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SOMMAIRE

La cinétique d'adsorption du MeOH sur Pt lisse a été étudiée en utilisant des données
tirées par la méthode de la voltammetrie cyclique programmeée. La capacité des modéles
Langmuir et Temkin a décrire le phénomene a été testée. Il est mis en evidence que le modele
Langmuir est en général insuffisant pour décrire I'adsorption du methanol. En revanche, le
modeéle Temkin a été prouvé trés adequat dans le cas oit Cpeon = 0,1M et jusqu'a 6 = 0,5.

L'application du modéle Temkin aux concentrations 0,01 et 1,0M en MeOH montre
que dans ces conditions ce modgle est insuffisant 4 décrire le phénoméne global.

Key words: adsorption, adsorption of methanol on Pt, adsorption isotherms, adsorp-

tion kinetics.

INTRODUCTION

‘L'oxydation électrocatalytique du MeOH sur des électrodes métalliques a été étudiée
exhaustivement par plusieurs chercheurs les vingt demiérés(années puisque il s'agit d'un
combustible, utilisé aux piles & combustible, trés_“attra_c’tixlc pour des raisons diverses
(rendement d'énergie élevé, bas prix, produit de combustion non polluant [1]). Le méca-
nisme de la réaction d'oxydation du MeOH reste encore un object de recherche et de contro-
verses. Parmi les obstacles les plus importants a I'élucidation du phénomene global est la
connaissance de l'identité des espéces intermédiaires, qui se forment a 1'étape de la chimi-
sorption dissociative du MeOH. Certains espéces s'adsorbent trés fortement et empoisonnent
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la surface de 1'électrode. Les espéces intermédiaires possibles provenantes de la chimi-
sorption dissociative du MeOH sont les suivantes:

AN / —_——— N\ — N\
—C— —C —_== =0 —C—0Q
/C OH N C 0 J Vi

Par ailleurs, il est evident que des informations intéressantes peuvent étre tirées d'une
étude de la cinétique d'adsorption du MeOH sur la surface de 1'électrode, surtout en ce qui
concerne l'isotherme d'adsorption suivie et, par conséquence, 1a nature des forces entre les
espéces adsorbées. ’

M. Breiter était le premier qui a étudié 1a cinétique d'adsorption du MeOH sur Pt lisse
[2]. Cependant, ses conclusions concernant la vitesse d'adsorption sont tirés a partir de don-
nées indirectes obtenues dans des conditions non stationnaires.

Bagotsky et ses coll. ont étudié plus systématiquement I'adsorption du MeOH et sa
cinétique, en milieu acide (1M H3S0O;y), sur Pt lisse ainsi que sur Rh et Ir [3,4,5] en utilisant
une méthode de pulses cathodiques et anodiques. IIs ont montré que pour des concentrations
de MeOH supérieures 2 10-3M la vitesse d'adsorption est considérablement plus basse que la
vitesse de la diffusion vers la surface de I'électrode. Par conséquent,-1'adsorption constitue
I'étape déterminante de la vitesse de la réaction. Ils ont aussi constaté que 1'adsorption du
MeOH, dans le cas ol 1'adsorption est déja arrivée a I'état d'équilibre (état de saturation),
peut étre representée par I'isotherme de Temkin connue comme isotherme d'équilibre:

(-)=a+% InC )

ol a désigne une constante, 0 le degré de recouvrement de la surface de 1'électrode par les
intermédiaires adsorbées du methanol et f un facteur associé 2 la hétérogéneité de la surface
exprimant la différence entre la valeur maximum (AGpax) et minimum (AGpjp) de 1'énergie

libre d' adsorption:
- AGmax- AGnin

f RT

11 est 2 noter que AGpip représente 1'énergie libre d'adsorption quand 6—0, tandis que
AGpay est I'énergie libre d'adsorption quand O atteint sa valeur de saturation.

En ce qui conceme la cinétique d'adsorption du MeOH ils ont constaté que O varie
linéairement en fonction du logarithme du temps d'adsorption, c'est a dire

L .
O=A+ clnt 2)

A étant une constante et 0. un paramétre dont les valeurs se trouvent dans l'intervalle O<a<1.
Cette équation est connue comme isotherme cinétique d'adsorption. La vitesse d' adsorption
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pour 0 = constant est directement proportionelle 2 la concentration (molarité) du MeOH au
sein de la solution et le logarithme de la vitesse d'adsorption diniinue lin€airement avec
I'augmentation du degré de recouvrement de la surface 0. Ainsi, la vitesse d'adsorption vadg
du MeOH sur platine lisse & un potentiel constant est representée par 1'équation de Roginskii-
Zel'dovich

Vaas = dt = KaasC exp(-af@) 3)

o la vitesse specifique de la réaction d'adsorption k45 Teste constante.

Plus recement Sokolova et coll. [7] ont examiné I'adsorption du MeOH en utilisant les.
modzles de Temkin et Langmuir; en admettant que le methanol chimisorbé occupe 1,20u3
sites d'adsorption ils ont constaté que leurs résultats expérimentaux s'adaptent aux équations
respectives. Il est toutefois a noter que ces résultats expérimentaux n'étaient pas suffisam-
ment nombreux et par conséquent il est trés difficile d'affirmer si les équations utilisées de-
crivent en réalité le phénomene. En plus, les temps d'adsorption t utilisés sont assez longs (t
> 10 sec), de sorte que le recouvrement de la surface de I'électrode arrive, dans tout les cas,
pratiquement 2 1'état de saturation.

Peu de travail a ét€ fait 2 I'égard d'une approche absolument théorique concernant le
probléme de la cinétique d'adsorption des substances organiques sur des électrodes solides
[8,9].

PARTIE EXPERIMENTALE

Les valeurs de 0 utilisées dans ce travail ont été obtenues en utilisant 1a méthode de la
voltammetrie cyclique programmée déja décrite [10,11]. Toutes les mesures expérimentales
ont été réalisées au laboratoire de Chimie I (Electrochimié et Interactions) de I' Université de
Poitiers a 1'aide d'un montage électronique totalement controlé (piloté) par un micro-
ordinateur. Dans la figure 1 nous donnons 2 titre d'exemple un couple de voltammograms
cycliques en presence et en absence du MeOH. Dans cette figure les corrections effectuées
concernant la couche double sont schematiquement indiquées. Mais les détails de la deter-
mination de 0 ont été déja décrits [11].

Le montage utilis€ présente deux avantages importants:

1) Possibilité de déterminer le paramétre 0 a des temps trés courts (t < 10 sec).
2) Absence d'intervention d'expérimentateur lors de la réalisation d’'une expérience d'adsor-
ption, un avantage qui augmente la précision et la reproductibilité des résultats. ,

Ces avantages nous ont donné la possibilité d'ajuster des équations polynémiales avec
les courbes d'adsorption expérimentales de sorte que la cinétique d'adsorption soit quantati-
vement suivie.
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(en presence du MeOH)

1 L 1 1 /|
o 0.4 0.8 12 16

E/V (RHE)

Fig. 1. Voltammogrammes cycliques de I'adsorption du MeOH sur Pt lisse en milieu HC1O4
0,5M. Vitesse de balayage 50V/s. Potentiel d'adsorption 0,4V/RHE. a) CMeoH = 0,1M tags
= 60s b) CMeoH = 0,1M tygs = 0.0s (cyclage continu) ¢) CMeon = 0,0M tags = 0,0s. Les
parties ombrées, Q. Qai. Qa, Qp sont les differentes quantités d'électricité utilisées pour la
réalisation de corrections nécessaires impliquées par les conditions expérimentales (haute

vitesse de balayage, tags courts).

TRAITEMENT DES DONNEES ET DISCUSSION

Dans la littérature, différents modeles d'adsorption sont admis pour analyser le
phénomene d'adsorption, mais les modéles Langmuir [12,13] et Temkin-[14,15,16] sont le
plus souvent adoptés. \

Cependant, ces modeles conduisent souvent dés conclusions contradictoires.
L'origine de ces contradictions est généralement associée a la préhistoire de I'électrode, cet
argument n'étant pas le seul facteur affectant le phénomene. Par ailleurs, il nous semble que
cette situation ne pourrait pas étre €lucidée par l'utilsation d'autres modeles d'adsorption,
plus complexes, qui compliqueraient le phenoméne global. C'est pour cette raison que nous
avons essayé d'examiner dans quelle mesure nos résultats expérimentaux peuvent étre décrits
par les modéles Langmuir et Temkin.
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Figure 2. Variation de 8 en fonction du temps d'adsorption t 2 25°C. (a) CMeon = 1,0M;
(b) CMeou = 0,1M; (¢) CMeon = 0,01M (0,5M HC1Os. Eads = 0,4 V/ERH).

0,8 } | L
’ a

~ LT b f
0,6 =

o S

R ;/— ,00 C i

v AT
cf" ‘E g
} .
u/°

0,2

0,01 0,10 1 10 100

t

Figure 3. Isothermes cinétiques d'adsorption du MeOH sur Pt lisse & Eags= 0,4 V/ERH.
(2) CMeon = 1,0M; (b) Cmeon=0,1M; (¢) CMeoH = 0,01M.

L'étude a été effectuée aux concentrations 0,01M, 0,1M et 1M en MeOH ou les
courbes correspondantes © = f(t) presentent une forme typique (fig.2). Par ailleurs, les
diagrammes de la figure 3 montrent que la relation 2 est insuffisante pour décrire le
phénoméne global. Il est 2 noter que tous les calculs de 0 sont réalisés en considerant le
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pourcentage de la surface couvert, par les espéces adsorbées, par rapport a la surface dispo-
nible, 6 = Scouvert/Sdisp (Sdisp = Surface accesive a I'adsorption de I'hydrogéne). Les détails
de ces déterminations ont été déja décrits [11].

Tout d'abord, nous présentons en détail I'étude d'adsorption du MeOH 2 partir des
solutions de 0.1M en MeOH.

Modéle de Langmuir
Dans ce modele, on admet qu'il n'y a pas des interactions entre les espéces adsorbées et

tous les sites d'adsorption sont équivaients. La vitesse de la réaction d'adsorption a chaque
moment est une fonction de la surface libre de I'électrode et la cinétique d'adsorption se
décrit par I'équation: . '
do

o = ka-9° @ -

et k'=kC
ot C est la concentration du MeOH qui reste pratiquement stable au cours d'une expérience,
a le nombre de sites occupés par une molécule du MeOH adsorbée et k, la constante de
vitesse de la réaction d'adsorption quand 6—0.

Dans le but de déterminer le paramétres a et k' de 1'équation 4, la courbe expérimentale
0 = f(t) a été ajustée 2 un polyndme de n degré. Nous avons constaté que pour 6 < 0,6 cet
ajustement conduit 3 un polynéme de 6° degré:

.6
2 6 i
0= A +ALt+AL - LAL —ZAit. (5)
i=0
6
. _do _ 2 5_ !
dol b= Gr= A +24 4344+ +6AL _2 Al (6)
i=0
En conséquence la relation 4 se transforme:
6 6
/@ (S i e s | )
Inb = ln(dt) =In ZlAit‘ J—lnk +a.1nL1 -ZAit‘J %)
i=0 i=0

Les coefficients du polyndme 5 déterminés au moyen de la méthode des moindres
carrés sont résumés dans le Tableau 1. :

La valeur de 0 = 5,0-107( 0 = écart quadratique moyen entre les valeurs calculées et
expérimentalement determinées de © ) montre une excellente aptitude de ce polynéme 2
représenter les données expérimentales. Le diagramme de la figure 4 représente la variation
de Inb en fonction de In(1-0) pour 8 < 0,60. On constate que cette variation est pratiquement
lindaire (R2 =0,999). A l'aide de ce diagramme nous avons calculées la valeur de a trouvée
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égale 3 4,46. Il en resulte de cette valeur que chaque espéce adsorbée occupe A peu prés
quatre sites d' adsorption. '

Tableau 1.Valeurs des coefficients du polynéme 5.

