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Results and Discussion 
All runs were kinetically first order with respect to 

NO pressure. The pseudo-first-order rate constant 
for disappearance of dissolved NO depends on the con- 
centration of sulfite as illustrated in Figure 1, corre- 
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Figure 1 .-Pseudo-first-order rate constant for the reaction of 

aqueous NO with sulfite a t  25". 

sponding to a rate law k = 0.132 + 0.45[SOP'] sec-l. 
At 50" the values are k = 0.12 + 1.32[S032-] sec-'. 
Within the range of concentration 0.1 to 1.0 M ,  the rate 
is independent of hydroxide. 

This form of rate law is consistent with a mechanism 
involving two parallel paths. The sulfite-dependent 
term corresponds to direct combination of dissolved NO 
with sulfite ion, while the sulfite-independent term cor- 
responds to a rate-determining reaction of dissolved NO 
with water to form a hydrolyzed species, followed by 
the relatively fast reaction of that  species with sulfite 

SOaZ- 
NO(disso1ved) ---.t -0,SNO- 

fast 

In  either case, the primary product must be supposed 
to react rapidly with a second molecule of NO to yield 
the final product. 
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The kinetics of formation of nickel(I1) complexes 
with a large number and variety of ligands have been 
studied.l In  our investigations of the effect of proto- 

(1) M. Eigen and R. G. Wilkins, Advu?z. Chem. Ser., No. 49, 66 (1965); 
N. Sutin, Ann.  Res. Phys .  Chem., 17, 119 (1966); L. I. Budarin and K .  B. 
Yatsimirskii, Russ. Chem. Reo., ST, 209 (1968); A. McAuley and  J. Hill, 
Qpart. Rev.. Chem. Soc., 23, 18 (1969) 

nation of a ligand on its reactivity, a striking result 
has been the low rate constant for reaction of the zwit- 
terion form of amino acids with nickel(II).2 This may 
result from the internal hydrogen bonding present in 
the zwitterion, and in this connection it seemed worth- 
while to examine the behavior of 8-hydroxyquinoline. 
This important ligand can exist in three forms, 1-111, 
R = H, pK1 = 9.9 and pK11 = 5 . lS3  I1 has been 
reported to exist in the H-bonded form,4 although its 
high rate constant for reaction with OH- (2 1.5 X 
l o 9  M-l sec-I) does not support this idea.5 It was 
therefore of interest to study the complexation kinetics 
of 1-111. We also examined the 5-sulfonated deriv- 
ative, in which R = SO3- over the whole pH range of 
our study (pK1 = 8.4, pK11 = 3.8).3 The kinetics of 
complex formation of a number of magnesium com- 
plexes with 8-hydroxyquinoline have been investigated 
previously. 
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Experimental Section 
Materials.-These were commercially available, reageri t 

grade. 8-Hydroxyquinoline was recrystallized three times from 
aqueous ethanol and 8-hydroxyquinoline-5-sulfonic acid di- 
hydrate was recrystallized twice from water, using decolorizing 
charcoal. 2,6-I,utidine was redistilled and a center fraction, bp 
142 O ,  was used. 

Kinetic Experiments.-The concentration of nickel and copper 
ions was estimated by EDTA titrations, and that of the ligand 
by direct weighing. The formation and dissociation of the 
complexes were followed spectrally in the region of 370 mp, using 
a glass-Lucite stopped-flow apparatus. In the formation ex- 
periment, metal ion a t  the appropriate pH (using acid alone, or 
buffer if necessary) was mixed with ligand a t  the correct pH, both 
solutions containing sodium nitrate to bring to the ionic strength 
used in all the studies (0.30 M ) .  A large ratio of metal ion 
(usually 5 X M )  to ligand concentration M )  ensured 
pseudo-first-order kinetics and halted the reaction a t  the mono- 
complex stage, thus preventing precipitation of the sparingly 
soluble bis compound. The observed second-order rate con- 
stants [kobsd  = 0.693/(ti/,[Ni2+] ), where ti/,is the half-life for the 
first-order reaction] are shown in Table I, and are the means of 
several runs. 

In the dissociation experiments, complex prepared from ex- 
cess Nil+ a t  pH -5 was plunged into perchloric acid a t  the lower 
pH or into solutions containing Cu2+ a t  pH 4-5. From a knowl- 
edge of the formation constants for the complexes with the two 
 ligand^,^ i t  could be shown (and was checked spectrally) that  
both formation and dissociation reactions went to (29574) com- 
pletion. The temperature was controlled to zt0.1'. Spectra 
were recoided with a Cary 14 in a thermostated room (25 =t 0.5"). 

