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Abstract

A new approach in the kinetic analysis of the joint homogeneous—heterogeneous catalysis of the quaternization of silver(l)
coordinated triethylamine by ethyliodide in toluene is presented. This complex competitive process was thoroughly scrutinized
and the set of solution and surface rate equations were integrated under a novel perspective thus leading to the calculation
of solution rate constants as well as guesstimates of the superficial quaternization rate. Testing the rate equations developec
herein also required the performance of kinetic runs over a wider range of experimental conditions, than those previously
reported.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction A thorough comprehension of this biphasic catalytic
guaternization of silver coordinated triethylamine by
Over the last 25 years, and in particular after Moroz ethyl iodide implies the description of this complex
et al’s [1] synthesis of active sites over catalytic process in terms of appropriate rate equations. In
supports, the significance of the three-dimensional this work, a set of differential rate equations, based
molecular architecture in catalysis has been grow- on the superficial molecular arrangement previously
ing in chemical, pharmaceutical and materials sci- proposed[6], was developed and integrated over
ence[2]. In fact, ever since the early 1980s several extended time periods, after a set of adequate approxi-
joint homogeneous—heterogeneous catalytic processegnations.
[3-5] have been rationalized in terms of molecu- In order to thoroughly test the rate equations
lar tailoring construction processes over surfaces. obtained, as well as the underlying simplifications,
Cooperative homogeneous—heterogeneous catalysist new set of kinetic runs was carried out, extend-
for the Menschutkin reaction in benzerjg] and ing those previously reported, over a wider range of
toluene has been reported before and a preliminary experimental conditions. This kinetic analysis was
analysis of the kinetic data exposed a new competitive successfully accomplished and allowed the calcula-
reaction between uncoordinated silver nitrate and ethyl tion of solution rate constant as well as guesstimates

iodide [6]. of the superficial rate constant for the quaternization

process, apart from providing estimates for the rate
~* Corresponding author. Fax:351-21-7500088. constant of the competitive solution process, previ-
E-mail addressmssantos@fc.ul.pt (M.S.C.S. Santos). ously reported6].
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2. Materials and methods
2.1. Reagents and solutions

TolueneAristar grade (purity>99.95%) was sup-
plied by BDH and was used without further purifi-
cation. Triethylamine, Merck-p. synthesis and ethyl
iodide BDH-GPR grade (purity99%), were purified
as previously describefb,7]. The purity of the sol-
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amine concentration in sample reaction mixtures was
determined by potentiometric back-titration, of an ex-
cess of perchloric acid~{0.01 M) with standardised
sodium hydroxide £0.04 M) and the titration moni-
tored using a Radiometer G2040C glass electrode and
a Radiometer K4040 reference calomel electrode.

2.2.2. Silver titration
Difficulties have been reported for the silver titra-

vent and reagents was checked by GC, being 99.98%tion, in the presence of solids, while iodide titration

for the solvent toluene, 99.94% for triethylamine and
99.75% for ethyl iodide.

Silver nitrate GPR grade (purity=99.8%) was
supplied by BDH and was used without further purifi-

did not show interferencef6], so after carefully

checking the reliability of the procedure, the silver
concentration in solution was determined by poten-
tiometric back-titration of an excess of standardised

cation. Silver iodide was synthesised before each run potassium iodide with silver nitrate. This titration

according to a procedure formerly describgo].
The polycrystalline solid obtained was predominantly
composed ofg-Agl and had a BET (B) specific
surface area of.@07+ 0.003nfg 1.

The amine and ethyl iodide solutions in toluene
were prepared, by weight, in volumetric flasks and un-
der a light N> flux as previously described0,11]

2.2. Kinetic runs

The kinetic experiments were performed at®%
0.05°C and under constant stirring with the previously

was monitored using a Radiometer P4040 silver elec-
trode and as reference a Radiometer K6040 modified
calomel electrode (H&#g,SO4[|K2SOusas ll)-

2.2.3. Reaction products

The solid reaction products for the quaternization
reaction of triethylamine with ethyl iodine, in toluene,
in the presence of soluble silver nitrate were analysed
and are composed of tetraethylamonium nitrate and
silver iodide[6].

described set up. The experimental procedure being3. Experimental results

also identical to the one described before.
The kinetic runs were monitored collecting reac-

The experimental data, obtained in six independent

tion mixture samples and the amine content as well as runs for the quaternization of triethylamine, coordi-

the silver content determined by potentiometric back-

nated and uncoordinated, by ethyl iodide in the pres-

titration, a procedure that ensured the reaction under ence or absence of solid silver iodide, are presented

study was simultaneously interrupted in the collected
sample mixture[6] and simultaneously no interfer-
ences in the analytical methdd2,13] The almost
simultaneous analysis of the reaction mixtures, in

in Fig. 1L These plots clearly evidence the effect of

coordination on the rate of amine consumption as well

as the surface effect on the quaternization rate.
These data confirm previous studif®] on the

terms of the amine and silver content was accom- reaction system

plished using a specifically built computer-controlled
multi-electrode switch to command two automatic
titration assemblies and a Radiometer PHM64 pH
Meter [14].

R3N + R3NAg+N03_
Agl
+EU-LEtRsNTNOs™ | +Agl | +EtRsNTI™ |

which lead to the proposal of reaction$theme 1o
2.2.1. Amine titration represent the overall solution and surface process. In
The usual acid—base titration, in anhydrous acetic this model kg andkb are, respectively, the rate con-
acid, proved to be inappropriate due to the inter- stants for the solution and surface catalysed quater-
ference of silver ions while the acid—base titration, nization of the coordinated amine by the ethyl iodide,
in aqueous media showed to be accurgig The kv and k), the solution and surface rate constants
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Fig. 1. Plots of kinetic runs for the quaternization of coordinated (runs 1 and 4) and uncoordinated triethylamine by ethyl iodide in the
presence and absence of silver iodide.
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Scheme 1. Schematic representation of the molecular model proposed to interpret the silver iodide catalysed quaternization of coordinated
triethylamine by ethyl iodide in toluene.
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Table 1
Set of initial experimental conditions of the kinetic runs used to test the novel approach in the calculation of kinetic parameters
Run Initial conditions
Reagents [ENAgNO3] (M) [Etl] (M) mggl (9)
12 [EtsN)/M = 0.039Q
[AgNO3]/M = 0.034Q 0.033% 0.0399 0.00
22 [EtsN)/M = 0.039Q
[AgNO3]/M = 0.0168& 0.015% 0.0399 0.00
32 [EtsN)/M = 0.0385,
[AgNO3]/M = 0.034% 0.033% 0.0384% 15
4 [EtN]/M = 0.039Q
[AgNO3]/M = 0.0333 0.0329 0.0399 0.75
5 [EN/M = 0.0375%
[AgNO3]/M = 0.016% 0.0159% 0.040G 15
6 [EN]/M = 0.040Q
[AgNO3]/M = 0.0332% 0.0326 0.157Q 0.00
7 [EN]/M = 0.040Q
[AgNO3]/M = 0.0327% 0.0322 0.157Q 15
8 [EN)YM = 0.040G
[AgNO3]/M = 0.0302 0.02945 0.15631 0.00
9 [EN)Y/M = 0.040G
[AgNO3]/M = 0.029% 0.02913 0.1588 15
10 [EGNI/M = 0.02125
[AgNO3]/M = 0.00967 0.00940 0.1585 15
11 [EGNI/M = 0.0113
[AgNO3]/M = 0.0047 0.00461 0.158% 0.00
12 [EGN)/M = 0.0113
[AgNO3]/M = 0.0047 0.0159 0.158% 1.5

