photographically
by Goggin and Woodward may be summarized as fol-
lows. First the skeletal bending vibration is observed
at 150 cm™! in our spectra but not in Goggin's. Al-
though this appears weakly in the spectra of the linear
ions and molecules (CHj),Hg,** (CH,),T1+,2¥ and
(CH;),Sn2+ 5 it generally has been considered to be
symmetry-forbidden taking the ions as having Dy
symmetry. A more detailed consideration of the selec-
tion rules for free internal rotators of this type indi-
cates that the bending mode should be Raman active.?

(22) J. K. Lawrence and J. E. Prue, “Proceedings of the Fifth Interna-
tional Conference on Coordination Chemistry, London, 1959, Special Pub-
lication No. 13, The Chemical Society, L.ondon, 1959, p 186.

(23) P. L. Goggin and L. A. Woodward, Trans. Faradey Soc., §6, 1501
(1960).

(24) L. A. Woodward, Specirochim. Acta, 19, 1963 (1963)..

(25) B. Kirtman, J. Chem. Phys., 40, 390 (1964).

¢ 0.1 M chloride medium.

A very weak line at ca. 425 cm=! is observed in both our
nitrate and perchlorate spectra, and this was not ob-
served by Goggin. This is shown in Figure 4. The
504-cm™?! line attributed by Goggin to the antisym-
metrical skeletal stretching vibration of (CHj);Pb+
impurities is absent from all of our spectra. A weak
line at 562 cm~! which was observed by Goggin and
assigned to a methyl rocking mode is absent from our
spectra. There is some indication in our spectra for
splitting of the doubly degenerate »; and y, nitrate
modes, and this is also shown in Figure 4. Finally,
the antisymmetrical C-H stretching vibration is ob-
served in our spectra at 3055 cm~!, but apparently it
was not of sufficient intensity to be recorded in Goggin’s
spectra.

The very weak line at 425 em™! occurs at approxi-
mately the frequency which would be expected for
Pb-O bond stretching involving the coordinated aquo
groups. A line attributed to Hg—O bond stretching in
the aquo CH;Hg™ ion has been observed by Goggin
and Woodward at 463 cm~1% Unfortunately, the
intensity in the (CHa),Pb?* spectrum was so low that it
was not possible to determine the state of polarization;
however, the line is absent from spectra of NaNO; run
under the same conditions so it is not likely that it is
the vibrational mode which is observed at 450 cm—! in
pure water.”

The assignment of the line observed by Goggin at
562 cm~! to a methyl rocking vibration does not seem
correct since this vibration would be expected to occur
with a frequency some 200 cm~! higher., Determina-
tion of the methyl rocking frequency for the aquo ion
(CHs;).5n2* from infrared spectra of thin solution films®
showed that this occurred at about the same frequency
as in most other methyltin compounds. In the Raman
spectrtum of (CHs)4Pb, the methyl rocking funda-
mentals are assigned to a line at 769 cm~! and to the
shoulder at ca. 800 cn—1.% These fundamentals are
observed at 769 and 796 cm ! in the infrared spectra of
(CH,4)4Pb. Thus, the line observed by Goggin at 562
cm~!is probably due to an impurity.

Finally, in addition to the line at 1415 cm ! due to the
free nitrate v, lines at 1350 and 1460 cm—1! are observed.
In addition, the broad line derived from v of the free
nitrate ion appears to consist of two components at ca.
710 and 730 cm~! These frequencies are similar to
those reported by Goggin and Woodward for coordi-

(26) P. L. Goggin and L. A. Woodward, Trauns. Faraday Soc., 68, 1495
(1962).

(27) G. E. Walrafen, J. Chem. Phys., 86, 1035 (1962).

(28) J. A. Jackson and J. R. Nielsen, J. Mol. Spectry., 14, 320 (1964).
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nation of the nitrate ion to (CH3;)Hg* % and by Hester
and Plane for coordination of nitrate ion to a variety of
cations.?® The numbering of the frequencies of the
coordinated nitrate ion in Table III is that of Ferraro.®
Quite extensive association has been reported for Pb2+
and nitrate ion.33 Thus, the spectra tend to indi-
cate some inner-sphere coordination of nitrate ions, but
this is certainly not extensive in these approximately
1 M solutions. It should be noted that the v; nitrate
line is very broad even in 2 M/ NaNOj solution and
appears to have a shoulder at about 1350 cm—?; how-
ever, the component at 1460 cm~! is absent. There
was no evidence in the spectra for splitting of de-
generate perchlorate modes.

