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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f o u n d e d i n 1949 b y the 
A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d co l 
lections of data i n specia l areas of top ica l interest that c o u l d 
not be a c c o m m o d a t e d i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented, 
their papers d i s t r i b u t e d among several journals or not p u b 
l i shed at a l l . Papers are referred cr i t i ca l ly accord ing to A C S 
edi tor ia l standards a n d receive the care fu l at tention a n d proc
essing characterist ic of A C S publ ica t ions . Papers p u b l i s h e d 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are o r i g i n a l contr ibut ions 
not p u b l i s h e d elsewhere i n w h o l e or major par t a n d i n c l u d e 
reports of research as w e l l as reviews since symposia m a y em
brace b o t h types of presentation. 
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PREFACE 

'h lor inated d ibenzo-p-diox ins l o n g have been recognized as possible 
^ by-products i n m a n u f a c t u r i n g cer ta in ch lor ina ted phenols ( 1 ). C u r 
rent interest i n ch lor inated d ibenzo-p-d iox ins has or ig inated because the 
h i g h l y toxic 2 ,3 ,7 ,8- tetrachlorodibenzo-p-dioxin appeared i n trace ele
ments i n some samples of the h e r b i c i d e 2 ,4 ,5-tr ichlorophenoxyacetic a c i d 

T h e i n i t i a l concern for the possible h a z a r d to humans exposed to 
2,4,5-T was prec ip i ta ted b y teratologic studies c o n d u c t e d b y Bionet ics 
Research Insti tute u n d e r contract f r o m T h e N a t i o n a l C a n c e r Inst i tute 
( 2 ) . I n these studies, large doses of 2,4,5-T w e r e adminis tered to preg
nant rats a n d m i c e for nine of the 21 days of pregnancy . T h e inc idence 
of fe ta l abnormali t ies was s l ight ly h igher i n the treated animals than i n 
contro l animals . L a t e r tests i n d i c a t e d that these abnormal i t ies (c lef t 
palate) m a y have been caused b y 27 ± 8 p p m of 2,3,7,8-tetrachloro-
d i b e n z o - p - d i o x i n present as a contaminant i n the 2,4,5-T sample used 
i n the B ione t i c s tudy ( 3 ) . A f t e r the results of the s tudy were m a d e 
k n o w n , the P a n e l o n H e r b i c i d e s of the President 's Science A d v i s o r y 
C o m m i t t e e s tudied the tota l 2,4,5-T si tuat ion. T h e report of this c o m 
mittee was p u b l i s h e d i n M a r c h , 1971 (4). 

I n a d d i t i o n to its extremely h i g h o r a l toxic i ty , sk in contact w i t h 
substances conta in ing 2 ,3 ,7 ,8- tetrachlorodibenzo-p-dioxin m a y a l l o w tox
i c i ty i n the f o r m of chloracne, a c o n d i t i o n character ized b y eruptions of 
the s k i n o n the face, neck, a n d back. A l s o , ch lor inated d ibenzo-p-diox ins 
have been associated w i t h the " c h i c k edema factor , " a disease of chicks 
associated w i t h contaminated fats or oils used i n the manufac ture of 
their feed. 

Since 1950 m a n y i n the c h e m i c a l i n d u s t r y have been keenly aware 
of the possibi l i t ies of h i g h l y toxic 2 ,3 ,7 ,8- tetrachlorodibenzo-p-dioxin 
f o r m i n g i n the manufacture of 2 ,4 ,5- tr ichlorophenol . T h i s p h e n o l is m a d e 
b y t reat ing 1,2,4,5-tetrachlorobenzene w i t h strong caustic at h i g h tem
peratures for several hours. M a n u f a c t u r i n g procedures w h i c h do not 
care fu l ly contro l temperature a n d a l k a l i n i t y increase the p r o b a b i l i t y of 
d i o x i n format ion . 

H i g h e r ch lor inated d ibenzo-p-d iox ins , such as the octachloro d e r i v a 
t ive, can be f o r m e d i n m a n u f a c t u r i n g pentach lorophenol f r o m hexachloro-

(2 ,4 ,5-T) . 

ix 
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benzene. H o w e v e r , this h i g h l y ch lor inated d i o x i n is r e m a r k a b l y different 
i n chemica l , p h y s i c a l , a n d b i o l o g i c a l properties f r o m that of the 2,3,7,8-
te t rach lorodibenzo-p-d iox in a n d is m u c h less toxic. Theore t i ca l ly , 75 
isomers of ch lor inated d ibenzo-p-diox ins are possible , b u t f e w have been 
synthesized a n d s tudied i n deta i l . 

T h i s v o l u m e s h o u l d do m u c h to advance the k n o w l e d g e of these 
types of molecules , a n d a d d i t i o n a l research s h o u l d be s t imulated to ex
p l a i n fur ther the chemica l , p h y s i c a l , a n d b i o l o g i c a l properties of the 
ch lor inated d ibenzo-p-diox ins . 
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Subcommittee on Energy, Natural Resources, and The Environment, April 
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1 

The Preparation of Uniformly Labeled 

14C-2,7-Dichlorodibenzo-p-dioxin and 

14C-2,3,7,8-Tetrachlorodibenzo-p-dioxin 

W E S L E Y W. M U E L D E R and LEWIS A. S H A D O F F 

Ag-Organics Department and Analytical Laboratories, The Dow Chemical Co., 
Midland, Mich. 48640 

2,7-Dichlorodibenzo-p-dioxin was prepared from isotopic 
potassium 2,4-dichlorophenate uniformly labeled with 14C. 
Ullman conditions gave a 20.5% yield. Small amounts of 
dichlorophenoxy chlorophenol were removed from the prod
uct by extraction with sodium hydroxide before purification 
by fractional sublimation and recrystallization from anisole. 
Chlorination of 2,7-dichlorodibenzo-p-dioxin in chloroform 
solution containing trace amounts of FeCl3 and I2 yielded a 
mixture of tri-, tetra-, and pentachloro substitution products. 
Purification by digestion in boiling chloroform, fractional 
sublimation, and recrystallization from anisole was effective 
in refining this product to 92% 2,3,7,8-tetrachloro isomer, 
which also contained 7% of the tri- and 1% of the penta
-substituted dibenzo-p-dioxin. Mass spectroscopy was used 
exclusively to monitor the quality of the products during the 
synthesis. 

>T<he ident i f icat ion of 2 ,3 ,7 ,8- tetrachlorodibenzo-p-dioxin ( T C D D ) as 
one of the active acnegens i n c o m m e r c i a l 2 ,4 ,5- tr ichlorophenol was 

reported i n 1957 b y K i m m i g a n d Schulz ( I ) . T h a t i t is f o r m e d d u r i n g 
the a lkal ine hydrolys is of tetrachlorobenzene was suppor ted b y Jones a n d 
K r i z e k ( 2 ) , w h o f o u n d that T C D D is p r o d u c e d w h e n s o d i u m 2,4,5-
tr ichlorophenate is h e l d at 3 5 0 ° - 4 0 0 ° C for 30 hours. Because of its 
acute toxic i ty to some laboratory animals ( 3 ) , this mater ia l was h a n d l e d 
w i t h extreme care. 

C u r r e n t l y , there is considerable interest i n the effects of this c h e m i c a l 
o n the ecology (4) as i t is d e p l o y e d t h r o u g h us ing certain h e r b i c i d a l 
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2 C H L O R O D I O X I N S O R I G I N A N D F A T E 

formulat ions ( 5 ) . Studies (6,7) concerned w i t h its fate i n the envi ron
ment were des igned, u s i n g a radioac t ive tracer, a technique w h i c h often 
furnishes i n f o r m a t i o n very dif f icul t or imposs ib le to obta in b y other 
methods. Therefore , the synthesis of u n i f o r m l y l a b e l e d 1 4 C - T C D D was 
under taken , a n d its prepara t ion is repor ted here. 

I n select ing the route f o r the isotopic synthesis, t w o methods w e r e 
cons idered. Pyro lys i s of s o d i u m 2,4,5-tr ichlorophenate ( 2 ) or its con
densat ion u n d e r U l l m a n condit ions (8) ( F i g u r e 1) w o u l d d i r e c t l y y i e l d 
T C D D . Exotherms observed i n the pyrolys is of h igher ch lor ina ted 
phenols ( 9 ) a n d re la t ive ly l o w yie lds m a d e the pyrolys is m e t h o d u n 
attractive. T h e less strenuous condit ions of the U l l m a n react ion, as 
m o d i f i e d b y A n i l i n e (10), l e d to yie lds of about 3 9 % , but the p r o d u c t 
also conta ined quanti t ies of t r i - a n d penta- chloro-subst i tuted d i b e n z o -
dioxins . A l t e r n a t i v e l y , the prepara t ion a n d c h l o r i n a t i o n of 2 ,7-dichloro-p-
d i o x i n ( D C D D ) ( F i g u r e 2 ) , even t h o u g h c h l o r i n a t i o n produces a less 
desirable p r o d u c t m i x (11,12), p e r m i t t e d the use of isotopic 2 ,4-dichloro-
p h e n o l , an avai lable start ing m a t e r i a l w h i c h was economica l ly more 
expedient than 2 ,4 ,5 - t r i ch lorophenol - 1 4 C. E x p e r i e n c e w i t h c h l o r i n a t i n g 
d i b e n z o - p - d i o x i n w h i l e p r e p a r i n g a n a l y t i c a l grade T C D D was h e l p f u l 
a n d p r o v i d e d confidence i n this m e t h o d w h i c h was u l t i m a t e l y u s e d for 
the 1 4 C w o r k . 

TCDD 

Figure 1. Preparation of 2,3,7,8-tetrachlorodi-
benzo-p-dioxin from sodium 2,4,5-trichlorophe

nate 

7 DCDD 

TCDD 

Figure 2. Preparation of 2,3,7,8-tetrachlor odi-
benzo-p-dioxin from potassium 2,4-dichlorophenate 
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1. M U E L D E R A N D S H A D O F F Preparation of Labeled Dioxins 3 

Results and Discussion 

I n p i lo t experiments D C D D was p r e p a r e d b y hea t ing a m i x t u r e of 
potass ium 2,4-dichlorophenate a n d a copper catalyst, p r e p a r e d a c c o r d i n g 
to Brewster a n d G r o e n i n g ( 1 3 ) , i n a st i rred s lurry w i t h D e c a l i n at 1 8 5 ° -
2 1 0 ° C for 26 hours. T h e so l id products , w h i c h separated after c oo l ing 
the c rude react ion mixture , were co l lec ted b y filtration a n d w a s h e d w i t h 
aqueous s o d i u m h y d r o x i d e a n d w i t h a lcohol . A single recrys ta l l iza t ion 
f r o m anisole p r o d u c e d D C D D w i t h a n assay of 9 9 . 3 % , as d e t e r m i n e d b y 
mass spectroscopy. Response to ions w i t h masses corresponding to m o n o -
a n d tr i -subst i tuted d ibenzodiox ins w e r e also detected i n this analysis. 
S ingle crys ta l a n d X - r a y p o w d e r d i f f rac t ion data w e r e taken (14) to 
conf i rm the structure. Y i e l d s a p p r o a c h i n g 2 0 % were consistent w i t h 
results repor ted b y J u l i a a n d B a i l l a r g e (25) a n d b y V i l l a r s (16). B y 
products consisted p r i m a r i l y of caustic soluble p o l y m e r i c m a t e r i a l w i t h 
p h e n y l ether character ; this suggests indiscr iminate n u c l e o p h i l i c attack 
at the p a r a pos i t ion . A n i l i n e (10) f o u n d that w h e n potass ium 2-bromo-4-
chlorophenate was used i n this react ion the b y - p r o d u c t f o r m a t i o n was 
r e d u c e d a n d the yie lds of D C D D increased to 7 0 % . H e at t r ibuted this 
to the more favorable kinetics offered b y the or tho-bromo substituent, an 
observat ion repor ted b y W e i n g a r t e n (17) i n a s imi lar s tudy. 

Table I. Composition of Products during the Chlorination 
of Dibenzo-^-dioxin 

η υ m η Isomer Distribution (%) after: 
C 12/2 8-η^6 η (Λ 

η = 2 Hours 5 Hours 17 Hours 24 Hours 

1 30 5 
2 61 32 < 1 
3 6 54 10 
4 2 7 88 54 
5 < 1 < 1 < 1 43 
6 2 

U n i f o r m l y labe led 2 , 4 - d i c h l o r o p h e n o l - 1 4 C ( p u r c h a s e d f r o m N e w 
E n g l a n d N u c l e a r C o r p . , Boston, M a s s . ) was used i n the tracer p r e p a 
rat ion . T h i s p r o v i d e d a l a b e l at a l l c a r b o n posit ions i n the d ibenzo-
d i o x i n structure. 2 , 7 - D i c h l o r o d i b e n z o - p - d i o x i n - 1 4 C after i n i t i a l c leanup 
b y f rac t iona l sub l imat ion , conta ined approx imate ly 5 % of a n i m p u r i t y , 
detected b y t h i n layer chromatography ( T L C ) w h i c h gave mass peaks 
at 288, 290, 292, a n d 294 i n the mass spectrometer, consistent w i t h a 
t r i c h l o r o - h y d r o x y d i p h e n y l oxide. T h i s is p r o b a b l y the i n i t i a l condensat ion 
p r o d u c t of the U l l m a n react ion a n d is most l i k e l y 2-(2 ,4-dichlorophenoxy)-
4 -chlorophenol . It was r e m o v e d easily b y extractions w i t h aqueous 
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4 C H L O R O D I O X I N S O R I G I N A N D F A T E 

s o d i u m h y d r o x i d e solut ion f r o m the i m p u r e p r o d u c t d isso lved i n chloro
f o r m . N o other impur i t ies w e r e detected. 

E x p e r i m e n t s w e r e c o n d u c t e d to determine react ion condit ions for 
o p t i m i z i n g the y i e l d of T C D D b y chlor inat ion . A 5 % solut ion of 
d i b e n z o - p - d i o x i n i n c h l o r o f o r m , conta in ing catalyt ic amounts of F e C l 3 

a n d I 2 a n d m a i n t a i n e d at reflux temperature, was treated w i t h chlor ine 
gas for 24 hours. T h e flow was regulated to m a i n t a i n a saturated 
solut ion. T h e compos i t ion of unref ined p r o d u c t w i t h respect to t ime 
( T a b l e I ) was determined b y mass spectroscopy. F r o m these results 
c h l o r i n a t i o n seems to proceed r a p i d l y to the tr i -subst i tuted species, less 
r a p i d l y to the tetra-chloro product , a n d st i l l less r a p i d l y to a higher 
degree of subst i tut ion. V a r y i n g solubi l i t ies of the ch lor inated products 
i n c h l o r o f o r m p r o b a b l y cont r ibuted to this p r o d u c t d i s t r ibut ion , as the 
h igher ch lor ina ted species are prec ip i ta ted d u r i n g the chlor inat ion . 

Table II. Composition of Products during the Purification 
of Chlorinated Dibenzo-^-dioxin 

η υ m η Isomer Distribution (%) after: 
C 12X3 8-nC6n(72 — 

η = 0 Cycle 1 Cycle 2 Cycles 3 Cycles 4 Cycles 

3 1 6.7 3.8 1.9 1.0 
4 54 92 95 97.2 98.6 
5 43 1.6 1.3 0.9 0.4 
6 1.6 

A d v a n t a g e was taken of these so lubi l i ty differences i n ref in ing m i x 
tures of the ch lor inated d ibenzodiox ins . D i g e s t i o n w i t h b o i l i n g chloro
f o r m was effective i n r e m o v i n g t r i c h l o r o d i b e n z o d i o x i n w h i l e recrysta l l i 
za t ion f r o m anisole r e d u c e d the penta-subst i tuted isomer content. I n a 
t y p i c a l pur i f i ca t ion ( T a b l e I I ) these t w o procedures were al ternated 
t h r o u g h four cycles. T h e assays were m a d e b y mass spectroscopy u s i n g 
the b a t c h in ject ion m e t h o d to in t roduce the sample into the spectrometer. 
X - r a y studies (14) conf i rmed the structure. 

Table III. Assay of 2,3,7,8-Tetrachlorodibenzo-/>-dioxin-1 4C 
by Mass Spectroscopy 

Isomer Distribution (%) after: 

Ci2Hg-nCln02 Recrystal-
n = Crude Sublimation lization Extraction 

3 19 13 11.6 5.2 
4 79 85.5 86.9 93.3 
5 2.1 1.7 1.6 1.5 
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1. M U E L D E R A N D S H A D O F F Preparation of Labeled Dioxins 5 

Pur i f i ca t ion of the radioact ive tracer was m o d i f i e d to i n c l u d e a frac
t i o n a l sub l imat ion before a single extraction—recrystall ization cycle to 
conserve the tracer mater ia l . M i c r o g r a m samples were p r e p a r e d i n melt
i n g po in t capi l lar ies for assay b y mass spectroscopic analysis ( T a b l e I I I ) , 
made b y direct probe inject ion of the sample into the i o n source ( 1 8 ) . 
T h e probe was heated r a p i d l y to 2 0 0 ° C , a n d mass spectra were obta ined 
d u r i n g v a p o r i z a t i o n of the sample. T r i - , tetra-, a n d pentachlorodibenzo-p-
dioxins v a p o r i z e d s imultaneously w i t h no observed fract ionat ion. 

Experimental 

2,7-Dichlorodibenzo-£-dioxin- 1 4 C, U . L . T o a benzene solut ion of 
4.89 grams of 2 , 4 - d i c h l o r o p h e n o l - 1 4 C , U . L . , conta in ing 15.2 m C i of rad io 
act iv i ty , w e r e a d d e d 10 m l of D e c a l i n a n d 1.68 grams (1 equiva lent ) of 
potass ium h y d r o x i d e dissolved i n 10 m l of methanol . F r o m this mixture , 
20 m l of dis t i l la te were col lected b y heat ing to 1 5 0 ° C over 1 hour . A f t e r 
cool ing , 0.5 g r a m of freshly p r e p a r e d copper catalyst a n d 10 m l of ben
zene w e r e a d d e d . H e a t i n g was resumed at 150 ° C for 30 m i n w h i l e a n 
a d d i t i o n a l 10 m l of dist i l late were col lected. T h e temperature was then 
ra ised to 185 ° C w h e r e i t was m a i n t a i n e d for 3 hours, then to 210 ° C for 
12 hours. A f t e r cool ing , the so l id p r o d u c t was col lected o n a filter a n d 
w a s h e d w i t h n-pentane. T h e p r o d u c t r e m a i n i n g o n the filter was ex
tracted seven times w i t h 10-ml port ions of hot choloroform. T h e extracts 
were c o m b i n e d i n a separatory f u n n e l w h e r e they were extracted w i t h 
25 m l of Ν N a O H . T h e lower organic layer was transferred to a sub
l i m a t i o n flask, a n d the solvent was r e m o v e d b y dis t i l la t ion . T h e res idue 
was s u b l i m e d at 1 2 0 ° C , p r o v i d i n g 0.780 grams of i m p u r e D C D D . T h i s 
was dissolved i n 100 m l of fresh c h l o r o f o r m a n d extracted three t imes 
w i t h 25 m l port ions of Ν N a O H . U p o n concentrat ion of the c h l o r o f o r m 
layer to 20 m l a n d cool ing , 0.165 g r a m of pure D C D D separated i n l o n g 
w h i t e needles. A n a d d i t i o n a l 0.571 g r a m was obta ined b y further con
centrat ion of the mother l i q u o r . T h e products conta ined 3.6 /xCi of 
radioac t iv i ty per m g . 

2,3,7,8-Tetrachlorodibenzo-^-dioxin- 1 4C, U . L . 2 , 7 - D i c h l o r o d i b e n z o -
p - d i o x i n - 1 4 C , U . L . (0.500 g r a m ) was st irred w i t h 10 m l of c h l o r o f o r m 
conta in ing trace amounts of F e C l 3 a n d I 2 a n d heated to reflux tempera
ture w h i l e chlor ine gas was passed into the mixture for 18 hours. A f t e r 
coo l ing , the w h i t e insoluble p r o d u c t was col lected b y filtration a n d 
tr i turated w i t h 15 m l of b o i l i n g ch loro form. T h e insoluble p o r t i o n was 
transferred to a s u b l i m a t i o n flask w h e r e i t was v a c u u m - s u b l i m e d at 
140 °C . T h e subl imate was recrys ta l l ized f r o m 2.5 m l of anisole a n d 
w a s h e d w i t h ch loro form. T h e p r o d u c t w e i g h e d 0.229 g r a m a n d conta ined 
2.9 yuCi of rad ioac t iv i ty per m g . 

Mass Spectrometry. T h e mass spectra were obta ined on a C E C 
21-110B mass spectrometer w i t h the b a t c h inlet system m a i n t a i n e d at 
250 ° C to assure complete v a p o r i z a t i o n of the samples. Sensi t ivi ty factors 
for quant i ta t ive analysis were obta ined f r o m standards of d i - , tetra-, hexa-, 
a n d oc ta -ch lorodibenzo-p-diox in . T h e factors for the intermediate chlo
r ina ted species were est imated b y interpolat ion. T h e analyses were based 
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6 C H L O R O D I O X I N S O R I G I N A N D F A T E 

o n peak heights for observed molecular ions ( the most intense i o n i n the 
mass spectra of each d i o x i n a n a l y z e d ) . 

T h e direct insert ion probe consists of a meta l sample ho lder d r i l l e d 
to accept s tandard m e l t i n g point capi l lar ies u p to 1 i n c h i n length. T h i s 
is inserted into the i o n source t h r o u g h a v a c u u m lock a n d m a y be heated 
to 2 5 0 ° C at v a r y i n g rates. 

T L C A n a l y s i s . Samples were examined b y T L C us ing s tandard pro
cedures. Rf values were de termined a n d c o m p a r e d w i t h those of authentic 
reference materials . R a d i o a c t i v e components were located b y scanning 
( V a n g u a r d Instrument C o r p . , N o r t h H a v e n , C o n n . , M o d e l 885) or b y 
autoradiography ( E a s t m a n K o d a k , Rochester, N . Y . , type A A film). 
T h e relat ive Rf va lue of D C D D on si l ica gel plates ( B r i n k m a n n Instru
ments, Inc. , W e s t b u r y , Ν. Y . , type For.-i) w h e n deve loped w i t h n-hexane: 
d ioxane :acet ic a c i d , 90:10:4, V / V / V , was 0.90. T h e observed i m p u r i t y 
h a d a relat ive Rf va lue of 0.40. O n B r i n k m a n n a l u m i n a plates, deve loped 
w i t h n-hexane, D C D D h a d a relat ive Rf of 0.32. N e i t h e r system separated 
the ch lor inated d i b e n z o d i o x i n isomers. 
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2 

Preparation of Tritium-Labeled 

Dibenzo-p-dioxin and 

2,3,7,8-Tetrachlorodibenzo-p-dioxin 

J. H O W A R D VINOPAL, 1 IZURU Y A M A M O T O , 2 and JOHN E . CASIDA 

Division of Entomology, University of California, Berkeley, Calif. 94720 

1,6-Ditritiodibenzo-p-dioxin, prepared by reductive dechlo
rination of 1,6-dichlorodibenzo-p-dioxin with tritium gas, is 
chlorinated in chloroform solution, containing catalytic 
amounts of iodine and ferric chloride, to produce 1,6-ditritio-
2,3,7,8-tetrachlorodibenzo-p-dioxin. 

' T p h e h i g h l y toxic a n d teratogenic 2 ,3 ,7 ,8- tetrachlorodibenzo-p-dioxin 
A ( 2 , 3 , 7 , 8 - C L r D B p D ) m a y occur i n trace amounts i n the herb ic ide , 2,4,5-

tr ichlorophenoxyacet ic a c i d (2,4,5-T) (1, 2). R a d i o l a b e l e d preparat ions 
of this d i o x i n are needed to faci l i tate studies of its degradat ion chemistry, 
metabol i sm, a n d mode of act ion. 

M u e l d e r a n d Shadoff (3 ) p r e p a r e d 1 4 C - 2 , 3 , 7 , 8 - C l 4 - D B p D (0.9 m C i / 
m m o l e ) b y ch lor inat ion of 1 4 C - 2 , 7 - d i c h l o r o d i b e n z o - p - d i o x i n made f r o m 
potass ium 1 4 C-2 ,4 -d ich lorophenate . T h e preparat ion of t r i t i u m - l a b e l e d 
2 , 3 , 7 , 8 - C l 4 - D B p D is justif ied because the radio labe led intermediates are 
less expensive a n d more accessible a n d because a higher specific ac t iv i ty 
is potent ia l ly attainable. H e r e , w e consider the o p t i m a l condit ions for 
the react ion sequence designed to obta in products of h i g h c h e m i c a l a n d 
r a d i o c h e m i c a l p u r i t y s h o w n at the top of p . 8. 

Experimental 

Designation, Chromatographic Separation, and Analysis. T h e abbre
v i a t i o n D B p D is used for d i b e n z o - p - d i o x i n , a n d the posit ions of ch lor ine 

' Present address: Entomological Sciences and Pesticide Division, U.S. Army 
Environmental Hygiene Agency, Edgewood Arsenal, Md. 21010. 

2 Present address: Department of Agricultural Chemistry, Tokyo University of 
Agriculture, Setagaya-ku, Tokyo, Japan. 
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8 C H L O R O D I O X I N S O R I G I N A N D F A T E 

c i isopropanol I 

l ,6-Cl 2 -DBpD l,6-T 2-DBpD l,6-T 2-2,3J,8-Cl 4-DBpD 

( C I ) or t r i t i u m ( T ) i n its derivat ives are i n d i c a t e d b y appropr ia te 
designations—e.g. , l , 6 - C l 2 - D B p D , l , 6 - T 2 - D B p D , a n d l , 6 - T 2 - 2 , 3 , 7 , 8 - C l 4 -
D B p D . 

T h e compos i t ion a n d p u r i t y of the u n l a b e l e d react ion products were 
d e t e r m i n e d b y g a s - l i q u i d chromatography ( G L C ), u s i n g a f lame i o n i z a 
t i o n detector u n d e r the condit ions g iven i n T a b l e I. R a d i o — G L C analysis 
of the labe led products was m a d e b y the Zoecon C o r p . ( P a l o A l t o , C a l i f . ), 
u s i n g a B a r b e r - C o l e m a n instrument ( m o d e l Selecta System, series 5000; 
R o c k f o r d , 111.) a n d a glass c o l u m n (1 meter X 3 m m ) conta in ing SE-30 
( 3 . 8 % , w / w ) on C h r o m o s o r b W (80/100 m e s h ) . A set of condit ions 
( in ject ion a n d c o l u m n temperature, 1 1 0 ° C ; p r o g r a m m e d for 3 ° C increase 
i n temperature/minute ; H e 2 , 60 m l / m i n ) , w h i c h separate D B p D , 1-C1-
D B p D , a n d l , 6 - C l 2 - D B p D a n d another set of condit ions ( in ject ion a n d 
c o l u m n temperature, 2 2 0 ° C ; H e * , 60 m l / m i n ) , w h i c h separate C l 3 - D B p D , 
2 , 3 , 7 , 8 - C l 4 - D B p D , a n d C l 5 - D B p D , were used for r a d i o - G L C . T h i n layer 
chromatography ( T L C ) o n E a s t m a n 6061 s i l ica gel c h r o m a g r a m sheets 
(0.1 m m gel thickness) is useful i n separat ing the D B p D derivat ives ( h i g h 
Rf) f r o m the corresponding phenols ( l o w Rf) but not f r o m each other be
cause the Rf values are the same for the D B p D derivat ives ( D B p D , 
1 - C l - D B p D , l , 6 - C l 2 - D B p D , 2 , 7 - C l 2 - D B p D , 2 , 3 , 7 , 8 - C l 4 - D B p D ). T h e Rf 

values f o u n d w i t h each of these derivat ives are 0.54-0.55 on development 
w i t h carbon tetrachloride, 0.69-0.71 w i t h hexane, 0.81-0.82 w i t h acetone, 
0.95 w i t h benzene, a n d 1.0 w i t h ether. U n l a b e l e d compounds w e r e de
tected w i t h a s i lver n i t r a t e - h y d r o g e n peroxide reagent (4) (sensit ive to 
0.5 jug D B p D a n d 0.1 μg c h l o r o - D B p D d e r i v a t i v e ) , a n d labe led c o m 
pounds were t raced b y radioautography. 

M a s s spectra ( M S ) were de termined w i t h direct inlet insert ion of 
the samples i n a T y p e 21-103C mass spectrometer ( C o n s o l i d a t e d E lec t ro 
dynamics C o r p . , Pasadena, C a l i f . ) . I n the analysis of samples conta in ing 
a mixture of C l 8 - D B p D , 2 , 3 , 7 , 8 - C l 4 - D B p D , a n d C l 5 - D B p D , the ratios of 
mass peak 285 ( o w i n g to C l 8 - D B p D but not 2 , 3 , 7 , 8 - C l 4 - D B p D ) a n d mass 
peak 358 ( o w i n g to C l r > - D B p D ) to mass peak 322 ( f r o m 2 ,3 ,7 ,8 -Cl 4 -
D B p D ) were de termined a n d corrected for the sensit ivi ty factors of the 
respective parent ions of these compounds . T h e appropr ia te sensit ivity 
factors were p r o v i d e d b y the D o w C h e m i c a l C o . ( M i d l a n d , M i c h . ) ( 5 ) . 
T h e crysta l structure studies, i n v o l v i n g x-ray di f f ract ion ( 6 ) , were per
f o r m e d b y the D o w C h e m i c a l C o . 

T h e c h e m i c a l p u r i t y a n d ident i ty of the u n l a b e l e d a n d labe led 
chemicals w e r e de termined b y in f rared spectroscopy, mass spectrometry, 
G L C , a n d T L C . 

Unlabeled Chemicals. Samples of u n l a b e l e d D B p D derivat ives were 
obta ined f r o m the f o l l o w i n g sources: 2 , 3 , 7 , 8 - C l 4 - D B p D ( a n a l y t i c a l stand-
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2. v i N O P A L E T A L . Τritium-Labeled Dioxins 9 

a r d , > 9 9 % p u r e ) f r o m the D o w C h e m i c a l C o . ; 1 - C l - D B p D a n d 2,3,7,8-
C l 4 - D B p D f r o m A . E . P o h l a n d ( D i v i s i o n of C h e m i s t r y a n d Physics , U . S. 
F o o d a n d D r u g A d m i n i s t r a t i o n , W a s h i n g t o n , D . C . ). 

D B p D was p r e p a r e d b y s l o w l y heat ing a mix ture of o -ch lorophenol 
(480 m m o l e s ) , potass ium carbonate (240 m m o l e s ) , a n d p u r i f i e d copper 
p o w d e r (50 m m o l e s ) i n a 500-ml E r l e n m e y e r flask to 1 6 0 ° - 1 8 0 ° C a n d 
m a i n t a i n i n g this temperature for 6 hours. D B p D , w h i c h s u b l i m e d to the 
wal l s of the flask as i t was f o r m e d , was recovered b y scraping a n d was 
recrys ta l l ized f r o m absolute e thanol ( 1 4 % y i e l d ; w h i t e needles, m p 
1 1 9 ° - 1 2 0 ° C ; repor ted 1 2 0 ° - 1 2 2 ° C ( 7 ) ; e lemental analyses—calcd . C = 
78.26, H = 4.34, f o u n d C = 77.98, H = 4.48) . 

D B p D was also p r e p a r e d o n a submil l imole-sca le b y reduct ive de
chlor ina t ion of l , 6 - C l 2 - D B p D . I n this m e t h o d l , 6 - C l 2 - D B p D (0.1 m m o l e ) 
i n 2 -propanol (5 m l ) conta in ing 1 0 % p a l l a d i u m on p o w d e r e d c h a r c o a l 
(25 m g ) was h y d r o g e n a t e d at a pressure of 10 lbs/square i n c h w i t h 
shak ing for 1 h o u r at 25 ° C i n the 200-ml pressure bott le of a convent iona l 
hydrogénation apparatus ( P a r r Instrument C o . , M o l i n e , 111.). T h e cata
lyst was r e m o v e d b y f i l trat ion a n d was w a s h e d w i t h 25 m l of 2 -propanol . 
T h e c o m b i n e d 2 -propanol fractions were evaporated onto F l o r i s i l (10 
gram, 60/100 mesh, F l o r i d i n C o . , Berke ley Springs, W . V a . ) , a n d the 
mixture was a d d e d to a glass c o l u m n (4.5 c m diameter ) conta in ing 30 
grams F l o r i s i l . T h e n 25 grams F l o r i s i l w e r e a d d e d to the top of the c o l 
u m n , a n d D B p D was e luted w i t h hexane w h i c h left the very polar ( prob
a b l y p h e n o l i c ) b r e a k d o w n products on the c o l u m n . T h e appropr ia te 
fractions were c o m b i n e d (based on T L C - a n d G L C - m o n i t o r i n g ) a n d 
evaporated under n i t rogen to g ive pure D B p D ( 5 5 - 6 5 % y i e l d ; single 
c o m p o u n d b y G L C a n d T L C ; m p 1 1 9 ° C , w i t h o u t recrys ta l l i za t ion) . 

l , 6 - C l 2 - D B p D was p r e p a r e d either b y heat ing 2 ,6 -d ich lorophenol 
( 150 mmoles ), potass ium carbonate, a n d copper p o w d e r under the con
dit ions above for D B p D or b y heat ing the potass ium phenate ( 35 mmoles ) 

Table I. G L C Characteristics of Dibenzo-/>-dioxin and its 
Chlorinated Derivatives 

Compound 

D B p D 
1 - C l - D B p D 
1.6- C 1 2 - D B P D 
2.7- C l o - D B p D 
2 , 3 , 7 - C l 3 - D B p D * 
2 , 3 , 7 , 8 - C L - D B p D 

Retention Time, min 

1% SE-30a 10% OV-17b 

1.5C 

3.0 C 

5.9 C 

5 .9 c 

0.7 d 

0.7 d 

1 . 3 d 

2.5 d 

3.0 e 

6.0 e 

11.0 e 

10.0 e 

0 .8 ' 
1.4' 
2 .4 ' 
2 .2 ' 

33.5 e , 6 .8 ' 
a On Chromosorb Ρ (100/120 mesh), 1.5 m Χ 3 mm stainless steel column 
b On Chromosorb W (80/100 mesh), 1.5 m X 3 mm stainless steel column 
c Injection temperature = 245°C, column temperature = 160°C, N 2 = 25 ml/min 
d Injection temperature = 280°C, column temperature = 195°C, N 2 = 66 ml/min 
e Injection temperature = 280°C, column temperature = 250°C. N 2 = 25 ml/min 
' Injection temperature = 280°C, column temperature = 270°C, N 2 = 66 ml/min 
0 Obtained by irradiating an ethanol solution of 2,3,7,8-Cl4-DBpD with short-wave

length ultraviolet light. 
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10 C H L O R O D I O X I N S O R I G I N A N D F A T E 

direc t ly w i t h copper p o w d e r . T h e des ired p r o d u c t s u b l i m e d i n the 
f o r m e r m e t h o d at 2 4 0 ° - 2 6 0 ° C a n d i n the latter one at 3 0 0 ° - 3 2 0 ° C . A f t e r 
recrysta l l izat ion f r o m methanol , the products obta ined h a d the f o l l o w i n g 
characterist ics : b y the p h e n o l m e t h o d — 4 . 1 % y i e l d ; w h i t e plates, m p 
1 9 7 ° - 1 9 9 ° C ; e lemental analyses—calcd . C — 56.91, H = 2.37, C l = 28.06, 
f o u n d C = 57.04, H = 2.52, C l = 28.18, a n d b y the potass ium phenate 
p r o c e d u r e — 7 . 8 % y i e l d ; w h i t e needles, m p 1 9 8 ° - 2 0 0 ° C ; e lemental anal 
y s e s — f o u n d C = 56.92, H — 2.30, C l = 27.88. 