aExperimental data set presented previoysly

for the Menshutkin reactionkc the rate constant 4. Evaluation of kinetic parameters:

for the competitive solution reaction between silver a new approach

nitrate and the ethyl iodide anff; = ki1/k_1 and

K2 = kolk_, are the equilibrium constants for the  The overall consumption of the reactants involved

formation of the 1:1 and 1:2 silver—amine complexes. in Scheme 1 ethyl iodide, triethylamine and silver
Assessing the relevance of coordination and its con- nitrate, includes solution and superficial components,

sequences in terms of the resulting superficial molec- so the global rates of reaction must include solution

ular arrangement, within the overall quaternization and surface terms that when expressed in terms of the

process involved a meticulous mathematical analysis moles transformed per unit time may be written as

of Sc_herr_]e ;L_|n terms Qf the rate e_qugnons for all fche d[Etl ot d[Etl] ot d[Etl]ads

species implicated. Finally, the kinetic data obtained —V—_ = = —(V q ATy, ) 1)

under various experimental conditions, namely in the

presence and absence of an initial amount of solid, _Vd[Et3N]totaI

and for different amine/silver nitrate ratios as well dr
as with various ethyl iodide concentrations was used d[EtaN]tot d[EtaN]tot,ads
to test the rate developed and to extract relevant ki- =~ v dr +agn dr @)

netic parameters. Iifable 1the initial experimental

conditions for the 12 kinetic runs considered in the _,, d/AGNOsJiota

novel kinetic analysis are presented, whileTable 2 dr

, only the experimental data pertaining to 9 runs, not _ (Vd[AgNO3]tot ta md[AgNO3]tot,ads> 3)

reported previously, were included. dr s dr
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Table 2
Set of experimental data, fitted and calculated values for kinetic runs?4-12
Time (s) [ANGsJtotal [AGNOg]conr  Time [EtsN]totat  [EtsN]corr [AgNOg]it  [Compl:1] [EtsN] [Et]]
(M) (M) (s) (M) (M) (M) (M) (M) (M)
Run 4 (0.75g Agl)
0 0.03339 0.03339 0 0.03904 0.03904 0.03339 0.03292 0.00512 0.03991
86 0.02303 0.02310 116 0.03731 0.03742 0.02590 0.02514 0.01074 0.03242
241 0.02142 0.02150 275 0.03556 0.03568 0.02160 0.02082 0.01332 0.02812
420 0.01815 0.01822 446 0.03381 0.03394 0.01890 0.01817 0.01427 0.02542
582 0.01476 0.01483 611 0.03258 0.03273 0.01700 0.01631 0.01501 0.02352
821 0.01441 0.01448 845 0.03118 0.03134 0.01530 0.01466 0.01536 0.02182
1050 0.01370 0.01377 1087 0.02996 0.03012 0.01430 0.01371 0.01521 0.02082
1397 0.01289 0.01297 1424 0.02803 0.02819 0.01310 0.01258 0.01458 0.01962
1762 0.01188 0.01196 1793 0.02645 0.02662 0.01190 0.01144 0.01424 0.01842
2182 0.01164 0.01172 2234 0.02540 0.02557 0.01080 0.01038 0.01438 0.01732
2556 0.01012 0.01020 2593 0.02488 0.02506 0.00980 0.00940 0.01490 0.01632
3161 0.00831 0.00837 3193 0.02435 0.02454 0.00820 0.00785 0.01595 0.01472
3736 0.00556 0.00560 3803 0.02382 0.02402 0.00680 0.00649 0.01689 0.01332
4379 0.00430 0.00434 4435 0.02330 0.02350 0.00550 0.00524 0.01774 0.01202
4942 0.00425 0.00428 4963 0.02277 0.02297 0.00480 0.00457 0.01797 0.01132
5470 0.00404 0.00408 5495 0.02242 0.02263 0.00440 0.00419 0.01799 0.01092
6508 0.00391 0.00395 6548 0.02207 0.02228 0.00380 0.00361 0.01831 0.01032
6872 0.00376 0.00380 7917 0.02172 0.02194 0.00350 0.00333 0.01823 0.01002
7473 0.00363 0.00367 8672 0.02155 0.02177 0.00330 0.00314 0.01834 0.00982
8642 0.00342 0.00346 12086 0.02120 0.02142 0.00320 0.00000 0.02140 0.00972
Run 5 (1.53g Agl)
0 0.01679 0.01679 0 0.03755 0.03755 0.01679 0.01590 0.01990 0.04007
146 0.01002 0.01007 163 0.03288 0.03305 0.01170 0.01105 0.02075 0.03498
256 0.00898 0.00904 287 0.03073 0.03091 0.01000 0.00946 0.02036 0.03328
437 0.00830 0.00835 459 0.02929 0.02948 0.00880 0.00832 0.02022 0.03208
678 0.00772 0.00777 690 0.02876 0.02895 0.00780 0.00737 0.02077 0.03108
854 0.00680 0.00685 876 0.02840 0.02860 0.00700 0.00660 0.02120 0.03028
1154 0.00598 0.00602 1167 0.02804 0.02825 0.00620 0.00584 0.02164 0.02948
1395 0.00514 0.00518 1411 0.02768 0.02790 0.00550 0.00518 0.02208 0.02878
1710 0.00441 0.00445 1723 0.02732 0.02754 0.00470 0.00442 0.02252 0.02798
2102 0.00367 0.00370 2117 0.02697 0.02719 0.00390 0.00366 0.02306 0.02718
2526 0.00286 0.00289 2539 0.02661 0.02684 0.00330 0.00310 0.02330 0.02658
3022 0.00240 0.00242 3043 0.02643 0.02667 0.00270 0.00253 0.02383 0.02598
3523 0.00198 0.00200 3539 0.02625 0.02650 0.00230 0.00215 0.02405 0.02558
4125 0.00171 0.00173 4140 0.02618 0.02643 0.00190 0.00178 0.02438 0.02518
4817 0.00148 0.00150 4827 0.02607 0.02633 0.00150 0.00140 0.02470 0.02478
5487 0.00122 0.00123 5501 0.02596 0.02623 0.00130 0.00121 0.02481 0.02458
6175 0.00102 0.00104 6190 0.02589 0.02617 0.00110 0.00103 0.02503 0.02438
7195 0.00083 0.00084 7207 0.02582 0.02611 0.00090 0.00084 0.02514 0.02418
8250 0.00068 0.00069 8303 0.02571 0.02601 0.00060 0.00056 0.02536 0.02388
9230 0.00041 0.00042 9245 0.02561 0.02591 0.00040 0.00000 0.02590 0.02368
Run 6 (no Agl)
0 0.03324 0.03324 0 0.04002 0.04002 0.03324 0.03262 0.00623 0.15708
77 0.00985 0.00988 113 0.02972 0.02980 0.01680 0.01623 0.01243 0.14064
193 0.00916 0.00918 209 0.02898 0.02907 0.01150 0.01097 0.01707 0.13534
318 0.00820 0.00823 331 0.02698 0.02708 0.00880 0.00838 0.01788 0.13264
457 0.00767 0.00770 469 0.02532 0.02542 0.00710 0.00676 0.01796 0.13094
585 0.00574 0.00577 597 0.02415 0.02426 0.00590 0.00561 0.01811 0.12974
706 0.00501 0.00503 720 0.02332 0.02343 0.00470 0.00447 0.01847 0.12854
902 0.00181 0.00182 918 0.02265 0.02277 0.00310 0.00294 0.01954 0.12694
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Table 2 Continued

