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The kinetics of the reaction of nicotinic acid (H2L +) with hydroxopentaaquarhodium(lll) has been studied over the range 

2.58 $ 103[H2L +j $ 12.9, 3.50 $pH$ 4.30, 45" $ t $ 65" at l = 0.1 mol dm-3 (NaCI04). The reaction takes place via an outer 

sphere association between RhOH 2+ and HL (conjugate hase of H2L +) followed by transformation of the outer into an in­

ner sphere complex (chelate is formed) by slow interchange. The anation rate constant (k3 n) of RhOH 2+ at 25" and I= 0.1 

mol drn-3 (NaCI04) is estimated to he 3.78 x I0-5 s-1• 11H# and 11.5# for kan path are found to he 33.3 ± 4 k.J moi- 1 and -218 

12 JK-1 mol-1 respectively. Anation reaction of RhOH2+ follows an I a path. 

The metal rhodium is a typical one among platinum group 

of metals due to its proficiency in catalytic applications and 

variability of me..:hanism that it exhibits while undergoing 
ligand substitution reactions. For the substitution reactions 

at Rhlll center the mechanistic path cover from interchange 

dissociative Id to interchange associative Ia depending on 

the ligand type 1. 

The present study portrays the kinetic behavior of nico­

tinic acid as an anating ligand towards hydroxopenta­

aquarhodium(III) cation. Attempts have been made to iso­

late the substituted product and characterize it. 

Results and discussion 

Effect of [Rh3+} Oil reaction rate : 

In the first set of kinetic experiments, [Rh3+] was var­

ied at fixed [nicotinic acid] of 7.74 x w-3 mol dm-3. The 

ionic strength, pH and temperature were kept constant. The 

pseudo-first order plots were linear (r = 0.99) in each case, 

giving 105 kobs = ( 11.5 ± 0.2) s-1 and showing that the reac­

tion is first order in [Rh3+h, (T =total). The independence 

of kobs at 55° under the condition [H2L +h=7.74 X w-3, I= 

0. 1 mol dm-3 and pH"" 4.3 over a [Rh3+h range from 2.58 
x 10--4 to 5.16 x 10--4 is in agreement with first order de­

pendence on [Rh3+h· The rate law therefore, is given by 
eq. (1). 

(l) 

Effect of pH Oil reaction rate : 

Under the conditions t = 55°, [Rh3+] = 2.58 x 10--4. 
[H 2L+h = 7.74 x 10-3 and I = 0.1 mol 

dm-3 (NaCI04). When pH was varied from 3.5 to 4.30, 105 

kobs values were found to increase from 8.00 to 11.63 s-1. 

At pH= 3.50, 4.09, 4.22 and 4.30 the values of I 05 kobs are 

8.00, 9.32, 9.90 and I 0.63 s-1. The increase in kobs due to 

increase in pH may be due to increase in the concentration 
of RhOH2+. Dissociation of LRh(H20)6]3+ takes place as 

given in eq. (2). 

3 Kh 1 [Rh(OH 2)6] + LRh(OH2)50H]-+ + H+ (2) 

The pKh value of [Rh(OH2)6j 3+ is 3.3 at 25°(2). Thus with 

the increase in pH the percentage of more labile hydroxo­

pentaaquarhodium(lll) species in solution is increased. The 

presence of OH-ligand in the hydroxoaqua species in sev­

eral cases increased lability (due to 1t bonding) and there­
fore increased rates are found with Co3+(3al, AJ 3+0bl, 
Ga3+(3cJ, Mn3+(3dl, Fe3+(3el, Cr3+(3Pl or Rh 3+C3gl. The hy-

droxide ligand increases the water exchange rate constant 
of [Rh(H20)50Hj2+ relative to [Rh(OH2)6]3+. Nicotinic 

acid also participates in the acid base reaction equlibria. By 

increasing the pH of the medium the concentration of the 

conjugate base from H2L + increases. pK1 and pK2 of nico­

tinic acid4 are 2.09 and 4.70 at 20° and 0.5 ionic strength 

respectively. 

v=:H~,'r cr~K, ()coo· 
·ff N 

~ I 
H 

Ji2L,. ffi_ Le 

At lower pH = 3.68, the HL form will predominate as 

the pH is increased from 3.68 to 4.3, the concentration of 

L- will also increase. If L- would have participated in the 
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reaction, the reaction should have showed second order in­
verse dependence in [H+]. Hence the active species involved 
in the anation reaction is probably HL. 

Thus the effect of pH can be explained by eq. (3). 

