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REVIE W 

Chimlka Chronika, New Series, 13, 3-26 (1984) 

(DYZIKOXHMIKOI NOMOI THE BIOAOTIKHZ META(D0PAE 

B.M. KAIIOYAA, A.K. TXOYKATOY 
Epyaozljpio Bzoxrp~ ia~  ITaveniat~pioo Iwavvivwv. 

(EhTjcpeq 22 CEJL'TE~PP~OU 1982) 

nou ouv6ket rq ouyykv~ta Ao p1aq ouoiaq 0 ydpw an6 rq p~pppdvq PE tl] ra~6 tqra  Vch 
ptaq p~tapohtKfl< nopeiaq orqv onoia q ouoia 0 6 ~ v  oupperixst cipsoa. H o6f&&l yive- 
rat piow rwv (~a~vopevohoyt~hv o u v r ~ h ~ o r h v  L I 1 , LZ2   at ZOU 6 ~ a y O v t o ~  ouvreh~otTj 

L12. 
H O X ~ O ? ~  autTj anorshsi Kat rq eEpp06~~~1ptlCfl P b q  YlCl 'TqV ~ C f l ~ q ~ q  TOU 6 ~ 0 ~  

uevspy6q p~racpopci>>, 7tOU yiv~rat apkow< PET&, ~ E ~ X V O V T C ~ ~  t~hlK6 671 xqpt~il  O U Y Y ~ V E ~ C ~  

y6pw an6 kva nohucpaot~6 ofiorqpa, 6nwq ot Ptohoyt~kq pspPp6vsq, ~ i v a t  p a  avuopart~fl 
nap6perpoq. 

A. IIaOqzr~q Aiaxuoq 

1. 0 v b p o ~  zoo Fick. 
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p~pppbvqq h6yo zqq Ftacpopbq ouy~kvzpooqq oza & ~ p a  zqq Mta zkzota Gt&xuoq 
~ahs iza t  n a 0 q ~ t ~ q   at U K ~ K O ~ E ~  OTOV v6po zou Fick. 

ME TOV 6po a&an~paz6rqz~1,, E V V O O ~ ~ E  T ~ V  zaxbzqza ptaq zkzotaq na0qTt~qq 
Gtbxuoqq. 0 o u v ~ ~ h ~ o z ~ j q  Ftan~paz6zqzaq (Permeability Coefficient) P Eivat o 
apt0p6q popiov zqq 8tax~6p~vqq ouoiaq, nou n ~ p v a ~ t  orq pov6Fa zou xp6vou zq 
pov66a ~ n t ( p 6 v ~ t a ~  zqq p~pppkvqq, 6zav oza ckpa zqq un&px&t Ftacpopci 
ouy~kvzpooqq ioq PE zq pova8a. 

0 P &@qxatat z600 an' q v  t~avbzqza ptaq ouoiaq va n ~ p v ~ k t  pta 
ouyvs~ptpkvq p~pppavq, 600 Kat an6 TO ncixoq zqq pppp6vqq. AV thpa  TO 

x&oq zou qp&ypazop  rqq p~pppavqq ~ i v a t  yvoo~6 ,  pcopoljp~ va p~zazpkyfoup~ 
zq Ftacpopa ouy~kvzpwoqq oa pta wddoq,, (gradient) ouy~kvtpooqq. 0 ouvzehs- 
ozqq Ftan~paz6zqzaq pnopsi zhpa va avzt~azao~a0si  an' zov ouvz~heorfi 
Gtaxuoqq (Diffusion Coefficient) D. ME Foopkvo, 6zt TO nkxoq ZOV p~pppavhv 

Touhh~tozov zpstq ouvzeheozk~ ~pst&l;ovzat yta  qv n~ptypacpq rqq oupn~pt- 
cpopciq ptaq p~pPp&vqq ankvavzt OE pta ouoia: a) Mta napcip~zpoq, nou 0a 
~ a 0 o p y ~ t  zq o ~ k o q  pepppciqq/ouoiaq. P) Mta ahhq napcip~zpoq, amfi tou 
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K a l  

JD=LD.RTAC, 6tav AP=O (2.3) 

Ot cpatvop~vohoyt~oi ouvzshsoziq LP  at LD av~tot01~06v o nphzoq (370 

ouvzshsozfi 6tanspat6rqtaq zou vspod Pw.  0 6~6zspoq &V a v t t o t o t ~ ~ i  dpsoa 0s 
K&TOLO ~ h a o t ~ 6  o u v z ~ h ~ o t f i  an6 ZOV v6p0 tou Fick. AV zhpa q Gtacpopci 
ouy~ivzpooqq A C , f  0, 6sv 0a ixoup.5 p6vo pia o h t ~ f i  pofi Jv  h6yo zqq AP, ahh6 
Kat pta ~ n t n p 6 o 8 s ~ q  o h t ~ f i  poq h6y0 zqq Kivqoq~ zqq ouoiaq ahhd K a t  zou 
oupnapaoup6psvou paci tqq vspo6 yta va ~~toopponf ios t  auzfi zq AC,, 0a sivat 
6qha6fi: 

Jv=Lp.AP +LpD.RTAC, (2.4) 

6nou LpD ~ a h s i t a t  6tctyhvtoq ouvt~hsotfiq (Interference coefficient fi cross 
coefficient)  at O U V ~ ~ E T ~ L  p& q v  ahhqhsniijpaoq TOU 6tah6zq K ~ L  zqq ouoiaq. 
llapbpota, av AP # 0 0a i ~ o u p s ,  hdyw ahhqhexi6paoqq, ahhayfi o tq  ~ X E T L K ~ ~  

potj zqq ouoiaq (3s oxioq PE TO 61ah6zq, 0a sivat 6qha6fi: 

JD=LDP.AP+LD.RTACs (2.5) 
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a) 0 aov . r~kar& avzavd~Aaoqs  a (Reflection Coefficient) 

rta q v  q p t n ~ p a z f i  p ~ p p p d l v q  ~ iva t  h6yo t q q  (2.10) o =  l .  0 o  an' r t q  (2.1 1) K a t  

t t q  (2.4) K a t  (2.5) p n o p ~ i  va y p a c p ~ i    at 
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rta q v  18avt~h  qpln~pazfi p~pPp6vq q za~6zqza  zqq offpwzt~fiq pofiq 8ivsTal 
an '  TO v6po rou Van't Hoff oav L P  RT BC,. Tta 6va npaypazt~b obozqpa o 
v6poq zqq o o p o z t ~ f i ~  pofiq xpinst va ypkcpszat: o L P  RTAC,, 6nou o pszaB6h- 
h ~ z a t  an6 0 6wq 1. 

H ouoxkztoq zou ouvzshsozfi L P  PE ZOV o u v ~ s h ~ o z f i  PW sivat a p ~ ~ ~ c i  cpqv~pfi. 
Avzi9sm o ouvzehsozfiq L P  ~ q q  o ~ s t t ~ f i q  ~ i v q o q q  ouoiaq 8tahbzq ~ E V  6 p t  an'  
~u9siaq o ~ 6 o q  PE Bva ouvq9top6~0 ouv~shsozfi zou v6pou ZOU Fick. 'Ezot o L P  
np6nst va p szao~qpaz toz~ i  os  ouvq9topkv0, nstpapazt~6 pszprjotpo ouv~shsozfi. 

EKE~VO, nou E6~0ha npoo810pi~~za1, sivat q za~bzqza  poqq ouoiaq 8ta 
p6oou zq< pspppavqq, nou pnopobpe va zqv oupPohiooup~ oav J , ,  9a sivat: 

An' zlq (2.4) Kal (2.5) npoK6nz~1 6zt: 

AV Jv= 0 z6zs q J, sivat avahoyq zq< AC, hot zhpa o 6poq ( L ~ - ~ ~ L ~ ) c , . R T  
sivat ouvq9top6voq ouvz~h~ozf i<  8 tan~paz6zqza~,  pszpfiotpo~ ns tpapaz t~a  K a t  

naipvst zo o6ppoho m. 'Exw zhpa zpstq ~atvol jpylou~ ~ U V T E ~ E ~ T ~ S  (0, W, LP) 
7LstpCtpa~tKk p&?pq otpou< K a t  too8ljvapou~ PE TOUS (L p, L D,  L D ~ ) .  

3. H ~azavopij  zwv idvzwv 

Anhj  Kai 81~chj ~azavopd Donnan. 

a) H anhj ~azavopij  Donnan 

'Eozo pta anhfi nspinzwoq nou, oav shs69spa 8 t a ~ ~ 6 p s v a  dvca k ~ w  za NU+ 

Kat Cl-. Abyo z q ~  a v & y ~ q <  yta qhs~zpucfi ou6~rsp6zqza za t6vza auz6 9a 
ouppszacpipovmt. @a sivat chpa obpcpwva ps zo v6po zou Fick: 

Xzq o z b t p q  ~ a r a o z a o q  9a sivat: E ~ p o ~ j  =Etopoq. 'Apa: 
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H oxioq (3.3) avacpipsrat ozq ~azavoprj  zov su~ivqzwv t6vzwv K a t  ~ahe iza t  
anhrj ~ a r a v o p q  Donnan. 

AV zhpa an '  zq pta psptd rqq pspPpdvq6 Sxo a ~ i v q z a  cpopzia pq 6tanspv6vza 
t6vza rj cpopztopiva apvqzt~d psyahop6pta (xapa~zqp toz t~6  cpatv6psvo yta 
ptohoyt~a ouorfipaza) 0a spcpavicszat pta dvtoq ~azavoprj  zov ~ E T L K ( ; ~ V  ~ ~ W O V ,  
acpo6 pta noo6zqzd zouq 0a napapivet 020 ~ o o z ~ p t ~ 6  yta va E ~ O U ~ E Z E ~ ~ V E ~  70 

psyahopopta~6 avt6v. Ta  6s su~ivqza  avt6vza 0a sivat htydzspa ozo soozsp t~6  
an' 6,zt O'CO E ~ O T E P ~ K ~ .  

Cuy~s~p tp iva ,  av (X)i ?l o ~ y ~ k v ~ p o o q  psyahopopta~o\j ~ V ~ ~ V T O S ,  0a 

8a 10x6~1  at q Kazav0p.q Donnan, 6nou r o ouvz~hsozqc z q ~ :  

(Na) o (Cl) i r =  -- -- (Cl) 0 

(Na) i (Cl) 0 (Cl) i + (X) i 

Bhinoupe, 6zt q ~ a r a v o p q  Donnan r ~(apzdra t  an' zq o x i q  (Cl)i xpoq (X)i. 
'Ozav (Cl) (X) 76% r = l. ' Apa 6sv ixoups &vtoq ~azavopq.  AV 6poq 
(Cl)i< (X) i TO r # 1. T ~ T E  o6pcpwva PE TO v6po TOU Nernst spcpavi~szat iva 
6uvapt~6 Donnan: 

RT 
E - - lnr 

D- F 

AV zhpa sivat (5, 6) (X),=p za NU+, nou 0a ~ p a r k s t  0a &at np (6nou n TO 

cpoptio zou avt6vzoc). 'Eozw X q ouy~ivzpooq NaCl   at y TO no06 rou NaC1, 
nou ~tvsizut  y6po an' t q  p~pPp&vq. A6yo tqq h v t o q ~  ~azavopqq 8a sivat 
oxqpazt~d:  
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A6yw thpa  rq< ~ a t a v o p f i ~  Donnan 8a sivat: 

( X + ~ ) ~ = ( X - ~  +np) (X-y) 

rIapatqpobps, 6t t  t o  y oupnsptcpipstat avkhoya ps to  r. 'Otav X <np, r6rs t o  y 
nl' aut&vst, 600 au@tv&t t o  X. 'Otav x$np, t6t.s otafkponot~itat o t a  y = -- 
4 

avs&&ptqta an '  rqv napanipa a6kqoq tou X (aut6 B X E ~  oav ouvinsta q &vtoq 
~aravopf i  va T E ~ V E ~  va ~kacpavtotsi r =  l). 