Time (s) [AQNGsJtotal  [AGNOg]cor ~ Time [EtsNJiotat  [EtsN]corr [AgNOg]sit  [Compl:1] [EtsN] [Et]
(M) (M) (s (M) (M) (M) (M) (M) (M)
1049 0.00139 0.00140 1076 0.02232 0.02244 0.00220 0.00208 0.02008 0.12604
1206 0.00097 0.00098 1218 0.02199 0.02211 0.00160 0.00151 0.02041 0.12544
1379 0.00062 0.00062 1407 0.02182 0.02195 0.00100 0.00094 0.02084 0.12484
1636 0.00016 0.00016 1649 0.02165 0.02178 0.00060 0.00057 0.02117 0.12444
2042 0.00010 0.00010 2061 0.02149 0.02162 0.00030 0.00028 0.02128 0.12414
2669 0.00006 0.00006 2682 0.02132 0.02146 0.00010 0.00009 0.02139 0.12394
3305 0.00004 0.00004 3319 0.02115 0.02129 0.00000 0.00000 0.02130 0.12384
4040 0.00002 0.00002 4051 0.02115 0.02130 - - - -
4820 0.00000 0.00000 4839 0.02099 0.02114 - - - -
Run 7 (1.56g Agl)
0 0.03277 0.03277 0 0.04002 0.04002 0.03277 0.03220 0.00660 0.15708
83 0.01026 0.01033 105 0.03151 0.03172 0.01730 0.01665 0.01375 0.14162
182 0.00922 0.00928 198 0.03017 0.03039 0.01170 0.01123 0.01803 0.13602
333 0.00761 0.00767 348 0.02884 0.02906 0.00840 0.00794 0.02024 0.13272
437 0.00653 0.00658 455 0.02760 0.02783 0.00700 0.00671 0.02041 0.13132
613 0.00523 0.00527 629 0.02633 0.02656 0.00520 0.00510 0.02100 0.12952
747 0.00395 0.00479 761 0.02517 0.02540 0.00410 0.00405 0.02135 0.12842
882 0.00228 0.00277 896 0.02416 0.02440 0.00300 0.00311 0.02161 0.12732
1001 0.00090 0.00108 1015 0.02333 0.02357 0.00210 0.00226 0.02116 0.12642
1132 0.00039 0.00048 1145 0.02266 0.02290 0.00140 0.00160 0.02130 0.12572
1241 0.00018 0.00021 1256 0.02226 0.02250 0.00100 0.00113 0.02133 0.12532
1404 0.00009 0.00011 1420 0.02183 0.02207 0.00060 0.00075 0.02125 0.12492
1634 0.00006 0.00007 1653 0.02149 0.02174 0.00030 0.00047 0.02117 0.12462
2086 0.00004 0.00005 2098 0.02116 0.02141 0.00010 0.00019 0.02119 0.12442
2612 0.00003 0.00003 2625 0.02083 0.02108 0.00000 0.00000 0.02110 0.12432
3323 0.00003 0.00003 3339 0.02066 0.02092 - - - -
4024 0.00001 0.00001 4039 0.02049 0.02076 - - - -
4777 0.00001 0.00001 4792 0.02049 0.02077 - - - -
Run 8 (no Agl)
0 0.03021 0.03021 0 0.04000 0.04000 0.03021 0.02945 0.00905 0.15612
72 0.01178 0.01180 85 0.03074 0.03081 0.01600 0.01538 0.01418 0.14191
144 0.00690 0.00691 164 0.02943 0.02952 0.01040 0.00988 0.01858 0.13631
244 0.00582 0.00584 275 0.02865 0.02874 0.00700 0.00660 0.02130 0.13291
362 0.00505 0.00507 380 0.02787 0.02797 0.00560 0.00527 0.02207 0.13151
474 0.00499 0.00501 489 0.02735 0.02745 0.00480 0.00451 0.02241 0.13071
606 0.00489 0.00491 619 0.02709 0.02720 0.00380 0.00357 0.02317 0.12971
693 0.00321 0.00322 706 0.02683 0.02694 0.00310 0.00291 0.02361 0.12901
840 0.00110 0.00111 854 0.02657 0.02669 0.00200 0.00187 0.02457 0.12791
957 0.00075 0.00075 970 0.02631 0.02643 0.00160 0.00150 0.02470 0.12751
1106 0.00050 0.00050 1116 0.02605 0.02618 0.00130 0.00121 0.02481 0.12721
1268 0.00031 0.00032 1280 0.02579 0.02592 0.00070 0.00065 0.02515 0.12661
1518 0.00007 0.00007 1532 0.02553 0.02567 0.00040 0.00037 0.02527 0.12631
1840 0.00009 0.00009 1858 0.02527 0.02541 0.00030 0.00028 0.02508 0.12621
2389 —0.00002 —0.00002 2402 0.02501 0.02515 0.00010 0.00000 0.02520 0.12601
Run 9 (1.549g Agl)
0 0.02993 0.02993 0 0.04000 0.04000 0.02993 0.02913 0.00933 0.15889
62 0.01140 0.01147 75 0.03178 0.03198 0.01690 0.01624 0.01444 0.14586
149 0.00881 0.00887 166 0.02813 0.02834 0.01020 0.00972 0.01762 0.13916
227 0.00587 0.00592 240 0.02761 0.02783 0.00710 0.00671 0.02031 0.13606
323 0.00368 0.00371 337 0.02501 0.02522 0.00480 0.00454 0.02014 0.13376
435 0.00203 0.00205 450 0.02396 0.02418 0.00300 0.00283 0.02103 0.13196

545 0.00113 0.00114 561 0.02266 0.02288 0.00200 0.00189 0.02079 0.13096
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Table 2 Continued

