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Abstract

A kinetic study of the joint homogeneous—heterogeneous catalysis for the quaternization of silver (1)-coordinated
triethylamine and tributilamine by ethyl iodide was performed in toluene. The data obtained substantiated the superficial
molecular arrangement, previously proposed by Barbosa and Spiro, and exposed a new competitive reaction of the
non-coordinated soluble silver salt with the akyl halide in the solvent under study. Estimates of the solution rate constants
were obtained for both systems and evidence of a surface effect is also presented. © 2000 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Structural and mechanistic similarities of cat-
alytic pathways in homogeneous, heterogeneous
and enzymatic systems became clearer over the
last decades, with the development of new and
powerful instrumentation techniques and lead to
a progressive tendency for structural and mech-
anistic studies at the molecular level in catalysis
[1]. In particular, over the last two decades, the
significant contribution of Yermakov et a. in
the intentional synthesis of active sites on het-
erogeneous catalysts must be referenced. This
remarkable contribution, resorting to the attach-
ment of metal complexes to support surfaces,
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involved a molecular tailoring construction pro-
cess over catalytic supports[1,2]. Severa syner-
gistic effects reported in the literature [3-6]
frequently called up to the same type of inter-
pretations. Synergistic effects on the heteroge-
neous catalysis of organic halide solvation reac-
tions by insoluble silver and mercury salts [3,4],
as wel as joint homogeneous—heterogeneous
catalysis for triethylamine quaternization in an
aromatic solvent [5,6], have been reported and
interpreted at a molecular level. For unimolec-
ular solvation reactions, the interpretation was
based on the assisted cleavage of the carbon—
halogen bond by Ag* and Hg?* surface sites
[3,4], while the catalysis of the bimolecular
quaternization of silver-coordinated trieth-
ylamine by ethyl iodide in benzene was at-
tributed to a favourable surface arrangement of
the reacting molecules [5].
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In this work, a kinetic study of the joint
homogeneous—heterogeneous catalytic effect of
silver salts on the quaternization of tertiary
amines by ethyl iodide was undertaken aiming
at a deeper understanding of this complex reac-
tion system.

The hypothesis of a bimolecular homoge-
neous—heterogeneous reaction [5] between the
coordinated amine and ethyl iodide was consid-
ered initially, however, a data analysis of the
experimental data obtained, monitoring the
amine concentration in solution, showed the
inadequacy of the fits to the corresponding rate
equations. The type of response observed under
various experimental conditions prompted a re-
analysis of the overall reaction system in search
of any underlying incorrect assumptions and
lead to the hypothesis of a competitive side
reaction. This possibility was considered and
tested, monitoring simultaneously the reaction
media in terms of the total amine and silver
concentration.

A preliminary Kinetic analysis of this intri-
cate reaction system was undertaken and the
rate equations deduced were tested with the data
obtained for two amines (Et;N and Bu;N). The
quality of the data fit registered in these runs
clearly showed the validity of the hypothesis put
forward apart from alowing the calculation of
guess estimates for the solution rate constants of
the coordinated tertiary amines quaternization
also evidenced the surface effect of silver iodide
on the quaternization reactions.

2. Experimental
2.1. Reagents and solutions

Toluene (Aristar grade; purity > 99.95%) was
supplied by BDH and was used without further
purification.

The amines, triethylamine (Merck — p. syn-
thesis) and tributilamine (BDH — GPR), were
treated with acetic anhydride and fractionally
distilled, then refluxed over potassium hydrox-
ide and finally fractionally distilled from barium

oxide through a column packed with Pyrex
glass rings, as described by Barbosa and Lam-
preia [7]. Tributilamine was distilled under a
reduced pressure of 1 kPa.

Ethyl iodide (BDH — GPR grade; purity
> 99%) showed the yellowish colour character-
istic of its photochemical decomposition [8].
Successive washings with dilute sodium thiosul-
phate solutions removed the free iodine. The
final solution was dried with anhydrous calcium
chloride and finally fractionally distilled over
sodium wire [8].

The purity of al liquids was determined by
GC, being 99.98% for the solvent toluene,
99.94% for triethylamine, 99.98% for tributil-
amine and 99.75% for ethyl iodide.

Silver nitrate (GPR grade; purity > 99.8%)
was supplied by BDH and was used without
further purification.

Silver iodide was synthesised by a slow addi-
tion of equal volumes of potassium iodide silver
nitrate solutions (= 0.20 M), under constant
gtirring. The precipitate was separated by de-
cantation and thoroughly washed with doubly
distilled water. The solid was dried, for 12 to 14
h at 378 K, under reduced pressure: P < 100 Pa
[9,10], and finally ground and sieved (< 210
pwm) in order to collect freshly prepared samples
to use in the kinetic runs. X-ray diffraction and
BET specific surface area determinations were
used to characterise silver iodide samples from
independent preparations and showed that the
solid was polycrystalline, predominantly com-
posed of B-Agl and had a BET (N,) specific
surface area of 0.407 + 0.003 m?g~1.

Solutions of the tertiary amines and ethyl
iodide in toluene were prepared by weight in
volumetric flasks. The liquids were added under
a light N, flux over the neck of the flask to
minimise the competitive amine auto-oxidation
reaction [11], which accompanies the silver—
amine coordination [6)].

2.2. Kinetic runs

The kinetic experiments were performed in
round-bottom glass vessels, immersed in a ther-



M.SC.S Santos et al. / Journal of Molecular Catalysis A: Chemical 160 (2000) 293—-313 295

mostatic bath and under constant stirring. The
bath temperature, which was kept at 25.0 +
0.05°C with a Braun Thermomix UB thermostat
immersed in an isolated water bath and stirring
a 2500 rpm, was guaranteed by MAGIMM
immersible magnetic stirrers from Rank broth-
ers.

The reaction mixtures were prepared dissolv-
ing different weighed quantities of solid silver
nitrate in solutions of amine in toluene prior to
the introduction of silver iodide.

The solid, previously weighed, was added
through a funnel with a ground glass joint,
fitting the reaction flask, in order to avoid any
losses in the vessel’s neck during transfer. Fi-
nally, after a thermostatic pre-stabilisation of at
least 30 min, the appropriate amount of ethyl
iodide solution in toluene was added.

The kinetic runs were monitored, collecting
reaction mixture samples rapidly, with auto-
matic pippeting devices from Gilson and under
continuous stirring to minimise changes in the
solution—solid ratio [4]. The amine content was
determined by potentiometric back titration, a
procedure that proved itself convenient as the
reaction under study is stopped simultaneously.

2.2.1. Amine titration

Acid—base titration, in anhydrous acetic acid,
is the usual procedure to determine the amine
concentration, but this analysis is subject to the

interference of metallic acetates [12,13]. Fur-
thermore, unsuspected interference in standard
analytical methods due to side catalytic reac-
tions have been reported [14,15]. Under these
circumstances, preliminary tests with synthetic
reaction mixtures are absolutely necessary to
evaluate any method under specific experimen-
tal conditions. The data for the analysis of
synthetic reaction mixture samples, presented in
Table 1, showed that solid silver iodide does not
interfere, but silver ions lead to positive inter-
ference in the quantitative determination of
amines.