0 Ag Al Ay Az Ay As Ag

0,3-0,6' 0,2768 0,8045 -1,4816 1,9552 -1,5378 0,6380  -1,1070

0,5-0,7] 0,3334 0,3866 -0,2553 0,1053 -0,0251 0,0032 -1,6-107*

Cependant, en partant de cette valeur de @, le calcul de k' en fonction de t (A I'aide de 1a
relation 4) ne conduit pas a des valeurs de k' indépendentes du temps. Nous avons ainsi
constaté que k' varie sensiblement en fonction du ¢, un fait qui pourrait étre expliqué en
admettant que o et k' n'ont aucune signification physique, mais au contraire ils sont deux
parameétres ajustables. On est ainsi améné 2 1a conclusion que le modéle de Langmuir ne peut
pas représenter 1'adsorption du MeOH sur Pt lisse. C'est pourquoi nous avons decidé
d'examiner ces phénomeénes d'adsorption en nous servant le modéle Temkin, modéle connu
pour étre efficace dans le cas d'adsorption des molécules simples organiques sur des
électrodes de Pt [5,16,18].

3
2 o
-Inb Eogi
D/D’
Bl
I- /‘“/n
,u/u
P g
0 :
0,5 0,6 0,7 0,8
n(1-9)

Figure 4. Variation de In(d9/dt) en fonction de In(1-0). Cmeou = 0,1M

Modele de Temkin.

Dans ce modegle, on suppose que la surface d'adsorption est uniformement inho-
mogene, tandis que la variation de AG;’d s €N fonction de 0 soit linéaire [19]:
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[\}
AGads

- (1]
(0) —AGads(O) + 19
On considére aussi que la vitesse d'adsorption depend de la concentration C du
MeOH, de la surface libre (1-0) et d'un facteur exponentiel exp(-g0) qui est 1ié a I'inhomoge-
neité de la surface. L'équation cinétique est:

@ = 1(1-6) exp(-g9) ®)

f étant le facteur de I'hétérogéneité de la surface, a le facteur de symétrie, g = of et k' =k,C.
L'équation 3 constitue une forme simplifiée de I'équation 8 et elle se*déduit facilement
de celle-ci si on admet que (1-0) varie trés peu dans la région 0,2 <0 < 0,8 .
En tenat compte que la courbe expérimentale 6 = f(t) peut étre exprimée par un polynd-
me de n® degré, la relation 8 prend la forme: '

InY =Ink'- g0 . )]
n
.. -1
40 ZIAit
U Y= dt = i=0 10
ol =79 = (10)

n
- 2 Aiti
i=0

Dans le Tableau 2, nous avons confronté les valeurs expérimentales du degré de
recouvrement 6 avec celles interpolées a partir de 1a courbe expérimentale 0 = f(t) en utili-
sant la méthode d'interpolation de Lagrange. ]

Au but d'examiner dans quelle mesure I'équation 9 est valable dans toute la gamme de
0 examinée dans cette étude, 1a partie de la courbe 8 = f(t) correspondant 20,5 <0 < 0,7 a
été aussi ajustée i un polyndme de 6° degré. Nous avons constaté que ce polyndme
Teprésente parfaitement les résultats expérimentaux étant donné que 0 = 4,9°104, Les valeurs
obtenues de ses coefficients A; sont rapportés dans le Tableau 1.

A Taide de larelation 9 et des coefficients A, consignés dans le Tableau 1, nous avons
calculé les valeurs de Y en fonction du temps t. La courbe de la figure 5 représente la
variation de InY en fonction de 6. La relation 10 prévoit une dépendance linéaire entre InY et
0; ce que l'on a observé jusqu'a 6 =~ 0,5 . Dans cette région, le coefficient de détermination
linéaire R2, étant égale a 0;9994, démontre que l'équation 9 est parfaitement valable. En -
revanche, pour 8 > 0,5 on observe des écarts importants de la linéarité. Il est donc possible
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de déterminer les paramétres k' et g de I'équation 8 dans la partie linéaire de la courbe InY =
f(t). Les valeurs de ces paramétres ont été trouvées respectivement égales 27,74 s°1 et 6,32

Tableau 2. Valeurs de 0 interpolées et expérimentalement déterminées. Cpeon = 0.1M

t/s 0 t/s 0
0,0666 0,324* 1,0666 0,556*
0,1166 0,354* 1,30 0,574

0,15 10,370 1,50 0,590

0,20 . 0,392 1,65 0,599
0,2166 0,398* 1,90 0,612*

0,25 0,410 2,20 0,626

0,30 - 0,427 2,40 0,634

0,35 0,440* 2,55 0,640*

0,40 0,454 2,70 0,646

0,45 0,465 3,00 0,655

0,50 0,475 3,20 0,661*

0,55 0,485* 3,40 0,666

0,60 0,494 3,60 0,670

0,65 0,502 3,80 0,674
0,70 0,510 4,00 0,679
0,75 0,518 . 4,20 0,682

0,80 - 0,524* 4,40 0,686

0,90 0,536 4,65 0,690

1,00 0,548 5,016 0,695*

* Valeurs expérimentales

11 est a noter que la valeur de g (=6,32) coincide pratiquement avec celle trouvée par
Bagotsky et coll. (g=6,25) [6] et Loucka (g=6,4) [20]. Il est & souligner que la valeur 6,25
proposée par Bagotsky et coll. a été determinée a I'aide des isothermes d'adsorption a T'état
d'équilibre. Cependant, les mémes auteurs ont déterminé g al'aide des données cinétiques et
ils ont trouvé la valeur g = 6,5. '

Dans le but d'examiner la variation de k' en fonction de t, dans toute la gamme des

temps, les valeurs de k' ont été calculées a 'aide de la relation

do
dt
1- e CXP('ge)s (11)

k' =
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en utilisant la valeur g = 6,32. L'évolution de k' en fonction de t est illustrée dans le dia-
gramme de la figure 6. On constate que jusqu'a t = 0,8sec (0 = 0,5), le paramétre k' reste
pratiquement constant.

3

0

0,3 0,4 0,5 0.6 0,7
0

Figure 5. Variation de InY en fonction de 8. Cmeon= 0,1M

On pourrait interpréter ces résultats si I'on tient compte du fait que I'équation Temkin
est une formule limite, rigoureusement valable dans des régions des valeurs relativement
faibles de 0, ol les interactions entre les espéces adsorbées ne sont pas encore assez impo-
rtantes.

En outre, il a ét€ postulé dans la littérature [21] que chaque molécule du MeOH,
adsorbée sur Pt lisse, occupe deux sites d'adsorption. Etant donnée cette situation, on peut
supposer que pour des valeurs 8 < 0,5 le phénomeéne d'adsorption évolue de maniére
presque idéale sur une surface uniformément hétérogéne. Si ceci était vrai, on aurait dd
s'attendre & ce que la relation Temkin soit valable jusqu' 2 0 =.0,5, ce qu'a été effectivement
constaté. A partir de © = 0,5 on peut supposer que des interactions importantes ont lieu entre
les especes adsorbées et le systéme s'écarte sensiblement de la dite allure "Temkin". Quant 2
la relation cinétique 8, elle perd son aptitude 2 décrire le phénomene global.

Ces résultats, concernant la concentration 0,1M en MeOH, nous permettent de
conclure que pour 0 £ 0,5 I'équation Temkin s'applique rigoureusement dans le cas du
methanol.

En revanche, dans le cas d'une cinétique d'adsorption plus rapide, ou 0 dépasse
rapidement la valeur 0,5, on pourrait supposer que la relation Temkin devient insuffisante
pour décrire la situation globale. C'est effectivement ce que nous avons observé dans le cas
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ol CMeOH = 1,0M. On a constaté que la linéarité prevue par la relation 9 n'est pas observée,
méme pour de trés faibles durées d' adsorption.
Dans le cas oit CMeon = 0,01M, en admetant les dites conditions Temkin, on constate
que la dépendance InY = f(B) n'est pas linéaire.
12

10

k'/s1

2

0.1 1 . 10
t/s

Figure 6. Variation de la constante k' (modéle Temkin) en fonction de t. CMeon = 0,1M

D'autre part, en examinant les données 2 I'aide de I'isotherme Langmuir (relation 4) on
trouve que, pour differentes valeurs de o, k' ne demeure pas stable en fonction de 6.
Cependant, dans les cas ol @ =2 ou 3 etB <0,3 on constate que k' tend vers des valeurs
plus ou moins constantes. Néanmoins, sous de telles conditions © < 0,3), 1a possibilité de
réaliser des expériences cinétiques fiables est limitée par la méthode experimentale utilisée
dans cette étude.

Conclusions

En conclusion, I'ensemble des calculs effectués et la discussion precédante nous
permettent de formuler les remarques suivantes:

L'adsorption du MeOH sur Pt lisse se déroule dans des conditions "Temkm dans le
cas ol CMme0H = 0,1M et jusqu'a des valeurs de 0 proches de 0,5. Pour 6 > 0,5 les intera-
ctions entre les molécules "préadsorbées” deviennent plus importantes et par conséquent on
observe des écarts par rapport au comportement "Temkin" qui croissent en fonction de 0.

Le fait que les écarts font leur apparition 2 8 = 0,5 constitue une indication supplé-
mentaire que 1a molécule du MeOH a besoin deux sites d'adsorption pour qu'elle soit
adsorbée.
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Dans le cas ot CMeon = 1,0M on ne peut visualiser un domaine de validité de la
relation (modéle) de Temkin parce que méme pour des témps d'adsorption trés courts on
arrive 2 des valeurs de 0 égales ol plus élevées de 0,5, c'est A dire on arrive trés rapidement
a I'état de saturation. Dans le cas ot Cpeon = 0,01M la situation semble plus compliquée et
les deux modeéles utilisés sont insuffisants pour décrire le phénomeéne global. En plus, la
concentration 0,01 M est considéré assez basse permettant éventuellement 1' interventions de
divers effets contaminants.

11 est a souligner que les résultats de cette étude sont en accord avec les conclusions
d'autres études [6,20]. Les écarts observés entre nos résultats et ces de Wieckowski [23] et
Kazarinov [24] peuvent étre attribués au fait que ces recherches ont été effectuées sous de
conditions sensiblement differentes (adsorption sur Pt platin€).
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Summary
KINETIC STUDY OF THE ADSORPTION OF METHANOL ON A SMOOTH POLY-
CRYSTALLINE Pt ELECTRODE.

