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series of compounds. It is unlikely that steric factors 
are responsible for the trend, since alcohols have low 
steric requirements for i n t e r a c t i ~ n . ~ , ~ ~  The results 
indicate that to a CH2 group, the CH3 group is more 
electron releasing than the SiH3 or GeH3 groups. These 
results are not in agreement with the order of electron 
release suggested by Srivastava and O n y s ~ c h u k ~ ~  for 
the GeH3 and CH3 groups, from their infrared studies 
of the acetate derivatives of CH4 and GeH4. The re- 
sults are not strictly comparable, however, since the 
compounds involved are structurally different. The 
order is also not consistent with the experimental in- 
ductive effects of the related (CH3)3C, (CH3)3Si, and 
(CH3)3Ge groups, although again different systems were 
studied. 37 The possibility of an interaction between the 
lone pairs of electrons on oxygen and the d orbitals of 

(36) T. K. Srivastava and M. Onyszchuk, Can.  J .  Chem., 41, 1244 (1963). 
(37) R. W. Bott, C. Eaboro, K C. Pande, and T. W. Swaddle, J .  Chem. 

Soc., 1217 (1962), K. Yates and F. Agolini, Can. J. Chem., 44, 2228 (1966). 

silicon or germanium through a CHs group should be 
given some further consideration in light of the present 
results. 38 
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The acidity of and L1+, Sa+, K+,  and Cs- complexing with a series of substituted methylenediphosphonates have been 
determined a t  25' in 0.6 M tetramethylammonium chloride. The acid properties of the alkyl-substituted methylenedi- 
phosphonates have been shown to be correlated with the electron-donor ability of the substituents attached to the bridging 
carbon atom. Also, log P\IH,L (i = 0, 1) is predicted by an equation involving the reciprocal of thc radius of the bare cation 
and the sum of the Taft 8 values. For 1-hydroxyethylidene-1,l-diphosphonic acid evidence is presented for intramolecular 
binding of the protons and the metal ions by the hydroxyl group. 

Tntro duc tion 
Previous on methylene- and polymethyl- 

enediphosphonic acids, Hz03P (CH2) %P03H%, showed that 
the pK values for the least acidic hydrogen atom and 
the values of the formation constants of alkaline earth 
metal ion complexes both decreased with increase in the 
value of 1z. The largest decrease in the interaction of 
diphosphonates with cations was noted in going from 
methylenediphosphonic acid, MDP, to dimethylene- 
diphosphonic acid. 

This paper includes a study of the effect on proton 
dissociation and alkali metal complexing upon sub- 
stituting alkyl and hydroxy groups for the methylene 
hydrogens in MDP. In particular, an objective is to 
determine if the interaction of alkali metal ions with 
these diphosphonates is primarily ionic and specific 
site binding in character as opposed to a random non- 
specific interaction. In the case of condensed phos- 

(1) G. Schwarzenbach and J. Zurc, Moizatsh Chern., 81, 202 (1930). 
(2) G. Schwarzenbach, P. Ruckstuhl, and J Zurc, Helv. Chim. Acta,  34, 

(3) R. R. Irani and K. Moedritzer, J .  Phys. Chem , 66, 1349 (1062). 
485 (1951). 

phates* and isohypophosphate,j evidence obtained 
from 31P nmr studies suggested specific site binding. 
Unfortunately, the changes in the 31P nmr chemical 
shifts and spin-spin coupling constants for the phos- 
phonate polyanions upon metal complexing are too 
small to be used for such a study. 

Experimental Section 
Chemicals.-Methylenediphosphonic acid (MDP) was pre- 

pared as previously described6 but was further purified by crystal- 
lization of a tetrasodium salt. Anal. Calcd for HpC(PO8)z- 
Sad.9HzO: C,2.8;  H, 4.7; P, 14.5. Found: C, 2.9; H ,  4.6; 
P, 14.5. Aqueous solutions of the MDP salt were converted 
to the free acid by cation exchange with the hydrogen form of a 
Dowex 50 resin. 
Ethylidene-1,l-diphosplionic acid, CHaCH(P03Hz)s IEDP), 

and isopropylideiiediphosphonic acid, ( C H ~ ) ~ C ( P O ~ H ~ ) Z  (PDP),  
were prepared by hydrolysis of their tetraethyl esters. The 
esters were prepared by stepwise methylation of the carbanion 

(4) M. M. Crutchfield and Fi. R. Irani, J .  Am.  Chcm. SOE.,  87, 2816 
(1965). 