H Gtacpopk tq< o o p o t t ~ ~ j ~  n i e o q ~  o n <  660 pspt.6~ 8a sivat an' t q  o ~ i o q :  

An = RT(p + np -4y) (3.13) 

lTaparqpo6pe FqhaGfi, 6zt snqps&Cstat an'  q v  &vtoq ~a tavopf i  rov t6vtov: av 
t o  X np t o  4y = np cipa 

An = RTp (3.14) 

p) H Gzndrj ~azavoprj Donnan 

E( W T E P I K ~  

~ a +  m 

Cl- m 

K+ X -Y 

Cl- X - Y  
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IIaparqpobp~ rhpa, 6rt ~ a e o p t o r t ~ 6  p6ho xhqv t q ~  oxioqq x/np naijst q 
avzhia Na 6qha6fi TO m. AV ~ X O U ~ E  m =np r6.r~ TO y = 0 n a 6 ~ t  6qha6fi q ~ i v q o q  
rov t6vrov. To i6to t o ~ 6 w    at yta rqv oopor t~ f i  n i ~ o q :  

H ~h&rroof i  rqq ~ e a p r a r a t  rhpa an' tov napkyovra rqq avrhiaq. 

4. Kpzsljpza yza so ppa~sqpzapd s o u ~  
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a) Movo6idazaz~ polj (Unidivectional flux) 

6nov S q ovy~kv~pwoq an' TV p ~ p t a  zqq p ~ p p p h ~ q q ,  nov 6 ~ ~ 1 ~ 6  q p04 ~ a l  V,, 
 at K, ozaespBq. 

'Evaq ~ k ~ o t o q  v6poq 6tacpBpst cpavsph an6 To v6po TOV Fick: J=P.A.S 
(ypappl~fl ~66pzqoq z q ~  po4q an' zq ouy~kvzpwoq). 

Czq pcioq ~ q q  oxBoqq (5.1) q J =f(s) a~ohoveei  pta K ~ V ~ T ~ K I ~  ~ 0 p ~ o p o 6  
Michaelis-Menten (ox. 1) p& 6ha za paotK6 zqq ~ a p a ~ z q p t o ~ t ~ 6 .  

max v -  
2 

V,,,: Ecapza~at  an' TO ovvoht~6 aptOp6 zwv K V T T ~ ~ ~ V ,  TO ~i60q TOUS, zqv 
~aeqyopia  zqq ovoiaq  at sivat q pkytozq poq, nov pnopoljps va 
qxaoovps. 

K,: X a p a ~ ~ q p i r ~ t  ave~aptqza  an' TOV aptOp6 ~ w v  ~ v z ~ c i p o v  zo Lsvycipt 
~bz~apo /ovo ia  oav Bva pkrpo ~ q q  ovyyivstaq zovq. Eivat q a v a y ~ a i a  

V max ovy~kvzpwoq ~ q q  ovoiaq yta va cpzhoovps ozq - 2 
H avahoyia p&Tac6 Tqq EV[V~C~TLKT)< ~ l v q ~ l ~ ? j q  Kat ~ ~ E V K O ~ V V ~ ~ E V T ] ~  

p&Tacpop&q E ~ ~ E K T E ~ V E T ~ ~  Kat OTOV ~ 0 p k a  Tqq 6 ~ 6 0 ) 1 ~  TOV avao~ohkwv Tqq 
pe7acpop&< (7). 
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Avzaywvwzzlcoi, a v a a z o h i ~ .  Ehazzhvouv zqv ouyykvcta ~dzzapou/ouoiaq, ~ t v q z t -  
K& au&vouv q v  K,. napsp7~06i(ouv~-t$ &v&pyoC< BPo&t< zou ouozqpazoq psza- 
cpop6q K a t  t ~ o u v  oav ouvkn~ta  zqv shcizzooq zqq ouyykvsta< zou ouozfipazoq 
d m a p o / o u o i a n .  AuEjvat tzot q noo6zqza zqq ouoiaq, q a v a y ~ a i a  yta VmaX/2. 

Czov . r h o  q Km avzt~azaozt tzat  an '  q v  1 - . K,, 6nou I q ( a 
o u y ~ k w p o o q  zou avaozohka K a t  K I  q oza0epci zou (ouy~tvzpooq  avaozohta 
a v a y ~ a i a  yta va 6 tnhao taoz~i  q cpatvop~vt~fl  Km). 

Avzayovtor t~oi  avaozoh&i< ouvq0wq ~ i v a t  pq av&hoy&< ouoi&< p& zq 
~ E T C ~ ( P E P ~ ~ E V ~ .  

Mil avzaywvzazz~oi a v a a z o h i ~ .  Ehazzhvouv zov aptBp6 zwv 0 k o ~ o v  p~zacpopaq 
K a t  ~ X O U V  oav  ouvknsta ~hcizzwoq zq< V,,,. H V,,, 6tatpsizat zhpa p& TOV 6po 

P) H ~aBaprj porj 

M&pt r h p a  yta TO odozqpa tqq 6 t~u~ohuv6p&vq< pszacpopciq 6&v ~ t o a y c i y a p ~  
zinoza n~ptoo6zspo  an '  q v  anhq &vL;upazt~~j K ~ V T ~ K T ~ .  H K C ~ T ~ O T C ~ B ~  n ~ p t n h t -  
Kszat 6zav nsptyp6cpoups q v  ~ a 0 a p f i  poq, zqv c l h y ~ p p t ~ q  6qha6q aOpotoq 
~ t o p o q q  K a t  E K ~ o T ~ ~ :  

av  zhpa sivat S,, S iQ K, q q k o q  pszao~qpaziL;s~at  os: 

avcihoyq p'  auzq aou v6pou tou Fick. 
'Eozw zhpa oav pkzpo zq< o h t ~ f l q  poqq o q p 6 v o <  qptnhqphoswp zou 

S 
~uzziipou. 0 ~ p 6 v o q  6qha6~j ,  nou S i=  odpcpova p& zo v6po zou Fick 0a sivat: 

2 
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%V 
max 

50 
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6) Avzaywvzazrmj 6zdxooq avzaLlayy'c (Competitive Exchange Diffusion) 

ZE avahoyo pqxavtop6 pe zq Ftaxuoq avtahhclyqq una~obe t  TO cpatv6p~vo ~ q q  
am-porjq. 'Etot uatd tqv  np6ohqqrq o a ~ ~ & p o u  q ~ c p o o e q ~ q  &v65 &hhou 
avzaywvt@p~vou zo n p h ~ o  pnopei va 06qyTjoet o rq  petacpop6 tou xphzou 
E V ~ V T ~ ~  o T 0  X V ~ L K ~  TOU 8U~aptK6 (OX. 5). 

Z T ~ V  apxq O T ~ V  ~ E V  U X & P X E ~  W T C ~ Y O V ~ ( ~ ~ E V O  ( T ~ K X C X P O  ~ X O U ~ E  pia K ~ l @ ~ ~ p f i  
poq (an6 650 n p o ~  za p6oa) TOU apx t~o l i  oduxapo~ .  AV ~ h p a  7~poo0Boo~pe OTO 

E ~ ~ T E ~ L K ~  ~7Cap~rj  xoo6rqra ToU av~ayovt[6p~vou ( p ~ y a h b ~ ~ p q  an6 To K,), T ~ T E  

@a F~op~uOe i  q an6 za 650 npoq T a  p6oa ~ i v q o q  TOU apx t~o l j  o a ~ x a p o ~ ,  EVO q 
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Z X H M A  5 : To pazvdpevo tqc  avrzppoijc. 17aparqp~irar drav ~ a r 6  rqv ezopoij D-ydo~dL'qc oe 
Tetrahyrnena pyvifovmis rrpoaOiooupe rq xpovz~ij orzypij noo 6 ~ h v e z  ro Pidoe D-ppoo~rd[q (14). 

To cpatv6p~vo aut6 ~ i v a t  cpuot~fi ouvkneta tqq ~ t v q n ~ f i q  K O P E O ~ O ~  yta t q  
6 t a x ~ 6 p ~ v q  ouoia. rta va o u p p ~ i  w t 6 ,  n p k n ~ t  va nhqpoljvtat 01 n a p a ~ a t o  6pot. 

a)  Ot  660 ouoieq va kxouv ~ o t v 6  o i o t q p a  6 t ~ u ~ o h u v 6 p ~ v q q  p~tacpop6q. 
p) I I p k n ~ t  va u n & p x ~ t  6tacpopa o u y ~ k v ~ p w o q q  yta q v  avtayovtc6p~vq ouoia. 
y) IIpknet o t q  pta fi o t q v  &hhq nhsupa q ouoia clutfi va &EL u ~ q h f i  

o~y~kvtpC00q. 
6) H &topoTj  at q ~ ~ p o f i  an6 TO oljotqpa ~ L E U K O ~ U V ~ ~ E V ~ ~  p&ta(~op&q ~ E V  

npknet va  ahhqhosyno6i~ovrat. 
E) Cuvkn~tci 6hwv authv ~ i v a ~    at 6 t t  q ~vspy6q 8koq fi o napciyovtaq tqq 

p~tacpopciq n p k n ~ t  va ~ ~ K L V O ~ V ' C ~ I ~ ~  an '  t q  p m  p~ptci  npoq tqv  6hhq p~tacpkpovtaq 
o t o  <<xfiyatv& k h a ~  npoq t q  pta fi rqv &hhq ~ a z ~ 6 8 u v o q  tqv  6tax~6pevq ouoia. 