According to JW. Smith [16] a potentio-
metric break large enough to allow the detection
of the end-point for titrations in aqueous media
is obtained for al amines with pK, > 9, there-
fore, quantitative determinations should be ac-
curate for both amines under study as long as
amine solubility is ensured. Bearing thisin mind,
amine solution samples were added to aqueous
solutions of perchloric acid (= 0.01 M) and the
excess acid back-titrated with sodium hydroxide
(= 0.04 M) using an automatic titration assem-
bly Radiometer RTS in the derivative mode.
Water, freshly distilled under N, and over per-
manganate, was used in the preparation of all
agueous solutions and the sodium hydroxide
solutions were stored in the polypropylene bu-
rette reservoir under soda lime and regularly
standardised potentiometrically with potassium

Table 1
Tests on the anhydrous acetic acid acid—base titration of tertiary amine solutions containing soluble and insoluble silver salts
Uncio,/Ml Usampte/ M Composition/M Magi /9 Vequ/ M
5.0 - - - 11.85
5.0 1.0 Toluene - 11.85
5.0 1.0 Toluene 0.02 11.84
5.0 1.0 Etl /0.040 - 11.84
5.0 1.0 Etl /0.040 0.02 11.85
10.0 1.0 Et;N /0.040 - 16.18
10.0 10 Et;N,/0.040 0.02 16.17
10.0 1.0 Et;N/0.040;AgNO, /0.0022 - 15.79
10.0 10 Et;N,/0.040;AgNO, /0.0022 0.02 15.78
10.0 1.0 Et;N/0.040;AgNO, /0.020% - 12.41
10.0 10 Et;N,/0.040;AgNO, /0.020% 0.02 12.40

[HCIO,] = 1259 X 10~2 M and [CH,COONa] = 5.312 X 10~3 M.
A white precipitate is formed.
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hydrogen phthalate. The potentiometric titration
was monitored using a pH Meter Radiometer
PHM®64, a Radiometer G2040C glass electrode
and a Radiometer K4040 reference calomel
electrode. The titration of tributilamine titration
wastested in the presence and absence of ethanol
(added to increase the amine solubility), and it
was concluded that in acid media, the results are
identical within the burette uncertainty ( +0.001
ml).

The reliability of this analytical procedure to
determine the amine content in the reaction
system under study was also assessed using
synthetic reaction mixtures of both amines once
more. These tests, presented in Table 2, demon-
strated that the titrations can be accurately per-
formed in the presence of soluble and insoluble

silver sdts, as well as in the presence of te-
tralkylamonium salts.

Finaly, additional tests were undertaken to
ensure the reliability of the presence of an ex-
cess acid as a procedure to interrupt the amine
quaternization. The results for these tests, in-
volving crossed comparisons between back titra-
tions of reaction mixtures made immediately
after the addition of reaction mixture and after 5
or 15 min, proved to be identica within the
experimental uncertainty and were aso included
in Table 2.

2.2.2. Reaction products
The solid reaction products for the quater-
nization reaction of triethylamine with ethyl

Table 2
Tests on the aqueous acid—base back titration of tertiary amine solutions in toluene, containing soluble and insoluble silver salts
Uhcio,/ M Usample/ M Composition/M ve,Hgon/Ml Magi/9 Mg ,nx /9 Vegy/ M
5.00 - - - - 1.298
5.00 0.4 Et;N/0.060 0.01 - 0.514
5.00 04 Et;N,/0.060 - - 0.515
5.00 0.4 Et;N /0.060;AgNO;/0.040 0.01 - 0.515
5.00 04 Et;N/0.060;AgNO;/0.040 - - 0.514
5.00 0.4 Etl /0.060 - - 1.299
5.00 04 Etl /0.060 0.01 - 1.298
5.00 0.4 Bu;N /0.058 - - 0.541
5.00 04 Bu;N /0.058 1.00 - - 0.540
5.00 0.4 Bu;N /0.058 1.00 0.01 - 0.542
5.00 04 Bu;N /0.058;,AgNO, /0.032 1.00 0.01 - 0.541
5.00 0.4 Bu3N /0.058;AgNO;,/0.032 - - 0.541
5.00 04 Bu;N /0.058;,AgNO, /0.032 0.01 0.002 (Buy,NNO3) 0.540
5.00 0.4 BusN /0.058;Bul /0.060 0.01 - 0.541
5.00 04 Bu;N /0.058;Bul /0.060 - 0.002 (Bu,NI) 0.541
[0.4 [Bu;N,/0.058; AQNO,/0.032
5.00 + + 0.01 - 0.541
10.4 Etl /0.060
[0.4 [Bu,N,/0.058; AgNO, /0.032
5.00 + + - - 0.542
10.4 Etl /0.060
[0.4 [Bu;N,/0.058; AgNO, /0.032
5.00 + + - - 0.5412
10.4 EtL /0.060
[0.4 [BusN,/0.058; AgNO, /0.032
5.00 + + - - 0.542°
10.4 Etl /0.060

[HCIO,] = 7.956 X 10™% M and [NaOH] = 3.0647 X 1072 M.
Titrated 5 min after the addition of an excess of HCIO,.
®Titrated 15 min after the addition of an excess of HCIO,.
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iodine in toluene in the presence of soluble
silver nitrate were analysed and confirmed the
data of Barbosa and Spiro [5] for the same
reaction system in benzene. The solid reaction
products are composed of a water-soluble frac-
tion and another insoluble. The soluble fraction
contained a nitrate salt, detected using the
FeSO, - NO spot test [17], which was identified
as tetragthylamonium nitrate by elementary
analysis data for carbon, hydrogen and nitrogen.
The insoluble fraction was identified through
solubility tests as silver iodide.

3. Reaults and discussion

A systematic study of the reaction
RN + R;NAg*NO; + Etl

Agl
S R,N*NO;, +Agl | +R,N*I;

in toluene was undertaken, bearing in mind the
solution and surface contributions according to
the preliminary Scheme 1. In this representa
tion, ko and ki, are respectively the rate con-
stants for the solution and surface catalysed
guaternization of the coordinated amines by the
ethyl iodideand K, =k, /k_, and K, =k, /k_,
are the equilibrium constants for the formation
of the 1.1 and 1:2 silver—amine complexes.
Experimental conditions adequate for the pre-
dominance of the amine in the form of a 1:1

EtR,N*I® EtR;N*NO; + Agl
v v
4 o
I o | .
R:N + Ag'NOs == RiNAg'NOy Z—> (RsN);Ag*NOy’
Y k.2
A £
. -~
Etl In solution
Etlaas On the surface
+
v v VL
R3Naas + Ag*NOs'aas RsNAG'NO3aas
1 }
ka
EtR;N*I EtR;N'NO; + Agl
. \ v v

Scheme 1. Preliminary schematic representation of the molecular
model proposed to interpret the synergistic effect of soluble and
insoluble silver salts in the quaternization of tertiary amines by
alkyl iodides in aromatic solvents.

silver complex, R;NAg*NO3, prior to the be-
ginning of the quaternization reaction, were
chosen.

Several kinetic runs with both amines and
under different initial conditions were per-
formed. The experimental data obtained in inde-
pendent kinetic runs of reaction mixtures
0.04025 + 0.0002 M triethylamine and 0.03994
+ 0.0005 M silver nitrate, initiated by the addi-
tion of ethyl iodide 0.03805 4+ 0.0001 M, in the
absence and in the presence of solid silver
iodide, are presented in Table 3. These data are
plotted in Fig. 1 and clearly show the surface
effect on the quaternization rate.