Results and Discussion 
Complex Formation.-The major forms of the ligand 
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form, + N H . . . O - ,  K t  = [zwitterionl/[enol] = 0.035: S. F. Mason, J. 
Chem. Soc., 5010 (1957). 
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TABLE I 
KINETIC DATA ( I  = 0.3 M )  

Furmation of 8-hy- Formation of 8-hy- Dissociation oi S-hy- 
droxyquinoline com- droxyquinoline-5-sul- droxyquinoline com- 

plex fonate complex plex 

10-3kohsd, 10-akobsd, 
Temp, k - 1  Temp, A - 1  Temp, kabsd. 

OC pH sec-1 O C  pH sec-1 " C  pH sec-1 

2 5 0  4 . 6  0 . 5 5  2 6 . 0  3 . 0 b  0 . 1 3  2 5 . 0  1 .1  1 . 6  
2 5 . 0  5.OU 0 .60  25.0 3 . 3  0 . 2 3  25.0 2 . 0  1 . 6  
2 . 5 0  5 . 0  0 . 6 2  25.0 3 . 4  0 . 2 3  25 .0  3 . 0 d  1 . 2  
2 5 . 0 5 . 3  0 . 9 0  2 5 . 0 3 . 5  0 . 2 6 2 5 . 0 3 . 4  1 . 3  
25.0 5 . 5  0 . 9 2  25 .0  3 . 6  0 . 3 4  25 .0  4 . 0 d  0 . 3 6  
2 5 . 0  5 , i  1 . 2  2 5 . 0  3 . 7  0 . 3 8  2 5 . 0  5 . 0 d  0.044 
25.0 5 .8  1 . 3  25.0 3 . 8  0 .49  
2 5 . 0  5 . 9  1 . 3  25 .0  3 . 9  0 . 5 3  
25 .0  6 . 0  1 . 3  2 5 . 0  5 . 0  1 .1  
25.0 6 .0b  1 . 2  25 .0  5 . 0 a  1 . 3  
20.0 6 . 0  1 . 0  2 5 . 0  5 . 5  1 . 4  
30 .0  6 . 0  2 . 0  2 5 . 0  5 5" 1 . 4  
3 5 . 0  0 . 0  2 . 3  2 0 . 0  5 . 5  0.8:3 
40 .0  6 . 0  3 . 6  3 0 . 0  5 . 5  2 0 

35.0 5 . 5  2 . 8  
40 .0  5 . 5  3 . 1  
10 0 2 . V  -TO 

Acetate buffer; remainder 2,B-lutidinc buffer. Using d X 
10-2 X Si2+; all others 5 X 10-3 M Ni2+ and 10-4 M total 
hydroxyquinoline. Formation of Cu(I1) complex; X 
Cuz+ and 5 X 10-3 ill1 hydroxyquinoline. Using M Cu2+ 
as scavenger. 

present in the range of pH studied are I1 and 111, repre- 
sented as HQ and H2Q+ in both the cases of R = H 
and R = SOS-. The equilibria and reactions involved 
in the production of the mono nickel chelate are shown 
in (1)-(3)] for which the relationships 4 and 5 may be 
deduced. The linear plots appropriate to ( 5 )  are shown 

H2Q+ HQ + H +  KII [HQ][H+I!IH2Q+l (1) 

H2Q+ + Xi*+ + S i Q +  + 2H+ kl (2) 

HQ + Nit+ + NiQ+ + H +  k2 (3)  

iNiQ+lldt = ko~~,,~[Ni2+l([H2Q+l + [ H a l )  = 

kl[Xi2+] [H*Q+] + k2[Si2+1 [Hal (4) 

(5) ( K 1 [  f [ H + l )  = kl 4 k&II 

[H 'I [H+l 
koljsci- 

I I I I ]  
2 4 6 8 

K ,.c H 9-1 

Figure 1.-Plot of KII/[H'] against ~ O % A ~ ~ I ( K I I  4- [H-]). 
[€I +] -l for 8-hydroxyquirioliiie complex forinatiori a t  25,O". 
For 5-sulfonated derivatives ordinates are IOKII / [H '1 aiicl 
1 0 - * k o ~ s L ~ ( . K ~ ~  + [H'] ) [ I I+]  

in Figure 1. The intercepts ( k l )  are zero TI ithin experi- 
mental error and iiidicate, a5 might bc expectcd, little 

reactivity associated with the diprotonated H2Q+ 
form. The slopes give the values of kz,  rate constant 
for reaction of the HQ form. 