2 , 7 - C l 2 - D B p D was p r e p a r e d b y the same t w o procedures used for 
1 , 6 - C L - D B p D i n v o l v i n g 2 ,4 -d ich lorophenol (75 m m o l e s ) a n d s u b l i m a t i o n 
at 2 0 0 ° - 2 2 0 ° C or potass ium 2,4-dichlorophenate (63 mmoles ) a n d sub
l i m a t i o n at 2 2 0 ° - 2 4 0 ° C . A f t e r recrysta l l izat ion f r o m petro leum ether, the 
products obta ined h a d the f o l l o w i n g characterist ics : b y the p h e n o l pro
c e d u r e — 4 . 5 % y i e l d ; w h i t e needles, m p 2 0 6 ° - 2 0 8 ° C ; e lemental a n a l y s e s — 
c a l c d . C = 56.91, H = 2.37, C l = 28.06, f o u n d C = 56.64, H = 2.40, C l 
= 28.10, a n d b y the potass ium phenate p r o c e d u r e — 5 . 7 % y i e l d ; w h i t e 
needles, m p 2 0 7 ° - 2 0 8 ° C ; e lemental ana lyses—found C = 56.92, H = 2.52, 
C l = 28.12 ( 2 , 7 - C L - D B p D p r e p a r e d prev ious ly f r o m s o d i u m 2,4-dichloro
phenate gave m p 2 0 1 ° - 2 0 2 ° C (8) a n d b y ch lor ina t ion of D B p D gave m p 
2 0 3 ° C (7 ) a n d m p 1 9 5 ° - 1 9 7 ° C ( 9 ) ) . 

2 , 3 , 7 , 8 - C l 4 - D B p D was p r e p a r e d o n a submil l imole-sca le b y ch lor ina
t ion of D B p D under care fu l ly s tandardized condit ions . Trace amounts 
of i o d i n e a n d ferr ic ch lor ide were a d d e d to a solut ion of pure D B p D 
(0.22-0.24 m m o l e ) i n c h l o r o f o r m (0.5 m l ) i n a 25-ml conica l test tube. 
A f t e r coo l ing to 0 ° - 5 ° C , ch lor ine gas was b u b b l e d s l o w l y t h r o u g h the 
c h l o r o f o r m mixture for 5 - 6 m i n , f o r m i n g a copious precipi tate . T h e pre
c ipi tate i n the react ion mixture was w a s h e d twice w i t h 1.5-ml port ions 
of c h l o r o f o r m at 2 5 ° C , u s i n g centr i fugat ion for m a x i m u m separation, to 
remove the u n w a n t e d chloroform-soluble materials . T h e prec ipi ta te was 
then treated b y shaking it w i t h c h l o r o f o r m (5 m l ) a n d water (1 m l ) , 
a n d the water-soluble products ( s u c h as ferr ic c h l o r i d e ) were removed, 
f o l l o w i n g centr i fugat ion . T h e c h l o r o f o r m phase, c o n t a i n i n g some undis 
solved mater ia l , was evaporated to dryness under a n i t rogen stream, a n d 
the residue was transferred to a 25-ml E r l e n m e y e r flask to w h i c h was 
a d d e d anisole (10 m l ) . T h e anisole i n the flask was heated to reflux to 
dissolve most of the residue, a n d the undisso lved p o r t i o n was removed 
b y filtering the hot anisole solut ion. C r y s t a l l i z a t i o n was ach ieved b y 
a l l o w i n g the anisole solut ion to cool to 25 ° C , p u t t i n g i t i n the refr igerator 
overnight , a n d filtering to recover 0.0093-0.0185 m m o l e of mater ia l w h i c h 
conta ined ( G L C a n d M S ) 9 0 - 9 4 % 2 , 3 , 7 , 8 - C l 4 - D B p D (range f r o m sev
eral different prepara t ions ) , the remainder b e i n g most ly C l 3 - a n d C l r > -
D B p D . I n one s tudy three batches of mater ia l (0.050 m m o l e ) f r o m the 
anisole recrysta l l izat ion were c o m b i n e d a n d w a s h e d w i t h hot c h l o r o f o r m 
(8 m l ) . T h e ch loroform- inso luble p o r t i o n (0.022 m m o l e ) consisted of a 
s ingle crystal l ine mater ia l w h i c h gave a x-ray di f f ract ion pattern ident i ca l 
to that of k n o w n 2 , 3 , 7 , 8 - C l 4 - D B p D , i n d i c a t i n g that the p r o d u c t consisted 
only of 2 , 3 , 7 , 8 - C l 4 - D B p D a n d d i d not conta in any other isomeric C l 4 -
D B p D . ( T h e p r o d u c t also conta ined some glass, poss ib ly f r o m the coarse 
f r i t ted disk i n the B u c h n e r f u n n e l used i n filtrations. ) I n another study 
the p r o d u c t f r o m the anisole recrysta l l izat ion (0.013 m m o l e ) was com
b i n e d w i t h authent ic 2 , 3 , 7 , 8 - C l 4 - D B p D (0.037 m m o l e , > 9 9 % p u r e ) to 
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2. V I N O P A L E T A L . Tritium-Labeled Dioxins 11 

obta in sufficient mater ia l to w a s h twice w i t h hot c h l o r o f o r m (8 m l and 
3 m l ) . T h e final p r o d u c t was > 9 9 % 2 , 3 , 7 , 8 - C l 4 - D B p D , based on M S 
analysis . 

Labeled Chemicals. l , 6 - T 2 - D B p D was synthesized essentially b y the 
same procedure used to prepare u n l a b e l e d D B p D on a s u b m i l l i m o l e scale 
b y reduct ive dechlor inat ion ( a b o v e ) w i t h the f o l l o w i n g exceptions. A f t e r 
r e d u c t i o n of 1 , 6 - C L - D B p D (0.1 m m o l e ) i n 2 -propanol (5 m l ) for 1 hour 
b y s t i rr ing w i t h t r i t i u m gas (5 C i ) a n d h y d r o g e n gas (0.5 m l ) at atmos
pher ic pressure, the react ion mix ture was w a s h e d w i t h 2 -propanol (2 X 
10 m l ) to remove lab i le t r i t i u m ; the catalyst was r e m o v e d b y filtration; 
the solvent was r e m o v e d b y v a c u u m dis t i l la t ion , a n d the products were 
redissolved i n 2 -propanol (10 m l ) . ( T h i s p o r t i o n of the procedure was 
carr ied out b y N e w E n g l a n d N u c l e a r C o r p . (Bos ton , M a s s . ) . ) T h e t r i -
t iated mater ia l was d i l u t e d ( to obta in an appropr ia te scale of react ion i n 
subsequent steps) b y a d d i n g p u r e u n l a b e l e d D B p D (0.082 m m o l e ) i n 
2 -propanol (25 m l ) , a n d the resul t ing mix ture was chromatographed (as 
above) to isolate c r u d e l , 6 - T 2 - D B p D (0.17 m m o l e , 1.1 C i / m m o l e ) . A n a l 
yses b y M S a n d G L C i n d i c a t e d the presence of trace amounts of a con
taminant , l - C l - 6 - T - D B p D , i n the crude l , 6 - T 2 - D B p D . T h e presence of 
this k i n d of contaminant i n the labe led preparat ion but not i n the u n 
labe led preparat ion resulted p r o b a b l y f r o m the lower pressure used 
d u r i n g the r e d u c t i o n step—i.e. 10 lbs/square i n c h for the u n l a b e l e d 
prepara t ion a n d atmospheric pressure for the t r i t ium-prepara t ion . A s m a l l 
p o r t i o n (0.015 m m o l e ) of the c rude l , 6 - T 2 - D B p D was r e d u c e d to remove 
the trace level of monochloro i m p u r i t y b y d isso lv ing the sample i n 
2 -propanol (3.5 m l ) , a d d i n g 1 0 % p a l l a d i u m on p o w d e r e d charcoal (3.8 
m g ) , a n d shaking w i t h h y d r o g e n gas at 8 lbs/square i n c h for 15 m i n 
at 2 5 ° C . T h e catalyst was r e m o v e d b y filtration, a n d an a d d i t i o n a l por t ion 
of p u r e u n l a b e l e d D B p D (0.054 m m o l e ) i n 2 -propanol (10 m l ) was 
a d d e d before chromatographic isolat ion of l , 6 - T 2 - D B p D (138 m C i / 
m m o l e ; single radioact ive c o m p o u n d b y T L C a n d r a d i o - G L C ; no 1-C1-
D B p D detected b y M S ) . T h e ca lcula ted specific act iv i ty , assuming that 
there is no loss of c o m p o u n d on reduct ion , is 239 m C i / m m o l e , i n d i c a t i n g 
that a por t ion of the labe led mater ia l is lost d u r i n g the process of the 
second reduct ion . 

l , 6 - T 2 - 2 , 3 , 7 , 8 - C l 4 - D B p D was prepared b y ch lor ina t ion of 1,6-T 2 -
D B p D (0.23 m m o l e , a mixture of 0.15 m m o l e of the crude l , 6 - T 2 - D B p D 
descr ibed above a n d 0.08 m m o l e of u n l a b e l e d D B p D ) i n the same manner 
descr ibed prev ious ly for p r e p a r i n g u n l a b e l e d 2 , 3 , 7 , 8 - C l 4 - D B p D . T h i s re
sul ted i n the isolat ion of c rude l , 6 - T 2 - 2 , 3 , 7 , 8 - C l 4 - D B p D (0.0115 m m o l e , 
ca lcula ted as the tetrachloro der ivat ive a l though some C l ; r D B p D a n d a 
smaller amount of C l 5 - D B p D were present) f o l l o w i n g recrysta l l izat ion 
f r o m anisole. U n l a b e l e d 2 , 3 , 7 , 8 - C l 4 - D B p D (0.043 m m o l e ) was then a d d e d 
to the c r u d e labe led product , a n d the mixture was w a s h e d w i t h hot chloro
f o r m (8 m l ) , as descr ibed above for the u n l a b e l e d 2 , 3 , 7 , 8 - C l 4 - D B p D , 
filtered, a n d w a s h e d again w i t h hot c h l o r o f o r m (3 m l ) to obta in the final 
l , 6 - T 2 - 2 , 3 , 7 , 8 - C l 4 - D B p D preparat ion (0.011 m m o l e , 107 m C i / m m o l e ) . 
T h e specific ac t iv i ty is b e l o w the theoret ical va lue of 152 m C i / m m o l e , 
ca lcula ted f r o m the various d i l u t i o n factors, p r o b a b l y as a result of inac
curacies i n w e i g h i n g s or of a smal l amount of glass i n the sample f r o m 
the f r i t ted glass filter. T h e p r o d u c t conta ined no r a d i o l a b e l e d impur i t i es 
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12 C H L O R O D I O X I N S O R I G I N A N D F A T E 

detectable b y T L C a n d radioautography or r a d i o - G L C ; there were no 
signif icant u n l a b e l e d contaminants evident on G L C , a n d M S i n d i c a t e d 
a c h e m i c a l p u r i t y of > 9 9 % . 

Discussion 

T h r e e routes for p r e p a r i n g t r i t i u m - l a b e l e d 2 , 3 , 7 , 8 - C l 4 - D B p D were 
invest igated. T h e first i n v o l v e d an exchange react ion between t r i t i u m 
water a n d 2,4 ,5- tr ichlorophenol to obta in t r i t i u m - l a b e l e d 2,4,5-trichloro-
p h e n o l , useful i n synthes iz ing 2 , 3 , 7 , 8 - C l 4 - D B p D b y the salt fus ion reac
t ion . P r e l i m i n a r y studies w i t h d e u t e r i u m oxide, i n v o l v i n g proton m a g 
netic resonance m o n i t o r i n g , i n d i c a t e d that extensive exchange of aromatic 
protons can be achieved under basic but not ac id ic condit ions . H o w e v e r , 
the degree of exchange does not seem to be sufficiently great to prepare 
h i g h specific ac t iv i ty mater ia l u p o n r e p l a c i n g the d e u t e r i u m oxide w i t h 
t r i t i u m water. T h e second route started w i t h l , 6 - C l 2 - D B p D w h i c h was 
converted to the 1 ,6 -d i l i th ium der ivat ive , a n d this was h y d r o l y z e d w i t h 
t r i t i u m water to p r o d u c e l , 6 - T 2 - D B p D . T h e D B p D prepared b y this 
m e t h o d was a lways contaminated w i t h about 3 0 % 1 - C l - D B p D , i n d i c a t i n g 
that the overa l l react ion was not sufficiently complete . A l s o , the separa
t ion of D B p D a n d 1 - C l - D B p D was very diff icult . T h e route selected uses 
t r i t i u m gas instead of t r i t i u m water for labe l ing , a n d this change al lows 
compounds of h igher specific ac t iv i ty to be prepared . 

R e d u c t i v e dech lor ina t ion of l , 6 - C l 2 - D B p D , u s i n g t r i t i u m gas a n d 
subsequent ch lor inat ion of the l , 6 - T 2 - D B p D , is a convenient m e t h o d for 
p r e p a r i n g l , 6 - T 2 - 2 , 3 , 7 , 8 - C l 4 - D B p D , but care must be exercised i n several 
steps i n v o l v e d i n this submil l imole-sca le radiosynthesis . Insufficient re
d u c t i o n of l , 6 - C l 2 - D B p D results i n contaminat ion b y 1 - C l - D B p D w h i l e 
the amount of polar products increases i f the r e d u c t i o n is too drastic . 
U s i n g exactly 0.5 m l of precooled c h l o r o f o r m for the ch lor inat ion step 
results i n a mix ture of the f o l l o w i n g components , as de termined b y G L C 
chromatography a n d M S : D B p D ; a monochloro der ivat ive ( p r o b a b l y 
2 - C l - D B p D ) ; 2 , 7 - C l 2 - D B p D ; another isomeric C l 2 - D B p D ; a t r ichloro 
der ivat ive , assumed to be 2 , 3 , 7 - C l ; r D B p D ; 2 , 3 , 7 , 8 - C l 4 - D B p D , a n d C l r , -
D B p D . N o higher ch lor ina ted derivat ives of D B p D were detected. T h e 
contaminants i n the mixture are r e m o v e d largely i n various pur i f i ca t ion 
stages. W a s h i n g the crude react ion mixture w i t h c h l o r o f o r m removes a l l 
unreacted D B p D , most of the 1 - C l - D B p D , a n d some of the C l 2 - a n d CI3-
D B p D derivat ives . T h e next step of w a s h i n g the c h l o r o f o r m w i t h water 
removes the ferr ic ch lor ide catalyst. F o l l o w i n g anisole recrysta l l izat ion of 
the chloroform-soluble products , the mater ia l consists of 9 0 - 9 4 % of 
2 , 3 , 7 , 8 - C L i - D B p D a n d 6 - 1 0 % of C l : r a n d C l 5 - D B p D . T h e final chloro
f o r m washes remove almost a l l res idual C l 8 - a n d C l 5 - D B p D , resul t ing i n 
very pure 2 , 3 , 7 , 8 - C l 4 - D B p D . 
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2. v i N O P A L E T A L . Τritium-Labeled Dioxins 13 

T h e samples of l , 6 - T 2 - D B p D a n d l , 6 - T 2 - 2 , 3 , 7 , 8 - C l 4 - D B p D are use fu l 
i n metabol i sm a n d mode of act ion studies. F o r example , w h e n i n c u b a t e d 
w i t h rabbi t l iver microsomes, l , 6 - T 2 - D B p D is extensively m e t a b o l i z e d to 
polar p r o d u c t ( s ) b u t only w h e n these preparat ions are fort i f ied w i t h 
r e d u c e d n i c o t i n a m i d e - a d e n i n e d inuc leot ide phosphate . U n d e r the same 
condit ions l , 6 - T 2 - 2 , 3 , 7 , 8 - C l 4 - D B p D is complete ly resistant to metabol ic 
attack. I n some types of studies, a higher specific ac t iv i ty poss ibly is de
sirable (i.e., > 1 C i / m m o l e ) , a n d this can be achieved, w i t h the m e t h o d 
ology already deve loped, b y us ing larger amounts of t r i t i u m gas or 
w o r k i n g on a larger synthetic scale so that it is not necessary to a d d 
u n l a b e l e d materials to assist i n crys ta l l iza t ion steps w h e r e a certa in 
m i n i m u m amount of c o m p o u n d is necessary. 
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X-ray Diffraction Studies of Chlorinated 

Dibenzo-p-dioxins 

F. P. BOER, M . A. N E U M A N , F. P. V A N R E M O O R T E R E , P. P. N O R T H , 
and H . W. RINN 

Analytical Laboratories, The Dow Chemical Co., Midland, Mich. 48640 

The crystal structures of four chlorinated derivatives of di
benzo-p-dioxin have been determined by x-ray diffraction 
from diffractometer data (MoKα radiation). The compounds, 
their formulae, cell dimensions, space groups, the number 
of molecules per unit cell, the crystallographic R-factors, and 
the number of observed reflections are given. The dioxin 
crystal structures were performed to provide absolute stand
ards for assignment of isomeric structures and have been of 
considerable practical use in combination with x-ray powder 
diffraction analysis. 

" D e c a u s e of the present interest i n the chemica l , b io log ica l , a n d eco-
l o g i c a l properties of the chlor inated d ibenzo-p-diox ins , w e have 

a p p l i e d X - r a y di f f ract ion methods to i d e n t i f y a n d characterize these 
compounds . S u c h studies are useful for three reasons: 

(1) A b s o l u t e ident i f icat ion of the isomeric structure of p r i m a r y 
s tandard materials b y single crysta l techniques ; 

( 2 ) C o r r e l a t i o n of the s ingle-crystal structure results w i t h the p o w d e r 
d i f f rac t ion pat tern, establ ishing x-ray p o w d e r di f f ract ion as a convenient , 
p o w e r f u l means of isomer ident i f icat ion ; a n d 

(3 ) G e n e r a t i o n of a ( u s u a l l y ) accurate, de ta i led p i c t u r e of the 
molecular geometry to p e r m i t future correlations be tween s tructural 
features a n d b i o l o g i c a l act iv i ty . 

W e report the crysta l structures of four ch lor inated d i o x i n s — t h e 
2 ,7-dichloro- , 2 ,8-dichloro- , 2,3,7,8-tetrachloro-, a n d octachlorodibenzo-p-
dioxins . T h u s , five crystal structures of chlorodioxins are n o w k n o w n . 

14 
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3. B O E R E T A L . X-ray Diffraction Studies 15 

T h e unexpected ident i f icat ion ( I ) of 1,2,3,7,8,9-hexachlorodibenzo-p-
d i o x i n i n toxic feed fats b y C a n t r e l l , W e b b , a n d M a b i s , u s i n g x-ray 
crysta l lography, first p o i n t e d to the chlorodioxins as a potent ia l toxico-
log ica l h a z a r d . T h e four crysta l structures repor ted here w e r e de termined 
b y very s imi lar techniques , a n d their essential parameters are s u m m a r i z e d 
i n T a b l e I. A P i c k e r four-c i rc le diffractometer was used to determine 
the latt ice constants a n d to gather intensi ty data i n Θ-2Θ scan mode , u s i n g 
monochromat i c MoKa radia t ion . T h e structures were so lved f r o m Pat
terson funct ions a n d ref ined b y f u l l - m a t r i x least-squares, assuming aniso
t rop ic temperature factors for C I , O , a n d C atoms a n d isotropic tempera
ture factors for H . H y d r o g e n parameters were not ref ined for the 
2 ,8-dichloro c o m p o u n d for w h i c h only a s m a l l f rac t ion of the possible 
reflections was obta ined o w i n g to the weakness of scattering a n d pro
gressive deter iorat ion of the crystal . Correc t ions were a p p l i e d for ab
sorpt ion, for anomalous scattering b y C I , a n d , where appropr ia te , for 
secondary ext inct ion. T a b l e II lists the a tomic posit ions a n d thermal 
parameters for the four structures. 

T h e molecules of the 2 ,7-dichloro, 2,3,7,8-tetrachloro, a n d octachloro 
structures are a l l located on crysta l lographic centers of symmetry a n d 
are very nearly p lanar i n each case. ( In the 2,3,7,8-tetrachloro structure 
there are t w o independent molecules s i tuated on the 1 elements at the 
o r i g i n a n d at the center of the u n i t ce l l , respect ively . ) I n each of these 
three structures the molecules f o r m stacks a long the short un i t ce l l transla
tions w i t h interplanar distances be tween 3.45-3.49A. T h e structure of 
the 2 ,8-dichloro c o m p o u n d is a different type w i t h the molecule d i v i d e d 
transversely b y a crys ta l lographic m i r r o r p lane a n d e x h i b i t i n g a sl ight 
b e n d i n g at the oxygens, s imi lar to that descr ibed for the 1,2,3,7,8,9-hexa 
c o m p o u n d ( I ) . F igures 1, 2, 3, a n d 4 indica te that the molecular geom
etries are qui te regular w i t h b o n d distances a n d angles agreeing w i t h 
accepted l i terature values. T h e C — C I distances, however , show an i n 
teresting t rend t o w a r d shortening w i t h increasing chlor ine subst i tut ion on 
the rings ( F i g u r e 5 ) . T h e est imated errors a n d internal agreement of 
the b o n d distances give confidence that this effect is real . T h e differences 
also seem to h o l d w h e n b o n d distance corrections assuming r i g i d b o d y 
m o t i o n are a p p l i e d ( 2 ) . T h i s result c o u l d arise f r o m a r e d u c t i o n i n the 
effective electronegativi ty difference between C a n d C I as more e lectron 
densi ty is d r a w n f r o m the aromatic r i n g , w h i c h should i n t u r n result 
i n increased covalency of the C — C I bonds a n d give shorter distances. 
A l t e r n a t i v e l y , i n terms of molecular orbitals , the a d d i t i o n of m o r e electro
negative ch lor ine substituents c o u l d d r a w electrons f r o m a n t i b o n d i n g 
M O ' s associated w i t h the C — C I bonds a n d thus increase the net b o n d 
order of the C — C I bonds. 
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16 C H L O R O D I O X I N S O R I G I N A N D F A T E 

Table I. 

2,7-DC Β D 
Space Group PI 

C e l l Constants a (A) 3.878(3) 
b (A) 6.755(9) 
c (A) 10.265(15) 
α (deg) 99.46(1) 
β (deg) 100.63(3) 
γ (deg) 99.73(3) 
Ζ 1 

D e n s i t y (g c m - 3 ) 1.647 
L i n e a r absorpt ion coeff. (cm" 1 ) 5.26 
N o . Reflections M e a s u r e d 1152 
N o . Reflect ions A b o v e B a c k g r o u n d 1030 
Λ Χ = Σ I I F0 l - l I Fc I |/Σ | F0 | 0.057 
R2= \Lw{F0-Fey/JiwF0*\1/* 0.062 

Table II. Structure 

2,7-Dichlorodibenzo-p-dioxin 

Atom Χ y ζ 

C I -0 .4292(3) -0 .3654(1) 0.3777(1) 
0 0.0466(7) 0.2155(3) 0.0479(2) 
C ( l ) -0 .0668(8) 0.0749(5) 0.1228(3) 
C(2) -0 .1125(8 ) -0 .1359(5 ) 0.0757(3) 
C(3) -0 .1340(9) 0.1467(5) 0.2468(3) 
C(4) -0 .2219(9) -0 .2706(5) 0.1534(3) 
C(5) -0 .2452(9 ) 0.0123(5) 0.3255(3) 
C(6) -0 .2894(8) -0 .1955(5 ) 0.2782(3) 

H(3) -0 .094(4 ) 0.293(5) 0.278(3) 
H ( 4 ) - 0 .240(9 ) -0 .411(6 ) 0.124(4) 
H ( 5 ) - 0 .283 (9 ) 0.058(5) 0.406(4) 

2,8-Dichlorodibenzo-p-dioxin 

Atom X y ζ 

C I 0.3003(6) 0.0705(7) 0.4541(1) 
0(1) 0.2586(20) 0.0973(21) 0.25 
0 (2 ) -0 .1758(22) -0 .0780(22) 0.25 
C ( l ) 0.1492(25) 0.0443(18) 0.2969(6) 
C(2) -0 .0638(22) -0 .0372(18) 0.2971(5) 
C(3) 0.2607(25) 0.0804(21) 0.3449(6) 
C(4) -0 .1596(20) -0 .0843(18) 0.3460(6) 
C(5) 0.1541(31) 0.0298(19) 0.3937(5) 
C(6) -0 .0581(27) -0 .0489(23) 0.3944(6) 
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3. B O E R E T A L . X-ray Diffraction Studies 17 

Crystal Data 

2,8-DCBD 
Pnam 

5.983(6) 
7.114(10) 

24.637(36) 
90. 
90. 
90. 

4 
1.602 
5.12 

1206 
293 

0.064 
0.065 

2,3,7,8-TCBD 
Pi 

3.783(3) 
9.975(9) 

15.639(15) 
94.14(2) 
95.20(4) 
92.77(4) 

2 
1.827 
9.79 

2666 
2381 

0.036 
0.038 

OCBD 
P2i/c 

12.009(9) 
3.828(3) 

16.297(9) 
90. 

101.14(3) 
90. 

2 
2.077 

15.05 
1640 
1460 

0.058 
0.053 

Parameters " 

10«pii 1 0 4 β 2 2 10^33 

945(9) 240(2) 106(1) 
1110(25) 134(5) 72(2) 

587(26) 159(7) 66(3) 
569(26) 165(2) 66(3) 
694(29) 166(8) 78(4) 
599(28) 160(9) 84(4) 
640(29) 213(9) 77(4) 
453(24) 208(8) 89(4) 

Β 
3.5(8) 
4.4(9) 
4.0(9) 

10 3 βιι 103&22 

29(1) 37(1) 15(1) 
17(6) 32(5) 10(2) 
15(5) 28(5) 18(3) 
20(6) 10(3) 13(4) 

9(6) 17(4) 17(4) 
26(6) 13(3) 14(3) 
10(5) 9(3) 20(3) 
30(7) 16(4) 10(2) 

8(5) 26(4) 15(3) 

1 0 4 β ι 2 10*βΐ3 1 0 4 β 2 3 

85(3) 142(2) 63(1) 
82(8) 114(6) 15(3) 
74(11) 36(7) 30(4) 
77(11) 35(7) 21(4) 
74(12) 64(8) 3(4) 
63(11) 41(8) 32(4) 

110(12) 84(8) 25(5) 
89(11) 55(7) 58(4) 

10 3 & 1 2 10» β„ 1 0 3 β 2 3 

- 4 ( 1 ) - 1 ( 1 ) 0(1) 
- 1 0 ( 4 ) 

- 7 
- 3 ( 3 ) - 1 ( 1 ) 0(1) 
- 4 ( 4 ) 2(2) - 1 ( 1 ) 

0(4) K D K D 
- 3 ( 4 ) K D 0(1) 
10(5) - 1 ( 1 ) - 1 ( 1 ) 
4(5) K D - 1 ( 1 ) 
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18 C H L O R O D I O X I N S O R I G I N A N D F A T E 

Table II. 

Atom X y ζ 

H ( 3 ) 0.414 0.141 0.345 
H ( 4 ) - 0 . 3 1 1 - 0 . 1 4 8 0.346 
H(6 ) - 0 . 1 3 6 - 0 . 0 8 0 0.430 

2,3,7,8-Tetrachlorodibenzo-p-dioxin 

Atom X y ζ 

C I (2 A ) 0.24332(15) -0 .28365(5) 0.26900(3) 
C1(3A) -0 .17456(16) -0 .47674(5) 0.11985(4) 
C1(2B) 0.10613(16) 0.77903(6) 0.77142(3) 
C1(3B) 0.17045(17) 0.97910(6) 0.62508(4) 
0 ( A ) ' 0.19947(40) 0.08571(14) 0.06607(9) 
0 ( B ) 0.46780(42) 0.40986(13) 0.56599(9) 
C ( 1 A ) 0.20316(53) -0 .09398(20) 0.15576(13) 
C ( 2 A ) 0.11584(51) -0 .22616(20) 0.16989(12) 
C ( 3 A ) -0 .06777(52) —0.31053(19) 0.10454(13) 
C ( 4 A ) -0 .17010(53) -0 .26211(20) 0.02588(13) 
C ( 5 A ) -0 .08608(50) -0 .13010(19) 0.01266(12) 
C ( 6 A ) 0.10264(50) -0 .04631(19) 0.07732(12) 
C ( 1 B ) 0.29579(55) 0.58979(21) 0.65628(13) 
C ( 2 B ) 0.22673(51) 0.72370(21) 0.67145(13) 
C ( 3 B ) 0.25627(52) 0.81109(20) 0.60742(13) 
C ( 4 B ) 0.35698(56) 0.76516(21) 0.52812(13) 
C ( 5 B ) 0.42831(50) 0.63162(20) 0.51347(12) 
C ( 6 B ) 0.39708(52) 0.54373(19) 0.57761(12) 

H ( 1 A ) 0.3493(57) -0 .0369(23) 0.1996(14) 
H (4 A ) -0 .3102(52) -0 .3208(20) -0 .0219(13) 
H ( 1 B ) 0.2730(53) 0.5287(21) 0.7043(13) 
H ( 4 B ) 0.3803(53) 0.8316(21) 0.4815(13) 

Octachlorodibenzo-p-dioxin 

Atom X y ζ 

C l ( l ) 0.36887(8) 0.1125(3) 0.23425(6) 
Cl (2 ) 0.44176(8) -0 .2322(3 ) 0.07846(7) 
Cl (3 ) 0.11407(8) 0.3190(3) 0.22562(6) 
Cl (4 ) 0.25867(8) -0 .3520(3 ) -0 .08448(6) 
0 -0 .0329(2 ) 0.1580(10) 0.0705(2) 
C ( l ) 0.0773(3) 0.0630(12) 0.0704(2) 
C(2) 0.1098(3) -0 .0887(12) 0.0017(2) 
C(3) 0.1574(3) 0.1261(11) 0.1419(2) 
C(4) 0.2222(3) -0 .1749(11) 0.0033(2) 
C(5) 0.2699(2) 0.0359(11) 0.1449(2) 
C(6) 0.3031(3) -0 .1153(11) 0.0758(2) 

α The anisotropic thermal parameters are in the form 
exp-(/i2pu + Α;2β22 + Ζ2β33 + 2ΛΑ;β„ + 2hl$u + 2Μβ28) 
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3. B O E R E T A L . X-ray Diffraction Studies 19 

Continued 

1 0 3 β π 1 0 3 β 2 2 1 0 4 β 3 

Β 
4.0 
4.0 
4.0 

1 0 4 β π 10 5 β 2 2 10 5&33 

758(5) 865(6) 301(2) 
841(5) 617(5) 407(2) 
803(5) 924(6) 310(2) 
864(5) 635(5) 469(3) 
800(13) 629(15) 248(6) 
920(14) 620(15) 244(6) 
465(14) 678(21) 256(8) 
464(14) 723(21) 255(8) 
472(14) 545(19) 325(9) 
463(14) 635(20) 276(9) 
437(14) 656(20) 225(8) 
453(14) 587(19) 253(8) 
529(16) 731(22) 256(8) 
446(14) 762(22) 261(8) 
452(15) 594(20) 346(9) 
556(16) 648(21) 305(9) 
446(14) 665(20) 236(8) 
473(14) 604(20) 267(8) 

Β 
3.6(0.5) 
2.3(0.4) 
2.9(0.4) 
2.7(0.4) 

Ι Ο ^ π 10 3 β22 10*033 

49(1) 82(11) 25(1) 
40(1) 82(11) 33(1) 
58(1) 56(9) 22(1) 
59(1) 67(10) 25(1) 
40(2) 103(35) 27(1) 
43(3) 50(33) 23(1) 
45(2) 44(32) 23(1) 
50(3) 36(30) 19(1) 
46(3) 37(30) 23(1) 
42(3) 43(31) 17(1) 
36(2) 43(32) 28(2) 

b Isotropic temperature factors (Β) 
parentheses. 

1O 3 0 1 2 1O 3 0 1 3 1O 30 23 

1 O 5 0 1 2 1 O 5 0 1 3 1 O 5 0 2 3 

325(13) 130(8) 132(3) 
- 1 7 9 ( 1 3 ) 152(9) 78(3) 

455(14) 463(8) 95(3) 
645(13) 340(10) 48(3) 
386(35) - 2 1 7 ( 2 2 ) 16(7) 
682(36) 359(23) 56(7) 
220(43) 9(27) - 2 5 ( 1 0 ) 
435(43) 98(27) 76(10) 
108(42) 231(28) 36(10) 

3(42) 79(27) - 4 3 ( 1 0 ) 
116(41) 87(25) 12(9) 
119(41) 126(26) - 6 ( 1 0 ) 
168(46) 148(28) 8(11) 
161(44) 122(27) - 7 4 ( 1 0 ) 
265(42) 5(29) 44(11) 
226(45) 113(29) 51(11) 
272(41) 68(26) 5(10) 
242(41) 35(27) 5(10) 

1O*0 1 2 1O*0 1 3 10*023 

- 1 6 ( 2 ) - 4 ( 1 ) - 1 2 ( 2 ) 
34(2) 6(1) 13(2) 

- 7 ( 2 ) 7(1) - 2 2 ( 1 ) 
38(2) 11(1) - 1 8 ( 2 ) 
47(7) - 2 ( 1 ) - 7 4 ( 5 ) 

7(8) 4(1) - 1 1 ( 6 ) 
12(8) 2(1) - 7 ( 6 ) 

- 1 ( 8 ) 8(2) 7(5) 
19(8) 8(2) 1(6) 

- 5 ( 8 ) - K D 14(5) 
2(8) 9(2) 21(6) 

in A 2 ; standard deviations are given in 
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20 C H L O R O D I O X I N S O R I G I N A N D F A T E 

DCBD 
BONDS C - C ± 0 . 0 0 5 Â 

C - 0 ± 0 . 0 0 4 
C-CI ± 0 . 0 0 4 
C - H ± 0 . 0 4 

ANGLES C - C - C ±0.3° 
C - C - 0 ±0.3° 
C-C-CI ±0.3° 
C - C - H * ? · 
C - O - C ± 0 3 ° 

Figure 1. Bond distances and angles for 2,7-dichlorodibenzo-p-dioxin. The 
molecule is situated on an inversion center. 

2.8-DCBD 

BONDS C-C ± 0 . 0 I - 0 . 0 2 Â 
C-0 ±0.01 
C-CL ±0.01 

ANGLES C-C-C ±1.3° 
C-C-0 ± l . 3 e 

C - C - C L ± l . 3 e 

C-O-C ±1.5° 

Site Symmetry m 

Figure 2. Bond distances and angles for 2,8-dichlorodibenzo-p-dioxin. The 
molecule is located on a crystallographic mirror plane. 
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3. B O E R E T A L . X-ray Diffraction Studies 21 

TCBD 
BONDS C-C * 0 . 0 0 3 Â 

C - 0 *0.003 
C-CL ± 0 . 0 0 3 
C-H ±0.02 

ANGLES C - C - C ±0.2' 
C - C - 0 ±0.2* 
C-C-CI ±0.2° 
C - C - H *l .3 e 

C-O-C ±0.2* 

Figure 3. Bond distances and angles for the two independent molecules in 
2,3,7,8-tetrachlorodibenzo-p-dioxin. Both molecules are located on crystallo

graphic inversion centers. 