In these experimental data sets, the initial rate
of reaction, measured in terms of amine con-
sumption, increased about 1000 times when
compared with the corresponding rate in the
absence of coordinated amine, Kg y. gy = 3.3
X107% M~* s7! [18,19], Kgynigq=6.2X
10~" M~ s71[20], thus allowing the contribu-
tions of these reactions, for the overal kinetics,
to be neglected hereon forward.

After a preliminary correction of the experi-
mentally determined amine concentration due to
the presence of solid in the collected reaction
mixture sample, it is possible to calculate the
concentration of the 1:1 silver—amine complex,
[R;NAQGNO,], for every instant t. The volume
of solid collected, v,, was estimated considering
that the amount of tetraalkylamonium iodide
formed was negligible when compared with the
corresponding tetraalkylamonium nitrate and
siver iodide, An;, formed in the same period.
Accordingly, the volume of solid formed was
estimated by the second term of Eq. (1), resort-
ing to experimentally determined densities [21-
23] for the tetraalkylamonium sdts, dg nno,s
and to the tabulated density [24] for the silver
iodide, djg-

U = Ve = Ug=Uc—

( Ang, nno, Mg, nno, )

dR4NNO3

ANy Mag
. ( —) ®

dAgl
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Table 3

Experimental data and calculated quantities for kinetic runs of reaction system Et;N + AgNO; + Etl, based on the reaction in Scheme 1
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Time/s [Et;N]1/M [EtzNleorr /M [EtI]/M [AgNO;]., /M [Compl:1]/M In([Comp1:1]/[EtI]D
no Agl 0 0.04025 0.04025 0.03805 0.03994 0.03990 0.04736
76 0.03375 0.03380 0.03160 0.03349 0.03345 0.05697
153 0.03413 0.03417 0.03198 0.03386 0.03383 0.0563
269 0.03300 0.03306 0.03086 0.03275 0.03271 0.05832
539 0.03263 0.03269 0.03049 0.03238 0.03234 0.05902
792 0.03075 0.03082 0.02863 0.03051 0.03048 0.06281
1010 0.03056 0.03064 0.02844 0.03033 0.03030 0.0632
1292 0.02918 0.02926 0.02706 0.02895 0.02892 0.06637
1511 0.02903 0.02911 0.02692 0.02880 0.02877 0.06673
1824 0.02783 0.02792 0.02572 0.02761 0.02758 0.06976
2182 0.02719 0.02728 0.02509 0.02697 0.02695 0.07149
2609 0.02584 0.02594 0.02374 0.02563 0.02560 0.07545
3156 0.02393 0.02403 0.02183 0.02372 0.02370 0.08186
3569 0.02381 0.02392 0.02172 0.02361 0.02359 0.08226
4134 0.02333 0.02344 0.02124 0.02313 0.02310 0.08408
4788 0.02280 0.02291 0.02072 0.02260 0.02258 0.08614
5628 0.02205 0.02217 0.01997 0.02186 0.02183 0.08926
6349 0.02175 0.02187 0.01967 0.02156 0.02154 0.09057
7199 0.02138 0.02150 0.01930 0.02119 0.02116 0.09226
8191 0.02145 0.02157 0.01938 0.02126 0.02124 0.09190
9237 0.02119 0.02131 0.01912 0.02100 0.02098 0.09311
10503 0.02119 0.02132 0.01912 0.02101 0.02099 0.09309
1.0gAdg 0 0.04025 0.04025 0.03805 0.03954 0.03947 0.03647
69 0.07571 0.03149 0.02929 0.03078 0.03072 0.04764
205 0.07570 0.03127 0.02907 0.03056 0.03050 0.04801
348 0.07557 0.02932 0.02713 0.02862 0.02856 0.05149
556 0.07533 0.02632 0.02413 0.02562 0.02557 0.05793
773 0.07527 0.02569 0.02349 0.02498 0.02493 0.05950
1028 0.07524 0.02539 0.02319 0.02468 0.02463 0.06027
1273 0.07490 0.02231 0.02011 0.02160 0.02156 0.06946
1539 0.07479 0.02152 0.01932 0.02081 0.02077 0.07226
1826 0.07478 0.02145 0.01925 0.02074 0.02070 0.07253
2134 0.07477 0.02138 0.01918 0.02067 0.02063 0.07280
2540 0.07475 0.02127 0.01907 0.02056 0.02052 0.07321
2951 0.07474 0.02116 0.01896 0.02045 0.02041 0.07363
3447 0.07472 0.02101 0.01881 0.02030 0.02026 0.07420
4193 0.07466 0.02064 0.01844 0.01993 0.01989 0.07568
4860 0.07469 0.02083 0.01863 0.02012 0.02008 0.07491
5732 0.07464 0.02049 0.01829 0.01978 0.01974 0.07627
6966 0.07464 0.02050 0.01830 0.01979 0.01975 0.07626

In this equation, v, stands for the liquid-phase
volume and v, for the volume of reaction mix-
ture coIIecte(_j, Mg,nno, @nd My, are th_e
molecular weights of the tetraalkylamonium ni-
trate and silver iodide, respectively. The fina
solution volume was obtained by successive
iterations of Eq. (1) until a convergence of less
than 0.1% on the corrected amine concentration
was reached. These calculations showed that the
fraction of solid in the collected sample is a

minute contribution, which accounts to less than
1% of the total volume over the first 4000 s.

Following al the precautions described
above, and having in mind Scheme 1, the con-
centration for the 1:1 silver—amine coordination
compound in solution was obtained resorting to
the mass balance equations

[AGNO;] .. = [AGNO;] + [RzNAGNO;]
+ [(R3N)AgNO,] (2)
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Fig. 1. Plots for the kinetic runs of reaction mixtures 0.04025 + 0.0002 M in triethylamine, 0.03994 + 0.0005 M in silver nitrate, and
0.03805 + 0.0001 M in ethyl iodide obtained in the absence and in the presence of Agl, presented in terms of the experimentally determined
amine concentration ([Et;N]) and calculated silver—amine coordination compound concentration ([Et;NAgNO;].

and and
[R5N] o = [RsN] + [RsNAGNO,] « — _ L(RsN),AGNO,] 5)
’ [RaN] [(RsN)AGNO;]
2[(R3N),AgNO;] ©)
where [AgNO;],,, and [R;N],, refer to the total
as well as the experimental equilibrium con- concentration of the silver salt and of the amine
stants under any form in solution, [AgNO,] and [R;N]
to the free (non-coordinated) silver nitrate and
[R;NAGNO,] amine concentrations, and [R;NAgNO;] and
K,= (4) [(R5N),AgNO;,] to the concentrations of the 1:1
[AGNO;] [R;N] and 1:2 silver—amine complexes, respectively.