We believe that over a wide range of pH the HQ form 
of the ligand is the sole contributor to the rate and that 
the rate law G holds. The equivalent rate term, k2 ' .  

d[iYiQ+]jdt = k2[Siz-l [Hal  (6) 

[Ni(OH) +I [HzQ+ 1, we tend to discount because the 
concentration of Ni(OH)+ will be low a t  the pH's 
used, and the H2Qi would be expected to be very unre- 
active. The kz values are independent of the concen- 
trations of nickel ion and total ligand and the nature 
of the buffer constituent. The values of kobsd a t  pH 
G.0 (R = H) and pH 5.5 (R = SOB-) are better esti- 
mates for k2 than those derived from the plot (since 
they are independent of K I I )  and these were deter- 
mined a t  different temperatures so as to obtain the 
activation parameters. For the unsubstituted oxine, 
AH* = 10.6 kcal mol-', A S *  = -9 eu, and k2 = 

1.3 X l o 3  M-l sec-l a t  25", and for the substituted 
oxine (R = SOa-), AH* = 10.1 kcal mol-', A S *  = 

- 10 eu, and k2 = 1.4 X l o 3  &f-' sec-I a t  2j0.'j These 
values are very close to each other and to those observed 
for the reactions of nickel ion with neutral unidentatc 
ligands.',' They show (a) that there is no difficulty 
in effecting ring closure once the initial coordination 
has occurred, (b) that this initial coordination is con- 
trolled by the water-exchange process, and (c) that 
charge (in SOS-) relatively far removed from the poten- 
tial donor sites modifies only slightly the rate compared 
with the unsubstituted ligand, as previously sug- 
gested.2a8 In the event that (a) might not obtain with 
the more labile Cu(II) ion, an approximate value was ob- 
tained for the reaction of Cu2+ with %-hydroxyquinoline- 
5-sulfonate. On the basis that 11 was the reactive form, 
k2 = 7 X lo6 sec-I a t  lo",  which suggests that 
ring closing is rate determining, Le., substitution is 
"sterically controlled.' The zwitterion forms of the 
amino acids are very much less reactive toward Ni(II)2 
and C U ( I I ) ~ ~ , ~ '  than 11, and this indicates that any 
hydrogen bonding in I1 is relatively weak or a t  least 
that  masking of the reactivity of nitrogen by H +  is 
less effective. The rate constants for reaction of Mg2+ 
with I and I1 (3.8 X l o 5  and 1.1 X lo4  M-' sec-I a t  
25') have led Hague and Eigen5 to suggest that  loss 
of mater is not rate determining for the reaction of 
Mg2+ with 11. 

(6) When this work was completed we learned from l> r .  I<, 1-1. Ilolyfi 
tha t  he was studying the reactions of Ni(I1) with oxines and  related ligandh 
in mixed solvents. His activation parameters for Ni2 ' with 8-hydruxy- 
quinoline-5-sulfonate are AH* = 9.2, A S *  = -14, and k = 1.0 X lo3 M- '  
sec-1 at 25O in good agreement with ours. 

(7) For example Nir + T NHd has A H *  = 10 and k~ = 1.6 X 10s AM-1 sec-' 
a t  2Ao and Nil'. + p y  has A/<* = 1X a n d  ii? = 5 X IO3 1.I-1 sec-1 at 25'. 

(8 )  The rate con \ lan l s  f i n  the reactions o f  I ,10 pheiianthrdine and 1 , l O -  
phrndirtlil-oline-4,i disu1fon;ite with Ni? are 3.5 X 1 0 3  and 1 . 3  X l o 3  AVI ' 
sec-1 at 25',  respectively: 

(9) K.  Kustin, 12. 1'. I'aileinack, and U.  M. WeiiisLock, J .  Ainct'. C'hem 
Soc., 88, 4610 (1966). 

(10) m', B. Makinen, A.  F. Perlmuttcr, and J. €3, Stuehr,  i b i d . ,  91,  1083 
(1969). 

(11) I<. Y. I'astcrnack, K .  I<usli~i, 1. .  A I l u g l i e ~ ,  and IS. (;iI~lis. ibiii., 91, 
1-LO1 (19Olj). 