X - r a y p o w d e r di f f ract ion , used wherever possible w i t h x-ray single-
crysta l data , is a very convenient m e t h o d for i d e n t i f y i n g samples of 
ch lor ina ted dioxins a n d i n par t i cu lar for g i v i n g in format ion o n the isomers 
present. Some of the t rad i t iona l methods for i d e n t i f y i n g organic mole
cules, such as in f rared a n d mass spectrometry, are of l i m i t e d u t i l i t y i n 
i d e n t i f y i n g isomers of the chlorodioxins . N u c l e a r magnet ic resonance 
methods have been h i n d e r e d b y so lubi l i ty problems; they also are less 
suitable for w o r k i n g w i t h the very minute samples that can be a n a l y z e d 
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22 C H L O R O D I O X I N S O R I G I N A N D F A T E 

BONDS C-C ± 0 . 0 0 5 Â ANGLES C-C-C ± 0 . 4 ° 
C-0 ± 0 . 0 0 4 C - C - 0 ± 0 . 3 ° 
C-CL ± 0 . 0 0 4 C-C-CL ± 0 . 3 ° 

C-O-C ± 0 . 3 ° 

Figure 4. Bond distances and angles for octachlorodibenzo-p-dioxin. The 
molecule is located on an inversion center. 

BOND 
LENGTH 

(A) 

1.750-

1.740-

.730 -Γ

Ι.720-

1.710 

-2,8-DI 

-2,7-DI 

2,3,7,8-TETRA 

1,2,3,7,8,9- HEXA 
RANGE 1.69-1.79 

OCTA 

NO. OF Cl 'S 

Figure 5. Carbon-chlorine bond lengths (A) of chlorinated dibenzo-p-dioxins 
as a function of the number of chlorine substituents. 
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3. B O E R E T A L . X-ray Diffraction Studies 23 

Table III. X-ray Powder Diffraction Data for 2,3,7,8-Tetrachloro-
dibenzo-^-dioxin" and 2,7-Dichlorodibenzo-f>-dioxin& 

TCBDC 

d(hkl) I/Ko) hkl 

8.728 3 011 
8.130 4 011 
6.369 23 012 
5.901 24 012 
4.984 2 020 
4.851 3 021 
4.739 6 013 
4.639 3 021 
4.448 6 013 
4.343 15 022 
4.046 10 022 
3.759 10 100 
3.736 7 101, 023 
3.578 50 101, 110 
3.537 2 111, 014 
3.456 60 110, 111 
3.330 100 112 
3.296 38 111, 031 
3.266 23 102 
3.188 25 103, 031 
3.180 22 024 
3.035 50 113, 015, 112 
3.003 3 121 
2.953 17 024 
2.916 13 103 
2.892 5 015, 122, 033 
2.866 4 113 
2.850 4 122 

2,7-DCBD 

d(hkl) I/I(o) hkl 

9.9 13 001 
6.55 25 010 
5.00 63 011 
4.39 5 012 
3.56 63 110 
3.46 25 111 
3.26 100 101, 020, 111 
3.01 10 022 
2.92 20 021, 112 
2.76 5 112, 120 
2.57 8 113 
2.48 8 014, 004 
2.38 5 122 
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24 C H L O R O D I O X I N S O R I G I N A N D F A T E 

Table III. Continued 

2,7-DCBD 

d(hkl) I/I(o) hkl 

2.30 5 104, 112 
2.21 5 031, 114 
2.12 18 114, 123 
2.07 5 130, 121 
2.03 5 031 

"Obtained on a 115-mm diameter AEG (Allgemeine Elektrizitats-Gesellschaft) 
Guinier camera using Seeman-Bohlin focusing and Cu Κα, radiation (λ 1.5405 A). 

6 Data taken with a 143.2-mm diameter Debye-Scherrer camera using Cu Κα 
radiation (λ 1.5418 A). 

c Forty additional lines to 1.603 A were recorded 

b y x-ray di f f rac t ion . T h e observed p o w d e r patterns for the 2,7-dichloro-
a n d the 2,3 ,7 ,8-tetrachlorodibenzo-p-dioxins are g iven i n T a b l e I I I . 

Several cases have been encountered that show the u t i l i t y of x-ray 
p o w d e r di f f ract ion as an a n a l y t i c a l m e t h o d for i d e n t i f y i n g dioxins . A n 
attempt was m a d e to synthesize 2 ,8 -d ich lorodibenzo-p-d iox in b y heat ing 
the potass ium salt of a t r i c h l o r i n a t e d 2 - h y d r o x y d i p h e n y l ether ( 3 ) . Sur
p r i s i n g l y , the major crystal l ine p r o d u c t under the i n i t i a l react ion c o n d i 

tions was 2 ,7 -d ich lorodibenzo-p-d iox in suggesting that cleavage of the 
ether a n d its subsequent re format ion h a d occurred unexpectedly . Some 
2 ,8-dioxin c o u l d also be detected i n the react ion product . A second sam
p l e of 2 ,8-dioxin conta ined an u n k n o w n crystal l ine i m p u r i t y w h i c h c o u l d 
be p h y s i c a l l y separated on the basis of crystal m o r p h o l o g y . 

I n a d d i t i o n , an interest ing, a l though negative, result has come f r o m 
p o w d e r di f f ract ion studies of the hexachloro compounds . W e have exam
i n e d D e b y e - S c h e r r e r photographs of several samples k n o w n to conta in 
p r e d o m i n a n t l y hexachlorodibenzo-p-dioxins a n d have ident i f ied the pat
terns of at least three crystal l ine phases therein. ( T h e r e are 10 possible 
isomers of hexach lorodibenzo-p-d iox in . ) These patterns have been 
checked careful ly against the ca lcula ted d-spacings a n d intensities of the 
1,2,3,7,8,9-hexa isomer descr ibed b y C a n t r e l l , W e b b , a n d M a b i s ( I ) a n d 
also against an observed pat tern s u p p l i e d b y C a n t r e l l a n d be l i eved to be 
f r o m the l o w temperature phase of the same mater ia l . Yet to date w e 
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3. B O E R E T A L . X-ray Diffraction Studies 25 

have not been able to detect the s ignature of either of these 1,2,3,7,8,9-
hexachlorodiox in phases i n any sample examined. 
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Thermal Chemistry of Chlorinated Phenols 

H . G. L A N G E R , T. P. BRADY, L . A. D A L T O N , T. W. SHANNON, and 
P. R. BRIGGS 

The Dow Chemical Co., Eastern Research Laboratory, Wayland, Mass. 01778 

Thermal properties of several chlorinated phenols and de
rivatives were studied by differential thermal analysis and 
mass spectrometry and in bulk reactions. Conditions which 
might facilitate the formation of stable dioxins were empha
sized. No two chlorinated phenols behaved alike. For a 
given compound the decomposition temperature and rate 
as well as the product distribution varied considerably with 
reaction conditions. The phenols themselves seem to pyro
lyze under equilibrium conditions slowly above 250°C. For 
their alkali salts the onset of decomposition is sharp and 
around 350°C. The reaction itself is exothermic. Prelimi
nary results indicate that heavy ions such as cupric ion may 
decrease the decomposition temperature. 

'Tphe literature on formation of halodibenzo-p-dioxins is vague and 
A sometimes confus ing. M o s t of the i n f o r m a t i o n avai lable is s u m m a 

r i z e d i n an art ic le b y M . K u l k a ( 1 ) a n d deals w i t h the format ion of octa-
c h l o r o d i b e n z o d i o x i n f r o m pentachlorophenol . W e have invest igated the 
t h e r m a l propert ies of several ch lor inated phenols a n d derivatives b y dif 
ferent ia l t h e r m a l analysis a n d mass spectrometry a n d i n b u l k reactions. 
T h e react ion condit ions were chosen to favor the d i o x i n format ion . 

O f the ch lor inated phenols pentach lorophenol is the most l i k e l y to 
p r o d u c e a d i o x i n . Its di f ferent ia l thermogram, however , ( F i g u r e 1) 
reveals no decomposi t ion . A so l id state transi t ion at 7 5 ° C is f o l l o w e d 
b y m e l t i n g b e l o w 200 ° C a n d v a p o r i z a t i o n above 300 ° C . O n l y after 
p r o l o n g e d heat ing i n b u l k a n d at temperatures above 2 0 0 ° C c o u l d 
o c t a c h l o r o d i b e n z o d i o x i n be ident i f ied i n the tarry residue. If the c o m 
p o u n d is heated i n a sealed capi l la ry , conversions of ~ 5 0 % are obta ined 
c lear ly i n d i c a t i n g a n e q u i l i b r i u m ( F i g u r e 2 ) . H e r e the area of the melt
i n g endotherm is used to measure the progress of the react ion. O n l y a 
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L A N G E R E T A L . Thermal Chemistry 27 

SAMPLE : 

CeClsOH 

Pentachlorophenol 

ORIGIN : 

REF. glass beads 

ATM. Areon/ISCFH RUN NO. SAMPLE : 

CeClsOH 

Pentachlorophenol 

ORIGIN : 

REF. glass beads Τ Δ τ DATE 

SAMPLE : 

CeClsOH 

Pentachlorophenol 

ORIGIN : 

PROGRAM MODE SCALE I 50 * 1.0 * OPERATOR 

SAMPLE : 

CeClsOH 

Pentachlorophenol 

ORIGIN : RATE 15 T£ .START °C 
SETTING 

OPERATOR 

SAMPLE : 

CeClsOH 

Pentachlorophenol 

ORIGIN : 

100 150 200 250 300 350 400 
T. °C (CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES) 

Figure 1. Differential thermogram of pentachlorophenol 

80 

60 

40 

+ HC1 

CI CI 

8 10 12 

TIME (Hours of r x . a t 250°C) 

Figure 2. Thermal decomposition of CGCl5OH 
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28 C H L O R O D I O X I N S O R I G I N A N D F A T E 

s m a l l amount of d i o x i n was detected i n the sample at the e n d of the 
exper iment—the m a i n p r o d u c t b e i n g the chlor inated p h e n o x y p h e n o l , 
i n d i c a t i n g an e q u i l i b r i u m for the first step of the condensat ion react ion. 

A dras t ica l ly different react ion is i n d i c a t e d on the t h e r m o g r a m of 
s o d i u m pentachlorophenate ( F i g u r e 3 ) as a strongly exothermic react ion 
at ^ 3 6 0 ° C . U p o n c o o l i n g , essentially p u r e oc tach loro -p-d ibenzodiox in 
c rys ta l l i zed . 

SAMPLE: 

CeClsONa 

[Sodium Pentachlorophenate 

ORIGIN: 

SIZE_ micro (via) 

REF._ 

PROGRAM MODE 

RATE 15 ^ ,START_ 

ATM. Areon 1SCFH 

Τ Δ τ 

SCALE 50 * 
SETTING 

1.0 * 

RUN NO 

DATE 

OPERATOR. 

0 50 100 150 200 250 300 350 400 450 500 
T, °C (CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES) 

Figure 3. Differential thermogram of sodium pentachlorophenate 

F o r 2,3,4,6-tetrachlorophenol h a r d l y any discolorat ion was detected 
above 200 ° C ; instead the sample v a p o r i z e d r a p i d l y . Its s o d i u m salt 
reacted s i m i l a r l y to s o d i u m pentachlorophenate except that its exo
thermic decompos i t ion ( F i g u r e 4) is less c lear ly def ined; no crys ta l l iza 
t ion o c c u r r e d on cool ing , a n d the y i e l d of hexachlorodioxins was m u c h 
lower , the r e m a i n i n g products b e i n g h igher molecu lar w e i g h t materials . 
T h e hexachlorodioxins were ident i f ied b y g a s - l i q u i d c h r o m a t o g r a p h y as 
t w o isomers i n a rat io of 35:65. 

F o r l o w e r ch lor inated phenates the reactions become even more 
compl i ca ted . T h e phenols v a p o r i z e w i t h o u t decomposi t ion , a n d the 
s o d i u m salts react i n the melt ( F i g u r e 5 ) , as s h o w n for s o d i u m 2,4-
dichlorophenate . T h e relat ive amount of dioxins p r o d u c e d is l o w e r i n 
favor of more h i g h l y condensed mater ia l . 
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4. L A N G E R E T A L . Thermal Chemistry 29 

100 150 200 250 300 350 400 
Τ , °C (CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES) 

Figure 4. Differential thermogram of sodium 2,3,4,6-tetrachlorophenate 

SAMPLE : 
Sodium 2,4-dichloropheni 
NaOC e H 3 Cl 2 

ORIGIN: 

SIZE micro ATM Arson RUN 

DAT! 

OPE 

NO. SAMPLE : 
Sodium 2,4-dichloropheni 
NaOC e H 3 Cl 2 

ORIGIN: 

glass beads 

ATM 

I τ 
RUN 

DAT! 

OPE 

SAMPLE : 
Sodium 2,4-dichloropheni 
NaOC e H 3 Cl 2 

ORIGIN: 

PROGRAM MODE 

RATE 1 5 ^ ώ .SI 

SCALE 1 50 
SETTING 

Î < 3.5 *• 

RUN 

DAT! 

OPE RATOR 

SAMPLE : 
Sodium 2,4-dichloropheni 
NaOC e H 3 Cl 2 

ORIGIN: 

PROGRAM MODE 

RATE 1 5 ^ ώ .SI fART °C 

SCALE 1 50 
SETTING 

SAMPLE : 
Sodium 2,4-dichloropheni 
NaOC e H 3 Cl 2 

ORIGIN: 

II 

I 
100 150 200 250 300 350 

T. °C (CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES) 

Figure 5. Differential thermogram of sodium 2,4-dichlorophenate 

Pu
bl

is
he

d 
on

 M
ar

ch
 1

, 1
97

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
3-

01
20

.c
h0

04



30 C H L O R O D I O X I N S O R I G I N A N D F A T E 

"highers" 

Figure 6. Irgasan, 2-(2,4-dichlorophenoxy)-5-chlorophenol 

S A M P L E : 
Sodium 2 - ( 2 , 4 - d i c h l o r o -
phenoxy)-5-chlorophenate 
Sodium salt of Irgasan 

ORIGIN : 

SIZE mic 

R F F ela 

ro ATM. Argon 

I τ i 

R U N 

DATE 

O P E F 

NO. S A M P L E : 
Sodium 2 - ( 2 , 4 - d i c h l o r o -
phenoxy)-5-chlorophenate 
Sodium salt of Irgasan 

ORIGIN : 

SIZE mic 

R F F ela ss beads 

ATM. Argon 

I τ i Δ Τ 

R U N 

DATE 

O P E F 

S A M P L E : 
Sodium 2 - ( 2 , 4 - d i c h l o r o -
phenoxy)-5-chlorophenate 
Sodium salt of Irgasan 

ORIGIN : 

P R O G R A M M O D E 

RATE _J5 Λ ,START_ tC 

S C A L E i 50 3- 1 l . Q » 
S E T T I N G 

R U N 

DATE 

O P E F IATOR 

S A M P L E : 
Sodium 2 - ( 2 , 4 - d i c h l o r o -
phenoxy)-5-chlorophenate 
Sodium salt of Irgasan 

ORIGIN : 

P R O G R A M M O D E 

RATE _J5 Λ ,START_ tC 

Ci) 
Λ Λ 

\ 
V 

— 
0 50 100 150 200 250 300 350 400 450 500 

T. ° C ( C O R R E C T E D FOR C H R O M E L A L U M E L T H E R M O C O U P L E S ) 

Figure 7. Differential thermogram of sodium 2-(2,4-dichlorophenoxy)-5-chloro-
phenate 
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4. L A N G E R E T A L . Thermal Chemistry 31 

Table I. Mass Spectrometric Analysis of Decomposition Residues 

Sodium 2,4-dichlorophenate (CeHdChONa) 

m/e Relative Intensity, % Species 

252 100 d i o x i n (2C1) 
288 12 phenoxyphenol (3C1) 
378 10 t r imer (3C1) 
414 5 phenoxyphenoxyphenol (4C1) 
504 0.5 tetramer (4C1) 
540 0.3 pheno xy(phe no xy) 2 phenol (5C1) 

Sodium "Irgasan" (CtJH3CWC*H3ClONa) 
252 100 d i o x i n (2C1) 
378 10 t r imer (3C1) 
414 20 phenoxyphenoxyphenol (4C1) 
504 16 tetramer (4C1) 
540 12 p h e n o x y ( p h e n o x y ) 2 phenol (5C1) 

T h e c o m p o u n d 2-( 2 ,4-dichlorophenoxy ) -5 -chlorophenol can be con
s idered an intermediate for the 3 ,7 -d ich lorodibenzo-p-d iox in f o r m a t i o n 
( F i g u r e 6). O n e m i g h t expect that condensat ion of its s o d i u m salt b y 
React ion I leads p r i m a r i l y to the d i o x i n rather than to h igher condensed 
materials via P a t h w a y II . D i f f e r e n t i a l t h e r m a l analysis ( F i g u r e 7 ) shows 
an i l l -def ined exothermic react ion start ing cons iderably above the m e l t i n g 
temperature. T h e product , however , is not the expected p u r e d i o x i n but 
a c o m p l i c a t e d react ion m i x t u r e ( T a b l e I ) . T h e amount of h igher con
densed materials is surpr is ingly h i g h c o m p a r e d w i t h that f r o m s o d i u m -
2,4-dichlorophenate . 

Table II. Dioxin Formation vs. "Highers" 

Sodium Pentachlorophenate 

m/'e Relative Intensity, c{ Species 

456 100 d i o x i n (8C1) 
684 2 t r imer (12C1) 
912 0.3 tetramer (16C1) 

Sodium 2,3,4,6-tetrachlorophenate 
388 100 d i o x i n (6C1) 
582 3 t r imer (9C1) 

Sodium 2,4-dichlorophenate 
252 100 d i o x i n (2C1) 
378 10 t r imer (3C1) 
504 1 tetramer (4C1) 

Sodium "Irgasan" 
252 100 d i o x i n (2C1) 
378 10 t r imer (3C1) 
504 16 tetramer (4C1) 
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32 C H L O R O D I O X I N S O R I G I N A N D F A T E 

< 

SAMPLE : 
Silver Pentachlorophenat 
AgOCeCls 

ORIGIN: 

SIZE micro (vis) 

<feEF class beads 

ATM Argon RUN 

DATE 

OPEf 

NO. SAMPLE : 
Silver Pentachlorophenat 
AgOCeCls 

ORIGIN: 

SIZE micro (vis) 

<feEF class beads 

ATM 

I T I Δ τ 
RUN 

DATE 

OPEf 

SAMPLE : 
Silver Pentachlorophenat 
AgOCeCls 

ORIGIN: 

PROC 

RATE 

RAM MODE 

15 A ,ST ART °C 

SCALE 1 50 3- 1 0.5 *• 
SETTING 

RUN 

DATE 

OPEf IATOR 

SAMPLE : 
Silver Pentachlorophenat 
AgOCeCls 

ORIGIN: 

PROC 

RATE ART °C 

1 \ 
J 

1 \ 

0 50 100 150 200 250 300 350 400 450 500 
T. °C (CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES) 

Figure 8. Differential thermogram of silver pentachlorophenate 

I n s u m m a r y t h e r m a l decompos i t ion of ch lor ina ted phenols does not 
general ly l e a d to dioxins . T h e r e are, however , several condit ions w h i c h 
b y themselves or c o m b i n e d w o u l d favor d i o x i n format ion . F i r s t , of a l l 
ch lor ina ted phenols either i n b u l k or i n solut ion, o n l y pentachlorophenol 
p r o d u c e d measurable amounts of d i o x i n . Secondly ( T a b l e I I ) , on ly 
s o d i u m salts i n s o l i d state reactions p r o d u c e d dioxins i n reasonable 
y ie lds . I n contrast, the si lver salt of pentach lorophenol ( F i g u r e 8) 
undergoes an exothermic decompos i t ion at cons iderably lower tempera
tures a n d p r o d u c e d only h igher condensed materials . N o d i o x i n was 
detected. 

T h u s , i t seems that dioxins are o n l y f o r m e d i f the intermediate 
p h e n o x y p h e n o l can be forced a n d h e l d i n a specia l molecular conf igura
t ion to a v o i d the various compet i t ive reactions l e a d i n g to different 
products . 

Literature Cited 

1. Kulka, M., Can. J. Chem. (1961) 39, 1973. 

RECEIVED February 8, 1972. 
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5 

Cation Radicals of Chlorinated 

Dibenzo-p-dioxins 

G. C. Y A N G and A. E . P O H L A N D 

Division of Chemistry and Physics, Food and Drug Administration, 
U. S. Department of Health, Education, and Welfare, Washington, D. C. 20204 

The electron spin resonance and visible absorption spectra 
of a series of chlorinated dibenzo-p-dioxin cation radicals 
containing one to eight chlorine atoms are obtained by dis
solution in trifluoromethanesulfonic acid. An oxidizing agent 
or UV irradiation is needed only to generate the cation 
radicals of the highly chlorinated isomers. A well degassed 
sample of the dibenzo-p-dioxin cation radical gives narrow 
linewidths (<40 moe), extremely long lifetime (>1 year) 
with g = 2.0038 and well resolved C13 hyperfine lines. The 
optical absorption band occurs at 655 nm. Detailed data on 
the visible and ESR spectra of the cation radicals from a 
series of chlorinated dibenzo-p-dioxins are also tabulated 
and discussed. 

/Compounds h a v i n g the d i b e n z o - p - d i o x i n nucleus give a b lue to b lue-
^ green color w h e n dissolved i n concentrated sul fur ic a c i d w i t h ox i 
d i z i n g agents, such as H 2 0 2 a n d ΚΝΟΛ (1). 

T h i s color t ransformation has been observed i n d i b e n z o - p - d i o x i n 
(S t ructure I ) a n d i n its b r o m o , chloro , n i t ro , m e t h y l , a n d e thy l der ivat ives ; 
i n a d d i t i o n , the observed electron sp in resonance ( E S R ) signals i n d i c a t e d 
the presence of paramagnet ic species ( 2, 3 ). T h i s p h e n o m e n o n has been 
a t t r ibuted to the format ion of ca t ion radicals i n a c i d solut ion. 

Studies were m a d e on a series of ch lor ina ted d i b e n z o - p - d i o x i n ca t ion 
radicals i n tr i f luoromethanesulfonic a c i d ( T F M S a c i d ) . T F M S a c i d was 

9 1 

(1) 
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34 C H L O R O D I O X I N S O R I G I N A N D F A T E 

selected instead of sul fur ic a c i d for the f o l l o w i n g reasons: (1 ) cat ion 
r a d i c a l l i fet imes were f o u n d to increase m a n y f o l d , ( 2 ) m i c r o w a v e dielec
tr ic loss was less severe, a n d (3 ) o x i d i z i n g agents w e r e not needed for 
the less h i g h l y ch lor inated d ibenzo-p-diox ins , w h i l e for the more h i g h l y 
ch lor ina ted derivat ives , the cat ion radicals were generated through U V 
i r r a d i a t i o n or b y a d d i t i o n of an o x i d i z i n g agent. Shine et al. (4) p ro 
posed a m e c h a n i s m for the format ion of cat ion radicals of thianthrene i n 
concentrated sul fur ic a c i d . A s imi lar mechanism is proposed here for the 
format ion of cat ion radicals of d i b e n z o - p - d i o x i n i n concentrated sul fur ic 
a c i d . 

I n T F M S a c i d , r a d i c a l cat ion f o r m a t i o n was almost negl ig ib le w h e n 
the T F M S a c i d was degassed before m i x i n g w i t h the dioxins , a n d only 
after some t ime was any apprec iable r a d i c a l f o r m a t i o n observed. T h e 
f o l l o w i n g mechanism, w i t h dissolved oxygen and/or U V i r rad ia t ion 
serving as o x i d i z i n g agent, is proposed. 
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5. Y A N G A N D P O H L A N D Cation Radicals 35 

Table I. Absorption Maxima of Chlorinated Dibenzo-/>-dioxins 
in T F M S Acid 

Absorption Peak, nm 

d i b e n z o - p - d i o x i n 655.0 
1 - chloro 708.0 
2 - chloro 674.5 

2 .7- dichloro 720.0 
2 .8- dichloro 762.0 
2 ,3 -dichloro 742.0 

1,2 ,4-tr ichloro 706.0 
1,3,6,8-tetrachloro 733.0 
2,3,7,8-tetrachloro 845.0 
1,2,3,4-tetrachloro 758.0 

1,2,3,4,7-pentachloro 790.0 
1,2,4,6,7,9-hexachloro 750.0 

T h e v is ib le absorpt ion m a x i m a for a series of ch lor inated d i b e n z o - p -
dioxins i n T F M S a c i d are tabula ted i n T a b l e I. T h e v is ib le absorpt ion 
spectra of these compounds v a r y w i t h the pos i t ion a n d n u m b e r of 
ch lor ine atoms. I n general , a ba thochromic shift was observed as more 
chlor ine atoms were attached to the d i b e n z o - p - d i o x i n nucleus. 

A d d i n g an o x i d i z i n g agent to the a c i d solvent caused the d i o x i n 
cat ion r a d i c a l resonance l ine to broaden, usual ly w i t h the loss of hyper-
fine split t ings. H o w e v e r , so lubi l i ty , especial ly for the h i g h l y ch lor inated 
dioxins , improves greatly w i t h an o x i d i z i n g agent present. T h e g-factors 
a n d l inewidths for a series of ch lor inated d ibenzo-p-diox ins are tabulated 
i n T a b l e II w i t h Structure I as a s tandard. 

Table II. ^-Factors and Linewidth for the Chlorinated 
Dibenzo-/r-dioxins in T F M S Acid with K N < V 

q-Factor AH (oe) Linewidth (oe) 

d i b e n z o - p - d i o x i n 2.0038 — .090 
1-chloro 2.0027 1.82 3.26 
2 -chloro 2.0034 .67 2.13; 4.91 

2 ,3 -dichloro 2.0018 3.31 4.34 
2 ,7 -d ichloro 2.0026 2.17 3.33 
2 ,8 -dichloro 2.0024 2.31 2.45 

1 ,2 ,4-tr ichloro 2.0029 1.50 4.34 
1,2,3,4-tetrachloro 2.0017 3.47 4.23 
2,3 ,7 ,8-tetrachloro 2.0020 3.10 3.16 
1,3,6,8-tetrachloro 2.0025 2.13 3.79 

1,2,3,4,7-pentachloro 2.0019 3.18 3.42 
1,2,3,4,7,8-hexachloro 2.0017 3.60 3.68 
1,2,4,6,7,9-hexachloro 2.0024 2.29 4.86 

1,2,3,4,6,7,8,9-octachloro 2.0016 3.76 3.39 
a ΔΗ = Hi — Ho where H 0 is dibenzo-p-dioxin and Hi is chlorinated dibenzo-

p-dioxin; k v0 = 9.5075 K M H Z . 
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36 C H L O R O D I O X I N S O R I G I N A N D F A T E 

000 

Figure 1. ESR spectrum of dibenzo-p-dioxin in TFMS acid 

W h e n the ch lor inated d ibenzo-p-diox ins were dissolved i n T F M S 
a c i d w i t h o u t any o x i d i z i n g agent a n d after the sample tube was care fu l ly 
degassed, m u c h narrower l i n e w i d t h s were observed, usua l ly w i t h resolved 
hyperf ine spli t t ings a n d greatly p r o l o n g e d r a d i c a l l i fet imes. F i g u r e 1 
shows the spectrum of the unsubst i tuted d i b e n z o - p - d i o x i n i n T F M S a c i d 
w i t h F r e m y salt as a ca l ibra t ion s tandard. F i g u r e 2 shows the same 
spec t rum o n an expanded scale. T h e five-line spect rum w i t h intensity 

Hi oe.K 

Figure 2. ESR spectrum of dibenzo-p-dioxin in TFMS acid with dilute 
concentration 
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5. Y A N G A N D P O H L A N D Cation Radicals 37 

ratio of 1 :4 :6 :4 :1 m a y be a t t r ibuted to c o u p l i n g of the u n p a i r e d electron 
w i t h a set of four equivalent protons. T h e protons responsible for the 
observed hyperf ine sp l i t t ing have been assigned to the 2, 3, 7, a n d 8 
posit ions w h i l e the 1, 4, 6, a n d 9 posit ions offer negl ig ib le sp in densities 
s imi lar to the assignment made i n the cat ion radicals of thianthrene (4). 
T h i s conclus ion is i n agreement w i t h the c h e m i c a l react iv i ty t o w a r d 
e lec t rophi l i c reagents at these sites (5 ) a n d w i t h the I N D O - M O ca lcu
la t ion of sp in densities at these sites ( 6 ) . I n concentrated sul fur ic a c i d , 
T o z e r a n d T u c k (7) reported a s l ight ly different value for the g-factor 
a n d hyperf ine constant (see T a b l e I I I ) . 

Table III. Comparison of Measured ESR Parameters of 
Dibenzo-^-dioxin in T F M S and Sulfuric Acids 

Parameters TFMS H2SO,* Hyperfine Coupling Constant 

(/-Factor 
A (oe) 
A ' (oe) 
A c 1 3 (oe) 
A V 3 (oe) 
L i n e w i d t h (oe) 

2.0038 
2.178 

<.3 
1.650 
2.708 

.09 

2.0034 
2.52, 2 . 1 3 b 

<.5 
1.77 
3.27 

.17 

2.3.7.8 
1.4.6.9 
2.3.7.8 
1.4.6.9 

protons 
protons 
carbons 
carbons 

a Data of Tozer and Tuok, (7). 
b Unpublished data of Yang and Pohland. 

T h e 1-chloro- a n d 2-chlorodibenzo-p-dioxins , w h i c h r e a d i l y dissolved 
i n T F M S a c i d , f o r m e d cat ion radicals w i t h o u t U V i r rad ia t ion or the 
a d d i t i o n of o x i d i z i n g agents. W i t h the except ion of broader resonance 
lines, F i g u r e 3 shows that the five-line pattern observed w i t h 1-chloro-
d i b e n z o - p - d i o x i n is s imi lar to that of the unsubst i tuted d i b e n z o - p - d i o x i n . 
A p p a r e n t l y , protons at the 2, 3, 7, a n d 8 posit ions became less equivalent 

Figure 3. ESR spectrum of 1-chlorodibenzo-p-dioxin 
in TFMS acid 
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Figure 5. ESR spectrum of 2,8-dichlorodibenzo-p-
dioxin in TFMS acid 
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5. Y A N G A N D P O H L A N D Cation Radicals 39 

because of the subst i tut ion of a chlor ine a tom i n the 1 pos i t ion , resu l t ing 
i n fur ther spl i t t ing a n d concomitant b r o a d e n i n g of the resonance l ines. 
F o r 2 - ch lorodibenzo-p-d iox in ( F i g u r e 4 ) , a resolved nine- l ine spec t rum 
was observed. T h i s spec t rum can be interpreted i n terms of hyperf ine 
spli t t ings ar is ing f r o m t w o sets of t w o equivalent protons. Since s y m 
metry considerations do not indicate this conf igurat ion, E S R studies of 
other 2-substituted derivatives as w e l l as M O calculat ions are b e i n g m a d e 
to c lar i fy this s i tuat ion. 

Figure 6. ESR spectrum of 2,7-dichlorodibenzo-p-
dioxin in TFMS acid 

Figure 7. ESR spectrum of 2,3-dichlorodi-
benzo-p-dioxin in TFMS acid 

F o u r d ich loro isomers, the 1,6-, 2,3-, 2,7-, a n d 2 ,8 -dichlorodibenzo-p-
dioxins, were s tudied . These compounds also dissolve i n T F M S a c i d , 
f o r m i n g cat ion radicals i n the absence of o x i d i z i n g agents or U V i r r a d i a 
t ion . T h e 2,8-isomer ( F i g u r e 5) exhib i ted a three-l ine spectrum, i n 
agreement w i t h the t w o equivalent protons i n the 3,6 posit ions. T h e 
2,7-isomer s h o u l d also exhibi t a three-l ine spectrum, s imi lar to the 2,8-
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40 C H L O R O D I O X I N S O R I G I N A N D F A T E 

isomer; instead, 11 resolved hyperf ine lines were detected ( F i g u r e 6 ) . 
S i m i l a r l y , the 2,3-isomer ( F i g u r e 7) exh ib i ted a 15-line spectrum. U s i n g 
a computer spectrum s imula t ion p r o g r a m , the a d d i t i o n a l hyperf ine split
tings c a n be expla ined. Interactions be tween the u n p a i r e d e lectron sp in 
a n d various chlor ine n u c l e i a n d the a d d i t i o n a l l ine broadenings resu l t ing 
f r o m those ch lor ine isotopes possessing large q u a d r u p o l e moments must 
be considered ( 7 ) . T h e 1,6-isomer ( F i g u r e 8) exhib i ted a five-line spec
t r u m , s imi lar to that of Structure I, e m p h a s i z i n g aga in that the 1, 4, 6, 
a n d 9 posit ions i n d e e d possess l o w s p i n density. 

Figure 8. ESR spectrum of 1 fi~dichlorodïbenzo-p-dioxin in TFMS acid 

Figure 9. ESR spectrum of 1,2,4-trichlorodibenzo-p-
dioxin in TFMS acid after UV irradiation 
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5. Y A N G A N D P O H L A N D Cation Radicals 41 

1,2,3,4—Tetrachlorodibenzo-p-dioxin 
in TFMS acid 

Time — min. 

Figure 10. ESR signal amplitude growth with 
time under constant irradiation 

1 ,2 ,4 -Tr ich lorodibenzo-p-diox in was sensitive to photodecompos i t ion . 
W h e n this c o m p o u n d was i r rad i a ted i n T F M S a c i d b y U V l ight , the 
u p p e r spectrum i n F i g u r e 9 was obta ined . H o w e v e r a n e w spectrum ap
peared after s tanding for a day , i d e n t i c a l to the spectrum of the 1-chloro 
der ivat ive . F u r t h e r p h o t o c h e m i c a l studies w i t h this c o m p o u n d are b e i n g 
made. 

Figure 11. ESR spectrum of 1,2,3,4-tetrachlorodibenzo-p-dioxin in 
TFMS acid after UV irradiation 
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42 C H L O R O D I O X I N S O R I G I N A N D F A T E 

Figure 12. ESR spectrum of 1,3,6,8-tetrachlorodi-
benzo-p-dioxin in TFMS acid after UV irradiation 

Dibenzo-p-dioxin 

Figure 13. ESR spectrum of octachlorodibenzo-p-
dioxin in TFMS acid 

T h r e e isomeric te trachlorodibenzo-p-dioxins were s tudied. A l l were 
inso luble i n T F M S ac id . T o dissolve these compounds a n d f o r m cat ion 
radicals , U V i r r a d i a t i o n was necessary. T h e 1,2,3,4-tetrachloro c o m p o u n d 
was p a r t i c u l a r l y sensitive to U V i r r a d i a t i o n , a n d as a so l id , even t u r n e d 
p i n k w h e n exposed to o r d i n a r y fluorescent l ight . W h e n subjected to 
constant U V i r radia t ion , r a d i c a l ions were i n d u c e d r a p i d l y . T h e change 
i n the cat ion r a d i c a l concentrat ion was m o n i t o r e d b y the E S R signal as 
i l lus tra ted i n F i g u r e 10. T o determine whether the tetrachloro isomer h a d 
been converted to l o w e r ch lor inated derivat ives after U V i r radia t ion , the 
disso lved d i o x i n was then p o u r e d into ice water a n d recovered. T h e 
G L C retent ion t ime of the recovered d i o x i n was u n c h a n g e d ; i n a d d i t i o n , 
no n e w G L C peaks were observed. M o r e o v e r , the E S R spectrum (see 
F i g u r e 11) for the recovered mater ia l was not al tered between w i d e l y 
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5. Y A N G A N D P O H L A N D CattOTl Radicals 43 

separated i r rad ia t ion times (ca. 5 to 6 h o u r s ) . There are 14 hyperf ine 
lines for the 1,3 ,6 ,8-tetrachlorodibenzo-p-dioxin ( F i g u r e 12) . O n the 
other h a n d , the toxic 2,3,7,8-isomer exhib i ted only one b r o a d l ine . F o r 
the f u l l y ch lor inated oc tach lorodibenzo-p-d iox in , no hyperf ine structures 
were detected (see F i g u r e 13) . 