The ion (CHj):Pb?* resembles (CHz)Hg™ in that
H,0 and probably NO;~ are attached by bonds having
some covalent character in contrast to (CHj;)sSn?+
where the interactions appear to be essentially of the
hard-sphere coulombic type. The frequency assign-
ments are given in Table IIT on the basis of effective
D;a symmetry, and the numbering system is that
employed earlier for (CHj)Sn?*. Strictly speaking,
the symmetry is somewhat lower because of the inter-
action of the ion with water molecules, but this has no
significant effect on the selection rules for the vibra-
tions of the (CHj3),Pb2+ moiety.

The values of the 2"Pb-proton indirect spin-spin
coupling constants of the aquodimethyllead(IV) ion
also tend to indicate that the ion has a linear skeleton.
The Fermi contact term appears to dominate the spin-
spin coupling between heavy metal nuclei and protons??
as, for example, in methylthallium (I1I)%4~% and methyl-
tin(IV) compounds.®™%—% 1In all of these cases,
there seems to be an approximately linear relation be-
tween the indirect metal-proton spin-spin coupling
constants and the s character in the metal orbitals
used to bond to the carbon atoms. Data on trimethyl-
lead(IV) compounds indicate that a similar relation
holds for ®Pb~proton coupling.*’ Thus, it would be
expected that the coupling constants should approxi-
mately double in going from (CHj),Pb where the hy-
bridization is presumed to be predominantly sp? to the
linear approximately sp-hybridized (CHj),Pb?+. Mat-
wiyoff and Drago*' have reported the value J(¥*"Pb-
CHj;) = 62.0 cps for (CH;).Pb in benzene solution.
The value observed in this work for aqueous solutions
of (CH;):Pb(Cl0y),, 135.1 cps, is somewhat more than
twice the value for tetramethyllead.

Although the structure of the simple aquodimethyl-
lead(IV) ion is most certainly linear, the structures of

(29) R. E. Hester and R. A, Plane, Inorg. Chem., 8, 769 (1964),

(30) J.R. Ferraro, J. Mol. Spectry., 4, 89 (1960).

(31) V. E. Mironov, Zk. Neorgan. Khim., 6, 659 (1961).

(32) V. E. Mironov, F. Ya. Kulba, and V. A. Fedorov, ibid., 8, 1161
(1963).

(33) G. Klose, Ann. Physik, 9, 262 (1962),

(34) J. V. Hatton, J. Chem. Phys., 40, 033 (1964).

(85) J. P. Maher and D. F. Evans, Proc. Chem. Soc., 176 (1963),

(36) J. P. Maher and D. F. Evans, J. Chem. Soc., 634 (1965).

(37) H. Dreeskamp, Z. Physik. Chem., 38, 121 (1963)

(38) H. Dreeskamp, Z. Naturforsch., 19a, 139 (1964).

(39) H.R. Holmes and H. D. Kaesz, J. Am. Chem. Soc., 83, 3903 (1961).

(40) G. P. van der Kelen, Nature, 198, 1069 (1962).

(41) N. A. Matwiyoff andR S. Drago, Inorg. Chem., 8, 337 (1464).
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the associated hydroxo species are not at all certain.
Goggin recorded the Raman spectrum of 0.5 M (CHjy),-
Pb(OH), and assigned the lines on the basis of a linear
structure for the cation and only hard-sphere coulombic
interactions with the hydroxide ion. This spectrum,
however, contains a weak, depolarized line at 537
cm~! which was assigned as a methyl rocking vibra-
tion by analogy with the line at 562 cm~—!in the aquo ion
spectrum. Since the assignment for the aquo ion is
almost certainly incorrect, it is unlikely that this is due
to methyl rocking. Kawasaki, Tanaka, and Okawara
have assigned the antisymmetrical PbC, skeletal vibra-
tion to a strong band at 541 cm ™! in the infrared spec-
trum of bis(acetylacetonato)dimethyllead.*? The line
reported at 537 cm~! in the hydroxide spectrum may,
therefore, be the antisymmetrical skeletal stretching
vibration made Raman active by a decrease in sym-
metry upon coordination of hydroxo groups, or it may
be due to an unknown impurity. The frequency seems
rather high for the antisymmetrical stretch since a
calculation using a simple valence force field together
with effective methyl masses?® and the symmetrical
stretching frequency predicts the value 514 cm—L
The values for J(*"Pb—CHj) are about 7 cps lower for
aqueous solutions of (CHj);Pb(OH), than for the aquo
ion, and a similar decrease has been observed upon
coordination of hydroxo groups to (CH;);Sn2+.¢ The
nature of the associated hydroxo complexes is currently
under further study in this laboratory.