Si Ctq otaotpq ~ a r 6 o t a o q  av ~ i v a t  -0 h6yoq ouy~ivzpooqq  tou a p ~ t ~ o 1 5  
S e 

6. H ond&oq zoo ~zvqzod p~zaipopka 
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k  k2 k, 
'Onou lpb~po zqq ouyyiv~taq ouoiaq pszacpopia  at - - pizpa 

k -1 k-2 ' k-3 

yta zqv ' ~ a ~ 6 z q ' ~ a  616~uoq< z6oo tou o6pnho~ou, 600  at zou &h&68&pou 
p~~acpopia ,  6ta pioou zqq p~v$p6vq<. @a ~ i v a t  6qha6fl: 

k  - l  K,= - 
k ,  

(6.1) q oza8sp6 6t6o'Caoqq zou o6pnho~ou 

TotE =E ,+Ei+ESe+ESi  

X ' C ~  o ~ a o t p q  ~ a z 6 ~ ~ a o q :  

k-3Ee+kaESe=k3Ei+k2ESi  

ri Ee+rESe=Ei+rESI  

A ~ V O V T ~ <  'CO 060'Cqp~1 'COV & ~ ~ o ( ~ ) o E o v  8~1  6x0: 

E. = (K,+rS,)K, TotE 
' ( K , + ~ S ~ ) ( K , + S , ) + ( K , + ~ S ~ ) ( K , ~ S ~ )  



@YZIKOXHMIKOI NOMOI THX BIOAOTIKHX METAmOPAX 

6qha6q: 

ITapazqpobps ~nopivoq,  6zt av K a t  povo6tbozazq ~kapzbzat an '  zq ouy~ iv -  
zpwoq K a t  an'  ztq 660 nhoupi~. AV zhpa K ~ V O U ~ E  zqv un6O~oq 6zt: r = 1 (2600 
zo o6pnho~o  600  at o ~ h s 6 B ~ p o ~  p~zacpopia~ ixouv zqv i6ta rax6zqza 
6 t b x u ~ q ~ ) .  T ~ T E  an'  TT)V (6.10) K C ~ T C ~ ~ ~ ~ Y O U ~ E  (TTq Y ~ h p t p i  p~pcpq: 

AV zhpa o ~ h ~ 6 B ~ p o q  p~zacpopiaq 6&v pnopsi va ~tvsizat ,  6zav ~ i v a t  ~hsbe~poq ,  
yta va napahbP&t ~atvo6pyta npoq p&racpopa p6pta, z6z& ixovza~:  k 3 = 0  K a t  

r = W  naipvo zq oxkoq: 

H ao6pp~zpq K C ~ T C ~ V O ~ ~  T O V  ~ ~ V T O V  ~160~1~17~6 6t~16tKaoi~q E V E P Y O ~  p&~acpop&~ 
&et oav ouvkn~ta T ~ V  oupp&tacpop& pkoa an6 pq~avtopo6q ~ ~ E U K O ~ U V ~ ~ E V ~ ~  

6tbxuoqq ouothv ~ 6 v z p a  orqv q h ~ ~ ~ p o x q p t ~ ~ j  zouq ~ h i o q .  
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ZXHMA 7: Avrznapa;lAqlq uvv-pcraqopd 

Ot anapai~qzsq sv8sit~tq YtCl ptC1 zEzota U E ~ ~ E G ~  E ~ V ~ L :  

10) Na U X ~ P X E ~  o z o t ~ ~ t o p ~ z p t ~ f i  ( 3 ~ i k q  p ~ ~ a c 6  TWV m01 TOu oa~xbpou  fi TOU 

aptvocioq K a t  zou oupp~zacpBpovtoq t6vzoq. 
20) H ouppszacpopb va sivat ouppszpt~fi (pofi Na va oupnapao6pst TO G 

ahhb  at avrio~pocpa). 
30) H ohtcfi pofi zou G pnopsi va ahhbrst ps ahhayq zou qha~zpoxqp t~o6  

6uvapt~o6 zou Na (TO i6to tox6st  at yta q v  ohtcfi pofi zou Na). 
40) Czq ozbotpq ~ a z & o m o q  o h6yoq ouy~kvzpooqq zqq G npBxst va 

$pi~K~'Tal  B E  O U Y K E K P ~ ~ ~ V ~  ~ l h h l l h o ~ t b ~ t T l 0 ~ )  PE TO h6yo ~ u ~ K ~ v T ~ W C F ? ~ ~  TOU NU. 
50) H pszacpopb tou G npinst va s~nhqphvs t  6hsq ztq npouno0Gostq zqq 

6tsu~ohuv6psvqq 6tbxuoqq. 
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'Eva o 6 o ~ q p a  ouv-pe~acpop&q, 6nwq ~ & p t ~ p & c p T ~ ~ &  nptv, 0a ~ u p t a p ~ ~ i ~ a t  an '  
ztq n a p a ~ & ~ o  tooppodeq: 

k3 
ENa + G  = EGNa 

k -3 

k4 
EG +Na EGNa 

k 4  

TotE = E + EG + ENa + EGNa (8.5) 

1 
TotE.G.Na ( - + I) 

EGNa = k l k ,  k2k4 
Na G GNa GNa 

I f - + - + -  +- 
k;  k, k lk ,  k2k4 

' E o ~ w  ~ h p a ,  6 ~ t  n&p& an'  TO 6&6~&p0 6p6p0, o ~ q p a ~ i ( & ~ a ~  6qha61j EG   at TO 

Na 6~u~ohOve1  zq 6tcixuofi TOU. T ~ T E  T a  k ,, k3-.= KKY.~ q (8.6) p&rao~qpa.ri(ezat: 

ZTq o ~ h q  auzrj, av TO Na<  k4 naipvoup~ pia oxioq, nou To Na & T C ~ P E ~ ( E I  

ypappt~k ~q V,,, ~ v h  acpqvet a v ~ n q p i a o ~ q   qv K, o ~ q v  K L V ~ T L K ~  6t&xuoq ~ q q  
G. 
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AV zhpa nqyaivw an' tov 10 6p6po TO Na sxqpsci[w zq ouyyivsta E  at G 
6qha64 k Z ,  k q t  W .  H o~Boq  yivszat: 

Taxbzqza Gtcixuoqq - - k, TotE. G 
an' TO 10 6p6po (v) k3+G 

AV zhpa q ouoia G ~pqotponotsi zov ~ E ~ T E ~ O  6p6p0 (o~qpazi[szat ~ a z  
a p ~ 6 q  TO EG) yta q v  stopofi, pnopobp va yphyovps: 

AV 6poq TO obozqpa ~pqotponotsi rov nphzo 6p6po ~ 6 ~ s :  

Na, k, +Nai  Gi - - -- 
G, Nai k,  +Na, 

Xzq nspinzooq auzq p6vo av N a 4 k l  k~oups  pta av6hoyq ~azavopq p zq 
oxkoq (9.2), ahhthq: 

Vmax  V max 
k 5- Ge.Nae=k5- G i  .Nai+ kg.Nai 

K m  K m  
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Ge.Nae 
Nai = 

k5  K, 
V max k g +  k 5  
K m  

G i 

AV zhpa TO k 8  sivat a p ~ s r a  p~yaho  0a kxo: 

AV q stopofi zou Na yivszat ~up iapxa  an6 kva Gp6p0 ~ L ~ ( P O ~ E T L K ~  an '  zqv 
ouv-psracpopb, z6zs 70 Na,/Nae pnopsi va sivat avs&tp~qzo an' 70 G,. H oxkoq 
(9.8) pas Givst 6houq zouq ouvzshsozks zou ouozfipazoq zqq ouv-pszacpop6q. 
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O a  sivat 8s: L 12=L21 ( O ~ O p q p a  TOU Onsager) 
X z q  orkotpq ~ a ~ a o ~ a o q  O a  s i v t t t :  

AV ~ ~ ( T O U ~ E  ~ O p a  TO oljq~qpa TWV E S ~ ~ O O E W V ,  O a  &W yta ~ t q  o u y y i v s t ~ q :  
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1) H q h s ~ z p o x q p t ~ f i  ouyykv~ta zou istou zou i, GqhaGfi 

2) H ahhqhanibpaoq PE zqv pofi J i  15hhov o u o z a z t ~ h v  pkow Gtayhvtwv 
ouvzehsozhv. 

3) H ~vkpysta  ptaq xqp t~f iq  av~i6paoqq  Eozw J,,  PE zqv onoia sivat 
O U [ E U ' ) ' ~ ~ V ~ .  

@a sivat FqhaGfi: 

H npaypazonoiqoq zqq orhotpqq ~ a z d o z a o q q  npoijno0Ezst E K T ~ ~  an '  TO-  

o6orqpa <&zhqoqp ("Pump") K a t  kva o6orqpa d t a p p o f i p  ("Leak") nou va 
sttoopponsi zq ouoohpsuoq fi zqv ~ ~ p o f i  PE avziozpoqq hstzoupyia. H Gtappofi 
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hotn6v ~ i v a t  pta quotohoyt~fi  avay~a t6zqza  6eptvq p& zqv avzhia yta onoto6fi- 
~ O T E  un6ozpopa. 

'Eva ~ t v q z t ~ 6  nap66~typa: tozw ouoia S nou o u o o w p ~ 6 ~ z a t  p t o o  ptaq 
avzhiaq 8a ~ i v a c  

yta zqv ~ t o p o f i  ptow t q ~  avzhiaq: VmaxSeQ 
Km+Se 

An' zq o x k q  (12.4) p o p o 6 v  va Pyo6v p a o t ~ 6  660 ouvtn~tsq: 

IIphzov: 'Ozav S S, -- 0 o ouvzsheozfiq ~azavopfiq  DR - maximum ioov p& 

Ae6t~pov: 'Ozav S, o ouvz~hsoz~jq DR -- 0, auz6 oqpaivet, 621 autavoptvou zou 
S ,  oza0epo~rcoteizat o Si. 

H K L V ~ T I K ~ ~  auzfi ~ p q o t p o n o t ~ i z a t  oav pta pt8060q yta zqv n~ptypaqfi  ZOU 

ouozfipazoq pszaqop6q ~ a +   at K+. 
AV zq q t o q  (12.4) zq yp6ylw 

k k . K m  
Kat v max Q VmaxQ 
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Summary 

"Physicochemical laws o f  biological transport" 

The physicochemical laws of biological transport are reviewed. 
Especially a treatment of the "metabolically coupled transport" in terms of 

Irreversible Thermodynamics leads to the relation 

This relation connects the affinity A ,  of a solute 0 across the membrane with 
the rate Vch of a metabolic route in which the substance 0 does not participate 
directly. This coupling takes place through the phenomenological coefficients L 1 1 ,  

L22 and .the cross coef5icient b 12 .- 
The relation gives a thermodynamic basis for the explanation of the term 

"active transport" showing that the chemical affinity across a multiphase system, 
such as biological membranes, is a vectorial parameter. 
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New York. San Francisco. London (1967). 
Prigogine I.: "Thermodynamics of Irreversible Processes" Interscience Publishers. New 
York. London. Sydney (1967). 
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ABflva 1978. 
Guggenheim E.A.: "Thermodynamics" North-Holland Publishing Company Amster- 
dam (1967). 
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Kano6ha B.M.: dqpeia  zou ITpwtonda'aparop ABflva 1977. 
Aqpono6hov K.A. d z v q t r ~ @  E V ~ U ~ I K O V  avzzdpa'a~wvw .ABflva 1977. 
Mitchell P.: "Active Transport and Ion Accumulation" in Florkin and Stotz &Corn- 
prehensive Biochemistry" Vol. 22 "Bioenergetics" p. 167 Elsevier Publishing Company. 
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Tetrahymena Pyriformis" At6arc~opt~fl 6ta~ptPfi. ABfiva (1981). 
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Ussing "Membrane Transport in Biology" Vol. I "Concepts and Models" p. 5 
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H XPHCH TETPAIIOAIKOY KAI MArNHTIKOY TYIIOY @AZMA- 
TOMETPSZN MAZAE CTON EAErXO THE KAOAPOTHTAZ TOY no- 
AYBINYAOXAf2PIAIOY (PVC) 

M.K. ZTAOEPOHOYAOC 
Epyaaztjplov Avbpyavq~ Icaz AvahlIctjc Xqpeiaq, Tptjpa Xqpz~hv  Mqxavz~hv, EMU, Aetjva. 