Summary 

W e have s tudied some of the properties of a series of ch lor ina ted 
d i b e n z o - p - d i o x i n r a d i c a l cations. B o t h the g-factors a n d the wavelengths 
of the v is ib le absorpt ion peaks of the cat ion radicals v a r y w i t h the n u m 
ber a n d the pos i t ion of the chlor ine atoms, u n d o u b t e d l y because of the 
electron w i t h d r a w i n g p o w e r of chlor ine atoms. U n f o r t u n a t e l y , l ine 
broadening , also caused b y the chlor ine atoms, made the exact interpre
tat ion of the hyperf ine spl i t t ing extremely diff icult . B o t h the photogen-
erat ion of the r a d i c a l ions a n d their photodecompos i t ion i n T F M S a c i d 
are interest ing a n d need further study. W i t h t w o cr i ter ia , i.e., w a v e l e n g t h 
of the absorpt ion m a x i m u m a n d E S R spectrum of the corresponding 
r a d i c a l , the ch lor inated d ibenzo-p-diox ins m a y be r e a d i l y d i s t inguished 
f r o m the ch lor inated dibenzofurans , the ch lor ina ted diphenylethers , a n d 
the ch lor inated xanthenes since none of these types of compounds f o r m 
cat ion radicals u n d e r any of the condit ions descr ibed i n this paper . 
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Photochemistry of Dibenzo-p-dioxins 

JACK R. PLIMMER and U T E I. K L I N G E B I E L 

Plant Science Research Division, Agricultural Research Service, 
U. S. Department of Agriculture, Beltsville, Md. 20705 

D O N A L D G. CROSBY and A N T H O N Y S. W O N G 

Department of Environmental Toxicology, University of California, 
Davis, Calif. 95616 

Chlorinated dibenzo-p-dioxins are contaminants of phenol
-based pesticides and may enter the environment where they 
are subject to the action of sunlight. Rate measurements 
showed that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is 
more rapidly photolyzed in methanol than octachlorodi
benzo-p-dioxin. Initially TCDD yields 2,3,7-trichlorodiben
zo-p-dioxin, and subsequent reductive dechlorination is 
accompanied by ring fission. Pure dibenzo-p-dioxin gave 
polymeric material and some 2,2'-dihydroxybiphenyl on ir
radiation. Riboflavin-sensitized photolysis of the potential 
precursors of dioxins, 2,4-dichlorophenol and 2,4,5-trichloro
phenol, in water gave no detectable dioxins. The products 
identified were chlorinated phenoxyphenols and dihydroxy
biphenyls. In contrast, aqueous alkaline solutions of purified 
pentachlorophenol gave traces of octachlorodibenzo-p-dioxin 
on irradiation. 

" p e s t i c i d e s d e r i v e d f r o m ch lor ina ted phenols ( T a b l e I ) are a m o n g the 
•*· most prominent of those current ly i n w o r l d w i d e use. Several major 
herbic ides have been a p p l i e d i n large quanti t ies i n subt ropica l locations. 
C a l i f o r n i a used more than 1,200,000 pounds of 2 ,4-dichlorophenoxyacet ic 
a c i d ( 2 , 4 - D ) a n d its derivat ives i n 1970 ( I ) ; H a w a i i c o n s u m e d some 
465,000 pounds of pentach lorophenol ( P C P ) i n 1968 ( 2 ) , a n d the amount 
of c o m b i n e d b u t y l esters of 2 ,4 -D a n d 2,4 ,5-tr ichlorophenoxyacet ic a c i d 
(2,4,5-T) released i n one area of C a m b o d i a d u r i n g t w o months of 1969 
was est imated to exceed 77,000 pounds ( 3 ) . 

44 
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6. P L I M M E R E T A L . Photochemistry of Dioxins 45 

Table I. Some Pesticides Based on Polychlorophenols 

Common Name (Use) 

2 , 4 - D (herbicide) 
2 , 4 - D B (herbicide) 
N i t r o f e n (herbicide) 
Geni te (acaricide) 
Z y t r o n (herbicide) 

2,4,5-T (herbicide) 
S i lvex (herbicide) 
E r b o n (herbicide) 

R o n n e l (insecticide) 

G a r d o n a (insecticide) 

P C P (herbicide, insecticide) , 
w o o d preservat ive 

Chemical Name 

2,4-E>ichlorophenoxyacetic ac id 
4- (2 ' ,4 ' -Dichlorophenoxy) b u t y r i c ac id 
2 , 4 - D i c h l o r o p h e n y l 4 - n i t r o p h e n y l ether 
2 , 4 - D i c h l o r o p h e n y l benzenesulfonate 
0 - (2 ' ,4 ' -Dichlorophenyl ) 0 - m e t h y l i s o p r o p y l -

phosphoramidothioate 
2 ,4 ,5-Trichlorophenoxyacet ic ac id 
2- (2 ' ,4 ' ,5 , -Tr ichlorophenoxy) propionic ac id 
2- (2 , , 4 ' ,5 ' -Tr ichlorophenoxy) e t h y l 

2 ,2-dichloropropionate 
0 , 0 - D i m e t h y l 0-2 ,4 ,5- tr ichlorophenyl 

phosphorothioate 
2 - C h l o r o - l - ( 2 , , 4 , , 5 , - t r i c h l o r o p h e n y l ) -

v i n y l d i m e t h y l phosphate 
Pentachlorophenol 

Var ia t ions i n the m a n u f a c t u r i n g process of 2,4,5-trichloro- a n d penta
c h l o r o p h e n o l ( b u t not 2 ,4 -d ichlorophenol ) have sometimes resul ted i n 
contaminat ion of the p r o d u c t b y s m a l l amounts of heterocycl ic impur i t ies 
(4,5). O f these, the ch lor ina ted d ibenzo-p-diox ins such as T C D D (2,3,7,8-
te t rach lorodibenzo-p-d iox in ) have rece ived m u c h scientific a n d p u b l i c 
at tent ion because of their rea l or potent ia l toxic i ty (6,7). [ C h i c k edema 
factor, a curious tox ico logica l p r o b l e m to p o u l t r y producers for several 
years, has been s h o w n to be composed of ch lorodibenzo-p-diox ins ( 8 ) . ] 

Phenol -based pesticides m a y be a p p l i e d as fo l iar sprays or otherwise 
enter the environment w h e r e they become subject to the act ion of sun
l ight (7, 8, 9, 10). Consequent ly , their conta ined dioxins also w i l l be 
exposed to sunlight . T h e present s tudy determines the extent, condit ions , 
a n d products of their photodegradat ion . 2,4,5-T a n d 2 ,4-D are d e g r a d e d 
i n sunl ight to a mixture of products i n w h i c h the parent p h e n o l is p r o m i 
nent (9,10). T h e poss ib i l i ty that ch lor inated phenols m i g h t f o r m dioxins 
b y the act ion of sunlight , as they do b y t h e r m a l r i n g closure, also was 
invest igated. 

T h e photolysis of ch lor ina ted aromatic compounds occurs b y several 
processes w h i c h f o l l o w predic tab le routes (13). T h e y f requent ly undergo 
p h o t o c h e m i c a l loss of chlor ine b y dissociat ion of the exci ted molecule to 
free radicals or, a l ternat ively , t h r o u g h a n u c l e o p h i l i c displacement reac
t i o n w i t h a solvent or substrate molecule . E i t h e r m e c h a n i s m is p laus ib le , 
a n d the operat ion of one or the other m a y be inf luenced b y the react ion 
m e d i u m a n d the presence of other reagents. 
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46 C H L O R O D I O X I N S O R I G I N A N D F A T E 

I n d i l u t e solut ion, the structure of the ul t ravio le t ( U V ) i r r a d i a t i o n 
products depends o n the solvent. I n methanol , o-chlorobenzoic a c i d is 
p h o t o r e d u c e d qui te r a p i d l y to benzoic a c i d , whereas a mixture of sa l i cy l ic 
a n d benzoic acids forms s l o w l y i n water ; however , i n benzene the p r o d u c t 
is 2 -phenylbenzoic ac id . m - C h l o r o b e n z o i c a c i d reacts m u c h more s l o w l y 
t h a n the o-isomer under the same condit ions , a n d a benzoic a c i d con
t a i n i n g ortho- a n d mefa-chlor ine atoms w i l l undergo preferent ia l loss of 
the ortho substituent (14, 15). A l t h o u g h the fac i le photo ly t i c r e d u c t i o n 
of halogenated aromatic compounds i n methanol a n d other alcohols has 
preparat ive va lue a n d has been invest igated b y several workers (16, 17), 
deta i l ed correlations b e t w e e n pos i t ion a n d ease-of-loss of the chlor ine 
substituent a n d the effect of other substituents o n the react ion have not 
been reported. W e must recognize that such p h o t o c h e m i c a l transforma
tions i n v o l v e an excited state a n d not the ground-state electronic dis
t r i b u t i o n to w h i c h H a m m e t t funct ions are appl i cab le . 

The Photolysis of Dioxins 

T h e b i o l o g i c a l ac t iv i ty of several halogenated herbic ides i n water 
is destroyed b y ul t raviole t i r r a d i a t i o n (18). I r rad ia t ion seems to be a 
p r o m i s i n g m e t h o d for decontaminat ing smal l quanti t ies of pesticides. 
T h e c h e m i c a l s i m i l a r i t y between the ch lor inated dioxins a n d other chlo-
r i n t e d aromatic compounds suggested that i f there were paral lels i n 
their p h o t o c h e m i c a l behavior , sunl ight might destroy dioxins i n the 
environment . 

2 ,3 ,7 ,8 -Tetrachlorodibenzo-p-dioxin ( T C D D ) ( I ), an occasional con
taminant i n 2,4,5-T a n d other t r i ch lorophenol derivat ives , is the most 
toxic of the commonly-encountered dioxins (8) a n d i t rece ived most of 
our attention. Its l o w so lub i l i ty i n c o m m o n solvents a n d water ( ca. 2 p p b ) 
l i m i t e d o u r experiments since the products were dif f icult to i d e n t i f y b y 
the convent ional techniques of organic chemistry. H o w e v e r , T C D D has 
a n absorpt ion m a x i m u m at 307 n m i n m e t h a n o l — w e l l w i t h i n the solar 
spec t rum observed at the earth's surface a n d near the region of m a x i m u m 
intensity (310-330 n m ) of the U V lamps used i n previous experiments 

T h e photolysis rate of several ch lor inated dioxins was de termined i n 
methanol (20) ( F i g u r e 1 ) . Solutions of 2 ,7 -d ich lorodibenzo-p-d iox in (5 
m g / l i t e r ) , T C D D (5 m g / l i t e r ) , a n d oc tach lorodibenzo-p-d iox in (2.2 m g / 
l i ter) were i r rad ia ted w i t h l ight h a v i n g an intensity of about 100 /xW/cm 2 

(14, 19). 
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6. P L I M M E R E T A L . Photochemistry of Dioxins 47 

Irradiation (hours) 

Science 

Figure 1. Photolysis rates of chlorinated 
dibenzo-p-dioxins in methanol under ultra
violet light: 2,7-dichlorodibenzo-p-dioxin 
(III) (5 mg/liter), 2,3,7,8-tetrachlor odiben-
zo-p-dioxin (I) (5 mg/liter), 1,2,3,4,6,7,8,9-
octachlorodibenzo-p-dioxin (IV) (2.2 mg/ 

liter) (20) , © 1971 by AAAS 

at the absorpt ion m a x i m u m of T C D D ( 307 n m ). Photolysis was p e r f o r m e d 
i n sealed borosi l icate glass vessels, a n d the concentrat ion change was 
determined b y gas chromatography ( G L C ) . A s expected, reduct ive de
ch lor ina t ion occurred d u r i n g i r rad ia t ion , a n d as the tetra- or octachloro 
compounds disappeared, peaks of shorter G L C retention times were 
observed. T C D D afforded 2 ,3 ,7 - t r ichlorodibenzo-p-dioxin w h i c h was 
ident i f ied b y G L C c o u p l e d to a mass spectrometer ( G C / M S ) ( F i g u r e 2 ) . 
A d i c h l o r o d i b e n z o - p - d i o x i n also was f o r m e d i n l o w y i e l d . 

O c t a c h l o r o d i b e n z o - p - d i o x i n was p h o t o l y z e d m u c h more s lowly than 
T C D D ( F i g u r e 1 ). T h e rate of d i o x i n photolysis increased as the n u m b e r 
of substituent ch lor ine atoms decreased. O c t a c h l o r o d i b e n z o - p - d i o x i n gave 
w h a t seemed to be a series of ch lor inated dioxins of decreasing chlor ine 
content (20). 

S imi lar results were obta ined w h e n T C D D i n methanol was exposed 
to n a t u r a l sunl ight i n sealed borosi l icate glass tubes or beakers ( F i g u r e 
3 ) . A f t e r about 36 hours exposure, a y e l l o w non-volat i le g u m was ob
ta ined as the sole p r o d u c t b y evaporat ion of the solvent. It s h o w e d no 
U V absorpt ion a n d d i d not seem to reta in the b e n z e n o i d chromophore ; 
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10.0 ρ 

4 6 
Irradiation (hours) 

Science 

Figure 2. Photoreduction of 2,3,7,8-tetrachlor odi-
benzo-p-dioxin (I) (2 mg/liter in methanol) as com
pared with that of the 2,3,7-trichloro-homolog (II) 

(20), © 1971 by AAAS 

100 

2 4 6 
Irradiation (hours) 

Science 

Figure 3. Photolysis rate of 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (5 mg/liter in meth
anol) in sunlight (20), © 1971 by AAAS 
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6. P L I M M E R E T A L . Photochemistry of Dioxins 49 

since unsubst i tuted d i b e n z o - p - d i o x i n shows a s trong absorpt ion m a x i m u m 
at 290 n m i n methanol , i t was not present as a react ion product . 

It seems that deep-seated cleavage of the d i o x i n nucleus must accom
p a n y dech lor ina t ion i n methanol . W h e n p u r e d i b e n z o - p - d i o x i n ( I I ) was 
i r rad ia te d i n cyclohexane so lut ion i n a q u a r t z cuvette, i t d a r k e n e d i n 
color, a n d a prec ipi tate of intractable dark b r o w n m a t e r i a l was col lec ted 
a n d was insoluble i n the c o m m o n solvents except for methanol . 

A m o r e concentrated (1000 p p m ) solut ion of d i b e n z o - p - d i o x i n i n 
m e t h a n o l was i r rad i a ted for 1.5 hours u n d e r a 450-watt l a m p fitted w i t h 
a borosi l icate glass filter w h i l e n i t rogen was b u b b l e d cont inuous ly t h r o u g h , 
the solut ion. U n c h a n g e d start ing mater ia l was recovered to the extent 
of 8 5 % . T h e p r i n c i p a l photolysis p r o d u c t again was a d a r k b r o w n 
insoluble g u m s imi lar to that descr ibed above. Its m o b i l i t y o n t h i n layer 
chromatography ( T L C ) was very l o w i n the benzene/ethyl acetate (4 :1 ) 
solvent used to separate the other products . 

U n d e r U V l ight a t y p i c a l chromatogram s h o w e d start ing mater ia l , a 
p o l y m e r i c substance, a n d t w o m o b i l e c o m p o u n d s w h i c h were isolated 
b y preparat ive T L C . T h e more m o b i l e c o m p o u n d has yet to be ident i f ied , 
but the mass spectrum of the least m o b i l e ( Rf 0.52 ) s h o w e d the m o l e c u l a r 
i o n at m/e 186 a n d fragment ions at 168 ( M - 1 8 ), 158 ( M - 2 8 ), 157 ( M - 2 9 ), 
a n d 139 ( M - 2 9 - 1 8 ) . T h e molecu lar w e i g h t of 186 corresponded to either 
a p h e n o x y p h e n o l or d i h y d r o x y b i p h e n y l ; m e t h y l a t i o n w i t h d iazomethane 
gave a c o m p o u n d w i t h m/e 214 ( 186 — 2 H -f- t w o m e t h y l groups ) ac
c o m p a n i e d b y fragment ions at m/e 185 ( M - 2 9 ) , 169 ( M - 4 5 ), 168 ( M - 4 6 ) , 
a n d 157 ( M - 5 7 ) . Since i t gave a d i m e t h y l der ivat ive w i t h d iazomethane , 
this p r o d u c t must b e a d i h y d r o x y b i p h e n y l , a n d its ident i ty was conf i rmed 
b y c o m p a r i n g its chromatographic propert ies a n d mass spectrum w i t h 
those of an authentic spec imen of 2 , 2 ' - d i h y d r o x y b i p h e n y l ( I V ) ( F i g u r e 4 ). 

OH 

OH 

Figure 4. Irradiation of pure dibenzo-p-dioxin 

W h e n the crude react ion mixture was examined b y G C / M S , a n a d d i 
t iona l c o m p o u n d w i t h m/e 186, w h i c h gave a m o n o m e t h y l ether, was 
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50 C H L O R O D I O X I N S O R I G I N A N D F A T E 

detected i n trace amounts. T h i s corresponds to the expected 2-phenoxy-
p h e n o l ( I I I ) , the i n i t i a l p r o d u c t of r i n g o p e n i n g ( F i g u r e 4 ) . 

T h e p h o t o l y t i c rearrangement of d i p h e n y l ether to o- a n d p - p h e n y l -
p h e n o l has been descr ibed b y O g a t a et al. (21). T h e in t ramolecular 
react ion proceeded t h r o u g h ether b o n d fission f o l l o w e d b y rearrangement 
of the r a d i c a l fragments w h i c h r e c o m b i n e d to give h y d r o x y l a t e d b i -
phenyls . A trace of p h e n o l was also obta ined. T h e yie lds were solvent 
dependent , a n d i t was suggested that format ion of a h y d r o g e n b o n d 
f r o m the a l c o h o l solvent to the ethereal oxygen a tom m i g h t a i d C — Ο — C 
b o n d fission. It is conceivable that the dioxins y i e l d i n i t i a l l y 2-phenoxy-
p h e n o l w h i c h c a n give s y m m e t r i c a l h y d r o x y b i p h e n y l s b y ether b o n d 
fission, rearrangement, a n d r a d i c a l recombinat ion . A l t e r n a t i v e l y , d i h y -
d r o x y b e n z e n o i d compounds m i g h t be f o r m e d a n d w o u l d be r e a d i l y 
susceptible to photooxidat ion , y i e l d i n g p o l y m e r i c compounds . 

A l t h o u g h the effectiveness of sunl ight i n des t roy ing T C D D i n d i lu te 
m e t h a n o l so lut ion was establ ished conclus ive ly , the i n s o l u b i l i t y of T C D D 
l i m i t e d studies i n aqueous systems. P u r e crystal l ine T C D D as a suspen
s ion i n d i s t i l l e d water seemed to be u n c h a n g e d b y i r r a d i a t i o n w i t h a 
sunlamp. H o w e v e r , i f a f e w drops of a solut ion of 1 4 C - T C D D i n benzene 
was a d d e d to water a n d the dispers ion was s tab i l ized b y a surfactant 
such as Tween-80 , i r r a d i a t i o n w i t h a sunlamp was effective i n r e d u c i n g 
the T C D D content of the system. B y contrast, T C D D a p p l i e d to soi l 
or a so l id surface seemed to be extremely resistant to the ac t ion of sun
l ight a n d decomposed very s lowly . A spot of a methanol ic so lut ion of 
T C D D (2.4 p p m ) was a p p l i e d to glass plates coated w i t h a u n i f o r m 
250-/xm layer of either N o r f o l k sandy so i l or H a g e r s t o w n si l ty c lay l o a m . 
T h e d r i e d spot was i l l u m i n a t e d for 96 hours w i t h a fluorescent u l t ravio le t 
l a m p . A t the e n d of this p e r i o d T C D D c o u l d b e recovered quant i ta t ive ly 
unchanged . T h e same results were g iven b y d r y plates or b y plates 
mois tened w i t h water d u r i n g the experiment. S i m i l a r l y , there was neg
l i g i b l e change i n the quant i ty of T C D D i r rad ia ted as a film o n a glass 
plate for u p to 14 days (20). It seems l ike ly , therefore, that any loss of 
T C D D f r o m a soi l surface w o u l d occur b y m e c h a n i c a l transfer o n dust 
part icles rather than b y v o l a t i l i z a t i o n or b y photodegradat ion . 

Photochemical Generation of Dioxins 

L i g h t can effect the c o u p l i n g of phenols . F o r example, Joschek a n d 
M i l l e r (22) f o u n d that phenoxyphenols c o u l d be p r o d u c e d i n the flash 
photolysis of p h e n o l , b u t a l t h o u g h sought, no d i o x i n was detected i n the 
react ion products . 

T h e i r r a d i a t i o n of aqueous solutions of 2 ,4 -d ichlorophenol a n d 2,4,5-
t r i c h l o r o p h e n o l w i t h U V l i g h t at wavelengths above 280 n m gave l i t t le 
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6. P L I M M E R E T A L . Photochemistry of Dioxins 51 

react ion. H o w e v e r , i n the presence of r i b o f l a v i n as a sensitizer, the 
phenols w e r e efficiently consumed (23). A d d e d oxygen seemed to i m 
p r o v e react ion yie lds , perhaps b y o x i d i z i n g r e d u c e d r ibof lav in . 

T h e react ion products f r o m 2 ,4 -d ich lorophenol w e r e tetrachloro-
phenoxyphenols a n d te t rach lorodihydroxybiphenyls ( F i g u r e 5 ) , as de
t e r m i n e d f r o m their mass spectra a n d those of their m e t h y l ethers. 
4 , 6 -Dich loro -2 - (2 / , 4 , -d i ch lorophenoxy ) p h e n o l ( V ) was the major phenoxy-
p h e n o l ; the mass spectral f ragmentat ion pat tern of o - h y d r o x y p h e n o l 
ethers is qui te characterist ic s ince a h y d r o g e n transfer occurs d u r i n g the 
f ragmentat ion ( F i g u r e 6 ) . A trace of a t r i ch lorophenoxyphenol also was 
detected a n d was f o r m e d p r e s u m a b l y b y the unsensi t ized reduct ive loss 
of chlor ine , discussed prev ious ly . 

T w o isomeric t e t rach lorodihydroxybiphenyls (m/e 322) also oc
c u r r e d i n the react ion mixture a n d were character ized b y the f o r m a t i o n 

CI HO CI 

Figure 5. Irradiation of 2,4-dichlorophenol 

+ · CI CI 

CI CI 

m/e 177 

Figure 6. Fragmentation of 4,6-dichloro-2-(2',4'-dichhrophenoxy)phenol 
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52 C H L O R O D I O X I N S O R I G I N A N D F A T E 

of their d i m e t h y l ethers (m/e 350) . H o w e v e r , despite extensive destruc
t i o n of the phenols , their convers ion to d i m e r i c products was less t h a n 
5 % . A l t h o u g h measurements were c o n d u c t e d at several t i m e intervals , 
at no t ime c o u l d d ibenzo-p-d iox ins be detected i n the mixture of products 
b y electron-capture gas chromatography (20, 23). 

OH 
Cl> J jA^ci light 
C l A ^ C I ÔÏÏ® > 

CI 

Figure 7. Photolysis of pentachlorophenol 

B y contrast, a lka l ine aqueous solutions of 2 ,4 -dichlorophenol , 2,4,5-
t r i c h l o r o p h e n o l , a n d pentach lorophenol r a p i d l y co lored w h e n exposed 
to sunl ight . T h e isolat ion of several photolysis products p r e d i c t a b l y de
r i v e d b y h y d r o l y t i c a n d reduc t ive reactions ( i n c l u d i n g tetrachlorore-
sorc inol f r o m pentach lorophenol ) suggested strongly that a n u c l e o p h i l i c 
i o n i c m e c h a n i s m is operat ive ( F i g u r e 7 ). P u r e dioxin-free P C P , i r rad ia te d 
as a 1000 p p m solut ion i n aqueous s o d i u m h y d r o x i d e w i t h l ight i n the 
300-350 n m region, gave a neut ra l benzene-soluble extract w h i c h con
t a i n e d o c t a c h l o r o d i b e n z o - p - d i o x i n as s h o w n b y G L C / M S . A l t h o u g h the 
y i e l d i n repeated experiments was not consistent a n d the m a x i m u m 
concentrat ion was o n l y 36 p p m i n any s ingle i r r a d i a t i o n , a smaller amount 
of an unident i f i ed neutra l constituent also was present whose retent ion 
t ime o n G L C corresponded to that of a h e p t a c h l o r o d i b e n z o - p - d i o x i n . 

Discussion 

It w o u l d be dif f icult to estimate the q u a n t i t y of T C D D w h i c h enters 
the environment each year. I n a d d i t i o n to the c o m m o n pesticides l i s ted 
i n T a b l e I, other chlorophenols Tand their derivat ives are used w i d e l y . 
F o r example, large amounts of the disinfectant , hexachlorophene (2,2 r -
methylenebis (3 ,4 ,6 - t r i ch lorophenol ) ), are used i n homes, hospitals , a n d 
industry , a n d the D o w c i d e s 2 a n d Β ( 2 ,4 ,5- tr ichlorophenol a n d its s o d i u m 
salt) are i n d u s t r i a l microb ioc ides . M o r e than 50,000,000 lbs of t r i ch loro-
p h e n o l are m a d e i n the U n i t e d States each year (24), a n d m u c h of i t 
eventual ly must be dispersed i n the environment . T h e d i o x i n content 
seems to be var iab le b u t is general ly b e l o w 0.5 p p m ( 2 5 ) . 

Synthesis of T C D D i n sunl ight c o u l d not be expected to a d d appre
c i a b l y to this env i ronmenta l b u r d e n . T h e f o r m a t i o n rate f r o m chloro
phenols is s trongly concentrat ion-dependent , a n d its m e c h a n i s m requires 
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6. P L I M M E R E T A L . Photochemistry of Dioxins 53 

that the t w o c o l l i d i n g p h e n o l molecules be i n anionic f o r m . T h e rate of 
t r i c h l o r o p h e n o l f o r m a t i o n f r o m derivat ives such as 2,4,5-T is extremely 
s low, a n d its dispersal i n the environment w o u l d be unfavorab le to 
p h e n o l f o r m a t i o n at levels r e q u i r e d for T C D D synthesis since 2,4,5-T is 
not conver ted d i rec t ly into T C D D . If w e consider the r a p i d rate at w h i c h 
the s impler dioxins undergo photolysis , i t seems u n l i k e l y that 2 ,4 -D, 
2,4,5-T a n d other ch lorophenol -based pest ic ides—or even the phenols 
themse lves—normal ly w i l l f o r m the dioxins i n the environment . 

P C P presents a different p ic ture f r o m that of the lower chlorophenols 
a n d their derivat ives . T h e corresponding d i o x i n shows m u c h more sta
b i l i t y to l ight than does T C D D , enough to p e r m i t its p r o l o n g e d existence 
at l o w concentrations i n a photoreactor. A s a p h e n o l i t can d i rec t ly 
y i e l d dioxins , a process favored b y its n o r m a l m o d e of a p p l i c a t i o n as the 
s o d i u m salt. A l t h o u g h oc tach lorodibenzo-p-d iox in has m u c h l o w e r m a m 
m a l i a n toxic i ty than T C D D ( 6 ) , its format ion , propert ies , a n d effects 
d e m a n d a d d i t i o n a l invest igat ion. T e c h n i c a l preparat ions of P C P are fre
q u e n t l y mixtures of tetra- a n d pentachlorophenols ; consequently, hepta-
a n d poss ib ly hexachlorodibenzo-p-dioxins m i g h t be expected as photolysis 
products i n a d d i t i o n to the octachloro der ivat ive . 

T C D D detect ion has not been reported i n the field. Perhaps, this 
s h o u l d not be surpr is ing , cons ider ing the serious di f f icul ty of its analysis , 
its photo ly t i c b r e a k d o w n , a n d the fact that a n o r m a l a p p l i c a t i o n (2 l b s / 
acre) of 2,4,5-T, for example, usua l ly w o u l d represent the dispersa l of 
no more than 450 μg of the d i o x i n o n each treated acre, assuming a d i o x i n 
content of <0 .5 p p m . L i k e w i s e , there seem to be no reports of the decay 
of h i g h l y dispersed dioxins o n leaf surfaces, a n d it must be re c o gnize d 
that the experiments w e have reported here were c o n d u c t e d o n l y u n d e r 
the ar t i f ic ia l condit ions of the laboratory. Nevertheless , the photochem
istry of the dioxins s h o u l d p r o v i d e a w o r t h w h i l e reminder that sunl ight 
can act o n m a n - m a d e chemicals i n the environment to f o r m products 
w h i c h m a y be more toxic than the o r i g i n a l to some l i fe f o r m a n d that a 
c o m p o u n d s h o w n to be h i g h l y toxic under r i g i d l y s tandardized condi t ions 
does not necessarily present the same h a z a r d w h e n the toxicant is exposed 
to the forces of nature. 
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Toxicology of Chlorinated 

Dibenzo-p-dioxins 

B. A. SCHWETZ, J. M . NORRIS, G. L . SPARSCHU, V. K. R O W E , and 
P. J. G E H R I N G 

Chemical Biology Research, The Dow Chemical Co., Midland, Mich. 48640 

J. L . E M E R S O N and C. G. GERBIG 

Human Health Research and Development Center, The Dow Chemical Co., 
Zionsville, Ind., 46077 

Severe toxicological responses have been attributed to cer
tain chlorodibenzo-p-dioxins. Therefore, the acute and 
subacute toxicities of several of these compounds have been 
determined and these results provide information for eval
uating potential health hazards. 2,3,7,8-Tetrachlorodibenzo
-p-dioxin (2,3,7,8-TCDD) was the most toxic chlorodibenzo
-p-dioxin studied, having an LD50 in the μg/kg range. 
Hexachlorodibenzo-p-dioxin (HCDD) was less toxic than 
2,3,7,8-TCDD but more toxic than either 2,7-dichlorodi
benzo-p-dioxin (2,7-DCDD) or octachlorodibenzo-p-dioxin 
(OCDD). Both 2,3,7,8-TCDD and HCDD were acnegenic, 
highly embryotoxic, and positive for the chick edema factor. 
2,7-DCDD and OCDD were not chloracnegenic, caused 
little or no embryotoxicity, and were low in acute oral 
lethality; OCDD was negative for the chick edema factor. 

O e v e r e toxicologica l responses have been associated w i t h cer ta in chlor o-
^ d ibenzodiox ins . O n e of these responses is chloracne, a fol l iculos is 
first associated w i t h sk in contaminat ion b y chlorohydrocarbons i n 1899 
( 3 ) . Serious outbreaks of chloracne- l ike lesions associated w i t h r u n 
a w a y reactions i n the p r o d u c t i o n of 2 ,4 ,5- tr ichlorophenol occurred i n 
G e r m a n y i n the ear ly 1950's ( 5 ) . 2 ,4 ,5 -Tr ichlorophenol itself does not 
cause acne ( 8 ) , b u t the contaminants w h i c h m a y be f o r m e d i n the 
u n c o n t r o l l e d p r o d u c t i o n of 2 ,4 ,5- tr ichlorophenol are extremely potent 
acnegens ( 5 ) . 2 ,3 ,7 ,8 -Tetrachlorodibenzo-p-dioxin a n d t r i - a n d tetra-
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56 CHLORODIOXINS ORIGIN A N D F A T E 

c h l o r o d i b e n z o f u r a n were isolated f r o m the contaminants f o r m e d i n 
2 ,4 ,5- tr ichlorophenol p r o d u c t i o n a n d were demonstrated to be strongly 
pos i t ive acnegens w h e n a p p l i e d to rabb i t ears (8). U s i n g the r a b b i t ear 
test, the acnegenic potency of 2 ,3 ,7 ,8- tetrachlorodibenzo-p-dioxin (2,3,7,8-
T C D D ) was conf i rmed i n 1962 (6). I n a d d i t i o n , 2 , 3 , 7 , 8 - T C D D is ex
tremely toxic i n the ch ick e m b r y o assay (4) a n d is h i g h l y embryotoxic 
i n rats (12). A n o t h e r c h l o r o d i b e n z o d i o x i n , h e x a c h l o r o d i b e n z o - p - d i o x i n 
( H C D D ), is k n o w n to be pos i t ive for the ch ick edema factor, a c o n d i t i o n 
charac ter ized b y h y d r o p e r i c a r d i u m , ascites, a n d anasarca (1, 4). 

Experimental 

Materials. T h e c h l o r o d i b e n z o d i o x i n samples used i n these studies 
are ident i f ied a n d descr ibed i n T a b l e I. Studies were l i m i t e d i n some 
cases b y a v a i l a b i l i t y of p u r e samples. 

Acute Lethality. Samples of 2 ,7 -d ich lorodibenzo-p-d iox in , 2,3,7,8-
te t rach lorodibenzo-p-d iox in , hexach lorodibenzo-p-d iox in , a n d octachloro
d i b e n z o - p - d i o x i n were evaluated for acute o r a l le thal i ty i n the f o l l o w i n g 
animals . 

Test Material 

Test 2 7- 2 3 7 8-
Animal Strain DCDD TCDD HCDD OCDD 

R a t S p r a g u e - D a w l e y Χ X X 
R a t Sherman (Spartan) X 
M o u s e Swiss Webster X X X 
R a b b i t N e w Zealand a lb ino X 
G u i n e a p i g H a r t l e y X 
D o g Beagle X 
Test materials were adminis tered as suspensions i n corn o i l or as c o r n 
o i l :ace tone (9 :1 ) solutions i n single doses b y gavage. T h e animals were 
d e p r i v e d of feed for 16 hours before dosing. A f t e r dos ing they w e r e 
observed for signs of tox ic i ty i n c l u d i n g b o d y w e i g h t changes for t w o to 
eight weeks. 

L e t h a l i t y of 2 , 3 , 7 , 8 - T C D D via s k i n absorpt ion was tested o n rabbi ts 
of m i x e d sexes w i t h doses of 31.6, 63, 126, 252, a n d 500 /xg/kg b o d y 
weight . T h e c o m p o u n d was a p p l i e d as a 0 .01% solut ion i n acetone to 
the a b d o m i n a l s k i n w h i c h h a d been shaven. A f t e r the acetone evaporated, 
the t r u n k of each rabb i t was w r a p p e d i n cotton to prevent ingest ion. T h e 
rabbi ts were housed i n i n d i v i d u a l h o l d i n g cages a n d were observed for 
signs of toxic i ty i n c l u d i n g b o d y w e i g h t changes for three weeks. 