( 5 )  R. L. Carroll and R. E. hlesmer, Inovg .  Chem., 6, 1137 (1967). 
(6) K. Lfoedritzer and R. R. Irani, J .  Inovg. N a c l .  Chem., 22, 297 (1961). 
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of MDP Anal. Calcd for H20aPCH(CHdW&: C, 
12.6; H, 4.2; P, 32.6. Found: C, 12.7; H, 4.1; P, 32.5. 
Anal. Calcd for H ~ O B P C ( C H ~ ) ~ P O ~ H ~ :  C, 17.7; H ,  4.9; P,  
30.4. Found: C, 17.6; H ,  5.0; P, 30.4. Octylidene-l,l- 
diphosphonic acid, C ~ H ~ ~ C H ( P O ~ I I ~ ) Z  (ODP), was prepared in a 
similar manner, as reported r e ~ e n t l y . ~  

Crystalline 1-hydroxyethylidene-1,l-diphosphonic acid, CHJC- 
(OH)(POsHz)? (HEDP), was prepared by the reaction of PClr 
with water and acetic acid.10 Anal. Calcd for H?OaPC(OH)- 
(CH,j)POaHs.H20: C, 10.7; H ,  4.5; P, 27.7.  Found: C, 10.8; 
H,  4.6; P, 27.6. Constant ionic strength wa5 maintained with 
recrystallized tetramethylammonium chloride,*1 free of residual 
amine and Con. The recrystallized tetramethylammoniunl chlo- 
ride was converted to tetramethylammonium hydroxide by anion 
exchange. 

The aqueous solutions of the diphosphonic acids and tetra- 
methylammonium hydroxide mere carefully standardized prior 
to potentiometric measurements. 

Potentiometric Measurements and Calculations.-The po- 
tentiometric procedures for determination of acidity and forma- 
tion constants were described previously.lZ All measurements 
were made a t  25" in 0.5 114 (CH8)dNCl. The concentrations of 
rH+] and [OH-] were cilculated trom pH measurements using 
the expressions 

and 

where (H+) is antilog (-pH) and brackets indicate concentra- 
tions. Several independent determinations of + and KWapparent 
in 0.5 hf (CHa)aXCl gave values of 0.865 f 0.005 and 1.244 i 
0.002 X 10-14, respectively. These values were used in cal- 
culating the free hydrogen and hydroxide ion concentrations. 

The acidity constants, Ki, and formation constants, P M H ~ L ,  for 
the substituted methylenediphosphonic acids, are represented 
by the equations 

(3) 

(4) 

Results 
The five diphosphonic acids described in this paper 

titrate as tetrabasic acids having two strongly dis- 
sociated hydrogen atoms (pK < 3) that  show no in- 
dependent inflection points. Only MDP exhibits a 
stepwise titration curve for the remaining two weakly 
dissociated hydrogen atoms with two definite breaks. 
No break in the pH titration curve for the least acidic 
hydrogen atom is observed for EDP, PDP, ODP, and 
HEDP when titrated with tetramethylammonium hy- 
droxide Independent titrations of concentrated solu- 
tions of ODP, EDP, PDP, and HEDP in 1 M NaCl 
with NaOH show an inflection point for the most 
weakly dissociated hydrogen atom because of the 
lowering of the apparent pK values by complexing with 
sodium ion. 

(7) G. M. Kosolapoff. J .  Am. Chem. Soc., 76, 1500 (1953). 
(8) F. A. Cotton and R. A. Schunn, ibid., 85, 2394 (1963). 
(9) S. J. Fitch and  R. R. Irani, U. S. Patent 3,299,123 (Jan 17, 1967), 

to Monsanto Co. 
(10) B. Blaser, H. Germscheid, and K. Worms (to Henkel and Cie), 

Belgian Patent 619,620 (July 1962) ; H. Germscheid and J. Schiefer, Canadian 
Patent 701.860 (Jan 1965). 