(3) 

Here k 1 and k2 are the observed rate constants when 
[Rh(OH2)6]3+ and [Rh(OH2)50H] 2+ are the reacting spe­
cies respectively.The plot of kobs (55°) vs [H+]-1 was linear 
with intercept= 7.55 X 10-5 and slope= 1.425 X w-9. The 
correlation coefficient was found to be 0.999. 

Effect of { H 2L +] on reaction rate : 

The effect of varying [H2L +h on the reaction rate was 
studied at fixed [H+J and between 45 to 65°. At fixed [Rhmh 
= 2.58 x 10-4, I= 0.1, the concentration of 103 
[H2L +h was varied from 2.58 to 12.92 mol dm-3. There­
sults are given in Table I. It is observed that as [H2L +h 

Table I. Values of 105 kobs (s-1) at different [HL +j and at different 
temperatures 

[Rh3+h = 2.58 x 10-4,/ = 0.1 mol dm-3 (NaC104), pH= 4.3 

Tempec) 

103[HL] 45 55 65 
(moldm-3) 

2.58 4.45 8.15 11.93 
(4.44) (8.05) ( 11.99) 

5.16 6.00 10.43 15.25 
(5.92) (10.43) (15.21) 

7.74 6.62 11.63 16.63 
(6.67) (11.57) (16.71) 

10.32 7.20 12.50 17.60 
(7.12) (12.23) (17.57) 

12.92 7.40 12.78 18.00 
(7.42) (12.68) (18.14) 

104 kan/s-1 0.89 1.48 2.08 

KM 386.54 463.19 528.27 

Data in the parenthesis are for kcald. 

increases kobs increases in a nonlinear fashion, indicating 
outer-sphere complexation between the reactant species. The 
reaction sequence given below (Scheme I) is consistent with 
the experimental data. 
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[Rh(OH2)50H]2+.HL 

Outer sphere complex 

k 
[Rh(OH2)50H] 2+.HL ~~ 

slow 

[Rh(OH2)4(0H)HL]2+ + H20 

fast 
[Rh(OH2)4(0H)HLf+ ---~ 

chelation 

[Rh(OH2)3(0H)HL]+ + H20 
complex B 

(Outer sphere complex = O.S) 

The rate law for the anation reaction can be derived in the 
following manner. 

Rate= kan [O.S]e = kan KM [RhOH2+]e[HL}e (4) 

[RhOH2+h = [RhOH2+]e + [O.S]e 

=[RhOH2+]e + KM [RhOH2+]e[HL] 

= [RhOH2+]e I I + KM [HL]e} 

[RhOH2+]e = [RhOH2+h/{ I+ KM [HL]e} (5) 

Substituting the value of fRhOH2+]e in eq. (4) 

Rate= kan KM [RhOH2+h [HL]e/{ 1+ KM[HL]e} (6) 

Rate = kobs [RhOH2+h (7) 

The eq. (6) can be written as 

~obs = kanKM [HL]e/ { l+KM[HL]e} 

or, kobs-1 = kan-1 + (kan X KM)-1 [HL]-1 (8) 

The plot of kobs-l versus [HL]-1 should be linear with an 
intercept = kan-t and slope = (kan x KM)-1. This plot was 
linear at all the experimental temperatures studied. kan was 
determined from the reciprocal of the intercept and KM was 
calculated from intercept/slope ratio. The values of kan• KM 
are given in Table I. 

Effect of temperature on the rate : 

The reactions were studied at three different tempera­
tures with different ligand concentrations. Activation pa­
rameters were calculated using Eyring equation and com­
pared with literature data of the analogous systems (Table 
2). The low AH# value compared with the aqua exchange 
process5 together with highly negative As# value, suggest 
an associative mechanism kan (25°) = 3.78 x w-5 s-1 which 
is found to be greater than I 09 kex (25°) = 2.0 also supports 
the above proposition6. The values of~ and As# are 33.3 
± 4 kJ mol-1 and -218 ± 12 JK-1 mol-1 respectively. !lfiJ 
and !lSJ values were calculated from the In KM versus r-1 

ploe. !:l~ was calculated from the slope and ASJ was cal­
culated from the intercept with r = 0.995. ~and !:lSJ val­
ues were found to be 37.99 kJ mol-1 and -42.1 JK-1 moi-1 
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Table 2. Activation parameters for analogous systems 

System !J.J-11 !J.SI Ref. 
(kJ mol- 1) (JK- 1 mol- 1) 

Rh(OH2)50H2+ 103.0 5 

Pyridine-2-aldoxime 87.5 -52.3 12 

DL-Methionine 75.0 -81.3 3a 

L-Cysteine 72.6±0.6 -91 ±2 13 

Adenosine 93.0 ± 5.5 --49 ± 16 14 

Cytidine 62.7 ±4.2 -129 ± 12 4 

L-Aspartic acid 62.0 ± 1.2 -120.8 ± 3.4 

Uridine 46.5 ± 1.4 -181 ±4 15 

Picolinic acid 35.46 ± 0.95 -214.7 ± 2.84 

Nicotinic acid 33.3 ± 4 -218 ± 12 This work 

respectively. b.cO value of the anation reaction was found 

to be -13.99 kJ mol-1. Negative value of b.G0 supports the 

spontaneous formation of an outer sphere association com­

plex. 