Parentera l le thal i ty was d e t e r m i n e d b y in ject ing rabbits of m i x e d 
sexes in t raper i toneal ly w i t h 31.6, 63, 126, 252, a n d 500 /xg/kg of 2,3,7,8-
T C D D as a 0 . 0 1 % corn o i l suspension; contro l rabbi ts were injected 
w i t h c o r n o i l . T h e rabbits w e r e housed i n i n d i v i d u a l h o l d i n g cages a n d 
w e r e observed for signs of tox ic i ty for four weeks. T h e L D 5 o S were 
ca lcu la ted b y the W e i l modi f i ca t ion of the T h o m p s o n m e t h o d (14, 15) 
or b y the L i t c h f i e l d a n d W i l c o x o n m e t h o d ( 9 ) . T h e acute lethal i ty studies 
w e r e terminated w h e n i t was evident that the survivors were not s h o w i n g 
signs of toxic i ty . 
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7. S C H W E T Z E T A L . Toxicology of Chlorinated Dioxins 57 

Table I. Purity of Samples Used in the Toxicology Studies 

Sample Identification" Purityb Tests" 

2 ,7 -Dich lorodibenzo-p-d iox in 
a. N o . 104, shelf 142 9 9 . 8 % 1 , 2 , 3 
b . A R - 5 7 0 d 3 
c. 340-2-13A 9 9 . 6 % 1 , 2 , 3 
d . 340-2-69A > 9 9 % 4 
2 ,3 ,7 ,8-Tetrachlorodibenzo-p-dioxin 
a. C a u s t i c insoluble isolate 1965 9 6 . 4 % 1 
b . 851-142-24 9 8 % 1 
c. Ske l ly 11/11/64 9 1 % 1 , 3 , 5 
d . 340-2-54B > 9 9 % 1 , 2 , 3 , 5 
1 ,2 ,3 ,4-Tetrachlorodibenzo-p-dioxin 
a. F D A - F 9 9 0 9 8 . 5 % 3 
Hexachlorodibenzo-p-diox in 
a. 252-44-12B-AL22 65:35, 

2 isomers 
1 , 3 

b . 252-44-12B-AL11 9 9 % , 65:35, 
2 isomers 

3 

c. 340-2-82A > 9 9 % , 89:11, 
2 isomers 

1,2, 3,4,1 

d . F D A - F 9 1 1 9 5 . 1 % , 
3 isomers 

3 

Octachlorodibenzo-p-diox in 
a . 251-1-142A 9 8 % 1 , 2 , 3 
b . 340-2-29A 9 4 % 1 , 3 
c. A R - 5 7 0 e 3 
d . 340-2-57A 9 8 . 8 6 % 1 , 3 , 4 , 5 

° All samples are from The Dow Chemical Co. except 3a and 4d, which are from 
the Food and Drug Administration. 

b Based on gas-liquid chromatographic (GLC) or GLC-mass spectrophotometric 
analysis. 

c Test identification: 1 = LD5o, 2 = eye irritation, 3 = chlorance, 4 = terato
genicity, 5 = chick edema. 

d Photolysis product of la. 
e Photolysis product of 5a. 

Eye Irritation. R a b b i t eyes were examined p r i o r to experiments 
a n d f o u n d to be free of defects or i r r i ta t ion . A p p r o x i m a t e l y 2 m g of 
2 , 7 - D C D D , 2 , 3 , 7 , 8 - T C D D , H C D D , or O C D D w e r e ins t i l l ed i n the con
j u n c t i v a l sac of one eye; the contralateral eye served as a contro l . T h e 
eyes w e r e examined at various times after treatment for con junct iva l 
redness a n d chemosis, i r i t is , a n d corneal in jury . Responses w e r e cata-
g o r i z e d a c c o r d i n g to intensity. 

Rabbit Ear Bioassay for Acnegenic Activity. A c n e g e n i c ac t iv i ty 
of 2 - 7 - D C D D , 1 , 2 , 3 , 4 - T C D D , 2 , 3 , 7 , 8 - T C D D , H C D D , a n d O C D D was 
tested b y a p p l y i n g 0.1 m l of either a solvent so lut ion or the supernatant 
of a solvent suspension of each c o m p o u n d to the inner surface of the 
rabbit 's ears five days a w e e k for four weeks. T h e ears were examined 
w e e k l y for signs of chloracne, in f lammat ion , a n d hyperkeratosis . T h e 
responses w e r e d i v i d e d into five categories: ( 1 ) none, ( 2 ) v e r y sl ight, 
(3 ) slight, (4 ) moderate, a n d (5 ) severe. 
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58 C H L O R O D I O X I N S O R I G I N A N D F A T E 

Responses i n the first three categories i n c l u d e no response to m i l d 
i r r i ta t ion , increased ear thickness, s l ight enlargement of the f o l l i c u l a r 
aperture, s l ight exfol iat ion, a n d sl ight crust format ion . These responses 
alone are not considered i n d i c a t i v e of chloracnegenic act ivi ty . Categories 
4 a n d 5 are i n d i c a t i v e of acnegenic response a n d are character ized b y 
comedo format ion , increased ear thickness, a n d hyperkeratosis . 

Teratology. Pregnant a d u l t S p r a g u e - D a w l e y (Spar tan strain) fe
male rats w e i g h i n g approximate ly 250 grams were used to s tudy tera
togenic i ty of the ch lor inated d ibenzo-p-diox ins . T h e d a y sperm w e r e 
first present i n a v a g i n a l smear was considered d a y zero of pregnancy . 
T h e animals were housed i n d i v i d u a l l y i n w i r e - b o t t o m cages i n a r o o m 
contro l led for temperature, h u m i d i t y , l ight cycle , a n d noise. C o m m e r c i a l 
laboratory rat c h o w a n d water were p r o v i d e d w i t h choice. 

C o r n oi l :acetone (9 :1 ) solutions, w i t h v a r y i n g amounts of test m a 
ter ia l were g iven i n 2.5 m l / k g dosages b y gavage. Dosages were ca lcu
la ted us ing d a i l y b o d y weights . Rats were treated w i t h 100 m g of 
2 , 7 - D C D D / k g / d a y , 0.1, 1.0, 10, or 100 /xg H C D D / k g / d a y a n d 100 or 
500 m g O C D D / k g / d a y on days 6 t h r o u g h 15 of gestation. C o n t r o l rats 
rece ived 2.5 m l / k g of corn oi l :acetone (9 :1 ) oral ly . A l l rats were ob
served d a i l y throughout pregnancy a n d were w e i g h e d on days 6, 13, a n d 
21 of gestation. 

Pregnant females were sacrif iced b y carbon d iox ide anesthesia on 
d a y 21 of gestation; the uter ine horns were exter ior ized t h r o u g h a 
m i d l i n e inc i s ion i n the a b d o m i n a l w a l l , a n d the n u m b e r a n d pos i t ion 
of l ive , dead , a n d resorbed fetuses were noted. A f t e r b e i n g w e i g h e d a n d 
sexed, the fetuses were examined for external anomalies ; the c r o w n - r u m p 
length was measured w i t h a vernier cal iper . H a l f of each l i t ter was 
preserved i n Bouin 's solut ion a n d later examined for soft tissue anomalies 
(16); the other hal f was preserved i n a lcohol , c leared a n d stained w i t h 
A l i z a r i n red-S, a n d examined for skeletal abnormali t ies (2). 

A 2 X 2 cont ingency table was used to evaluate the f requency of 
anomalies a n d resorptions w i t h i n the fetal p o p u l a t i o n a n d between litters. 
B o d y w e i g h t a n d b o d y measurements were statist ical ly a n a l y z e d b y an 
A n a l y s i s of V a r i a n c e a n d Tukey 's test (13). I n a l l cases, the leve l of 
s ignif icance was Ρ < 0.05. 

Chick Bioassay for Chick Edema Factor. T h e bioassay for ch ick 
edema factor was c o n d u c t e d accord ing to the " O f f i c i a l M e t h o d s of A n a l y 
sis," 10th E d . , Sections 26.087-26.091, Assoc ia t ion of Of f i c ia l A g r i c u l t u r a l 
Chemists . T h r e e - d a y - o l d w h i t e leghorn, s ingle-comb cockerels were used. 
2 , 3 , 7 , 8 - T C D D , H C D D , a n d O C D D were the compounds s tudied. T h e 
diet used i n the study was f o r m u l a t e d specif ical ly for c o n d u c t i n g the 
c h i c k edema bioassay ( " N u t r i t i o n a l B i o c h e m i c a l s , " Internat ional C h e m 
i c a l a n d N u c l e a r C o r p . , C l e v e l a n d , O h i o ) . B o d y weights were recorded 
twice w e e k l y for the ora l i n t u b a t i o n studies a n d at the start a n d termina
t i o n of the d ie tary study. T h e chicks were observed d a i l y for signs of 
toxic i ty , a n d f o o d consumpt ion was recorded w e e k l y . A f t e r 20 or 21 
days of treatment, a l l chickens were sacrif ied b y cerv ica l d is locat ion a n d 
e x a m i n e d for gross lesions. T h e amount of p e r i c a r d i a l a n d per i toneal 
f l u i d was measured, a n d a l l gross lesions were recorded. If the ca lcu la ted 
"t" was greater than +1 .3 , the mean l o g a r i t h m (100 X m l p e r i c a r d i a l 
f l u i d ) was greater than 1.1461 for the chicks rece iv ing the test c o m -
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7. S C H W E T Z E T A L . Toxicology of Chlorinated Dioxins 59 

p o u n d , a n d the mean l o g a r i t h m of the negative contro l was less than 
1.1460, the c o m p o u n d was considered posi t ive for ch ick edema. 

Pathology. T o x i c o l o g y studies were not des igned to s tudy the 
pa tho log ica l changes associated w i t h c h l o r o d i b e n z o d i o x i n adminis t ra t ion , 
b u t i n some cases, gross pa tho log ica l a n d his topathologica l examinations 
were per formed. F o r microscopic examinat ion, tissues were fixed i n 1 0 % 
buffered f o r m a l i n a n d were stained w i t h h e m a t o x y l i n a n d eosin. Sections 
of fetuses of contro l dams a n d dams treated w i t h 100 m g 2 , 7 - D C D D / k g / 
d a y were stained w i t h h e m a t o x y l i n a n d eosin, hematoxyl in-phlox ine-
saffron, Masson's t r i chrome stain, a n d M a l l o r y ' s phosphotungst ic a c i d 
hematoxy l in stain. 

Results 

Acute Lethality. T h e le thal i ty of 2 , 3 , 7 , 8 - T C D D is presented i n 
T a b l e II . T h e data reveal that the single ora l L D 5 0 ranges f r o m 0.0006 
m g / k g i n male q u i n e a pigs to 0.115 m g / k g i n rabbits of m i x e d sex. D a t a 
on rats a n d guinea pigs indicate that males are more sensitive than 
females; le thal i ty is essentially the same f o l l o w i n g intraper i toneal , ora l , 
or sk in adminis t ra t ion for rabbits . L i m i t e d data show that dogs are less 
sensitive to 2 , 3 , 7 , 8 - T C D D than rabbits . F o r female a n d male mice , s ingle 
ora l doses r a n g i n g f r o m 0.001 to 0.130 m g / k g p r o d u c e d a f e w sporadic 
deaths w i t h o u t any def ini t ive dose-response re la t ionship ; therefore the 
data are not presented i n the table. 

L i m i t e d le thal i ty data are avai lable for 2 , 7 - D C D D , H C D D , a n d 
O C D D . H C D D (sample c ) k i l l e d 1 of 2 a n d 0 of 2 male rats g iven oral 
doses of 100 a n d 10 m g / k g , respectively. N o deaths occurred i n four 
m a l e mice g iven 2.0 grams/kg of 2 , 7 - D C D D (sample a or b ) o ra l ly or 
i n t w o female rats g iven 1 g r a m / k g (sample a ) . F o r O C D D , ora l doses 
of 1 g r a m / k g (sample d ) to five female rats d i d not cause death ; i n four 
male mice , doses of 4 grams/kg also d i d not cause death. N o signs of 
toxic i ty were observed i n animals treated w i t h either 2 , 7 - D C D D or 
O C D D . T h e only s ign of toxic i ty a m o n g animals treated w i t h H C D D 
was loss of b o d y weight . 

W h i l e a l l species lost b o d y w e i g h t f o l l o w i n g treatment w i t h 2,3,7,8-
T C D D , other signs of toxic i ty were species dependent . Ascites was seen 
i n mice . A n o r e x i a , d e h y d r a t i o n , depression, emaciat ion , intest inal hemor
rhage, a n d a lopecia w e r e seen i n dogs. C e r t a i n rabbits treated in t ra -
per i toneal ly w i t h 2 , 3 , 7 , 8 - T C D D deve loped sk in lesions t y p i c a l of those 
associated w i t h acnegens. 

Rabbit Eye Irritation. Inst i l la t ion of the ch lorodibenzodiox ins into 
the con junct iva l sac caused slight, transient p a i n a n d con junct iva l i n 
flammation, i n i t i a l l y . Treatment w i t h 2 , 3 , 7 , 8 - T C D D was associated w i t h 
d e l a y e d con junct iva l chemosis 13-22 days later. B y d a y 27, the chemosis 
h a d subsided, b u t the r i m of the e y e l i d was th i c ke ne d a n d encrusted. 
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Table II. Lethality of 2,3,7,8-

Time of Death, Days 
Species, Sex b Administration b Postadministration 

R a t , male O r a l 9-27 

R a t , female O r a l 13-43 
G u i n e a p i g , male O r a l 5-34 
G u i n e a p i g , female O r a l 9-42 
R a b b i t , m i x e d O r a l 6-39 

S k i n 12-22 
Intraper i toneal 6-23 

Dogs , male O r a l 9-15 

Dogs , female O r a l — 

a Responses to individual doses are given in those cases in which an LD5o could not 
be calculated. The LD5o for oral administration to rabbits was calculated using the 
method of Litchfield and Wilcoxon (9) ; the remaining values were calculated using the 
Weil modification of the method of Thompson (14, 15). 

I n rabbits treated w i t h H C D D , the r i m of the e y e l i d was encrusted 27 
days after treatment. N e i t h e r corneal in jury nor ir i t is was observed i n 
any of the animals f o l l o w i n g ins t i l la t ion of the ch lorodibenzodiox ins i n 
the con junct iva l sac. 

Acnegenic Response. B o t h 2 , 3 , 7 , 8 - T C D D a n d H C D D p r o d u c e d 
chloracne i n the rabbi t ear bioassay as i n d i c a t e d b y the format ion of come
dones. Solutions of 2 , 3 , 7 , 8 - T C D D (sample c) i n benzene r a n g i n g i n 
concentrat ion f r o m 0.04 μ%/ml to 400 fig/ml p r o d u c e d a posi t ive response 
w i t h severity increasing w i t h concentrat ion. A negative response was 
obta ined w i t h a solut ion of 0.004 /xg/ml. I n contrast, a ch loro form solu
t i o n of 1 , 2 , 3 , 4 - T C D D , 50 ^g/m\ d i d not produce a posi t ive response. 
W i t h H C D D (samples a, b , c, a n d d ) , a response was p r o d u c e d b y 
solutions of 10 to 50 pg/m\ i n c h l o r o f o r m a n d dimethoxyethane. C h l o r o 
f o r m extracts f r o m 1 0 % suspensions of 2 , 7 - D C D D or O C D D were nega
t ive, i n d i c a t i n g that these have a l o w order or poss ib ly no acnegenic 
ac t iv i ty . 

Teratogenicity. T h e effects of ch lorodibenzodiox ins on maternal 
a n d fetal b o d y measurements, inc idence of fe ta l resorptions, a n d anom
alies are g i v e n i n Tables I I I a n d I V . 
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7. S C H W E T Z E T A L . Toxicologij of Chlorinated Dioxins 61 

Tetrachlorodibenzo-^-dioxin a 

LDb0, mg/kg 

0.022 

0.045 (0.030-0.066) 
0.0006 (0.0004-0.0009) 
0.0021 (0.0015-0.0030) 
0.115 (0.038-0.345) 
0.275 (0.142-0.531) 

b All samples used are from 2c in 
2d in Table I. 

Dose, Number Deaths/ 
mg/kg Number Treated 

0.008 0/5 
0.016 0/5 
0.032 10/10 
0.063 5/5 

0.032 0/5 
0.063 2/5 
0.126 2/5 
0.252 2/5 
0.500 3/5 

0.30 0/2 
3.00 2/2 

0.03 0/2 
0.10 0/2 

I except guinea pig, female, which is from 

2 , 7 - D C D D . Rats treated w i t h 100 m g / k g / d a y on days 6 through 15 
of gestation gained s l ight ly more weight d u r i n g pregnancy than controls 
b u t s h o w e d no toxic i ty . There was no effect on fetal b o d y measurements, 
or inc idence of resorptions, or gross, soft tissue, or skeletal anomalies. 

H C D D . A d m i n i s t r a t i o n of 0.1-100 μg H C D D / k g / d a y was associated 
w i t h a dose-related decrease i n maternal w e i g h t - g a i n d u r i n g gestation. 
Gross necropsy examinat ion at the t ime of cesarean section revealed 
evidence of materna l toxic i ty on ly a m o n g dams rece iv ing 100 ttg/kg/day 
(pale , f r iab le l iver 3/20 dams; serous a t rophy of fat, 1/20 d a m s ) . 

Treatment w i t h 10 or 100 ^g H C D D / k g / d a y was h i g h l y le thal to 
fetuses d u r i n g late gestation. W h i l e the inc idence of early resorptions 
was not increased at any dose l eve l of H C D D ( 5 - 7 % i n the treated vs. 
7 % i n the contro ls ) , there was a significant increase i n late resorptions 
( 0 % at 0.1 /xg/kg/day to 7 9 % at 100 ^ g / k g / d a y ) . T h e w e i g h t a n d 
length of s u r v i v i n g fetuses were s ignif icantly decreased. 

A significant increase i n the inc idence of fetal soft-tissue a n d skeletal 
anomalies was seen f o l l o w i n g treatment of pregnant rats w i t h H C D D at 
the 100 μg/kg/day dose level . T h e inc idence of cleft palate, subcutaneous 
edema, vertebrae w i t h spl i t or unfused centra, a n d spli t sternebrae was 
signif icantly greater than a m o n g contro l litters or the contro l fetal p o p u -
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62 C H L O R O D I O X I N S O R I G I N A N D F A T E 

Table III. Effect of Treatment with Chlorinated 
Measurements and the 

Maternal Weight Gain 6 

„ s i
 Ί ΛΤ „ on Gestation Days 

Compound No. of — 

(Sample) a Litters 6-13 13-21 6-21 

C o n t r o l 30 36 =fc 2 101 ± 6 137 =fc 8 

2 ,7 -Dichlorodibenzo-p-diox in , (d), mg/kg/day 
100.0 7 31 =t= 1 122 ± 4 152 ± 5 

H e x a c h l o r o d i b e n z o - p - d i o x i n , (c), Mg/kg/day 
0.1 19 28 =b 2 102 =fc 5 130 =±= 5 
1.0 19 27 =fc 3 99 =fc 5 126 ± 6 

10.0 18 22 =1= 3 ' 97 =fc 5 119 =fc 6 
100.0 19 6 ± 2 ' 13 ± 7 f 19 =fc 9 ' 

Octachlorodibenzo-p-dioxin , (d), mg/kg/dav 
100.0 12 32 ± 2 100 =fc 8 131 =fc 7 
500.0 17 35 =h 3 115 ± 4 150 =fc 5 

a Sample identified in Table I; administered on days 6-15 of gestation as a corn oil: 
acetone (9:1) solution. 

b Mean ± S.E. 
c Mean of litter means d= S.E. 

Table IV. Effect of Treatment with Hexachlorodibenzo-

PQ/ty/day on Days 

Soft Tissue A n o m a l i e s 
C l e f t Pa la te Ρ a 

L b 

D i l a t e d R e n a l P e l v i s Ρ 
L 

Subcutaneous E d e m a Ρ 
L 

Skeleta l A n o m a l i e s 
S p l i t V e r t e b r a l Ρ 

C e n t r a L 

S p l i t Sternebrae Ρ 
L 

D e l a y e d Ossif icat ion Ρ 
of Sternebrae L 

α Incidence among fetal population; 
examined). 

0 0.1 

0 (0/156) 1 (1/104) 
0 (0/28) 5 (1/19) 

0.6 (1/156) 0 (0/104) 
4 (1/28) 0 (0/19) 

5 (8/156) 6 (6/104) 
21 (6/28) 32 (6/ 19) 

6 (9/158) 2 (2/103) 
19 (5/27) 5 (1/19) 

0.6 (1/158) 1 (1/103) 
4 (1/27) 5 (1/19) 

11 (18/158) 28 (29/103) 
44 (12/27) 74 (14/19) 

% (number of affected fetuses/number 
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7. S C H W E T Z E T A L . Toxicology of Chlorinated Dioxins 63 

Dibenzo-/>-dioxins on Maternal and Fetal Body 
Incidence of Fetal Resorptions 

Fetal 
Body Weight, 

9 
5.68 =b 0.05 

Fetal 
Crown-Rumpc 

Length, mm 

44.5 d= 0.1 

% Fetal Resorptions 

Population d 

7 (22/337) 

Litter e 

47 (14/30) 

5.80 dz 0.09 44.2 d= 0.2 6 (5/86) 57 (4/7) 

5.73 dz 0.04 
5.93 d= 0.16 
5.12 =b 0 . 0 5 ' 
3.65 db 0 . 2 8 ' 

43.8 ± 0.1 
45.7 =b 0.5 
42.6 d= 0 . 2 ' 
35.2 ± 0 . 7 ' 

5 (10/217) 
9 (20/218) 

2 5 ' (57/229) 
85 ' (194/227) 

47 (9/19) 
74 (14/19) 
9 4 ' (17/18) 

1 0 0 ' (19/19) 

5.73 d= 0.09 43.6 db 0.4 8 (11/131) 42 (5/12) 
5.69 =h 0.05 44.5 ± 0.2 5 (9/199) 41 (7/17) 

d % (number resorptions/number implantations). 
e % (number litters with at least one resortion/number litters). 

/ Significantly different from control by an Analysis of Variance and Tukey's test 
(measurements) or the 2 X 2 contingency table (resorptions), P<0.05. 

^-dioxin on the Incidence of Fetal Anomalies 

6-15 of Gestation 

1.0 

0 (0/99) 
0 (0/19) 

2 (2/99) 
5 (1/19) 

55 (54/99) 
100 (19/19) 

10 

0 
0 

6 
17 

(0/86) 
(0/18) 

(5/86) 
(3/18) 

100 (86/86) 
100 (18/18) 

100 

47 
73 

12 
18 

(8/17) 
(8/11) 

(2/17) 
(2/11) 

100 (17/17) 
100 (11/11) 

1 (1/99) 
6 (1/18) 

2 
11 

(2/99) 
(2/18) 

12 (12/99) 
50 (9/18) 

7 
29 

2 
12 

(6/86) 
(5/17) 

(2/86) 
(2/17) 

34 (29/86) 
71 (12/17) 

31 
56 

31 
56 

56 
56 

(5/16) 
(5/9) < 

(5/16) 
(5/9) ο 

(9/16) 
(5/9) 

Incidence among litters; % (number of affected litters/number examined). 
Significantly different from control by 2 X 2 contingency table, P<0.05. 
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64 C H L O R O D I O X I N S O R I G I N A N D F A T E 

la t ion . A m o n g dams treated w i t h 1 or 10 /xg/kg/day, o n l y subcutaneous 
edema occurred at a s ignif icant ly greater inc idence than i n the contro l 
litters or fe ta l p o p u l a t i o n . Treatment w i t h 0.1 /xg/kg/day of H C D D d i d 
not increase fetal anomalies a m o n g the litters or the feta l p o p u l a t i o n . 
T h e inc idence of d e l a y e d ossification of sternebrae was signif icantly i n 
creased among the fetal p o p u l a t i o n but not among litters. 

O C D D . Signs of m a t e r n a l toxic i ty were not observed i n rats g iven 
100 or 500 m g / k g / d a y O C D D . E x a m i n a t i o n of the fetuses d i d not reveal 
changes i n fe ta l b o d y measurements, inc idence of fe ta l resorptions, or 
inc idence of any fe ta l a n o m a l y a m o n g litters or the fe ta l p o p u l a t i o n . A t 
500 m g / k g / d a y , the inc idence of subcutaneous edema was s ignif icantly 
increased a m o n g the fe ta l p o p u l a t i o n (23/100 c o m p a r e d w i t h 8/156 i n 
controls) b u t not among litters (9/18 c o m p a r e d w i t h 6/28 i n contro ls ) . 

Chick Edema Bioassay. C h i c k edema was p r o d u c e d i n groups of 
b i rds treated w i t h 1 a n d 10 /xg/kg/day of 2 , 3 , 7 , 8 - T C D D a n d 10 a n d 100 
/xg/kg/day of H C D D ( T a b l e V ) . T h e m e a n l o g a r i t h m for p e r i c a r d i a l 
f l u i d v o l u m e of the negative contro l groups was greater than 1.1460 a n d 

Table V . Results of Chick Edema Bioassay: Body Weight, 
Calculations of Chicks 

Treatment Body Weight g b Food 
(Sample) a η Consumption, 

Day 0 Day 21 g c 

2 ,3 ,7 ,8 -Tetrachlorodibenzo-p-dioxin (d) d, μg/kg 
0 10 46 d= 1 199 db 5 17.4 
0.01 10 44 d= 1 196 dz 7 16.7 
0.10 10 45 d= 1 203 =i= 7 17.2 
1.0 ' 2 42 ± 1 196 d= 24 33.7 

10.0 » 9 42 d= 1 no survivors 11.2 
Hexachlorodibenzo-p-d iox in (c) d , Mg/kg 

0 9 38 d= 1 194 d= 5 17.4 
0.1 10 42 d= 1 197 d= 4 17.8 
0.0 10 43 =h 1 196 d= 6 18.2 

10.0 h 9 38 dz 1 187 d= 7 16.7 
100.0 * 10 36 =b 1 no survivors 13.3 

Octachlorodibenzo-p-diox in (d) % % of diet 
( D a y 20) 

0 12 45 d= 1 141 =b 8 13.3 
0.1 11 45 db 1 124 dz 5 9.5 
0.5 11 43 db 1 196 d= 10 10.9 

α Sample identified in Table I. 
b Mean db SE. 
c Grams/chick/day. 
d Administered orally as a corn oil: acetone solution. 
e Fed in the diet 0.1% ^ 100 mg/kg, 0.5% ^ 500 mg/kg). 
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7. S C H W E T Z E T A L . Toxicology of Chlorinated Dioxins 65 

c o u l d negate the results i f the guidel ines for in terpre t ing ch ick edema 
bioassay studies were r i g i d l y f o l l o w e d . H o w e v e r , since the v o l u m e of 
p e r i c a r d i a l fluid was m a r k e d l y increased b y the treatments i n d i c a t e d 
above, the treatments were considered to be posi t ive for the p r o d u c t i o n 
of ch ick edema. A posi t ive response was not observed i n chicks m a i n 
ta ined o n a diet conta in ing 0 . 5 % O C D D . 

Severe dyspnea , subcutaneous edema, a n d dis tended abdomens w e r e 
observed i n some b i rds rece iv ing 1 or 10 μξ 2 , 3 , 7 , 8 - T C D D / k g / d a y . 
D y s p n e a a n d mucus a c c u m u l a t i o n i n the m o u t h p r i o r to death w e r e 
observed i n b i rds r e c e i v i n g 100 μg 2 , 3 , 7 , 8 - T C D D / k g / d a y . N o overt 
c l i n i c a l signs were observed i n b i rds rece iv ing O C D D . 

T h e gross lesions seen i n chicks treated w i t h ch lorodibenzodiox ins 
are s u m m a r i z e d i n T a b l e V I . T h e most consistent gross lesions w e r e i n 
creased p e r i c a r d i a l a n d per i toneal fluid, subcutaneous a n d p u l m o n a r y 
edema, hepatomegaly , a n d a m o t t l e d appearance of the l iver . 

H i s t o p a t h o l o g i c examinat ion of tissues of selected b i r d s f r o m the 
2 , 3 , 7 , 8 - T C D D ( 1 a n d 10 pg) a n d H C D D ( 10 a n d 100 μ%) groups revealed 

Food Consumption, and Pericardial Fluid Volume 
Treated with Chlorodioxins 

Positive for 
Chick Edema Factor 

Pericardial Fluid Volume Based on 

Mean Log Calculated t Calcu Gross 
ml ± SE 100 χ lations Lesiom 

0.16 =fc 0.02 1.1717 — — — 
0.14 ± 0.02 1.1181 - 0 . 7 4 no no 
0.19 ± 0 . 0 1 1.2688 + 1.69 no no 
2.34 =fc 0.08 2.3680 +21 .7 no yes 
1.29 =fc 0.62 1.5661 + 1.47 no yes 

0.15 ± 0.01 1.1771 — — — 
0.11 =fc 0.02 0.9978 - 1 . 9 3 no no 
0.09 db 0.01 0.9387 - 4 . 5 7 no no 
0.81 d= 0.01 1.7294 +3 .82 no yes 
0.62 ± 0.24 1.5650 +2 .72 no yes 

0.08 ± 0.01 0.8053 _ 
0.06 d= 0.01 0.7889 - 0 . 2 1 no no 
0.09 =b 0.01 0.9002 +0 .91 no no 

f Animals died on days, 9, 11, 11, 14, 15, 17, 18 and 19 of treatment. 
» Animals died on days 3, 4, 4, 4, 5, 8, 8, 9, 12 and 15 of treatment. 
h One animal died on day 19 of treatment. 
i Animals died on days, 5, 5, 6, 7, 8, 10, 11, 11, 15 and 17 of treatment. 
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66 C H L O R O D I O X I N S O R I G I N A N D F A T E 

Table V I . Results of Chick Edema Bioassay: Summary of 

Treatment Pericardial Peritoneal Subcutaneous 
(Sample) a Mortality Fluid Fluid Edema 

>0.2 ml 

2,3 ,7 ,8-Tetrachlorodibenzo-p-dioxin (d) c, Mg/kg 
0 0/10 b 2/10 0/10 0/10 
0.01 0/10 1/10 0/10 0/10 
0.10 0/10 2/10 0/10 0/10 
1.0 8/10 10/10 9/10 9/10 

10.0 10/10 5/10 9/10 9/10 

Hexachlorodibenzo-p-d iox in (c) c, Mg/kg 
0 1/10 0/10 0/10 0/10 
0.1 0/10 1/10 0/10 0/10 
1.0 0/10 0/10 0/10 0/10 

10.0 1/10 9/10 3/10 1/10 
100.0 10/10 6/10 3/10 8/10 

Octachlorodibenzo-p-diox in (d) d , % of diet 
0 0/12 0/12 0/12 0/12 
0.1 0/12 0/12 0/12 0/12 
0.5 0/12 0/12 0/12 0/12 

a Sample identified in Table I. 
6 Number affected/total number in group. 

s imi lar lesions consist ing of: a t rophy of g e r m i n a l centers of the spleen, 
a p a u c i t y of lymphocytes i n the bursa of F a b r i c i u s , p u l m o n a r y edema, 
interst i t ia l edema of the m y o c a r d i u m , fatty degenerat ion, a n d coagulat ion 
necrosis of the l iver . M a n y b i rds d i e d as a result of p u l m o n a r y edema. 

Pathology. Gross necropsy a n d his to logica l examinations were con
d u c t e d o n re la t ive ly f e w mammals treated w i t h the ch lor inated d ibenzo-
p-dioxins . Therefore , the results repor ted here are incomplete a n d pre
l i m i n a r y . T h e l iver of animals treated w i t h 2 , 3 , 7 , 8 - T C D D a n d H C D D 
was most consistently affected. M i c r o s c o p i c examinat ion of this organ 
revealed a h i g h l y var iab le pat tern a n d degree of hepat ic necrosis w i t h 
various degrees of degenerat ion a n d regenerat ion of the hepatocytes, de
p e n d i n g u p o n the post-treatment in terva l . Necrosis was observed b o t h 
i n the centr i lobular a n d p e r i p o r t a l areas. T h e degree of necrosis of the 
l iver was not sufficient to conc lude that it was responsible for death. 
H e p a t i c lesions were observed i n rats, mice , rabbits , a n d dogs. I n a d d i 
t i o n to hepat ic involvement , other changes observed sporadica l ly i n c l u d e 
fat necrosis, periarterit is , serous a t rophy of fat, a n d ascites. 

Discussion and Summary 

T h e studies reported here conf i rmed the h i g h toxic i ty of 2,3,7,8-
T C D D . I n a d d i t i o n , some perspect ive of the relat ive toxicities of 
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7. S C H W E T Z E T A L . Toxicology of Chlorinated Dioxins 67 

Gross Lesions Observed in Chicks Treated with Chlorodioxins 

Atrophy of Liver 
ulmonary Spleen Swollen Gizzard 
Edema and/ or and/ or Erosions 

Bursa Mottled 

0/10 0/10 0/10 0/10 
0/10 0/10 0/10 0/10 
0/10 0/10 0/10 0/10 
5/10 2/10 7/10 1/10 
5/10 0/10 6/10 0/10 

0/10 0/10 0/10 0/10 
0/10 0/10 0/10 0/10 
0/10 0/10 0/10 0/10 
1/10 1/10 3/10 0/10 
8/10 0/10 4/10 0/10 

0/12 0/12 0/12 2/12 
0/12 0/12 0/12 7/12 
0/12 0/12 0/12 7/12 

c Administered orally as a corn oil: acetone solution. 
d Fed in the diet (0.1% ^ 100 mg/kg, 0.5%) ^ 500 mg/kg). 

2 , 7 - D C D D , H C D D , a n d O C D D has been obta ined. 2 , 7 - D C D D a n d 
O C D D f a i l e d to cause death i n female rats g iven ora l doses of 1 g r a m / 
k g ; even larger doses were g iven to mice w i t h o u t causing death. L i m i t e d 
data suggest that ora l doses of approx imate ly 100 m g / k g of H C D D are 
needed to cause death i n male rats. I n the teratology study, no deaths 
occurred f o l l o w i n g adminis t ra t ion of 100 /xg/kg of H C D D to female 
rats for 10 consecutive days. 

2 , 3 , 7 , 8 - T C D D is m u c h more toxic than the other ch lorodibenzodiox ins 
s tudied ; the L D 5 0 ranged f r o m 0.6 /xg/kg i n male guinea pigs to 115 
/xg/kg i n rabbits . D o g s appear to be less sensitive t h a n rabbits . Others 
have reported 1 0 0 % morta l i ty i n rabbits treated w i t h 10 /xg/kg (10) 
a n d ch ick embryos treated w i t h 0.05 /xg/egg (4). 

D e a t h f o l l o w i n g treatment w i t h a le thal dose of 2 , 3 , 7 , 8 - T C D D is 
often de layed for several weeks. A m o n g the animals w h i c h d i e d f o l l o w i n g 
treatment, approximate ly hal f the deaths occurred be tween 13 a n d 18 
days after treatment, w i t h one a n i m a l d y i n g as late as 43 days after a 
single o r a l dose. I n mice a n d rabbits , there is a m a r k e d i n d i v i d u a l di f 
ference i n suscept ib i l i ty to this c o m p o u n d w h i c h makes i t di f f icult to 
conduct acute le thal i ty studies. 

If the results of the rabbi t eye i r r i ta t ion test c a n be extrapolated to 
m a n , acc identa l contact of these ch lorodibenzodiox ins w i t h the eyes 
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68 C H L O R O D I O X I N S O R I G I N A N D F A T E 

s h o u l d not present a serious threat to v i s ion . H o w e v e r , repeated contact 
w i t h the sk in of smal l amounts of either 2 , 3 , 7 , 8 - T C D D or H C D D m a y 
be expected to p r o d u c e chloracne. Sensi t iv i ty to 2 , 3 , 7 , 8 - T C D D was recog
n i z e d b y indus t ry years ago, a n d precautions have been taken to m i n i m i z e 
its occurrence a n d prevent contaminat ion of workers ' sk in . H C D D is 
apparent ly a less potent acnegen than 2 , 3 , 7 , 8 - T C D D . 