(11) P. L. Pickard and W. E. Neptune, A n d .  Chem., 27, 1358 (1955). 
(12) K. P.  Carter, It.  L. Carroll, and I<. R. Irani, Inoug. Chem., 6, 939 

(1967). 

The values of pK2, pKs, and pK4 for MDP, EDP, 
ODP, PDP, and HEDP are tabulated in Table I, 
along with estimated errors a t  the statistical 95% con- 
fidence limits. Each pK value is the average of a t  
least 20 computed values obtained from several inde- 
pendent titrations. 

TABLE I 
ACID DISSOCIATION CONSTANTS FOR THE DIPHOSPHONATES 

AT 25' IN 0 . 5  iM (CH&NCl 
Ligand" PKZ P K ~  pK4 

PDP 2 . 9 4 f 0 . 0 2  7 . 7 5 f  0 .05  12.4 f 0 . 2  
HEDP 2 . 5 4 f  0.05 6 . 9 7 f  0.05 1 1 . 4 1 f  0.05 
EDP 2 . 6 6 f 0 . 0 3  7 . 1 8 f  0 .03  1 1 . 5 4 f  0.04 
MDP 2 . 4 9 f 0 . 0 4  6 . 8 7 3 ~  0.02 1 0 . 5 4 f  0.02 
ODP . . .  7 .45f  0 .05  11.9 f 0 .15  

(I Abbreviations: PDP, isopropylidenediphosphonic acid; 
HEDP, 1-hydroxyethylidene-1,l-diphosphonic acid; EDP,  
ethylidene-1,l-diphosphonic acid; MDP, methylenediphosphonic 
acid; ODP, octylidene-1,l-diphosphonic acid. 

The values of pK1 for the diphosphonates are below 
1 and cannot be measured adequately by our pro- 
cedure. Arbitrary choices of pK1 values below 1 had 
no effect on the computer fit of the titration curves with 
the calculated values for pK2. The pK2 values in 
Table I were calculated assuming pK1 = 1. 

The stability constants for the 1: l  cesium, potas- 
sium, and sodium ion complexes with the monopro- 
tonated (OMHI,) and the unprotonated (@MI,) forms of the 
four anions are reported in Table 11, along with esti- 
mated errors at the statistical 95% confidence limits. 

TABLE I1 
pol H ~ L  VALUES FOR SUBSTITUTED METHYLENEDIPHOSPHONATE 

WITH ALKALI METAL IONS IN 0 . 5  M (CH8)hNCl AT 25" 
Metal Ligand Log BIIHL Log BkiL 

Li + PDP 1.38 f 0.04 3.83 f 0.10 
E DP 0.99 f 0.04 3.12 f 0.12 
M D P  0.82 f 0.03 2.48 f 0.05  
HEDP 1.08 f 0.03 3.35 f 0.06 

Na + P D P  0.57 f 0.05  2 .08  f 0.04 
1.51 f 0.09 EDP 0.50 f 0.03 

M D P  0.39 It 0.03 1.13 f 0.08 
HEDP 0.54 f 0.03 2.07 f 0 .05  

K +  P D P  0.35 f 0.03 1.60 f 0.07  
E D P  0.28 f 0.03 1 . 2 0 f O o . l 0  
M D P  0.20 f 0.02 1.02 f 0.04 
HEDP 0.36 f 0.03 1.79 f 0.04 

c s  + PDP 0.35 f 0.03 1 .40  f 0.05 
E D P  0.09 f 0.02 1.02 f 0.09 
M DP 0.04 f 0.02 0.84 i: 0.05 
HEDP 0.24 f 0.04 1.60 f 0.10 

Each log /? value represents an average of at least IO 
independent determinations with total M to total L 
ratios varying between 0.5 and 35.1a Also, the log 
/?MHL and log PML values for the 1 : 1 lithium ion com- 
plexes with these ligands are reported in Table 11. 
However, the reported log p values represent calcula- 