The resulting third degree polynomia on [R;NAgNO,]

[RsNAGNO;]” = ((4K,(1 4 Ky) + Ky(2K,[AGNO; ] — 1)) Kle)[RsNA9N03]2

(1+ Ky [RaN] g + [AGNOs] o + K1 Ko [RgN] & — 2[R5N] (,[AGNO5] )
K1K2

R:N|..[AgNO
X[R3NAgNO3] + [ 3 ]tOtL g 3]t0t _ 0 (6)
2
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allows the calculation of the instantaneous con-
centration of the silver 1:1 complex, provided
that [AgNO,],, and [R;N],,, are known. When
adsorption is small, Eq. (7), where the subscript
0 refers to beginning of the quaternization reac-
tion (t=0),

[AgNOS]tot = [AgNO3]tot|O
_([R3N]tot,0_ [RSN]tot) (7)

holds over al the reaction period and conse-
guently the experimental total amine concentra-
tions, determined any time t, can be used to
calculate all the other terms. Eq. (6) was solved
by iterative calculation combining incremental
search and bracketing methods [25], for every
experimental data point, and the calculated in-
stantaneous concentrations of Et;NAgNO; were
aso plotted in Fig. 1. This plot shows that
within the framework of Scheme 1, the amine
remains predominantly coordinated in the form
of a 1:1 complex, and that the reactivity of the
coordination compound is subject to a surface
effect by the solid Agl.

Finaly, the rate equations for the proposed
molecular Scheme 1, including surface and bulk
contributions, were developed and tested.

An analysis of reaction Scheme 1, bearing in
mind that the species (R;N),AgNO; is steri-
cally hindered and that [AgNO;] <
[R;NAgGNO,], leads to expression (8) because,
under the reaction conditions chosen, more than
95% of the amine is in the form of the 1:1
complex, and, consequently, the contributions
due to equilibrium shifts are minor.

d[R3N] o _ d[Etli g d[RsNAGNO;] o

dt dt dt

(8)

where the subscript total refers to the overall
concentration: in solution and on the surface.

Therefore, if the solution, as well as
surface—solution equilibrium, are maintained
throughout [4,26], Eq. (9) may be written as

d[R3NAGNO;] 4

dt

= ko[R3NAGNO; ] [Etl]

kol 27 [RNAGNO, B, (9

In this equation, the first term refers to the
bimolecular solution reaction and the second
term corresponds to the contribution of a Lang-
muir—Hinshelwood type bimolecular surface re-
action (Scheme 1), [R;NAgNO;],, and [Etl]
stand for the surface concentration of the 1:1
coordination compound and ethyl iodide, which
are given by the adequate adsorption isotherms,
a, is the specific surface area, m the mass of
adsorbent and V the volume of solution.

Eqg. (9) can be simplified and expressed in
terms of the initial and instantaneous concentra-
tions of ethyl iodide and silver—amine 1:1 com-
plex, due to the low surface area[9,10,27] of the
solid silver iodide.

[RsNAGNO;] = [RsNAGNO,] oy

asm
- (T ) [RsNAGNO;]

=~ [R3NAGNO; | 14 (10)
and
[E0] = [0 — 5 ) ] = [V
(1)

The substitution of the terms involving ad-
sorbed species was made bearing in mind that
liquid phase catalysis usualy involves mono-
layer adsorption over a set of sites within a
narrow range of adsorption energies [4,26,28].
Silver halide catalysis, in particular, either in
solvation reactions of alkyl halides or iodo-com-
plexes, as well as amine adsorption, seems to
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involve Langmuir type adsorption isotherms
[3,4,27-32], thus, the surface concentration of
ethyl iodide will be given by:

[ Etl ] ads — 6 Etl CmonoE“ (12)

where 6, represents the fraction of surface
occupied and C,,,_ IS its monolayer coverage.
As amines and akyl halides both behave as soft

[RsNAGNO;]

Pearson’s bases towards the soft superficia sil-
ver ions and compete for the same sites, the
surface coverage may be equated to

bEtl [Etl]
[Etl ] ads — CmonoEtl
1+ Dy [RoN] + by [EH]
(13)

With respect to the molecular species con-
taining silver, an identica type of behaviour is
expected and therefore

1+ bR3NAgNO3[R3NAgNO3] + bAgNOS[AgNO3] + b(R3N)2AgNO3[(RSN)ZAgNO3]

X bR3NAgNO3[R3NAgNOS] C

For the sake of simplicity, Eg. (9) shall be
rewritten as

dx ‘ y a;m
E— Q(C—X)(a—X)+ Q(T)
b

R3NAgNOz(c—x) Cmonoganagnos )

1+ bR3NAgNO3(C —X)

bEtI ( a— X) CmonoE“
1+ bgy(a—x) + b y[R3N]

(15)

where a and a— x are the initial and instanta-
neous concentrations of ethyl iodide, respec-
tively, and ¢ and ¢ — x the corresponding initial
and instantaneous concentrations of the silver—
amine 1:1 complex.

In this fina form, Eqg. (15) contains two
obvious simplifications, namely bAgNoa [AgNO,]
and b ), agno[(RsN),AGNO;] were neglected

MONOR;NAGNO3

(14)

when compared with bg yagno[RzNAGNOS],
because in the first case, [AgNO,] <

[R;NAQGNO,], and in the second case, the steric
hinderance of the 2:1 amine—silver complex
dlows us to predict that bg yyagno, <

b, nagno, EQ- (15) can be integrated during a
period of time corresponding to constant cover-
age of the 1:1 silver—amine complex and alkyl
halide (0 yagno, = CONst; Oy = Const’) as m
may aso be considered constant due to the
small amount of solid formed during the reac-
tion period (m= my + m(t) = my) [4,27,30-32]
leading to:

(a+c)—2x(t)—J
(a+c)—2x(t)+J

(a+c)—J
(a+c)+J

— kot (16)
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Fig. 2. Plot of the experimental data, according to Eqg. (16), obtained for the kinetic runs of reaction mixtures mentioned above
(0.04025 + 0.0002 M - EtgN + 0.03994 + 0.0005 M - AgNO; + 0.03805 + 0.0001 M - Etl).

where

, asmKkg
J=4/(a—c)" -4 Vv EOR3NAgNO3CmonoR3NAgN039EtI CmonoEﬂ

(17)

The second term in Eg. (17) can only be
determined by iterative fit, on data pertaining to
known initial masses of the catalyst silver io-
dide. In the absence of an initia mass of the
solid catalyst (m= 0), Eq. (16) reduces itself to
the usual form of an integrated second order
rate equation in homogeneous conditions, show-
ing consistency in the deduced expression.

After arelatively long period (t,), the adsorp-
tion for the reacting species (0 nagno, =
br nagno (€ —X) and O, = bg,(a— X)) will be
in the low coverage region of the adsorption
isotherms, and, consequently, Eq. (15) can be
rewritten in a simplified form as

dx (&M
T ko(a—Xx)(c—x) + kQ(T) br_nagno,

X(c—x)c

MONOR ;NAgNO3

X bey (a—X)c (18)

mMOoNOg

an equation that upon integration leads to:
c—x(t—t;)
o i)
c— Xx(t)
- In( a— x(t) )

!
kQ asrrbR3NAgN03CmonoRSNAQ,\IozbEtI cmonoE“

-k (1+
Q
koV

X(a—c)(t—t)

(19)

A graphical representation of the experimen-
tal data sets in terms of Eq. (16) is presented in
Fig. 2. The analysis of this plot is difficult but
alows the identification of at least three types
of behaviour (A, B and C) with apparent spe-
cific velocities successively decreasing, a de-
crease that is more pronounced in runs initiated
in the presence of Agl. It should be mentioned
that an identical behaviour was observed in the
studies of reaction mixtures containing tributil-
amine, but in these latter systems, the transitions
between these periods occurred more rapidly.

The total inadequacy of the response in terms
of the calculated quantities, in particular in terms
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of the silver—amine complex concentration (Ta-
ble 3) for extended time periods lead to a
re-analysis of reaction Scheme 1, as well as the
assumptions underlying the calculations per-
formed.