A s prev ious ly reported, 2 , 3 , 7 , 8 - T C D D is h i g h l y embryotoxic (12). 
T h e no-effect l eve l for embryotox ic i ty was 0.03 /xg/kg/day of 2,3,7,8-
T C D D . I n contrast to the h i g h embryotox ic i ty of the symmetr ica l 
2 , 3 , 7 , 8 - T C D D , 1 , 2 , 3 , 4 - T C D D was not embryotoxic at doses as h i g h as 
800 ^ / k g / d a y ( 7 ) . 

U s i n g prev ious ly descr ibed definit ions of teratogenici ty a n d embryo
toxic i ty (11), H C D D is teratogenic i n the rat at a 100 /xg/kg/day dose 
level , g i v e n ora l ly o n days 6 t h r o u g h 15 of gestation. Treatment of preg
nant rats w i t h H C D D caused embryotox ic i ty ev idenced b y a dose-related 
decrease i n fetal b o d y w e i g h t a n d c r o w n - r u m p length a n d an increase 
i n the inc idence of fe ta l resorptions ( T a b l e I I I ) . L i k e w i s e , the inc idence 
of cer ta in soft tissue a n d skeletal anomalies increased i n a manner re la ted 
to the dose leve l of H C D D ( T a b l e I V ) . A 0.1 /xg/kg/day dosage of 
H C D D h a d no effect o n e m b r y o n a l or fetal development . 

O C D D caused embryotoxic i ty b u t was not teratogenic at 500 m g / 
k g / d a y . O C D D a n d 2 , 7 - D C D D caused neither teratogenicity nor em
bryotox ic i ty at 100 m g / k g / d a y . K h e r a a n d R u d d i c k (7) repor ted that 
the adminis t ra t ion of 2 m g 2 , 7 - D C D D / k g / d a y was associated w i t h 
microscopic m y o c a r d i a l a n d p e r i c a r d i a l lesions i n rat fetuses. H o w e v e r , 
examinat ion of sections of m y o c a r d i u m a n d p e r i c a r d i u m f r o m fetuses of 
dams treated w i t h 100 m g doses i n this s tudy revealed no m o r p h o l o g i c a l 
differences f r o m controls. 

B o t h 2 , 3 , 7 , 8 - T C D D a n d H C D D give posi t ive results i n check edema 
bioassays ( T a b l e V ) . T h i s H C D D result is consistent w i t h a previous 
report that the H C D D isolated f r o m pentachlorophenol p r o d u c e d c h i c k 
edema (4). These same authors reported that 2 , 3 , 7 , 8 - T C D D was ex
t remely toxic i n the ch ick e m b r y o assay b u t d i d not report that it p r o d u c e d 
c h i c k edema. 

P a t h o l o g i c a l changes observed i n animals treated w i t h ch lorodibenzo
dioxins were inconsistent f r o m a n i m a l to a n i m a l a n d species to species. 
H e p a t i c lesions were observed consistently, but the nature, degree, a n d 
d i s t r i b u t i o n of the lesions w e r e var iable . Changes i n organs other than 
the l iver were sporadic a n d unpredic tab le . Gross a n d microscopic ex
a m i n a t i o n of tissues after c h l o r o d i b e n z o d i o x i n treatment d i d not reveal 
the cause of death. A n i n - d e p t h evaluat ion of the toxic i ty associated 
w i t h chronic exposure to the ch lorodibenzodiox ins is needed. 
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7. S C H W E T Z E T A L . Toxicology of Chlorinated Dioxins 69 

Isomers of a c h l o r o d i b e n z o d i o x i n can p r o d u c e different degrees of 
toxic i ty ; 2 , 3 , 7 , 8 - T C D D is h i g h l y embryotoxic a n d a potent acnegen, but 
1 , 2 , 3 , 4 - T C D D is neither embryotoxic nor acnegenic. 

T h e toxic i ty of ch lorodibenzodiox ins other than those evaluated i n 
this s tudy has not been reported. P u r i f i e d samples of t r ichloro- , penta-
chloro- , a n d h e p t a c h l o r o d i b e n z o - p - d i o x i n w h i c h are free of tetrachloro-
a n d hexach lorodibenzo-p-d iox in need to be synthesized for study. H o w 
ever, h e p t a c h l o r o d i b e n z o - p - d i o x i n cannot be h i g h l y toxic since studies 
o n oc tach lorodibenzo-p-d iox in conta in ing several percent of heptachloro
d i b e n z o - p - d i o x i n have tested the same as the pure product . 

Studies on the chlorodibenzodiox ins have l e d to the f o l l o w i n g con
c lusions : (1 ) 2 ,7 -d ich lorodibenzo-p-d iox in a n d oc tach lorodibenzo-p-d i 
o x i n have a l o w acute toxic i ty ; (2 ) 2 ,3 ,7 ,8- tetrachlorodibenzo-p-dioxin 
has an unusua l ly h i g h toxic i ty ; (3 ) hexach lorodibenzo-p-d iox in is h i g h l y 
toxic but less toxic than 2 ,3 ,7 ,8- tetrachlorodibenzo-p-dioxin; (4 ) a l l chloro
d ibenzodiox ins are not al ike i n their tox ico logica l propert ies . Isomers 
of the same d i b e n z o - p - d i o x i n v a r y i n tox ico logica l propert ies , m a k i n g i t 
important to i d e n t i f y t h e m specif ical ly. 
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Polychlorodibenzo-p-dioxins: Perinatal 

Effects and the Dominant Lethal Test in 

Wistar Rats 

K. S. KHERA and J. A. RUDDICK 

Health Protection Branch, Department of National Health and Welfare, 
Tunney's Pasture, Ottawa, Ontario K1A 0L2, Canada 

Reduced embryonic viability and fetal weight, were found 
in offspring from Wistar rats treated orally during days 
6-15 of gestation with 1-16 μg/kg/day of 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (8-D). Viable fetuses from 0.25 µg/kg/day 
and higher dose groups had a dose-related incidence of 
visceral anomalies characterized by edema and hemorrhage. 
At the 0.125 µg/kg/day level, no fetopathic effect was ap
parent. Postnatally, the servival, body weight gain, and 
reproductive ability of the progeny were adversely affected 
following maternal dosing with 1-0.5 µg/kg/day of 8-D. 
Specific activity occurred in the fetus, placenta, liver, kidney, 
brain, and fat of the gravida. Additional dosing with 4-D, 
2-D, 2,3-dichlorodibenzo-p-dioxin, or 2-chlorodibenzo-p
-dioxin during gestation produced no significant effects. 

^ consistent pericardial edema in chickens gave rise to the term chick 
**** edema disease (chick edema factor) ( J ) . Two known outbreaks of 
the disease in the broiler industry resulted in a great loss of chickens. A 
l ipid residue from the manufacturing fatty acids, being used as a feed 
ingredient, was a principal source of the toxic substance. Contamination 
of the l ipid component with polychlorodibenzo-p-dioxins was attributed 
as the causal agent. 

Industrial workers involved in chlorinated aromatic production in
cluding chlorophenol suffered dioxin-induced chloracne (2,3). Chloracne 
and other serious health disturbances have been attributed to polychloro
dibenzo-p-dioxins in workers involved in manufacturing 2,4,5-T (4, 5). 
Dioxins are toxic to chick embryos, guinea pigs, rabbits, and monkeys 
(6, 7, 8, 9,10). 
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8. KHERA A N D R U D D i C K Polychlorodibenzo-p-dioxins 71 

Polychlorodibenzo-p-dioxins contain from one to eight chlorine atoms 
with a theoretical possibility of forming 75 compounds, many of them 
being isomers. Thus far, ten of these dioxins have been identified as 
contaminants in food, vegetable oils, animal feeds, technical grades of 
chlorophenols, and the herbicide, 2,4,5-T (11, 12). Such findings war
ranted a teratologic and mutagenic evaluation of identified members of 
the dioxin family. 

Experimental 

Female Wistar rats treated orally with 0.125-16 jug/kg/day of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (8-D) , 50-800 /ig/kg/day of 1,2,3,4-tetra-
chlorodibenzo-p-dioxin (4-D) , and 250-2000 jug/kg/day of 2,7-dichloro-
dibenzo-p-dioxin (2-D) and 1,000-2,000 ^g/kg/day of 2,3-dichlorodi-
benzo-p-dioxin or 2-chlorodibenzo-p-dioxin during 6—15 days of gestation 
( first morning of a positive vaginal smear was designated as day 1 ) were 
assessed for prenatal effects of the compounds on their progeny. 

The test compound was dissolved in a minimal volume of anisole, 
which was in turn diluted in corn oil . The anisole concentration never 
exceeded 1.5% (v/v) . Treated controls were dosed with an equivalent 
anisole-corn oil concentration. Untreated controls (not subjected to ex
perimental manipulation ) were also included in the experiments. Females 
were weighed on days 1, 6-15, and 22 of gestation; maternal postmortem 
weights were also recorded. The females in the prenatal studies were 
killed, and their uteri examined on the 22nd day of gestation. The number 
of viable and dead fetuses were noted. Viable fetuses were weighed and 
processed for skeletal, visceral, or microscopic examinations. Visceral 
examination of fetuses was conducted on gross sections (3-4 mm thick) 
cut on the saggital plane. For microscopy mid-saggital sections from 
whole fetuses were stained with haematoxylin-phloxine-saffron. 

The postnatal studies were conducted only on 8-D, 4-D, and 2-D. 
Dams, given oral doses of these dioxins, were allowed to litter. Values 
for stillborn were less certain as some of the stillborn might have been 
missed, owing to cannibalism. The pups were examined frequently for 
viability, body weight gain, gross defects, and signs of abnormal behavior. 
The progenies on reaching maturity were mated within treatment groups. 
Values for female and male fertility (ability to become pregnant or 
induce pregnancy ) and numbers of viable fetuses, dead fetuses, resorption 
sites, and corpora lutea were analyzed for possible effects. 

Uniformly labeled 1 4 C - 8 - D with a specific activity of 2.99 juc/mg 
was administered orally to pregnant females at 2 jug/kg/day from 6-15 
days of gestation. Three females were sacrificed on alternate days during 
days 6-20 of pregnancy. Triplicate samples of fetus, placenta, blood, 
brain, abdominal fat, and sartorius muscle were procured from each 
female. The samples were dissolved in 1 ml of Soluene (Packard Instru
ments) to which 15 m l of Aquasol were added. Each sample vial was 
counted for 30 min in a Nuclear Chicago Mark I l iquid scintillation 
counter. 

A second experiment with the labeled 8-D (same activity as in the 
above experiment) was designed to determine whether the label crossed 
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72 CHLORODIOXINS ORIGIN A N D F A T E 

Table I. 2,3,7,8-Tetrachlorodibenzo-

Experi Alive 
ment Dose-Group Maternal No. of Fetuses 
No. fog/kg) Toxicity Dams Ave/1 

I Untreated control — 13 11.5 
Treated control — 12 9.8 

16 + 7 0 
8 + 9 0 
4 + 7 0 
2 + 13 6.0 
1 + 15 6.5 

II Untreated control — 13 10.7 
Treated control — 13 11.0 

1 11 9.3 
0.5 — 13 10.5 
0.25 — 13 10.9 
0.125 — 15 10.6 

α Number of abnormal fetuses/total number examined. 

the placenta and entered the fetus. The compound was given as a single 
oral dose of 200 μg/kg to each of the two dams on gestation day 16, 17, 
or 18. The dams were killed 6 hours after dosing, and triplicate samples 
were obtained except the muscle. 

The fetuses and placentae were homogenized with a hand grinder 
in 3 ml of methanol:chloroform (2:1), and the homogenate was trans
ferred to a stoppered centrifuge tube. The homogenizer was rinsed twice 
with 1 ml of the methanol:chloroform mixture each time, and the rinses 
were combined with the homogenate. The tubes were set in a water bath 
at 50 °C for 1 hour. Then, the tubes were centrifuged at 2000 g for 
10 min. The supernatant and precipitate were transferred to separate 
scintillation counting vials. Once the methanol and chloroform were 
evaporated by heating in an oven at 40 °C, 1 ml of Soluene followed by 
15 ml of Aquasol was added to each vial and counted as described 
previously. The maternal tissues were handled as in the preceding 
experiment. 

A dominant lethal test was conducted with groups of male rats dosed 
orally with 4, 8, or 12 /xg/kg/day of 8-D for seven consecutive days 
after which seven sequential mating trials were conducted in the sur
viving males. A t a mating trial each male was caged with two untreated 
virgin females for 5 days. The females were killed 9 days after separa
tion from the males, and viable embryos, resorption sites, and corpora 
lutea were counted. A t the end of the mating schedule the surviving 
males were killed, and their testes and epididymis were examined 
histologically. 

Experimental Results 

2,3,7,8-TETRACHLORODIBENZO-p-DlOXIN (8-D) . PRENATAL EFFECTS. 
Data from 2 experiments conducted with 0.125-16 /xg/kg/day doses of 
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8. KHERA A N D R U D D i C K Polychlorodibenzo-p-dioxins 73 

^-Dioxin: Prenatal Data 

Dead and 
Resorbed Fetal 
Fetuses Weight 
Ave/1 (g) Ave 

Anomalies a 

Skeleton 

(%) Gross 

Visceral Lesions a 

0.2 4.68 
0.8 4.77 
9.3 — 

8/116 (7) 
9/89 (10) 

0/16 
0/18 

11.8 
11.0 
6.7 3.31 
3.7 4.17 

7/57 (12) 
7/80 (7) 

11/14 
7/12 

3/7 
3/6 

0.6 4.82 
0.9 4.51 
0.8 4.10 
1.1 4.46 
0.2 4.79 
0.1 4.64 

5/107 (5) 
21/116 (18) 

6/81 (7) 
10/105 (10) 
6/109 (6) 
3/121 (2) 

N D " 
0/16 
2/11 
N D 
N D 
N D 

0/13 
0/11 
3/10 
3/31 
1/33 
0/38 

6 Not done. 

8-D are summarized in Table I. Doses of 4 jug/kg/day or more produced 
maternal toxicity and 100% embryonic lethality. Two and 1 /xg/kg/day 
treatments were also toxic for the mothers and resulted in reduced num
ber of viable fetuses per litter and reduced fetal weights. Lower doses 

Figure 1. Subcutaneous fetal edema following maternal dosing with 2 mg/ 
kg/day of 2,3,7,8-tetrachlorodibenzo-p-dioxin 
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74 CHLORODIOXINS ORIGIN A N D FATE 

(0.5-0.125 /xg/kg/day), however, had no adverse effect on these param
eters. The incidence of skeletal anomalies, presented as the number of 
malformed fetuses vs. the total number of fetuses examined, is given in 
Table I . Wavy ribs, lumbar ribs, and various sternal defects already re
ported for this strain of rats (13) were observed in the test as well as 
control groups. At the dose range of 2.0-0.125 /xg/kg/day the incidence 
was comparable with the control. Visceral lesions in test fetuses con
sisted of subcutaneous edema of head, neck, and trunk (Figure 1) and 
hemorrhages in the intestinal lumen (Figure 3). The hemorrhages were 
comparable with previous observations (14, 15), but further hemorrhages 
in the brain cavities and subcutaneous tissues were also noted. These 
lesions were observed in gross and histologic sections of fetuses from the 
0.25-2 /xg/kg groups; their incidence was dose-related. No fetopathic 
effect was noticed at the 0.125 /xg/kg/day level. None of the lesions 
were observed in the controls. 

Figure 2. Control, section of rat intestine (100X) 

P O S T N A T A L E F F E C T S . Progeny survival and average pup weight at 
birth and at weaning are tabulated in Table I I . The average number of 
viable pups littered and pup weight at birth indicated a dose related 
reduction at the 0.25, 0.5, and 1 /xg/kg doses. Progeny viability until 
weaning (day 21) and average pup weight of the weanlings from 0.5 
and 1 /xg/kg groups were reduced as compared with the controls. No 
pups delivered from the 1 /xg/kg treated mothers survived until weaning 

Pu
bl

is
he

d 
on

 M
ar

ch
 1

, 1
97

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
3-

01
20

.c
h0

08



8. KHERA AND R U D D i c K Polychlorodibenzo-p-dioxins 75 

Figure 3. Section of intestine from fetus whose mother was dosed orally with 
1 μg/kg/day of 2,3,7,8-tetrachlorodibenzo-p-dioxin during gestation days 6-15 

(Note hemorrhage in intestinal lumen) (100X) 

while 60% of the pups from the 0.5 /xg/kg dosed mothers lived to day 21. 
Treatment with 0.125 /xg/kg had no adverse postnatal effect on the 
progeny (Table II) . 

Postnatal mortality in littered pups was investigated further by trans
ferring 42 newly born pups from five mothers orally treated with 1 /xg/kg 
during 6-15 days of gestation to five control dams. Forty-six neonates 
from the control mothers were transferred to the five treated 8 - D dams. 
The pups were reared by the exchanged mothers until weaning. Thirty-
six of the 42 pups from the 8 - D group died, whereas only two of the 46 
control pups died. The postnatal lethality, therefore, seemed to be a late 
expression of in utero embryonic damage induced by 8 - D and not resulting 
from excretion of toxic substances in the maternal milk. 

The progeny, mated within the experimental group, had a decreased 
number of pregnancies and reduced litter size at the 0.5 /xg/kg while 
no effect was observed in 0.25 /xg/kg progeny. 

L O C A L I Z A T I O N OF 1 4 C - 2 , 3 , 7 , 8 - T E T R A C H L O R O D I R E N Z O - p - D I O X I N I N TIS
SUES OF P R E G N A N T R A T S . The radioactivity, expressed as micrograms of 
8 - D per gram wet weight was detected in liver, fat, and brain but not 
in blood, kidney, sartorius muscle, embryo, and placenta. O n day 8 of 
gestation 0.07 jug/gram of 8 - D was observed in the liver (Figure 4). The 
amount increased to 0.21 /xg/gram on the 12th day and remained constant 
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76 CHLORODIOXINS ORIGIN A N D FATE 

Table II. 2,3,7,8-Tetrachlorodibenzo-

Dose-Group Maternal 
(\ig/kg) Toxicity 

Untreated control — 
Treated control — 

1 + 
0.5 + 
0.25 
0.125 

No. of 
Viable 
Pups 

No. of Littered 
Dams ,(Ave./l) 

14 12.0 
14 11.6 
14 5.9 
14 9.9 
14 10.2 
15 10.9 

No. Pup Weight 
Stillborn at Birth 
(Ave./I) Ave. (g) 

0.4 6.38 
0.2 6.54 
2.4 5.18 
1.0 5.70 
0.4 5.97 
0.3 6.51 

until the 20th day of gestation (0.18 /xg/gram). The amount in the fat 
reached 0.028 /xg/gram on the 12th day and increased to 0.052 /xg/gram 
on the 20th day. The brain accumulated label until the 10th day of 
gestation (0.029 /xg/gram), dropped on the 12th day to 0.016 and then 
increased to 0.028 /xg/gram on the 20th day. No significantly increased 

3 
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Figure 4. Distribution of 14C-2,3,7' ,8-tetrachlorodibenzo-
p-dioxin in pregnant Wistar rats treated orally from 6-15 

days of gestation with 2 pg/kg/day 
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8. KHERA A N D R U D D i C K Polychlorodibenzo-p-dioxins 77 

£-Dioxin: Postnatal Effects on Progeny 

No. of 
Pups 

Allowed to 
Survive 0-1 

Mortality During 
Ages (Days) 

1-2 3-10 11-21 
on Day 21 

(%) 

Survival Pup Weight 
on Day 21 

Ave. (g) 

128 
149 
40 

139 
143 
164 

0 
0 

20 
14 

5 
1 

0 
0 
2 
6 
0 
0 

δ 
13 
11 

1 4 
13 

5 
25 

7 
6 

123 (96) 
131 (88) 

0(0) 
83 (60) 

129 (90) 
153 (93) 

31.99 
30.22 

4 

24.99 
30.96 
29.91 

radioactivity in the tissues was detected after 12 days of gestation (Fig
ure 4) despite daily dosing being continued until the 15th day of gesta
tion. Further data on rates of absorption, metabolism, and excretion, 
using 8 - D of higher specific activity w i l l be needed to explain this 
observation. 

Table I I I presents the amounts of 1 4 C - 8 - D (/xg/gram) from the 
second label experiment. On gestation day 16, 17, and 18, the average 
values of 0.011, 0.015, and 0.016 /xg/gram were observed for the fetus 
while 0.025, 0.038, and 0.041 /xg/gram were obtained for the placenta. 
The average fetal weights were 277, 464, and 801 mg and the placental 
weights were 218, 300, and 341 mg on days 16, 17, and 18, respectively. 
The dams (300 grams) received approximately 60 /xg/kg of 8 - D as a 
single dose (at the rate of 200 /xg/kg) on these gestation days. W i t h 
these data it was estimated that the percentage of the dose present was 
0.005, 0.012, and 0.021 for the fetus and 0.009, 0.019, and 0.023 for the 
placenta on days 16, 17, and 18, respectively. 

D O M I N A N T L E T H A L A S S A Y . A l l doses of 8 - D used in the dominant 
lethal study were toxic for the male rats. The highest dose, 12 /xg/kg/day, 
was lethal for 20/20 males (mean survival, 17.7 days), 8 /xg/kg/day 
killed 11/20 males (mean survival, 20.1 days), and 4 /xg/kg/day was 
lethal for 2/20 (mean survival, 36.5 days). There were no mortalities 
in the control group. 

Reproductive values indicated no dominant lethal mutations during 
35 days post-treatment (Table I V ) . The period examined corresponded 
to postmeiotic stages of spermatogenesis. The incidence of pregnancies 
at all mating trials in the treated groups remained lower than the control. 

Testes from the males examined 43 days after the 8 - D treatment 
appeared normal. However, the epididymis was involved in an inflam
matory process with sperm granulomas formation. The granulomatous 
epididymal lesion resembled the lesion seen in auto-immune reaction 
following bacterial infections or tissue response to foreign bodies (16, 17, 
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78 CHLORODIOXINS ORIGIN A N D FATE 

Table III. Tissue Distribution in Dams Following a Single Oral Dose 
of 200 /xg/kg of C 1 4-2,3,7,8-Tetrachlorodibenzo-£-Dioxin on 

Gestation Day 16, 17, or 18 (/xg/gram of tissue) 

Gestation Day 

16 17 18 

Liver 0.339 ± 0.015 0.339 ± 0.019 0.275 =fc 0.020 
Kidney 0.035 =b 0.008 0.058 ± 0.006 0.049 =b 0.005 
Fat 0.105 db 0.025 0.113 db 0.010 0.089 ± 0.008 
B r a i n a 0.040 ± 0.008 0.047 =fc 0.003 0.041 db 0.002 
Blood 0.025 db 0.011 0.019 =b 0.009 0.010 =b 0.003 
Fetus 0.011 ± 0.003 0.015 db 0.001 0.016 ± 0.001 
Placenta 0.025 ± 0.006 0.038 =b 0.004 0.041 ± 0.003 
Fetusppte 6 — c — — 
Placenta ppte — — — 

° Standard error in blood is 50% while all other samples are from 3-10%. 
6 Precipitate. 
c No label observed. 

18). In addition, the ductal mucosa in the caudal region was hyperplastic, 
being lined by 4-5 rows of cells. Epidermal hyperplasia following topical 
application of 8-D on rabbit's ear is known (19). 

l,2,3,4-Tetrachlorodibenzo-£-Dioxin. 1,2,3,4-Tetrachlorodibenzo-p-
dioxin tested for prenatal effects using 50-800 /xg/kg/day during 6-15 
days of gestation showed no maternal toxicity ( Table V ). Average values 
for viable fetuses, dead fetuses, and fetal weight were within the control 
range. Microscopic examination did not reveal effects at the two high 
dose levels of 400 and 800 /xg/kg/day. Incidence of gross visceral and 
skeletal anomalies were within control limits (Table V ) . 

Postnatally, until weaning the viability and mean body weight of 
progeny from dams treated with 800 /xg/kg of 1,2,3,4-tetrachlorodibenzo-

Table IV. Pregnancies and Viable Embryos and 
2,3,7,8 -Tetr achlorodibenzo-

Mating Intervals 
Viable Embryos 

Mating Mating Intervals Doses ([kg/kg) 
Trial, After Dosing 

Doses ([kg/kg) 

8 No. (days) 0 4 8 

1 0-5 12.1 12.8 8.7 
2 5-10 9.1 10.7 14 
3 10-15 10.0 11.5 
4 15-20 10.2 10.3 12.3 
5 20-25 12.4 12.4 12.5 
6 25-30 10.7 12.0 13.0 
7 30-35 13.2 11.2 11.3 

« Values based on 40 females mated to 20 males (in each of the 0 and 4 ^g/kg groups) 
and 12 females mated to 6 of the surviving males (8 μg/kg). 
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8. KHERA A N D R U D D i C K Polychlorodibenzo-p-dioxins 79 

p-dioxin were within control range (Table V I ) . Likewise, no effect was 
noticed on male or female fertility and embryonic viability after mating 
the progeny which became adult. 

2,7-Dichlorodibenzo-£-Dioxin. Prenatal data from rats treated dur
ing gestation with 250-2000 /xg/kg/day of 2,7-dichlorodibenzo-p-dioxin 
are given in Table V I . The average litter size distributions of dead 
fetuses per litter and the average fetal weight in the test groups were not 
significantly different from the control. The incidence of skeletal mal
formation vs. the total number examined for the various dose groups 
indicated no significant deviation from control values (Table V I ) . The 
types of malformations were the same as described above. 

Microscopic examination of the heart revealed edematous separation 
of myofibrils that had resulted in compression thinning and fragmentation 
of myofibres. Myofibre outlines were less distinct, and there was loss of 
acidophilic staining. Mitotic figures were rare, indicating that growth 
of the cardiac tissue was suppressed. The incidence of cardiac lesions is 
given (Table V I ) . 

The postnatal effects of maternal treatment with 2,7-dichlorodibenzo-
p-dioxin are summarized in Table VII . No significant changes were found. 
The progeny on becoming adult were mated within the treatment groups. 
No effects on male or female fertility, embryonic viability, and total 
implantation/corpora lutea ratio were observed. 

2,3-Dichlorodibenzo-£-Dioxin. Maternal treatment with 1,000 and 
2,000 /xg/kg/day of 2,3-dichlorodibenzo-p-dioxin during 6-15 days of 
pregnancy had no effect on fetal viability, average fetal weight, and 
normal incidence of skeletal anomalies ( Table VII I ). None of the gravidas 
at the two doses manifested any toxicity sign. 

2-Chlorodibenzo-£-Dioxin. Prenatal parameters at dose levels of 
1,000 and 2,000 /xg/kg/day of 2-chlorodibenzo-p-dioxin are given ( Table 

Resorption Sites per Pregnancy in Females Mated to 
^-Dioxin Treated Males" 

Resorption Sites Percent Pregnancy 
Doses fag/kg) Doses fag/kg) 

0 4 8 0 4 8 

0 0 0 30 15 8 
2.1 0 0 50 15 3 
0 0 0 43 10 2 
0 0 0 43 18 25 
0.1 0.1 0 80 28 25 
0 0 0 73 43 34 
0.1 0.1 0 83 55 25 
6 Embr3^os only from one pregnancy. 
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80 CHLORODIOXINS ORIGIN A N D F A T E 

Table V. l,2,3,4-Tetrachlorodibenzo-£-

Alive 
Dose-Group Maternal No. of Fetuses 

fag/kg) Toxicity Dams Ave/1 

Control (untreated) - 10 12.0 
Control (treated) - 13 12.5 

800 - 15 11.7 
400 - 14 12.6 
200 - 15 12.1 
100 - 14 11.4 
50 - 15 12.2 

α Number of anomalous fetuses/total number examined. 

Table VI. 2,7-Dichlorodibenzo-

Dead and 
Alive Resorbed Fetal 

Dose-Group Maternal No. of Fetuses Fetuses Weight 
fag/kg) Toxicity Dams Ave./L Ave./L Ave. (g) 

Untreated control — 14 10.9 0.9 4.48 
Treated control — 15 11.0 0.3 4.70 

2,000 — 13 10.5 0.6 4.85 
1,000 — 15 11.2 0.7 4.43 

500 — 15 11.1 0.9 4.35 
250 — 13 11.0 0.3 4.77 

° Number of abnormal fetuses/total number examined. 

Table VII. l,2,3,4-Tetrachlorodibenzo-£-Dioxin and 

Chlorodibenzo- Dose-Group Maternal No. of 
p-dioxin fag/kg) Toxicity Dams 

Treated control — 11 
1,2,3,4-Tetra-. 800 - 12 
2,7-Dichloro-. 2,000 - 12 

1,000 - 13 
500 - 13 
250 - 15 
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8. KHERA A N D R U D D i C K Polychlorodibenzo-p-dioxins 81 

Dioxin: Prenatal Effects on Rat Fetus 

Dead and 
Resorbed Fetal 

Skeletal 
Viarprnl Τjp.Ri.nn.Sia 

Fetuses Weight Skeletal 
Ave/1 (g), Ave Anomalies a Microscopic Gross 

OA 4.65 5/81 N D 6 1/31 
0.2 4.71 7/101 0/12 2/41 
0.6 4.89 7/107 0/13 2/53 
0.5 4.48 13/118 0/14 1/41 
0.3 4.57 15/108 N D 1/45 
0.9 4.66 16/107 N D 1/51 
0.4 4.63 8/115 N D 1/46 

6 Not done. 

^-Dioxin: Prenatal Effects 

Microscopic Examination 

Skeleton No. of 
Anomalies a Fetuses 

(%) Examined 

13/102 (13) N D 
13/109 (12) 22 
6/91 (7) 18 
8/112 (7) 24 

20/101 (18) 19 
8/103 (8) 22 

No. of Fetuses 
with Lesions of 

Myocardium 

0 
7 
2 
0 
0 

Hydro 
pericardium 

3 
2 
5 

6 Not done. 

2,7-Dichlorodibenzo-£-Dioxin: Postnatal Effects on Progeny 

No. of Stillborn 
Viable Pups + Dead Pup Weight Survival Pup Weight 

Littered after Birth at Birth on Day 21 on Day 21 
Ave./L Ave./L Ave. (g) (%) Ave. (g) 

12.5 0.1 6.52 96 32.52 
11.7 0.4 6.36 95 33.22 
10.3 0 6.69 93 33.22 
9.6 0.2 6.61 99 34.24 

11.1 0.2 6.65 87 36.65 
11.7 0.1 6.71 98 33.72 
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82 CHLORODIOXINS ORIGIN A N D F A T E 

Table VIII. 2,3-Dichlorodibenzo-£-Dioxin 

Dose-Group 
fag/kg) 

Treated control 

Maternal 
Toxicity 

No. of 
Test Compound Dams 

12 
2,3-Dichlorodibenzo-p-

dioxin 
2,000 
1,000 

11 
12 

2-Chlorodibenzo-p-
dioxin 

2,000 
1,000 

12 
11 

α Number of malformed fetuses/total number examined. 

VII I ) . Except for slight increase in resorption sites, all fetal measures 
were within control range. 

Conclusion 

Oral treatment of pregnant dams with 0.25 /xg (or more) /kg/day 
of 2,3,7,8-tetrachlorodibenzo-p-dioxin for 10 days during gestation resulted 
in adverse effects on rat development. No adverse effects were seen at 
the 0.125 ^/kg/day. When 1 4C-2,3,7,8-tetrachlorodibenzo-p-dioxin (2.99 
/xc/mg) was given at 2 /xg/kg/day there was activity, primarily in liver 
and to a lesser extent, in fat and brain. When a single oral dose of 200 
/xg/kg was administered on gestation days 16, 17, or 18 and was followed 
6 hours later with tissue sampling, the label was also observed in the 
fetus and placenta. Placenta had approximately twice as much label as 
the fetus. 

In male rats 2,3,7,8-tetrachlorodibenzo-p-dioxin induced hyperplastic 
changes and sperm granulomas in the epididymis, but no apparent lethal 
mutations were noted during post-meiotic phases of spermatogenesis. 

1,2,3,4-Tetrachlorodibenzo-p-dioxin elicited no apparent prenatal or 
postnatal effects when doses of up to 800 /xg/kg/day were given orally 
for 10 days of gestation. Treatment with 250-2000 /xg/kg/day of 2,7-di
chlorodibenzo-p-dioxin (99% purity) had no significant effect on pre
natal and postnatal measures of toxicity but caused a low incidence of 
cardiac lesions. 2,3-Dichlorodibenzo-p-dioxin and 2-chlorodibenzo-p-
dioxin up to 2000 /xg/kg/day had no adverse effect on survival, average 
weight, and skeleton of term fetuses. 
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8. KHERA A N D R U D D i C K Polychlorodibenzo-p-dioxins 83 

and 2-Chlorodibenzo-^-Dioxin: Prenatal Data 

Dead and 
Alive Resorbed Fetal Skeletal 

Fetuses Fetuses Weight Anomaliesa 

Ave./L Ave.IL (g) Ave. (%) 

11.3 0.5 5.07 14/92 (15) 

11.4 0.8 5.11 5/84 (6) 
10.9 0.8 5.02 5/88 (6) 

10.1 1.1 5.01 9/80 (11) 
11.5 0.8 4.86 6/83 (7) 
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Excretion and Tissue Distribution of 

2,3,7,8-Tetrachlorodibenzo-p-dioxin in the 

Rat 

W A L T E R N. PIPER, JAMES Q. ROSE, and P. J. G E H R I N G 

Chemical Biology Research, The Dow Chemical Co., Midland, Mich. 48640 

The tissue distribution and excretion of 14C activity have 
been determined for rats given a single oral dose of tetra-
chlorodibenzo-p-dioxin-14C. The half-life for the disappear
ance of 14C activity from the body is 17.4 ± 5.6 days. 
Examining various tissues 3, 7, and 21 days following ad
ministration revealed that the concentration of 14C activity 
in liver and fat was about 10-fold greater than that found 
in any other tissue. In the liver the percentages of the dose 
per gram at 3, 7, and 21 days were 3.18, 4.49, and 1.33, 
respectively. Comparable values for fat were 2.60, 3.22, 
and 0.43. A total of 53.2% of the dose was eliminated via 
the feces and 13.2 and 3.2% via urine and expired air 
within 21 days following administration. 

>~phe compound, 2,3,7,8-tetrachlorodibenzo-p-dioxin ( T C D D ) , is highly 
toxic (see Figure 1). The L D 5 0 for male and female rats given a 

single oral dose is 23 and 45 /xg/kg, respectively, while that for male 
guinea pigs is 0.6 /*g/kg ( I ) . Recently, adverse effects were observed 
in a teratological study in which pregnant rats were given oral doses of 
0.125-2.0 /xg/kg/day T C D D from days 6 through 15 of gestation (2). 
The adverse effects were increased fetal mortality, early and late resorp
tions, and intestinal hemorrhage in the fetuses. No adverse effects were 
noted at the 0.03 /xg/kg/day level. 

In humans and rabbits contamination of the skin with T C D D pro
duces chloracne-like lesions (3, 4). This disease is characterized by the 
appearance of hyperkeratosis, papules, comedones, and cysts. 