(13) Representative data have been deposited as Document No. 9589 
with the AD1 Auxiliary Publications Project, Photoduplication Service, 
Library of Congress, Washington 25, D. C. A copy may be secured by cit- 
ing the document number and by remitting $1.25 for photoprints, or $1.25 
for 35-mm microfilm. Advance payment is required. Make checks or 
money orders payable t o :  Chief, Photoduplication Service, Library of Con- 
gress. 
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tions using only runs where total metal to total ligand 
ratios did not exceed 2. This was necessary because 
of the apparent existence of higher order complexing, 
which will b'e discussed later. The number of runs that 
were used for calculating PAIL and &HL values for 
lithium was at least four. 

In  all computations for PIIIHJ,, only two forms of the 
ligand were assumed to coexist a t  a specific pH, i . e . ,  
HtL and Hi-lL. Overlap by a third protonated species 
was negligible because of the large differences between 
the successive acidity constants. (The minimum sepa- 
ration between pKi and pKi-l for the diphosphonates 
17-as about 4 pK units.) 

Discussion 
Acidity-Comparing the pK values in Table I ,  it is 

apparent that the values for pKa, pKa, and pK4 increase 
with increase in alkyl substitution. The most signifi- 
cant effect occurs with the most weakly dissociated hy- 
drogen atom, where the substitution of each methylene 
hydrogen atom by a methyl group results in an increase 
in the value of pK4 by about 1 pK unit. Similar effects 
have been reported for a lky lph~sphon ic~~~  l5 acids and 
polymethylenediphosphonic acids. The Taft treat- 
ment has been satisfactorily applied to the proton dis- 
sociation of several alkylphosphonic acids1: (RP03H2), 
Also, the effect on proton dissociation of the electron- 
withdrawing power of substituents attached t o  a bridg- 
ing carbon atom has been treated quantitatively.I6 

The trend in the pK, values, excluding HEDP, for 
this family of compounds is what would be expected 
from the electron-withdrawing abilities of the sub- 
stituents. Employing the Taft polar substituent 
 constant^,^^ u*,  for the alkyl substituents attached to 
the methylene carbon, a plot of pKi vs. 2 u *  yielded a 
straight line with a correlation coefficient for pKa and 
pK4 of 0.986 and 0.993, respectively. The statistically 
poor correlation coefficients 0.850 and 0.646, respec- 
tively, were obtained \\-hen HEDP was included in the 
correlation. The fact that ODP fits the alkyl-sub- 
stituted correlation indicates that steric effects are 
negligible for substitution of large groups for the methyl- 
ene hydrogens. Moreover, for the strict dependence 
of pK, on Zu* to hold for a given series of compounds 
would require all effects, other than electron withdraw- 
ing, to remain essentially constant. 

Employing the Taft equation derived from the pure 
alkyl-substituted methylenediphosphonates, the calcu- 
lated values for pK3 and pK4 for HEDP are 6.56 and 
9.48 as compared with the observed values of 6.97 and 
11.41, respectively. These large deviations clearly 
show that effects other than polar must be considered 
in explaining the acidity of HEDP. 

(14) L. D. Freedman and G. 0. Uoak, Chem. Rev. ,  67, 479 (1957). 
(15) 11. J. Martin and C. F. Griffin, J .  Organonaelal. Chem. (hmsterdam), 

(16) (a) R. W. Taft ,  Jr., J .  Am. C k e m .  Soc., 74, 3120 (lQ5Z); 75, 4231 
26, 93 (1957); ( b )  &I. S. b-ewman in "Steric Et' 

i y , "  J u h i i  W i l e y  x i i d  Simh, lite,,  Sew Y m k ,  N. Y. .  
1956, Chapter XIII. 

(17) Values for o* were taken from ref 18: CHa. 0.00; C?Hj, -0.10; 21, 
0.49; CiHi;, -0.17; OH, 1.55, The value foi- CiHin was obtained ass m- 
ing a polar substitution effect for CnHio of 0.070 unit. 