Time (s) [ANGsJtotal [AGNOg]conr  Time [EtsN]iotat  [EtsN]corr [AgNOg]it  [Compl:1] [EtsN] [Etl]
(M) (M) (s) (M) (M) (M) (M) (M) (M)
702 0.00099 0.00100 717 0.02240 0.02262 0.00120 0.00113 0.02133 0.13016
812 0.00084 0.00085 827 0.02222 0.02244 0.00090 0.00085 0.02145 0.12986
961 0.00066 0.00066 974 0.02204 0.02227 0.00060 0.00057 0.02167 0.12956
1100 0.00049 0.00050 1113 0.02188 0.02212 0.00040 0.00038 0.02168 0.12936
1259 0.00016 0.00017 1278 0.02172 0.02196 0.00030 0.00028 0.02168 0.12926
1463 0.00006 0.00006 1479 0.02157 0.02181 0.00010 0.00000 0.02180 0.12906
1839 —0.00018 —0.00019 1858 0.02144 0.02169 - - - -
Run 10 (1.57 g Agl)
0 0.00967 0.00967 0 0.02125 0.02125 0.00967 0.00940 0.01120 0.15850
65 0.00404 0.00406 85 0.01669 0.01678 0.00530 0.00514 0.01134 0.15413
132 0.00348 0.00350 146 0.01641 0.01650 0.00410 0.00396 0.01226 0.15293
251 0.00238 0.00239 276 0.01614 0.01623 0.00280 0.00270 0.01330 0.15163
349 0.00212 0.00213 370 0.01587 0.01596 0.00190 0.00183 0.01403 0.15073
444 0.00150 0.00151 463 0.01559 0.01569 0.00140 0.00135 0.01425 0.15023
562 0.00056 0.00056 578 0.01532 0.01542 0.00090 0.00086 0.01446 0.14973
668 0.00048 0.00048 692 0.01504 0.01515 0.00060 0.00058 0.01448 0.14943
804 0.00008 0.00008 823 0.01477 0.01487 0.00030 0.00029 0.01459 0.14913
948 0.00006 0.00006 963 0.01450 0.01460 0.00010 0.00000 0.01460 0.14893
1150 0.00006 0.00006 1166 0.01444 0.01455 0.00000 0.00000 0.01455 0.14883
1409 0.00004 0.00004 1430 0.01433 0.01444 - - - -
1709 —0.00002 —0.00002 1726 0.01422 0.01434 - - - -
Run 11 (no Agl)
0 0.00474 0.00474 0 0.01136 0.01136 0.00474 0.00461 0.00661 0.15852
59 0.00250 0.00251 78 0.01012 0.01012 0.00260 0.00255 0.00745 0.15638
144 0.00086 0.00086 168 0.00930 0.00931 0.00140 0.00137 0.00787 0.15518
225 0.00043 0.00043 241 0.00922 0.00922 0.00080 0.00078 0.00838 0.15458
330 0.00021 0.00021 353 0.00911 0.00912 0.00040 0.00039 0.00869 0.15418
450 0.00014 0.00014 467 0.00903 0.00903 0.00020 0.00020 0.00880 0.15398
553 0.00012 0.00012 566 0.00892 0.00892 0.00010 0.00010 0.00880 0.15388
682 0.00008 0.00008 704 0.00884 0.00884 0.00010 0.00010 0.00870 0.15388
873 0.00004 0.00004 889 0.00875 0.00876 0.00000 0.00000 0.00880 0.15378
981 —0.00000 —0.00000 996 0.00870 0.00871 - - - -
Run 12 (1.549 Agl)
0 0.00513 0.00513 0 0.01136 0.01136 0.00513 0.00501 0.00621 0.15850
72 0.00240 0.00241 88 0.00903 0.00907 0.00270 0.00265 0.00635 0.15607
154 0.00090 0.00090 178 0.00848 0.00852 0.00130 0.00127 0.00717 0.15467
232 0.00032 0.00032 252 0.00826 0.00830 0.00080 0.00078 0.00748 0.15417
327 0.00016 0.00016 343 0.00815 0.00820 0.00040 0.00039 0.00779 0.15377
436 0.00012 0.00012 466 0.00796 0.00800 0.00020 0.00020 0.00780 0.15357
592 0.00008 0.00008 625 0.00788 0.00792 0.00020 0.00020 0.00770 0.15357
737 0.00006 0.00006 761 0.00777 0.00781 0.00010 0.00000 0.00780 0.15347
913 0.00004 0.00004 937 0.00766 0.00771 0.00000 0.00000 0.00780 0.15337
1164 0.00002 0.00002 1180 0.00760 0.00765 - - - -
1316 —0.00002 —0.00002 1338 0.00752 0.00757 - - - -

aThe experimental data for runs 1-3 was presented béédran a preliminary analysis of the reaction mechanism.

where the subscript total refers to the overall concen- corresponding global surface concentration (subscript
tration, the first terms refer to the global concentration tot, ads).

in solution, including the various solution species Egs. (2) and (3must be further specified in terms
(subscript tot), and the second terms refer to the of the species involved, free and coordinated, and
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therefore
d[EtsN
v [ 3 ]total

dr
d[EtzN] N d[EtsNAgNO,]

Z_V< dr dr
)

d[(Et3N)2AgNO3]

_I_
dr

—agn (d[Etgi\l]ads_i_ d[Et3NA£NO3]ads> 4)

d[AgNOs]iotal
_y /= e e
dr
d[AgNO;]  d[EtsNAgNO;]
dr dr
d[AgNO3]ags ~ d[EtsNAgNO;]ads
T adn dr + dr

and

(5)

as on one hand steric hindrance is likely to inhibit
the adsorption of the silver amine 1:2 complex and
on the other this species’ consumption, intrinsic to the
equilibrium shifts, does not lead to any change in the
overall silver nitrate solution concentration.

Further development of these equations, bearing
in mind the bimolecular character of quaternization
reactions, involves the identification of the contribu-
tions for all the species and therefdeg. (1) should
be rewritten as

d[E“]total
v dr
= VkQ[EtI][R 3NAgNO3]

+ Vi[EHI[AGNO 5]
+ Vku[EtI][R 3N]

+ asmky[Etl] agd EtsNAGN O3] ags

+ kcagn[Etl] agd AQNO3lads

+ k|/\/| aSm[Etl] ads[EtBN]ads (6)

an equation that can be simplified whenever the coor-
dination equilibriums are rapidly re-established and,
upon rearrangement leads to

d[Etl k k
_ d[Etltotal =<kQ+ c M

dr KiEGN] T Ki[AgNO3]
« [EH][EtsNAGNO]
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asm
+ = kQ[Etl] aadEtzAGNOslass

asm

+ kE;T[E”] addAGNO3]ads

asm
+ STk,/\A [Etl] agdEt3N]ads (7)
Likewise, the rate equations for the consumption of
triethylamine and silver nitrate may also be rewritten
in an identical form.

These equations are rather complex but a look at
the experimental data plots, presentedrig. 1, make

possible a few simplifications namely

(i) neglecting the contribution of the terms referring
to the Menschutkin reactiongy; = 3.3 x 1076
M~1s1[15,16]andk;, < kw), which are very
slow,

(i) neglecting the superficial term of the reaction
between free silver nitrate and ethyl iodide that
on a first approach may be disregarded versus its
solution counterpart.

Therefore, one may write

d[Etl]total .. d[AGNOsliotai  d[Et3N]otal
= >
dr dr dr

(8)

The integration oEq. (7) or any of the corresponding
rate equations for [AgN&}iotal OF [EtsN]otal, involves
variable transformations to interrelate the consumption
of all the species involved. These relationships can be
obtained from the solution mass balance and equilib-
rium equations as, due to the low surface area of the
solid silver iodide[8,9,17] the fraction of molecules
adsorbed can be disregarded when compared with the
corresponding quantities in solution.