The kinetic of the adsorption of methanol on a smooth Pt electrode has been studied by
using data derived from a programmed cyclic voltammetry technique. The data is treated by
means of Langmuir and Temkin equations, the validity of which is discussed. The results
obtained show that the Langmuir equation is insufficient to describe the whole phenomenon.
On the contrary, Temkin's equation is quite applicable to the solutions where CMe0OH =
0,1M. This treatment also shows that both these equations are insufficients to describe the
adsorption of methanol from solutions of l-,b and 0,01M MeOH. '

Hegiinyn -
MEAETH THZ KINHTIKH THZ IIPOZPO®PHIEQZ THX ME@ANOAH%?. ITANSQ
JE AEIA IIOAYKPYZTAAAIKA HAEKTPOAIA AEYKOXPYZOY - N\ i

21v Egyaoio avt peAeTdtal n ®evnTixi g TeooQognoems g LeBavoAng tdvm
ot Aela mwohuxouoTolhind nAexteddia Pt. Tty HeAETH QUTH YXOMGLIOTOLOUVIAL TELQQ-
paTnd dedopéva TOV TEOEX NPV ué 0 BonBein TS TEXVLXNC TS TEOYQANOTLLOUEVNS
®URMKYG Portapetoiag. Ta dedopéva avtd avarvovial pe faon ta Oewentind TES-
Tuso Twv Langmuir xow Temkin kot eEeTaletal 1 GELOMLOTa TOV TQOTUTWV QUTGV 0TO
VO, FTEQLYOGPOVVY T TTELRaUOTIXE dedopéva tng Eoyaoiog authig. Awamotovetal 6T T0
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neéTUo Langmuir e napd meglmtman dev uwogel va meQLyder To SAO PALVOUEVO
G TEOCROYPHOEMS TG NeBavOAg Tavm ot Aeia nhenteodLa P, Aviibeta, TO TEOTUITO
TemkKin %Q{VETOL XATGAANAO OTO VO TEQLYQAWEL TNV TEaEOENaN g uebavokng ad
drodvpota 0,1M pebavohng ko yia fabud emxaripews B < 0,5. TEAOG SlamoTdveTat
611 oL eELodaelg Langmuir xar Temkin dev LTOQOUV VA TEQLYQAWOUV TQ TTELQUUATLXA
nag dedopéva 61av Cpveon = 1,0 1 0,01IM %ot 0 > 0,3.
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SUMMARY

The catalytic effect. of porous anodic alumina films
prepared in H=S0. 15% w/v., at constant current density 3.5
A/dm®*, different bath temperatures 20-50°C and anodization
time 1intervals, was investigated in the HCOOH dehydration
reaction. For bath temperatures 25, 30 and 40°C it was
verified that kinetic parameters such as activation energy,
frequency factor, total activity of films having constant
geometric surface as well as specific activity displayed a
maximum at a particular anodization time interval, for each
bath temperature employvyed, around which the maximum limiting
mass. thickness and porosity at first appear. For films
prepared at the same anodization time, with identical
thickness or pore lenght, all the above parameters increase
with increasing bath temperature. The sequence 1is reversed
when their maximum values, except those of specific activity,
are compared. Specific activity, on the contrary, increases
significantly as bath temperature increases when films having
the same thickness values or those displaying maximum values
of Kkinetic parameters are compared. This. catalytic behaviour
of anodic Al=Ox films is partially due to the variation of
film porosity which increases with thickness - 'and bath
temperature either with regard to films of the same thickness
or films with 1limiting maximum thickness and also to the
significant increase of limiting mass, thickness and total
real surface of films on decreasing bath temperature. The
main reason for the observed catalytic effect of porous
anodic aluminas 1in the HCOOH dehydration is the change 1in
structural characteristics such as the size of
microcrystallites and the stoichiometric deviation of the
oxide across the compact Ppore wall Al=0O= which are
differently affected by bath temperature.

Key words: Catalysis.  anodic alumina, formic acid
decomposition.
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INTRODUCTION

Aluminium oxide films on Al metal surface can be prepared
electrolytically by the anodic oxidation of Al metal and are
usually called anodic alumina films. These fiims are of
cellular structure _and the choise of electrolyte determines
the product film: being either non-porous (barrier tvype).
formed in electrolytes which do not dissolve the AlaO=x
produced (boric acid. borate salts. citric acid etc)., or
porous, formed in electrolyteS»diésolving the produced AlzO=
(sulfuric, phosphoric, oxalic acids etc)*+#. The thickness of
non—porous films is approximately analogous to the 1imposed
voltage and can reach up to 1 um while that of porous ones can
reach up to many tens of um. The structure of porous films is
characterized by a close packed array of approximately
hexagonal. columnar cells each of which contains an elongated,
roughly cyllindrical pore, extending between the film external
surface and the Al:Ox/Al interface where it 1is sealed by a
thin compact barrier type oxide laver. Pore base diameter and
cell/pore su}face concentration are dependent on the choise of
electrolyte. Pore diameter varies generally between a few R up
to a few hundred R (for H=SOa electrolyte it 1is equal to or
greater than 120 A&) and pore concentration is of the order
10t pores/cm™ of metal geometric. surface.

The investigation of catalytic properties of anodic
aluminas has recently acguired much interest. Anodic aluminas
either porous or non-porous were applied as planar model or
substrate model catalyts and the results appeared to be
remarkable® *%. The catalytic behaviour of porous anodic
alumina films prepared in a 15% w/v H=50a non-stirred bath
solution in the HCOOH decomposition reaction*®~*7 was
investigated while a semiinduétrial catalytic reactor was
designed, constructed and studied with respect to the same
reference reaction*®. Formic acid decomposition on these
alumina catalysts was found to be a =~100% dehydration
reaction*=-** up to a temperature of 355°C according to
equation ‘

HCOOH — H=0 + CO (1
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while the Al metal lying beneath the Al:Ox film did not exert
any direct influence on the reaction*®.

The activity of the anodic Alz0=z catalyst is much higher
than that of bulk ¥-A1=0x chemically preprared*®. The HCOOH
dehydration reaction was found to be a zero order reaction for
HCOOH vapour pressure values greater than a particular one
specific for each reaction temperature being i.e. 0.38 and
0.55 at 320 and 350”C**. The results suggested a -reaction
mechanism whereby the HCOOH dehydration takes place on Lewis
acidic centers wvia a formate ion intermediate*®. The
conditions of preparation of anodic aluminas, anodization time
and current density, significantly affected the kinetic
parameters of HCOOH dehydration 1i.e. activation energy,
frequency factor and both total and specific activities of
anodic alumina film catalysts.

In the present study the effect of bath temperature of
anodic oxidation on the catalytic .properties of anodic
aluminas, prepared at constant current density 3.5 A/dm® in a
15% w/v H»S50.  non-stirred bath solution, in the HCOOH

dehydration reaction, was studied.

EXPERIMENTAL

The materials and procedure of Al anodization for the
preparation of anodic. alumina catalysts, the treatment of
anodized Al specimens for the removal of the electrolyte
enclosed inside pores and the methods of film mass and
thickness determination were vreported earlier*®-27_, The Al
specimens used were 30x50(mm) coupons with a tailing end the
greater portion of which was covered with insulating varnish
whereas its bare edge was utilized for making the electrical
connection. Prior to anodic oxidation. the Al coupons were cut
along the 50 mm horizontal dimension, on either side, into
strips 20x2 (mm) . After anodization, the 20 strips,
symmetrically cut around the middle of Al specimen carrvying
the anodic AlzxO= film on the 20.2 cm® of their geometric
surface, constituted the catalyst supplied to the reactor.

Anodic aluminé films prepared at a constant current
density, 3.5 A/dwm®, at bath temperatures 20, 25, 30, 40, 45
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and 50°C and various anodization time intervals were used as
catalysts in HCOOH decomposition experiments. Another group of
Al=0Ox films, prepared at 30°C bath temperature, were calcined
at 500°C for about 17 hrs for measuring the weight loss due
mainly to the removal of OH groups or molecular H=0O present in
the film. The Ales/Al strips of catalysts prepared at bath
temperatures 25-40°C were weighted before and after catalysis
exéeriments, after being dryed in an air stream, in order to
determine the total mass change during catalysis due to the
amount of H=0 gained or lost and the amount of HCOOH adsorbed
on the pore wall surfaces of catalysts. They were subsequently
neutralized with NaOH 0.1 N for removing absorbed HCOOH, dried
and weighed again for the determination- of the absorbed HCOOH.

The HCOOH decomposition experiments were carried out in a
Schwab laboratory microreactor*®. The measurements of reaction
rate at different temperatures were obtained in this study as
well as previously**®-*” by a dynamic method. The reaction
temperature was supplied by means of an . oven'* which was
regulated to increase the temperature approximately linearly
from ambient temperature up to 290°C at a rate of ~10°C/min
and from 290°C up to 350°C at a rate of 1-2°C/min. The method
of reaction rate measurements, during catalysis experiments,
was as previously described*<.

RESULTS

1.Structure of the anodic alumina films .

"The mean thickness (h) and mass (m) of the film present
on the 20.2 cm® anodized geometric surface of the 20 strips of
Al=0=/Al1 catalyst prepared at bath temperatures (b.t.) 25; 30
and 40°C and at constant current density 3.5 A/dm® vary with
anodization time (t) as shown in Figs 1(a and b). The
thickness increases linearly up to a particular anodization
time interval (ti) for each b.t. employed; then the rate of
thicknéss increase slows down up to another, also particular
for each b.t., anodization time (tz) where it becomes zero.
Beyond t. the thickness remains constant. The density of
compact anodic Al=0x oxide calculated from Faraday's law and
the constant rate of thickness growth which is independent of
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FIG 1. Dependence of the mean thicKness (a) and mass of the oxide film

spread over the 20.2 cof ancdized geometric surface of the 20 strips of

Alp0z/Al catalyst (b) on anodization time at bath temperatures 25, 30 and
and current density 3.5 .A/dnf.

b.t. and anodization time up to t. was found to be 3.42 g/cm™.
Film porosity values were calculated from the mass, thickness

and density of compact Al=0= and were found to increase up to
te from which point onwards they also remain constant. Since
pore concentration remains constant during anodization and
.length is identical to film-thickness, the variation of
specific real with ought to be

qualitatively the same to that of porosity. All these observed

pore

surface anodization time

facts can be explained on the basis of the close packed array’

of the
porous films. Figure 2 depicts two sections of an

approximately hexagonal columnar®™ cell structure of
‘ idealized
(a) and perpendicular (b) to the direction of
which the

porous laver, pore wall Al=Ox and pore and cell shape are also

cell, parallel

thickness growth or pore axis in barrier laver,

pictured. Because of the internal dissolution of pore walls,

during anodization by the electrolyte, pores acquire a conical
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FIG.Q{Sbctiqns qf an idealized Iexagonal columar cell of a porous
anodic alumina film, parallel (a) and perperdicular (b) to the axis of a
truncated cone-shaped pore.

shapel The linear increase of film thickness up to t; is
Jjustified by the fact that the- pore external diameter is
smaller than cell width. At t. the pore diameter approaches
cell width .while at t- their sizes become equal after which
point onwards a constant film thickness is achieved. The
changing rate of film thickness growth between t. and t- is
dﬁe to the fact that.the cross sectional share of cells is not
strictly hexagonal. and that. during anodization, some small
temperature gradient .along the vertical dimension of the Al
specimens 1is .established; the temperaturé is somewhat higher
than the imposed b.t. and increases from the lower to the
upper regions of the specimen. This results in a local current
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density and local film thickness distribution along this
direction which becomes significant only when b.t. decreases
and current density increases considerably. The thickness of
the wupper regions of films prepared at anodization times t<t.
was slightly higher than the corresponding thickness of the
lower film regions. During the interval t.-t: this sequence
was gradually inversed and this trend persisted even beyond
te. The 1limits, on either sid€ of the mean thickness (film
thickness at the middle of the specimen) between which film
thickness falls were #0.5, +1.5 and #2.5um for b.t. 40, 30 and
25°C respectively for t>t. where the deviation of either
specimen edge from the mean film thickness was always the
largest. A

Together with the above mentioned reasons, the process of
internal pore wall dissolution explains the continuously
decreasing rate of mass growth up to te, the constant mass for
anodization times beyond t- and the profile 'of porosity
variation with anodization time. The mechanism of film “growth
and the simultaneous dissolution of pore wall AlzO= which is
enhanced by b.t. also explain the strong depression in ‘the
maximum limiting values of mass and thickness with b.t.. The
limiting mass of films fofmed over the 20.2 cm® anodized
geometric surface - of the 20 Al=0x/Al strips of catalyst
prepared at 20, 45 and 50°C was also determined. It was found
to be 0.362, 0.0312 and 0.0213 gr respectively also strongly
decreasing with™b.t.. '

The porosity of films having the same thickness and
produced at the same anodization time., increases with
increasing b.t. but this increase is nevertheless. not very
significant since pore concentration depends rather on current
density. The only reason producing increases 1in porosity is
the larger broadening of pores due to-the higher pore wall
dissolution capacity when b.t. rises. The porosity of films
either when their thickness tends to zero or to the limiting
max imum vélue rises slightly with b.t. varying from 20 up to
28% and from 37 up to 47% respectively on passing from 25 to
40°C. The specific real surface (s) was earlier reported*” to
inérease with_anodizatibn time from approximately 10 up to 20
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m* /g corresponding to film thickness tending to =zero and to
its limiting value respectively for films prepared at 30°C and
3.5 A/dm*®. For films prepared at the same b.t. and current
densities 1.5-7.5 A/dm®, although their limiting thickness
increases significantly with ¢urrent density. only a slight
increase of limiting s value was verified on decreasing
current density*”. On the basis of what was discussed above
for porosity variation the change in specific real surface of
films prepared at other b.t. should also vary approximately
between 10 and 20 m®/gr with anodization time although some
gentle increase in those-values is expected on increasing bath
temperature.