1, 292 (1964). 

For the polymethylenediphosphonates, i t  has been 
shown that extensive interaction between the two phos- 
phonate moieties does occur, but, with the increase in 
the distance between the two functional groups, pK4 - 
pK3 approaches the predicted statistical limiting values 
of log 4. Also: i t  is of interest to note that the mag- 
nitude of (pK3 + pK4)/2 is very close to that of pK, 
for the corresponding alkyl phosphonate. Apparently, 
the P-C-P bond angle in diphosphonates is controlled 
mostly by the repulsion between the two large phos- 
phonate groups, with alkyl substitution on the methy- 
lene group being a second-order effect. 

It is reasonable to assume that the hydroxyl group in 
HEDP acts as an additional bonding site to the two 
phosphonate moieties. Such a participation probably 
occurs via a five-membered ring. In  the case where 
more than two hydrogens are associated with the HEDP 
anion the interaction of the hydroxyl group with the 
acidic protons is probably more diffuse. 

The intramolecular participation of the hydroxyl 
group in the bonding of protons is probably more iin- 
portant than changes in the hydration properties upon 
adding the hydroxyl group to the diphosphonate struc- 
ture. 

Alkali Metal Ion Comp1exing.-During the course of 
our study, no evidence was observed for complexing of 
alkali metal ions by the diprotonated diphosphonates. 
The pH titration curves for (z values below 2 were iden- 
tical in the presence or absence of alkali metal ions. 
The only exception ivas some detection of very weak 
complexing of Li+ by diprotonated HEDP. As dis- 
cussed later on, the OH group in HEDP appears to 
contribute to metal ion complexing. 

Li+ was found to form 2 :  1 complexes with the un- 
protonated diphosphonates 

(5) LiJ-3- + Li-1- - Li2L? - 

The equilibrium constant for eq 5 was 15 =t 5 for PDP 
and HEDP, and about 3 for MDP and EDP. KO 
significant 2 : 1 complexing was observed for Na+, K f ,  
or Cs+. Except for very weak complexing of HEDP, 
the monoprotonated diphosphonates do not form 2 : 1 
complexes 7%-ith any of the alkali metal ions. 

It has been suggested18 that if the formation of a 
complex between a cation and an anion is purely elec- 
trostatic and if the interaction is large enough to dis- 
place the solvation shell of the cation, then there should 
exist a linear relationship between the change in free 
energy accompanying the formation of the complex 
and the ionic potential of the cation. This appears to 
be the case for the interaction of alkali metal ions with 
diphosphonates since plots of log PJIL vs. l , 'ylg with each 
diphosphonate gave fairly parallel straight lines with 
correlation coefficients in the range 0.965-0.983. Simi- 
lar plots of log PhrHL vs, l / r  also gave fairly straight and 
parallel lines, but with a different slope than was ob- 

- 

(18) C W. Ihv ie s ,  J .  Chein. Soc., 1256 (lU.51). Also see C .  B. RImk, 

(19) The  following crystal radii values were used in the calculations (A) :  
"Electrolytic Association." Academic Press, New York, N .  Y., 1961. 

Cs+, 1.69; K + ,  1.33; T a t ,  0.95; Li+,0.60.  
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tained for the log PML vs. l / r  plots. The correlation 
coefficients ranged from 0.975 to 0.999. 

The interaction of metal ions by polyphosphates20,21 
has been interpreted previously in terms of electrostatic 
binding. Moreover, from a simple electrostatic model4 
i t  has been shown that specific site binding would be 
energetically favored if the ions lost sufficient waters of 
hydration to reduce the distance of interaction and thus 
reduce the effective dielectric constant of the solvent. 

Plots of log P M H ~ L  for Li+, Na+, K+, and Cs+ against 
the Zu* values for MDP, EDP, and PDP can be 
represented by a linear relationship. The statistical 
fits are shown in Table 111. The average deviation 
between experimental and calculated log PMHJ, values 
is less than 0.04 unit. The plot for log &HL against 
ZU* gave a poorer fit because of the experimental un- 
certainties in the formation constants. 

