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Chimika Chronika, New Series, 15, 11 1-1 18 (1986) 

ZYMBOAH ETON IIAPATQTOTPA@IKO IIPOZAIOPIEMO THE EN- 
OAAIIIAE TQN ETEPOTENaN ANTIAPAEEQN OEPMIKHZ META- 
TPOIIHZ 

TIBEPIOC X. BA~MAKHC, ANTnNIOC O. CAOYKOC 

Epyaarljplo Blopq~avz~cl j~ Xqpsia~,  flavamotljplo Ioavvivov, Iwdvvrva 

(EhqcpBq 24 Nospppiou 1985) 

H svoahnia AH r o v  stspoysvhv avrt6paoeov os 8~pptK& ysoarponic, sivat 6uvar6v va 
npoo6toptoosi an6 rtc, ttapx6h~< T G  Kat DTG r o v  napayoyoypacpqyarwv Kat PE rq ~ p i p q  
napayirpov onoc, q Osppo~paoia T, onou xaparqpsirat o piytoooc, pu8poc, psrazponilc,, q 
r a ~ 6 r q r a  Bipyavoqq Q, o pu0yoq ysrarponilq rqq ouoiaq (-da/dt), K ~ L  o pa0yoq ysrarpoxflq 
rqq ouoiac, (La,), an6 rq oxioq: 

AH=R.T2,. (-daldt), .W' . (h,,,)-'. 

Auoru~hc,  byoc,, ooqv avr io ro t~q  Ptphtoypacpia p i ~ p t  oilyspa, 6sv uncip~ouv niqpocpo- 
piac, nspi rqc, a~pipstac, Kat aetontoriac, r o v  haypavoytvov ps ~q pi0060 aurq anorshsopa- 
r o v  GE o d y ~ p m q  WE s a  avrioroqa xou naipvovsat PE ahhsc, ps0060uc,. A~ptphc,  a u ~ o  TO KE- 

v6 t p ~ s ~ a t  va oupnhqphost q naporjoa spyaoia. 
M ~ h ~ r f l 0 q ~ s  0 ~ p p l ~ i l  6laonaoq rou CaCO, acp' &v65 Kat oou CaHP0,.2H20 acp' sot- 

pou  at unohoyiorq~a q svoahnia AH rwv avrt6paosov auohv rooo an6 oqv napankvw 
o ~ i o q  000 Kat ano ra  sypa6a r o v  ~ a y n u h h v  DTA. 

Axo f a  anorshioyara nou shilcp0qoav ouvsnaysoat o n  q npor~tvopsvq y~006ohoyia 
o6qysi os  ap~src i  a~ptpsic, Kat a@6ntoo&c, rtyiq AH, a ~ o y q  Kat os  6ta60p~ic,  Gtspyaoisc, ra 
opta r o v  onoiov 6sv s i v a ~  oacpcbq ~a0optoyiva yera@~ rouc,. 

II6pav rodrou, q supsin x p j q  rqc, ys06Sou auoilc,s~ntpahh~rat Kal an6  r o  ysyovoc, 021 

aurfl ~ycpavi<srat oq q nhiov ano6ort~Ij,  acpod, napahhqha ys rov unohoytoyo rqc, AH snt- 
rp ixn  rov npoo6toptopo ahhov 0spyo6uvayt~hv Kat ~ t v q r t ~ h v  napayiopov onoc, cqc, svip- 
yslaq svspyonoiqoqq E, q c ,  K I V ~ T I K ~ ~ ,  napayirpou n Kat rou npos~0sr t~or j  napayovoa rqq 
sE,ioocqq Arrhenius Z. 

Key Words: Derivatographic determination, Enthalpy, Heterogeneous reactions, Thermal transforma- 
tion. 

K a z a  ~q y ~ h b c q  ~ w v  ~rspoysvojv avzt6paoswv oTa ouorqyaza  o z s p ~ o / p ~ u o z o ,  
zov T E A E U T ~ ~ O  ~ a ~ p o ,  n a p a q p e i ~ a t  yta ozpocpil npoq ~y pq t o o f k p p ~ ~  O U V O ~ ~ K E ~  &E- 
(ayoyilq z o v  a v d o ~ o q w v  nstpapazov.  Ot ouvefllc&< a u ~ &  ~ n t z u y ~ a v o v z a t  ~ X E T ~ K ~  

&6~oAa Kat p& y ~ y u l q  a a p i P ~ t a  ~ u p i o q  o ~ o u ~  napayoyoypacpou~,  6nou  ~ a ~ a y p a c p o v -  
zaq z q  ~ a p n i h q  T, DTA, TG Kat DTG ~ a o a y p a c p s ~ a t  o u o t a o z t ~ a  q 8 s p p t ~ f l  oup-  
n & p ~ ( ~ o p a  'TOU uno  p&?kq o u o ~ i l y a z o q  4 ~ q q  6 ~ 6 0 p E v q ~  ~ q y t ~ i l ~  i v w q ~ .  



HQav zoinou, ~azcihhqhq ~ n ~ ~ ~ p y a o i a  TWV ~aynuhwv DTA, TG Kat DTC yno- 
pei v& obqyflost ozov unohoytoy6 z600 zwv 6&po6uvapi#h3 (evipysra &v&pyonoiq- 
oqq E, cv0ahnia AH) 600 Kat zwv K L V ~ T I K W V  (zacq n, oza6spa ka~6tqoaq K) ytgq 
8~boyivqq y~zazponflq. 

Mta zizota yiOo6oq npoz68q~& &no ~ o u q  Horovitz-Metzgerl, Allakhverdov- 
Stepin2 Icat Gorbachev-Logvinenko3 Kat ~cpapyoozq~s ps m t z u ~ i a  an6 zouq Nirsha 
and a1.4*5-6,7.8,9,10.11 ~ a 6 h q  Kat an6 zouq u n o y p ~ c p o ~ z e q ~ ~ ~ ~ ~  yta zq y&hizq zqq 6&pptKfl~ 
acpubazwoqq Ftacpopwv ahkzwv. ' 

" -  9 r 1  

H napanavo y6606oq paoi<~zat ozqv uno6&oq on ,  p& @kYq za napayw- 
yoypacptca beboyiva, q K L V ~ T L K ~  zqq y~zazpon~iq n~ptypacp~zat P E  zqv ~ ~ I o w o q :  

6nou: a - pa6yoq pq k~zazponflq zqq ouoiaq 
n - ~ t v q z t ~ f l  napayezpoq (zacq zqq avribpaoqq) 
t - xpovoq 
K - oza6spci za~6zqza zqq avdbpaoqq 

K = Z . e&/RT -2- 
Z -l npoe~8ezt~6q napkyovzaq zqq &&mxsqq Arrhenius 
E - evipyexx ~vepyonoiqoqq 
R - nay~ooytci o~a6spci aspiov 
T - O ~ p y o ~ p a o i a  

C6ycpwva ys zq pi0060 amfl, an6 z y  ~ayn6hsq zqq yezapohflq yacaq (TG)  Kat 
rou puOyo6 yezapoh~q ycicaq (DTG) &v65 napayoyoypacpflyazoq  at ye zq xpqoq 
n a p a y € ~ ~ w v  oppg: q 0epyo~paoia T,(OK), q zax6zqza Oipyavoqq @=dT/dt 
(?K.min-l), ,~,,py6yoq yezazponflq zqq ouoiaq (-daldt), (rnin-l)  at o paOyos ycza- 
zpcmfl~ qqgl.ouoiaq (l-a,), ot onoi~q happhvovzat an6 za oqysia ~aynf lq  zwv Kay- 
nuhwv DTG, unohoyi(~zat q ~vOahnia zq5 B&pyt~flq y~zazponflq an6 zq o ~ i o q ~ 3 ~ , ~ :  

Tauz6~pova ynopouv va unohoyto806v q mvqmcfl nap6tpezpoq n, q &vipy&~a EVEP-  

yonoiyoqq E  at o n p m ~ 6 e z t ~ o q  napciyovzaq zqq ~ ~ i o w o q q  Arrhenius Z an6 z y  
oxf.oe;j [,2.3.4.5,6. 
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Atantozhvoup ozt 'q y600605 ~ iva t  a p ~ m a  ~ 6 ~ p q o z q  Kat ano6oztc~,  a906 &m- 
zp6nst TOV zauzo~povo npoo6toptoyo T ~ V  AH, E, n Kat K. EKE~VO ~ o U  .U6~pt oily&- 
pa &&V ~ i v a t  yvwuzo ~ i v a ~  'q a~pifkta  Kat a@ontozia zwv hay~avoy6vwv p& rq y68o- 
60 auzil anoz~hsopcizov o& o6y~ptoq  y& za av~ iozoya  nou naipvovzat y& a h h q  p&- 
066ou~, ~ u p i o ~  6& auzhv nou acpopo6v zq yszaPohil o'qq ~ v 0 a k n i a ~  AH. 

H napo6oa ~pyaoia  o s o ~ ~ 6 s t  va ouypcihh~t npoq zqv ~azs60uvoq auzq Kat 6p- 
XEzat va ouynh'qphs~t ctuzo TO KEVO uzqv avziozot~'q Ptphtoypacpia. 

l3a TO o ~ o n 6  auzo, &cpapyo<ovzaq zqv napanhvo ~60060, y&h&zfioay& acp' &v05 
TO napaywyoypacpqya z'qq Gtaonaoq~ zou CaCO, ( o ~ f l q .  l) Kat acp' ~z6pou ouy~pi -  

ZXHMA 1. K a p n d ~ ~  DTA, TG K ~ Z  DTG zapaywyoypapijparog CaCO,: Bdpoc G~iyparo~ -47,9mg, 
poepdq Bippavugq @ = 5 0 ~ . r n i ~ ' ,  ra;ltirgra ~yypaylijg -501nm. h-', ~uam6ip~kg  TG-lOOnzg, DTG-X 
20rng.min-' DTA-SOP V. 
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vays ~a ano~shioyaza T ~ G  c ~ ~ ~ u ~ ~ T o x Y ? ~ s  TOU CaHP0,.2H20, nou avacpipovra~ os  
npoqyodysvq spyaoia yc~q '~ ,  PE Ta a n o ~ s h i o y a ~ a  TOU unohoy~oyod ~775 AH an6 Ta 
sypa6a ~ w v  ~ a y n u h h v  DTA (6~acpopt~flq 0 ~ p y 1 ~ f l 5  avahuoq~)  ~ 6 0 0  an6 T O  napayw- 
yoypacpqya ~ o u  ~ s h s u ~ a i o u  PE @=S•‹K.min-' ( o ~ f l p a  2), 600 Kat an6 q v  ~ a ~ a  pa0- 

ZXHMA 2. KapnLkq DTA, TG Kaz DTG napaywyoypapiparoq CaHP0, .2H2 0: bcipoq G~iyparoq 
l 100,5mg, pu8pdq 06ppavu~1q -@=5OK.min- , rax6qra ~yypapl j~ -50mm.h-l, ~uazu8ipicq TG-IOOmg, 

~ ~ ~ - l ~ m ~ . r n i n - '  Kal DTAJOpV. 
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pi6q anoya~puvoq rou ~puozahht~o6 vspo6 auzo6 (oxqpa 3). 

EXHMA 3. K a p n d ~ g  DTA, TG Kar DTG mpaywyoypapijparoc sou CaHP0,.2H2 0 p& npdypap a %p- P pavaqc avci /3aBpi&g (~apncilq T): Bcipog 8~iyparoc -99,7mg, pu8pdc Bippavoqc - @=S•‹K.min- , rax6- 
sqra ~yypapijq -50mm.h-l, ~ u a d q n i c q  TG-SOmg, ~ ~ ~ - l ~ m ~ . r n i n - '  Icat DTA-5OpV. 

H ~cpapyoyq zwv oxEo~wv 3,4,5 Kal 6 yta rq O~ppwi] 61aonaoq: 

Tm=735"C 
CaCO, . CaO + CO, 



i6oos  za ~ ~ n o z ~ h i o y a z a :  AH=39,6kcal.mole-l, n=0,19, E=48,3kcal.mole-' KaL 
Z=6,76.10'0min-' [K=6,76.1O1?exp(-24.308/T)], svw o unohoytoy6q ~ q g  AH an6 
zqv ~ a y n 6 h q  D T A  zou napaywyoypacpflyazoq ( o ~ q y a  1) odqysi ozqv ztyq 
AH=399cal.g-1 = 39,9 kcal.mole-l. An6 zqv ahhq nhsupa, ozq PtphtoypacpiaI4 yta 
zouq 815OC avacpipszat q ztyfl AH=40,2.kcal.m0le-~. IIapazqpo6y&, 6qha617, o n  q 
ztyq zqq AH nou unohoyio0q~s PE zqv EV h6yw pi0060 (39,6kcal.mole-') sivat ap- 
K E T ~  a~ptpflq Kat aktontozq. 

0 unohoytoy6g zqg AH,  an6 za sypa6a zqq ~aynljhqg D T A  ( o ~ f l y a  2), yta za 
zpia o ~ a 6 t ~ t  zqq 0sppt~qq acpu6dlzwoqq TOU CaHP04.2H20 sivat 66o~ohog av o ~ t  
a66vazoq. Kt auzo ytazi za sv hoyw oza6ta 6sv sivat oacphg ~ w p t o y i v a  y&za& 
sous. 'Ezot yovo ouvohtcci ynop06ys va unohoyioouy~ zq p & ~ a p ~ h f l  zqq sv0ahniag 
yta zqv avzi6paoq: 

CaHP04.2H,0 - 0,5 Ca2P20, + 2,5H20 

q onoia P P ~ ~ ~ K E :  AH = 300cal.g1 = 51,6kcal.mole-l. 
01 zty& zwv AH yta ng avrt6paosy: 

Tm= 15 1•‹C 
C ~ H P O , . ~ H , O  CaHPO,. 1,5H20+0,5H20 -9 

Tm= 195OC 
CaHPO,. l ,5H20 CaHPO,+ 1,5H20 i ln- 

Tm=4{l 7OC 
 at CaHPO, . 0,5Ca2P20,+0,5H20 

nou unohoyioeq~av PE zqv EV h6yto y.60060 os npoqyo6ysvq spyaoia paqI2 sivat av- 
z iocot~a 1 1,27, 25,35 Kat 18,36kcal.mole-l, Kat o6qyo6v os  yta ouvo&~fl yszapohfl 
zqg sv0ahniaq, yta rqv avzi6paoq -8-, = 54,98kcal.mole-l, ztyq nou cpaivszat 
Vol cnahq0s6szat a p ~ s z a  1 ~ ~ 1 ~ 0 7 1 0 1 ~ ' T t K d l  C1V O U Y K P ~ ~ E ~  p& C I U T ~  TtOU unohoyioeq~s an0 
TO syPa6o zqq ~ a y n 6 h q q  D T A  (51,6kcal.m01e-~). 