Received March 29, 1983). 

ra) an6 rouq K ~ K K O U ~  ~xtrp6xovraq t q v  zax6rarq rauroxoiqq  rouq. Et~zci<ov+rat ot 8uva- 
Z ~ T ~ T E ~  ZOU &EL 0 K@& ivaq an6 TOVq 860 T ~ K O U ~  ( ~ C ~ G ~ C ~ T O ~ ~ T P W V  p6& ( S E  O U V ~ U C ~ G ~ ~  p& 
urrohoy~orfl (DATA SYSTEM) .  
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ivaq H/C p& MB 198. 0 W C  p& MB 198 M.T. ~ 1 4 k I ~ ~ .  X T ~ V  n~pinzaoq 
amq yivsrat q un60~oq 6zt o H/C p& MB 198 ~ i v a t  TO npo16v Enavavtt6paosoq 
zov zpqpcizov zou K U T ~ M T ~  &vapS&Wq nohup~ptop06, C7H 15COOCC7 H (uns- 

8 d 
poS~i6to zou o ~ z a v o f ~ o 6  otkwq) o6pcpova p& zqv avzi6paoq: 

C X H M A  1 .  'E~Ruuq O A Z K ~ V  n r q r z ~ h v  (TIC) uuvaptljoEz sou ,ypdvou Kaz zqc B ~ p p o ~ p a u f a c  ~ a s d  rqv 
BLppavuq K K ~ K W V  PVC an'&uO&ia~ urqv nqyrj zovrupod rou zc~panoLz~oli pauparopLzpou pd(ac (Pub'pdc 

0 0 BLppavuq~ 5 C h i n ,  @&ppo~paaia nqyrjc zovzupou' 220 C, P~lipa ~ ~ n o p r ~ i j ~  0,7 mA, Evipy~za rovrupod 
70eV). 

Xzo 6&iypa B zauzonotsizat PVA  at h a q  K E K O ~ E ~ ~ ~ V O ~  H/C PE MB 310. ME 
p 6 q  q v  napancivw un60aoq aur6q o H/C pto&i va n p o k p ~ ~ z a t  an6 zov 
~updzaza ~pqotponoto6psvo ~a'cahdzq E V ~ ~ S E W ~  C l l H23COOOOCC l l H23 (WE- 
pok~i6to zou haupt~od o&wq) p& ~navavzi6paoq TWV a h ~ u h i ~ v  nou nap6yovzat 
~ a z 6  zqv avzi6paoq E V ~ ~ E E W ~  nohup~pt0po6. 

TO 6~ iypa  ~cEptkx&t k W  a~~t0~Et66YCt~6 (2,6 ~ ~ - ~ - ~ o ~ T u ~ o - T E - K ~ E L o ~ ~ )  
Kat kva nhaozt~onotqzfi (cpeaht~6q Gtpouzuhsozkpaq). 

An6 zq p ~ h h q  TWV n t v d l ~ ~ v  I Kal I1 napazqp06p~ 6zt   at ot 660 267~01 
cpaopazopkzpy3v pacaq zauzonoto6v ztq auriq npoopi&tq. H xpfioq 0~pponpo- 
ypappaztopo6 K ~ T &  t q  08ppavoq TOU 6~iypazoq &CaocpahU&t TO nh&tovk~zqpa 
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XXHMA 2 (aov6,y&za) 



1 I.,.. 1 PVA 

zou Kahirspou Gtaxwptopod ~ w v  ~ ~ h u 6 p ~ v w v  ouothv. H xpfioq p t ~ p h v  7~000~fi- 

zwv S~iypato< ~@5hhou ~ i v a t  anapaisqro~ yta va pqv FqptoupyqOobv npophfipa- 
r a  p6huvoqq ozqv nqy4 tovtopob. H Guvaz6tqra ~ p f i o q ~  psyhhwv sa~usfiswv 
oapbo~wq E ~ L T ~ ~ T L E L  rqv r u u r 6 ~ p 0 ~ q  ruuronoiqoq nohhbv ouothv, E V ~  I) xpqoq 
payvqrt~ob rbnou opyhvov Sivst ~ u h h i r ~ p q  suooqoia. CE K ~ O E  n~pinrwoq ~ i v a t  
a v a y ~ u i a  nohh6~ cpop6q q aacpafp~oq* psza56 Sbo cpaop&rov,yta rqv ~&ihstyq 
.sou Background KUL rqv ~ a h h i ~ s p q  zausonoiqoq swv ouothv. Aur6 pnopsi va 
yivet PE zq PofiO~ta unohoytozfi nou ~nstspyh<srat T ~ G  p~rptjostq. 
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A2 (K = 65)  70- 120 
90- 120 

A3 (K = 70) 70- 120 
90- 120 

B(K = 65 )  70- 120 
100- 120 

T(K = 65)  70-1 10 
70- 120 

PVA 70- 120 
70- 120 
70- 100 
80-100 

80- 1 20 
100- 120 

IIINAKAZ 11. Tau tono tor jp~v~q  ouoisq o s  Stciqopa G~iypara  K ~ K K O V  PVC p& ~ p q o q  
p a y v q t t ~ o i ,  cpaoparopizpou pbtaq. A q ~ q  qaoph tov  os Stcicpopaq BBostq tou  ouotfipatoq 
stoaywyqq (aptBp6q ocipooqq), ~ a r b  rqv  ~ t o a y o y f i  TOU o rqv  nqyq tovtop06. 

PVA 



a. Yjlz~d nov ~pqcizponozlj9qlcav 

p. 'Opyava nov ~pvozponoztj9q~av 
rta zqv avbhuoq ~pqotponotfiOq~av 660 ~apqhIjq 6ta~optoztu1jq t~av6zqzaq 

cpaopm6pszpa p6@q (LRMS). To zszpanoht~od t6nou MAT 44 K a t  TO payvqzt- 
~ 0 6  ~ 6 x 0 ~  anhIjq ~ o z t a o ~ w q ,  Hittachi RMU-6M. 
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Summary 

The  use of  quadrupole and magnetic mass spectrometers for purity analysis of  
polyvinylchloride. 

Two widely used mass spectrometers (quadrupole, magnetic) are Gsed for purity 
analysis of PVC grains. Different types of PVC are used (suspension and mass 
polymerization polymers of different K-Values). Among the substances identified 
are suspencion agent, molecular weight regulator, hydrocarbons, antioxidant, 
plastisizer. The advantages of those two mass spectrometers are presented. 

I. G. Ayrey, B.C. Poller: J. Pol. Sci. Macrom. Rev., 8, 1 (1974). 
2. U.S. Enviromental Protection Agency, ScientijYc and Technical Assessment Report on 
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0 ouyypacpiaq rou nap6vroq 6 & 1 o u  ~ n t e u p ~ i  va E K ~ ~ ~ O E I .  rtq E U X ~ ~ I ( T T ~ E ~  rou 
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Summary 

Separation and quantitative analysis of tetracycline, oxytetracycline and chlortetracycline 
from eggs were accomplished by reversed - phase ion -pair liquid chromatography. Samples 
fortified with tetracyclines were subjected to a complexation with calcium ions and ion 
pairing with phenylbutazone. Extraction of the tetracycline - phenylbutazone ion pairs was 
effected by dichloromethane, followed by back extraction into acid. 

The method is rapid, sensitive and reproducible. As low as 16, 50 and 80 ppb of 
tetracycline, oxytetracycline and chlortetracycline can be measured respectively. 

Key words: Tetracyclines, antibiotics, residues in eggs, HPLC. 

Introduction 

The extensive use of tetracyclines in poultry, mainly for the prevention of early 
mortality and the treatment of diseases, has raised the possibility that traces of 
these antibiotics might be present in eggs Because antibiotic residues in foods 
can be a potential health hazard to man 3 ,  an assay procedure capable of detecting 
the presence of as low as possible amounts of oxytetracycline I, tetracycline I1 and 
chlortetracycline I11 in eggs would be of great value. 

CONH, CONET, 
CONH, 

OH 0 OH 0 
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Much work has been carried out on the chromatographic separation of the 
tetracycline group of drugs. Previously reported chromatographic methods 4S,6,7,8,9,'0,1 

have proved laborious and generally not sufficiently sensitive or precise. Among 
the more recently developed techniques for the analysis of tetracyclines, high 
pressure liquid chromatography (HPLC) seems to have the most promise '2,'3~'4,'5,16. 

Several HPLC procedures allowing quantitation of tetracyclines in pharmaceuti- 
cal preparations have been reported '7,'8~'9,20, but they were unsuited to the analysis 
of eggs, because endogenous ultraviolet absorbing components were eluted with 
the drugs. 

A few HPLC methods have already been applied to the analysis of tetracyclines 
in biological materials such as urine 21,22323,24, blood 21 and tissues 23 . They were 
usefull, but lacked the sensitivity required to study the low concentration of 
tetracyclines expected in eggs, during the final stage of drug elimination. 

This method involves an extraction procedure23, slightly modified to suit eggs 
analysis, and an HPLC system which' provides increased sensitivity. 

Experimental 

Appavatus 

A modular liquid chromatograph (Perkin Elmer, Series 3) was used in this 
study. A HC-ODS-SIL-X-I (Perkin Elmer) column, 2.6 mm wide and 250 mm long, 
prepacked with octadecylsilane chemically bonded on 10 pm silicagel, was attached 
to a Rheodyne valve injector fitted with a 175 p1 loop. 

Column eluants were monitored with a single beam variable wavelength UV- 
Visible spectrophotometer (Perkin Elmer LC-55B) through a 8 p1 flow cell. 

A digital scanner (Perkin Elmer, LC-55-S) provided background correction for 
the spectrophotometer to produce true spectra of the eluted compounds on stop - 
flow conditions. 

The detector signal was recorded on a varbable - span recorder (Perkin-Elmer, 
023). A column oven (Perkin Elmer, LC - 100) was used to control the column 
temperature. 

Reagents and matevials 

a. Mobile phase. 200 m1 distilled acetonitrile (p.a., Ferak) and 700 m1 distilled 
water were mixed with 100 m1 0.1 M sodium dihydrogen phosphate dihydrate 
(p.a. Ferak). 

The resulting solution was adjusted to pH 2.6 with concentrated nitric acid 
(p.a. Merck) and used after degassing. 

b. Calcium chloride (p.a. Merck) solution 4% w/v. 
c. 5.5 - diethylbarbituric acid sodium salt (sodium barbital, p.a., Serva) 0.8 M 

aqueous solution. 
d. Phenylbutazone sodium salt solution 20% w/v. In a beaker containing 10 m1 

water and 2 gr phenylbutazone (p.a., Serva), the quantity of sodium hydroxide, 
just needed for the phenylbutazone to be dissolved, was added in small portions 
under stirring. The pH of the resulting solution must be 8.2. 
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e. Dichloromethane (p.a., Merck) 
f. Oxytetracycline hydrochloride, tetracycline hydrochloride and 7-chlortetracycli- 

ne (pharm., Serva) 
Quantities (7-9 mg) of tetracyclines were accurately weighed in 100 m1 

volumetric flasks and diluted to the above volume with distilled water just prior 
to use. Aliquots of these stock solutions were diluted to 25 m1 with distilled 
water to make working standards containing 0.5-12.5 pg/ml. Volumes of 0.2 m1 
were used to "spike" eggs. 

Chromatographic conditions 

The column temperature was adjusted to 30•‹C. Each analysis was performed 
by programming the flow rate of the mobile phase as follows: for the first 4.7 min. 
the flow rate was 0.5 ml/min. and then, for 1 min. the flow rate was lineary 
increased from 0.5 ml/min. to 1 ml/min.; for the last 2.5 minutes the flow 
remained constant, 1 ml/min. 

The column eluants were monitored at 361 nm. Recordings were made at a 
chart speed of 30 cm/h and at a sensitivity of 0.020 a.u.f.s. 

At the above conditions, oxytetracycline was eluted in 4.1 min., tetracycline in 
4.6 min. and chlortetracycline in 7.0 min. 