The Al=0# anodically produced is a dry material since ‘its
calcination showed an insignificant weight loss i.e. 1-2.5% of
mass for films prepared at 30°C. These %ages refer to the
lower and higher thickness obtained at that b.t. and increased
simultaneously with film porosity, denoting that water is
adsorbed on the pore surface rather than incorporated in the
compact pore wall - Al=0x. A %age less than unity thus can be
regarded as Hz=0 incorporated in pore wall compact oxide. The
above percéntages of Hz=0 contained in the oxide increase
slightly with bath temperature.

2.Catalytic decomposition of HCOOH on anodic Al=0= films

Since HCOOH decomposition is an exclussively dehydration
reaction of =zero order under the experimental .conditions
of 1 atm HCOOH vapour pressure*®, then the measured reaction
rate (r in mol/s) was identical to the reaction rate constant
(k). From its values measured at various reaction temperatures
and the application of the Arrhenius equation

k = Rexp(-E/RT) ¢S
or Ink = Iln A - E/RT (2)

where E=activation energy in kdJd/mol, A=frequency factor
in mol/s, R=universal gas constant and T=reaction temperature
in K, the E and A values were determined by regression
analysis. ' ‘

The variation of activation energy, freguency factor and
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Fig. 3. BEffect of anodic oxidation time on the activation energy (a),
frequency factor (b) and reduced frequency factor. per gram of oxlide (c)
displayed by the HCOOH catalytic dehydration of oxide (c) displayed by the
HOOOH catalyt ic dehydration reaction on porous anodic AlpOz films prepared
at 25, 30 and 40°C bath temperatures.

reduced frequency factor per gram of Al=Osx film catalyst (A/m
in mol/s-g) with anodization time, vyielded by the films
prepared at 25, 30 and 40°C b.t. is shown in Figs 3(a, b and
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Fig. 4. Deperdence of total activity displayed by the anodic AlgO3 present
on the 20.2 cnf anodized geometric surface of the 20 strips of Alp03/Al
catalyst (a) amd specific activity (b) at constant reaction temperature
350°C of HCOOH dehydration on anodization time at bath temperatures 25, 30
and 40°C,

¢) respectively. The total activity defined as the activity
exhibited by the oxide catalyst suspended on the 20.2 cm®
anodized geometric surface of the 20 stribs of Al metal at a
constant reaction temperature of 350°C (k(350°C)) and the
specific activity at the same temperature (k(350°C)/m) vary
with anodization time at b.t. 25, 30 and 40°C as shown in Figs
4(a and b) respectively. All above kinetic parameters display
a maximum around t. for each b.t. as observed from Figs 3 and
4. This maximum probably vanishes as b.t. becomes " >40°C and
constant values  of kinetic parameters for t2t- are expected.
Because of the small value of specific real surface .and its
unimportant variation with anodization time*” ‘and b.t. as
stated above, the reduced parameters A and k(350°C) per m® ~of
real surface (5-m-s) of oxide film (A/S and k(350°C)/S) are
expected to have the same profile of dependence - with respect
to anodization time as A/m and k(350°C)/m while their maximum
values must also vary in a similar fashion to that of the A/m
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and k(350°C)/m parameters with b.t.. This was also found to be
true for films prepared at various current densities at b.t.
30°C+7 .

The appearance of maxima in kinetic parameters could be
to some extent attributed to the distribution of film
thickness and porosity near tco and about the center of the
specimen from which the Al=0x/Al strips were taken since the
distribution of thickness is probably connected to a
distribution of catalyst efficiency also. The inversion of
thickness ‘distribution in the interval t.-t- which continues
at an imperceptible rate and bevond t. could contribute to the
appearance of a maximum iri kinetic parameters but $ince the
thickness distribution is noticable only at the lowest b.t. of
25°2C  the significant variation of kinetic parameters around
the maximum'observed at i.e. 30°C b.t. cannot be attributed to
this reason only. This could probably be the reason for the
appearance of maxima not strictly at the anodization time t-.
As 1t 'was also previously noted*”., impurities present in the
Al metal used for anodic film preparation, such as Fe, do not
have any influence on the results; then their presence cannot
justify the  observed variation in catalytic kinetic
parameters. .

When films prepared at the same anodization time, having
comparable thicknesses which are nevertheless lower than the
limiting thickness values, are considered, we observe that all
parameters are increasing as b.t. rises. As films approach
their limiting thickness, the trend 1is reversed for all
parameters except for specific activity which- remains
unaltered.

Measurments of Kkinetic parameters were also taken from
experiments of HCOOH decomposition over films prepared at b.t.
20, 45 and 50°C and anodization times 140, 15 and 10 min
respectively,>corresponding to the time intervals t-. around
which the maximum in kinetic parameters is expected to appear.
By comparing the maximum values of kinetic parameters obtained
at the different b.t. emploved it is observed that the
activation energy, frequency factor and reduced frequency
factor, Fié. 'é(ai, and total activity at 350°C reaction
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FIG. 5. Effect of anodic oxidation bath temperature on the maximum values
of activation energy, frequercy factor amd reduced frequerncy factor per
gram of oxide catalyst (a) and total and specific activity at 350°C
reaction temperature of HCOOH dehydration (b) achieved at various hbath
temperatures- employed for the preparation of anodic alumina f£film
catalysts.

temperature. Fig. 5(b), increase with decreasing b.t. whereas
specific activity, Fig. 5(b), increases in the reverse
direction i.e. with increasing b.t.. The magnitude of maximum
specific activity at 50°C is nearly 2.5 times that at 20°C.
The increase in specific activity with b.t. is due partially
to the increase of porosity and real surface but is mostly due
to changes in the nature of pore wall oxide with b.t..

Although the maximum specific activity increases with
increasing b.t., the maximum total activity on the other hand
increases considerably with decreasing b.t.. It is due to the
appreciable increase in the length of pores in films having
the maximum limiting thickness as b.t. decreases. Hence the
catalytic real surface of pore walls increases significantly,
predominating -over the decrease in the maximum value éf
specific activity with decreasing b.t..

Because of the increase in both the pore wall surface due
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to the conical share of pores and the catalytic specific
activity of Al=Ox with film thickness or pore axis length, the
values of parameters E, A/m and k(350°C)/m calculated or those
of A/S and k(350°C)/S which represent their mean values over
the whole surface of pore walls can be regarded as the values
of parameters displayed by a rihg~shaped differential of the
pore surface, dS. located at an appropriate distance from the
pore base and near the pore mouths. Then, the kinetic
parameters displayed by this surface must vary with respect to
its. position along the cross section of pore wall Alz=0=x, Fig.
2, or in other words, the catalytic effectiveness of compact
pore wall oxide changes along its section. Thus the observed
variation of kinetic parameters with anodization time acquires
a physical meaning; -it must be attributed to. the change of
oxide nature along the pore wall section. \
The weight of Al=0x/Al strip catalysts, prepared at b.t.
25 and 30°C, prior to catalysis, after catalysis and after
neutralization was found to be essentially the same. It is
therefore concluded that the variations of oxide weight due to
the changes in the amount of H:0 lost during experiments and
the amount of HCOOH present in the oxide film after catalysis
are insighificant; both falling into the 1limits of weight
determination accuracy. Since at ambient temperature increased
adsorption of HCOOH is expected, the HCOOH quantity adsorded
on the oxide surface during catalysis is therefore also
insignificant. This is due to the dissociative adsorption of
HCOOH happening only on the small surface of pores and not on
the much larger surface of microcrystallites constituting the
pore wall oxide**-*” since it is not accessible to gaseous
HCOOH molecules. Water initially present in the film must Dbe
to some extent removed by heating during catalysis experiments
but since reaction temperature and experimental duration were
appreciably lower than that of calcination as noted above,
then the H=0 amount removed is lower than that at calcination,
which .is 1-2.5% for films prepared at;ﬁoﬂc b.t.. This weight
loss must be counterbalanced to some extent by adsorption of
- HCOOH. Weight increases, due to H=0 adsorptibn during
catalysis, must be rather excluded since Hz=0O produced is
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easily removed, a fact arising also from the =zero order of
reaction. Total weight wvariation then, after catalysis and
catalyst neutralization, is apparently insignificant and hence
not accurately measured gravimetrically. Only for Al=0O= film
catalysts prepared at b.t.z40°C a weight diminution was
observed. MAfter catalysis experiments and the subsequent
neutralization of catalysts, weight losses were 1.1 and 1.9%
on average respectively for films prepared at 40°C. Their
difference of 0.8% is apparently a rough estimation of the
amount' of HCOOH adsorbed on the catalytic surface after
catalysis has ceassed and expresses the HCOOH amount present
on saturated pore wall surface. The 1.9% weight loss roughly
expresses the water initially present mainly on the pore wall
surface. As b.t. increases the film porosity and specific real
surface also rise together with the amount of water initially
present and the water amount removed during catalysis becomes
measurable. The increased amount of HCOOH adsorbed is also due
to the increased porosity and specific real surface or to some
change of microcrystallite size around the pore wall surface
and their surface nature. Probably other incorporated species
such as S02®" and traces of other element impurities located
at the intercrystallite surfaces are reduced on increasing
b.t. and the surface around microcrystallites on the pore wall
surface becomes more accessible to HCOOH adsorption.

DISCUSSION

A significant diffusion effect of reactant (HCOOH)
or products (CO and H=0) inside pores appearing in the results
must be rather excluded when considering the results since:
(i) The pore diameter is not extremely narrow (for H=50a
electrolyte the pore base diameter is always equal to or
greater than 120 &). (ii) The pore length is also not very
large (thin films) with respect to their diameter. (iii) The
conical shape of pores assists reactant and products diffusion
inside pores. The decrease in catalytic effectivity of pore
wall Al=O= from the cell boundaries to the pore axis direction
or, in other words, along the pore wall generative in the
direction from the pore mouth to its base, Fig. 2(a), also
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contributes to the dissapearance of any noticable diffusion
effect. (iv) The activation energy found for all catalysts
used in the reaction temperature region examined. 290-350°C.
is high suggesting a chemically controlled reaction. Some
diffusion effect could be expected in films in which the mean
diameter of pores approaches pore base diameter i.e. when film
thickness tends to zero. But since the pore length becomes
also small the diffusion of reactant and products inside pores
is not hindered. Additionally, the high value of activation
energy excludes this case. Even in cases of very 1long pores
(thick films prepared at low b.t.), where a narrow pore base
diameter and a small inclination of pore wall with respect to
pore axis are expected., the part played by diffusion control
at the bottom of pores is insignificant and the portion of the
total reaction effect controlled by diffusion must be very
small and overshadowed by the overall rection effect. The
activation energy estimated also suggests a chemically
controlled reaction. The irnicrease in maximum activation energy
with b.t. diminution cornstitutes also an indication for the
above reasoning. '

Hence the variation of kinetic parameters E. A, A/m,
k(350°C) and Kk(350°C)/m with both anodization time and b.t.
must be mainly attributed to changes in the nature of compact
Al=0x along the pore wall section. Two structural
characteristics coexisting were previously recognised as the
main factors determining the number and intensity of Lewis
acidic centers on which HCOOH dehydration takes place via a
formate intermediate and which are responsible for the cata-
lytic effectiveness_of porous anodic aluminas. These were the
crystallinity of oxide increasing with anodization time and
the deviation of oxide from its stoichiometric ratio in favour
of oxygen atoms (p-semiconductivity) decreasing with film
thickness**; according to what has been mentioned earlier in
the present study ﬁheir variation must be viewed with respect
to the cross section of the pore wall oxide, Fig. 2(b).