ME o z o ~ o  T O  6 t a ~ o p t o y o  ZOV 660 npwzwv oza6iov zqq anopa~puvoqq TOO C P U -  

ozahhtco6 vspo6 an6 TO CaHP0,.2H20 OE avskapzqza cpatvoywa, aKohouefl0q~& 
npoypayya eipyavoqg 6siyyazoq auzo6 wq skflq ( o ~ f l y a  3, Kayn6hq T ) :  a6kqoq zqq 
0spyo~paoiaq PE @=5OK.min-I y 6 ~ p t  zouq 140•‹C (zyqya A-B), 06pyavoq ozq 0sp- 
yo~paoia auzfl sni -55min(~yflya B-l?), a65qoq zqq Bspyo~paoiag E K  viou FE TOY i- 
6to pu0yo Bippdvoqg y i ~ p t  280•‹C ( ~ p l j y a  T-A)  at Bipyavoq sni -30min ozqv TE- 
hsuzaia Bspyo~paoia (zyfl ya A-E). 

0 unohoytoyoq zov AH ys paoq za sypa6a, an6 zqv ~ a y n 6 h q  D T A  zou o ~ f l -  
yazoq 3, yta nq avzt6paosy 9 Kat 40 yaq i6oos  ng ztyig 11,28 Kat 
27,96kcal.mole-' avziozot~a. Cuy~pivovzag n q  ztpiq awig ys E K E ~ V E ~  nou unohoyi- 
o 0 q ~ a v  P E  zqv EV hoyo pi0060 (1 1,27 Kat 25.35kcal.mole-l a v d o r o t ~ a )  napazqpo6- 
p& tKav07Iotq~t~fl ~6,Lln~wCJq. 

An6 za napankvo nstpayaztcdr. 6s60yiva ouvsnayszat o n  ot ztyiq nou unohoyi- 
covzat PE zq ~pi-pq zqq skiowoqg -3- an6 Ta napayoyoypacpflpaza zqq pzapohflg 
zqq sveahniaq AH  at ~ a z '  s n i ~ z a o q  zqq svipystaq ~vspyonoiqoqq E ,  zqg ~ t v q z t ~ f l g  
napctyizpou n Kat zou n p o s ~ 0 s z t ~ 0 6  napci-yov~a zqg s&ximqq Arrhenius Z )  sivat 
a p ~ s z a  a~ptpsiq   at agtontozsq. H p600605 aunj cpaivszat, ~ n i o q q ,  va yag sntzpinsi 
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ye t ~ a v o n o q n ~ q  a ~ p i p n a ,  r o v  unohoytoyb r q 5  AH os E K E ~ V E ~  TY &ai?opKi5 &&p- 
y u o i s ~ ,  ra 6pta zwv onoiwv 6ev eivat oacph5 ~ a 8 0 p t o y i v a  y & ~ a @  r o ~ ~  Kat 6nou  o 
u n o h o y t ~ y 6 5  rwv AH p& r q  ~ p f l o q  zwv eypa6hv  rwv ~ a y l r u h h v  DTA 6& 0a q ~ a v  
e c p t ~ r o ~ .  

Summary 

A contribution in the derivatographic determination of the enthalpy of heterogeneous 
reactions in thermal transformation 

T. CH. VAIMAKIS,  A.T. SDOUKOS 

By means of the equation AH= R.T2,.(-da/dt),.W1.(l-a,,,)-' and the parameters such as  
temperature T, rate of heating m, rate of transformation of the substance (-daldt), and degree 
of transformation of the substance (l-a,), the enthalpy AH of heterogeneous reactions of the 
thermal transformation type is determined from TG and DTG derivatographic curves. How- 
ever, the reliability of the method, as refered in the relative bibliography, has not tested yet. 

From the thermal decomposition of CaCO, and CaHP0,.2H2O the enthalpy of those 
reactions was determined by using the above noticed equation and the DTA curves. 

The results proved that the tehnique (which also may be used to determined the activation 
energy E, the reaction order n and the Arrhenius pre-exponential factor Z) is accurate and 
can be applied even in cases of succesive phenomena with uncertain limits. 

1. H . H .  Horovitz, and G. Metzger: Anal. Chem., 35, 1464, (1963). 
2. G.R. Allakhverdov, and B.D. Stepin: Zhurn. Fiz. Khim., 43, 2268, (1969) (Russ. J. of Phys. Chem., 

43, 1270, (1969)). 
3. V.M. Gorbachev, and V.A. Logvinenko: Izv. Sibir. Otd. Akad. Nauk SSSR, Ser. Khim., 12, 20, 

(1971) (Chem. Abstr. 77, 39858a, (1972)). 
4. B.M. Nirsha, and G.R. Allakhverdov: Zhur. Neorg. Khim., 24, 825, (1979) (Russ. J. Inorg. Chem., 

24, 461, (1979)). 
5. M.B. Nirsha, L.M. Andonina, G.M. ~erebrennikova, Yu. V. Obozuenko, G.R. Allakherdov, and 

Yu.A. Velikodnyi: Zhurn. Neorg. Khim., 25, 377, (1980), (Russ. J .  Inorg. Chem., 25, 204, (1980)). 
6 .  B.M. Nirsha, A.A. Fakeev, and G.R. Allakhverdov: Zhurn. Neorg. Khim., 24, 298, (1979) (Russ. J. 

Inorg. Chem., 24, 164, (1979)). 
7 .  B.M. Nirsha, E.N. Gudinitsa, U.A. Efremov, and A.A. Fakeev: Zhurn. Neorg. Khim., 28, 840, 

(1983) (Russ. J. Inorg. Chem., 28,475, (1983)). 
8. B.M. Nirsha, T.V. Khomutova, A.A. Fakeev, V.M. Agre, B.V. Zhadanov, G.R. Allakhverdov, N.P. 

Kozlova, and V.A. Olikova: Zhurn. Neorg. Khim., 25, 391, (1980) (Russ. J. Inorg. Chem., 25 ,213 ,  
(1980)). 

9. B.M. Nirsha, T.V. Khomutova, A.A. Fakeev, V.M. Agre, B.V. Zhadanov, N.P. Kozlova, and V.A. 
Olikova: Zhurn. Neorg. Khim., 26, 1484, (1981) (Russ. J. Inorg.  hem., 26, 799,  (1981)). 

10. B.M. Nirsha, T.V. Khomutova, A.A. Fakeev, B.V. Zhadanov, V.M. Agre, N.P. Kozlova, and V.A. 
Olikova: Zhurn. Neorg. Khim., 27, 1121, (1982) (Russ. J. Inorg. Chem., 27, 630, (1982)). 

11: T.V. Khomutova, A.A. Fakeev, B.M. Nirsha, 0.1. Evstal'eva, V.F. Chuvaev, V.M. Agre, and N.P. 
Kozlova: Zhurn. Neorg. Khim., 27, 1671, (1982) (Russ. J. Inorg. Chem., 27, 943, (1982)). 

12. A.T. Zdukos, and T.Kh. Vaimakis: Zhurn. Neorg. Khim., 30, 1983, (1985) (Russ. J .  Inorg. Chem., 
30, 1124, (1985)). 

13. A.T. Zdukos, and T. Kh. Vaimakis: aKinetics of Ca(H2P0,),.H20 dehydration)). Zhurn. Neorg. 
Khim. (WO Gqporjieuq). 

14. R.E. Mesmer, and R.R. Irani: J. Chem. Eng. Data, 8, 530, (1963). 



Chimika Chrortika, New Series, 15, 119-132 (1986) 

1,3-DIPOLAR CYCLOADDITIONS OF MESITONITRILE OXIDE 
WITH SUBSTITUTED CYCLOBUTENEDIONES 

N.G. ARGYROPOULOS 

Lab. of Organic Chemistry, University of Thessaloniki Greece 

(Received July 20, 1984) 

Summary 

The cycloaddition reactions of several substituted cyclobutenediones with mesitonitrile ox- 
ide gave mainly mono- and bisspirodioxazoles from reaction of the carbonyl double bonds. 
Unsymmetrically substituted cyclobutenediones show a remarkable selectivity since only one 
of the two possible isomeric monospirodioxazoles has been formed. In two cases tris-adducts 
have been isolated from the reaction of all dipolarophilic centers. 

Key words: Cyclobutenediones, Mesitonitrile Oxide, Cycloaddition, Spirodioxazoles. 

Introduction 

Cyclobutenediones are an interesting class of stable small ring compounds, with 
formal similarity with quinones, which have been found to possess considerable 
stability comparing to the corresponding highly unstable cyclobutadienes. The 
chemistry of cyclobutenediones is the subject of many papers and several reviews 
have been appeared in the 1iterat~re.I.~ However very little is known on their 
behaviour as dip~larophiles.~~ On the other hand, 1,3-dipolar cycloaddition reactions 
of quinones have been extensively studied. The first cycloaddition reaction between 
nitrile oxides and quinones has been studied by Quilico et al.' who found that p- 
benzoquinone gives with benzonitrile oxide condensed isoxazoline derivatives. The 
cycloaddition occurs to the carbonyl double bond only in presence of borium 
trifluoride (BF,) with the formation of spiro-l,3,4-dioxazoles.8 On the other hand, 
tetrahalo-p-benzoquinonesg as well as tetra-substituted p-benzoquinonesiO give with 
nitrile oxides only spirodioxazole derivatives. In analogous reactions with-o-quinones, 
it has been found". 12* I3 thzt the addition occurs on the ethylene and on the carbonyl 
double bond with the formation of isoxazoline or 1,3,4-dioxazole derivatives. Of 
special interest are the reactions of tropone with nitrile oxidesi4 which proceeds in a 
similar way and the reaction of diphenyl cyclopropenone with nitrile oxide where a 
non-isolated carbonyl addition product is initially fo~med. '~ 

In a preliminary communication5 we have described the dipolarophilic behaviour 
of several symmetrically substituted cyclobutenediones with mesitonitrile oxide. In all 
cases cycloadducts are formed mainly from the carbonyl group despite the usually 
IOW reactivity of C=O bond towards cycloaddition reactions with nitrile oxides.16 As 
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a further study, on-.cyclobutenedione dipolarophilic reactivity, reactions with several 
unsymmetrically substituted cyclobutenediones were carried out. It is expeited that 
the two carbonyls should show a different dipolarophilic reactivity. Actually this is 
the case. 

Results and discussion 

Cyclobutenediones are in general very weak dipolarophiles. Reactions were com- 
pleted only after a long heating with excess of mesitonitrile oxide according to the. 
following general reaction scheme. 

Me s iie S 

CH3 3a,b,d-h 4b,c,d,h 

Mes = 
CH3 

+ 
N 

a R'  = R' = Ph. b R '  = RZ = - CH,. C. R '  = ~2 = - Cl. 
d R '  R" = CH = CH - CH'= CH -, 
e R '  = Ph. R2 - - OCH,, 

f: R '  = ~ h .  R~ = ~ = C H , O  = C ~ H ~  -, Me S 
g. R '  = Ph, R 2  = p-CH, - C,H, -. 
h R '  = Cl .  R2=Ph 

5a,b 

The main reaction product was the mono-adduct 3. However, in the reaction 
with cyclobutenedione l c  only bis-adducts, in two stereo-forms,5 have been isolated. 
Bis adducts were also isolated from the reactions with cyclobutenediones 16, I d  and 
l h ,  while in two cases tris-adducts 5a, 5b have been isolated. Of special interest is 
that unsymrnetrically substituted cyclobutenediones gave only one mono-adduct, in 
spite of the fact that two possible isomers could be formed. 

All mono-adducts 3 exhibit in ir spectra characteristic carbonyl absorption at 
1760-1780 cm-' and absorption at 1630-1640 cm-' for C=N bond. Bis- and tris- 
adducts 4 and 5 give only C=N absorption at 1630-1640 cm-'. 

The 'H-nmr? spectra of all cycloadducts formed are in accordance with the 
proposed structure. An interesting homoallylic long range coupling (J=O.SHz) is dbl 
served in cycloadduct 3b as in the case of analogous substituted butenes.17 Of special 
interest are the nmr spectra of compounds 3b and 4b. There is an upfield shift of the 
adjacent to the dioxazole ring methyl protons in comparison to the parent 
cyclobutenedione methyl protons (Scheme 1). 



0 

Mes Mes Mes 
l b  - 3b - 4b - 

Scheme 1 
Thus the adjacent to the dioxazole ring methyl protons show an upfield shift of 

0.43 6 while the adjacent to the carbonyl methyl protons an upfield shift of only 0.08 
6. Similarly, methoxy protons adjacent to the dioxazole ring in mono-adduct 3e were 
upfield shifted by 0.28 6. Analogous changes, although smaller than the above men- 
tioned, are observed to o-protons of the adjacent to the dioxazole ring aryl group in 
mono-adducts 3f and 3h. (Table I). However, in both cyclobutenedione lg  and 

TABLE I: 'H Nmr chemical shifts of cyclobutenediones le-h and mono adducts 3e-h. 

I 
Me S Mes Mes 

3 f  - 3h 30 

CHEMICAL SHIFTS (6) 
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mono-adduct 3g o-tolyl- and o-phenyl-protons are superimposed to multiplets, so 
mono-adduct 3g is assumed to have an analogous structure to S$ These changes in 
chemical shifts can be taken as an indication that the isolated cycloadducts have the 
proposed structures. 

In the mass spectra, mono- and bis-cycloadducts show almost the same fragmen- 
tation pattern as that given in the following scheme for mono-spirodioxazoles 3: 

Mes- 

They show peaks of negligible intensity for the molecular ion, except of 4c where 
no peak for the molecular ion could be detected. The most characteristic fragmenta- 
tion is a retro-1,3-dipolar cycloaddition which is also observed in other analogous 
cases of heterocyclic compounds formed by 1,3-dipolar cycl~addit ion. '~-~~ On the 
other hand, this fragmentation could be attributed to a thermal ring cleavage of diox- 
azole residue16 which leads to the parent carbonyl compounds and aryl isocyanate. 
This main fragmentation is followed by peaks which correspond to fragments of the 
parent cyclobutenedione and nitrile oxide or aryl isocyanate. 

It is of interest to note that from the cyclobutadienone fragment it is always ob- 
served an elimination of C202 group, leading to a substituted acetylene ion. This 
transition is followed by a metastable peak. Of special interest is the fragmentation of 
benzocyclobutenedione fragment of compound 3d, where it is observed a double CO 
elimination leading to the fomation of benzyne. An analogous elimination is a-lso ob- 
served in the photochemical decomposition of benzocyclobutenedione.22 Furthermore 
in all cases it is observed a fragment of m/e 160 corresponding to an elimination of 
hydrogen radical from mesityl isocyanate (mle161) which is characteristic for methyl 
substituted aryl i socyana te~ .~~ 

As regards the tris-adducts 5, they gave no peaks for the molecular ion, but in- 
stead a Id+ - C,,H,,NO, corresponding to an elimination of one mesitonitrile oxide 



CYCLOADDITIONS WITH CYCLOBUTENEDIONES 123 

molecule. Another interesting point, in the mass spectra of these compounds, is the 
ion M+ - 346 which is attributed to the fragment arising from M+ by splitting of the 
cyclobutene ring and loss of two dioxazole rings. In all cases where the mass spectra 
show no peaks for the molecular ion, the molecular weight was determined os- 
mometrically. 