It is concluded that the simple aquo ion has the
linear structure (I). The very stable dimer presum-
ably has the di-u-hydroxy-bridged configuration (II).
Since the dimer is the only polynuclear complex formed
in high concentrations, there apparently is relatively
little tendency for the lead atom to coordinate four
hydroxo groups. In the dimethyltin(IV) system,
structural studies on the stannoxanes that precipitate
from solution have indicated that tin atoms coordinate
to the bridging oxygen atoms.* The fact that no
similar compounds precipitate from the dimethyllead-
(IV) solutions and the low concentration of higher
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polynuclear species in the solutions seem to indicate that
such coordination does not occur in the lead case.
There may be some decrease in the C-Pb-C angle in
the dimer and in (CHj)sPb(OH), due to the coordina-
tion of the two hydroxo groups to the lead atoms. Al-
though there seems to be little question about the exist-

(42) Y. Kawasaki, T. Tanaka, and R. Okawara, Bull. Chem. Soc. Japan,
37, 903 (1964).

(43) R. K. Sheline, J. Chem. Phys., 18, 602 (1950).

(44) R. Okawara, Proc. Chem. Soc., 383 (1961).



Vol. 5, No. 3, March 1966

ence of [(CHs)ng(OH)ng(CH3>22+], (CH3)2Pb<OH)2,
and [(CH;):Pb(OH);~], the sanie is not true about the
fourth complex assumed in fitting the data. Since this
is a small effect and the other assumptions give rather
good fits to the data, it is possible that there are very
low concentrations of more than one additional species.
The addition of more base to the dimethyllead(IV)
solution breaks down the dimer and any other poly-
nuclear species, and (CHj),Pb(OH); is essentially the

CompLEXES OF CopPPER(II) wiTH TETRAPHOSPHATE 3861

only complex in solution at pH ~10.5. Since cleav-
age of the lead—carbon bond occurs rather rapidly in
strongly alkaline solutions, it is difficult to study the
anionic species which are formed at high pH.
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their appreciation to Dr. P. L. Goggin, who provided
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The shapes of anodic and the first portions of the cathodic polarographic waves obtained with the dropping copper amalgam
electrode in solutions containing copper(II) and excess tetraphosphates correspond to a reversible electrode reaction. The
cathodic diffusion current region is poorly developed in alkaline solutions. The reversible behavior of the electrode in
equilibrium with the bulk of the solution permits the determination of formulas, stabilities, and acidities of the complexes
formed between copper(II) and tetraphosphate on the basis of the pH measured by a glass electrode and the potential of a
dropping copper amalgam electrode. The stepwise formation constants for Cu?* with P,Oyf~ are 10%4¢ and 106, The
1:1 complex is the predominant species in a solution containing tetraphosphate in excess above a pH of 7 owing to the
quadridentate bonding capacity of the tetraphosphate ion and the corresponding usual coordination number of copper(II).
The successive addition of hydrogen ions to the complex containing two tetraphosphate ligands produces a relatively smaller
effect on the complexity constant, presumably because the excess dangling POj tetrahedra can be protonated without greatly
affecting the complex bonding. A method of predicting polyphosphate complexity constants is shown from the observation
that the mean free energy associated with the complex bond formation in all copper polyphosphate complexes is essentially

a linear function of the mean ionic charge of the bonding PO; tetrahedra.

Introduction

The present investigation is one of a series concerned
with the complexes of copper(II) with linear poly-
phosphates? and another concerned with the chem-
istry of tetraphosphates in agqueous solutions. The
tetraphosphate papers are concerned with acidity
constants® and complexes with mercury(I)* as well as
the guanidinium ion.?

The complex-forming properties of linear poly-
phosphates are influenced by the presence of several
positions in the molecule at which protonation or com-
plexation can occur. Consequently, the possibility
of forming polynuclear species exists in ligand-deficient
solutions, and protonated complexes are formed in
acidic solutions. The reversible behavior of the
copper amalgam electrode in equilibrium with the
copper polyphosphates permits a complete interpreta-
tion of the very complex equilibria which would other-
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wise be exceedingly difficult, if not impossible. The
accuracy of the results is enhanced by the fact that the
electrode is also reversible in ligand-free solutions if
the pH is of the order of 3.0 or less.

In particular, a series of studies under similar ex-
perimental conditions in which only the length of the
ligand chain and the number of coordinating positions
are changed permits a greater insight concerning the
statistical, as well as intrinsic, factors influencing com-
plex bonding. Furthermore, the results can be ex-
trapolated to predict the properties of polyphosphate
complexes of other metal ions for which no reversible
electrode is available.

Since Thilo and Ratz® first prepared tetraphosphate
by the alkaline hydrolysis of cyclic tetraphosphate
and Quimby’ crystallized its guanidinium salt, several
papers have also been written on its separation by
various chromatographic procedures, its crystalliza-
tion by heavy metal ions, and the irreversible polarog-
raphy of the Zn, Cd, and Pb salts. Many of these
references and the procedure for preparing the tetra-
phosphate are given in the first paper of this series,
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