From the ' mechanism of film production in the
hemispherical units of barrier laver at the base of pores.
Fig. 2(a)., the increase in the surface of ion charge exchange
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along the electrolyte/Al=:0O= intprféce towards the Al=0x/Al
interface direction, during anodization, causes a gradient of
the true density of ionic current which diminishes along it;
hence a similar intensity gradient for these two factors is
expected. As the true current density decreases, the ‘oxygen
ion  accumulation and oxygen atom surplus, after anodization
has already been completed, decrease along this direction.
Additionally. as the ionic current decreases, crystallite size
(crystallinity) increases since it is known that, generally,
in electrochemical reactions the increase in their rate
(current density) causes a diminution in grain size in the
solid material produced or deposited. These changes across the
barrier layer evidently happen also across the pore wall Alz0O=
since as anodization proceeds the barrier layer is converted
into pore wall Al=0s. Crystallinity of pore wall Al=z0O= 'could
also increase not only across its section but also on average
over the whole oxide on pProgressing anodization. The
production of film at the very early stages of anodization,
where the surface of charge exchange is thébioﬁéét i.e. that
of the geometric Al specimen surface (compared to the mean
surface of charge exchange across the barrier layer), takes
place with the greatest pessible true current density and the
lowest possible crystallite size is then expected. The size of
crystallites initially formed behaves as a matrix for the
subsequently produced oxide although the mean surface -of ionic
charge exchange increases after the ultimate formation of
barrier layer and pore base shape. This influence on the
crystallite size decays with anodization time: hence
anodization time "per se'" causes an increase 1in the average
crystallite size.

As anodization proceeds and oxide thickness increases,
the internal pore wall oxide dissolution continuously produces
new layers of pore wall Al=0Os which become new pore wall
surface. New ring shaped surfaces. dS, determining catalytic
activity also appear having greater crystallite size and lower
oxygen surplus. The cooperation of these two factors gives
rise to all kinetic parameters and a maximum around
anddization time t. appears as previously described*®. The
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b.t. rise exerts a promotive influence on the process of
crystallite final size establishment and this is probably why
the . maximum -in kinetic parameters for b.t.240°C almost
vanishes.

It was observed in Figs 3 and 4 ‘that parameters E. A,
A/m, k(350°C) and k(350°C)/m dispaved by the Al=0x films with
identical thicknesses but lower than the 1limiting ones,
prepared at the same anodization time, decrease as b.t.
decreases. This is due, generally, to that on decreasing b.t.
the pore base diameter decreases while the thickness of both
the barrier layer and pore wall oxide increases. The
conversion of layers lying at the interior of the bulk of pore
wall Al=0=, which are more active, intb pore wall
catalytically effective surface takes place at a lower rate
due to the depression in the rate of dissolution of pore walls
by’ electrolyte during anodization. Thicker pore wallé formed
at lower b.t. also denote that a lower crystallite size as
well as higher semiconductivity are established on the pore
wall surface of 1low thickness films. The - second factor
predominating causes a lowering in E, A, A/m, k(350°C) and
k(350°C) /m according to what was previously suggested*#.

With rising b.t. a higher crystallite size and a lower
p-semiconductivity are expected denoting that the innermost
surface (cell boundaries) exposed by pore wall dissolution at
anodization time t. which determines decisively the total
surface catalytic activity. acquires a nature characterized by
higher crystallinity and lower p-semiconductivity. Higher
crystallinity provides a lower number of Lewis acidic sites of
lower intensity and the decrease in the maximum values of
activation energy and frequency factor are thus explained.
Lower also specific activity would be expected if crystallite
size were the only reason. But the coexistence of
semiconductivity ' which decreases with b.t. probably
influences the parameters E and A in a different manner or
intensity for each one of them. Eventhough some rise of E and
A or A/m is expected from a p—-semiconductivity decrease, they
are also influenced by increases in crystallinity with b.t.
while the contributing result from E and A/m variation gives
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rise to specific ac%ivity. ‘Another reason for the observed
change of specific activity with b.t. is probably that the
small amount of H=0O absorbed on pore walls or incorporated
inside compact Al=Ox, its gquantity increasing with b.t.,l is
removed on heating during catalysis and to a certain extent
gives rise to the active surface; this is generated by the
partial separation of collapéed microcrystallites on the pore
wall surface. A significént increase in activation energy with’
b.t. would be exprected also. As this is not the case it is
concluded that this kind of activity promotion is
insignificant and thus the observed variation of kinetic
parameters in the catalytic dehydration of HCOOH over anodic
porous Al=Os is attributed to the change in both the size of
crystallites Constituting thé’compact pore-wall Al=O= and the
b—semiconductivity which vary significantly across the pore
wall oxide and are strongly inf luenced by bath
temperature.

CONCLUSIONS

From the vresults of the pregent study the following
conclusions can be drawn.
1.The catalytic effect of porous anodic alumina films on
the HCOOH dehydration . reaction at  290-350°C reaction
temperatures wasd found to be strongly influenced by the
conditions of Al anodization: bath temperature and anodization.
time. Kinetic parameters of HCOOH catalytic dehydration such
as activation energy., frequency factor, total activity
exhibited by films of the same geometric surface as well as
specific activity at a constant reaction temperature strongly
-vary with anodization time and bath temperature.
2.For Al=0O=/Al catalysts prepared at "the same current
densit;, 3.5 A/dm®, and at bath temperatures 25, 30 and 40°C
it was revealed that all the above ' parameters displaved a
maximum around a specific anodization time for each bath
temperature; this specific time decreases as bath temperature
increases and is that at which maximum values of thickness,
mass and porosity are first achieved. The observed maximum of
parameters rather disappears at bath temperatures beyond 40°C,
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these remaining constant beyond t. .

3.For the same thickness of Al:Ox films at wvarious b.t.
produced at the same anodization time, being nevertheless
lower than limiting thicknesses, the kinetic parameters were
found to increase together with bath temperature. This
sequence for all kinetic parameters, except for specific
activity, 1is reversed when films displaying maximum values in
kinetic parameters, prepared at 20-50°C bath temperatures, are
compared.

4.The specific activity of Alz0x films was found
generally to increase significantly with bath temperaturé
either when films of the same thickness produced at the same
anodization time or those exhibiting a maximum in kinetic
parameter values are compared. )

5.Although specific activity increases with bath
temperature, the maximum total activity was found to increase
strongly in the opposite direction to that of specific
activity namely with decreasing bath temperature due to the.
strong increase in the limiting thickness and catalytically
active surface oficonical pores.

6.This catalytic behaviour is mainly due to the variation
of the two determining factors, crystallite size and deviation
of Al=Ox from its stoichiometric ratio (oxygen atoms surplus),
across the pore wall compact Al=Ox. Both of them are affected
by bath temperature while the part plaved by each one of them
is unequqlly affected by bath temperature changes with respect
to the intensity or manner of their influence on the catalytic
effectiveness of the oxide. Other factors such as diffusion of
reactant and products inside pores and a small H:0 amount
present 1in the film appeared to have no éépreciable effect on
the catalytic effectiveness. of the porous dnodic aluminas used.

MEPIAHYH

KATAAYTIKEZ IAIOTHTEX TOY HAEKTPOAYTIKOY ¥-Alz0x.
TII.ENIAPASH THSE OEPMOKPAZIAZ AOYTPOY ANOAIKHZ OZEIAQSHE
>TI1Z KATAAYTIKEZ TOY IAIOTHTEX.

2tnv epyacla auth pHeEAeThINKAV OL KOTAAUTLKEG LBLOTNTEG
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pepfBpavuy  mopwdwv avodikwv oFeLdlwv ToOUu apyLAlou;  mou
NAPACKEUAOTNKAY O Aoutpd H=S0a 15% o0& otadephh nmukvoTnta
pevnatog 3.3 A/dm® ka. Siawopec Hdeppokpacieg Aoutpou 20-50°C
KL ¥poévoug avodiLkhg oOBe ibwong. oTnNV KATAAUTLKN apuddtwon Tou
HUPUNKLKOU OFBE€0C, OE €EPYACTNPLAKS HLKpoavTLSpactThpa. €
Peppokpaciec Aoutpou napackeuhc HEUBpavwv rnopwdwv Al=0x= 25,
30 kauv 40°C napatneNdnke OTL OL KLVNTLKEG MAPAUETPOL EVEPYELA
evepyonolnong,  napdyovtac ouxvotTntag, OALKhl OJpactuikéTnTa’
pepBpdavng oteLdiou otadephq YewHETPLKAG emLpdveLds KadWE kal
n euBLkh Tou BpacTtikéTnTa eppavitouv PEYLOTO YUpw and- KAMOLO
xpovo avobikhg oFelbBwong LSraltepo yLra xd&de Heppokpaclia
AoutpoU oOTOV OnNoLoO EMLTUYYXAVETAL N HEYLOTN Suvath TLuh Tou
naxoug, TNGC pdsag Kal Tou rnopwdouc Twv HepBpavwyvy o0Feldlwv.
I'a 9eppokpaocleg peyadutepeg and 40°C kaL yva ypodvoug
pEYaAUTEPOUC and autoug, otabeph TiLph TWV nNapapgétpwyv PaAAOV
unootnElSeTaL ammd Ta amoTteAéopata Tne epyaclag authe. Ze
RataAuteg peufpdavec nopwdwv Al=0x pe (Bua naxn hH pe Lo
uhkog noépwv mou napdyoviaL otTov LbLo ¥pdvo avobdiwong, mnou
elval wotdoo pLkpdTEpa ané Ta opLakd EMLTUYXQVOHEVA Taxn,
6Aeg oL naopandvw TNAapdpHeETPOoL aquEdGvovTal peE TNV auUEnon Tng
Peppokpacilag Aoutpou. H €E5&pTNON OAwv TwV KLVNTLKWYV
TapaUETPWY EXTOC TNEC €LBLKNG SpacTtikdéTnTag and tTn Hepuokpaocla
Aoutpou AVT LOTPEPETAL éTav ouykpLdouv - oL HEY¥ LOTEG
EMLTUYXOQVOUEVES TLUEG Touc. H eudikh Bpaotikétnta aviideta,
auBdvelr pge tTn feppokpacia Aoutpou KalL ooov awopd ueuBpdvecg
Al=0= nou ¢€xouv To LBLo mayxog yLa (BLo xpdvo avoblwong kKai
6oov apopd& quTéc Tfou €eppaviTouv TLG HEYLOTEC TLUEG OTLG
KLVNTLKEG TapdueTpeEG. AUTh N KATAAUTLKN OUPNEpLPOPd Tou
avobikoy AlzOx oTnv apuddtwon Tou HCOOH HEP LKA puévo
€pUNVEVETAL and TN HETABOAN” Tou mopwdouc nou auBdveTAL HE TO
naxog tou otelblou awou oL mépoL €(valr KwVLKOU oxhuatoc kadwe
KaL pe Tn Hdeppokpacla AoutpoU kal yLa oEetldia pe (BLo nayoc
yLa (8o xpdvo avodlwong kaL yL'autd Ye To HEYLOTO OBuvatd
nayoc . 0 . KupLwTepog Adyoc. yua TN peTafoAn auth Twv
KATAAUT LKWV Mapapg£TPWV glvalr n pHeTafoAn Sop LKkwv
XAPAXTNPLOTLKWY Onwg TO HEYEDHOC  TWV PLKPOKPUOTAAALTWYV artd
TOUg omnoloug amoTteAelTalr To cupnayec Al=0= Tng pepBpd&vng kau
n EeEKTporM arnd® TN OTOLYXELOHETPLKh avadoyla tou oEeLdlou pe
neptooeLla atépwy ofuydvou (p—MuLaywy LpéTnta) Katd dhkoe Tne
Tophg Tou guunayoug Al=0x TmMou arnoteAel TA TOLXWHATA TWV
népwv. O BLawopeTLKOG Tpdmog pe Tov onolo n  Hepuokpaola
Aoutpou enuBpd& o€ kad' Eva ad autoug Toug NAPdYovTES €Llval
unevduvog yLax TNV €FEEPTNON TWV KLVNTLKOV TAPAUETPWY TNG
KataAutiLkhe Budonaong Ttou HCOOH amd tnv Heppokpacla Aoutpou
napaokeuhc Twv oFEeldiwv kKataAutwv. H onpavtikh aUEnon Tné
pE€y LoTng .0ALKNhG BpaotikdéTNTag Tou avoBikou Al=Ox e Tn pelwon
Tnc 9deppokpaoclag Aoutpou, nou eivar avtildeTn pe Tnv: €Edptnon
Tng eLBuLKkhg SpaotikéTnTtag a1d tTn  Heppokpacla  AouTpou,
ope LAeTalL oTn peyd&An aiinon Tou opLaxou ndyoug TNG HERBpavneg
Al=0Ox KAaL otn HeYEAN aUENON  EMOHEVWE  TNG MNPAYUATULKNG,
KATAAUT LKA BpaoTLKkNG ENMLPAVELAG TIOU UMEPLOYUEL €vavTl - TNne
‘HE Lwong TNneg €LBLKAG BpaotikoTNTag e TNV pelwon <Tng
PepuoKkpaoclag Aoutpou.
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ABSTRACT