The accentuated decrease in the quaterniza-
tion rate, observed in the plots, may be associ-
ated with progressive inhibition of the solution
and/or surface reactions, as well as with com-
petitive reactions involving any of the speciesin
equilibrium, which have not been accounted for
in the model, hypothesis which shall be thor-
oughly considered next.

(i) Solution inhibition of the quaternization
reaction by any of the other species is unlikely,
as reaction products are insoluble (Agl, RR;-
NNO, and RR;NI), al other reacting species

are present in minute concentrations and are not
pertinent in terms of the formation of stable
intermediates with the 1:1 silver—amine com-
plex. Possible interactions of other silver con-
taining species with the alkyl halide will lead to
competing reactions and will be considered lat-
ter.

(ii) Surface inhibition of the reaction due to
competitive adsorption of other reacting species
is aso unlikely as the data, collected under
various experimental conditions, showed that
the phenomena is independent of the concentra-
tion of free amine, silver nitrate or alkyl iodide.
Surface inhibition due to a decrease in the avail-
able surface area associated with product ad-
sorption accompanying precipitation or even co-
precipitation [33] of the tetralkyamonium saltsis

Table 4
Tests on the aqueous back titration of silver nitrate solutions in toluene containing soluble and insoluble silver salts
v /ml USampIe/mI Composition/M Magi /9 mR4NX/g veqv/ml
5.00 - - - - 1.700
5.00 0.4 Et;N,/0.060 0.01 - 1.700
10.00 0.4 Et;N/0.060; AgNO;,/0.040 0.01 - 1.765
10.00 0.4 Et;N,/0.060; AgNO;,/0.040 - - 1.764
5.00 0.4 Etl /0.060 - - 1.700
5.00 0.4 Etl /0.060 0.01 - 1.700
5.00 0.4 Bu;N /0.058 - - 1.700
5.00 0.4 BusN /0.058 0.01 - 1.700
10.00 0.4 Bu;N /0.058; AgNO;/0.032 0.01 - 2.092
10.00 0.4 Bu;N /0.058; AgNO;/0.032 - - 2.091
10.00 04 Bu;N /0.058; AgNO;/0.032 0.01 0.002 (Bu,NNOy) 2.092
5.00 0.4 BusN /0.058 + Bul /0.060 0.01 - 1.700
5.00 0.4 Bu;N /0.058 + Bul /0.060 - 0.002 (Bu,NI) 2.372
(0.4 [Bu;N,/0.058; AgNO,,/0.032
10.00 + + 0.01 - 2.092
10.4 Etl /0.060
[0.4 [BusN,/0.058; AgNO,/0.032
10.00 + + - - 2.091
10.4 Etl /0.060
(0.4 [Bu;N,/0.058; AgNO,,/0.032
10.00 + + - - 2.0912
10.4 Etl /0.060
(0.4 [Bu3N,/0.058; AgNO,,/0.032
10.00 + + - - 2.092°
10.4 Etl /0.060

[KI]=3.327 X 1073 M and [AgNO,] = 9.7885 X 103 M.
#Titrated 5 min after the addition of an excess of KI.
PTitrated 15 min after the addition of an excess of KI.



Table 5
Set of experimental data, fitted and calculated values for kinetic runs of reaction system Et;N+AgNO; + Etl
Time/s  [AgNO;l/M  [AgNO;l,,, /M Time/s  [Et;Nl/M [EtzNly, /M [AgNOzli /M [Compl:ill/M  [Et;Nle/M  [Etl/M  Run
0 0.03403 0.03403 0 0.03904 0.03904 0.03403 0.03357 0.00457 0.03991 1
85 0.01686 0.01688 118 0.03597 0.03601 0.02300 0.02223 0.01223 0.02888 no Agl
230 0.01671 0.01674 253 0.03412 0.03418 0.01900 0.01825 0.01445 0.02488
435 0.01716 0.01719 457 0.03268 0.03275 0.01720 0.01651 0.01481 0.02308
618 0.01634 0.01637 642 0.03227 0.03234 0.01600 0.01532 0.01562 0.02188
877 0.01503 0.01507 918 0.03104 0.03112 0.01450 0.01387 0.01597 0.02038
1121 0.01311 0.01315 1143 0.03001 0.03010 0.01350 0.01291 0.01601 0.01938
1427 0.01155 0.01159 1452 0.02919 0.02929 0.01210 0.01156 0.01666 0.01798
1821 0.01025 0.01028 1842 0.02857 0.02868 0.01070 0.01020 0.01750 0.01658
2141 0.00928 0.00931 2153 0.02812 0.02823 0.00980 0.00933 0.01793 0.01568
2504 0.00874 0.00877 2530 0.02758 0.02770 0.00880 0.00836 0.01846 0.01468
3029 0.00691 0.00694 3049 0.02721 0.02734 0.00760 0.00721 0.01931 0.01348
3730 0.00583 0.00586 3750 0.02689 0.02702 0.00640 0.00605 0.02025 0.01228
4295 0.00497 0.00500 4310 0.02656 0.02670 0.00560 0.00529 0.02079 0.01148
5218 0.00451 0.00453 5237 0.02610 0.02625 0.00460 0.00434 0.02134 0.01048
6054 0.00388 0.00390 6075 0.02569 0.02584 0.00400 0.00377 0.02157 0.00988
6676 0.00356 0.00358 6696 0.02532 0.02548 0.00360 0.00339 0.02169 0.00948
7467 0.00313 0.00315 7492 0.02518 0.02534 0.00330 0.00311 0.02181 0.00918
8502 0.00272 0.00274 8517 0.02467 0.02483 0.00290 0.00273 0.02173 0.00878
10553 0.00253 0.00255 10569 0.02446 0.02463 0.00260 0.00000 0.02460 0.00848
0 0.01686 0.01686 0 0.03904 0.03904 0.01686 0.01595 0.02115 0.03990 2
69 0.01041 0.01042 85 0.03391 0.03395 0.01290 0.01220 0.02040 0.03594 no Agl
180 0.00955 0.00956 198 0.03288 0.03293 0.01090 0.01028 0.02138 0.03394
389 0.00874 0.00876 408 0.03218 0.03223 0.00920 0.00865 0.02245 0.03224
678 0.00783 0.00784 694 0.03185 0.03191 0.00800 0.00750 0.02340 0.03104
938 0.00702 0.00704 956 0.03154 0.03161 0.00720 0.00674 0.02394 0.03024
1242 0.00630 0.00632 1258 0.03131 0.03138 0.00630 0.00589 0.02469 0.02934
1524 0.00537 0.00539 1539 0.03102 0.03110 0.00570 0.00532 0.02502 0.02874
1818 0.00473 0.00474 1835 0.03073 0.03082 0.00510 0.00476 0.02536 0.02814
2233 0.00398 0.00399 2249 0.03040 0.03050 0.00450 0.00419 0.02569 0.02754

0€

€TE-E62 (0002) 09T [eWBYD  SBARIRD JeN3B[0IA JO feuJnor /*[e 18 SolUeS S OS'



2759
3395
4035
4586
5268
5845
6583
7179
8141
8601

106
217
325
490
655
861
1082
1311
1641
2069
2637
3312
3915
4612
5340
6194
8672
9288
10417