Extraction procedure and preparation of standard curves for eggs 

Samples of 5 gr of the homogenized hens eggs (yolk and albumen) were weighed 
in 50 m1 glass - stoppered centrifugal tubes. A 0.2 m1 portion of a tetracycline 
working standard was added to each tube so that the resulting fortified samples 
contained 0.02-0.5 pg of tetracycline per gr of egg. 

Calcium chloride solution (1.0 ml), sodium barbital solution (3.0 ml), phenyl- 
butazone sodium salt solution (0.5 ml) and dichloromethane (25.0 ml) were 
added successively to the tubes containing the "spiked" eggs. Then the tubes were 
vigorously agitated for 10 min. and centrifuged for 15 min at 2,500 g. Three layers 
were formed; an upper aqueous layer which was discarded, a cream - like mass 
which was detached from the walls with a glass rod and a lower organic layer 
containing the tetracyclines. Portions of 20.0 m1 from these organic layers 
were filtered through Whatman No 42 filter papers into round botton ground 
glass flasks. The filter papers were rinsed with 6 m1 of dichloromethane and 
the washings were collected in the flasks. The solvent from each flask was removed, 
using a rotary evaporator, at a temperature of 3 0 ' ~ .  Distillation was interrupted, 
when a viscous liquid remained in the flasks. Then, the contents of the flasks were 
redissolved in 4.0 m1 of dichloromethane and transferred into 15 m1 glass - 
stoppered centrifugal tubes containing 0.5 m1 IN phosphoric acid. The distillation 
flasks were rinsed with an additional volume of dichloromethane, (2.0 ml) which 
was added to the tubes. The tubes were agitated for 3 min. and then centrifuged for 
15 min. at 2,500 g. From the upper acidic layers containing the tetracyclines, at 
least 200 p1 were pipetted into Durham tubes. A volume of 50 p1 from the content 
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of each tube was injected into the valve injector of the liquid chromatograph. 
Each analysis was done in duplicate and standard curves were prepared by 

plotting the concentrations of tetracyclines (pg/gr) versus average peak heights. 

Results and discussion 

The extraction of tetracyclines from eggs was most efficient when samples were 
buffered to pH 9 with sodium barbital solution in the presence of calcium chloride 
and phenylbutazone sodium salt solutions. No tetracyclines were detected in the 
extracts of fortified eggs, to which only calcium chloride solution had been added; 
the addition of sodium barbital solution resulted to a better but still poor 
extraction efficiency. 

When the extraction process was repeated on aqueous solutions of tetracyclines, 
the efficiency of extraction arrived its maximum; however absence of phenylbuta- 
zone sodium salt solution resulted in a less efficient extraction. 

From the above it was concluded that phenylbutazone increases the extraction 
efficiency, but cannot competitively displace tetracyclines from sites of protein 
binding. These results are in good agreement with the findings of previous 
investigators 23.  

Usage of ethylacetate 23 instead of dichloromethane as extracting agent should 

FIG.  1 Chromatopams of an aqueous solution of tetracycline extracted with ethylacetate (a) or dichloro- 
methane (b) ; a chromatogram (c) o f  control water extracted with ethylacetate is presented. Mobile phase: 
CH3 CN-H20 (20:80) with 0.0IM NaH2P04,  pH 2.6 with H N 0 3 ;  column: 2.6X2.50 mm HC-ODS-SZL-X- 
1 (10 pm); c.cdum~r rcrr,lpc,r-crrrrr-C: 30•‹C; flow rate: programmed (see texl); detector: UV, h=361 nm; 
recorder sensitivi!,': 0.020 a. u./:.r-. 
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be avoided because, as it is shown in Figure 1, extraction with ethylacetate 
results to a change of.. the chomatographic .behaviour  of tetracycline, by 
decreasing its retention time. This can be explained by considering the different 
solubilities, in water, of ethylacetate (5 ml dissolved in 50 m1 water) and dichloro- 
methane (I m1 dissolved in 50 m1 of water12'. It seems that a certain amount of 
ethylacetate is dissolved in the phosphoric acid solution during the reextraction 
process. Consequently an injection volume of 50 p1 of the acidic solution will 
contain enough ethylacetate to change the chromatographic behaviour of tetracy- 
cline, apparently due to alteration in the partition process. The HC-ODS-SIL-X-I 
column, used for this analysis, had a constant activity over the entire period of this 
work. After each assay day, the column was washed free of buffer solution with a 
mixture of 20% acetonitrile - water to avoid unnecessary exposure of the packing 
material to low pH buffer overnight. Special column preconditioning such as 
washing with EDTA19 was not required since no tailing was observed. 

The absorption spectra of tetracyclines in the mobile phase, taken between 325- 
425 nm, indicated that the absorption maxima of oxytetracycline, tetracycline and 
chlortetracycline were 357, 361 and 377 nm respectively. The wavelength of 361 nm 
was selected for their simultaneous determination. 

Linear calibration curves were obtained (Figure 2) when the concentrations 
of oxytetracycline, tetracycline and chlortetracycline in the fortified eggs were 
plotted against peak heights. 

FIG. 2. Calibration curves for the determination of tetracyclines in eggs. (a) ~hlorterracycline; (b) 
oxytetracycline; (c) tetracycline. 

The limits of assay sensitivity in eggs were 0.016 pg/gr for tetracycline 
0.050 pg/gr for oxytetracycline and 0.080 pg/gr for chlortetracycline. 

The precision and accuracy data of this method are presented in Table I; chro- 



TABLE I: Presicion and accuracy data for the determination of tetracyclines in eggs. 

Tetracyclines Tetracycline Number of Mean tetracy- Standard Coefficient Mean Relative 
added determi - clines found deviation of error error 

( P P ~  nations ( P P ~ )  variation % . % 

Oxytetracycline 0.080 
0.160 
0.320 
0.480 

Tetracycline 0.040 
0.080 
0.160 
0.320 

Chlortetracycline 0.080 
0.160 
0.320 
0.480 
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matograms of control and fortified egg extracts as well as of a standard aqueous 
solution of tetracyclines are shown in Figure 3. A single determination by this 
method can be completed in 1 hour. 

FIG. 3. Chromatograms of a control egg extract (a) a fortfied one (b) and a std. aq. rhixture of tetra- 
cycline~ (c): chromatographic conditions as in Fig. I. Peaks: I ,  oxytetracycline: 2. tetracycline: 3. chlorte- 
tracyche. 



44 N.A. BOTSOGLOU, V.N. VASSILOPOULOS, D.C. KUFIDIS 

References 

1. Raica, N., Heywang, B.W. and Kemmerer, A.R.: Poultry Sri. 35, 884 (1954). 
2. Katz, S.E., Fassbender, C.A. and Dowling J.J.: J.A.O.A.C. 55, 128 (1972). 
3. Smith, D.H.: F.D.A. Papers 2, 10 (1968). 
4. Kohn, K.W.: Anal. Chem. 33, 862 (1961). 
5. Kelly, R.G.: J. Pharm. Sci. 53, 1551 (1964). 
6. Ascione, P.P., Zagar, J.B. and Chrekian, C.P.: J. Pharm. Sr i  56, 1393 (1967). 
7. Kelly, R.G., Peets, L.J. and Hoyt, K.D.: Anal. Biochem. 28, 222 (1969). 
8. Ascione P.P. and Chrekian, G.P.: J. Pharm. Sri. 59, 1480 (1970). 
9. Radecka, C. and Wilson, W.L.: J. Chromatogr. 57, 297 (1971). 

10. Fike, W.W. and Brake, N.W.: J. Pharm. Sci. 61, 615 (1972). 
11. Tsuji, K. and Robertson, J.H.: Anal. Chem. 45, 2136 (1973). 
12. Knox, J.H. and Pryde, A.: J. Chromatogr. 112, 171 (1975). 
13. Chevalier, C., Bollet, C., Rohrbach, P., Risse, C., Caude, M. and Rosset, R.: J. 

Chromatogr. 124,343 (1976). 
14. De Leenheer, A.P. and Nelis, H.J.C.F.: J. Chromatogr. 140, 293 (1977). 
15. Mack, G.D. and Ashworth, R.B.: J. Chromatogr. Sri. 16, 93 (1978). 
16. Von Steinbach, D. and Strittmatter, T.: Pharm. Z. 123, 1083 (1978). 
17. Tsuji, K., Robertson, J.H. and Beyer, W.F.: Anal. Chem. 46, 539 (1974). 
18. Butterfield, A.G., Hughes, D.W., Wilson, W.L. and Pound, N.J.: J. Pharm. Sri. 64, 316 

(1975). 
19. Knox, J.H. and Jurand, J.: J. Chromatogr. 110, 103 (1975). 
20. White, E.R., Carrol, M.A., Jarembo, J.E. and Bender, A.D.: J. Antibiot. 28, 205 (1975). 
21. Sharma, J.P., Perkins, E.G. and Bevill, R.F.: J. Chromatogr. 134, 441 (1977). 
22. Sharma, J.P., Koritz, G.D., Perkins, E.G. and Bevill, R.F.: J. Pharm. Sri. 66, 1319 

(1977). 
23. Sharma, J.P. and Bevill, R.F.: J. Chromatogr. 166, 213 (1978). 
24. Knox, J.H. and Jurand, J.: J. Chromatogr. 186, 763 (1979). 
25. The Merck Index (9th edition) 494 and 791, Merck and Co., Rahway, N.J., 1976. 



Chimika Chronika, New Series, 13, 45-56 (1984) 

INVESTIGATION OF THE ELECTROCHEMICAL BEHAVIOUR OF 
NITROBENZOIC ACIDS AT CARBON FIBRE AND MERCURY 
ELECTRODES 

N. MISSAELIDIS, E. THEODORIDOU AND D. JANNAKOUDAKIS 
Laboratory o f  Phvsical Chemistrv of  the Aristotelian University, Thessaloniki 

(Received September 30, 1983) 

Summary 

The reduction of the isomeric nitrobenzoic x ids  in aqueous, methanolic and acetonitrile 
solutions at carbon fibre electrodes - obtained by graphitization of polyacrylonitrile (PAN) - 
as well as at mercury electrodes, is comparatively studied. 

For this purpose, the techniques of Cyclovoltammetry, Polarography and constant 
potential Electrolysis are employed. 

It is found out that, in acid aqueous solutions the reduction of all three isomeric 
depolarizers takes place at the carbon electrodes in one four-electron step to the corre- 
sponding hydroxylamine, while at the mercury electrodes this reduction is also followed by a 
characteristic two-electron step to the corresponding amino- compound. 

In methanolic solutions the reduction of the nitrobenzoic acids is facilitated at both 
electrodes, because the carboxylic groups existing in the depolarizer molecules act as pro- 
ton-donors. 

In acetonitrile solutions the behaviour of o-nitrobenzoic acid is greatly different from 
that of m- and p-isomers. In the case of the o-isomer a three-step reduction takes place, 
while in the case of the other two isomers only a two-step reduction occurs. 

The different behaviour of the depolarizers studied at the above electrodes in all three 
solvent systems is discussed in detail. 

Key words: Nitrobenzoic acids, carbon fibre and mercury electrodes, electrochemical reduction 

Introduction 

During our recent studies in the field of nitrocompounds electroreduction 
at several electrodes - particu,larly at carbon fibre and mercury electrodes - the 
behaviour of nitrophenols and nitronaphthols, having in their molecule in addition 
to the electroactive also an electroinactive acidic group, has been investigated'". 