As we have previously mentioned: cycloaddition with l c  led to the formation of 
two stereoisomeric bis-spirodioxazoles 3c' and 3c". These compounds have quite 
similar spectral properties (ir, nmr, ms) and different mp's and chromatographic 
behaviour. 

C 1  

0 0 - N  
Mes Mes 

We have a~signed,~ somehow arbitrarily cycloadduct with higher melting point 
(175-176OC) as "anti" isomer 3c" and the other one (mp116-117•‹C) as "syn" isomer 
3c'. In order to distinguish these isomers an X-ray crystallographic analysis was 
carried out on compound with mp 175-176O by Rentzeperis, Kokkou and 
Bozopo~los .~~  In contrary to our previous assignment, this cycloadduct has the 
"syn" structure 3c'. 

This compound (3c3 crystallizes in space group P2,/c (monoclinic) with Z=4 
and cell cofistants a=16.661, b=9.011, c=24.231, P=139.01. The structure was 
refined to a final R=0.056 value. Its clinographic projection is given in Fig. 1. 

FIG. 1 : Clinographic projection of cycloadduct 3c' (mp 174-1 76O). 
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The low reactivity of ethylene bond of cyclobutenqdiones can be explained by the 
fact of a relatively long C=C bond (-1.41 A) in some cyclobutenedione 
 derivative^,^^^^^ as  result of cross c~njugation.~' Lo V e c ~ h i o ~ ~  has firstly given a 
correlation between dipolarophilic reactivit? and length of ethylene double bond of 
dipolarophile. 

On the other hand, cross conjugation seems to be a simple model to explain the 
observed difference in reactivity of the two carbonyl double bonds in unsym- 
metrically substituted cyclobutenediones. Cross conjugation of the carbonyl group 
with methoxy, p-anysil and p-tolyl group should be stronger than with phenyl group. 
Thus the oarbonyl group in cross conjugation with phenyl group has more double 
bond, character and reacts preferentially according to the proposed structures of 
mono-adducts 3e, 3f and 3g. 

The above explanation is consistent with the comparison of the two C=O bands 
of cyclobutenediones le-h and the corresponding C=O bands of mono adducts 3e-h, 
in their ir spectra. In all cases the C=O band of the mono-adduct is close related to 
the lower frequency C=O band of cyclobutenediones; this means less double bond 
character for the remaining carbonyl group, a fact which also supports the proposed 
structures. 

Furthermore, in an X ray crystal structure of l-phenyl cyclob~tenedione,~~ the 
carbonyl group which is in cross conjugation with phenyl group has longer bond 
length (1.22 A) than the other one (1.19 A). 

As regards the proposed structure of cycloadduct 3h, this can be explained if we 
assume a stronger cross conjugation from phenyl group than from chlorine. 

Attempts to correlate the difference in chemical reactivity of carbonyls in unsym- 
metrically substituted cyclobutenediones, based on F M 0  interaction according to 
Houk's method,30* 31 gave no definite results. 

The energy levels and coefficients of frontier molecular orbitals of l-phenyl 
cyclobutenedione are summarized in Table I1 and they have been resulted by 

TABLE 11: Orbital energies and coefficients of l-phenyl cyclobutenedione. 

Coefficients 

Orbital 

NHOMO 
HOMO 
LUMO 
NLUMO 

Energy (eV) 

-15.5 
-11.6 

0.8 
3.3 

C, 

-0.421 
0.276 

-0.4 1 1 
0.098 

c2 

-0.300 
0.457 
0.429 

-0.396 

c3 

0.185 
-0.066 

0.231 
0.308 

c4 

0.192 
-0.020 
-0.053 

0.576 

0 5  

0.322 
-0.345 
-0.285 
-0.287 

0, 

0.352 
-0.174 

0.070 
-0.549 
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CND012 calculations with coordinates given from X-ray data.29 This model com- 
pound is assumed to have the same behaviour with the used cyclobutenediones. On 
the other hand, orbital energies and coefficients of benzonitrile oxide are already 
known30 (Table 111). 

TABLE 111: Orbital energies and coefficients for benzonitrile oxide. 

HOMO I -0.438 I -0.308 0.602 
LUMO -l0 - 1 1 0.326 -0.477 1 0.135 

Orbital 
J 

From these values it is concluded that the observed site-selectivity can be ex- 
plained if we consider that for HOMO-dipole controlled reactions a NLUMO 
dipolarophile interaction should predominate and for LUMO-dipole controlled reac- 
tion a NHOMO of dipolarophile. 

The above mentioned data are not completely reliable because of the semiem- 
pirical nature of calculations, so a cross over in the order of orbitals cannot be ex- 
cIuded as in the case of several substitrrfed f ~ l v e n e s . ~ ~  However, accurate experimen- 
tal values of frontier orbital energies are needed in order to have an explanation 
based on FMO-theory. 

Experimental 

Energy (eV) 

Melting points determined with a Kofler hot stage apparatus are given without 
correction. I'r spectra were obtained with a Perkin-Elmer Model 297 spectro- 
photometer whereas nmx spectra, reported in 6 units (TMS) were recorded on a 
Varian A60A spectrometer. Mass spectra were measured with a Hittachi-Perkin- 
Elmer RMU-61 spectrometer with an ionization energy of 70 eV. Molecular weights 
were measured with a Hewllet Packard 301A osmometer and elemental analyses we- 
re obtained with a Perkin-Elmer 240 analyzer. 

Preparation of starting materials 

Cc 

Although many of the cyclobutenediones used in this work are known com- 
pounds, their preparation has been given without experimental details. In these cases, 
more experimental details are given. 

1.,2-Dichloro-cyclobutenedione was prepared from the commercially available 1,2- 
dihydroxy cyclobutenedione (squzric acid), according to the following procedure.32 

Squaric acid (7.2 m o l e s )  and thionyl chloride (10 mmoles) with a catalytic 
amount of N,N-dimethyl formamide (0.1 ml) were heated under reflux for 5 hours. 
To the cooled reaction mix3ure anhydrous diethyl ether was added and the unreacted 
squaric acid (0.44mmoles) was removed by filtration. The filtrate was evaporated in 
vacuo and the residue xias sublimated at 50•‹C (16 mm Hg). Yield 74%, mp 51-52•‹C 
(lit.33 52•‹C). ' 

c, c, 
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1,2-Diphenyl cyclobutenedione was prepared by the following modification of the 
procedure reported earlier.34 

To an ice cooled and mechanically stirred solution of 1,2-dichloro cyclobu- 
tenedione (0.026 moles) in 20 m1 dry benzene, aluminum chloride (0.034 moles) was 
added in small portions under dry nitrogen. Stirring was continued for two hours and 
then an additional amount of dry benzene (20 ml) was added. After heating at 50•‹C 
for 40 min. the reaction mixture was poured on crashed ice-dilute hydrochloric acid 
mixture. The aqueous solution was extracted twice with ether (2x50 ml) and the 
crude product was recrystallized from an ether- hexane mixture. Yield 86%, mp 95- 
97•‹C (lit. 3497-97.50C). 

l-Chloro-2-phenyl cyclobutenedione l h  is a known compound,35 but its prepara- 
tion under Friedel-Crafts condition from 1,2-dichloro cyclobutenedione has not been 
described yet. This compound has been prepared according to the following 
procedure: i 

Aluminum chloride (0.024moles) was\\added in small portions to an equimolar 
amount of 'l ,2-dichloro cyclobutenedione and benzene in 1 ,Zdichloroethane solution 
(20 ml), under the same conditions as described in the preparation of 1 ,Zdiphenyl 
cyclobutenedione. After the addition was completed, the reaction mixture was stirred 
at room temperature for 5 -hours *and then it was poured on a crashed ice-wdter- 
hydrochloric acid mixture. The mif iu~e was extracted with ether (2x50 ml) and the 
crude reaction product was finally rec~ystallized from ether-hexane. Yield '67%, mp 
1 12-1 14•‹C (lit. 351 13.8-1 143•‹C). 

l-Methoxy-2-phenyl cyclobutenedione l e  was prepared from l-chloro-2-phenyl 
cyclobutenedione and methanol.35 

1-(p-Methoxy-phenyl)-Zphenyl cyclobutenedione If and l-(p-methyl-phenyl) -2- 
phenyl cyclobutenedione l g  were prepared under Friedel-Crfts conditions from ani- 
sole or toluene and l-chloro-Zphenyl cyclobutenedione instead of I-bromo-2-phenyl 
cyclobutene d i ~ n e . ~ ~  

Benzocyclobutenedione Id  was prepared from 1,1,2,2-tetrabromobenzocyclobu- 
tene and silver triflu~roacetate,~' whereas dimethyl cyclobutenedione l b  from 1,2- 
dimethyl tetrafluorocyclobutene and sulfuric acid.38 

Mesitonitrile oxide 2 was prepared according to a known procedure from 
mesitylaldoxime and N-bromo-succinimide in the presence of t r ie th~lamine.~~ 

Reaction of 1,2-diphenyl cyclobutenedione l a  with mesitonitrile oxide 

Diphenyl cyclobutenedione (0.7 g, 3 mmoles) and mesitonitrile oxide (1.3 g, 9 
mmoles) in dichloromethane solution (-15 ml) were heated under reflux for 70 hours. 
After evaporation of the solvent the residue was chromatographed on Alumina and 
eluted with benzene. The first elution gave a small amount of unchanged 
cyclobutenedione (0.06 g) and then the cycloadduct 2a (0.3g, 25% yield, m.p. 132- 
133OC; ir (nujol) 1770 (C=O), 1630 1615 (C=N, C=C) cm-'; 'H nmr (CDCI,, 6 )  
2.28 (S, 6H), 2.35 (S, 3H), 6.85 (S, 2H), 7.16-7.45 (m, 6H), 7.58-7.97 (m, 4H); ms: 
m/e (relative intensity) 77(13), 89(20), 91(13), 119(13), 130(28), 133(34), 145(98), 
-160(30), 161(100), 178(100), 234(55), 367(<1) 395 (< l )  M'. 

Anal. Calcd. for C,,H,,NO, (MW 395) C, 78.96; H, 5.35; N, 3.54. Found: C, 
78.97; H, 5.35; N, 3.48. 
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Then it was eluted compound 5a (0.03g, 3% yield, mp 233-235OC, from benzene- 
hexane); ir (nujol): 1635 (C=N) cm-'; nmr (CDCI,, 6): 1.75 (S, 6H), 2.02 (S, 6H), 
2.22 (unresolved singlets, 12H), 2.35 (S, 3H), 6.67 (S, 2H), 6.83 (S, 2H), 6.97 (S, 2H), 
7.05 - 7.87 (m, 10H); ms m/e (relative intensity): 91(18), 119(8), 130(100), 133(16), 
145(88), 146(4'6), 161(76), 178(18), 234(11), 339(40), 395(1); no peak for the 
molecular ion; osmometric determination of molecular weight gave values between 
710 and 730. 

Anal. Calcd. for C4,H4,N30, (M.W. 717.83): C, 76.96; H, 6.05; N, 5.85. Found: 
C, 76.78; H, 6.07; N, 5.52. 

Reaction of 1,2-dimethyl cyclobutenedione l b  with mesitonitrile oxide 

An ether-hexane solution of 1,2-dimethyl cyclobutenedione l b  (0.3 g, 2.7 
mmoles) and mesitonitrile oxide (0.9 g, 6mmoles) was heated under reflux for 40 
hours. Reaction was monitored by TLC. The crude reaction product was 
chromatographed on Silica and eluted with hexane-chloroform 1 :l (250ml) and ~ 1 : 3  
(250ml) mixtures. Mesitonitrile oxide together with mesityl isocyanate came out first. 
Then it was eluted a mixture of 3b and 4b and finally pure 5b. Mixture of 3b and 46 
was rechromatographed under the same conditions affording pure 3b and 4b. 

Compound 3b: (0.05 g, 8%, mp 69-71•‹C, hexane): ir (nujol): 1780 (C=O), 1635 
(C=N) cm-'; nmr (CDCI,, 6): 1.92 (d, 3H, J = 0.5 Hz), 2.27 (d, 3H, J=0.5 Hz), 
2.32 (S, 6H), 2.35 (S, 3H), 6.98 (S, 2H); ms m/e (relative intensity): 91(12), 110(25), 
119(9), 133(21), 145(25), 160(14), 161(100), 243(1), 271 (< 1) M+. 

Anal. Calcd. for,C16Hl,N03 (MW 271.3): C, 70.83; H, 6.32; N, 5.16. Found: C, 
71.04; H, 6.40; N, 5.16. 

Compound 4b (0.08 g, 7%, mp 174-176OC, hexane): ir (nujol): 1630 (C=N), 
1610 (C=C) cm-'; nmr (CDCI,, 6): 1.87 (S, 6H), 2.3 (S, 6H), 2.4 (S, 12H), 6.93 (S, 
4H); ms m/e (relative intensity): 9 1(38), 110(34), 119(28), 130(65), 132(49), 145(65), 
146(95), 160(48), 141(100), 432 (<l )  M+. 

Anal. Calcd. for C,,H2,N20, (MW 432.50); C, 72.20; H, 6.53; N, 6.48. Found: 
C, 72.46; H, 6.58; N, 6.55. 

Compound 5b (0.13 g, 8%, mp 194-196OC, hexane): ir (nujol): 1630 (C=N), 
1610 (C=C) cm-'; nmr (CDCI,, 6): 1.37 (S, 3H), 1.6 (S, 3H), 2.06 - 2.41 
(unresolved singlets, 27H), 6.77 - 7.0 (unresolved singlets, 6H); ms m/e (relative in- 
tensity): 9 1(16), 1 10(7), 1 19(14), 130(28), 133(24), 145(26), 146(16), 160(16), 
161(100), 215(20), 432 (<l); no-peak for the molecular ion at m/e 585; osmometric 
determination of molecular weight gave values around 585. 

Anal. Calcd. for C,,H,,N,O, (MW 593.70): C, 72.82; H, 6.62; N, 7.08. Found: 
C, 72.85; H, 6.68; N, 6.91. 

Reactibn of 1,2-dichloro cyclobutenedione l c  with mesitonitrile oxide 

Mesitonitrile oxide (1.7 g, 10.5 mmoles)' and 1,2-dichlorocyclobutenedione l c  
(0.75 g, 5 mmoles) in anhydrous'ethyl ether (-20 m11 were refluxed for 60 hours. 
The crude reaction product was chromatographed on Silica with hexane-chloroform 
(3:l) affording a small amount of unchanged mesitonitrile oxide and cycloadducts 
3c" and 3c: 
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Compound 3c" (0.2 g, 8%, mp 116-117•‹C, hexane): ir (nujol): 1630 (C=N) 
cm-'; nmr (CDCl,, 6) 2.27 (S, 6H), 2.35 (S, 12H), 6.93 (S, 4H); ms m/e (relative in- 
tensity): 86(21), 91(14), 94(10), 119(8), 130(85), 132(16), 145(74), 146(58), 150(7), 
152(5), 160(14), 161(100), no peak for the molecular ion at m/e 472; osmometric 
determination of molecular weight gave values around 475. 

Anal. Calcd. for C24H22C12N20, (MW 473.35), C, 60.89; H, 4.68; N, 5.92. 
Found: C, 60.73; H, 4.63; N, 6.01. 