0.00356
0.00310
0.00240
0.00199
0.00147
0.00139
0.00109
0.00091
0.00104
0.00114

0.03413
0.01696
0.01665
0.01618
0.01583
0.01545
0.01447
0.01294
0.01180
0.01063
0.00869
0.00742
0.00591
0.00509
0.00446
0.00371
0.00256
0.00232
0.00219
0.00213

0.00357
0.00311
0.00241
0.00199
0.00147
0.00140
0.00110
0.00092
0.00104
0.00115

0.03413
0.01705
0.01675
0.01628
0.01594
0.01556
0.01459
0.01305
0.01190
0.01073
0.00878
0.00749
0.00597
0.00514
0.00451
0.00375
0.00259
0.00235
0.00222
0.00216

2780
3414
4051
4601
5312
5863
6602
7196
8158
8625

134
239
358
516
680
884
1108
1352
1668
2093
2678
3339
3944
4641
5367
6225
8629
9320
10452

0.03015
0.02991
0.02953
0.02937
0.02916
0.02896
0.02875
0.02854
0.02834
0.02813

0.03854
0.03463
0.03356
0.03291
0.03184
0.03076
0.02883
0.02689
0.02539
0.02474
0.02431
0.02367
0.02302
0.02259
0.02216
0.02195
0.02173
0.02152
0.02130
0.02109

0.03025
0.03001
0.02965
0.02949
0.02929
0.02909
0.02889
0.02869
0.02849
0.02829

0.03854
0.03483
0.03376
0.03312
0.03205
0.03098
0.02905
0.02712
0.02561
0.02497
0.02455
0.02391
0.02327
0.02284
0.02242
0.02221
0.02200
0.02179
0.02158
0.02138

0.00380
0.00310
0.00250
0.00210
0.00170
0.00140
0.00120
0.00110
0.00100
0.00100

0.03413
0.02130
0.01870
0.01700
0.01590
0.01510
0.01420
0.01310
0.01230
0.01090
0.00960
0.00800
0.00650
0.00570
0.00470
0.00410
0.00340
0.00240
0.00230
0.00210

0.00354
0.00288
0.00232
0.00195
0.00158
0.00130
0.00111
0.00102
0.00093
0.00000

0.03372
0.02056
0.01797
0.01629
0.01523
0.01447
0.01365
0.01262
0.01187
0.01049
0.00922
0.00766
0.00621
0.00544
0.00448
0.00390
0.00323
0.00228
0.00218
0.00000

0.02624
0.02668
0.02692
0.02725
0.02748
0.02760
0.02761
0.02752
0.02743
0.02830

0.00402
0.01276
0.01437
0.01539
0.01553
0.01527
0.01435
0.01352
0.01287
0.01369
0.01462
0.01556
0.01651
0.01684
0.01748
0.01790
0.01843
0.01928
0.01918
0.02140

0.02684
0.02614
0.02554
0.02514
0.02474
0.02444
0.02424
0.02414
0.02404
0.02404

0.03840
0.02557
0.02297
0.02127
0.02017
0.01937
0.01847
0.01737
0.01657
0.01517
0.01387
0.01227
0.01077
0.00997
0.00897
0.00837
0.00767
0.00667
0.00657
0.00637
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Table 6
Set of experimental data, fitted and calculated values for kinetic runs of reaction system Bu;N +AgNO; + Etl
Time/s  [AgNOzl/M  [AgNOgle,, /M Time/s  [BugNl/M  [BugNl, /M [AgNO;lii; /M [Compl:l]/M  [BugNlee /M [EtI]/M Run
0 0.03368 0.03368 0 0.03911 0.03911 0.03368 0.03340 0.00511 0.04135 4
62 0.02562 0.02564 77 0.03668 0.03672 0.02880 0.02842 0.00754 0.03647 no Agl
203 0.02350 0.02353 217 0.03649 0.03654 0.02520 0.02472 0.01086 0.03287
347 0.02305 0.02308 360 0.03630 0.03636 0.02360 0.02310 0.01226 0.03127
609 0.02091 0.02095 623 0.03611 0.03618 0.02200 0.02148 0.01366 0.02967
916 0.02261 0.02266 931 0.03592 0.03600 0.02030 0.01977 0.01517 0.02797
1261 0.01810 0.01814 1276 0.03573 0.03582 0.01820 0.01766 0.01708 0.02587
1542 0.01594 0.01599 1565 0.03554 0.03565 0.01660 0.01607 0.01852 0.02427
1891 0.01506 0.01511 1906 0.03543 0.03554 0.01460 0.01409 0.02043 0.02227
2320 0.01048 0.01052 2335 0.03535 0.03548 0.01250 0.01202 0.02250 0.02017
2763 0.00905 0.00909 2779 0.03516 0.03530 0.01070 0.01026 0.02416 0.01837
3359 0.00809 0.00812 3373 0.03497 0.03513 0.00880 0.00841 0.02594 0.01647
3975 0.00710 0.00714 3997 0.03478 0.03495 0.00750 0.00715 0.02710 0.01517
4622 0.00629 0.00632 4637 0.03459 0.03477 0.00650 0.00619 0.02796 0.01417
5440 0.00542 0.00545 5472 0.03440 0.03459 0.00550 0.00523 0.02882 0.01317
6238 0.00436 0.00439 6256 0.03421 0.03442 0.00470 0.00447 0.02949 0.01237
7248 0.00340 0.00342 7333 0.03402 0.03424 0.00380 0.00361 0.03025 0.01147
10657 0.00225 0.00226 10588 0.03383 0.03406 0.00230 0.00000 0.03406 0.00997
11900 0.00336 0.00339 11944 0.03364 0.03390 - - - -
0 0.01885 0.01885 0 0.03872 0.03872 0.01885 0.01818 0.01930 0.04007 5
86 0.01371 0.01372 111 0.03664 0.03667 0.01390 0.01337 0.02224 0.03512 no Agl
216 0.00969 0.00970 241 0.03610 0.03615 0.01110 0.01063 0.02458 0.03232
406 0.00673 0.00674 442 0.03592 0.03598 0.00830 0.00792 0.02730 0.02952
601 0.00518 0.00519 617 0.03601 0.03608 0.00680 0.00647 0.02895 0.02802
828 0.00497 0.00498 841 0.03592 0.03600 0.00580 0.00551 0.02991 0.02702
1153 0.00491 0.00492 1174 0.03583 0.03592 0.00500 0.00474 0.03066 0.02622
1402 0.00472 0.00473 1424 0.03574 0.03583 0.00450 0.00426 0.03109 0.02572
1739 0.00409 0.00410 1754 0.03565 0.03575 0.00410 0.00388 0.03143 0.02532
2171 0.00355 0.00356 2190 0.03556 0.03567 0.00360 0.00341 0.03188 0.02482
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2683
3297
3866
4580
5146
5674
6469
7263
8064

0

86
252
465
668
877
1094
1348
1683
2017
2515
2980
3494
4117
4821
5407
5913
6557
7252
8427
9115

0.00277
0.00227
0.00204
0.00168
0.00102
0.00030
0.00024
0.00016
—0.00022

0.03404
0.02423
0.01897
0.01755
0.01623
0.01516
0.01426
0.01345
0.01185
0.01026
0.00887
0.00834
0.00755
0.00680
0.00442
0.00425
0.00406
0.00355
0.00316
0.00282
0.00259