I,. Smith and K. G. Wilkins, unpublished work.  
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Recently Funahashi and TanakalZ have measured 
the rate constant for reaction of nickel(I1) with a ligand 
showing similar features to the oxines, namely, 4-(2- 
pyridy1azo)resorcinol (IV). The value, 1.7 X lo3 
M - I  sec-l a t  25", is interestingly close to that of 11. 
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Photoionization Study of Tetramethylsilicon 

BY G. DISTEFANO 

IV 

Complex Dissociation.-A few experiments on the 
dissociation of the mono nickel chelate with 8-hydroxy- 
quinoline gave interesting results. The first-order con- 
stant for dissociation (Table I) increased from pH 5 to 3 
and was then independent of pH 3-1. More signifi- 
cantly, however, the reaction in the lower pH range 
was attended by a small increase in optical density a t  
360 mK, whereas the spectra of NiQf (e 2.2 X lo3) 
and HzQf (e  1.6 X lo3) would indicate that a large 
decrease should be observed. This indicated that 
NiQ+ generated in neutral solution (pH 5-6) was rap- 
idly (within milliseconds) converted into another species 
a t  pH 3 and lower and that the dissociation of this new 
species was pH invariant (7). We speculate that this 

species is Ni(HQ)2+ in which a proton is attached to the 
oxygen, either maintaining a chelate structure or rup- 
turing the nickel-oxygen bond to leave a unidentate 
ligand. The latter viewpoint tends to be supported by 
the relatively large value for the rate constant (1.6 sec-I 
a t  25'), which can be associated with the breakage of a 
unidentate rather than a bidentate 1igand.l We at- 
tempted to obtain the spectra of the protonated species 
by lowering the pH and raising the nickel concentration 
of a solution containing 8-hydroxyquinoline. The 
absorption of the broad peak was markedly reduced 
as the pH of a solution containing 0.1 M NiZ+-lOF4 M 
(Q)total was lowered from 5.0 to 3.0, a t  which pH €360 mS 
was ~ 1 . 3  X l o 3  and below which substantial dissocia- 
tion of the whole ligand occurred. Plunging the solu- 
tion a t  pH 3 into a buffer a t  pH 6 on the flow machine 
gave little indication of a complex formation reaction. 
This confirms that the solutions a t  pH 3 have the oxine 
coordinated (as HQ) and that only a very rapid unob- 
servable loss of a proton from Ni(HQ)2+ occurs in 
changing the pH from 3 to 6. 
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Several mass spectrometric studies by electron im- 
pactl-l' have been reported on tetramethylsilicon and/ 
or related compounds. The agreement among the 
electron impact mass is satisfactory. How- 
ever, discrepancies exist for the t h r e s h ~ l d ~ * ~ , ~ "  of the 
(CH,),Si+ ion and especially among the results re- 
garding the bond dissociation energy D1 [ (CH3)3Si-CH3] 
(ranging between 5g5 and 8ti3 kcal mol-') and the ioniza- 
tion potential of the (CH3)& radical (ranging between 
6.943 and 7.97j eV). To our knowledge there are no 
published photoionization data for this molecule. For 
these reasons new data have been obtained by photon 
impact mass spectrometry on tetramethylsilicon. 

The relative intensities of the positive ions in the 
photoionization mass spectrum at  21.22 eV (584 A) are 
as follows: (CH3)4Si+, 2.9; (CH3)3Si+, 100.0; HSi- 
(CH3)2+, 1.6; H2SiCH3+, 13.4; (CH3)&i+, CHzSi- 
CHI+, HSiCH3+, CH3Si+, H3Si+, HSi+, Si+, 0.4-0.7. 
They are in qualitative agreement with those of the 
electron impact mass spectra previously 
considering the different nature and energy of the ion- 
izing beam. A maximum number of three atoms 
and/or methyl groups attached to the silicon is (as by 
electron impact) the general rule : they account for 
96y0 of the ion current in the present experimental con- 
ditions. 

Photoionization efficiency curves from onset to 600 A 
have been obtained for the three most abundant ions in 
the spectrum ( (CH3)4Si+, (CH&Si+, and H2SiCHa +). 
These curves are shown in Figure 1. All the three 
curves show a low-intensity tail near the threshold. As 
an example of this behavior, the threshold region of the 
ion-yield curve for HzSiCH3f is reported a t  high sensi- 
tivity in Figure 2. These tails begin a t  0.17, 0.19, and 
0.21 eV for (CH3)4Si+, (CH3)3Si+, and H2SiCH3+, re- 
spectively, before the ion-yield curves start to rise 
quickly. The tail is probably due to hot bands, that is 
to the formation of ions from thermally excited mole- 
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