The unperturbed dimensions of polymethacrylates with hydrocarbon
side groups have been reviewed in order to elucidate the effects of the
nature of the side group on the unperturbed posture of the chain.
Unperturbed dimensions of these polymers are influenced not only by
the size and rigidity ©of the substituent, but also by its proximity to the
backbone. Unperturbed chain dimensions are also influenced appreciably
by tacticity, solvent environment, and, in some cases, temperature.

Key words: polymethacrylates, microstructure,unperturbed dimensions,

characteristic ratio, solvent and temperature effects.
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INTRODUCTION

Polymethacrylates are one of the most important classes of synthetic
polymers Apart from. their most common application, namely poly(methyl
methacrylates)s (PMMA) use as a “glass substitute”, many more “high-
technology” applications such as their use in biomedical work (1,2) and
as polymer side-chain liquid crystals (3,4) have evolved.

The prime reason for the diversity of applications for these
materials is the ease with which the physical and chemical properties
can be manipulated simply by changing the nature of the ester
substituent. Fine-tuning of properties is also allowed by controlling
parameters such as tacticity, molecular weight, and branching.

In attempting to correlate (and ultimately predict).properties of
polymethacrylates as a function of side group structure, a knowledge of
variation of unperturbed chain dimensions with chémica’l structure is
essential. Unperturbed dimensions are the characteristic average
dimensions exhibited by the macromolecule in the bulk amorphous state.
Thus, such dimensions -are readily measured in bulk via neutron
scattering experiments involving isotopically (deuterium) labetled
chains. Unperturbed dimensions are, for practical reasons, much more
commonly measured in dilute solution, usually at the Fnlory theta (@)
condition (5). The two primary means for measuring macromolecular size
are light scattering and intrinsic viscosity [n] measurments. At the ©
state, the former measures directly the unperturbed mean-square radius
of gyration «%q; the latter technique yields the unperturbed parameter
K@ assuming molecular weight (M) is known (6,7)

Ke = Inlo/M 172 (1)

t

The unperturbed mean-square end-to-end distance <r2>okis calculated by
(6,7) ’

K@ = Po (2>0/M)3/2 (2)
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where ®o is @ hydrodynamic constant (2,5% 1021 (5,8,9)).
From <r2>o the characteristic ratio Ce can be determined (10,11)

Coo = lim «255/n12 (3)

N->c0

where n is the number of main ¢hain bonds of average length 1. Since
«r255 = 6 5250, Co is also directly obtained from a light scattering
experiment. Extrapolation procedures are available which allow an
estimation of unperturbed dimensions to be made using light scattering
or [n] data obtained in thermodynamically good solvents (12-15).

An examination of equation 3 indicates that the characteristic ratio
{s a measure of departure of real polymer chains from the hypothetical
limit of greatest flexibility: a freely-jointed chain where « r2>o = n12 and
Ce = 1. Thus, real polymer chains will exhibit Ce values larger than 1,
with larger values corresponding to less flexible chains.

Since Co reflects chain dimensions in the bulk amorphous state, it is
not surprising ttfat a number of fundamental polymer properties of
practical value such as the glass transition temperature (Tg) (16) and the
elastic modutus (G) depend directly on Ce (17). In the present review, we
correlate C. Wwith the structure of the side group for polymethacrylates
having hydrocarbon substituents. The inﬁuenc‘es éf the size, flexibility,
and distance of the center of mass of the substituent from the backbone
are established. We also tabulate the results available on the temperature
dependence of Ce and comment briefly on the effects of tacticity and the
chemical nature of the © solvent.

TABULATION AND DISCUSSION OF Ce RESULTS

In Table I we present the results for Ce of 30 different
polymethacrylates having aliphatic, alicyclic and aromatic substituents.
Every effort was made to exclude data which appear to be anomalous, and,
where several data sets were available, we have tried to choose the most
reliable results using criteria such as polydispersity, use of absolute
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molecular weights, measurement directly in a © solvent, etc. Also, the data
are restricted to results obtained on products of free radical
polymerization.

TABLE I: Tabulation of Ceo Results

Substituent ’ Sotvent Temperature Coo Ref(s)
. (°C) N
methyl 4-heptanone 33.8 7.3 16,19
ethylt isopropanol 36.9 8.2 20
n-putyl isopropanol 23.7 . i18.6 21
n-hexyl isopropanot 32.6 1 22
n-decyl ethylacetate 11.0 13.4 23
n-dodecyl n-amylalcohol 295 14.5 24,25
n-tridecyl ethylacetate .27.0 . .14.9 23
n-octadecyl n-propylacetate 36.0 206 23
n-docosyl amylacetate 31.0 - 24.1 23
tert-butyl cyclohexane 10.0 - .10.2 26
2-ethylbutyl isopropanol 27.4 9.8 27
cyclobutyl n-butanol 375 10.0 28
cyclopentyl cyclohexane 36.0 10.9 28
cyclohexyl n-butanol 23.0 11.6 29
cyclooctyl s-butanol 45.0 11.9 28
cyclododecyl n-hexylacetate 35.0 14.2 28
2-decahydronaphthyl .  dipropylketone 25.0 14.8 30
isobornyl 1-octanol 36.9 12.3 31
5-p-menthyl methylpropylketone 25.0 15.4 32
4-tert-butyleyclohexyl n-butanol 25.0 12.0 33,34
phenyl acetone 25.0 13.5 29
benzyl cyclopentanol 73.2 9.0 35
diphenylmethy! 3-heptanone 45.0 14.0 . 36
triphenylmethy! hexamethylphosphoric 25.0 20.3 37
. triamide
2-tert-butylphenyl cyclohexane 18.4 12.8 32
4-tert-putylphenyl cyclohexane 25.0 14.6 34
g-naphthyl benzene 25.0 16.9 30 -
4-biphenyl benzene 25.0 16.4 38
2-biphenyl 1,4-dioxane . 25.0 17.8 39
4-(1,1,3,3-tetra- . benzylacetate 14.0 18.7 40
methylbutylphenyl)

Ignoring the impact of temperature, tacticity, and the chemical nature of
the ® solvent (these effects are discussed below), we can conclude from
the results of Table | that Ce increases with: 1) an increase in the size of
the substituent, 2) an increase in stiffness of the substituent; and 3)
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closer center of mass of the substituent to the polymer main-chain
(backbone). In general, anything which restricts rotation about
backbone bonds will increase Ce.. Some examples are discussed below.

The effect of size is easily observed in both the n-alkyl series and
the alicyclic series. In both cases, a steady increase of Ce Is seen with an
increase in the number of carbons in the side group. Similarly, the
effects of substituent size are seen on comparing benzyl (Ce =3.0) to
diphenyimethyl (Ce =14.0) to triphenyimethyl (Coo =20.3) substituents.

The effect of flexibility of the side group is evident on comparing
the Co values of n-alkyl methacrylates with those of their alicyclic
analogues with the samé' number of carbons, For small ring sizes, where
the ring is relatively rigid, C. is larger than that of the corresponding
n-alkyl polymer. For larger ring sizes, where the ring is more flexible,
Cw values are essentially the same. Also, C. is larger for poly(phenyi
methacrylate) (Ce =13.5) than for poly(cyclohexyl methacrylate) (Ceo
=1 1.6), due primarily to the stiffness of the phenyl ring. In this last case,
specific interactions between aromatic groups may also contribute to the
observed difference.

An interesting exampie where the relative importance of size versus
flexibility may be compared is shown below. For poly(isobornyl
methacrylate) (PIBM) and poly(S—p—menthyl ‘methacrylate) (PMM).

CHa _ ~ CHs
‘VW“NWW(CHZ'(': Jmwwn ‘\NV\NWVV(CHZ-(_F)‘WVVWVW
¢=0 =
0 !
(CH3),,CH
| CH,
PIBM Cw=12.3 PMM Ce=15.4

PIBM contains the relatively rigid bridged ring, but PMM has the larger
Ceo Decause of its larger size.
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The effect of the closeness of the center of mass to the backbone is
evident on comparing 2-biphenyl (P2BM) and 4-biphenyl(P4BM)
substituents:

CHs CHs

[
'vwvwwv(CHz—(%)‘vwwww vwwww(CHz—C)‘wwww»
0 0

OO

OO

P2BM Cow =178 P4BM Co = 16.4

Although the side groups are.identical, attachment in the 2-position
brings the center of mass clbser to the backbone and. introduces larger
hindrances to backbone rotation. Similarly, poly'(bénzyl methacrylate)
has a much lower C. than poly(phenyl methacrylate), despite its larger
size, for the same reason.

In our compaﬁson thus far, we have ignored temperature effects on
Ce. Both theory and experiment (10) indicate, however, that for most
chains such effects are of significance, if measurements are conducted at
temperatures which differ greatly. Fortunately, most of the results
summarized in Table I were conducted near room temperature.
Experience has shown that InCe. varies approximately linear. with
temperature. Both negative and positive values of dinCe/dT have been
observed; the former values result when more compact chain postures
are of higher energy, while in the latter case the more cémpact
configurations are of lower energy (10). Temperature coefficients for a
number of polymers have been reviewed by Mark (41). Methods for
measuring dinCw./dT include the stress-temperature (ST) technique,
derived from rubber elasticity theory, and measurement of intrinsic
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viscosities- in a series of theta solvents (VT). Temperature coefficients for
free radically produced pelymers with hydrocarbon side groups are
presented in Table II.

TABLE II: Temperature Dependence of the Characteristic Ratio
for Polymethacrylates with Hydrocarbon Substituents.

Substituent dinC../dT %103 ‘Method Ref.
methyl 1.6 VT 18
isopropyl 25 ST 42
n-butyl 2.5 ST 42
n-butyl 2.3 VT 43
s-butyl -0.2 ST 42
isobutyl 0.05 ST 44
t-butyl 0 VT 26
isopentyl 1.4 ST 42
n-hexyl 2.2 ST 42
n-octyl 2.2 ST 42
n-dodecyl 2.6 _ST 42

Cw is observed to be rather large and positive for the n-alkyl
derivatives.The value reported in Table II for PMMA is in good agreement
with theoretical values calculated via the rotational isomeric state (RIS)
approach for predominantly syndiotactic PMMA (45,46). RIS models have
not yet appeared for other polymethacrylates. Good agreement between
dinCe/dT values obtained by the ST and VT methods are noted for poly(n-
butyl methacrylate) (42,43). Introduction of branching into the side
chain in the case of butyl derivatives leads to a substantial change in
dinCe/dT, from large and positive to essentially zero for the t-butyl
polymers. Branching changes the shapes (steric requirements) of theése
substituents, resulting in substantially different relative energies for
their rotational isomers. .