0.00278
0.00228
0.00205
0.00168
0.00103
0.00030
0.00024
0.00016

0.03404
0.02436
0.01909
0.01766
0.01634
0.01527
0.01437
0.01356
0.01195
0.01035
0.00895
0.00842
0.00763
0.00688
0.00447
0.00430
0.00411
0.00360
0.00320
0.00286

2687
3309
3879
4594
5163
5687
6518
7278
8087

165

275

479

684

893
1110
1364
1699
2031
2544
2997
3535
4133
4835
5463
5939
6593
7271

10526

0.03538
0.03529
0.03520
0.03502
0.03511
0.03502
0.03485
0.03502
0.03485

0.04011
0.03748
0.03728
0.03670
0.03660
0.03650
0.03631
0.03621
0.03611
0.03573
0.03534
0.03514
0.03475
0.03436
0.03417
0.03397
0.03378
0.03358
0.03349
0.03329
0.03290

0.03551
0.03543
0.03535
0.03518
0.03528
0.03520
0.03504
0.03523

0.04011
0.03768
0.03750
0.03693
0.03685
0.03676
0.03658
0.03650
0.03641
0.03604
0.03567
0.03549
0.03511
0.03474
0.03456
0.03438
0.03420
0.03402
0.03394
0.03377
0.03339

0.00300
0.00250
0.00200
0.00140
0.00100
0.00070
0.00030
0.00000

0.03404
0.02460
0.02220
0.01890
0.01700
0.01570
0.01510
0.01210
0.01120
0.00980
0.00870
0.00760
0.00660
0.00550
0.00490
0.00430
0.00390
0.00350
0.00290
0.00220
0.00220

0.00284
0.00236
0.00189
0.00132
0.00094
0.00066
0.00000
0.00000

0.03365
0.02406
0.02163
0.01833
0.01644
0.01515
0.01456
0.01161
0.01073
0.00937
0.00831
0.00724
0.00628
0.00523
0.00466
0.00408
0.00370
0.00332
0.00275
0.00208
0.00208

0.03235
0.03279
0.03324
0.03370
0.03422
0.03446
0.03504
0.00000

0.00577
0.01254
0.01473
0.01746
0.01929
0.02051
0.02094
0.02391
0.02474
0.02581
0.02658
0.02753
0.02819
0.02897
0.02942
0.02986
0.03010
0.03034
0.03089
0.03145
0.03107

0.02422
0.02372
0.02322
0.02262
0.02222
0.02192
0.02152
0.02122

0.04135
0.03191
0.02951
0.02621
0.02431
0.02301
0.02241
0.01941
0.01851
0.01711
0.01601
0.01491
0.01391
0.01281
0.01221
0.01161
0.01121
0.01081
0.01021
0.00951
0.00911
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also questionable as the process became more
prominent with the initial presence of solid Agl
in the experimenta runs.

(iii) Competitive side reactions, either in so-
lution or on the surface, disregarded in the
molecular model proposed initially must be re-
considered under the light of these plots, partic-
ularly al the akyl halide reactions should be
considered, namely with the free amine,
silver—amine 1:2 complex and free silver ni-
trate. The reaction of ethyl iodide with the free
amines has been studied independently and
clearly does not constitute a critical competition
[18,19] to the parallel reaction with the 1:1
silver—amine complex. The reaction of the 1:2
silver—amine coordination compound with the
akyl halide should not be significant in solution
due to the steric hindrance imposed by six akyl
chains and a nitrate ion around the silver ion
and, consequently, even less relevant over a
solid surface. A competitive side reaction be-
tween dissolved silver nitrate and ethyl iodide
was not considered initially due to the minute
concentration of the nitrate species (< 107° M),
when compared with the 1:1 silver—amine com-

0.045
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plex. However, the observed plots may be ex-
plained by a rapid side reaction between the
alkyl halide and the free silver nitrate, a process
that may impose an equilibrium shift towards
the silver nitrate, constituting an alternative
pathway for R;NAgNO, consumption. This hy-
pothesis seems the most probable explanation
for the apparent sharp decrease in the specific
velocity for the quaternization reaction when,
hypothetically, there should be about 50% of
the 1:1 silver—amine complex in the system
(Table 3).

The assumption of a competitive side reac-
tion between the free silver nitrate and ethyl
iodide involved monitoring simultaneously the
amine and silver content [34—36] of the reaction
mixture and an experimental set-up for the si-
multaneous determination of the silver and
amine content was assembled [37]. Silver was
determined by potentiometric back titration of
an excess of standardised potassium iodide and
the total amine was analysed as previously de-
scribed. The reliability the procedure used in the
determination of the silver content was checked
with synthetic reaction mixtures, as previously
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Fig. 3. Plots of the experimental data points obtained, monitoring the total amine and silver nitrate concentrations, for the kinetic run nos. 1

and 3 specified in Table 5.
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Fig. 4. Plots of the experimental data points obtained, monitoring the total amine and silver nitrate concentrations, for the kinetic run nos. 4

and 6 specified in Table 6.

described for the amines, and the results are
presented in Table 4.

The experimental data points obtained in six
independent runs and the corresponding calcu-
lated quantities are included in Tables 5 and 6.
The kinetic runs for some of the reaction mix-
tures, identified in Tables 5 and 6 (runs 1,3 and
4,6), are plotted in Figs. 3 and 4. These data

EtNO;
EtR;N*I'  + Agl EtR;N*NO;" + Agl
¥ v Voo
A *kc Tka
| ks ! L
RiN + Ag'NOy > RiNAg'NOy T (RiN);Ag*NO;’
A 4 koo e
. '
et In solution
Etlags On the surface
+
v v v
R3Nags + Ag*NO3aus RsNAG'NO s
| 1
v v
EtR3N*I EtR;N*NO; + Agl
SV VY

Scheme 2. Schematic representation of the molecular model pro-
posed to interpret the synergistic effect of soluble and insoluble
silver salts in the quaternization of tertiary amines by akyl iodides
in aromatic solvents.

clearly demonstrate that the rate of consumption
of silver is always larger than that of the amine,
confirming the hypothesis put forward before,
apart from confirming the catalytic effect of the
solid Agl at least on the quaternization reaction.

In conformity to these additiona findings, a
competitive solution reaction between the akyl
iodide and the free silver nitrate, with the spe-
cific velocity k., must be introduced in Scheme
1 and Scheme 2.

As aresult, Egs. (7) and (8) do not hold, and
while the first one is no longer necessary, as in
these runs where the experimental data provide
al the information directly ([AgNO,l,,.4 and
[R5N],yg), the latter must be rewritten in terms
of:

d[RSN]total _ d[RSN]free,total
dt dt
n d[R3NAGNO;] iy
dt
d|(R5N),AgNO
+ [( 3 )Zdtg 3]tota| (20)
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and
d[Et] ot _ d[AgNO;] 4 (21)
dt dt

where [RSN]free,total = [R3N] + [RBN]eds'

Egs. (21) and (22) are related but not identi-
cal, such that Eq. (21) will be given by:
d[EtI]totaI

dt
d[AgNO;] oy
dt
=~ kc[Etl] [AGNO;]

+ ko[R3NAGNO; ] [Etl]

asm
+ k,Q( T ) [RSNAgNO3] ads[EtI]ads

(22)
and, consequently,
d[EtI]total
dt
d[AgNO3] total
dt

kC
K1[RsN]

asm
+ k’Q( T ) [R3NAgNOS]ads[Etl]ads

(23)

Solving Eq. (23) involves variable transfor-
mations, prior to integration, as the rate of
consumption for the species involved in the
catalysed quaternization ([R;NAgNO;] and
[Etl]) is not identical. A preliminary analysis of
the dependencies underlying these rate equa
tions clearly shows that the reaction rate for the
ethyl halide is aways larger than the rate of
amine consumption.