Characterisation of the product complex : 

A mixture of Rh(H20)6(CI04)3 and nicotinic acid in a 

molar proportion I : lat pH"" 4.3 was heated over a water 

bath for 10 h. Then the solution was left overnight at room 

temperature. The resulting solid was washed with ethanol 

and diethyl ether. The UV-Vis spectra ofthe product in aque­

ous medium closely resembles with the spectrum of reac­

tion mixture at infinite time. 

IR spectra were taken in a JASCO Ff-IR-5300 spectro­

photometer. In the substituted product, most of the peaks 

of nicotinic acid retain its identity. The infrared frequen­

cies associated with the carboxy Jato proton of the substi­

tuted product appearing at 1521 cm-1(s) and 1385 cm-1(w) 

with 101 cm-1 and 13 cm-1 downshift from 1622 cm-1 and 

I 398 cm-1 respectively indicate the coordination of 

carboxy Jato group to Rh3+ ion, through 0-atom. The infra­

red frequencies associated with C=N portion of the substi­

tuted product appearing at 1635 cm-1 with a 67 cm-1 down­

shift from 1701 cm-1 (C=N stretching frequency of pure 

nicotinic acid) indicate coordination of pyridine nitrogen 

to Rh3+(8l. 1541cm-1 and 1458 cm-1 peaks of the product 

indicate the coordination of the ligand through conjugation 

3674 cm-1 and 3649 cm-1 vstr (0-H) of the aqua Rh 3+ com­

plex has been retained is an indication of presence of coor­

dinated water. v def (0-H) at 1699 cm-1 is also an indication 

of the presence of coordinated water in the product com­

plex9. From the individual assignment of different bands it 

can be presumed that the substituted species is a mono­

chelate. 

Experimental 

The complex [Rh(OH2)6](CI04)3 was prepared accord­
ing to the published method t1l_ The complex was 

characterized spectrally O"max = 396 nm, E = 62, Amax= 311 
nm, E = 67.4 mol-1 dm3cm-1) and by elemental analysis 11 . 

The experimental condition was maintained to obtain 

the substrate complex [Rh(H20)50H]2+ by adjusting the 

pH of the solution to"' 4.3 where most of the hexaaquarho­

dium(lll) gets converted into hydroxopentaaqua species. 

Above pH 4.5, precipitation of Rh3+ occurred. 

The ligand nicotinic acid may act as a bidentate (0, N) 

donor. The product of the reaction between Rh 3+ complex 

and nicotinic acid was prepared by mixing them in different 

mole ratios viz. I : 2, I : 4, 1 : 8 and I : I 0 and thermostating 

at 60° for 12 h. The absorption spectra exhibited the same 

A.max (398 nm) with almost same absorbances. Upon addi­

tion of same acidic aquarhodium(III) solution to a solution 

of nicotinic acid, an increase in absorbance in the visible 

range occurred. The absorption spectra of nicotinic acid, 
Rh 3+ and mixture (Rh3+ + nicotinic acid) at the same pH 

indicate the formation of an nicotinic acid-rhodium(III) com­

plex (Fig. 1 ). The absorbance increase of the mixture at dif­

ferent time intervals is also shown in the Fig. The ligand 

0.61..5~-r----,-
.,.--~-.-------·T··- ---,----· .-- _...._, ____ _ 

~ 

~ r c 
0 0.)221-

o. 

~ ~ 

<( 

' ' 
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Fig. 1. Repetitive spectral scan of the Rhlll and nicotinic acid mixture. 