As mentioned above, tacticity can also have an effect on Ce. This is
not surprising since, the impact of tacticity on morphology and other
properties has been documented for many years. Polymethacrylates
prepared by free radical polymerization are predominantly syndiotactic.
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PMMA samples of varying tacticity have been studied by Jenkins
and Porter (47,48). Cw values inérease. from about 7 for highly
syndiot’actic PMMA to about 10 for highly isotactic samples. It should also
be noted that RIS models (47,48) predict a negative temperature
coefficient for isotactic PMMA, in agreement with experiment (49). This
is, of course, a markedly different result than the positive value cited
above (Table III) for highly syndiotactic PMMA. Also, a recent study (26)
on both anionically produced (45% syndiotactic triads) and -free radically
produced (59% syndiotactic triads) poly(tert-butyl methacrylates)
indicates a substantially larger characteristic ratio for the -former.
material than for the latter (11.8 versus 10.2). Thus, there appears to be a
general trend of decreasing Ce with increasing syndiotactic content of
polymethacrylates. '

Finally, we will briefly remark -on the influence of the nature of the
® solvent on chain dimensions. Results from a recent study (50) of free
radically produced PMMA are presented in Table III.

Table III: Specific Solvent Effects on Unperturbed Dimensions of PMMA

__Solvent Theta Temp. (°C) Coo

m-Xylene 25 : 75
n-butylchloride . 35 7.5-7.6

acetonitrile 28 6.6
~____dipropylketone  135-41 ) 7.1-7.3

The determination of C. is, with care, accurate to within + 5%, Thus,
the characteristic ratio found for PMMA in acetonitrile is definitely
smaller than the values found in m-Xylene and n-butyl chiloride.
Intermediate values are found in the theta solvent dipropylketone.
Specific solvent effects are well-documented for other polymer/soivent
systems (51-55), but the exact nature of these interactions does not
appear to be understood. : :

In summary, the characteristic unperturbed dimensions of
polymethacrylates generally increase with: 1) an increase in size of the
substituent, and 2) an increase in stiffness of the substituent, . and 3)
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closer proximity of the center of mass to the main chain. All of these
effects increasé' fhe barriers of rotation about Dbackbone bDOnds.
Unperturbed dimensions of most polymethacrylates with alkyl side
groups increase",v:rith_temperature. Not much information is available on
dinCe/dT of other polymethacrylates: such studies would be valuable,
Unperturbed dimensions of polymethacrylates increase with an increase
in isotactic con‘terié ’and show some dependence on the specific structure
of the solvent used in the investigation.

AAIATAPAKTEZZ "ATAZTAZEIY TIOAYMEGAKPYAIKQN EZTEPQN ME
YAPOFONAN@PAKIKEZ T[IAEYPIKES OMAAES KAl EEAPTHSH TOYS AIO TH
OEPMOKPAZIA

[MEPTAHYH

Tivetat avozoxonr]on Twy 8npooteloEwyY MoV ava@époth oTLg
aBLaTAPAKTEG SLGOIGOSLQ noﬂupeSaprﬂtxwv E0TEPUV  E
U8poxovav9pamxeg nﬂeupu(eg opaSeg Ot aBLATAPAKTIEG 8Laomoetg,
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SYNTHESIS AND STUDY OF SUBSTITUTED QUINOLINE N-OXIDE ADDUCTS
OF TRI(PHENYL)TIN(IV) CHLORIDE
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SUMMARY

The interaction of triphenyltin chloride with substituted quincline
N-oxides afforded complexes of type [SnC]Ph3L] (L=2-MeQN0O, 4-MeQNO, 4-
CIQNO and 4-MO2QNO). ‘IR, mass, TH, 13C NMR and MSssbauer spectroscopies
vere used to characterize the complexes and to evaluate the stereochemi--
stry of the.ligands around the metal atom., The spectroscopic data showed
that the quinoline N-oxides are linked to the metal via the oxygen atom
‘and that the trigonal bipyramidal structure is the most likely for the
title complexes. :

Key words:Quinoline N-oxidé adducts, Triphenyltin(IV) chloride, Spectro-
scopy IR, mass, 1H, 13C NMR, Msssbauer. .

INTRODUCTION

So far we have been dealing with rhodium(I) complexes bearing sub=-

stituted quinoline N-oxides as 11'gands1"3

. However, we desired to extend
ocur knowledge by investigating the coordination ability of these ligands
towards metals from other parts of the periodic table. Our first - choise
has heen platinum(II) which reacted smoothly in the fprm of Zeise’s salt
affording yellow air-stable so]ids4. We now report the synthesis and
spectral studies of four adducts of [SnC]Ph31 with the above ligands,The
compound ISnC]Ph3] has been chosen for two reasons:
‘(1) for its téndency to react rather easily with oxygen donor 11‘gands5
and
(i1) for the scarcity of its adducts incorporating quinoline N-oxides;

hitherto, only the adducts of QMO and IQNO have been reporteds.
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Our irterest in examining as well the effects of the substituents on
the coordination abi1ity of quinoline N-oxides towards tin(IV) has also
prompted the research described herein, since it has been observed that
quinoline N-oxides with electron withdrawing substituents either do rot
react or react with difficu1ty1’3’4. The spectral study covers also the
adduct of IQNO .prepared by othersG.

Results and Discussion

Quinoline N-oxides (2-MeQNO, 47MeQN0, 4-C1QNO and 4-N020NO) react
with [SnC]Ph3} in 1:1 molar ratio in refluxing chloroform affording air-
stable, coloured complexes. The elemental analyses (C,H,N and C1)as well
as the melting points show that the compounds (I-IV) are received in pu-
re forms and they do not need recrystallization. Analytical results,mel-
ting points and yieldsare-given in Table 1. It,is worth to note in this

TABLE I, Analytical Data, Melting Points, Colours and Yields of Tr1phe—
) nyltin(IV) Compounds.

[ W W R O
. 5 .
toMPouwD Found  Calc.|Found Caic.| Found Calc.|Found caic] "¢ | Cotour | Yield
1 [sncipngz-meano] | 6155 (61.74) | 4.37 (4.41) [2,50 (2.57)[6.45 (6.52)[145-7 | OFf-Wnite | 55
1 [Sncirhga-negno] | 61.60  (61.74) | 4.40 (4.11) }2.55 (2.57) 6.40 (6.52)|160-2 | Off-Wnite 60 -
111 [Snciphya-crong] | 57.30  (57.38) | 3.70 (3.72) |2.50  (2.40){12.50 (12.57)| 123-5| .Off-Wnite | 5B
[ 1V [snc1Phya- wojano]] s6.00 (56.33)| 3.60 (3.65) [1.80  (4.87) 6.15 (6.17) 93-5{ Yellow 78

point that well developed crystals of the new complexes suitable for in-
»vest1gat1on by X-ray diffraction can be grown by slow evaporation of the
solvent.

Complexes (I-IV) appear to be five coordinated so the structure ei-
ther of trigona1 ~bipyramid (TBP) or square pyramid (SP) can be attained
. The available spectroscopic data are in favour of the
former structure. In particular, the IR spectra exhibit bands assignable
to v(N-0) shifted almost in all complexes to lower wave numbers as com-
pared to those of the free ligands, the donor interaction being stronger
in I ’ Table 2 However, the situation concerning the band due to &(N-0)
is opposite, since it shows a positive shift and only in the spectrum of
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TABLE II. The Most Important Infrared Bands of Triphenyltin(IV) Complexes

. IR Bands(cm_I)

COMPOUND -

v(N-0}| v 5(N-0)| &b v(M-0) v(M-C1)
2- MeQNO 1204 - 810 - - -
[sncipn;2-meand] 1190 -14 815 +5 as0 330
4- MeQNO 1206 - 823 - - -
[SnClPhjll—MeQN()] 1201 -5 825 2 | as0 330
a- c1gno 1302 - 820 - - 3
fsnciPnza-crono) 1295 -7 825 5 | . asg 335
4~ NO,QNO ‘ 1300 - 840 - - -
[sncten 32- N0 and] 1295 -5 830 .10 445 325 -

IV the respective band is shifted to lower wave numbers. Moreover, this
shift caused by complexation is slight and has previously been observed
by oth‘ersw'12. No appreciable differences were observed in the IR spec-

tra of I-IV, which could be due to the influence of certain substituents.

100.2
3
= 992
[
a
=
7]
Z 981
L4
[ 4
'—
w 97.1
-
'—
<
-l
w
x 96.0

VELOCITY (mm/se)

FIG. 1. Mossbauer spectrum of 'SnClPh_»IQNO| at 78°K, Isomeric shift:L%
mmes—1, relative to Casn0,.

”9$n Mossbauer s‘pectrum of [SnC]PhB-IQNdj (Fig. 1) shows guadrupo-~
le splitting (QS) 2.94 mm.s'1, this value being typical for TBP structu-
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re having ‘the equatorial positions occupied by the pheny].groups5. Fur-
thermore, this value being much higher than that (1.86 mm-s'1) of [SnPh3
(2—SPy0)] addopting the SP structureg. rules out this.configuration from
the investigated complexes. The value of the ratio QS/IS, 2.31, argues
also in favour of the TBP structure, since it is greater than ca.2.1 and
this in turn means coordination number larger than. four for di--and tri-
organotin(IV) derivatives, as it was suggested ear]ier13.Moreover, .the
quadrupole splitting(QS) of [SnC]Ph3-IQN0] is similar to that of[SnBr(p-
t01y1)30N0] suggesting similar configurations for both compounds as M.A.
Mullins et al. 4 observed earlier for other tin(IV) pentacoordinated
species.

Taking into account the above discussion and especially the  X-ray
crystal data of the quinoline N-oxide adduct of tri{p-tolyl)tin bromide5
showing that the coordination geometry at tin is a TBP, we propose for

the investigated complexes the structure shown below:

Ph

Ph Sn

| e,
Cl

X

I 2=MeQNO
IT 4-MeQNC
IIT 4-C1QNO
Iv 4-N020N0

Additional evidence for the above structure is provided aTso'by the
13C NMR spectra of III and IV, the main feature of which are the reso-
nances .in the range 139-127 ppm, indicating four nonequivalent carbon a~
toms of the phenyl rings. The ipsocarbon atoms of the phenyl rings show
a small down field shift, suggesting the formation of trans trigonal bi-
5,15_ The 13

ported in Table 3. Unfortunately, owﬁng to solubility reasons we.  have

pyramidal adduct C NMR data of the complexes studied are re-

been unable to take the spectra of the rest complexes. Moreoyer,we could
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TABLE 111, 13C NMR Data for the Organotin Moiety in two Triphenyltin(IV)
Compounds in Concentrated CDC]3 Solution.
Compodand 5(ci)? 5{Co) 5(Cm) 5{Cp) - ‘J ZJ 3J 4J
[SnClPhja-C]QNﬂ ] 139.0 136,2 128,9 129.9 - b 8.0 | 66.0 [12.0
[sﬁcnm._‘-n-nozqnn] 137.6 1361 1271 130.4 - 28.5 | 64.0 | 14.0
[SnC]Ph3]c 137 .1 136.0 129.0 130.4 614.,3150.0| 64:54 13.4
119 _13
®i{ipsa),o{ortho),m(meta).p{para);Coupling Constants refercd to J3( . c).

anupllng Constants cannot be evaluated from data,

“Ref." 5. .