Cycloadduct 3c' (0.52 g, 2 l%, mp 174-1760C7 hexane): ir (nujol): 1640 (C=N) 
cm-'; nmr (CDCl,, 6): 2.28 (S, 6H), 2.33 (S, 3H), 6.90 (S, 4H); ms is the same as 
cycloadduct 3c':' osmometric determination of molecular weight gave values around 
470. A clinographic projection of this cycloadduct is given in Fig. 1. 

Anal. Calcd. for C24H22C12N204 (MW 473.35), C, 60.89; H, 4.68; N, 5.92. 
Found: C, 61.01; H, 4.69; N, 5.92. 

Reaction of benzocyclobutenedione Id  with mesitonitrile oxide 

Mesitonitrile oxide (0.45 g, 2.8 mmoles) and benzocyclobutenedione (0.37 g, 2.8 
mmoles) in dichloromethane solution (-15 ml) were refluxed for 30 hours. The crude 
reaction product was chromatographed on Silica affording cycloadduct 3d and 
cycloadduct 4d. 

Cycloadduct 3d (0.13 g, 18%, mp 84-86OC, hexane); ir (nujol): 1780 (C=O), 
1640, 1630 (C=N, C=C) cm-'; nmr (CDCl,, 6): 2.32 (S, 3H), 2.45 (S, 6H), 6.83 (S, 
2H), 7.67-8.08 (m, 4H); ms m/e (relative intensity): 76(27), 104(100), 119(18), 
130(100), 132(26), 145(100), 146(100), 160(2 l), 16 1(100), 265(1), 293 (< 1) M+. 

Anal. Calcd. for C,,H,,NO, (MW 293.31): C, 73.70; H, 5.15; N, 4.78. Found: 
C, 73.63; H, 5.15; N, 4.61. 

Cycloadduct 4d (O.lg, 6%, mp 144-145OC, hexane); ir (nujol): 1640, 1630, 1610 
(C=N, C=C) cm-'; nmr (CDCl,, 6): 2.27 (S, 6H), 2.37 (S, 12H), 6.92 (S, 4H), 7.63 
(S, 4H); ms m/e (relative intensity): 76(40), 104(44), 1 19(15), 130(100), 132(16), 
145(94), 146(100), 161(100), 454(1) M+. 

Anal. Calcd. for C2,H2,N204 (MW 454.50) C, 73.99; H, 5.77; N, 6.16. Found: 
C, 73.62; H, 5.81; N, 6.06. 

Reaction of l-methoxy-2-phenyl cyclobutenedione l e  with mesitonitrile oxide 

l-Methoxy-2-phenyl cyclobutenedione (0.56 g, 3 mmoles) and mesitonitrile oxide 
( l  g, 6 mmoles) in dichloromethane solution (- 15 ml) were refluxed for 150 hours. 
The crude reaction product was chromatographed on silica with benzene affording 
cycloadduct 3e (0.13g, 13%, mp 128-12g•‹C, benzene-hexane); ir (nujol): 1755 
(C=O), 1630, 1610 (C=N, C=C) cm-'; nmr (CDCl,, 6): 2.33 (S, 3H), 2.47 (S, 6H), 
4.37 (S, 3H), 6.95 (S, 2H), 7.30-7.58 (m, 3H), 7.58-8.13 (m, 2H); ms mli: (relative in- 
tensity): 89(75), 91(33), 119(23), 130(78), 132(75), 133(60), 145(96), 146(90), 
160(55), 161(100), 188(50), 204(27), 349 (< 1) M+. 

Anal. Calcd. for C2,H,,N0, (MW 349.37): C, 72.19; H, 5.48; N, 4.01. Found: 
C, 71.93; H, 5.48; N, 4.15. 
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Reaction of l-@-methoxy-phenyl)-2-phenyl cyclobutenedione I f  with mesitonitrile ox- 
ide 

l-(p-Methoxy-phenyl)-2-phenyl cyclobutenedione (0.528 g, 2 mmoles) and mesi- 
tonitrile oxide (0.644 g, 4 mmoles) in dichloromethane solution (-15 ml) were 
refluxed for 100 hours. The crude reaction product was chromtographed on Silica 
with benzene, affording cycloadduct 3f (0.17 g, 14%, mp 149-152OC, dichloro- 
methane-hexane); ir (nujol): 1760 (C=O), 1630 (C=N, C=C) cm-'; nmr (CDCI,, 6): 
2.37 (S, 3H), 2.43 (S, 6H), 4.92 (S, 3H), 6.95 (S, 2H), 7.03 (d, 2H, J=8Hz), 7.94(d, 
2H, J=8 Hz) 7.36 - 7.63 (m, 3H), 7.83 - 8.10 (m, 2H); ms m/e (relative intensity) 
91(13), 119(10), 130(12), 132(14), 145(8), 146(46), 160(15), 161(100), 208(61), 
264(28), 280(15), 425 (< l )  M+. 

Anal. Calcd. for C2,H2,N04 (MW 425.46): C, 76.22; H, 5.45; N, 3.29. Found: 
C, 75.90; H, 5.23; N, 3.67. 

Reaction of l-(p-methyl-phenyl)-2-phenyl cyclobutenedione l g  with mesitonitrile oxide 

The cyclobutedione l g  (0.49g, 2 mmoles) and nitrile oxide (0.97 g. 6 mmoles) in 
dichloromethane solution were refluxed for 150 hours. The crude reaction product 
was chromatographed on silica with chloroform-hexane 4:l affording the cyclo- 
adduct 3g (0.08 g, 10%, mp 144-147•‹C benzene-hexane); ir (nujol): 1770 (C=O), 
1630 (C=N), 1610 (C=C) cm-': nmr (CDCI,, 6): 2.28 (S, 3H), 2.38 (S, 6H), 2.42 (S, 
3H), 6.9 (S, 2H), 7.15-7.65 (m, 5H), 7.67-8.03 (m, 4H); ms m/e (relative intensity): 
9 1(16), 119(1 l), 130(20), 133(28), 146(62), 160(16), 161(100), 191(22), 248(33), 381 
(< 1) 409 (< 1) M +. 

Anal. Calcd. for C2,H2,NO, (MW 409.16): C, 79.19; H, 5.66 N, 3.42. Found: 
C, 79.14; H, 5.73; N, 3.41. 

Reaction of l-chloro-2-phenyl cyclobutenedione l h  with mesitonitrile oxide 

l-Chloro-2-phenyl cyclobutenedione Ih (0.96 g, 4.9 mmoles) and mesitonitrile ox- 
ide (1.8 g, 1 1.2 mmoles) in dichloromethane (-15 ml) were refluxed for 100 hours. 
The crude reaction product was chromatographed on Silica affording cycloadducts 
3h and 4h. 

Cycloadduct 3h (0.11 g, 7%, mp 144-145"C, benzene-hexane); ir (nujol): 1785 
(C=O), 1625 (C=N), 1610 (C=C); nmr (CDCI,, 6): 2.32 (S, 3H), 2.43 (S, 6H), 6.97 
(S, 2H), 7.5 - 7.95 (m, 3H), 7.96 - 8.18 (m, 2H); ms m/e (relative intensity): 91(20), 
101(18), 119(13), 130(75), 132(22), 136(85), 145(75), 146(80), 160(21), 161(100), 
192(34), 208(13), 353 (<l )  M+. 

Anal. Calcd. for C2,H,,CIN03 (MW 353.79), C, 67.89; H, 4.56 N, 3.96. Found: 
C, 68.21; H, 4.62; N, 3.90. 

Cycloadduct 4h (0.08 g 4%, rnp 179-180•‹C dichloromethane-hexane); ir (nujol): 
1625 (C=N), 1610 (C=C) cm-'; nmr (CDCI,, 6): 2.27 - 2.37 (unresolved singlets, 
12H), 2.4 (S, 6H), 6.97 (broad singlet, 4H), 7.37 - 7.75 (m, 3H), 7.75 - 8.17 (m, 2H); 
ms m/e (relative intensity): 9 l(15) 101(10), 1 19(10), 130(84), 145(59), 146(50), 
160(15), 161(100), 192(10), 208(8), 353 (<l),  514 (<I) M". 

Anal. Calcd. for C,,H,,CIN204 (M.W. 5 15): C, 69.96; H, 5.29; N, 5.44. Found: 
C, 69.80; H, 5.25; N, 5.35. 





CYCLOADDITIONS WITH CYCLOBUTENEDIONES 13 1 

24. Bozopoulos A.P., Kokkou S.C., Rentzeperis P.J.: Acta Cryst., C39, 1698 (1983). 
25. Wang Y.. Stucky G.D.. Williams J.M.: J. Chem. Soc., Perkin II, 35 (1974). 
26. Mattes R.. Scroebler S.: Chem. Ber., 105, 3761 (1975). 
27. Neuse E.W., Green B.R.: J. Am. Chem. Soc., 97, 3987 (1975). 
28. Lo Vecchio G.: Gazz. Chim. Ital., 37, 1413 (1975). 
29. Wong C.H.. Marsh R.E., Schomaker V.: Acta Cryst., 17, 131 (1964). 
30. Houk K.N.. Sims J., Duke R.E., Jr., Strozier J.K., George J.K.: J. Am. Chem. Soc., 95, 7287 

(1973). 
31. Houk K.N.. Sims J., watts C.R., Luskus L.J.: ibid., 95, 7301 (1973). 
32. De Selms R.C., Fox C.J., Riordan R.C.: Tetrahedron Lett., 781 (1970). 
33. Maahs G.: Ann. Chem., 686, 55 (1965); Chem. Abstr., 63, 11375a (1965). 
34. Green B.R., Neuse E.W.: Synthesis, 46 (1874). 
35. Smutny E.J.. Caserio M., Roberts J.D.: J. Am. Chem. Soc., 82, 1763 (1960). 
36. Ried W.. Schafter D.P.: Chem. Ber., 102, 4193 (1969). 
37. C a m  M.P.. Napier D.R., Pohl R.J.: J. Am. Chem. Soc., 85, 2076 (1968). 
38. Blomquist A.T.. Vierling R.A.: Tetrahedron Lett., 655 (1961). 
39. Grundmann C., Richter R.: J. Org. Chem., 33, 476 (1968). 

Acknoledgement 

I wish to thank Professor N.E. Alexandrou for his valuable assistance during 
this work. 



Chirnika Chrortika, New Series, 15, 133-146 (1986) 

FLOTATION TECHNIQUES FOR THE SEPARATION OF TRACE 
POLLUTANTS 

G.A. STALIDIS, K.A. MATIS, AND A.I. ZOUBOULIS 

Laboratory of General and Inorganic Chemical Technology, 
Department of Chemistry, Aristotelian University of Thessaloniki, Greece 

(Received November 26, 1984) 

Summary 

In this paper, examples are given for the separation by flotation techniques of arsenic, 
germanium, or chromium ions from a solution, at a laboratory stage. Different technological 
variables that affect the process were investigated, such as the type of flotation (dispersed-air 
or dissolved-air flotation), concentration level, pretreatment required, pH effect, separation 
succeeded, etc. 

Key Words: Flotation, separation, pollufion, chromium, arsenic, germanium. 

Introduction 

There are many inorganic constituents in waste solutions that their entry into 
sewage plants is usually undesirable, as they will impair the biological operations of 
sewage treatment. Also, there is the need to ensure that the industrial effluents do not 
contain deleterious contents, which may destroy fish and ecological life in streams, or 
even the sea into which the eMuent eventually will be discharged. 

Flotation is a separation process that selectively separates surface-active com- 
pounds from a solution, collecting them at the gas-liquid interface and thereby con- 
centrating them towards the surface. In eMuent treatment, it is effective for the 
separation of materials at low concentrations. In the case of the presence of a '  
surface-inactive pollutant in solution (waste), this can be removed if an appropriate 
surfactant is added, and sometimes with the addition .of a collector. 

One of the useful characteristics of flotation is its ability to concentrate from ex- 
tremely dilute solutions (in the range up to fractions, of ppm), possibly too dilute to 
handle economically by other means. And this is the reason why the process is also 
used as an analytical technique for preconcentration of substances. Foam flotation 
offers a method of treating wastewater for noxious traces of materials and in the 
meantime, a means of reclaiming values from wastes, in today's world of limited 
mineral resources. These are two aspects of the same problem, the second giving a 
promise of profitability in effluent treatment. 



134 G. STALIDIS, K. MATIS, A. ZOUBOULIS 

All is needed is some bubbling equipment to generate gas bubbles. The method 
has been established in mineral processing. Two techniques are often distinguished: 
the dispersing of air through a sintered glass, porous metal or ceramic diffuser, 
known as dispersed-air flotation; and secondly, the recycling part of the treated ef- 
fluent stream, usually, from a continuous flotation process with air dissolution at 
high pressure followed by throttling and precipitation of fine bubbles, which is known 
as dissolved-air fl~tation',~. In the first category, belongs also the so called elec- 
trolytic f l~tat ion.~ 

Generally, in effluent treatment a separation process is effective if it works as 
well with trace pollutants. Foam (or bubble) separation processes remove surface- 
active compounds from a solution, collecting them at the gas-liquid interface of the 
bubbles and thereby concentrating them towards the surface. In the case of presence 
of a surface-inactive pollutant ion in solution (waste), this can be separated if an ap- 
propriate surfactant is added and sometimes with the addition of a collector (adsorb- 
ing or complexing agent); this method was termed ion flotatiom4 

From an economic point of view, according to Sebba4 the amount of collector 
needed in ion flotation is related directly to the amount of the colligend (e.g. surface- 
inactive metal ion to be removed) and its state, but is not influenced by the amount 
of solution, So to float from a very dilute solution could be just as economic as from 
a concentrated one, and in many cases (as will see) it works better. 

Chromium compounds are applied in aluminium anodizing and other metal 
plating and electroplating operations, usually as a decorative finish. They are also ad- 
ded to cooling water to inhibit corrosion. One of the large producers of chromium- 
plated metal parts are the automobile parts manufactures. Also, other sources of 
chromium wastes are from the manufacture of paint pigments and chrome tanning.' 
Hexavalent chromium treatment frequently involves its reduction to the trivalent 
form. 

Most of ,the arsenic production today is from the processing of flue dust 
associated with copper, lead, zinc, gold or cobalt smelting. These are possible sources 
of pollution with their wastes. With increased environmental control devices on all 
types of processes and the advent of new processing technologies, an expanded sup- 
ply of arsenical residues is anticipated in the f ~ t u r e . ~  

The average occurence of arsenic in sea water is 0.003*ppm, while the mean con- 
centration in fresh water of U.S. is 0.064 ppm. However, near mineral wells concen- 
trations in excess of 4 ppm are common. Elevated levels of arsenic in a river system 
also, was attributed to geothermal source waters. Generally, the major impact that 
the element may have on the environment will be related to water quality. 

Germanium rarely forms minerals of its own. It occurs mainly in traces in other 
ores, and among them coal. Methods are available for germanium recovery from fly 
ash.' Germanium; therefore, is a scattered element and the problem of concentrating 
it is of special significance. Processes investigated are precipitation, solvent extrac- 
tion, ion exchange, distillation, flotation, etc. 