In the experimental range of conditions studied,
specifically for an excess of amine relative to silver
nitrate and for concentrations larger tharr2® one
may write (seeAppendix A

A[E“]tot = [E“]tot,t+At - [Etl]tot,t
= A[AgNOg]iot = x = [AgNO3];

K2[Et3sN
. <1 N 2[EtaN];
1+K2([EtsNAgGNO3]; —x5)
©)
where x is the overall change in the ethyl iodide
and silver nitrate concentration amgl represents the
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corresponding decrease in the concentration of the where the amounts adsorbed [E§ and [EENAgQ-

coordinated species, #MAgNOs. NOs]ags shall be given by the appropriate adsorption
Correspondingly, and designating the overall isotherms.
change in the amine concentration This equation evidences the dependency of the qua-
ternization rate on the concentration of uncoordinated
A[Et3N]iot amine, a characteristic previously pointed out in the
— [EtsN]iotr+ar — [EtaN]iors = x1 preliminary analysis of this complex mechanié,

that was further checked by the analysis of the kinetic
(10) runs presented ifable 2
In Fig. 2 plots for the calculated concentrations

Eq. (10)clearly evidences the underlying hypothesis Of coordinated and free amine for runs 2 and 7,
that through equilibrium shifts the decrease in con- detérmined as previously reportg], show that it is

centration of the complex species, due to its reaction POSSible to identify extended periods of time where

with ethyl iodide, is partially compensated with a cor- the free amine concentration in solution rema(:ns al-

responding increase in the free amine concentration MOSt constant ([BN] ~ constant= [EtzN] £ 5%)

(A[EtsN] < A[EtsNAgNOs]). and therefore one may resort to an invariable average
Further simplifications of relationships (9) and (10) Vv&lue for the solution contribution, which allows the

are possible under the experimental conditions used, intégration of the differential rate equations.

as [ENAgNO,], = 10-2M the second term can be Adsorption isotherms in solid-liquid systems usu-

neglected (1+ Ko([EtsNAGNO,], — x5) ~ 1) and ally follow Langmuir or Freundlich type isotherms
and for silver iodide in particular previous studies

K>[Et3N], x5
1+ Ko([EtaNAgNOg); — x5)

:)(j5—|—

therefore _ ) .
point to Langmuir type adsorptiofl7—20] Compe-
x ~ [AgNO;]; + x5(1+ K2[EtaN];) (11) tition between the triethylamine and ethyl iodide has
been reported5] thus one may write for the surface
and coverage of ethyl iodide
X1
X5 R ——— (12) [Etl]
1+ K[EtsN Oy =
2Bt U7 1ot bealEM] + ben[EtaN]
Consequently [Etl] —x (15)
x1 ~ x — [AgNOg], (13) (1/ben) + [Etl] — x + ¢[EBN]

) ) ) ] whereg is the ratio of adsorption coefficients (=
Expressions (11)—(13) involve simple functions that bew/ben)- Likewise competition between silver ni-

can be readily introduced in differentiéq. (7) as trate and coordinated silver is expected so, for the
well as in the corresponding equations for the rates of g, face coverage of coordinated silver

reaction of [AgNQ]total and [EgN]iotal- And accord-
ingly, using the common simplified notation where the  6r;nagno,

indext is dropped, one may write betzNAGNO, [EtsNAGNOy]
dlEt] dx _ ke "~ 1+ bagno, [ANO3]+ bEt;nagno, [EtaNAGNO3]
“Ta - a T kBN betNAgNO, ([EtsNAGNO;] — x5)

x (Bt - x = 2 [Etlacs) 1+ betnagno, ([EtsNAGNO;] — x5)
4 betsNAgNO, ([EtsNAGNO;] — ¢x1)

x <[Et3NAgN03] — % 14 betzNagNo, ([EtaNAGNO3] — ¢x1)

(16)

agm where the term referring to the silver nitrate adsorption
- T[EI3NAQN03] ads) was disregarded due to the minute concentration of this

, agm species, when compared with the concentration of co-
thq—, [EtllaadEtsNAGNOsJags  (14)  ordinated silver (JANG] ~ 104 x [EtsNAgNO;]),
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Fig. 2. Plots of calculated concentration of coordinated and free triethylamine during kinetic runs 2 and 7.

and simultaneously resorting t8q. (12) expressed
using the notationp = 1/(1 + K>[Et3zN]).

The introduction of the expressions for the surface
coverage leads to rather complex differential rate equa-
tions for all the reactants involved, namely for ethyl
iodide

dx

dtlZTac
kc

k —_— EtsNAgNO.
(Q+K1[Et3N]>([ 3NAgNOs];,

+ (p[AgNO3]tac - (px)([EtI][ac - 'x)

< ([Etl] o — )
(1/br)+([ELI] tac—x)+(p[Et3N]

X Cmongey X bEthAgNO3([Et3NAgNO3]tac

+ ¢[AGNO3z] ;. — dX)cmonaziuagnos

, agin
vy

)

17

Despite their complexity, the onset of a period with
an almost constant free amine concentration in so-
lution ([EtsN] = [Et3N], for ¢+ > ta0), previously
mentioned, allows the integration of these equations

leading to:

(

e — ¢x(t)
a—x(t)

n <€ — ¢x(tac)
a — x(tac)
kc

- ("Q*ﬁ)

X (pa —e)(1+ P)(1 — tad)

In

) )

(18)

where, for the sake of simplicity, a shortened notation
was used, namelyis the initial (r = t5¢) ethyl iodide
concentratione = [EtaNAgNO;],,. — #[AgNO3],,.
andP is given by:

P kg asm
(kg + (kc/K1[EtsN])) V

bEQNAgNO3Cm0n¢_13NAgN03 Cmongzy
(1/ben) + [Etl] s, + ¢[EtsN]

Eqg. (18)clearly predicts a surface effect on the ethyl
iodide rate of consumption as the slope contains the
multiplying factor(1+ P) whereP is directly depen-
dent on the mass of solianj. It should also be noted

(19)
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Fig. 3. Dependence of the rate of amine quaternization on the free amine concentration and on the mass of Agl (runs 3 vs. 5 and 1 vs.
3; 2 vs. 5).

that this surface effect is also dependent on the free |, <C - ¢X1(l)> —n (C - ¢x1(fac)>

amine concentration a feature that is also evident in g —x1(t) g — x1(tac)

the experimental data plotted Fig. 3. —ko(bg — )L+ N)(t — ta0)
Similarly, a differential rate equation for the amine QP8 a

consumption may be written as: (21)

wherec is the concentration of coordinated amine at

_W the onset of the integration periot}d), g is given by
dr the difference between the alkyl iodide and free silver
dxs nitrate concentration afc (¢ = [Etl] .. —[AgNOg]...)