Continuing the above research we wanted to study in the present work the 
electrochemical behaviour of the three nitrobenzoic acids. These depolarizers 
contain in their molecule besides the electroactive also a carboxylic group, which in 
both forms - dissociated or not - considerably influences their electrochemical 
behaviour. 
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This behaviour of the three isomeric nitrobenzoic acids (0-,m- and p-NBA) was 
comparatively studied at carbon fibre and mercury electrodes in aqueous, metha- 
nolic and acetonitrile solutions. 

Experimental 

The whole investigation was carried out using the techniques of cyclic 
voltammetry, polarography and constant potential electrolysis. Bundles of carbon 
fibres (GY 70 fibres, Celanese Corp., USA) obtained by graphitization of 
po!yacrylonitrile (PAN), were used as carbon electrodes. The current densities in 
the corresponding cyclic voltammograms refer to the electrochemically effective 
area of the carbon electrodes, which was determined comparing the peak currents 
of the reversible reaction F ~ ( c N ) ~ +  e- e F ~ ( c N ) ~  at carbon fibre electrodes 
with those obtained at a Pt wire electrode having a fixed surface area. 

The.. nitrobenzoic-.-a~ids- {k:puriss. p.a.", Fluka AG) and methanol ("zur 
Analyse", Merck) were used as received. Acetonitrile ("puriss p.a.", Fluka AG) 
was further purified by the Donnell, Ayres and Mann procedure4. 

All electrochemical experiments were carried out at 2 5 ' ~ .  

Results and Discussion 

Behaviour in aqueous solutions 
The cyclovoltammetric behaviour of o-NBA at carbon fibre electrodes in 10 % 

v/v methanol solutions was investigated first. 
In acidic media the above depolarizer is reduced to the corresponding 

hydroxylamine. A second reduction wave to amine is not observed; only the 
appearance of a "shoulder" in the vicinity of the potential, where the supporting 
electrolyte deposition occurs, is noticed in some acidic solutions. Because of the 
amine formation the deposition of the supporting electrolyte takes place at more 
positive potentials than in the corresponding acidic solution without depolarizer, 
i.e. a remarkable decrease of the hydrogen overvoltage is noticed, caused by the 
catalytic effect of the amine. 

The quantity of current calculated during the electrolysis at carbon electrodes 
with big surface area, at potentials a little more negative than that of the first 
cathodic step, indicates a four-electron reduction. 

Fig. 1 illustrates, as an example, the cyclic voltammograms of o-NBA in acidic 
buffer solution with pH 2. 

The observed cathodic step (peak a, E, =-0,5 V) corresponds to the 
electrochemical reaction: 

COOH COOH 



ELECTROCHEMICAL BEHAVIOUR OF NITROBENZOIC ACIDS 47 

I I I I I 

1.0 0.5 0 - 0.5 -1.0 
E / V  vs. S C E  

FIG. 1 .  Cyclic voi~ainrno,yr.ams (U = 100 mVs-I) of 0-NBA (c= 1 0 - 3 ~  on carbon fibre eiectrvdes. 
Curve 0: hydrogen overvoltage on carbon. p H = 2 .  

In the anodic potential sweep two steps (a' and b) appear. Peak a corresponds 
to the oxidation of the hydroxylamine to the respective nitroso-derivative, peak b 
to the oxidation of the amine. The latter becomes more intensive, when the 
electrode remains at the potential value - 1,2 V for a few minutes. This indicates a 
formation of the corresponding amine at the potential range, where the supporting 
electrolyte is reduced. On the other hand, as Fig. 1 shows, the deposition of the 
supporting electrolyte in fact takes place at more positive potential values than in 
the same acidic solution without depolarizer in the bulk (curve 0 in Fig. l), i.e. the 
amine formed causes also a significant decrease of the hydrogen overvoltage on 
carbon electrodes in acidic aqueous solutions. 

Potential cycling after the cathodic step a, f.i. at -0,75 V, results in the cyclic 
voltammogram illustrated by the dotted line in Fig. 1. At the anodic sweep of this 
voltammogram only the oxidation step a '  appears, which yields the reduction step 
a"  during the subsequent cathodic sweep. These two peaks correspond to the 
reversible redox system hydroxylamine-nitrosocompound: 

In this latter case, illustrated by the dotted line in Fig. 1, amine is by no means 
formed, as it is indicated by the disappearance of the oxidation peak b. 
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As far as the pH influence on the E, values is concerned, we can see a normal 
shift of about 60 mV pro pH-unit within the acidic region. 

In weakly alkaline solutions a similar behaviour to that of the acidic solutions is 
observed. The only difference is that the reduction potential remains here 
independent of the pH-change. Furthermore, reduction to the corresponding 
amine is never observed in this case, even at the potential range of the supporting 
electrolyte deposition. 

The reduction mechanism of o-NBA is totally changed in strong alkaline 
solutions, where double reduction waves are obtained. The first wave is due tothe 
formation of the respective radical anion arising through the capture of one 
electron by the anions of o-NBA and the second one to the further reduction to 
hydroxylamine. That is to say, in this case, a separation of the cathodic wave to an 
one-electron and a multi-electron step takes place, without an inhibitor presence in 
the solution. Obviously, the separation of the four-electron reaction in two partial 
steps is caused by the presence of the ionic form of the carboxylic group: 

coo- coo- 

In Fig. 2 

coo- coo- 

the cyclic voltammograms of o-NBA on carbon fibre electrodes at pH 
12 are represented. The first peak (a), due to the formation of the radical anion, 
appears at -0,85 V - i.e. at the same potential, where the four-electron reduction in 
the weak alkaline solutions occured - whereas the further reduction of the radical 
anion to hydroxylamine takes place at considerably more negative potentials. 
There exists hence a clear difference of 400 mV between the two steps. 

In the anodic potential sweep, peak b ', due to the oxidation of hydroxylamine, 
is observed. The nitrosocompound, formed in peak b ', is reversibly re-reduced in 
peak b". Stopping of the potential sweep at -0,95 V results in the appearance of 
peak a '  in the reverse cycle, which corresponds to the reversible oxidation of the 
radical anion, according to reaction (3). 

Substitution of the carbon fibre electrodes with the dropping mercury electrode 
has a considerable effect on the mechanism of the o-NBA reduction in acidic 
media. Up to pH 5, a characteristic reduction of o-NBA to the corresponding 
amine is noticed, as it is shown by the polarogram of Fig. 3. 

The four-electron reduction to hydroxylamine takes place on Hg at -0,2 
V, i.e. at more positive potentials than on carbon in the same buffer solution 
(E,=-0,5 V, Fig. l), while the further two-electron reduction to amine occurs at 
-0,6 V. 
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FIG. 2 .  Cyclic voltammograms (U= 100 m ~ s - l )  of o-NBA (c= 10-j)  on carbon ,fibre electrodes. 
pH = 12. 

0 - 0.5 -1.0 -15 

E / V vs. SCE 

FIG. 3. Polarogram of. o-NBA (c= 1 0 - j ~ ) .  pH=2. 
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The difference in the potential value of the four-electron step between the two 
electrodes may be at t i ihted to a stronger adsorption of the depolarizer on the 
carbon fibre electrodes. Even more the reduction product of o-NBA, i.e. the 
hydroxylamine-derivative, may remain strongly adsorbed on the carbon electrodes; 
therefore, the further reduction of hydroxylamine takes place at much more 
negative potentials, almost at the position of the supporting electrolyte reduction 
wave. 

The pH dependence on E is expressed by a straight line with a normal slope 
of 60 mV pro pH-unit, up to pH value equal to 3. Beyond this value, the slope of 
the straight line changes and becomes 75 mV pro pH-unit up to pH 7. This change 
is attributed to the fact that, at higher than 3 pH values the anions of o-NBA are 
predominant in the solution, since the pK of o-NBA in 10 % v/v methanolic 
solutions is equal to 2,4. This behaviour is in accordance with the results of 
Heyrovsky and Vavricka, who have attributed the appearance of a "break" in the 
E VS. pH plots to the different rate of the depolarizers molecular form 
protonation than that of their ionic form, when these depolarizers contain also an 
acidic group in their molecule5. 

In weakly alkaline solutions o-NBA is reduced on mercury in a four-electron 
wave, whereas in strong alkaline solutions the one-electron step, caused by the 
formation of the radical anion, appears. The potential difference between the one- 
electron and the multi-electron step is on mercury less intensive in comparison to 
that on carbon, as it is shown by the polarogram of Fig. 4. 

- 0.5 -1.0 - 1.5 -2.0 

E/ V vs. SCE 

3 FIG. 4. Polarogram of o-NBA (c = 10- M). pH = 12. 

The electrochemical behaviour of the other two isomers (m- and p-NBA) 
is essentially the same to that of o-NBA on both electrodes. Only little 
differences exist between the reduction potentials of the three compounds 
in acidic solutions (f.i. at pH 1 : EIl2 of p-NBA=-0,085 V, E1/2 of m- 
NBA=-0,115 V and EIl2 of o-NBA=-0,140 V). 

The break at the linear parts of the E vs. pH plots appears also in the case of 
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m- and p-NBA. In this case the change of the slope takes place at greater than 4, 
pH values, i.e. in the vicinity of the pK (pK is equal to 3,6 in 10 % v/v methanolic 
solutions for both compounds) of these two isomers. 

Behaviour in methanolic solutions 

In methanolic solutions double reduction waves appear at carbon electrodes 
for all three isomeric nitrobenzoic acids. However, the first wave is not due to 
the formation of the respective radical anion, but to the facilitated reduction of 1/4 
of the molecules, because of the presence of the carboxylic group in the molecule of 
these depolarizers, which acts as proton donor in methanolic solutions. 

In Fig. 5 (curve 1) the cyclic voltammogram of o-NBA on carbon fibre 
electrodes in methanol, with the presence of LiC104 as supporting electrolyte, is 
represented. 

I FIG. 5. Cyclic volfammograms (o = l00 mVs- ) of o-NBA ( c = I o - ~ M )  on carbon fibre electrodes in 
methanol (LiCIOq 0,I M),  I) in the absence, 2) in the presence of C6H5COOH (c =3.10-~M).  

The two reduction peaks (a and b) are due respectively to the facilitated or not 
reduction: 

COOH COO- 

@ N02 e' -% 1 / 4  
(5 )  + 4 Gio2 + l H,. -, 
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coo - coo- 

The fact, that potential cycling after the pre-wave (a) results in the appearance 
of the peak pair (a', a"'), due to the reversible system phenylhydroxylamine- 
nitrosocompound, provides further evidence, that peak (a) is not caused by the 
formation of the radical anion. 

Subsequently, the presence of the carboxylic group in the molecule of the 
depolarizer has a similar effect on its reduction at carbon electrodes as the 
introduction of an equimolecular quantity of benzoic acid to methanolic solutions 
of depolarizers, without a proton-donating group in their molecule6. 

When a threefold quantity of benzoic acid (with respect to that of the 
depolarizer) is introduced, the whole reduction wave is shifted towards more 
positive potentials (curve 2 in Fig. 5): 

COOH COO- 

Shape and height of this wave do not change, if an excess of benzoic acid is 
added in the solution. 

A similar behaviour of the o-NBA reduction in methanol, in the presence or 
absence of 

5 
\ .- 

benzoic acid, is also polarographically observed (Fig. 6). 