(l)[Rhllll = 2.58 x to-"'. /=0.1 mol dm-3 (NaC104), pH= 4.3 
at 65°. (2) [Nicotinic acidh = 12.92 x w-3, I= 0.1 mol dm-3 
(NaC104), pH =4.3 at 65°. (3) [Rh111) = 2.58 x J0-4 mol dm-3 
[Nicotinic acidh = 12.92 X w-3.1 = 0.1 mol dm-3 (NaC104). 
pH= 4.3 at 65° and at 0 min, (4) at 15 min, (5) at 45 min, (6) at 
90 min, (7) at 130 min. 
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binds to Rh3+ only through the carboxylate oxygen and 
through ring nitrogen. The composition of the complex 
formed, as determined by Job's method was found to be 
1 : 1 (metal : ligand). The pH of the solution was adjusted 
with NaOH/HCI04 and the measurements were carried out 
on Elico digital pH meter with an accuracy of±O.Ol. Doubly 
distilled water was used to prepare all the kinetic solutions. 
The other chemicals used were of A.R. grade. The 
absorbance measurements for kinetic studies were done 
using a Shimadzu UV-210lPC scanning spectrophotom­
eter. Reaction progress was monitored at 315 nm, pseudo­
first order conditions were maintained throughout the runs 
by using a large (~ ten fold) excess of picolinic acid. The 

rate constant kobs were obtained ftom the slopes of In (A""­
A1) versus t plots eq. (9). 

(9) 

Here A1 and A"" are the absorbances of the reaction mixture 
at the time t and at equilibrium respectively. The reported 
rate data represented as an average of duplicate runs were 
reproducible to within ±3%. The correlation coefficient of 
plots used to determine kobs were found to be 0.99 in most 
of the cases. There is a good agreement between the kobs 

and kcald values. 

Acknowledgement 

One of the authors S.M. is thankful to the Director, 
R.R.L. (C.S.I.R.) for providing the necessary facilities. Fi­
nancial assistance from U.G.C. is gratefully acknowledged. 

References 

I. J. A. Cowan in "Inorganic Biochemistry: An Introduction". Wiley. 

920 

VCH.1997; W. P. Griffiuh in "The Chemistry of the Rarer Plati­
num Metals", lnterscience, 1967; P. Mohanty, S. Mohanty and 

S. Anand, J. Indian Chem. Soc., 2003,80, 82; lndian J. Chem .. 

Sect. A, 2003.41,1191. 

2. A. K. Ghosh. S. Ghosh and G. S. De, Indian J. Clzem., Sect. A. 
1996, 35, 342. 

3. (a) P. Mohanty, A. C. Dash and R. K. N-anda, J. Indian. Chem. 

Soc., 1985, 62, 945; (b) F. Secco and M. Venturini, lnorg. Chem., 

1975. 14, 1978; (c) A. Compisi and A. P. Tregloan, lnorg. Chim. 
A era, 1985, 100. 100; (d) E. Pelizzetti, E. Mentasti and G. Giraudi, 
hwrg. Chim. Acta, 1975. 15, Ll; (e) E. Mentasti, F. Secco and 
M. Venturini. lnorg. Chem., 1982, 21, 602; (!) P. Mohanty, N. 
Pasupalak and J. Dei, Transition Met. Chem., 1997. 22, 516; (g) 

S. K. Mukhopadhyay, A. K. Ghosh and G. S. De, huiianJ. Chem., 
Sect. A, 1999. 38, 895. 

4. A. E. Martell and R. M. Smith, "Critical Stability Constant", Pie· 
num. New York, 1977. 

5. I. Rapaport, G. Laurenczy, D. Zbinden and A. E. Merbach, Magn 

Resmr. Clron., 1991.29,545. 

6. M. L Tobe and John Burgess, "Inorganic Reaction Mechanisms", 
Longman, 1999, p. 280. 

7. Clyde R. Mctz in "Schaum's Solved Problems, Series 2000: 
Solved Problems in Physical Chemistry", Tata Mcgraw-Hall, 
1990, p. 223. 

8. C. N. R. Rao, "Chemical Applications oflnfrared Spectroscopy". 
Academic Press, London, 1963. 

9. K. Nakamoto. "Infrared and Raman Spectra oflnorganic and Co· 
ordination Compounds", Part-B. 5th. ed., John Wiley and Sons, 
Inc, New York, 1997. 

10. G. H. Ayres and J. S. Forrester, J. lnorg. Nuc/. Chem., 

1957,3,365. 

II. W. C. Wolsey, C. A. Reynolds and J. Kleinberg, lnorg. 

Clrem., 1963, 2, 463. 

12. A. K. Ghosh, S. Ghosh and G. S. De, Transition Met. 

Chem., 1996,21,358. 

13. P. S. Sengupta, A. K. Ghosh and G. S. De, Indian J. Chem., 

Sect. A, 1997,36, 611. 

14. A. K.Ghosh, Transition Met. Clrem., 1998, 23, 269. 

15. S. K. Mukhopadhyay and A. K. Ghosh, Indian J.Chem., 

Sect. A, 2002, 41, 489. 