= ~ kQ([E'[:;NAQNOg]taC — ¢x1)([Et] 1

dtlZlac

- [AgNO3] tac — xl)

L am ([Etl] 1c—[AGNOg] .. —x1)
Qv | @/ben) + [Etlly o
— [AgNO3]1,—x1 + ¢[EtaN]
X cmonazy X PEtsNAgNO,; ([EtaNAGNOg],, —dx1)
(20)

X €monQetzNAgNO,

which for the same period,> f5¢, can also be integra-
ted leading to:

andN is:

N = @ asm bEt3NAgN03Cm0nQEt3NAgN03CmonQEtI 22)
kg V  (1/bey) + [Etl] s, + ¢[EtsN]

Eq. (21)predicts plots with trends identical to those
of Eqg. (18) but with a smaller slope, due to the
larger denominator of the surface term. The plots
corresponding tdegs. (18) and (21)for run 3 are
presented irFig. 4 and clearly demonstrate that the
rates of ethyl iodide and amine consumption are dif-
ferent and obey the equations predicted for extended
periods of time (2000—-4000 s for run 3) after an initial
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Fig. 4. Plots ofEgs. (18) and (21jor kinetic run 3.

period tac. Identical plots were obtained for several can be identified irfEq. (18)

kinetic runs performed under different experimental . .

conditions. _ | 0= <kQ+ c ) (14 P)= <kQ+ c )
A quantitative evaluation of the solution and surface K1[Et3N] K1[Et3N]

contributions in the quaternization reaction from the

asm hEthAgNO:g €monast;nAgNOg CMONGey

slopes ofEq. (21)is not straightforward. However, the + kb
introduction of coefficien; V((1/ben) + [Etl] 1, + @[EtsN])
(24)
Q1=ko(l+N) =kq The extension of this type of reasoning to experimental
, AsMBEt;NAGNO, Cmonasigagnio, Cmona data obtained under an excess of ethyl iodide leads to
Q V((1/ben) + [Etl] 4, + @[EtzN]) Egs. (25) and (26Jor the corresponding plots under
(23) pseudo-first order conditions

allows the direct inter-comparison of the depen- In(c — ¢x1(t)) =In(c — px1(tac))

dence on the mass of_ solid fcl>r. gxperlmgptal data — ¢[BU] k(A4 T)(t —ta0)  (25)
sets obtained under different initial conditions. In

fact, a linear dependence of this coefficient on the and

average mass of solid average pres@fgg), within

the period considered, allows the direct determina- [In(e — ¢x (7))

tion of kg, from the intercept, and of, from the kc
slope and literature data on adsorption for these  — In(e — px(tac)) — $[EU] e | kq + K1[EtN]
species. x (L4 U)(t — tad (26)

Likewise, a coefficien,, containing the contribu-
tions of the quaternization and competitive reaction, where another set of coefficien® and Q4, related
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to the corresponding slopes, can be defined namely Guess estimates for the competitive solution rate
constant between non-coordinated silver and ethyl io-
dide obtained by direct calculation, namely through
kc = K1[EtsN](Q2 — Q1) andkc = K1[EtaN](Q4 —

Q3), are presented ifable 4where only the esti-
27) : I .
mates obtained from the runs initiated in the absence
of solid, conditions that minimize the errors associated
and likewise forQq. with the different estimates of the superficial term,
The dependence @; onmalso allows the determi-  zre presented. This methodology leads, necessarily, to
nation of solution and surface quaternization reaction gyerestimates and a wide dispersion of data but the val-
rates, from an independent set of kinetic runs obtained es gbtained clearly point towards a dependendyof
under pseudo-first order conditions. on the average free amine concentration in the period
The relationships betweéy andQ; or Qz andQa, t—tac. These data suggest an unaccounted for contribu-
as well as the intercept of linear plots@f andQy ver- tion to ke, which decreases with the increase in con-
sus the average solid mass presemniq) also enables  centration of the free amine in solution, a contribution
the calculation of guess estimates for the competitive that may be associated with a superficial counterpart of
solution rate constant between non-coordinated silver the competitive reaction, which was not considered in
and ethyl iodide. the model, due to the minute free silver concentration.
The analysis of plots 08, and Q4 versusimagl
presented irFig. 5, further substantiates this hypoth-
esis as the interceptsd + (kc/K1[EtsN])) show the
predicted dependency on the average free amine con-
The calculated coefficient®1—Q4, as well as the  centration, and apart from kc values, determined
average free amine concentration in the period under by extrapolation tom = 0 (Table 4, also present
study (r > 1) are presented ifable 3 This data the same trend thus corroborating the hypothesis of a
evidences that bothy, and the superficial contribu-  competitive superficial reaction between ethyl iodide
tion decrease with the initial excess of amine versus and free silver nitrate. It should be pointed out that ex-
silver nitrate concentration, and allows the estimate perimental runs 11 and 12, corresponding to the most
of the rate constants for the solution quaternization favourable conditions for a competitive surface reac-
and competitive reactions as well as for the surface tion: an excess of alkyl halide and also a minute amine
catalysed quaternization. concentration, do in fact lead to the higher estimates of

dasm
Q3=ko(1+T) ZkQ+kaT

bEtgNAgNO?,Cmon@%,\jAg,\jo3 Okt Cmonagy
[Etl]

5. Kinetic analysis of the experimental data

Table 3
CalculatedQ;—Q4 coefficients as well as the corresponding free amine concentration for the reaction period under stugly

Run tac (s) [EtaN] £ 0 (M) QL +o0 M 1sh Q2+ o0 M 1s? Qs +o0 M 1s] Q4+ 0 M 1s
12 1842 0.020+ 0.001 0.0043+ 0.0001 0.0183t 0.0005

2 408 0.0264 0.001 0.0384+ 0.00007 0.013Gt 0.0001

3 2093 0.017+ 0.001 0.0081+ 0.0003 0.0261 0.0006

4 2234 0.016+ 0.001 0.0065+ 0.0002 0.0223+ 0.0006

5 459 0.022+ 0.001 0.0066+ 0.0003 0.0171 0.0002

6 918 0.0207+ 0.0006 0.0043t 0.0006 0.017% 0.0007
7 348 0.0211+ 0.0003 0.0107 0.0005 0.0203t 0.0006
8 380 0.02364+ 0.0009 0.0040+ 0.0002 0.0170t 0.0007
9 450 0.0214+ 0.0006 0.00864+ 0.00007 0.0238t 0.0006
10 276 0.0142+ 0.0003 0.0086+ 0.0002 0.027+ 0.001
11 78 0.0084+ 0.0004 0.0037 0.0001 0.0434 0.0008
12 178 0.0076+ 0.0002 0.009+ 0.001 0.047+ 0.002

aExperimental data set presented previoysly
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Table 4

Calculatedkc andkg for independent analysis of the experimental data sets

Run (s) [EzN]+ 0 (M) Tiiagl (0) ke £ 0 (M~ 1s7D kg £ 0 (M~ts1)
kc = kc(Q2n—0) = ko = Q21-11—0)
K1[EtsN](Q2: — Q24-1) K1[EtaN](Q2, — k)

12 0.020+ 0.001 0.383 8.1x 10° +£ 7 x 1(?

22 0.026+ 0.001 0.163 6.9« 10° £ 5 x 1%

6 0.0207+ 0.0006 0.213 7% 10° + 1 x 1063

8 0.02364+ 0.0009 0.377 7.6< 10° + 6 x 107

11 0.0084+ 0.0004 0.033 9.6< 10° + 8 x 1(?