TABLE I11 
PARAMETERS FOR THE CORRELATION OF 

LOG PhrIi ,L FOR MDP, EDP, AND PDP FOR 

A SPECIFIC ALKALI METAL ION AS A 
FUNCTION OF Z U * :  LOG  pat^,^ = A - p*%* 

A V  

Metal log p(ca1cd) - Correlation 
complex A p* log p(measd) coefficient 

LiL 3 .82  1.378 0.02 0.999 
NaL 2.05 0.969 0.04 0.994 
KL 1.56 0.592 0.05 0.978 
CSL 1 .37  0.571 0.09 0.980 
LiHL 1.34 0.571 0 .05  0.975 
NaHL 0 .58  0.184 0 .01  0.992 
KHL 0 .35  0.153 0.00 0.999 
CsHL 0.32 0.316 0.05 0.932 

When HEDP was included in the u* correlations, 
the fit was significantly poorer and well beyond the 
uncertainties of log P M H ~ L  and u* values. The calcu- 
lated values for HEDP were larger than would be pre- 
dicted using the parameters in Table 111. The meas- 
ured values for log PMHEDP for Lif,  Na+, K+, and Cs+ 
are larger than the calculated values by 1.78, 1.52, 
1.15, and 0.92 units, respectively. Similarly, the fol- 
lowing positive deviations were calculated from Table 
I11 for log PL~HL,  log P K ~ H L ,  and log PKHL with HEDP: 
0.63, 0.25, and 0.24. 

These large positive deviations are believed to be due 
to the participation of the hydroxyl group of HEDP 
in petal  ion binding, as was previously discussed with 
the acidity data. 

For the interaction of the alkali metal ions with either 
the tri- or tetravalent anions, the proportionality con- 
stant, p*, decreased with increase in the radius of the 
cation. Also the largest change in p* occurred in the 
series with the tetraanion (Table 111). Since p* is a 
measure of the susceptibility of a given series of reac- 
tions to the inductive effect of the substituents,22 one 
would expect from simple electrostatic consideration 
that the monovalent cation with the smaller radius 
would be affected to a greater extent by the substitu- 

(20) J. R. Van Wazer and C. F. Callis, C h ~ m .  Reu., 66, 1011 (1958). 
(21) R. R. Irani and C. F. Callis, J .  Phys.  Chem., 64, 1398 (1960). 
(22)  Reference 16b, p 606. 

ents than one of larger radius. That is, if all other 
effects are constant, a cation such as Li+ would re- 
quire more work to separate i t  from the polyanion 
than the larger Cs+. 

Figure 1 illustrates the type of fit obtained when (log 
PMH,L) + p*2u* is expressed as a function of l/r. The 
vertical line drawn through each point represents the 
maximum deviation of the results with the three ligands 
PDP, EDP, and MDP, while each point represents the 
mean value. Certainly, the normalization of the lig- 
ands other than HEDP achieved through the use of 
the Taft u* values is excellent since the values calcu- 
lated for a given metal ion as a function of (log PRIH~L) + 
p*I;u* differ by a t  most 0.11 unit, and in most cases the 
variance is much less. 
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Figure 1.-Plot of (log P*~H,L) + p*Zu*  as a function of 1/r  

for the alkyl-substituted methylenediphosphonates PDP, EDP, 
and MDP. 

A least-square fit of the data shown in Figure 1, 
indicated by the solid line, gave the equations 

(log @MI*) + ~ * Z U *  = -0.16 + (2 .33 / r )  

(log PMHL) + p*Zu* = -0.36 + (0 .99/~)  

( 6 )  

(7) 
Equations 6 and 7 fit the data with standard devia- 
tions of 0.15 and 0.12, respectively. The reasonable 
fit for the over-all data with the l / r  function indicates 
that electrostatic attraction is a major factor in deter- 
mining the magnitude of the stability constants of 
alkali metal ions with diphosphonates. However, 
since the standard deviations of the fit are larger than 
the experimental error €or the log PL~H,L values, inter- 
pretation of the results by a purely electrostatic inter- 
action is probably an oversimplification. 
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In a recent study on the Raman spectra of metal 
complexes, Brintzinger and Plane23 have concluded 
that metal binding by pyrophosphate is essentially 
electrostatic with at least one PC03 group coordi- 
nated through two 0 atoms to the metal ion. Because 
of steric effects, they have proposed that the pyro- 
phosphate ion acts as a tridentate anion. It is reason- 
able to assume similar interactions by the isoelectronic 
methylenediphosphonates, with HEDP having an ad- 
ditional bonding site. 