1J(1195n-13C), which would be another indication for the pro-

posedfgebmetry, because that was beyond the range of the available spec-
trometer. ' -

not see the

The 1H NMR spectra of I and II exhibit all the expecting peaks with-
out any appreciable shift relative to the uncomplexed tin(IV) moiety .or
to free substituted quinoline N-oxide.

The mass spectrum of [SnC]Ph3 IQNOT shows no peak assignable to mo-
lecular ion. However, peaks due to [SnC]Ph3I and its fragments as well
as to IQNO were detected.

The low values of molar conductances show no.ionic character.

EXPERIMENTAL
Physical rmeasuremen ts

~ Elemental analyses (C,H,N) were obtained with a Perkin-Elmer 240 E-
lemental Analyser. Chlorine was determined by combustion after Sch6nin-
ger, followed by titration with silver nitrate. Infrared spectra were
recorded in the 4000-200 cm'1 region on a Perkin-Elmer 1430 spectropho-
tometer using KBr pellets. Mass spectra were measured on a RMU-6L Hitac-
hi Perkin-Elmer mass spectrometer with ionization source of T-2p fype
operating at 70eV., Melting points were determined. with a Biichi apparatus
and are uncorrected. 'H NMR spectra were measured on a Bruker AW-80  in
CDC13. 13C NMR spectra were.taken on a Fourier Transform Varian‘ CFT 20
spectrometer and CDC]3 was used as solvent; the solutions were approxi -
mately 0.1g.ml -1 . Mossbauer spectrum was obtained with a conventional
constant accelerator spectrometer. The source was 25mCi- of 57Co ina cop-'
per matrix.
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Starting Materials

A11 solvents were of .reagent grade and were used without further pu-
rification in synthetic work. The ligands were prepared and recrystalli-
zed as previously reported3. Triphenyltin chloride was used as obtained
from Merck-Schuchardt.

Preparation of Complexes

A1l these were prepared in a similar manner; the following synthesis
is representative,

[ sncten - 2meqno ]

An equimolar mixture of triphenyltin chloride (0.385g., 1mmol) and
2-methylquinoline N-oxide (0.15%g,, 1mmol) was ref]uked in chloroform
(50m1) for 1h. Concentration of the resulting solution to a small volume
(10m1) yielded off-white solid, which was filterred off, washed with
‘ether and dried under vacuum. T R spectrum ({2H1} chloroform), 2.43
(s, 3H, Me), 7.09-8,52ppm (m, 23H, Ph and 2-MeQNO).

The 1H NMR spectrum ({2H1} chloroform) of II showed resonances  at
2.60 (s, 3H, Me), 6.85-8.60ppm (m, 23H, Ph and 4-MeQNO).

Neplhnyn "ShvBeon kal pehéTn TV eviioewv MPOOBAKNG TWV UTOKATEGTNHEVWY
kLVOALVO N-ofelBiwv ue tpLeaivuloxAwpokaoaltepo (IV)"

H avtidpaon tou TeLgaivuroxhupokaooitepou(IV) ue umokateotnuéva K-
vohivo N-oZeibia &5woe olumhoka Tou yevikol Tlmou f}nC]Ph3L], (L=2-MeQNO
4-MeQNO, 4-C1QNO xar 4-NO2QNO). :

H uerétn tnc Sophc Twv ouumAdKkwv £yive pe SLPOPEC POOPATOOKOMLKEG
ueBbdouc (IR, mass, TH, '3C NMR kau Mgssbauer) o ouvduacud ue tn popLo-
ki aveyiuotnta. Ta anoteAéopata tne perétng autfic-édeLZav OTL Ta kivohi-
vo N-0Zeldia ouvapudlovtar pe to pétarro péow Tou atduou Tou oEuydvau
kaL n mio miBavl Souff twv gupmAbkwv £ivai auth tng TeLywvikhe Stmupapi-
Sag.
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THE TERNARY SYSTEM ARSENIOUS ACID-n-TETRABUTYLAMMONIUM
HYDROXIDE-WATER AT +4°C
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SUMMARY

The system H3AsO3/n-BugNOH/H20 at +4°C has been studied.
The solid phases found -were n-BugNOH. (8.5 +1.5)H0, n-BugNOH.
(21.1 + 3.8)H0, and- n-BugNOH.H3As03.38H20. In the absence of
crystallographic data the exact composition and the structu-
res of the clathrate hydrates are not known.

Key words: Arsenious acid, n-tetrabutylammonium hydroxide,
clathrate hydrates.
INTRODUCTION

- Well defined salts of H3Aso3 with simple inorgénic ca-
tions are difficult to obtain in the solid statel’2 while
those with organic cations, to the best of our knowledge,
have not been prepafed. Salts of H,AsO, with lipophilic
organic cations, e.g. (R,N);AsO;, may be useful in running
the Meyer reacbion3 in non-hydroxylic solvents, a task not
hitherto realized. P

Being unable to prepére by extraction a salt of type
Q3_XHXAsO3 (Q+ : abbreviation for n—Bu4N+) we studied the
ternary system H,AsO,-QOH-H,O at +4°c, using a modified
Schreinemakers’ wet residue method,4 in order to find out
which solid phases crystallize.

EXPERIMENTAL

Fresh'aqueous n-tetrabutylammonium hydroxide (~42%)
(Merck and Ferak) was used. Diluted samples were prepared
under nitrogen and standardized with standard hydrochloric
acid. Arsenic trioxide was A.R. grade (Ferak) and the water
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was doubly distilled.

To a weighed amount of A5203, a known vélume of aqueous
QOH was added and the clear solution was diluted with known
weight of water under nitrogen. From the density of the QOH
solution and calculating the water consumed for the reaction
A52034:3H20 > 2H3Asb3 the exact initial composifion of each
sample was known.

The stoppered samples were left undisturbed at +4.0+0.5°%C
for crystallization. When a sample did not start crystal-
lizing after 24h, seed crystals were formed by brief cooling
of the sample at -20°C and then was left at +4°C. Prelimina-
ry experiments showed that equilibrium has been reached in
less than 4 days, but the samples were analysed after 10 days
at +4°c.

Liquid phase samples were withdrawn with a pipette,
weighed, diluted to a known volume with water and aliquots
were analysed, at least twice, for As(III) and Q+. As(III)
3;5 QCH
did not interfere with the determination. The relative
errors of the titrations were *0.1% and #1.0% at 0.1N and
0.01N, respectively, Na +

was determined titrimetriéally with standard KBrO

3Aso3, NaQ,AsO; or Q;AsO;. Q was
determined nephelometrically as Q+(CGH5)4B_ using a Hach,
model 2100 A, turbidimeter. Eight replicates 1.03i&021<10—5M

aqueous QOH gave X+ SD 1.02 £0.01 x 10 °M (coefficient of

variation, CV, 0.98%).°
s The intersection point of each tie-line with the QOH-
—HZO side of the triangle was found algebraically.7 (

RESULTS AND DISCUSSION

We chose the known initial composition and the analy-
sis of the 1liquid phase over the classical Schreinemakers’
wet residue method4 because the crystals could not be
freed from the surplus liquid phase7 without melting. The
drawback of graphically extrapolating a tie-line defined by
these two more closely spaced points was partially offset
by using algebraic extrapolat_ion.7 ‘ 4 7

Figure 1 shows the general regions of the system QOH-
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FIG.l. The F negion o4 the ternary system n-Bu NOH-H3A403-H20 at +4%

4
is amenable 4on study.

P MON L,

HyAs0s

FIG.2. Phases fonmed in the tennary system n-Bu,NOH-H,As05-H,0 at +49.
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~-H

3 ;
concentration of QOH is ~42% w/w. The 1line H3Aso3 —42% QOH
represents the addition of pure H3Aso3 to 42% QOH and there-

Aso3—H20. Region A cannot be studied because the maximum

fore region B cannot be studied. Sampies in region C left
A5203 undissolved, solutions at 25°C  with ihitial compo-
sitions falling in D solidified completely at +4°c  while
those 1in E gave no crystals at +4°c. Therefore the only part
of the isothermal phase diagram amenable to study is region F.
In Table I the initial compositions, the-results of the
analyses and the composition of the solid phases are listed
and in Figure 2 representative points are plotted. The inter-

section points on the QOH-H20 line are grouped between two

TABLE I. Analyses and composition of the solid phases of the

system n-Bu4N0H/H3A503/H20 at +4%¢c.

Initial composition, Composition of

weight % liquid phase, Composition of
weight % solid phase

n-Bu,NOH H3ASO;  n-BuNOH H;ASO,

10.52 10.40 30.44 11.52  n-BuNOH/H,AsO,/H,0 1.15/1/38.2
10.09 9.80 20.43 10.04 " 1.15/1/38.2
22.28 5.66 8.95 7.34 n—Bu4NOH/H20 1/7.0
21.39 5.42  9.19 7.08 " ‘ 1/8.7
17.36 4.41 8.71 5.32 } " 1/9.9
15.00 3.81 10.33 4.49 " 1/20.3
11.79 3.00 6.95 3.43 " ' 1/17.2
8.71 2.21 6.15 2.38 " 1/20.5
22.69 3.85 6.14 6.37 " ’ ' 1/15.6
17.21 2,95 9.86 3.89 " - 1/21.5
16.64 2.82 8.53 3.82 " 1/21.9
14.03 2.39 8.18 2.98 " 1/23.9

12.44 2.12 7.78 2.57 N ©1/28.0
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ranges, 67-59% QOH and 48-34% QOH, giving 8.5 1.5 and
21.1 + 3.8 molecules of water per QOH molecule. The spreading
ofv intersection points ‘is reasonable,8 but due to the great
difference in the molecular weights of QOH and H,0 (259 and
18 respectively) it is very difficult, in the absence of cry-
stallographic data (Prof. G.A.Jeffrey® personal communica-
tion), to decide on the exact comp051t10n of the precipitated
clathrates. Fowler et al. evaporatlng agueous solutions of
QOH obtained the hydrates QOH.xH20 (x=31, 4 and 2) while
Aladko et al.10 by crystallizing aqueous solutions ~of. . QOH
obtained hydrates with x=28 and 32. Zagérskill"commented on
the variability of the water content of QOH hydrates -and he
also observed differences in the stoichiometry in different
parts of large crystals. K

Two samples gave a scoiid phase with a 'compoe;tion
QOH/H;ASO3/H,0 1.15/1/38.2 which corresponds to Q'HyAsO;.39H0.
It is not unreasonable to suppose that ‘the entities
[QH_.3H+.ASO§-.XH20] form a clathrate-like cage to enclose
the Q+ cation, but in the absence of single crystal X-ray
data the structure of the cage12 remains speculative.

. In a study of the system Nazo/As /H at +6°C,
four phases, all containing As(III), have been 1dent1f1ed
These were_. 2H2As4 87 NaAsoz.4H2 NaZHAsO3.5H20, and
NaS(HASO3)(AsO ). 12H Comparing the two systems, it is

apparent that in the presence of the n-tetrabutylammonium
cation the clathrate hydrates of this cation preferentially
precipitate.

NEPIAH¥H. To oU0TNUO €K TEPLOV CUOTATLHOV APOEVLIKWSEE OFU-
V8poEe(SLo. Tou n-tetTpaBouTuAauuwviov- Gswe oToLg
+4°¢

7 MeAetndnue To ‘oéctnua H3AsO3/n-Bu4NOH/H20 oToug +4%c.
Boé&nuav TPELE OTEPEEE @QAoELS @ 'n—Bu4NOH.(8;5 + 1.5)H20,
nhBu4NOH.(21.1 + 3.8)H20 HOL n—Bu4NOH.H3AsO3;38H20. Anovola
HOUOTAAAOYPAPLHOV Sedounévov, N auplBAg odotaon Hal oL Souég
TWV evéoemv eYHAWBLOLOU LEPLTOV Sev elval YVWOTECG.
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