Where all the three elements can be met in trace quantities is, for instance, the 
pulverised fuel ash produced in vast quantities from coal fired power plants. During 
the combustion, concentration of trace metals occurs and when fly ash is removed 
from the stack with a scrubber or an electrofdter, it becomes a solid waste. Proper 
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disposal requires knowledge of the leachability, so that ash can be landfilled in an en- 
vironmentally acceptable manner.8 Meanwhile, fly ash could be utilised; there are 
countries that cover all thdr industrial production necessities in germanium using as 
raw material the fly ash. 

In this paper examples are given with chromium, arsenic or germanium ions. 
Laboratory experimental work was carried out for the removal of each of the above 
ions from a dilute aqueous solution of it. 

It is noted here that germanium ions is not considered as a pollutant,' but rather 
as a potentially worth recovering value. 

Experimental part 

The dispersed-air flotation system had the usual arrangments1,4. It was consisted 
of a nitrogen cylinder connected to the cell through a gas humidifier, a filter, an open 
mercury U-tube manometer, a rotameter and a low flowrate controller. Provision 
was also jncluded for constant temperature experiments. The flotation cell had an ap- 
proximate volume of 120 cc and was made from a Schott fritted glass funnel glass 
blowed to a piece of tubing (the funnel was D4 unless stated). The latter had a 
ground glass joint at the other end, so that an extension was used in cases of high 
foaming.* 

For comparison dissolved-air flotation experiments were carried out in a portable 
jar tester for laboratory use pioneered by Water Research Centre (UK). The system, 
although was primarily designed for sedimentation tests,-could readily be adapted 
with a special 1,500 cc calibrated jar and a mini saturator for dissolved-air flotation 
evaluations. The jar, having a conical bottom with a drain and two side sampling 
points, was equipped with a stirrer motor giving stable speeds, fast for initial mixing 
and slow to assist flocculation. Water saturated with air, from a compressor, under 
pressure of around 75 psi (in the saturator) was introduced to the base of the unit 
via a nozzle. 

Colorimetric chemical analysis has been applied: for arsenic content the molyb- 
denum blue method was followedg, for chromium the reaction with diphenylcar- 
bazide,1•‹ and for germanium the phenylfluorone method in acidic solutions." 

Results and discussion 

Flotation of Chromium Ions 

Chromium (VI) is extensively hydrolyzed in water, giving only neutral or anionic 
species. Those well established are' HCrO;, Cr0;- and ~ r ~ 0 , z - j  there is some 
evidence for the formation of H2Cr0, in relatively concentrated acid. These species 
exhibit very intense charge transfer spectra, which are the basis for most of the e- 
quilibrium studies. All the equilibria occur rapidly with Cr20:- dominating in acidic 
solutions and C r o p  in basic.12 

Our work on chromium (VI) had the aim of getting some preliminary insight in 
ion flotation, and was also based on previous expkrience found iq, bibliography13J4. 
Grieves, among others, investigated the separation by flotation of dichromate with 
ethyl hexadecyldimethylammonium bromide (EHDA) as cationic surfactant. 
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Some of our results are shown in Figure 1, using laurylamine as surfactant in an 
1% ethyl alcohol solution. Addition of ethanol as a frother had the further advantage- 
that the sizes of bubbles are smaller, because of the lower surface tension of the solu- 
tion. Removals Re% were expressed as [ 1-C/C,)l X 100, having at time = 0, C = C,. 

Initial cell concentrations were 10 ppm in chromium. Optimum pH range was 
found as 7 to 8.5, when using a laurylamine concentration of 8x  10-4M. Chromium 
removals over .75% were obtained at pH 7, with retention time 10 min. Nitrogen 
flowrate in the range 100-300 cc/min did not have any effect on removal. Initial mix- 
ing before flotation have neither any appreciable effect, so a mixing time of 10 min 
was used. 

amine ( ~ 1 0 ~ ~ 1  
5 10 

FIG. 1. The effect of laurylamine concentration at a pH = 7 (curve b) or pH of solution with surfac- 
tant concentration 8 . 1 0 ~ ~  M (curve a) on chromium ion flotation removals, Re. 

Changes in pH have marked effects on the nature and charge of both the collec- 
tor and colligend, so ion flotation is particularly susceptible to variations of this 
~arameter .~  Almost all investigators refer to some aspect of this dependence. Also, 
the colligend may be precipitated (for example, as hydroxide) and then removed; 
therefore, variation of the pH can lead even to a change in the nature of the process, 
having precipitate flotation instead of ion flotation. 
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Another investigation was the pulsed addition of collector. Instead of one dose at 
the commencement of flotation, a number of small additions at various intervals 
thereafter were made. But there was no difference in the recoveries achieved by the 
two techniques. 

Figure 2 shows the influence of ionic strength. Interference, when using a cationic 
collector, was more marked in the presence of PO:- ions than SO$ ions than Cl- 
ions. It is generally agreed that the presence of neutral salts decreases the efficiency 
of ion flotation. According to Pinfold1, this arises because of the competition for 
collector between the colligend and the added ions. 

R e  

( % l  

NH,CI 

D 

0 01)s 0.l 
s a l t  ( M )  

FIG. 2. Effect of various salt concentrations in the solution versus chromium removals; 8 . 1 0 ~  M'sur- 
factant, pH of solution 7. 

The dissolved-air flotation experiments in same conditions, shown as Figure 3, 
gave lower recoveries for chromium. The recycle ratio was 1:6 with initial cell 
volume of 300 cc. The process gave around 50% recoveries with higher initial con- 
centrations of chromium. The reason propably was that it was noticed an apparent 
difficulty to have formed a stable froth layer, which could support the rising sublate. 
An addition of a polyelectrolyte could possibIy help, as used elsewhere15, but not 
tested in the present. 

It is concluded from the dispersed-air flotation tests that separation of chromium 
from dilute solutions could be succeeded having a ratio of {Cr}: [laurylamine] of 1:4. 
However, this is four times greater of the stoichiometric theoretical concentration. In 
higher concentrations (around 90 ppm Cr6'), it was found out a removal over 90% 
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FIG. 3. Effect of pollutant-concentration-(Cr) versus chromium removals, under constant ratio of Cr: 
(laurylamine) in dissolved-air flotation (Air-water recycle: 16.7%, saturated at 5 atm). 

with a ratio of 1:2, showing a reduced need for surfactant at high cell concentra- 
tions. The effect also of the ionic strength of solution could be considered a disad- 
vantage of ion flotation, in the case investigated. 

Flotation of Arsenic Ions 

The only reported works on flotation of arsenic ions, to our knowledge, are those 
which used the method for analytical reasons, i.e. concentration of sub-microgram 
amounts of it. Applications were known for seawater16, and natural waters." 

Many other methods of treatment have been studied, as coagulation, precipita- 
tion, bed filtration, lime softening, etc. In one of them18, the importance of adsorption 
onto amorphous ferrous and aluminum hydroxides was determined; but the findings 
cast doubt on this importance as a removal mechanism in water treatment precipita- 
tion processes. The most likely mode of removal was thought to be occlusion. 

It is noted that occlusion has been restricted to include only phenomena such as 
ion entrapment, lattice substitution and solid solution formation. Even so, occlusion 
is vague, hard to measure and difficult to distinguish from adsorption in rapid 
precipitations. 
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Examining the chemical forms of arsenic in aqueous solutions19, it is noticed.that 
arsenious anhydride (or arsenic trioxide) solubility is influenced by the pH, in solu- 
tions free from complexing substances. As20, is an amphoteric oxide which dissolves 
in water and in dilute solutions of pH between 1 and 8, with the formation of un- 
dissociated arsenious acid HAsO,. At pH's above 8 solubility increases with the for- 
mation of arsenite ions AsO,. 

The process studied here was the so-called adsorbing colloid flotation developed 
mainly at the Vanderbilt University, Tennessee." It involves generally the removal of 
a solute by adsorption on (or perhaps coprecipitation with) a carrier floc, which is 
then floated. As collectors (adsorbents) for arsenic, ferric sulphate and alum were 
also tested in this paper. Preliminary experiments investigated the efficiency of cad- 
sorptionn and the parameters that affect it. So, filtration and analysis followed the 
tests. 

With fesric sulphate, initial conditioning was not found to affect the process and 
an average time of 10 min was selected for mixing. Changing the iron concentration, 
for 10 ppm of arsenic, a ratio IFel:[Asl of 6:l (and over) was found to give 
removals near 100% (Fig. 4). The pH of solution was a crucial parameter giving low 
removals at acidic or basic solutions, while for intermediate values (pH = 5-9) com- 
plete removal of arsenic was achieved. Due to the coiloid state of the precipitate, 
problems -were observed with filtration. 

c o l l e c t o r  ( p p m  1 

FIG. 4 .  Removal of arsenic anions (10 ppm) by adsorption affer the addition of ferric [Fe] or 
aluminium {AI]  sulphates versus the concentration of the collector (sodium oleate). 
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With alum the obtained results were less promising. At pH = 9.5-10.0, initial 
concentration of 50 ppm As and ratio [As]:[Al] l:7,-the removals were around 63%. 
Some of the preliminary results are shown in Figure 4. 

Dispersed-air flotation experiments followed after the coprecipitation with ferric 
hydroxide. A retention time of 30 sec and nitrogen flowrate of 100 cc/min were 
found to give 90% separation. A small quantity (of around 0.2 cc) of ethanol was 
added for foaming, whille sodium oleate was the surfactant. It is known that ferric 
hydroxo complexes are positively charged, so an anionic surfactant was used. Op- 
timum surfactant's concentration was found to be 15 ppm. Without ferric sulphate, 
flotation results were as low as 5%. 

Other variables studied was the influence of arsenic concentration, keeping cons- 
tant the ratio {As} : {Fe} : {oleate} at optimum value. Process efficiency was 
decreasing with increased arsenic concentrations. Ageing of the ferric sulphate solu- 
tion had some reducing effect on its activity. For example, after 100 h arsenic 
removals dropped under 90%. The pH of the solution played an important role in 
flotation, as shown in Figure 5. An adjustment of pH, after the flocs were formed, 
was necessary. 

FIG. 5. The effect of pH of solution in adsorbing colloidflotation of arsenic ions, on adsorbates formed 
from ferric or aluminium sulphate. Collector used: sodium oleate. 

Disssolved-air flotation tests were also carried out. Parameters investigated were 
the stirrer revolutions, flotation time, and recycle ratio. Figure 6 shows some of these 
results. In conclusion, we can say that process is effective for the separation of ar- 
senic from waste waters. 

Generally, one of the problems of foam fractionation and ion flotation is said to 
be the relatively large quantity of surfactant required to remove a given amount of 
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FIG. 8. Effect of variation of the suvfactant (sodium oleate) concentration, on the removal of arsenic 
ions after preliminary treatment with ferric sulphate and dissolved air flotation. 

the solution component to be separated. The relative high cost of surfactant perhaps 
precluded the use of these methods for large scale operations in emuent treatment. 
Precipitate and adsorbing colloid flotation, on the contrary, do not involve a 
stoichiometric reaction of surfactant with the substance being removed. For this 
reason attention was focused on them.20 

However, with these techniques the process can not be selective. For instance, 
adsorbing coloid flotation was described for the simultaneous separation of trace 
levels of germanium, antimony, arsenic and selenium from an acidic aqueous 
solution.*' It is believed that this could be a disadvantage from the technological 
aspect of selective recovery, if necessary, of a valuable by-product. 

Flotation of Germanium 

Published work involves the flotation of tannate and gallate complexes, of citrato- 
and tartrato-germanic acid and also of trihydroxofluoronate complexes with rosin 
aimine acetate, done by Seifullina and c ~ w o r k e r s ~ ~ ,  among others. Processes of com- 
plex formation as the forementioned has been widely used for concentrating ger- 
manium. 

The reason is that nearly all the germanium present in solution, at low concentra- 
tions (below 10-2M) and at pH from 2 up to 7, exists in the form of undissociated 
metagermanic acid H2Ge0, and cannot be floated. At pH lower than 2 appear un- 
ivalent Ge(0H); cations, while in alkaline solutions anionic forms appear owing to 
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the dissociation of H,GeO,, according to N a ~ a r e n k o . ~ ~  With both, due to competi- 
tion by ions of the same charge, absence of flotation is apparent. 

The problem of removing germanium from dilute aqueous solutions with the aid 
of collectors (or surfactants), which act by electrostatic interaction, is usually solved 
by the selection of effective flotation activators. Pyrogallol is known to form strong 
complex acids of composition GeL, (where L is the ligand) with germanium in dilute 
solutions, and so could be tested as activator. Other substances are generally the 
polyhydroxy-compounds. Noteworthy complexes are also formed by germanium and 
humic acids and in the geochemistry of germanium, the accumulation of the element 
in coals was attributed to humic acids. 

Figure 7 shows some of the experimental results with pyrogallol and laurylamine 
as surfactant. As tested variable was germanium cell concentration, and temperature 
against removals, which were near 90%. An optimum value of 1:2:3 for {Gel : 
{laurylamine}: {pyrogallol] was found. A decrease in recovery was noticed with tem- 
perature. A possible reason is that adsorption is an exothermic process and an in- 
crease in temperature leads to a decrease in the amount of surfactant on gas bubbles, 
with a parallel reduction in recovery. 

temperature ( ' C )  
I 0  30 50 

I 

[Gel [ X I O ~  M] 

FIG. 7. Effect of initial concentration and temperature on recovery of germanium ions by flotation, 
{Ge~:{laurylamine~:(Pyrogallol] ratio is 1 :2:3. 
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Keeping the same system the effect of ionic strength of solution has been also 
studied on germanium without any pH adjustment, as shown in Figure 8. The effect 
of this parameter appeared again to be substantial. The recoveries were reduced 
down to 10% in high concentrations of phosphoric salt. 

0 0.3 0.6 0.9 

i o n i c  s t r e n g t h  ( M )  

FIG. 8. The effect of ionic strength on germanium ions flotation. 

More results obtained under the same flotation conditions, are shown in Figures 
9 and 10. In the first, the effect of gas flowrate was studied at optimum conditions 
and in the second, different fritted glasses in the flotation cell were used, having a 
reported porosity change from 10-16 pm up to 100-160 pm. An increase in the 
porosity gave better results, as the bubbles size is expected to decrease, giving greater 
surface areas. 

It was seen that the complex acids H,GeL,, which dissociate forming (GeL,)'- a- 
nions, can be floated by cationic collectors (arnine-type substances). The latter give a 
product-precipitate of the possible composition C, (GeL,}, where C is the collector. 

Our work is continuing in this area. It will be interesting for technological 
reasons to see whether this technique could separate selectively the different ions; for 
example, arsenic from germanium. 

In conclusion, flotation is a promising method for trace pollutants separation and 
further attention with closer investigation is warranted. 