It is of interest to note that large deviations from 
linearity were obtained for plots of log PAIH~L against 
ionization potential. This is contrary to that reported" 
for the metal hydroxides where plots of log @ against 
z z / r  or the ionization potential were linear. The simi- 
larity between the two plots could be fortuitous since 

(23) H. Bitntzinger and  R. A. Plane, Irioig. Chem., 6, 623 (1967). 

for the alkali metal ions only Naf and Li+ were in- 
cluded in the correlation. 

The entropies of hydration of metal ions are propor- 
tional to the reciprocal of the crystal radii.24 The ex- 
cellent fit of log P$IH,L us. l / r  suggests that the enthalpy 
changes accompanying alkali metal ion complexing 
by diphosphonates are either negligible or independent 
of alkali metal ion. Work is underway to measure the 
enthalpy change for metal ion complexing to determine 
the relative significance of the AH and A S  terms to the 
stability of these ionic complexes. 
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The structure of KQCSHSPO~. l . 5 H ~ 0  has been determined by X-ray diffraction study. The crystals are orthorhombic ( a  = 
5.91, b = 12.01, G = 30.80 A, space group Pbcn) with eight molecules per unit cell. The intensities of 728 independent 
reflections were recorded photographically and estimated with a densitometer. The structure was solved by a symbolic 
sign method and has been refined to  a conventional R factor of 11%. The phosphate group is in the form of a distorted 
tetrahedron, with one long ester P-0 distance of 1.64 A and three essentially equal P-0 distances of 1.51, 1.53, and 1.53 A. 
The bond angles a t  the phosphorus atom vary from 101 to 114'. There are three different potassium ions in the cell, one in a 
general position and two in special positions. If the limit of potassium coordination is taken as 3 A. K ( l )  in a general posi- 
tion is coordinated to four oxygen atoms, K(2) in a special position is coordinated to six oxygen atoms, and K(3) also in a 
special position is coordinated to four oxygen atoms. Of the phosphate oxygen atoms two are coordinated or hydrogen 
bonded to three other atoms and one is coordinated or hydrogen bonded to four other atoms in addition to the covalent 
bond to the phosphorus atom. This has the effect of producing a tightly bonded crystal with small thermal vibrations, par- 
ticularly evident in the phosphate group. This also appears to cause the three nonester oxygen atoms to be equidistant 
from the phosphorus atom. 

Introduction 
The hydrolysis of organic phosphates has been 

studied for a number of alkyl and aryl pho~phates.l-~ 
The structures of organic phosphates, in particular a 
comparison of the P-0-C linkages, should help in inter- 
pretation and understanding of the kinetic results, 
even though extrapolation from crystal structures to 
structures in solution is difficult. It is particularly 
interesting and informative to consider the effects of 
metal coordination and hydrogen bonding on the struc- 
tures, inasrriuch as in several instances the presence of a 
metal ion has appreciably cffectcd the hydrolysis rates.d 
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Such results suggest the possibility of a metal ion com- 
plex in solution in these cases. A complex between the 
monoanion, P04R-, and a water molecule has been 
proposed to explain the structural requirements for 
hydrolysis of monoesters as well as cyclic phosphate 
esters.jI6 Structural results'~* indicate a rather sig- 
nificant effect of hydrogen bonding and complex forma- 
tion on P-0 and PO-C distances which may be sig- 
nificant when considering various factors affecting the 
kinetics. The structure of dipotassium phenyl phos- 
phate VI ith 1.5 molecules of water of hydration is, to 
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