18, 324 0.0187+ 0.0006 0.383-1.890 6.6 10° + 7 x 1(? 35x 103 +£3 x 104

225 0.0240+ 0.0007 0.163-1.675 6.4 10° + 6 x 10? 35x 103 +1x 104

6-9 0.0211+ 0.0002 0.213-1.962 & 10° + 2 x 10° 3.2x 103+ 4 x 104

11-12 0.0078+ 0.0002 0.033-1.600 8.9 10° + 9 x 1% 36x103%+1x 104

aExperimental data set presented previolsly

ke, thus the best estimates being those obtained fromless, indirect consequences of such a hypothesis must

runs 1 through 5. also be considered, and in fact the adsorption isotherm
Solution and surface quaternization reaction rates for the coordinated amine contains a competitive term,
were determined resorting to coefficieds and Qs, due to the adsorption of the free silver nitrate, how-

obtained from the plots dEgs. (23) and (27)which ever it is believed this term rapidly becomes neglect-
do not contain explicitly any underlying dependencies ful versus the unitary term in the denominator of the
on the eventual competitive surface reaction. Nonethe- adsorption isotherm.
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Fig. 5. Dependence dP, and Q4 (runs 1-9, 11 and 12) on the average mass of solid during the reaction period undefsstugy).
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Fig. 6. Dependence dP; and Qz (runs 1-12) on the average mass of solid during the reaction period under(stadyc).

In Fig. 6, Q1 andQs values are plotted as a function iodide in this media. A close look d&gs. (23) and
of the average mass of solid within the periodsac, (27) demonstrates that this condition can only be
considered, with the data sets subdivided in terms of satisfied if
the average free amine concentration. The extrapola- .
tion of Q1 and Qs to zero mass leads to the solution ,—— + [Etl] ;.. + ¢[Et3N] ~ [Etl],,. (excess halide
quaternization rate constant for the coordinated amine
and the plots show a good agreement between all and therefore the left hand term must be dominated
data. The slopes of these plots reflect the surface bY 10eu, ¢[EtaN] or both. Consequently, either =
dependence and show, as expected, that the rate of.0 OF Y/bey = 10~ hence ade,n = 618[17] one
reaction decreases with the increase of free amine butMay conclude thattey must be either between 70 and
increases with the ethyl iodide concentration. In fact, 100 orbey = 8. The first estimate is likely to be very
if ethyl iodide and the amine compete for the same reliable bearing in mind the data reported by Austin
surface sites an increase in the free amine concentra-€t al.[20] for the adsorption of ethyl iodide on silver
tion will necessarily be accompanied by a decrease in iodide in aqueous mediadt +,0) = 60) and the fact
the amount of adsorbed alkyl halide thus leading to a that in toluene the affinity of the alkyl halide for the
decrease in the surface contribution of the quaterniza- Surface should be slightly higher than in water.
tion reaction; likewise it is expected that an excess The superficial contribution to the quaternization
of alkyl halide in solution will lead to an increase reaction, though clear cannot be quantified in terms of
in the superficial contribution as this species does the specific rate constant for the surface reacitgy),
not compete with coordinated amine for the same @S there is no data available for the adsorption coeffi-
sites. cient of the coordinated silver nitrate. However, con-

The resemblance between the magnitude of the Sidering the adsorption parameters fosNEf17] (as =
slopes of the plots oB; andQs versusiag allowsa ~ 1.08 mPg~! and cmongy = 42 x 10-®molm™2),
guess estimate of the adsorption coefficient for ethyl that V = 60 cn®, and Cmonagnagnog N Cmonazy
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Cmong,y ONE May conclude thaké?bEts,\]Ag,\,o3 =~

1.5 x 10’ m?(mols)1, a value that upon consider-
ation of the reported data faragno, in water [20]
allows the determination of a magnitude fk(5 of

10° m? (mol sy 1.

6. Conclusions

A novel mathematical approach for the analysis of
the kinetic data for the catalysed quaternization of

coordinated triethylamine, based on a set of adequate

approximations, allowed the analysis of integrated
rate equations, valid for clearly defined extended time

periods, and further substantiated the reaction mech-

anism previously proposef]. Beyond it a method
to calculate precise solution quaternization rate was
developed and methodologies to define clear bound-
aries in the estimated rates constants of the solution
reaction of silver nitrate with ethyl iodide in toluene,
and of the surface catalysed quaternization of the
coordinated amine are presented.

The best estimates for the solution reaction rate
constants between ethyl iodide and free silver nitrate

are obtained, as discussed in the previous section,

from the extrapolation ton = 0 of Qp, in particu-
lar from runs 2 and 5, or in other wordg will be
6.4 x 103+ 6 x 10?7 dm? (mol s)~1, a range that agrees
well with the first estimate of 8 x 10° dm?® (mol s) 1
previously proposefb].

The preliminarily estimate for the rate of the so-
lution reaction of coordinated triethylamine by ethyl
iodide [6] was clearly improved resorting to the val-
ues obtained by extrapolation @ andQs, to zero
mass of silver iodide. The good agreement found
for all data setskq(Q1m—0) = 3.5x 1073+ 3 x
10~4dm?® (mol sy ! andkq(Q3.m—0) = 3.4x 103+
4 x 10~*dm? (mol s)! allows the proposal of a very
reliable value of 3 x 103+ 2 x 10~4dm? (mol s) !
that, as expected, is lower than the previously over-
estimate of 4 x 10-3dm?® (mols)™?, put forward
before[6].

The slopes of the plots d®1 and Qs, versus the
mass of silver iodide demonstrate the surface ef-
fect, and allowed the proposal of the magnitude of
a surface quaternization rate constak(s)( namely

10° m? (mol sy 1.
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Appendix A

For any moment: + A¢ after the addition of
ethyl iodide, and considering tha; moles of the
silver—amine complex and; moles of ethyl iodide
have been consumed in the perigd, one may
write, according to the proposed reaction scheme,
and neglecting the amounts adsorbed for the reasons
previously mentioned

[RaNJiot,r+r
= [R3N]I+At + [R3NA9N03]t+At
+2[(R3N)2AgNO;3],+ A
= [R3N]tot,t+At —X1= ([RBN]t + x3 + x4)
+ ([R3NAgNO3]; — x1 — x3 + x4)

+ 2([(R3N)2AgNO3]; — x4) (A1)

and

[AgNO3]t0t,t+At
= [AgNOg];+ar + [RsNAgNO;] 4 A
+ [(RsN)2AgNOg]; 4 Ar
= [ANO3ltot; — x1 — x2=([AgNO3]; —x2 + x3)
+ ([R3NAgGNOz]; — x1—x3+x4)

+ ([(R3N)2AgNOs]; — x4) (A.2)

wherexz andx4 are the concentration changes asso-
ciated withK1 andK> equilibrium shifts, namely the
reaction ofnz moles of the 1:1 silver—amine complex
and the corresponding formation ef moles of silver
nitrate and free amine. The consequent shift in the
second equilibria with consumption of; moles of
the 1:2 silver—amine complex, leads to the formation
of the same amount of 1:1 complex and free amine
in the same periodt.