Conclusions 

Different flotation techniques, according to "be studied system, have been in- 
vestigated for the separation and treatment of chromium, arsenic, or germanium ions 
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r e t e n t i o n  t ime  ( S )  

FIG. 9. Flotation recovery of germanium ions versus time under various gas Jlowrates. 

t i m e  ( S )  

PIG. 10.' Germanium ions removal versus time under various porosities of the difluser, with constant 
gas flowhue (200 cclmirz). 

from dilute aqueous solntions, containing each time one only of the above element 
ions. The ways developed for the generation of gas bubbles were the dispersed-air 
and dissolved-air flotation. Methods studied involved ion flotation and adsorbing 
colloid flotation and the following optimum conditions were found. 

Chromium ions were floated with laurylamine giving removals over 75%. Gas 
flowrate in the range 100-300 cc/min had not any appreciable effect. The pH of 
solution was a crucial parameter and the optimum range should be found. Ionic 
strength, with the addition of ammonium salts, was affecting considerably the 
removals in the sequence PO3; > SO2, > cl-; due to competition for the collector 
of similarly charged ions. 
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Flotation generally requires the formation of a.stable Troth layer to be effective. 
Also, higher collector concentratiork than the stoichiometric were needed in ion 
flotation of chromium, and particularly in the lower range of Cr6+ concentration 
(around 10 ppm). 

Adsorbing coloid flotation was found to be especially effective,for the treatment 
of waste or surface waters containing traces of arsenic. The pollutant was 
coprecipitated with ferric hydroxide and the floc was floated by sodium oleate. An 
optimum ratio of {As} : {Fe} : {oleate} = 10:60:40 ppm was found giving removal 
near 100% at pH 5. However, it was not noticed any economy in the quantity of 
chemicals required, 'as mentioned in the bibliography. 

Finally, germanium ions was effectively separated after treatment with pyrogallol 
and flotation by laurylamine. The process gives promises for being selective-the selec- 
tive separation of germanium from arsenic is a known technological problem. The 
recovery of germanium from dilute aqueous solutions by ion flotation is a potential 
method of reclaiming metal values and also recycle materials of waste streams. 
Possible application of this work is the processing of fly ash and recovery of 
valuable metals. 

H sninhsuoq sivat pia cpuot~fi 6t~pyaoia nou E K ~ E K ~ K ~  & a ~ w p i ~ ~ t  ~ n t c p a v ~ t a ~ a  
svspy6~ svhoeq an6 6va Gtahuya, ouy~svzphvovoa~ auo8~  oqv .A /Y  61~ntcpdlv~la 
Kal an'  EKE^ TtS &~ln?d&t PE 01G cpuoahi6~~ OTqV E ~ ~ z ( P ~ ~ v & ~ c I  'IqS ~ E & ~ E V ~ S .  C T ~ V  TEX- 
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TO snins60 o u y ~ ~ v o p h o ~ w v ,  q ana~zorjpsvq npo~a~epyaoia,  q &xi6paoq zou pH .sou 
6lah6yazo~, q ~ntouy~av6ysvq avb~zqoq, K?& 0 t  p830601 E ~ C ~ T ~ ~ E U O ~ ~  nou 
p&h&~fl%qKav qzav Tl 1 0 ~ 1 ~ f l  E~T~K~EUGT),  p& nap66~~ypa  C L ~ ~ O ~ ~ K P U V O ~ ]  xpwpiou 
ys haupt~il  ayivq Kat q ~ninhsuoq npoopocpqy~vo~ K O & F L ~ O ~ ~ S ,  PE ~cpappoyil ozqv 
anophcpuvoq a p o ~ v t ~ 0 6  an6 apata Gtahdyaza. To ~ ~ k w a i o  iytv& 6oz~pa  an6 
ouy~azap68toq p& u6poSsi6to oou zpto8~vo6q or6ijpou K a t  ~pqolponoiqoq zou 
shaik06 vazpiou oav ~ntcpavsta~ci svspyq ouoia. T a  ~ p y a o q p t a ~ a  anooskJyara 
fizav t6taizspa ~v0apuvot~ci. H ~ n i n h ~ u o q  anozsbi pia rsxvohoyt~a nteavfi p68060 
a v 6 ~ z q o q ~  zou ysppaviou an6 uypa an6Phqoa. 



G. STALIDIS, K. MATIS, A. ZOUBOULIS 

1, R.Lemlich (ed.), ((Adsortive Bubble Separation Techniques)), Academic Press, N. York (1972). 
2. K.A. Matis, Chim. Chron. (Gen. Ed.) 46, 3, 27 (1981) (Gr). 
3. K.A. Matis, J.R. Backhurst, ((Solid-Liquid Separation)), (ed.). J. Gregory, Elis Horwood, London, 

p. 29 (1984). 
4. F. Sebba, d o n  Flotation);, Elsevier, Amsterdam (1962). 
5. M. S~ttig (ed.), r(Pollutant Removal Handbook)), Noyes Data Corp., N. Jersey (1973). 
6. NBS, ((Arsenic)) Symposium, Maryland, Nov. 4-6 (1981). 
7. A.I. Zouboulis. K.A. Matis, rFly Ash Utilization)) Conference, Public Electricity Board, Ptolemaida, 

Aprd 15 16 (1983) (Gr). 
8. R.A. Conway. R. C. Malloy (ed.), ((Hazardous Solid Waste Testing)), 1st Con$ ASTM, STP 760 

(198 1). 
9. ASTM, ((Chemical Analysis of Metals and Metal Bearing Ores)), Philadelphia (1969). 

10. E.B.Sandel1. ((Calorimetric Determination of Traces of Metals)), Interscience, N. York (1965). 
11. V.A. Nazarenko et al. Zavod. Lab. 24, 1,6 (1958). 
12. C.F. Baes, Jr., R.E. Mesmer (ed.), ((The Hydrolysis of Cations)), J. Wiley, N. York (1976), p. 211. 
13. R.B. Grieves, S.M. Schwartz, J. AppLChem. 16, 1, 14 (1966). 
14. R.B. Grieves, et al, AIChE J., 11, 5, 820 (1965). 
15. R.B. Grieves, G.A. Ettelt, AIChE J., 13, 6, 1167 (1967). 
16. F.E. Chaine. H. Zeitlin, Separ. Sci. 9, 1, 1 (1974). 
17. S. Nakashima, Analyst 103, 1031 (1978). 
18. J.F. Ferguson, M.A. Anderson, ((Chemistry of Water Supply Treatment and Distribution)>, A.J. 

Rubm (ed.), Ann Arbor Science, Michigan, p. 137 (1974). 
19. M. Pourbaix. ((Atlas of Electrochemical Equilibria in Aqueous Solutions)), Pergamon Press (1966), 

p. 516. 
20. A.N. Clarke. D.J. Wilson, nFoam Flotation-Theory and Applications)), Marcel Dekker, N. York 

(1983). 
21. E.H. DeCarlo, et al. Anal. Chem. 53, 1104 (1981). 
22. 1.1. Seifullina, et al, a) Zh. Prikl. Khim. 46, 9, 1950 (1973); 

b) ibid. 47, 12, 2650 (1974); c) ibid. 48, 6, 1311 (1975). 
23. V.A. Nazarenko, A.M. Andrianov, Usp. Khin; 34, 8 ,  547 (1965) (Transl.) 



Chimika Chronika, New Series, 15, 147-160 (1986) 

ETUDE POTENTIOMETRIQUE DES EQUILIBRES DE DISSOCIATIOA 
DES ACIDES TARTRIQUE ET SUCCINIQUE EN MILIEUX EAU 
METHANOL ET EAU-DIOXANNE 

G. PAPANASTASIOU, 1. ZIOGAS et D. JANNAKOUDAKIS 

Laboratoire de Chimie Physique de la Faculte des Sciences de l'Universite de Thessalonique 

(Received January 14, 1985) 

Sommaire 

Les constantes d'ionisation des acides tartrique et succinique ont ete determinees a 25OC 
dans des melanges eau-methanol et eau-dioxanne de pourcentage volumique allant de 10 a 
50% en co,solvant organique. Les calculs ont ete effectues a l'aide d'une nouvelle methode d'i- 
teration autocoherante permettant la determination des pK thermodynamiques et de i (distan- 
ce minimum d'approche des ions). Les valeurs obtenues sont discutees en relation avec la nat- 
ure du solvant et la structure de l'acide. 

Key words: Tartaric acid, Succinic acid, dissociation constants, ionisation constants, medium effect, 
methanol-water mixtures, dioxane-water mixtures. 

Introduction 

La dissociation des divers acides faibles dans des melanges hydroorganiques et 
les influences du milieu solvant sur les equilibres de dissociation ont ete largement et- 
udiees dans notre lab~ratoire.'-~ Dans le cadre general de ces recherches, nous avons 
entrepris l'etude systematique des equilibres de dissociation des acides tartrique 
(H2T) et succinique (H2S) dans des melanges hydro-organiques ou l'adjonction du 
cosolvant organique en quantites croissantes permet de faire varier de facon notable 
les caracteristiques du milieu. 

Nous presentons ainsi dans ce memoire les resultats concernant les constantes de 
dissociation des acides ci-dessus dans des melanges eau-methanol ( H 2 0  - MeOH) et 
eau-dioxanne (H,O - diox.) de pourcentage volumique allant de 10 a 50% en compo- 
sant organique, a 25OC. 

Notons qu' a partir de cette etude comparative nous nous proposons d'elucider 
dans quelle mesure l'introduction dans la molecule de l'acide succinique de deux 
groupements - O H  impliquerait des variations remarquables sur les equilibres de dis- 
sociation de cet acide. 

Mais a part l'aspect theorique, du point de vue pratique, l'etude de la dissociation 
de l'acide tartrique presente en particulier un interet certain. En effet, aujourd'hui on 
sait bien que ce produit organique est un adjuvant des plus actifs susceptible d'inhi- 
ber les excroissances dendritiques formees au cours de I'electrodeposition des divers 
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m e t a ~ x . ~  D'aprks des etudes anterieures on a pu demontrer que l'effet inhibiteur de 
cet adjuvant depend tres sensiblement du degre de dissociation de I'acide considere?, 
'O D'autre part, en tenant compte que les proprietes physico-chimiques des divers 
bains electrolytiques sont souvent reglees par l'adjonction des solvants organiques, il 
s'en suit donc que, connaissant les constantes de dissociation de H,T, on determine 
d'une certaine maniire l'activite inhibitrice de cet acide. 

La determination des constantes de dissociation des acides examines, dans des 
solutions aqueuses, a fait l'objet de nombreuses  recherche^."-'^ Par contre des me- 
sures systematiques dans des solvants mixtes sont rares et ils concernent, pour la 
plupart, I'acide succinique en milieux hydroalcooliques riches en alcool.7, l 7  l9  Cer- 
tains des resultats concernant les pK de I'acide succinique dans des solvants mixtes 
sont aussi donnes par d'autres auteurs.l79 l8 Cependant nous avons repete ces deter- 
minations parce que les donnees de la litterature proviennent, soit de mesures faites 
par titrage au pH-metre prealablement etalonne a I'aide des tampons aqueux, soit de 
calculs effectues a partir de methodes sensiblement differentes de celles que nous 
avons suivies dans cette etude. 

En outre, il nous semble qu'une etude comparative est plus stricte dans le cas ou 
les valeurs comparees ont ete determinees par la meme methode de calcul et sous les 
memes conditions experimentales. 

Partie Experimentale 

1. Reactifs 

Le methanol utilise est un produit Fluka de purete "puriss. p.a." distille avant 
usage. Eb = 64,7OC/760 mmHg. 

Le p-dioxanne utilise est un produit Carlo Erba de purete > 99%, Eb = 

101•‹C/760 mmHg est purifie peu avant l'emploi selon la procedure recommandee 
par Kraus et Vingee.=O 

Les solutions ont ete preparees a l'aide de* l'eau bi-distillee d'une conductivite de 
l'ordre de fi-' cm-'. 

Les acides succinique (Merck, Zur. anal., p.a.) et d-tartrique (Carlo Erba RP- 
ACS) sont produits commerciaux, leur purete ayant ete verifiee par titrage. Si celle-ci 
n'etait pas jugee satisfaisante, l'acide etait purifie, suivant des methodes deja decrites 
dans la litterature20 et jusqu'a un titrage indiquant une purete au moins de 99'5%. 

2. Mesures 

Les pK des acides etudies dans cet article ont ete determines par la methode de 
titrage potentiometrique. La mesure du pH- est effectuee a l'aide de la pile: 

Cette cellule galvanique est du type de celle utilisee par Bonhomme et J ~ i l l a r d ~ ~  
dans les melanges eau-ethanol et par Roletto et Zelano21 en eau-dioxanne. 

solution en 
mesure dans 

le solvant 
mixte 

KCl 
sature dans 

H2O 
Hg, Hg2C12 

electrode 
de 

verre 

KCI 
sature dans 

H2O 
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Le couple d'electrodes est branche a un pH-metre "Beckman research pH-meter!' 
dont la precision de lecture et la reproductibilite est de 0,002 unite pH. 

La temperature est maintenue constante a 25'00 k 0,01•‹4= grace a un thermostat 
"Haake Ultra-Thermostat NBS". 

Les mesures sont effectuees sous atmosphere d'azote; celui-ci barbote successive- 
ment dans une solution aqueuse basique de pyrogallol, dans de l'acide sulfurique di- 
lue et dans une solution de composition analogue a la solution mesuree et regulee a 
la meme temperature. 

L'agent titrant est une solution de potasse dans le milieu mixte considere. On l'a- 
joute a la solution acide a l'aide d'une burette a piston (Metrohm dosimat) dont la 
precision de lecture est de 0,005 cm3. 

Pour les mesures dans les melanges eau-methanol, l'etalonnage du couple electro- 
de de verre-electrode au calomel est effectue a l'aide des tampons de Bates, Paabo et 
R o b i n ~ o n . ~ ~  Les valeurs du pa#{= - log a#} de ces tampons, etant interpolees pour 
des concentrations exactes en methanol, sont groupees dans le tableau 1. Rappelons 
que dans le cas ou l'activite de H+ dans un milieu quelconque est rapportee a un etat 
de reference defini dans le milieu considere, cette activite est notee par habitude a&22 

Dans les melanges eau-dioxanne, puisqu'on ne trouve pas des solutions tampons 
de pa; connu, preparees dans le milieu considere, le tarage de l'appareil est realise a 
l'aide des tampons aqueux recommandes par N.BSZ3 

TABLEAU 1. Valeurs de divers parametres physicochimiques (densite d, concentration en H,O CH,O, 
fraction molaire en MeOH XMeOH. constante dielectrique D) de quelques melanges hydromethanoliques 
et de pag des tampons: acide succinique (m=0,01999) succinate acide de sodium (m=0,009995) et 
chlorure de potassium (=0,009995). t=25"C. 

% MeOH 1 1 
d 

volume poids 

En particulier on a employe la solution tampon de phthalate acide de potassium 
0'05 m de pH = 4,Ol. Cependant, on sait bien aujourd'hui que la mesure du pH 
dans des melanges hydroorganiques a l'aide d'un appareil ainsi etalonne ne conduit 
qu'aux grandeurs apparentes pHap.22, 24, 26 Deduire alors de ces grandeurs les valeurs 
correspondantes du pa; implique la connaissance d'un parametre 6 introduit par 
BatesZ2, 24 
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ou Ej est le potentiel de jonction liquide exprime en unite de pH et ,y,, l'effet du 
milieu.25* 26 En effet, en nous servant d'une methode analogue dans son principe de 
celles proposees dans la l i t t e ra t~re ,~~ ,  273 28 nous avons pu determiner ce parametre 6, 
leurs valeurs sont groupees dans le tableau II. Mais les details de cette methode ainsi 
que des resultats concernant des divers systemes hydro-organiques (binaires ou ter- 
naires) font l'objet d'un prochain article. 