There is no available information on the absorption, excretion, or 
tissue distribution of T C D D in animals. Therefore, this study was done 
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86 CHLORODIOXINS ORIGIN A N D FATE 

to determine the excretion and tissue distribution of radioactivity de
rived from T C D D - 1 4 C following a single oral dose of the labeled 
compound. 

Animals. Male Spartan strain Sprague Dawley rats weighing 165-210 
grams were used. The rats were acclimated to the environment of the 
metabolism cages five days before dosage. Food and water were pro
vided ad libitum throughout the experiment. 

14C-Tetrachlorodibenzo-/>-dioxin. Uniformly labeled T C D D - 1 4 C was 
synthesized at the Radiochemistry Research Laboratory of The Dow 
Chemical Co. The specific activity was 2.8 /xCi/mg. The T C D D - 1 4 C 
sample was analyzed by mass spectrometry and gas—liquid chromatogra
phy and indicated a purity of 93.3 and 95.0%, respectively. 

Dosage. T C D D was dissolved in acetone; subsequently, one part of 
the acetone solution was added to and mixed with nine parts of U S P 
corn oil . The acetone-corn oil solution of T C D D was given to rats at a 
rate of 5 ml/kg by intubation. This volume of solution provided a dose 
of 50 fxg/kg and 0.14 M C i / k g T C D D - 1 4 C . 

Sample Collection. After administering the solution containing 
T C D D - 1 4 C , the rats were placed in all glass metabolism chambers which 
were equipped for separate collection of urine, feces, and expired air. 
The C 0 2 in the exiting air stream was trapped by bubbling it through 
3:7 ethanolamine : 2-methoxyethanol. 

Radioactivity Analysis. Samples of urine, feces, and tissues were 
combusted to 1 4 C 0 2 and analyzed for radioactivity (5). By using this 
method the recovery of radioactivity from samples spiked with 1 4 C was 
95 ± 5 % . To determine the radioactivity expired as C 0 2 , 5-ml aliquots 
of the solution used to trap the C 0 2 were added to 15 ml of a scintillation 
counting solution containing 4 grams 2,5-diphenyloxazole (PPO) and 0.1 
grams l,4-bis-2(5-phenyloxazolyl)-benzene ( P O P O P ) per liter of 1:1 
toluene:2-methoxyethanol. Samples were counted for radioactivity in a 
Nuclear Chicago Mark II l iquid scintillation counter. Counting efficiency 
was corrected by the internal standard technique. 

The percentage of the total dose of radioactivity excreted daily in 
the feces, urine, or expired air over a 21-day period following a single 
oral dose of T C D D - 1 4 C is shown in Figure 2. Approximately 30% of the 

Figure 1. Structural formula 
of 2,3,7' ,8-tetrachlorodibenzo-

p-dioxin 

Methods 

Results 
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9. PIPER ET A L . Excretion and Tissue Distribution 87 

1 4 C activity was excreted in the feces during the first 48 hours. Most of 
this probably represents unabsorbed T C D D - 1 4 C . O n each of the remain
ing 19 days, 1-2% per day of the 1 4 C activity was excreted in the feces. 
A total of 53.2 ± 3.8% of the administered dose was excreted via the 
feces over the 21-day period. The total cumulative amount excreted in 
the urine and expired air was 13.2 db 1.3% and 3.2 d= 0.1%, respectively. 

20 r 

Q 
UJ 
H-
LU 
g '5-
X 
LU 

Id 
CO 
Ο 

DAYS 
Figure 2. Excretion of 14C activity by rats following a 
single oral dose of 50 μg/kg (0.14 μα/kg) 2,3,7,8-tetra-
chlorodibenzo-p-dioxin. Each point represents the mean 

± SE for three rats. 

To determine the overall rate of clearance of 1 4 C administered as 
T C D D from the body, the total cumulative amount of 1 4 C excreted in 
feces, urine, and expired air at the end of each day was subtracted from 
the total dose administered to the animal. These values, representing 
the percentage of the total dose remaining in the animal at the end of 
each day, were then plotted semilogarithmically as a function of time 
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Figure 3. Clearance of 14C activity from the body of rats given 
a single oral dose of 50 ^g/hg (0.14 μα/kg) 2,3,7,8-tetrachloro-
dibenzo-p-dioxin. Each value represents the mean ± SE for three 

rats. 

(Figure 3). Except for the first two days following administration, the 
clearance of 1 4 C activity from the body followed apparent first order rate 
kinetics. The half-life for clearance, t1/2, was 17.4 ± 5.6 days. As previ
ously indicated, it was assumed that the relatively large amount excreted 
during the first 2 days had not been absorbed; therefore, these values 
were not used in calculating the clearance rate. 

Analyses of tissues indicated that the 1 4 C activity derived from 
T C D D and/or its breakdown products was located mainly in the liver 
and fat (Table I ) . The percentages of the dose per gram of liver at 3, 
7, and 21 days following administration were 3.18, 4.49, and 1.33, respec
tively. Comparable values for fat were 2.60, 3.22, and 0.43% /gram. 

Smaller concentrations of 1 4 C activity were found in other tissues: 
muscle, testes, lungs, heart, skin, spleen, stomach, pancreas, brain, bone, 
kidneys, and adrenals (Table II) . Standard errors as large as the mean 

Table I. 1 4 C Activity Expressed as Percent of Dose per Gram 
(%/gram) in the Liver and Fat of Rats 3, 7, and 21 Days 

Following a Single Oral Dose of T C D D - 1 4 C a 

Time Post-Administration 

Tissue 3 days 7 days 21 days 

Liver 3 . 1 8 ± 0 . 2 1 6 4.49d=0.62 1.33±0.70 
(47%) « (45%) (11%) 

Fat 2.60=1=0.48 3.22=fc0.63 0.43 d 

° Dose—50 μg/kg (0.14 y.Ci/kg); 3 rats/observation. 
6 Mean ± standard error. 
c The percent of the total dose found in the entire liver. 
d Mean for 2 rats. 
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9. PIPER E T A L . Excretion and Tissue Distribution 89 

Table II. 1 4 C Activity Expressed as Percent of Dose per Gram 
(%/gram) in Various Tissues of Rats 3, 7, and 21 Days 

Following a Single Oral Dose of TCDD- 1 4 C° 

Time Post-Administration 

Tissue 3 days 7 days 21 days 

Muscle 0.38=1=0.016 0.21=1=0.05 0.20=1=0.12 
Testes 0.38=1=0.03 0.36=1=0.10 0.11=1=0.09 
Lungs 0.27=1=0.02 0.39=1=0.14 0.06=1=0.05 
Heart 0.20=1=0.03 0.40=1=0.16 0.09=b0.05 
Skin 0.19=1=0.10 0.19=1=0.10 0.09=b0.04 
Spleen 0.15=1=0.02 0.95=1=0.53 0.22=1=0.22 
Stomach 0.16=1=0.05 O.lOiO.OO 0.02=b0.02 
Pancreas 0.11=1=0.06 0.16 c 0.16±0.16 
Brain 0.06=1=0.00 0.13=1=0.09 0.01=1=0.01 
Bone 0.09=1=0.03 0.42db0.42 0.08=1=0.08 
Kidneys 0.00 d 0.34=1=0.17 0.00 d 

Adrenals 0.79=L0.79 0.02=1=0.02 3.69=1=1.77 
a Dose—50 μg/kg (0.14 μΟί/1*£); 3 rats/observation. 
h Mean =b standard error. 
c Mean of 2 rats. 
d No activity above background in all 3 rats. 
e This large value may be experimental error. The DPM'S above background for 

the adrenals of the three rats were 17, 29 and 90. Since the total amount of tissue was 
1 ess than 20 mg, the multiplication factor may have magnified the error many fold. 

suggest that some of the values presented in this table may result from 
experimental error: adrenals—3 days; bone—7 days; spleen—21 days; 
pancreas—21 days. Radioactivity exceeding background in these tissues 
at the indicated time was detected in only one of three rats. 

The value given in Table II for adrenals 21 days following adminis
tration suggests that this tissue may concentrate T C D D - 1 4 C and/or a 
metabolite. This observation results probably from experimental error. 
The disintegrations per minute ( D P M ) above background for this tissue 
were only 17, 29, and 90. Since the total amount of tissue available for 
analysis was less than 20 mg, the multiplication factor may have magnified 
the error many fold. 

Total recovery of the administered 1 4 C activity was determined for 
those rats used in the 21-day experiment. The 1 4 C activity remaining in 
the unused carcass was determined by analyzing an aliquot of a homoge
nate of the remaining carcass. The recovery was 96.8 ± 3.0%. 

Discussion 

In this study the tissue distribution and excretion of 1 4 C activity has 
been evaluated in rats following a single oral dose of T C D D - 1 4 C . Almost 
30% of the dose administered was eliminated via the feces during the 
first 48 hours following treatment. The excretion of 1 4 C activity via the 
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9 0 CHLORODIOXINS ORIGIN A N D FATE 

feces after the first 48 hours ranged from 1-2% per day. It appears that 
T C D D is incompletely absorbed from the gastrointestinal tract. The 1 4 C 
activity derived from the absorbed T C D D - 1 4 C also is excreted mainly 
via the feces. 

Once absorbed in the body, most of the 1 4 C activity derived from 
T C D D - 1 4 C is localized in the liver and fat. The data suggest that the 
level in these tissues is approximately 10-fold greater than that found in 
other tissues. The 1 4 C level in liver and fat seemed to increase between 
3 and 7 days following administration; the 1 4 C activity in liver and fat 
decreased more between 7 and 21 days than what would have been 
predicted by assuming that the rate of clearance from these tissues would 
be equal to the rate of clearance from the body. Between days 7 and 21 
the 1 4 C level in muscle remained essentially unchanged. Therefore, re
distribution of T C D D or metabolites of T C D D may have been occurring. 
The apparently high level in the adrenals 21 days after administration 
results probably from experimental error. 

The dose of T C D D given to the male rats used in this study, 50 
/xg/kg, was approximately twice the L D 5 0 , 23 μ-g/kg. This large dose 
was necessary because of the low specific activity of the T C D D - 1 4 C used. 
In this study rats lost weight, and their physical condition was poor, 
which typifies the insidious response to T C D D ( 1 ). Survival of the rats 
for 21 days was not totally unexpected because in previous studies on 
the lethality of T C D D deaths frequently occurred 20 or more days fol
lowing a single oral dose of similar magnitude ( 1 ). W i t h doses that do 
not induce untoward effects, the compound may be excreted at a different 
rate. 

The results do not differentiate between 1 4 C activity derived from 
T C D D and that of possible metabolites. However, small amounts of 1 4 C 
activity were detected in the expired air and urine within the first 10 days 
following administration. This is evidence that some metabolic alteration 
or breakdown of T C D D occurs. 
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An Improved Analysis for 

Tetrachlorodibenzo-p-dioxins 

ROBERT B A U G H M A N and M A T T H E W M E S E L S O N 

Department of Chemistry and Department of Biochemistry and Molecular 
Biology, Harvard University, Cambridge, Mass. 02138 

A meaningful assessment of the environmental levels of 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), an extraordi
narily toxic compound present as an impurity in the herbi
cide 2,4,5-T and in some commercial chlorophenols, can be 
made only by evaluating representative samples with a suffi
ciently sensitive analytical method. The sensitivity required 
is well beyond that available with current methods. We re
port a procedure using time averaged high resolution mass 
spectroscopy with a sensitivity (10-12 gram) suitable for such 
an investigation. Interference from pentachlorobiphenyl in 
certain materials from the environment presently limits at
taining full sensitivity of the method although we are 
working toward a resolution of this problem. 

^ V u r interest in the chlorodioxin problem stems from our work with 
the Herbicide Assessment Commission of the American Association 

for the Advancement of Science which was organized in 1970 to initiate 
a study of the effects of herbicide use in Vietnam. As one part of that 
investigation we are analyzing various samples from Vietnam for T C D D , 
a known impurity in 2,4,5-T (1, 2, 3, 4). This herbicide in a one-to-one 
mixture with 2,4-D is a component of agent Orange, the herbicide that 
was used most widely in Vietnam. Our aim has been to determine 
whether T C D D has accumulated in food chains to any significant extent. 

W e were surprised to find that no method existed that was sensitive 
enough to detect T C D D in animal tissues even after administration in 
some species of lethal doses. A n example is the guinea pig, the most 
susceptible species of the few that have been tested, and therefore a good 
choice for establishing desirable limits of detection. The lethal single 
oral dose ( L D 5 0 ) in males of this species is 0.6 pg/kg body weight 

92 
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10. B A U G H M A N A N D MESELSON An Improved Analysis 93 

(5). This means that if all of the T C D D were retained, the level of 
T C D D would be less than 1 part per billion (ppb) in the whole animal. 
The lowest reported limit of detection for T C D D in whole tissue is 50 
ppb (6). Thus, a guinea pig could be killed with T C D D , and it would 
be impossible to establish this fact with the analytical procedures in 
current use. 

Such analytical procedures are clearly of little value in monitoring 
food chains for the buildup of T C D D . This is even more apparent if 
one considers the possibility of sub-lethal toxic effects and allows a margin 
for a safety factor. If we provide a factor of about 100 for non-lethal 
toxicity (6) and a further factor of 10 for a safety margin and to allow 
for the possible existence of species even more sensitive than the guinea 
pig, we would require a level of detection of (10" 9 )(10" 2 )(10 _ 1 ) = 10~12 

or 1 ppt (1 part in 10 1 2) for environmental monitoring. For a 1 gram 
sample this would require a limit of detection of 1 pg ( 1 0 1 2 gram). The 
limit of detection of T C D D for the electron capture detector, the key
stone of current analytical procedures, is not much less than 1 ng ( 1 0 9 

gram ). 
In addition to high sensitivity, a requirement for any acceptable 

analytical method is high specificity because at very low levels few con
firmatory procedures can be used to establish the identity of a particular 
compound. A method which uniquely combines high sensitivity with 
high specificity is high resolution mass spectrometry. W e have used this 
method as the basis for an approach which we believe w i l l make possible 
a meaningful assessment of T C D D levels in the environment. 

Figure 1 shows that the mass spectrum of T C D D is relatively simple. 
( A l l the work reported here was done with an Associated Electrical In-

R e l a t i v e 
I n t e n s i t y 

(M) (M-2COCl) + 

( M ) + -

(M-COCl) + 

(M-2C1) + 

T r i c h l o r o -
(M n i + dibenzo-p-(M-Cl) d i o x i n * 

250 
m/e 

— I — 
300 

Figure 1. Mass spectrum of 2,3,7,8-tetrachhrodibenzo-p-dioxin (TCDD). The 
molecular ion (M+) is at m/e 320. Ionizing voltage 70 eV, source 150°C. 

Asterisk denotes impuriiy. 
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94 CHLORODIOXINS ORIGIN A N D FATE 

dustries MS-9 double focusing mass spectrometer. ) The base peak is the 
molecular ion at m/e 320. As a result of the various possible combina
tions of the naturally occurring 3 5 C1 and 3 7 C1 isotopes in a tetrachloro 
compound, the signal for the molecular ion is a pentuplet with peaks at 
m/e 320, 322, 324, 326, and 328 with intensities in the ratio 77:100:49:10:1. 
In addition, the four chlorine atoms and the limited number of hydrogen 
atoms make the compound significantly mass deficient ( the m/e 320 peak 
is actually 319.8956) and, therefore, relatively easily resolved from most 
other organic residues (for which m/e 320 would be 320.1-320.2). 

First, we tried scanning the region m/e 310-330 (Figure 2). As the 
sample was introduced into the mass spectrometer, signals appeared at 
m/e 320, 322, and 324 and then, as the sample became exhausted, disap
peared. Under these conditions the limit of sensitivity was on the order 
of 100 pg. W e next reduced the scanning interval to about one third of 
a mass unit. This allows the detector to spend more time in the region 
of interest, considerably increasing the signal. At a resolution of 10,000 
a series of scans was made, alternately two at 322, two at 314 perfluoro-
tributylamine ( P F A ) reference peak, two at 322, etc. (Figure 3). The 
P F A was bled in from an external reservoir at a constant rate, providing 
reference peaks that remain at the same height throughout the analysis 
while the sample peaks rise and then fall as the sample volatilizes. This 
procedure with a sensitivity of about 20 pg was still not adequate. 

It is possible to obtain greater sensitivity from the repeated narrow 
scans shown in Figure 3 by combining them to produce a single time 
averaged scan. Procedures accomplishing this under low resolution con
ditions have been reported previously (7, 8). Under the present condi
tions a system was devised for doing this using a Varian 1024 averaging 
computer ( C A T ) in conjunction with the M S - 9 . The result is shown 
in Figure 4. The signal for a pair of peaks at the limit of detection for 
a single scan is shown in Figure 4A, and the averaged signal from sixty 
scans is shown in Figure 4B. The signal-to-noise ratio is expected to 
improve approximately as the square root of the number of scans (9). 
W i t h 1 min of scanning at a rate of one scan per second, the observed 
improvement is approximately that expected. A t very fast scan rates 
data is inefficiently transferred to the memory of the C A T , and resolution 
is decreased by damping caused by the time constant of the M S - 9 cir
cuitry. In the present system this limits the maximum scan rate to four 
scans per second. W i t h very short volatilization times ( < 10 sec) sensi
tivity is decreased, perhaps in part because of decreased ionization effi
ciency. W i t h volatilization times longer than about 60 sec the drift in 
peak position from scan to scan is large enough to decrease significantly 
the resolution observed in the time averaged spectrum. The optimum 
volatilization time is from 30 to 60 sec. 
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10. B A U G H M A N A N D MESELSON An Improved Analysis 95 

The interfacing of the C A T with the M S - 9 is illustrated in Figure 5. 
The ions in the m/e region of interest, after being focussed, pass by a 
small magnet coil which deflects the beam back and forth over the 
detector slit. After passing through the slit, the ions strike an electron 

AXA; 
314 326 

314 320 322 324 326 328 
Figure 2. Repetitive scanning of m/e 310-330 (5 sec/scan). Standard 
conditions for this and all following figures: ionizing voltage 70 eV, ac
celerating voltage 8 W, trap current 300 μ A, multiplier 600, source 150° C. 
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96 CHLORODIOXINS ORIGIN A N D FATE 

u 
314(PFA) 

U 
322(TCDD) 

i l kJ U 1U* 
I II II It 11 I 
314 322314 322 314 

Figure 3. Alternating narrow scans 
Top: regions scanned on each narrow scan. Bottom: alternating narrow scans (two 

half-second scans at 314, two at 322, etc.) (200 pg TCDD). 

multiplier, producing a signal which is continuously displayed on an 
oscilloscope on the M S - 9 . This provides a means of monitoring each 
scan. Simultaneously, the signal is added to the 1024-channel memory of 
the C A T . A n oscilloscope on the C A T continuously displays the total 
memory content which makes it possible to monitor the overall course of 
the analysis. A potential problem of phasing the beam deflection coil 
with the memory sweep circuit of the C A T is avoided by using the 
sweep voltage ramp of the C A T , via an amplifier and appropriate 
circuits of the M S - 9 , to drive the beam deflection coil. The coil is thus 
necessarily in synchrony with the C A T . 

The procedure we have adopted for introducing samples into the 
M S - 9 is shown in Figure 6. It provides reproducible analyses at a high 
level of sensitivity. The sample tubes are made from 1 mm id melting 
point capillaries. A Hamilton 10-μΙ syringe is used to introduce a 3-4 μ\ 
portion of the residue into the sample tube. W i t h a small flame the 
sample tube is drawn out just above the level of the l iquid to pro
duce a capillary constriction about 20 mm long. The solvent is then 
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10. B A U G H M A N A N D MESELSON An Improved Analysis 97 

removed at reduced pressure. Bumping is prevented by the capillary 
constriction. The sample tube is then sealed with a flame. A t the time 
of analysis the capillary is broken off 2-3 mm above the constriction to 
give the tube configuration shown in Figure 6. The tubes are introduced 
into the M S - 9 with a wire holder on the tip of a standard M S - 9 direct 
insertion probe. To aid reproducibility all analyses are started at the 
same time after insertion of the sample tube into the M S - 9 source. The 
temperature of the source heating block is adjusted to give a sample 
volatilization time of 30 to 60 seconds. 

The result of combining these various components in the analysis of 
a 2-pg sample of T C D D is illustrated in Figure 7. A n internal standard 
is given by a P F A fragmentation peak, which is a known distance, 85 
mmu (1 millimass unit or mmu = 10~3 atomic mass unit) , from the 
T C D D peak. In its present form the M S - 9 - C A T system has a limit of 
detection for T C D D of about 1 pg. 

The procedure we have described retains the generality of normal 
mass spectral analysis. It is particularly suited, however, to compounds 

_ l _ _L_ 
314.960 315.040 

m/e 

314.960 315.040 

m/e 

Figure 4. Improvement in sensitivity with the CAT. PFA and a reference 
peak at m/e 315. The observed improvement in signal-to-noise ratio results 
from the longer total scanning time and also the fact that many sweeps are 
made during this time. The overall improvement in signal-to-noise ratio de
pends on the detailed power spectrum of the noise (9). Resolution 12,000 

here and for all following time averaged spectra 
Left: one scan. Right: 60 scans (one scan/sec). 
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98 CHLORODIOXINS ORIGIN A N D FATE 

containing atoms with significant mass defects, such as heavy metal or 
organochlorine compounds, which are easily resolved from other residues. 

Before the procedure is applied to tissue or other samples from the 
environment, some potential complications must be taken into account. 
One is the possibility that other chlorinated organic compounds present 
in the environment might interfere with or obscure the T C D D peaks. 
To test this, we obtained mass spectra on the M S - 9 for most of the 
common organochlorine pesticides including lindane, aldrin, dieldrin, 
mirex, heptachlor, D D D , D D E , and D D T , as well as various polychlo-
rinated biphenyl ( P C B ) mixtures. In the T C D D mass range D D E from 
its molecular ion has isotopic isomer peaks at m/e 320, 322, and weakly 
324. The molecular ion of pentachlorobiphenyl, a component of some 
P C B mixtures, has a peak at m/e 324, and this compound has a weak 
fragmentation peak at m/e 322. D D T has weak fragmentation peaks 
at m/e 320, 322, and 324. As shown for m/e 322 in Figure 8, all of 
these compounds can be resolved from T C D D at our normal resolu
tion of 12,000 (27 mmu at m/e 322). The relative input amounts of each 
compound producing the peaks shown are: D D T , 250; D D E , 25; T C D D , 
1; P C B (Arochlor 1254), 250. Even though moderately large excesses 
of these interferences can be tolerated, it is necessary to use highly 

ΑΕΙ MS-9 Double Focussing Mass Spectrometer 

E l e c t r o n 
O s c i l l o s c o p e M u l t i p l i e r O s c i l l o s c o p e 

Beam 
D e f l e c t i o n 

C o i l 

Source 

Memory 
C i r c u i t s 

O s c i l l o s c o p e 

XY Recorder 

V a r i a n 1024 CAT 

Figure 5. CAT-MS-9 interfacing 
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Probe shaft 

Ionizing beam 

1 cm 
I 1 

Sample tube 

Figure 6. Sample introduction 

Internal standard 

TCDD 

Internal standard 

320.000 
I 

319.900 
m/e 

Figure 7. Limit of detection 

Top: 2 pg(2 X 10~12 gram) TCDD. Bottom: background. 
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100 CHLORODIOXINS ORIGIN A N D FATE 

efficient cleanup procedures to carry out analyses for T C D D at very 
low levels. 

Another complicating characteristic of materials from the environ
ment is that the size and nature of the residue to be analyzed in the mass 
spectrometer w i l l change from sample to sample. To determine if this 
might have an effect on the observed T C D D signal, we analyzed identical 
samples of T C D D with differing amounts of squalane, a saturated hydro
carbon selected as a model for residues obtained from standard extraction 
and cleanup procedures. As is indicated in Table I (Part A ) , there was 

DDT DDE TCDD PCB Stondord 
Relative amts: 250 25 1 250 

t - ~ — • - ~ -

h — ι 1 1 1 
322.000 321.900 321.800 

m/e 

Figure 8. Resolution of TCDD from interferences 
A: DDT + TCDD. B: DDE + TCDD. C: PCB (Arochlor 1254) + TCDD. D: 

DDT + DDE + PCB. E: DDT + DDE + PCB + TCDD. 

Pu
bl

is
he

d 
on

 M
ar

ch
 1

, 1
97

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
3-

01
20

.c
h0

10



10. B A U G H M A N A N D MESELSON An Improved Analysis 101 

Table I. Effect of Size of Total Residue 

A. Response for TCDD 

Squalane added (micrograms) Relative response for 20 pg TCDD 

0 
1 
5 

25 

100 
75 
50 
15 

B. Ratio of two components a 

Squalane added (micrograms) TCDD IΤBB 

1 
3 
9 

11 
5 
1 

° Ratio of response for 20 pg T C D D to response for 200 pg of 2,3,5,6-tetrachloro-4-
bromoethylbenzene (TBB). 

a significant effect on the response to T C D D . This eliminates any hope 
of determining the amount of T C D D present directly from the area of 
the T C D D peak. In an attempt to resolve this difficulty, we added an 
internal standard which does not coincide with T C D D or with peaks 
from any of the potential chlorinated hydrocarbon impurities and mea
sured the ratio between T C D D and the standard in the presence of vari
ous amounts of squalane. A compound with a suitable mass, 2,3,5,6-
tetrachloro-4-bromoethylbenzene ( T B B ) , was synthesized for this pur
pose. However, as is apparent from Table I (Part B ) , the ratio of its 
signal to that of T C D D was far from constant, and this procedure was 
ruled out. Table I also suggests that in order not to cause a significant 
loss of sensitivity, the total sample size should be kept under 5 /xg. 

Some alternative method had to be devised to quantify the T C D D 
measurements. The problem was solved with the observation, illus
trated in Figure 9, that the response to T C D D is linear over a wide con
centration range as long as the size and nature of the sample matrix 
remain the same. Thus, it is possible to divide a sample into two equal 
portions, run one, then add an appropriate known amount of T C D D to 
the other, run it, and by simply noting the increase in area caused by 
the added T C D D to calculate the amount of T C D D present in the first 
portion. Figure 9 illustrates the reproducibility of the system. Each 
point was obtained from four or five independent analyses with an error 
(root mean square) of 5-10%, as indicated by the error flags, which is 
acceptable for the present purposes. 

To satisfy the requirement of having a total residue of only a few 
micrograms, the sample cleanup must be very thorough (10). The pro
cedure which we have used to accomplish this is the following. A 10-
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102 CHLORODIOXINS ORIGIN A N D FATE 

TCDD (pg) 

Figure 9. Linearity of response and reproducibility. The error flags indicate 
the root mean square error for five measurements at each value. The average 

relative error is about 10%. 

gram sample of human milk was combined with 10 ml of ethanol (all 
solvents were of pesticide grade) and 20 ml of aqueous 40% K O H and 
refluxed for 6 hours. This solution was then extracted with four 6-ml 
portions of 5 % benzene in hexane. The organic phase was extracted with 
four 8-ml portions of 85% H 2 S 0 4 , filtered through a 10 mm id column 
of 10 grams of powdered N a 2 C 0 3 , concentrated carefully to about 10 μ\, 
and preparatively chromatographed by gas-liquid chromatography on a 
1 m X 1/4" column of 3 % OV-101 methyl silicone polymer l iquid phase 
on 50/60 mesh Anakrom A B solid support (200°C column, 30 ml/min 
H e ) . The G L C trap consisted of a 150 mm X 1.5 mm id borosilicate 
glass tube packed with 30 mm of 100/120 mesh glass beads retained with 
glass wool plugs ( 11,12). The trap was wetted with hexane and cooled in 
dry ice. The G L C cleanup is carried out through a thermal conductivity 
detector. A small amount of an internal standard, m-terphenyl, with a 
known retention time relative to T C D D was added to make certain that 
the T C D D collection was carried out at the right retention time. The 
total residue from the G L C cleanup when divided into twelve fractions 
provided a suitable sample size. 

Figure 10 illustrates the results of a typical analysis of a 10-gram 
sample of human milk to which 0.1 ppb T C D D has been added. Blank 

Pu
bl

is
he

d 
on

 M
ar

ch
 1

, 1
97

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
3-

01
20

.c
h0

10
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I—ι 1 i 1 1 1 
322.000 321.900 321.800 

m/e 

Figure 10. TCDD recovery in 10 gram human milk to which 10~9 gram (0.1 
ppb) TCDD was added. Each trace represents 8% of the total residue. 

Top: residue (25% recovery). Bottom: residue -f- 20 pg TCDD. 

samples showed no indication of T C D D at this level. Each trace repre
sents 8% of the total sample and since the area under the unknown 
T C D D peak, calculated from the run with T C D D added, corresponds 
to approximately 20 pg, the recovery is about 25%. The other signals 
observed in the T C D D mass region are probably from D D E and penta-
chlorobiphenyl. At the present time the major impediment to extending 
the procedure to the desired level of 1 ppt is interference from penta-
chlorobiphenyl. W e are investigating changes in the cleanup procedure 
which show excellent promise of reducing the level of this and other 
interferences in the final residue. We are also developing a procedure 
for directly measuring the recovery of T C D D in each cleanup by adding 
chlorine-[ 3 7 C1] labelled T C D D to the sample before cleanup. 
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Environmental Significance of Chlorodioxins 

PHILIP C. K E A R N E Y , A L L A N R. ISENSEE, C H A R L E S S. H E L L I N G , 
E D W I N A. W O O L S O N , and JACK R. P L I M M E R 

Agricultural Environmental Quality Institute, Agricultural Research Service, 
U. S. Department of Agriculture, Beltsville, Md. 20705 

An environmental protocol has been developed to assess the 
significance of newly discovered hazardous substances that 
might enter soil, water, and the food chain. Using estab
lished laboratory procedures and 14C-labeled 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD), gas chromatography, and 
mass spectrometry, we determined mobility of TCDD by soil 
TLC in five soils, rate and amount of plant uptake in oats 
and soybeans, photodecomposition rate and nature of the 
products, persistence in two soils at 1, 10, and 100 ppm, and 
metabolism rate in soils. We found that TCDD is immobile 
in soils, not readily taken up by plants, subject to photode
composition, persistent in soils, and slowly degraded in soils 
to polar metabolites. Subsequent studies revealed that the 
environmental contamination by TCDD is extremely small 
and not detectable in biological samples. 

"TVetection of the highly potent impurity, 2,3,7,8-tetrachlorodibenzo-p-
dioxin ( T C D D ) in the herbicide 2,4,5-trichlorophenoxyacetic acid 

(2,4,5-T), necessitated an environmental assessment of the impact of this 
contaminate. Information was rapidly needed on movement, persistence, 
and plant uptake to determine whether low concentrations reaching 
plants, soils, and water posed any threat to man and his environment. 
Because of the extreme toxicity of T C D D , utmost precautions were taken 
to reduce or minimize the risk of exposure to laboratory personnel. Syn
thesis of uniformly labeled 1 4 C - T C D D by Muelder and Shadoff ( I ) 
greatly facilitated T C D D detection in soil and plant experiments. For 
unlabeled experiments it seemed wise to use only small quantities of 
diluted solutions in situations where decontamination was feasible and 
to rely on the sensitivity afforded by electron capture gas chromatography 
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106 CHLORODIOXINS ORIGIN A N D FATE 

as reported by Woolson et al. (2). In addition to movement, per
sistence, and plant uptake studies, it was essential to determine whether 
chlorinated phenols could be condensed to their corresponding chlorodi-
oxins by photochemical or biochemical processes under natural conditions. 

Table I. Properties of Soils Used in Mobility Studies 
with the Chlorodioxins 

Soil Type 

Norfolk sandy loam 
Lakeland sandy loam 
Hagerstown silty clay loam 
Barnes clay loam 
Celeryville muck 

Field 
Organic Moisture 
Matter, Clay, Capacity, 

% % % pH 

0.14 11.3 6.5 5.1 
0.90 12.0 8.5 6.4 
2.50 39.5 25.8 6.8 
6.90 34.4 28.5 7.4 

90.4 113 5.0 

Mobility 

The mobilities of two chlorinated dioxins, 2,7-dichlorodibenzo-p-
dioxin ( D C D D ) and T C D D , and 2,4,5-T were evaluated by the soil thin 
layer chromatography ( T L C ) technique developed by Helling and 
Turner (3). This is a simple, safe technique (i.e., it is easy to decon
taminate), that gives comparative data for other chemical compounds 
analyzed in the same system. The procedure uses the conventional 
techniques used in preparing silica gel or alumina thin layer plates. 
Instead of silica gel, or alumina, however, sieved soils are used as the 
solid support. Radioisotopically-labeled compounds are spotted at the 
origin, and the plate is developed with water, dried, and covered with 
no screen x-ray film to locate the compound. Five soils varying in texture 
and other properties were tested: Norfolk and Lakeland sandy loams, 
Hagerstown silty clay loam, Barnes clay loam, and Celeryville muck 
(Table I ) . These soils gave a cross section of important soil parameters 
affecting mobility. Both dioxins were immobile in all soils—i.e., they 
would not be leached into the soil by rainfall or irrigation (4). 

The relative immobility of the chlorodioxins is expected, based 
on the very low solubility of these compounds in water (0.6 /^g/liter). 
In contrast, the herbicide, 2,4,5-T, is relatively mobile in sandy soils, but 
movement decreases as soil organic matter increases. What does this 
information tell us, and how does it compare with other organic com
pounds? A mobility scale has been devised for a large number of pesti
cides ( 3 ). Higher mobility numbers reflect increased compound mobility 
in soils. The dioxins would be in Class 1—i.e., they are immobile in soils 
and would compare with several chlorinated hydrocarbon insecticides. 
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11. K E A R N E Y E T A L . Environmental Significance 107 

Thus, the dioxins would not threaten groundwater supplies and would be 
subject to the surface processes affecting pesticides. 

2 0 

° 20 40 80 160 350 
DAYS 

Figure 1. Persistence of TCDD in Lakeland sandy loam applied at 1, 10, 100 
ppm and sampled after 20, 40, 80, 160, and 350 days 

ο 
tr 40 
Ul 
Q_ 

20 

2 0 40 80 160 350 
DAYS 

Figure 2. Persistence of TCDD in Hagerstown silty clay loam at 1, 10, 100 
ppm and sampled after 20, 40, 80, 160, and 350 days 

Persistence 

The objectives of the soil persistence experiments were ( 1 ) to learn 
the effect of soil type and concentration on the T C D D degradation rate, 
(2) to isolate and characterize degradation products from D C D D and 
T C D D , and (3) to determine whether chlorodioxins could be formed 
from chlorophenol condensation in the soil environment. This last study 
was essential since quality control at the manufacturing level could 
reduce or eliminate the formed dioxin impurity. But the biosynthesis of 
chlorodioxins by chlorophenol condensation in the soil environment could 
not be controlled and would have connotations for all chlorophenol-de-
rived pesticides if formation did occur. The same question needed to be 
answered for photochemical condensation reactions leading to chloro-
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108 CHLORODIOXINS ORIGIN A N D FATE 

dioxin formation. No evidence of D C D D or T C D D could be found in 
soils receiving 10, 100, and 1000 ppm of the 2,4-dichlorophenol or the 
2,4,5-trichlorophenol, as determined by electron capture gas chroma
tography. Plimmer and Klingebiel (5) found no evidence for photo-
condensation of lower chlorophenols to chlorodioxins. Therefore, the 
possibility of chlorodioxins arising as biochemical or photochemical proc
esses in the environment seems remote. These findings were critical for 
assessing the continued use of chlorophenolic pesticides or any chloro-
phenol used on a large scale basis. 