Introducingx andxs corresponding to
X =Xx1+x2 (A.3)

X5 =X1+X3— X4~ X1— X4 (A.4)
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or in other words the overall change in terms of the x =[AgNO;];

total silver (or ethyl iodide) content and the 1:1 coor- x5(1 4+ K2([RsNAgNO3], — x5) + K2[R3N],)
dination compound during the periatit. In the ex-

pression (A.4), for the 1:1 complex mass balance, the

term x3 was neglected due to the magnitude<af

14 K2([R3NAgNO;]; — x5)

Expressings in terms of the quantities determined  consequently

experimentally X1 andx) involves knowingx, andxy

and therefore solving a set of five equations corre-
sponding to the equilibrium and mass balance equa-
tions, for any instant, in terms of silver and amine.

K [R3NAgGNO;]; — x1 + x4
1 =
([R3N]; + x4)(JAgNO3]; — x2)
[(R3N)2AgN03]t — X4

~ ([RaN], + x2)([R3NAGNO3]; — x1 + xa)
X =x1+x2

[RaNJtot,; — x1 = ([R3N]; + x3 + xa)
+ ([R3NAgNO;]; — x1 — x3+ x4)
+ 2([(R3N)2AgNO3]; — x4)
[AgNO3]tot,t —x = ([AgNO3]; — x2)
+ ([RaNAgNO;]; — x1 + x4)
+ ([((RsN)2AgNO;]; — x4) (A.5)

The five solutions of the set &q. (A.5)are:

K>

x1 = [R3NAgNO;],
_ [(R3N)2AgNO3]; — x4
([RaN]; + x4)K>2
[(RsN)2AgNO;]; — x4
([RaN]; + x4)2K1K>
_ K>[R3N]; x5
1+ K2([R3sNAgNO;], — x5)

+ x4 (A.6)

x2 = [AgNO3]; —

(A7)

X4 (A.8)
x =[R3NAgNO;]; + [AgNOg]; + x4

_ ([RsNAgNQ;]; — x4)(([R3N]; + x4)K1 + 1)
([RsN]; 4 x4)2K1K>

and as

[RaN];4a: K1 = ([RaN]; +x4) K1 > 1

x ~ [R3NAgNO;]; + [AgNO3]; + x4
_ [RsNAgNO3]; — x4
([R3N]; + x4)K>
or upon rearrangement

(A.9)

(A.10)
—(K2([AgNOg]; — x — [R3N];
—[R3NAgNO —1) + VFact
o= [RsNAgNOQ;]) — 1) + vFac (A11)
2K»
where
Fact= (K2([AgNO3]; — x — [R3N];
— [RsNAGNOg],)?
— 4(x — [AgNOg],) (K2[RsNAgNO;]; + 1) K>
(A.11a)
A rearrangement of (A.10) in terms of
x = [AgNGQ3],
K>2[R3N]; )
1
T ( T4 K2(IRaNAGNO], — x5)
(A.10a)

evidences that in the concentration range studied 1
K2([R3NAgNO;]; — x5) &~ 1 and therefore

x ~ [AgNO3]; + x5(1 + K2([R3N],)) (A.12)

or when expressings in terms of the total amine
concentration in solution
B K2[R3N] x5

1+ K2([RsNAgNO3]; — xs)

X5 = X1 (A.13)

thus showing that the concentration change observed
for the 1:1 silver—amine complex is slightly smaller
than the consumption associated with its reaction with
the alkyl iodide &;). Resorting to the previously men-
tioned approximation ¥ K»([R3NAgNO;]; — x5) ~

1 one may write:

x1

D i . — A.14
°" 1+ Ka[RaN], (A1

or expressingg in terms ofx

x1 ~ x — [AgNOg], (A.15)



90

References

[1] B.L. Moroz, V.A. Semikolenov, V.A. Likholobov, Y.I.
Yermakov, J. Chem. Soc., Chem. Commun. (1982)
1286.

[2] K.I. Zamaraev, in: J.M. Thomas, K.I. Zamaraev (Eds.),
Perspectives in Catalysis, Blackwell Scientific Publications,
London, 1992, p. 36.

[3] D.N. Keuvill, in: S. Patai, Z. Rappoport (Eds.), The Chemistry
of Functional Groups. Supplement D: The Chemistry of
Halides, Pseudo-Halides and Azides. Part I, Wiley, New
York, 1983 (Chapter 20).

[4] M. Spiro, in: R.G. Compton (Ed.), Comprehensive Chemical
Kinetics, vol. 28, Reactions at the Liquid Solid Interface,
Elsevier, Amsterdam, 1989 (Chapter 2).

[5] E.F.G. Barbosa, M. Spiro, J. Chem. Soc., Chem. Commun.
(1977) 423.

[6] M.S.C.S. Santos, E.F.G. Barbosa, J. Mol. Catal. A: Chem.
160 (2000) 293-313.

[7] D.D. Perrin, W.L.F. Armarego, D.R. Perrin, Purification of
Laboratory Chemicals, 2nd ed., Pergamon Press, Oxford,
1982, p. 165.

[8] H.J. van den Hul, J. Lyklema, J. Am. Chem. Soc. 90 (1968)
3010.

M.S.C.S. Santos, E.F.G. Barbosa/Journal of Molecular Catalysis A: Chemical 197 (2003) 73-90

[9] E.W. Sidebottom, W.A. House, M.J. Jaycock, J. Chem. Soc.,
Faraday Trans. | 72 (1976) 2709.

[10] M.S.C.S. Santos, H. Florencio, E.F.G. Barbosa, Anales de
Quimica—Int. Ed. 94 (1998) 88.

[11] M.S.C.S. Santos, E.F.G. Barbosa, M. Spiro, J. Chem. Soc.,
Faraday Trans. | 84 (1988) 4439.

[12] M.D. Archer, M. Spiro, J. Chem. Soc. (A) (1970) 58.

[13] M. Spiro, E.F.G. Barbosa, React. Kinet. Catal. Lett. 3 (1975)
311.

[14] FJ.V. Santos, M.S.C.S. Santos, J. Autom. Meth. Manage.
Chem. 21 (1999) 135.

[15] H.G. Grimm, H. Ruf, H. Wolf, Z. Phys. Chem. 13 (1931)
301.

[16] M.H. Abraham, P.L. Grellier, J. Chem. Soc., Perkin Trans. Il
(1976) 1735.

[17] M.S.C.S. Santos, E.F.G. Barbosa, J. Phys. Chem. B 102
(1998) 6040.

[18] J.J. Kipling, Adsorption from Solutions of Non-Electrolytes,
Academic Press, London, 1965.

[19] G.D. Parfitt, C.H. Rochester, in: G.D. Parfitt, C.H. Rochester
(Eds.), Adsorption from Solution at the Solid-Liquid
Interface, Academic Press, London, 1983 (Chapter 1).

[20] J.M. Austin, O.D.E.S. lbrahim, M. Spiro, J. Chem. Soc. (B)
(1969) 669.



	Catalysed quaternization of coordinated triethylamine by ethyl iodide: further developments in the kinetic analysis
	Introduction
	Materials and methods
	Reagents and solutions
	Kinetic runs
	Amine titration
	Silver titration
	Reaction products


	Experimental results
	Evaluation of kinetic parameters: a new approach
	Kinetic analysis of the experimental data
	Conclusions
	Acknowledgements
	Appendix A
	References