E / V vs. SCE 

FIG. 6.  Polarograms of o-NBA ( c =  I O - ~ M )  in methanol (LiCIOg 0.1 M). 1) in the absence, 2) in the 
3 presence of C6H5 COOH (c = 3 -10- M). 

The half-wave potentials of all three isomers have almost the same value in 
methanolic solutions. 



ELECTROCHEMICAL BEHAVIOUR OF NITROBENZOIC ACIDS 53 

In the cyclic voltammograms on carbon fibre electrodes as well as in the 
polarograms on the dropping mercury electrode, the position of the second 
reduction wave in methanol is exactly the same with that of the single reduction 
wave in the presence of a LiOH excess; this fact proves that the second wave is 
really due to the reduction of the depolarizer anions'. 

The electrochemical behaviour of the other two isomers does not significantly 
differ from that of the o-isomer in methanolic solutions; the only difference is that 
the separation between the two waves is less intensive in the case of the m- and p- 
isomers. 

Behaviour in acetonitvile solutions 

The electrochemical behaviour of o-NBA is different from that of the other two 
isomers in acetonitrile solutions. 

The cyclic voltammograms of the o-isomer on carbon fibre electrodes have only 
two reduction steps (a and b), as it is shown in Fig. 7, while in the case of the 
other two isomers three reduction steps appear, as Fig. 8 for p-NBA shows. 

E / V vs. SCE 

FIG. 7 .  Cyclic voltainrnograin (U= 100 m ~ s - l )  of o-NBA (c= I O - ~ M )  on ccarbon fibre electrodes in 
CH3 CN (Er4 NClO4 0.1 M). 

The first step in both cases is due again to the facilitated reduction of the 1/4 of 
the depolarizer molecules, i.e. the presence of the carboxylic group has a similar 
action to that of an equimolecular quantity of benzoic acid in the reduction of 
depolarizers not having carboxylic groups in their molecule638. 

The remaining anions in the case of o-NBA are very difficultly reduced, so that 
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the one-electron wave is blended with the multielectron one (step b in Fig. 7). On 
the contrary, in the case of the other two isomers, the first electron capture by the 
remaining anions is not so difficult, so that the one-electron step appears very 
clearly (peak c in Fig. 8). 

In conclusion, a strong inductive effect of the -COO- group, being close - in o- 
position - to the -NO2 group, is observed in the acetonitrile solutions. 

In the case of m- and p-NBA the appearing peak c (Fig. 8) is really due to the 
formation of the corresponding radical anion, as it is proved by the fact, that 
potential cycling after peak c gives the reversible oxidation peak of the radical 
anion (peak c' in Fig. 8). 

I 
In the cyclic voltammograms of the figures 7 and 8, peak b' is due to the 

oxidation of the hydroxylamine derivative, formed at the reduction wave b, while 
peak a '  is caused by the oxidation of the hydroxylamine, formed at the pre-wave a. 

When a threefold benzoic acid quantity is added to the acetonitrile solutions of 
the nitrobenzoic acids, a single reduction wave appears, shifted to more positive 
potential values, i.e. at the position of the initial pre-wave. A similar behaviour is 
observed, when we use as electrodes thermally oxidized carbon fibres, which have 
carboxylic groups on their surfaceb. The two reduction steps are here replaced by a 
single, positively shifted, wave at a depolarizer concentration of 5 . ~ o - ~ M ,  as it has 
been also observed in the case of nitrobenzene6 and nitroethaneg. 

E / V vs. SCE 

FIG.  8. Cyclic voltammogram ( U =  100 m ~ s - I )  of p-NBA (c= I O - ~ M )  on carbon fibre electrodes in 
CH3 CN (Et4NC/Os 0,I M). 

The action of the electrode surface carboxylic groups is most evident on the 
reduction of o-NBA in acetonitrile, where a remarkable difference between the first 
and the second reduction step exists, so that the increase of the pre-wave 
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constitutes a measure of the carbon fibres oxidation extent. In Fig. 9 the cyclic 
voltammogram of thermally oxidized fibres (heating at 150 'C  for 40 h in the 
presence of water vapor) is given as an example. 

E I V vs. SCE 

FIG. 9. Cyclic volrammogram ( U =  100 m ~ s - l )  of o-NBA ( c = 5 . 1 0 - ~  M) on therma//y oxrdized carbon 
fibres in CH3 CN (Er4 NCIOs O,1 M). 

30 

a 
1 20 
\ .- 

10  

0 - 0.5 - 1.0 - 1.5 - 2.0 

E / V vs. SCE 

FIG. 10 Polarogams of o-NBA (curve l )  and p-NBA (curve 2) in C% CN (EtqNClOq 0.1 M).  c =  1 0 - ~  
M. 
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The polarographic behaviour of o-NBA in acetonitrile is also different from 
that of the other two isomers. In the case of the o-isomer two waves appear, the 
second having a maximum, whereas the other two isomers undergo reduction in 
three steps. In Fig. 10 the polarograms of o- and p-isomer are comparatively given. 
The m-isomer polarogram is similar to that of the p-isomer. 

Studying the polarograms of the three isomers we come to the conclusion that 
the first electron capture by the remaining anions is really hindered in the case of 
the o-isomer. The further reduction to the hydroxylamine-derivative takes place at 
the same potentia1,'where the first electron is captured and this is the reason for the 
appearance of the characteristic maximum. 

M d k q  Z ~ G  q h ~ t p o ~ q p z ~ l j ~  u o p n ~ p ~ y o p d ~  vz tpo~&v~o&hv o&kov w q 1 ~ ~ t p d d l a  ivhv dv6pa~a 
Kai u8papy~jpoo 
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Summary 

A number of 6-aminodehydroabietate and dehydroabietomethylamine Schiff bases have 
been synthesized and their photochromic and thermochromic properties have been 
investigated in the crystalline state, in rigid glasses and in solution, in a variety of solvents 
over a range of temperature and solute concentrations and the results were compared with 
those of salicylideneanilines. 

Among the compounds studied in the crystalline state, some of them are found to be 
both photochromic and thermochromic against solid salicylideneanilines which are either 
photochromic or thermochromic but not both. 

Key words: Flash photolysis, energy of activation, spectra, irradiation - 

Introduction 

Salicylideneaniline (I) and its derivatives exhibit in the crystalline state 
photochromic or thermochromic phenomena, i.e. they show a reversible colour 
change, mostly from yellow to red, as a result of ultraviolet irradiation or under 
variation of temperature ' z 2 .  

Is was suggested334 that the appearance of these phenomena depend upon the 
structure of the compounds, since no correlation exists between photosensitivity 
and the chemical nature of the ring substituents. Thus, in the crystalline state, an 
"open" crystal structure associated with non-planar molecules and allowing 
molecular movement, is necessary in order to allow photochromism, whereas in 
thermochromic crystals the molecules are planar and closely packed. Structural 
studies support this idea. 
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The presence of the ortho-OH group is considered to be an essential condition 
for both phenomena and the following model is p r ~ p o s e d ~ , ~  to explain the 
mechanism in the solid state: in planar molecules exhibiting thermochromism, there 
is a temperature sensitive equilibrium (Eq. l), between two tautomeric forms: a 
yellow "enol" form, the "OH-form" (I) stable at low temperature, where the 
chelating hydrogen is covalently bonded to the oxygen and a red quinoid "keto" 
form, the "NH-form" (11) at high temperatures, with the hydrogen covalently 
bonded to the nitrogen. The intramolecular proton transfer would thus occur in the 
thermochromic systems both in the ground and the excited electronic state, whereas 
in photochromic systems this transfer occurs only in the excited electronic state 

This is, according to the proposed model, a result of the fact that too high an 
energy would be required for proton transfer in the ground state in view of the 
non-planarity of the photochromic molecules and thus an E-keto form (111) may be 
produced. 

In a more recent work with salicylidene-2-aminopyridines it was found that 
the appearance of the thermochromic phenomenon in the solid state depends upon 
the crystal structure and the molecular orientation of the compounds and in 
another, with salicylideneanilines, the presence of the keto and enol forms was 
demonstrated l ' .  

In solution the process is so fast that photochromism can only be followed by 
flash photolysis techniques. Thus a transient species was with a 
spectrum similar to that of the photoproduct in rigid solution and, on the basis of 
two transients observed later 14, it was suggested that photochromism involves, in 
addition to proton transfer, a simultaneous rotation around the C l -C and C -N 
bonds. Recent experiments using picosecond and nanosecond emission spectrosco- 
py resulted in the observation of bimolar fluorescence kinetics which appear to 
represent excited state vibrational relaxation occuring on a 10 ps time scale, quite 
unusual for such large molecules 15.  

In conclusion, the nature of the coloured species in the solid state and the 
photochromic mechanism in solution are still subjects for research. The purpose of 
the present paper is to report the results of our studies on thermochromism and 
photochromism in a number of salicylidene-6-aminomethyldehydroabjetate (IV) 
and salicylidenedehydroabietylamine (V) Schiff bases which present iiiterest as 
bacteriostatic and fungistatic agents l6 and to compare them with their benzene 
analogs (I). 

The studies compounds of group IV are: 1 (R =H), 2 (R = CH 3) and 3 
(R=Cl) and of group V: 4 (R=CH3,  R1=H),  5 (R=H,  R1=N(CH3)2, 6 
{R = H, R ,  = H (no ortho-OH group)}, and 7 {R = CH 3, R 1 = H (NHCH instead 
of N = CH)). 
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These Schiff bases in comparison with salicylideneanilines have lower symmetry 
and present increased breadth (addition of two more rings in the aniline part of the 
molecule) and therefore substantial structural differences are expected which could 
affect both the photochromic and thermochromic properties, if present. 

Experimental 

The salicylidene-6-aminomethyldehydroabietate (IV) and salicylidenedehydro- 
abietylamine (V) Schiff bases were prepared according to published processes 
and summarized in Table I. All the compounds were purified by repeated 

TABLE I. Salicylidenehydroabietylamines and salicylidene-6-aminomethyldehy- 
droabietates. 

Compound M.p. 'C Calculated% Found% 
C H N C H N 

recrystallization from ethanol. Infra-red spectra of the compounds 1-3 showed 
strong absorption around 1720 and 1620 cm" characteristic of the CO and 
>C = N- groups and compounds 4-7 around 1620 cm-' characteristic of the 
\C N = N- group. 

The mass spectra showed the following prominent ions: Compound 2, m/e 447 
(M'), 432, 371, 314, 250. Compound 4, m/e 388 (M'), 251, 194, 185, 173. 
Compound 5, m/e 432 (M'), 415, 237, 176, 160. Compound 6, M/e 358 (M'), 
373, 225, 185, 173, 155. 

Crystalline thin films were prepared from the melt between two quartz optical 
plates under pressure. The films were examined under polarized microscope and 
showed pleochromism. 
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The experiments in rigid glasses were conducted with solutions in EPA (ether: 
isopentane: alcohol, 1:5:5) at liquid nitrogen temperature and in polymerized 
methyl methacrylate (PMMA) at room temperature and at liquid nitrogen tempera- 
ture. In these rigid media, the fading of the photo-colour was not appreciable 
during the measurements and therefore, all the spectra were obtained satisfactorily. 
No correction was made to the spectra for concentration of the solution on cooling 
as this was found to be less than 10% in EPA and of the order of 5% in PMMA. 

Absorption spectra were recorded on a Cary-17 spectrophotometer. A quartz 
Dewar vessel with quartz windows was used for the measurements of optical 
spectra in thin films and rigid glasses at low temperatures. 