Furthermore, expression (23) also discloses
the previously mentioned dependencies on the
concentration of uncoordinated amine ([R5N])
and on the amine chain length through the first
equilibrium constant for the solution silver—

+ Ko | [RsNAGNO,] [Et]

amine coordination (K,). The dependency on
the mass of Agl is aso accounted for in this
expression as the contribution of the surface
reaction depends linearly on the mass of solid.

Eqg. (23) unveils many potentialities in terms
of the description of the overall process, but its
integration is difficult due to the complex rela-
tions between the rates of amine and halide
consumption. Nonetheless, estimates for some
of the relevant kinetic parameters can be calcu-
lated from the data obtained so far as an approx-
imate relation between the concentrations of the
1:1 silver—amine complex and the total silver
nitrate can be established. In fact, resorting to
the mass balance equation for the total silver
content, the equations for the solution equilib-
rium constants (Egs. (4) and (5)), and bearing in
mind the low surface area of the solid, it is
possible to write:

d[AgNOB]total
dt

1
— +
K4[RsN]

% d[R3NAGNO,] 4
dt

Consequently and resorting to Eg. (21), one

may conclude that
_ d[AgNO;] iy _ d[Et] e

dt dt

=—[1+ K,[RsN]

(24)

IN

- (1 + KZ[RSN])
% d[RsNAgNoa]tma
dt

(29)

as the second term in the parenthesis of Eq. (24)
is neglectable (= 107°). This simple approxi-
mate relation allows the integration of Eq. (23)
whenever a period of time, with an amost
constant free amine concentration ([R3N]
= [R5;N]), may be identified within a kinetic
run.

A close look at Tables 5 and 6 allows the
identification of the onset of such periods of
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Fig. 5. Plots of Eq. (28) for the experimental data points obtained in kinetic run nos. 4 and 5.

time at different instants (t,.), which depend on
the set of initia conditions an on the nature of
the amine Fort>t

ac’

=) XX=f X (26)

(1+K,[R3N
where X is the decrease in the ethyl iodide
concentration, f, isthe constant relative to the
period of tlme “when R;N| = constant and
f,_ X the corresponding decrease in the 1:1
silver—amine complex concentration.

Eg. (23) can be expressed in terms of the
concentration of the 1:1 silver—amine complex
for t=t,{c_), as well as the corresponding
ethyl iodide concentration (a),

dx
dttztac N

k +—C
Q Kl[RsN])

>< (at - X)(CISC - ftaCX)
m
ai/ ) bRgNAgNOg

f, X)
tac Cm0n0R3NAgNO3

X bey (8, —X)C

) moNogy

Ko
x(C. -
(27)

This equation will describe approximately the
period where there is a constant contribution
from the competitive reaction (t>t,.) of the

akyl halide with the free silver nitrate and,
therefore, by integration, one obtains:

In( Ctac_ ftacx)
a,_ — X
tac
— n( Ctac
a,

ac

kC
[
K,[RGN]
1 k,QasrTbR3NAgNO3Cmon0R3NAgN03bEtI CmonoEtl
+
koV

X (atac*

flacclac)(t —tac) (28)

Fig. 5 shows plots of Eq. (28) for runs 4 and
5, and evidences that the approximations previ-
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0.000 . \ . . . J
0 10 20 30 40 50 60
1/[R;N] / M

Fig. 6. Plots of the calculated Q factorsin terms of 1/[R3N|, for
t>t,., in kinetic run nos. 1,2 and 4,5, initiated in the absence of
solid.
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Fig. 7. Plots of calculated Q factors in terms of the initial mass of
Agl, for t>t,., in kinetic run nos. 1,3 and 5,6.

ously made are acceptable and that the t,. val-
ues are appropriately chosen.

An analysis of the slopes of the plots of Eqg.
(28) becomes clearer using a simplified nota-

tion, namely introducing the factor Q(Q =
—dope/(a,_ —f,_c ) for t> t,

ke
= ky+ —r—
o= (ko o)
w1+ k/QasmbR3NAgNO3CmonoR3NAgNO3bEtI CmonoEN (29)
koV

From this expression, values of k. and kQ
may be easily extracted from runs initiated
without solid catalyst by plotting Q vs.
1/|R5;N| (Fig. 6). Runs 1,2 and 4,5 (where
m, = 0) were used for this purpose. These plots
show the expected dependencies, namely the
intercept (k) is smaller for the bulkier amine
(BuzN), but the slope (k./K,)of the plot is

Table 7

larger for this same amine (K (BugN) = 7.9 X
10° and K,(Et;N) = 2.9 x 107 [6)).

Plots for the dependence of Q on m,y,
concerning Q values obtained with similar free
amine concentrations (runs 1,3 and 4,6) are
presented in Fig. 7, and clearly substantiate the
enhancement of the coordinated amine quater-
nization rate due to the solid.

4. Conclusions

The calculated solution rate constants for the
quaternization reactions, Ko, Kegnagno,+edn =
40x10°* M st and Keu,nagno,+en = 1.8
X 1073 M~ ! s ! (Table 7), are slightly overes-
timated, as for t>t,., the mass of solid is no
longer zero, nonetheless, these values display an
unquestionable rate increase of about 10° times
over the corresponding rates in the absence of
soluble silver (kg y g =33X107° Mt s™?
[18,19]; Kgynien = 62 X 1007 Mt s,
Apart from this, it should be pointed out that the
coordination reduces the sterical hindrance of
the longer alkyl chains to the nucleophilic attack
of the ethyl iodide in solution as kq(Ets-
NAgNO,) /ko(BuzNAGNO;) = 2 while the
corresponding ratio for the uncoordinated
aminesis 5.

The rate constant estimates for the fast com-
petitive reaction, k., proposed in Scheme 2 are
58x10° Mt s7! and 28x10®* Mt st
(Table 7). These values constitute an important

Set of conditions chosen, as well as calculated values for kg, and ke from the kinetic runs where the total amine and silver nitrate

compositions were simultaneously monitored

System t.e/S [RsN]/M Q/M~ts 1 ko/M~ts™? ke/M~1s7?t Run no.
Et;N + AgNO, + Etl 1842 0.020 8'81?‘2‘] 40x 1073 58 x 10° 1
Et;N + AgNO, + Etl 408 0.026 2
Et;N + AgNO, + Etl 1668 0.017 0.0204 - - 3
BusN + AgNO; + Etl 3373 0.028 8'81‘3%] 18x 102 28 10° 4
BuN + AgNO, + Etl 841 0.0310 5
BuyN + AgNO;, + Etl 1364 0.028 0.0158 - - 6
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parameter derived in this work and pertain to
the reaction between silver nitrate and ethyl
iodide in toluene that has never been reported
before.

In respect to the surface contribution in this
complex process, and despite the fact that ad-
sorption parameters for the reacting species are
not available in the literature, it is possible to
conclude that, as expected, the surface effect is
smaller for the bulkier amine, namely coordi-
nated tributilamine.
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