TABLEAU II. Valeurs de divers parametres physicochimiques (densite d, concentration en H,O CHzO, 
fraction molaire en dioxanne XDIox, constante dielectrique D) et du parametre 6 (=pKp - pu;) de 
quelques melanges eau-dioxanne a 25'C. 

1 % dioranne 

volume poids 

10,2 1 

40 
50 

3. Procede de calcul pour la determination de pK 

Les constantes K, et K, ont ete calculees a partir des courbes de titrage des aci- 
des par une solution de potasse. Les calculs de ces deux constantes ont ete effectues 
par la methode de S ~ e a k m a n . ~ ~  Nous avons utilise la forme la plus generale de cette 
equation: 

avec 

ou y, est le coefficient d'activite de la molecule neutre H2A que nous considerons e- 
gal a 1, y,,- et y A 2  les coefficients d'activite des anions HA- et A2-, C la concen- 
tration analytique de l'acide, b la concentration de la base forte ajoutee. Les coeffi- 
cients d'activite des anions s'expriment par la loi de Debye-HuckeI: 

AZ; fi 
log yj = - 

l + ~ & f l  
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ou les parametres A et B peuvent etre calcules pour chacun des melanges etudies par 
les formules  appropriee^.^^ L'utilisation de la loi de Debye-Huckel semble ici condui- 
re a une bonne approximation des coefficients d'activite des ions du fait du caractere 
dilue des solutions etudiees (1,5 10-'m). D'apres un calcul relativement simple on 
constate que la force ionique 1 est egale a 

avec 

ou K m I  et Km2 sont les deux constantes apparentes definies par les relations 

Or, le calcul des coefficients d'activite des anions, a I'aide de la rela'ion (4)' exige 
de connaitre, d'une part, les constantes apparentes et, d'autre part, la distance minim- 
um d'approche des ions a. Ce dernier parametre pourrait etre determine a partir des 
mesures conductimetriques, mais la valeur de a, ainsi determinee, depend sensible- 
ment de l'equation conductimetrique choisie. En outre, la methode conductimetrique 
impose de longues et delicates mesures. Ces problemes ont pousse de nombreux 
auteurs a proposer une valeur moyenne pour a egale a 5 A.3' 34 Mais si le choix de 
cette valeur permet d'eviter dans bon nombre de cas des erreurs grossieres, il ne con- 
stitue en general qu'une approximation plus ou moins satisfaisante. 

Nous avons essaye de nous affranchir de cette contrainte en nous servant d'une 
methode d'iteration qui nous permet a la fois la determination de a et des pK ther- 
modynamiques. 

Le point de depart de cette methode est la relation (2) qui se transforme an 

Dans une premiere etape, a l'aide des donnees experimentales tirees de la courbe 
de titrage consideree, on calcule les variable y et x, en mettant yA2- = 1 et y,,- = 1. 
Dans le calcul de h nous avons confondu l'activite de H' avec sa concentration, ce 
qui n'entraine pas une erreur importante car [H'] est generalement faible devant b, 
mais pas toujours negligeable. Par ailleurs, la relation (8) montre une dependance li- 
neaire entre y et x. 11 est donc possible de la resoudre statistiquement en utilisant la 
methode des moindres carres. Evidemment dans le cas ou les coefficients d'activite 
des anions sont consideres egaux a 1, la relation (8) conduit aux constantes apparen- 
tes K m I  et Km?. 
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A partir des graphiques representant la variation y = f (x) on obtient les valeurs 
de Km, et Kmi pour tous les melanges eau-methanol et eau-dioxanne. 

11 est interessant de souligner que si on se limite aux solvants mixtes pauvres en 
composant organique (D > 40)' on observe en general une dependance lineaire entre 
pK et l'inverse de la constante dielectrique (1/D) du ~ o l v a n t . ~ ~ ~  30% 35, 36 La pente de 
cette droite est exprimee par une relation donnee par Bjerrum et Larson et basee sur 
le modele electrostatique de Born. Cette relation appliquee dans le cas des acides di- 
carboxyliques prend la formez6 

avec n est egal a 1 ou 2 respectivement pour le premier ou deuxieme equilibre de dis- 
sociation de l'acide considere. En designant par r+  - le rayon moyen des ions positifs 
et negatifs, on a 

En partant donc des diagrammes pK,, = f (l/D) et pKm2 = f (l/D) correspon- 
dant aux melanges eau-methanol ou eau-dioxanne, on obtient respectivement, compte 
tenu de la relation A = 2r,, les valeurs initiales A, et A,. La valeur moyenne entre A, 
et A, est la premiere estimation sur A, soit a,. 

Dans une deuxieme etape, en partant de cette valeur de a, on peut avoir de la 
meme facon que precedemment, une premiere estimation sur les valeurs de K, et K, 
thermodynamiques pour tous les melanges respectifs. Ensuite, on aboutit a une 
deuxieme approximation sur la valeur de A, soit a,, etc. 

L'ensemble des operations est repete n fois jusqu'a ce que la valeur a, obtenue 
pour la nIeme approximation reste invariable entre deux approximations successives. 
Evidemment, les constantes de dissociation definitives correspondent a cette derniere 
valeur. 

Globalement on estime que la precision et la reproductibilite de cette methode sur 
les valeurs de pK a +0,01. 

4. Resultats et discussion 

Les valeurs de pK, et pK, des acides dicarboxiliques succinique (note par la suite 
H,S) et tartrique (note par la suite H,T) dans .les melanges hydroorganiques etudies 
sont groupees dans le tableau III. Dans ce meme tableau on porte les valeurs corre-. 
spondantes de i calcyl,ees a I'aide de la methode iterative utilisee dans ce memoire. 

Notons que de H,S dans les melanges hydromethanoliques utilises ont ete 
determines' par titrage au pH-metre, utilisant un etalonnage dans le milieu solvant 
considere (a l'aide des tampons du tableau 1) d'une part, et un etalonnage dans l'eau 
d'autre part. Dans ce dernier cas, les mesures de pH ont ete corrigees compte tenu 
de la variation du potentiel de jonction liquide.22, 24 Par ailleurs, dans une etude ante- 
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TABLEAU III. Valeurs de pK, et pK2 des acides dicarboxyliques succinique et tartrique dans differents 
melanges eau-methanol et eau-dioxanne a t=25OC. 

% 
volume 

H,O - MeOH 

rieure on avait aussi determine les p~ de cet acide dans des melanges hydrometha- 
noliques, par la meme methode experimentale, utilisant cependant un etalonnage rea- 
lise a l'aide des tampons de De Ligny et L ~ i k s . ~ ~  Les trois modes d'etalonnage con- 
duisent pratiquement aux resultats identiques verifiant ainsi la validite du procede 
d'etalonnage suivi dans la presente etude. 

A partir de ces resultats on a etudie l'effet du milieu solvant sur les equilibres de 
dissociation des acides examines. Dans ce traitement, on a considere la reaction ge- 
nerale de transfert protonique 

H 2 0  - dioxanne 

en admetant que le proton, selon toute probabiute, est sous la forme H,O+ dans,les 
melanges hdroorganiques riches en eau. Il est &<dent que la constante de l'eq$ibre 
(1) est liee au pK correspondant par la relation 

Acide 
Succinique 

10 
20 
30 
40 
50 

a = 5,9 +_ 0,2 A 

pK' = pK i- log a,, (1 1) 

Acide 
Tartrique 

pK, 

a = 5,26 rt o,o9 

i. = 6,34 I o,o7 A 

Notons qu'une valeur approchee de l'activ4te de l'eau a,,, dans les solvants hy- 
droorganiques est fournie par sa c~ncentration.~~ 

pK, pK2 

3,18 
3,32 
3,47 
3,66 
3,85 

a = 4,3 +_ o,i  A 

pK2 

4,58 
4,71 
4,88 
5,08 
5,29 

4,35 
4,47 
4,63 
4,83 
4,99 

5,79 
5,97 
6,19 
6,45 
6,70 
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Les valeurs des parametres physicochimiques, figurant dans les tableaux 1 et II, 
indispensables a la realisation de cette etude, ont ete puisees dans des travaux 
a n t e r i e ~ r s . ~ ~  40 

Dans une premiere etape on a trace Ies courbes representant la variation des pK; 
(pK, + log CHIO) en fonction de 1/D, n etant successivement egal a 1 ou 2. Le 
support theorique de ces graphiques derivant du hodele electrostatique de Born im- 
pliquerait une variation lineaire de pK; en fonction de l'inverse de la constante dielec- 
trique 1/D, si la theorie s'appliquait rigoureusement. En effet, a partir des resultats 
rassembles dans le tableau III, on a pu constater que les dependances pK; = 

f (l/D) peuvent etre assimilees a des droits jusqu'a des teneurs de 40% en volume de 
dioxanne, dans les melanges eau-dioxanne et pour toutes les teneurs en methanol 
dans les melanges hydromethanoliques. Nous en donnons quelques exemples dans la 

FIG. 1. Variation de pK, + log CH,O en fonction de l'inverse de la constante dielectrique d 2'i•‹C. 
A: acide Succinique (n=I). B: acide Tartrique (n=2). 

L'insuffisance de la theorie de Born de s'appliquer aux melanges eau-dioxanne ri- 
ches en composant organique pourrait etre attribuee en lignes generales a l'interven- 
tion des diverses interactions specifiques, de nature non coulobienne, entre la solute 
et le solvant.36 En effet, selon les donnees de la l i t t e r a t ~ r e ~ ~  ces interactions devien- 
nent importantes a partir d'une constante dielectrique de 40 environ, ce que l'on a 
observe dans la presente etude. 

A part les diagrammes pK, = f (l/D), l'effet du milieu solvant sur la dissociation 
des acides peut etre illustre par des graphiques representant la variation de pK; 
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avec la teneur en composant organique, cette teneur etant exprimee par habitude en 
pourcentage en poids, en pourcentage volumique ou en franction molaire X. Ce der- 
nier mode de representation se revele tres commode etant donne que les graphiques 
correspondants conduisent, le plus souvent, a des  droite^.^, 41-43 

Nous avons trace, pour chacun des acides etudies, la courbe pK; = f(X) cor- 
respondant aux melanges eau-methanol et eau-dioxanne. Nous avons constate que 
ces courbes peuvent etre assimilees a de bonnes droites, de la forme generale, 

jusqu'a des teneurs de 40% en dioxanne, dans les melanges eau-dioxanne et pour 
toutes les compositions utilisees des melanges hydromethanoliques. Les valeurs des 
parametres an et bn de l'equation (12), calculees a l'aide de la methode des moindres 
carres, sont rassemblees dans le tableau IV. Dans ce meme tableau IV, on porte les 
valeurs correspondantes de r2 (coeffient de determination lineaire) indiquant que les 
portions des courbes pK; = f (X), correspondant a des teneurs relativement faibles en 
cosolvant organique, peuvent effectivement s'exprimer par des relations lineaires. 

TABLEAU IV. Valeurs des parametres an et bn de l'equation (12) correspondant a l'acide succinique et 
tartrique dans des melanges eau-methanol et eau-dioxanne. t = 25•‹C. 

Dans un articles recent7 concernant la dissociation de quelques acides dicarboxy- 
liques aliphatiques dans des melanges hydromethanoliques, on a pu demontrer que la 

Acide 

Succinique 

Tartrique 
L 

pente bn (= dpKk/dX) est largement influencee par l'existence dans sa molecule d'un 
substituant charge comme -COO-. 

Les resultats acquis dans cet article precedent nous ont incite, dans la presente 
etude, a entreprendre d'elucider dans quelle mesiire la pente bn d'un acide dicarboxy- 
lique serait aussi influencee par l'existence dans sa molecule d'un ou plusieurs substit- 
uants polaires comme -OH. &l nous semble que toutes ces influences pourraient etre 
mises en evidence en compmant, dans chacun des systemes de solvants mixtes, la va- 
leur de bn d'un acide correspondant sutktitue - comme l'acide tartirique (acide dihy- 
droxysuccinique). Evidemment tous ces effets peuvent etre estimes quantitativement 
par le parametre 

oii bns et bnt expriment les valeurs de b, de l'acide succinique et tartrique respective- 
ment. 

n 

1 
2 

1 
2 

H 2 0  - MeOH (0-50%) 

an 

5,97I0,02 
7 3 I 0 , O l  

4,79+0,01 
6,18I0,01 

H,O - dioxanne (0.40%) 

% 

5,93&0,04 
7,3520,04 : 

4,76*0,02 
6,0710,01 

bn 

1,74+0,09 
2,79_+0,07 

1,80t0,03 
1,98+0,05 , 

R2 

0,99 13 
0,9983 

0,9990 
0,9983 

bn 

8,73+0,47 
11,4910,53 

8,48+0,23 
10,21+0,18 

R2 

0,9943 
0,9957 

0,9985 
0,9994 
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Tout d'abord a l'aide des valeurs figurant dans le tableau IV on a calcule, dans le 
cas des melanges hydromethanoliques, la valeur du parametre u, (= b,, - b,,), trou- 
vees egale a 

On estime que cette valeur est negligeable, etant donne que les parametres corre- 
spondants b,, et b,, ont ete determines avec une precision moyenne (ecart-type) du 
meme ordre de grandeur (v. tableau IV). 

On pourrait peut-etre interpreter ce resultat en partant de considerations theo- 
riques. Evidemment, le parametre b, peut s'ecrire 

Avec ce traitement le parametre b, a ete exprime par le produit de deux facteurs. 
Le premier facteur, d'origine electrostatique, se decrit par la relation (9). Il est tres 
possible de considGer que dans le cas ou l'etat de solvatation des ions reste constant, 
ce terme doit rester invariable Iorsqu'on passe d'un milieu a un autre. Par contre le 
second terme doit etre largement influence par la nature chimique des composants du 
milieu solvant. Si cela est vrai o'n s'attendrait a une variation remarquable de ce der- 
nier terme (d (l/D)/dX) lorsqu'on passe des melanges hydromethanoliques aux me- 
langes eau-dioxanne. En effet, c'est justement ce que l'on a observe. A l'aide des va- 
leurs rapportees dans les tableaux 1 et II on a pu constater que la variation de 1/D 
en fonction de X peut etre ajustee a une bonne droite, pour toutes les compositions 
des melanges hydromethanoliques, et jusqu'a 40% en dioxanne dans le cas des so- 
lvants mixtes d'eau-dioxanne. En nous servant de la methode des moindres carres, on 
a aboutit aux relations suivgntes: 

Melange H,O - MeOH 

1/D = 0,0126 + (0,0138 i 0,0004) XMeOH R2 = 0,9978 

Melange H,O - dioxanne 

1/D = 0,0122 + (0,084 2 0,003) XDI0, R2 = 0,9976 

D'apres les relations ci-cessus, on constate effectivement que la valeur de P = 

d (l/D)/dX, egale a 0,0138 dans les melanges hydromethanoliques, est multipliee par 
6 lors du passage de ces solvan6s en milieu eau-dioxanne ou P = 0,084. 