Steady-state irradiations were carried out with a 200W high pressure Hg lamp 
and appropriate filters. 

The flash photolysis apparatus had a IOOW quartz-iodine lamp as the analysing 
source; it was focused by means of quartz lenses though the long axis of the flash 
photolysis cells onto the entrance slit of a Hilger-Watts grating monochromator. 
The output. of an EM1 9660 ]B_ Photomultiplier tube was fed via a cathode to a 
Tektronix 545B oscilloscope equipped with a 1A5 plug-in unit and a C-12 
Tektronix camera. The photolytic flash had a width at half-height of about 30ps at 
full power. The sample in a quartz cell 20cm long was placed between two krypton 
flashlamps. Concentations were generally 1 0 4 ~ .  For variable temperature studies 
the flash cell was mounted in an optical quartz Dewar and was cooled by a flow of 
heated liquid nitrogen. The temperature inside the Dewar was monitored by an 
iron-constantan thermocouple, the voltage of which regulated a relay to control a 
heating coil which boiled the liquid nitrogen. A fresh solution was used after each 
flash. 

Reaction rate constants were determined by a least-squares approximation of 
first and second order reactions using a computer. 

Results 

Photochemical and Thermochemical Experiments in the Crystalline State. 

Polycrystalline Powders. By screening the compounds of group IV in the form of 
polycrystalline powders for photochromic and thermochromic properties, it was 
found that compound 1 presents, although weakly, both photochromic and 
thermochromic phenomena. Thus the compound changes reversibly from yellow, at 
room temperature, to white, at liquid nitrogen temperature; this white colour turns 
to red under UV-irradiation at liquid nitrogen temperature. The yellow crystals at 
room temprature do not change colour under UV-irradiation, indicating that the 
protochromic phenomenon operates at low temperatures films. This will be clear 
later with experiments in thin polycrystalline films. The compound shows weak 
fluorescence at room temperature and stronger at liquid nitrogen temperature. 

Compound 2 is photochromic at room temperature down to liquid nitrogen 
temperature. The colour changes on UV-irradiation from light yellow to red- 
orange. The process is reversible, thus the compound returns to its original colour 
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thermally or under visible light. The compound is non-fluorescent and presents no 
change in colour with temperature. 

Compound 3 behaves in general like compound 1. 
Among compounds of group V, compound 4 behaves like compound I and 

compound 5 is only thermochromic and fluorescent. 
Compounds 6 and 7 are inactive against heat or light and are not fluorescent. 
All the above results are summarized in Table 11. 

TABLE 11. Effect of Light and Heat on the Crystalline Salicylidenedehydroabiety- 
lamines and Salicylidene-6-aminomethyldehydroabietates 

Compounds Effect of Effect of Fluorescence Property 
Light Heat 

reversible 
colouration 

2 reversible 
colouration 

3 reversible 
colouration 

4 reversible 
colouration 

5 inactive 

6 inactive 

7 inactive 

reversible 
colouration 

inactive 

reversible 
colouration 

reversible 
colouration 

reversible 
colouration 

inactive 

inactive 

fluorescent 

non-fluore- 
scent 

fluorescent 

fluorescent 

fluorescent 

non-fluore- 
scent 

non-fluore- 
scent 

photo/thermo- 
chromic 

photochromic 

photo/thermo- 
chromic 

pho.to/thermo- 
chromic 

thermochromic 

inactive 

inactive 

Thin Films. The results with polycrystalline powders are exemplified with 
experiments in thin polycrystalline films. Fig. I(a) shows the photochromic 
phenomenon at -40•‹C together with thermochromic one for compound l .  
Irradiation at room temperature brings no change in the spectrum. However, 
an examination for photochromism over a range of temperature shows that 
there is a "working range" between - 7 0 ' ~  and - 1 0 0 ~ ~  in which the phenomenon 
appears stronger. Figs. l(b), (c) and (d) show the photochromic phenomenon of 
compounds 2 and 3, the photochromic/thermochromic properties of compound 4. 

Finally, as it was noted with their powders also, compounds 6 and 7 are ina- 
ctive; their thin films remain, under UV-irradiation or variations with temperature, 
unchaged. 
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In Figs. I(a) and (b) the fluorescence spectra of compounds 1 and 3 in the same 
thin filins, are displaced for reasons of comparison. 

FIG. I .  The absorption spectra of crystalline films of the indicated compounds at room @l1 lines) and low 
(broken lines) temperature: the dotted line.$ are affer UV irradiation at low temperature. In (a) and (b), the 
?mission spectra are rlisplaced (brOk~ll dotted lines) for reasons of' cmmporic-on. 

Photochemical Experiments in the Rigid State. 

Experiments in the rigid state were conducted with solutions of EPA at liquid 
nitrogen temperature and with PMMA at room temperature and at liquid nitrogen 
temperature. The results may be summarized as follows: 
(i) photocolouration in rigid glassy solutions of the examined compounds occurs 
only at liquid nitrogen temperature; in the case of EPA, the effect is reversed when 
the rigid solution softends and in PMMA when the sample is warmed up. 
(ii) the compounds, thermochromic or photochromic in the crystalline state, are 
all photochromic in rigid glasses. 
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(iii) in the absence of the ortho-OH group from the salicylaldehyde moiety 
(compound 6) or when the 'C = Nlbridge is saturated (compound 7), photochro- 
mism is not observed. Fig. 2 summarizes some of the above results. 

FIG. 2. Absorption spectra of the indicated conil~ounds at liquid nitrogen temperature (full lines) and after. 
UV ivadiarion at the same temperature (broh.en lines). 

Spectra and Steady-State .Irradiation. 

The electronic absorption spectra of the compounds studied in ethanol, 
dimethylformamide, acetonitrile, heptane and for concentrations from 1 0 - ~  to 10-4 
M consist of two fairly intense bands with maxima in the range 245-370 nm. 
There was no appreciable concetration effect but, in two cases (compounds 2 and 
4) a solvent effect was observed. Thus in protic polar solvents (e.g. ethanol) a third 
band appears around 425 nm. This band is more intense in the case of compund 4 
(Fig. 3). 
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Steady-state long time irradiation of ethanol or heptane solutions has no effect; 
the spectra remain practically unchanged. 

FIG. 3. Absorption spectra of the indicated compound in ethanol (full line) and heptane (broken line) 
.solution ( I O ~ M ) .  

Flash Photolysis Experiments. 

Flash photolysis experiments were conducted with compounds 1, 2, 4 and 5. In 
all cases strong transients were observed in ethanol, EPA of PMMA. The transients 
were not affected by the presence of oxygen and repeated flashing could be 
perfomed since there was not any substantial change in the height of the transient. 
This is in agreement with the steady-state time irradiation experiments. 

An examination of the oscillograms in the 380-550 nm range reveals the 
presence of two transient species in the ms region for eash compound. The first 
transient is formed directly after excitation and decays fast while the second is 
much slower. It is not clear from our results if this second transient is formed from 
the first. Fig. 4 shows the fast and the slow-transient absorption spectra of 
compound 4 in 1 0 " ~  PMMA taken immediately after the flash and 60 ms later. 
The absorption spectrum of the same compound in PMMA is displaced in the same 
figure for reasons of comparison. The fast-transient spectra of the other compo- 
unds are very similar. The spectra are not affected by solvent (EtOH, cyclohexane, 
EPA, PMMA) and the transients are not quenched by oxygeti. The transients are 
observed also, in air, equilibrated solutions. 
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At room temperature, the two transients are better observed in polymethytlme- 
thacrylate (PMMA) because of its high rigidity. Thus, for compound 2 in this 

FIG. 4. Transient absorption spectra immediately after the flash (broken line) and 60 ms later (dotred line) 
of the indicated compound in I O - ~ M  PMMA solution. The absorption spectrum in the same solvent is alro 
displaced (full line) for reasons of' comparison. 

substrate, the life-times of the two transients at 450nm, as estimated from the 
oscillogram which is reproduced in Fig. 5, are 50 and 300 ms. 

FIG. 5 .  Demonstration of the two translent absorption (room temperature, 450nm) of the ~ndicated 
compound m PMMA. Horrzontal scale 100 ms/divislon. 
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Kinetic analysis at 450nm yields a good fit to first-order kinetics. No 
concentration effect of the decays of the species product, and the original enol 
form, do not affect the relaxation process which may, therefore, be considered as 
purely exponential. The kinetics of fading of the two transient species in the case of 
compounds 2 followed at various temperatures (between 25 O C and - 70 'C) in EPA 
yields E = 3Kcal/mol for the activation energy of the decay at 450nm for the fast 
transient and 7Kcal/mol for the slow. Finally, the inactive compounds 6 and 7 
present no transients at all. 

Discussion 

In rigid glasses and in fluid solutions where the orientation of the molecules is 
random all the examined compounds (except the inactive ones) appear photochro- 
mic as in the case of salicylideneanilines 3 .  The inactive compounds demonstrate 
the importance of the ortho-OH and the > C=N-groupings. The kinetic and 
spectral considerations by flash photolysis indicate two photoproducts with 
activation energies 3Kcal/mol and 7Kcal/mol for the thermal back reaction against 
2.4 a nd 6 Kcal/mol in salicylideneanilines 14. 

The transients, in general, show absorption spectra similar to those of the 
photoproducts in rigid glasses (compare Figs. 2 and 4) although structureless. In 
addition, in the case of compounds 2 and 4, these spectra are similar with the third 
band which appears in protic polar solvents (see Fig. 3). This last similarity may be 
explained if we assume that the photoproducts are already present in the dark in 
equilibrium with the original compounds as it was suggested for salicylidineanili- 
nes 19. 

The similarities of the experimental results in rigid glasses and in fluid solutions 
with those of salicylideneanilines suggest that the mechanism of photo-colouration 
resembles the one, including enol-keto transformation' and rotations around 
C l  - C7 and C7-N bonds, postulated for salicylideneanili~es on the basis of the 
two transients observed also in that case 14. 

We turn now to the problem of thermo -and photo- coloured species in the 
crystalline state, where the molecules possess a certain crystal and molecular 
structure. 

By comparing again our findings with those of salicylideanilines we notice two 
substantial differences. 'First, we have now compounds which are both photochro- 
mic and thermochromic, and second, in the elongated bridge compounds (by the 
addition of the -CH 2 -grouping), we do not have exclusively photochromic 



PHOTOCHROMISM AND THERMOCHROMISM OF SOME ORGANIC COMPOUNDS 67 

compounds as in salicylideneanilines3, but thermochromic/photochromic and 
thermochromic as well. This is an indication that the structural requirements fo; 
salicylideneanilines-planarity with short interplanar distances of the order of 3.54 
for thermochromism and nonplanarity with interplanar distances more than 4.5A 
for photochromism are not enough, as it was found also for some sali~~lideneami- 
nopyridines 21 , to explain the present results. Therefore either there are structures 
which permit the simultaneous appearance of photochromism and thermochromism 
or the planar structures; in the present case, are also "open" with interplanar 
distances more than 4.5A and therefore permit rotations analogous to that shown 
in Eq. 2, which produce photoproducts of the "keto" form VI. These structures 
have to wait an X-rays three-dimensional analysis. 

Mr,yavzapdg zoo qwzoxpopzopoo' Kaz zoo B~ppo~popzopoo' opiapivwv aaAz~uAi8~vo- 
~~v8poa/3z~zuAapzvov Kaz o d z ~ o ~ i 8 & v o  6-apzvo8&v8poa/3z&zz~~v p~8oA~azipwv 
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