D'apres tout cela, en tenant compte des relations (9) et (IO), l'equation (14) 
devient: 
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d'ou 

en designant rH+ le rayon des protons trouves dans la solution. En ce qui concerne 
rH,- et rAz-, d'apres divers auteurs35, ces grandeurs expriment en realite le rayon du 
groupe portant la charge de l'anion correspondant. 

De la confrontation des relations (13) et (15) on aboutit a 

ou les grandeurs rH,- et rH,- correspondent respectivement aux monanions de l'acide 
succinique et tartrique. 

Etant donne que le parametre u,, dans le cas des melanges eau-methanol, pra- 
tiquement s'annule, il en resulte que dans ces milieux rH,- = rH,-. Or l'introduction 
dans la moleule de I'acide succinique de deux dipoles -OH n'a aucune influence sur 
le rayon du groupe portant la charge (-COO-) forme juste apres la premiere disso- 
ciation. 

En ce qui concerne le parametre u2 = b,,- b,,, compte tenu de l'egalite rH,- = 

rH,-, en procedant de la meme facon que precedemment on aboutit a 

Dans le cas des melanges hydromethanoliques on constate facilement que la pa- 
rametre u,, contrairement a u,, atteint une valeur positive trouvee egale A 0,81. Evi- 
demmment cette valeur ne peut pas etre consideree negligeable etant donne que les 
erreurs commises sur la determination des b,, rapportees dans le tableau IV, sont 
bien inferieures a elle. 

D'abord, en partant de la relation (19), on pourrait interpreter la valeur u, = 

0,81 en considerant que r , 2  < r,z-. On admet ainsi que le rayon du secondXgroupe 
carboxylate de l'acide tartrique (H,T) est plus grand que celui de l'acide succinique. 

Cependant, la relation (19) est basee sur le modele electrostatique de Born. Ce 
modele repose sur l'hypothese de la sphericite des ions dont la charge est localisee 
au centre de la sphere. Nous pensons donc qu'il n'est pas legitime d'etendre cette hy- 
pothese dans le cas des dianions de ces diacides, deux fois ionises, ou les charges se 
trouvent a la fois assez loin du centre de l'ion, et l'une de l'autre. D'autre part, selon 
B j e r r ~ m , ~ ~  la deuxieme ionisation d'un diacide est genee par la presence de la charge 
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apparue sur le premier groupe -COOd deja ionise. Or, le proton encore fixe a l'acide 
doit vaincre un potentiel supplementaire V cree par la premier groupe -400-: 

e v=-- 
DR' 

ou R' designe la distance separant le proton ionisable et le premier groupement car- 
boxylate. 

D'apres tout cela on peut deduire que les rayons r + ,  rT2- calcules de la con- 
frontation des resultats exprerimentaux avec la relation (19) expriment tres probable- 
ment des grandeurs apparentes, liees a la molecule d'un acide hypothetique possedant 
des ions avec une configuration de charge spherique et dont le comportement ionique 
en solution est semblable a celui de l'acide reel. Il est evident que le rayon de cet aci- 
de hypothetique resultant de la relation (19) est d'autant plus petit que la distance R' 
est plus courte. 

Or, ayant observe que r s 2  < rT2-, il s'ensuit que la distance R' est plus courte 
dans l'acide succinique que dans l'acide tartrique. Notons encore qu'il ne serait pas 
legitime d'attribuer la variation observee sur les valeurs des grandeurs r,2- et rTi- a 
n'importe quelle influence des hydroxyles. Rappelons que la valeur u, = O  ne nous a 
pas permis precedemment de formuler une telle hypothese. 

Pour confirmer cette tres interessante conclusion d'apres laquelle deux acides di- 
carboxyliques symetriques de la meme longueur de la chaine carbonee presentent des 
distances R' sensiblement differentes entre elles, on a applique la theorie electrosta- 
tique de Kirkwood-We~theiner.~~ D'apres cette theorie, la constante dielectrique in- 
troduite dans la relation (20) est remplacee par un parametre ajustable DE appele 
"constante dielectrique effective". Kirkwood et Westheimer calculent DE a partir des 
donnees structurales. Ils considerent que le travail electrostatique depend non seule- 
ment des charges et de la distance entre elles, mais aussi de la forme des molecules. 
Ils supposent que les diverses particules participant aux equilibres de dissociation 
sont contenues dans des cavites de forme et de taille identique de constante dielec- 
trique D, = 2.0. Pour les mo1eci~:es courtes, ils adoptent une forme spherique, les 
longues sont representees par des ellipsoides prolates. Cette theorie permet de cal- 
culer DE et une grandeur R etant proportionnelle a la distance R' de Bjerrum. Il en 
resulte que cette grandeur R exprime la distance separant les protons dans le diacide 
considere (H,A). Nous avons constate que cette grandeur restait pratiquement con- 
stante dans tous - les melanges hydromethanoliques. Ainsi la valeur moyenne pour l'a- 
cide succinique R, = 6,15 A est sensiblement inferieure a celle correspondant a l'aci- 
de tartrique R, = 6,65 A, 

On pourrait interpreter ces resultats en partant des considerations structurales. 
Ainsi, dans le cas des diverses particules de l'acide tartrique, il est sans doute raison- 
nable, en accord avec la litterature,12 d'admettre des liaisons H icternes: 

11 est vite apparu que la distance Rt dans la structure (II) atteint effectivement 
une valeur maximale. 

En revanche, dans le cas de l'acide succinique il n'y a pas de possibilite de for- 
rration de liaisons H 'internes. La distance R, alors exprime en realite la valeur 
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moyenne des diverses distances resultant de la libre rotation des carboxyles autour 
des liaisons C-C. 

D'apres tout cela on peut conclure que dans le cas de l'acide tartrique la forma- 
tion des liaisons H internes (en proportion considerable parmi ses particules trouvees 
en solution) gene ici la libre rotation impliquant ainsi Et > R , .  

Enfin, il ne faut pas omettre de souligner que dans le cas des melanges eau- 
dioxanne un traitement analogue conduit generalement aux conclusions identiques. 

Summary 

Potentiometric study of the dissociation equilibria of tartaric and succinic acids in 
water-methanol and water-dioxan systerns 

The dissociation constants of Tartaric and Succinic acids were determined at 
25•‹C in water-methanol and water-dioxan mixtures of a 10, 20, 30, 40 and 50% or- 
ganic cosolvent content. The calculations were performed with the aid of a new me- 
thod of successive approximations which allows for the simultaneous calculation of 
the thermodynamic pK's and of the minimum distance of approach of the ions (a). 

The results obtained are examined in relation to the nature of the solvent and the 
structure of the acid molecule. 
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Introduction 

The interest in solid state properties of the simple salts of organic sulfur or 
selenium containing X-donors was increased last years because of the observation of 
ambient presure superconductivity in the salts (TMTSF),ClO, and (BEDTTF),I, 
[where TMTSF=tetramethyltetraselenafulvalene and BEDTTTF = bis 
(ethylenedithio) tetrathiafulvaIene]1-3. In this paper the preparation of bis [4,5-b] 
pyridino-- 1,1',3,3v-tetrathiafulvalene (abbriviated as B [4,5-b] PTTF), of a number of 
its charge transfer complexes and preliminary results of their electrical and optical 
properties are described. The new X-donor was prepared according to the scheme 1. 

Scheme 1 

2-Chloro-3-nitropyridine (la) was transformed to 2-mercapto-3-nitropyridine (2)4. 
2-Chloro-3-aminopyridine (lb)5.6 or compound (2)4.7 was transformed to 2-mecrapto- 
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3-aminopyridine (3a)*. Compound (3a) or its hydrochloric salt (3b)5 was transformed 
to 1,2,3-pyrido-[4,5-b] thiadiazole (4)798. Reaction of thiadiazole (4) in carbon dis- 
ulfide at 2 2 0 ~ ~ '  in an autoclave afforded 1,3-pyrido [4,5-b] dithiol--2-thione(5)'. 
Refluxion of a solution of (5) in triethylphosphite afforded B[4,5-b] PTTF (6). By 
electrooxidation of a CH2CI2-solution of (6) in presence of Bu,N+X- (where X- = 

BFj, C102, PF;, Br-, I; etc) a number of charge transfer complexes was obtained. 

Experimental 

Materials and instrumentation 

Commerical 2-chloro-3-nitropyridine and 2-chloro-3-aminopyridine were used as 
starting materials without further purification. Also, commercial triethylphosphite 
was used after double distilation. Elemental analysis was performed by ILSE BEETZ 
mikroan. Lab., 8640 Kronach (W. Germany). conductivity measurements were 
made by the four probe-method using a Keithley-225 current source, a Keithley-614 
electrometer (FA), and a Keithley-602 electrometer (mV). The reflectance and ab- 
sorption spectra were recorded on a Varian -2390 spectophotometer. 'H NMR spec- 
tra were recorded on a Varian FT 80A NMR spectrophotometer. 

Preparation of bis[4,5-blpyridino-l,I '3,3=tetrathiafulvalene. 
2g of 1,3-pyrido[4,5-bldithiol-2-thione (5) were dissolved in 8ml of warm 

triethylphosphite and the resuiting solution was heated at reflux temperature for 
l0min. The solution was cooled and the resulting ((first)) precipitate was filtered, 
washed with ethanol and dried (yield: 18-25%). The compound was found to be solu- 
ble in CH2C12, CHCI,, CH,CN etc. Recrystallization from CHCI, gave a golden 
yellow solid (mp=27g•‹C). M.Calc. 306.5, found (mass spectroscopy) 306. 
Analysis (%): 

for C12H,N2S,(306.5); Calcd:C, 47.03;H, 1.97;N,9.15;S,41.85; Found: C, 47.16; 
H,2.13;N.9.17;S,41.92; UV(CH,CN); h/nm(e)358: (2290), 302(3420), 280(3420), 
211(8700); 'H NMR (CDCI,): 6 8.23, 8.17, 7.44, 7.42, 7.30, 7.23, 7.09, 7.02. A 
very small amount of a ((second)) precipitate was obtained after cooling the filtrate at 
-15" C. UV (CH,CN); h/nm(&)** :330(2400), 302(3310), 278(3200), 212(8100). It 
was suggested that the ((first) precipitate is the thermodynamically more stable trans- 
form of (6) (t-B[4,5-b] PTTF) and the ((second)) precipitate the cis-form c-B[4,5- 
bJPTTF). 

Preparation of the charge transfer complexes 

Charge transfer complexes of the type (B[4,5-bIPTTF),X were prepared by the 
electrocrystallization of t-B[4,5-b] PTTF (1.55 X ~ o - ~ M )  and Bu4W'XP (5 X ~ o - ~ M ,  
where X=BF4, Clod,  PF,, Br, I, etc) in CH2CI, using platinum electrode at 

* Also Se-analogs of (3)-(5) were prepared by similar methods using NaHSe and CSe, instead of NaHS 
and CS,, respecti~ely.~ 

** E-value of 212nm of the ((second)) precipitate was considered to be equal to that of 21 1nm of the 
((firstx precipitate. 



lpA/cmZ at 22T .  The length of the anodic oxidation was varied allowing for 35% 
and 10% oxidation of the neutral B[4,5-bl PTTF. The 35% oxidation required 2-3 
days while the 10% oxidation was completed in 2 days. This short term oxidation 
was carried out so that the earliest formed crystals could be used. The crystals were 
washed with CH,Cl, and air dried. (B[4,5-b]PTTF)&3F4 which was the extensively 
studied compound is crystallized in copper-black needles with lustrus appearence. 
Analysis: 
for C,,H,,N,S,BF, (699.77);Cald:*C, 41.19; H, 1.72: N, 8.02; S,36.66; Found: C, 
41.15,H,2.14;N,8.00, S, 36.33. Also the compounds with X=ClO,, PF,, Br,, I, etc 
were obtained in crystalline forms. 

Electrical and Optical Properties and Discussion 

The dc-conductivity of compressed pellets of (B[4,5-bl PTTF),X measured at 
room temperature (G,,) was found to be of the order of 10-'Cl-'cm-', namely higher 
than that of (BPTTF),X [where BPTTF is bis (pyrazino) tetrathiaful~aleneI~-'~ and 
of the same order of magnitude as that of (DBTTF),X and Se analogs (where 
DBTTF=dibenzo-tetrathiaf~lvalene)'~~'~. Also were found similarities in the reflectan- 
ce and absorption spectra. The reflectance spectrum of a compressed pellet of (B[4,5- 
bl PTTF), BF, for example, is similar to that of (BPTTF),BF,"; it shows bands at 
235,300 (sh), 380-430, 490 (sh), 630,900 (sh) and an upward slope from 1500 nm to 
longer wavelengths. The value of the reflectivity at 2500 nm was found to be 0.16, 
while that of (BPTTF), BF, (o,,=l~-~W' cm-')l.' and (DBTTF), (SnCI,), (oR,=lOO 
0-lcrn-l)l5 was 0.14 and 0.76, respectively. 

The absorption spectrum of (B[4,5-bl PTTF),BF, rubbed on a quartz plate 
shows the same bands as those of the reflectance spectrum. The electrical and optical 
data obtained from (B[4,5-bl PTTF),BF, indicate that the new donor and selenium 
analogs could be used for preparation materials with conductivity higher than that of 
(BPTTF),X. Detail studies on a large number complexes of B[4,5-b]PTTF and 
selenium analogs will be subject of a future paper. 
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Summary 

Bis [4,5-bl pyridino-l,lr,3,3'-tetrathiafulvalene was prepared as a golden-yelow solid after 
refluxing of a solution of 1,3-dithiole [4,5-b] pyridine-2-ihione [RN:69212-30-23 in neat 
triethylphosphite and cooling. Electrooxidation of its CKICI1-solutions in presence of 
Bu,NCX (where X = BF;, CIO;,PF;, Br-, I< etc) gave conducting and highly reflecting 
crystalline solids. 

Key words: Tetrathiafulvalenes, X-donors, charge transfer complexes, synthetic metals. 
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To 6t[4,5-b] nupt6ivo-l,1',3,3'-~~~pa@~1acpouh~ahEv10 n a p a o ~ ~ u a o ~ y ~ ~  csav ~pu-  
o o ~ i ~ p t v o  omp~6 p & ~ &  an6 pphotpo o~ (pukhq p~ ~a.ra~6pucpo \ ~ u ~ ~ f i p a  61ahrjparo~ 
1,3-6t@~toho-[4,5-b] scupt6ivo-2-8~tovq~ [RN:69212-30-21 os cpwocpopQGy 
~ptat@uh~o.ripa. H ~ E K T ~ o o ~ E ~ ~ w ~ ~  61aXupa~mv au~orj c s ~  CH,Cl, napouoia 
Bu,N+XP (6scou X-=BF,, CIO;,PF;, B r ,  11 etc) 06wo~ aywytpa ~puozahht~k 
ukt~a pE kapscouoa ~nupavaa. 
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