To determine the persistence of chlorodioxins, concentration rates 
of 1, 10, and 100 ppm of unlabeled T C D D were established in 300-gram 
soil samples and then assayed periodically for dioxin residues. Several 
factors were considered in selecting these rates—they are many times 
greater in magnitude than would be encountered in the field. First, since 
the stability of these dioxins in soils was unknown, three concentrations 
were used to determine the degradation pattern, particularly if the process 
were rapid. Second, the highest concentration was to be used for product 
identification studies. Finally, preliminary problems in detection necessi
tated a range of concentrations exceeding 1 ppm since the limit of 
detection was ca. 0.2 ppm under the conditions used. 

Measurements on dioxin residues after 20, 40, 80, 160, and 350 days 
of incubation of 28 ± 3°C in foil sealed beakers indicated a relatively 
slow degradation process in both soils (Figures 1 and 2). At 350 days, 
56% of the initially applied T C D D was recovered from the sandy soil 
and 63% from the silty clay loam for all concentrations. A second experi
ment was conducted using 1 4 C - T C D D at 1.78, 3.56, and 17.8 ppm in the 
same two soils. After 350 days the soils were combusted, and 1 4 C 0 2 

trapped and determined by l iquid scintillation. The amount recovered 
from Lakeland was 67% at 1.78 ppm, 70% at 3.56, and 73% at 17.8 ppm. 
For Hagerstown the recoveries were 52%, 52%, and 89% over the same 
concentrations. The 1 4 C and gas—liquid chromatography ( G L C ) data 
are not directly comparable although they seem to be in the same range 
of recovery. The 1 4 C data might reflect the parent compound plus any 
labeled metabolites; therefore, the recovery values may be higher than 
the G L C values. 

A major metabolite was detected in the ethanol extract of 2,7-dichlo-
rodioxin-treated soils. The metabolite was less mobile than D C D D in 
benzene-acetonitrile on T L C . The metabolite was eluted from the silica 
gel and methylated with diazomethane. The methylated metabolite was 
rechromatographed in benzene and migrated to the solvent front, suggest
ing a polar group on the non-methylated metabolite. 

The soil persistence data suggested that T C D D is a relatively per
sistent compound. This is relative to various pesticides in the same con-
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11. K E A R N E Y E T A L . Environmental Significance 109 

centration range. As pointed out by Kearney et al. (6), a concentration 
of 1 ppm of T C D D in soil is 106 greater than the amount that would be 
found in soil receiving 2.24 kg/ha of 2,4,5-T with a contamination level 
of 1 ppm T C D D . 

PPM (DRY TISSUE 
— %0F TCDD IN SOIL 

TRANSLOCATED TO TOPS 

DAYS AFTER PLANTING 

Figure 3. Uptake of 14C-TCDD from 
Lakeland sandy loam by soybeans 

PPM(DRY TISSUE) 
%0F TCDD IN SOIL 
TRANSLOCATED TO TOPS 

10 15 20 25 30 
DAYS AFTER PLANTING 

40 

Figure 4. Uptake of 14C-TCDD from 
Lakeland sandy loam by oats 

Plant Uptake 

Plant uptake is one of several routes by which an organic contami
nant can enter man's food chain. The amount of uptake depends on 
plant species, concentration, depth of placement, soil type, temperature, 
moisture, and many other parameters. Translocation of the absorbed 
material into various plant parts w i l l determine the degree of man's 
exposure—i.e., whether the material moves to an edible portion of the 
plant. Past experience with nonpolar chlorinated pesticides suggested 
optimal uptake conditions are achieved when the chemical is placed in 
a soil with low adsorptive capacity (e.g., a sand), evenly distributed 
throughout the soil profile, and with oil producing plants. Plant experi
ments were conducted with one set of parameters that would be optimal 
for uptake and translocation. The uptake of two dioxins and one phenol 
( 2,4-dichlorophenol ( D C P ) ) from one soil was measured in soybean 
and oats (7). The application rates were D C P = 0.07 ppm, D C D D = 
0.10 ppm, and T C D D = 0.06 ppm. The specific activity of the com-
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110 CHLORODIOXINS ORIGIN A N D F A T E 

pounds were: 5.8 /xC/mg, 3.6 /xC/mg, and 2.8 juC/mg, respectively. Oats 
and soybeans (at all growth stages) accumulated very small quantities 
of chlorodioxins or the chlorophenol ( Figures 3 and 4 ). A maximum of 
0.21% of the phenol and 0.15% of the dioxin present in soils was trans
located to the aerial portion of oats and soybeans. No detectable amounts 
of 1 4 C were found in the grain or soybeans harvested at maturity. The 
amount of T C D D applied to these soils would be many thousands times 
greater than that which would occur in soils from herbicide applications 
containing a few parts per million of T C D D as an impurity. Even with 
these excessive rates in soil, significant amounts could not be measured 
in plants. Based on these studies, we must conclude that soil uptake 
of T C D D residues by plants is highly unlikely. 

Next, we attempted to deal with translocation of foliar-applied 
T C D D . Labeled dioxins were applied to the center leaflet of the first 
trifoliate leaf of 3-week-old soybean plants and the first leaf blade of 
12-day-old oat plants. A l l compounds were applied in an aqueous sur
factant solution (Tween 80) to enhance leaf adsorption and to keep 
the water insoluble dioxins in solution. Plants were harvested 2, 7, 14, 
and 21 days after treatment, dissected into treated and untreated parts, 
and analyzed separately. Neither dioxin nor chlorophenol was trans
located from the treated leaf. A rapid loss of the dichlorodioxin and 
dichlorophenol occurred from the leaf surface. This loss may have resulted 
from volatilization. Very little T C D D was lost from soybean leaves while 
a gradual loss (38% in 21 days) did occur from oat leaves. 

Summary 

The detection of a potent dioxin impurity in a major herbicide has 
focused attention on the nature of chlorinated impurities in pesticides, 
and in a larger sense, impurities in all chlorinated industrial compounds 
used extensively in man's environment. The present 2,4,5-T controversy 
is overshadowed by the dioxin problem. Major disagreement still exists 
on their relative contributions to the teratogenic effects observed in 
chicks and the validity of interpretation of high dosage rates used to 
achieve these effects. W e have avoided any assessment of the health-
related aspects of dioxins but have dealt almost exclusively with dioxins 
as an environmental entity. 

Information on dioxins in the environment was acquired rapidly by 
using some simple, but safe and reliable techniques developed for chlori
nated pesticdes. Based on results of these tests, one should be able to 
predict whether routes of entry into aquatic and terrestrial food chains 
are significant, the rate and products of decomposition mechanism, and 
their general longevity in the environment. 
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11. K E A R N E Y ET A L . Environmental Significance 111 

Several facts have emerged from our studies with 2 , 7 - D C D D and 
2,3,7,8-TCDD. They are not biosynthesized by condensation of chloro-
phenols in soils, and they are not photoproducts of 2,4-dichlorophenol. 
They do not leach into the soil profile and consequently pose no threat 
to groundwater, and they are not taken up by plants from minute resi
dues likely to occur in soils. Photodecomposition is insignificant on dry 
soil surfaces but is probably important in water. Dichlorodibenzo-p-
dioxin is lost by volatilization, but T C D D is probably involatile. These 
compounds are not translocated within the plant from foliar application, 
and they are degraded in the soil. 
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Dioxin Residues in Lakeland Sand and Bald 

Eagle Samples 

E D W I N A. W O O L S O N and P E T E R D. J. ENSOR 

Plant Science Research Division, Agricultural Research Service, 
U. S. Department of Agriculture, Beltsville, Md. 20705 

W I L L I A M L . R E I C H E L 

U. S. Department of Interior, Patuxent Wildlife Center, Laurel, Md. 20810 

A L V I N L . YOUNG1 

U. S. Air Force, Eglin Air Force Base, Fla. 32542 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a possible 
contaminant of 2,4,5-trichlorophenoxyacetic acid (2,4,5-T). 
Higher chlorinated dioxins are possible contaminants of 
pentachlorophenol. To assess the ecological importance of 
chlorinated dioxins, eagle tissue was examined by electron
-capture gas chromatography for the presence of dioxins. No 
dioxins were detected at a minimum detection limit of 50 
ppb. Eagle samples from various regions in the United 
States were included. Soil samples from a Lakeland sand in 
Florida were analyzed for TCDD after applying up to 947 
lbs 2,4,5-T/acre (between 1962-1969). No TCDD was de
tected at a minimum limit of <1.0 ppb in core samples to 
a 3 foot depth. Small amounts (<20 ppb) of 2,4-D and 
2,3,5-T were found at all depths. 

,3,7,8-Tetrachlorodibenzo-p-dioxin ( T C D D ) is a contaminant in 2,4,5-
^ trichlorophenoxyacetic acid (2,4,5-T) which may occur in the manu
facturing process. Before 1971 some samples of 2,4,5-T contained from 
2-50 ppm T C D D ( I ) in the technical acid. Highest concentrations of 
T C D D occurred before 1968. 

A t Egl in A F B , Florida, the U.S. A i r Force initiated an experiment 
in 1962 to test aerial application equipment for deposition of defoliants 

'Present address: U.S. Air Force Academy, Colo. 80840. 
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12. WOOLSON ET A L . Dioxin Residues in Samples 113 

Table I. Approximate Deposition Rate of Herbicides (pounds active 
ingredient/acre) Applied to Test Area C-52A, 

Eglin AFB Reservation, Florida 

Grid Areaa 
Herbicide (Pounds Active Ingredient/A 

Test Grid (Acres) 8,4-D 2,4,5-T 

Grid 1 92 947 947 
(1962-64) » (1962-64) 

Gr id 2 92 584 584 
(1964-66) (1964-66) 

G r i d 3 240 183 160 
(1968-69) (1968-69) 

Grid 4 92 30 
(1967) 

a Grids 2 and 4 fall within the confines of the 640-acre Grid 3, however, the positioning 
of the test arrays on Grid 3 has resulted in most of the agent being disseminated within 
a 240 acre area with only slight infringement on the original sites of Grids 2 and 4. 

6 Years when the majority of the herbicide was applied. 

containing 2,4-D, 2,4,5-T, dimethyl arsinic acid (cacodylic acid), and 
picloram. These chemicals were sprayed over 92 and 240 acre plot areas 
during an 8-year period. Some plots were sprayed through 1970. The 
approximate application rates and years of application are shown in 
Table I. The heaviest rates of 2,4,5-T ( 947 lbs/acre ) were applied during 
1962-64 while the lightest rate was in 1968-69. 

Tissue extracts from 19 bald eagle (Haliaectas leucocephalus) car
casses were examined to determine if biomagnification of T C D D had 
occurred in a manner similar to D D T . These carcasses came from the 
states of Alaska, Maine, North Dakota, Wisconsin, Michigan, Minnesota, 
Arkansas, Illinois, Missouri, Maryland, Virginia, Iowa, New York, New 
Jersey, and Florida between 1966 and 1971 and were collected and fur
nished by scientists at the Patuxent Wildl i fe Center, U.S. Department of 
the Interior, Laurel, M d . The samples were selected from these states 
to provide a widely dispersed sampling population. 

This study was done to determine if T C D D residues could be de
tected in soil receiving massive doses of 2,4-D and 2,4,5-T or in bald 
eagle extracts, as a representative of the top of a food chain. 

Materials and Methods 

Twelve, 36-inch soil cores of the Lakeland sand were selected for 
chemical analyses in December 1970. Twenty-five gram samples of 6-inch 
increments were acidified and extracted with 1:1 hexane: acetone. Each 
sample was extracted with I N K O H , and the aqueous phase was saved 
for 2,4-D and 2,4,5-T analysis. The hexane phase was extracted repeatedly 
with concentrated H 2 S 0 4 until the acid was clear. The H 2 S 0 4 was re
moved, and the extract was drained through N a H C 0 3 and anhydrous 
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114 CHLORODIOXINS ORIGIN A N D FATE 

N a 2 S 0 4 after a water wash. The volume was adjusted, and an aliquot 
equivalent to 50 or 100 mg of soil was injected on to a 5 % OV-225 G C 
column ( I ) . Samples were amended at 1 and 5 ppb T C D D for recovery 
studies. 

The alkaline solution containing 2,4-D and 2,4,5-T residues was acidi
fied and extracted with diethyl ether. N H 4 O H (0.1 ml) was added to the 
extract which was then taken to dryness. The residue was butylated with 
14% BC1 3 in n - B u O H following the concentrated-BF 3 method described 
by Woolson and Harris (2). 

Eagle tissue was prepared and extracted by the methods described 
by Mulhearn et al. (3). The extract was treated with H 2 S 0 4 , passed 
through a 5 cm X 19 mm alumina column ( Fisher A-540 or equivalent ) 
with diethyl and petroleum ether, and treated with 1:1 H N 0 3 : H 2 S 0 4 at 
0°C after drying. The acids were added to ice water, and hexane was 
added. The hexane layer was drained through a N a H C 0 3 - N a 2 S 0 4 mixed 
column. The volume was adjusted, and the sample was tested for T C D D 
and the higher polychlorinated dioxins. Samples were amended at 50 
ppb T C D D and hexa-dioxin for recovery studies. 

Results and Discussion 

The soil analysis is presented in Table II. Small amounts of 2,4-D 
and 2,4,5-T were detected in soil samples receiving these herbicides. Back
ground values from the control soils were subtracted from the observed 
values in treated soils. The samples were not corrected for recovery since 
it was better than 80% for the method. Residues decreased with time 
after application. Leaching and microbial decomposition could account 
for this observation. 

No T C D D could be detected in soil with a detection limit of less 
than 1 ppb. Gas chromatographic ( G C ) traces at the left of Figure 1 
represent a soil which would have contained 5 ppb of T C D D ; traces at 
the right are the unamended soil extracts. Arrows indicate the position 
where T C D D would occur. At the bottom right is a trace of the extract 
from a soil amended at the 1 ppb T C D D level. 

Treatment of the extract with U V light (4) for 16 hours completely 
destroyed T C D D in the amended soil. The extract from the unamended 
soil was not changed by irradiation. Peaks close to the T C D D peak in 
retention time ( ± 0 . 2 min) were not altered. Recovery of ca. 100% was 
obtained when 5 ppb T C D D was added to the soil. A peak should be 
discernible at a concentration of 1 ppb as seen on the control core. How
ever, background interference, even in the cleaned up residue, increased 
tremendously at the very low levels, and confirmation of a peak's identity 
was very difficult. 

U V irradiation was used as a confirmation technique on any peak 
suspected of being T C D D ( ± 0 . 2 min) ; no T C D D could be detected at 
less than 1 ppb. The question then arises, what level of contamination 
had to be present in the original 2,4,5-T to detect 1 ppb T C D D in soil. 
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Table II. Analysis of Lakeland Sand for 2,4-D, 2,4,5-T, and T C D D 

Application Core TCDD, 
Rate and Date Depth ppb ppb ppb 

947 lb/Acre 0-6 a 0.4 0.8 < 0.1 
(1962-64) 6-12 < 0.1 1.2 <0.1 

12-18 <0.1 0.8 < 0.2 
18-24 0.4 0.3 < 0.2 
24-30 <0.1 4.4 < 0.4 
30-36 <0.1 0.5 < 0.2 

Total (% of applied) 0.8 (0.0002) 8.0 (0.002) 

584 (lb/Acre 0-6 b 0.9 3.0 <0.1 
(1964-66) 6-12 0.3 0.6 < 0.2 

12-18 <0.1 0.6 < 0.2 
18-24 0.3 1.1 < 0.2 
24-30 0.8 1.4 < 0.2 
30-36 <0.1 < 0.1 < 0.4 

Total (% of applied) 2.3 (0.0008) 6.7 (0.0023) 

160 lb/Acre—2,4,5-T plus ; 0-6c 3.2 3.4 < 0.2 
183 lb/Acre—2,4-D 6-12 3.7 0.8 < 0.2 
(1968-69) 12-18 1.4 0.8 < 0.2 

18-24 3.3 1.2 < 0.2 
24-30 0.9 0.7 < 0.3 
30-36 2.9 1.5 < 0.3 

Total (% of applied) 15.4 (0.02) 8.4 (0.01) 
α Average of 2 cores. 
b Average of 4 cores. 
c Average of 6 cores. 

If we assume that the T C D D is contained in the surface 6 inches of the 
soil profile since it is relatively immobile (5), then the 2,4,5-T at the 
947 lbs of active ingredient/acre treatment would have had to contain 
2.1 ppm T C D D to be observed. A t the lower application rates of 584 
and 160 lbs/acre, the 2,4,5-T would have had to contain 3.5 and 12.5 ppm 
T C D D in the technical materials to have 1 ppb in the top 6 inches of soil. 
Since the soil is sandy and high rainfall occurred in the area, maximum 
movement of materials in soil may occur causing T C D D to be present 
deeper in the profile. If the T C D D moved uniformly throughout the 
36 inch soil profile, then six times more T C D D would have had to be 
present in the original 2,4,5-T for detection. This would have required 
the presence of 12.6, 21.0, and 75.0 ppm T C D D in the 2,4,5-T applied in 
the three treatments. These calculations are based on the assumption 
that no degradation occurred in or on the soil. 

A survey of T C D D content in 2,4,5-T samples ( I ) revealed that 
levels of 30-40 ppm T C D D were not uncommon before 1969. Therefore, 
it is not unreasonable to expect residue in the soil environment within 
the surface 36 inches of soil at the two higher treatment rates. The fact 
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116 CHLORODIOXINS ORIGIN A N D FATE 

Figure 1. Extracts from three TCDD-amended and non-amended 
Lakeland Sand soils treated with 2,4-D and 2,4,5-T 

Column conditions: length, 1.8-m X 4-mm glass; solid support, Chromosorb 
W, 80-100 mesh; injector, 240°C; column, 200°C; detector, Ni™, 310°C; 

flow rate, 80-100 ml/min 

that we did not find T C D D in any core at any depth indicates one of 
several things: 

( 1 ) The 2,4,5-T applied contained less than 2 ppm T C D D . 
(2) The T C D D is moved deeper than 36 inches in the soil. 
(3) The T C D D is decomposed on or in the soil either photochem-

ically or biologically. 
(4) W i n d erosion has removed the T C D D from the point of appli

cation. 
Any or all of the conditions above could contribute to the lack of 

T C D D residues in this soil at a level greater than 1 ppb. 
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12. WOOLSON ET A L . Dioxin Residues in Samples 117 

Bald eagle extracts were examined primarily for T C D D . However, 
if hexa-, hepta-, and octadioxins were present, they could have been 
detected. The G C trace of the cleaned-up extract (Figure 2) is pre
sented along with a trace of the extract amended with 0.05 ppm of T C D D 
and 0.05 ppm of a hexadioxin isomer. The cleanup method was the 
same as that for the soils presented earlier with the addition of an alumina 
column for partitioning the extract with petroleum and diethyl ethers. 
There was a slight peak in the valley on the amended sample and no 
peak in the original extract at the T C D D position. The second arrow 
to the right indicates the position of the hexadioxin. The original trace 
has a peak with a slightly shorter retention time than the hexa-dioxin. 
The large peaks further out are reasonably close to the two hepta- and 
the octadioxin peaks. To confirm possible identity, we subjected the 
extract to U V irradiation for 16 hours (trace 3). 

The amended T C D D peak completely disappeared; the hexa-peak 
remained, and the possible hepta- and octadioxin peaks disappeared. 
Since the authentic compounds are destroyed only slightly by irradiation 
(4), this absence of the peaks indicates that the peaks near the hepta-
and octadioxins were not dioxins. The peaks could have represented 

20 mg EAGLE EXTRACT 

Figure 2. Gas chromatographic 
traces of bald eagle extract, and 
TCDD and hexa-CDD amended 
extract before and after irradiation 

by UV light 
Conditions: see Figure 1; column, 
230°C for 4 min, 230°-260°C at 4 

C/min, hold at 260°C 
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118 CHLORODIOXINS ORIGIN A N D FATE 

chlorinated furans, PCB's, or some other related compounds, which are 
destroyed by U V light. Identification of these peaks was not attempted. 

No dioxin residues were detected at a level of 0.05 ppm T C D D , the 
lower limit of detection for most pesticides in tissue samples run by the 
Patuxent Wildl i fe Research Center. The non-detection of dioxin residues 
can imply several things: 

( 1 ) There is no dioxin build-up in the food chain. 
(2) The build-up is less than the current detectable level of 50 ppb. 
(3) The eagles examined were not contaminated although other 

samples might be. 
(4) Other species could feed on a different food chain to accumulate 

dioxins. 
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The Stability of Pentachlorophenol and 

Chlorinated Dioxins to Sunlight, Heat, and 

Combustion 

R. H . S T E H L , R. R. PAPENFUSS, R. A. B R E D E W E G , and R. W. ROBERTS 

Analytical Laboratories, The Dow Chemical Co., Midland, Mich. 48640 

Pentachlorophenol in field-use conditions is subjected to 
environmental factors leading to its degradation, resulting 
theoretically in chlorinated dibenzo-p-dioxin formation. 
Analysis of combustion products of wood and paper treated 
with pentachlorophenol indicated no increase and possibly 
a decrease in octachlorodibenzo-p-dioxin concentration while 
paper treated with sodium pentachlorophenate increased 
slightly in octachlorodibenzo-p-dioxin concentration after 
combustion. Photolysis of sodium pentachlorophenate under 
different sources of artificial sunlight and natural daylight 
resulted in severe degradation of the pentachlorophenate 
with only trace amounts of octachlorodibenzo-p-dioxin 
formed. 2,7-Dichloro- and 2,3,7,8-tetrachlorodibenzo-p-di-
oxins are subject to rapid photolytic decomposition under 
artificial sunlight while octachlorodibenzo-p-dioxin shows 
considerably more stability. 2,3,7,8-Tetrachlorodibenzo-p
-dioxin is somewhat stable to 700°C while decomposition is 
complete at 800°C. 

/^\ver the past several years concern over the contamination of our 
environment has increased. This interest has caused industry to 

examine more closely the effects its products might have on our surround
ings. Not only are the possible effects of the products themselves being 
considered, but it is becoming increasingly necessary to include the 
effects of impurities contained in these materials, as well as the effects 
of the degradation products formed by environmental forces such as 
heat, fire, and sunlight. 
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120 CHLORODIOXINS ORIGIN A N D FATE 

This paper discusses the effects of the pyrolysis of wood and paper 
treated with pentachlorophenol or sodium pentachlorophenate along with 
the exposure of sodium pentachlorophenate to ultraviolet light. The 
effect of heat, light, and air with respect to some of the chlorinated 
dibenzo-p-dioxins w i l l be considered. 

Methods 

Pyrolysis of Wood or Paper Treated with Pentachlorophenol or 
Sodium Pentachlorophenate. The treated sample was combusted in a 
modified 250-ml Erlenmeyer flask that had been fitted with a glass grate. 
The volatile combustion products were captured in cold traps immersed 
in an ice bath, dry ice, and l iquid nitrogen (connected in series). Com
bustion residues, including ashes, were dissolved in benzene. The ben
zene solution containing the combustion products was washed with I N 
sodium hydroxide solution, sulfuric acid, and sulfuric acid containing a 
small amount of water. Finally, the washed solution was passed through 
a silica gel column using 20% benzene-hexane (v/v) solution as the 
eluant. Octachlorodibenzo-p-dioxin in the fraction was determined by gas 
chromatography using a Varian 1200 gas chromatograph fitted with a 
7-foot 1/8 inch 5 % Q F 1 on 60/80 mesh Gas Chrom Q column equipped 
with either electron capture or flame ionization detectors. 

Heat Stability of 2,3,7,8-Tetrachlorodibenzo-f-dioxin. A sample 
boat containing 1-3 mg of 2,3,7,8-tetrachlorodibenzo-p-dioxin was placed 
in a Sargent Tube Heater ( Model J-807 ) which contained a 1/2 inch i .d. 
quartz tube. A i r was aspirated through the tube at a velocity of 0.02 
ft/sec. This velocity gave a residence time of 21 sec. (Residence time 
was extended by connecting a second heater in series with the first.) 

Decomposition products were captured in two traps immersed in 
dry ice followed by a third trap containing 5 ml of benzene. After 1 hour, 
the boat, tube, and traps were rinsed with benzene. The benzene solu
tion was analyzed by gas chromatography using an electron capture 
detector to determine the concentration of unreacted 2,3,7,8-tetrachloro-
dibenzo-p-dioxin. 

Light Stability of Sodium Pentachlorophenate. Pentachlorophenol 
was dissolved in a high capacity p H 8 phosphate buffer such that the 
final concentration of sodium pentachlorophenate was 500 ppm. The 
pentachlorophenate solutions were placed in quartz vessels fitted with 
ground, quartz stoppers and exposed to various sources of ultraviolet 
light as well as daylight. Two 20-watt fluorescent black lights were 
placed 2 inches from the liquid's surface. A General Electric R.S. sun
lamp and a high intensity mineral light emitting at 254 nm were placed 
11 inches from the surface of their respective solutions. The flask exposed 
to daylight was suspended 20 inches above the laboratory roof. Unre
acted sodium pentachlorophenate was determined by ultraviolet spec
troscopy. Octachlorodibenzo-p-dioxin was separated by extraction with 
three successive 50-ml portions of benzene. The combined benzene layers 
were washed with 0.1N sodium hydroxide solution, 0.1N hydrochloric 
acid solution, and deionized water. Octachlorodibenzo-p-dioxin was 
determined by gas chromatography using an electron capture detector. 
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13. STEHL E T A L . Sunlight, Heat, and Combustion 121 

Light Stability of Chlorinated Dibenzo-£-dioxins. A known con
centration of chlorinated dibenzo-p-dioxin was placed in a quartz 1-cm 
path length cell. A General Electric R.S. sunlamp was placed either 0.5 
or 1.0 meters from the face of the cell. The stability of the chlorinated 
dibenzo-p-dioxin was monitored using ultraviolet spectroscopy. 

Stability of 2,3,7,8-Tetrachlorodibenzo-^-dioxin Towards Air Oxi
dation Under Simulated Conditions. A i r was bubbled through two 
borosilicate glass gas absorption bottles equipped with fritted glass bub
blers. The first bottle contained 1-octanol for presaturation of the air, 
and the second bottle contained 1-octanol solutions of the dioxin treated 
as follows: (1) octanol only, (2) octanol mixed with 74-105/* glass beads 
to increase the surface area, and (3) octanol mixed with magnesium 
oxide to simulate a basic soil. The original solution and the sample 
solutions were scanned with a U V spectrophotometer at various time 
intervals for 4 days to determine the stability of 2,3,7,8-tetrachlorodibenzo-
p-dioxin. 

Table I. Octachlorodibenzo-^-dioxin Concentration before and after 
Burning Paper and Wood Treated with Pentachlorophenol 

and Sodium Pentachlorophenate 

Pentachloro- Octachlorodibenzodioxin, ppm 
phenol in 
Unburned In Combustion 

Sample, % In Sample Products a 

0.048, 0.050 0.04, <0.02 0.04, <0.02 
1.0, 1.0 43, 48 1.7, 0.95 
6.0, 6.0 0.04, 0.03 0.10, <0.01 
<0.01 <0.02 <0.01 

0.19 75 24 
0.76 <0.02 <0.01 
2.7 13 69 
3.4 <0.02 45 

Sample 

Wood 
Wood + Penta 
Wood + Pure P e n t a 6 

Paper 
Paper + Penta 
Paper + Pure Penta 
Paper + N a Penta 
Paper + Pure N a Pentad 

° Combustion product weight was calculated assuming the samples contained 30% 
water. 

b Purified pentachlorophenol. 
c Purified sodium pentachlorophenate. 

Discussion and Results 

Effects of Combustion and Heat. The results of combusting wood 
and paper treated with pentachlorophenol or sodium pentachlorophenate 
are shown in Table I. These results indicate that octachlorodibenzo-p-
dioxin concentration did not increase as the result of combusting either 
wood or paper treated with pentachlorophenol. It seems that the con
centration of octachlorodibenzo-p-dioxin concentration was actually de
creased during combustion. However, paper treated with sodium 
pentachlorophenate did increase in octachlorodibenzo-p-dioxin concen
tration as the result of combustion. 
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122 CHLORODIOXINS ORIGIN A N D FATE 

Table II. Decomposition of 2,3,7,8-Tetrachlorodibenzo-^-dioxin 
after Exposure to Elevated Temperatures 

% Decomposition % Decomposition 
Temperature, °C (21 Sec Exposure) (50 Sec Exposure) 

500 39 42 
600 40 59 
700 50 53 
800 99.5 

The heat stability of 2,3,7,8-tetrachlorodibenzo-p-dioxin is shown in 
Table II. The material is quite stable to 700°C with 50% decomposition 
obtained at this temperature. More than doubling the residence time 
resulted in only slightly more decomposition. However, decomposition 
of 2,3,7,8-tetrachlorodibenzo-p-dioxin is complete at 800 °C. 

Effect of U V Radiation on Sodium Pentachlorophenate. Sodium 
pentachlorophenate is quickly degraded in the presence of ultraviolet 
light as well as daylight, as shown in Table III. The degradation is 
almost complete after 16 hours exposure to the General Electric R.S. 
sunlamp. Three and one-half days of rainy and overcast skies account 
for the somewhat lower degradation observed in the sample exposed 
to daylight. 

Table III. Stability of Sodium Pentachlorophenate to Sunlight 
and Artificial Sunlight in pH 8 Phosphate Buffer 

Light Source Exposure Time % Degradation 

Control 0 
Fluorescent black light 16 hrs. 7.8 
Mineral light 16 hrs. 18.7 
General Electric RS sunlamp 16 hrs. 93.9 
Daylight 5 days 45.6 

Table IV. Octachlorodibenzo-/>-dioxin in Irradiated Solutions 
in pH 8 Phosphate Buffer 

Light Source 

Control 
Fluorescent black light 
Mineral light 
General Electric RS sunlamp 
Daylight 

Exposure 
Time 

0 
16 
16 
16 
5 days 

Ociachlorodibenzo-
p-dioxin Formed 
Based on Total 
Sample Weight 

0.005% a 

0.024% 
0.024% 
0.034% 
0.029% 

a Initially present 
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13. STEHL ET A L . Sunlight, Heat, and Combustion 123 

A small amount of octachlorodibenzo-p-dioxin, amounting to ap
proximately 0.03%, was formed during the photolysis of sodium penta
chlorophenol buffered at p H 8 as shown by the data in Table IV. 

280 300 
Wavelength, nanometers 

Figure 1. Effect of sunlight on 2,3,7,8-tetrachlorodibenzo-p-dioxin 

Effect of U V Irradiation and Air Oxidation on Chlorinated Dibenzo-
p-dioxin. The spectrum of 2,3,7,8-tetrachlorodibenzo-p-dioxin in isooc-
tane is shown in Figure 1 along with rapid decrease in the U V spectrum 
of 2,3,7,8-isomer upon exposure to U V light. The regular decrease in the 
spectrum observed in Figure 1 suggested a first order decay for the 
2,3,7,8-tetrachlorodibenzo-p-dioxin. The negative log of the absorbance 
was therefore plotted as a function of time as shown in Figure 2. 

The half-life of the 2,3,7,8-tetrachlorodibenzo-p-dioxin in isooctane 
was estimated to be 40 min for the 0.5 meter exposure and 3 hours for 
the one meter exposure. The half-life in 1-octanol was essentially the 
same. The 24-hour photolysis products of the 2,3,7,8-tetrachlorodibenzo-
p-dioxin were examined by gas chromatography. The smallest concentra
tion of 2,3,7,8-tetrachlorodibenzo-p-dioxin that could be detected by the 
instrument was 0.5 ppm. When an injection of the 24-hour photolysis 
product was made, no tetra was detected. A n additional confirmation 
of the disappearance of the 2,3,7,8-tetrachlorodibenzo-p-dioxin in the 
24-hour photolysis products was obtained when the j material was sub
mitted to the Chemical-Biology Research Laboratory for rabbit testing. 
No chloracnegenic activity was indicated. j 

Under similar conditions a half-life of 40 min was determined for 
2,7-dichlorodibenzo-p-dioxin in both solvents. 

Pu
bl

is
he

d 
on

 M
ar

ch
 1

, 1
97

3 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
3-

01
20

.c
h0

13



124 CHLORODIOXINS ORIGIN A N D FATE 

Very little change was observed in the octachlorodibenzo-p-dioxin 
on exposure to artificial sunlight. Over extended periods of time ( 18-24 
hours) there was some evidence of decay. Approximately 20% photolysis 
was observed in isooctane at the end of 18 hours and about 6% photolysis 
of the octachlorodibenzo-p-dioxin after 20 hours exposure in 1-octanol. 

Periodic examination of the U V spectra of 2,3,7,8-tetrachlorodibenzo-
p-dioxin under simulated air oxidation conditions indicated no change in 
the U V spectra. Therefore, the 2,3,7,8-isomer is probably stable toward 
air oxidation. 

Conclusion 

Combustion of wood or paper treated with pentachlorophenol re
sulted in no increase and more probably a decrease in octachlorodi
benzo-p-dioxin concentrations while octachlorodibenzo-p-dioxin increased 
slightly in paper treated with sodium pentachlorophenate. The pho-
tolytic degradation of sodium pentachlorophenate at p H 8 is very rapid. 
Under these controlled conditions formation of no more than 0.03% 
octachlorodibenzo-p-dioxin was observed. The 2,3,7,8 isomer, one of the 
most active chloracnegens is seemingly stable towards air oxidation but 
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13. STEHL E T A L . Sunlight, Heat, and Combustion 125 

was destroyed at 800°C and was, along with the 2,7 isomer, unstable in 
the presence of U V light with the 2,7- and 2,3,7,8-chlorinated dibenzo-p-
dioxins having a half-life of 40 and 45 min, respectively. The octachloro
dibenzo-p-dioxin seems stable towards U V radiation. However, tests 
have shown that this material is relatively innocuous. 

RECEIVED February 8, 1972. 
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Preparation of Chlorodibenzo-p-dioxins 

for Toxicological Evaluation 

O R M ANILINE 

Organic Chemicals Production Research Laboratory, The Dow Chemical Co., 
Midland, Mich. 48640 

Chlorinated dibenzo-p-dioxins were prepared on the gram 
scale for use as toxicological standards. 2,7-Dichlorodi-
benzo-p-dioxin was prepared by catalytic condensation of 
potassium 2-bromo-4-chlorophenate in 70% yield. Thermal 
condensation of the potassium salt of 2,4,4'-trichloro-2'-
hydroxydiphenyl ether gave a mixture of the 2,8- and 
2,7-dichlorodibenzo-p-dioxins which were separated by 
fractional recrystallization. 2,3,7,8-Tetrachlorodibenzo-p
-dioxin of 99.9+% purity was prepared by catalytic conden
sation of potassium 2,4,5-trichlorophenate. An isomeric 
mixture of hexachlorodibenzo-p-dioxins was prepared by 
pyrolytic condensation of sodium 2,3,4,6-tetrachlorophenate. 
Chlorination of pentachlorophenol (containing <0.07% 
tetrachlorophenol) in trichlorobenzene gave octachlorodi
benzo-p-dioxin in 80% yield contaminated by 5-15% 
heptachlorodibenzo-p-dioxin. Oxidative methods were used 
to produce octachlorodibenzo-p-dioxin at 99.9% purity. 

Tnterest in the toxicology of chlorinated dibenzo-p-dioxins has created 
-*· a need for gram quantities of pure material. Although chlorodibenzo-
p-dioxins have been prepared for analytical characterization ( 1 ) and for 
qualitative determination of biological activity, suitable toxicological 
standards have required improved synthetic methods and purification 
techniques. For example, the synthetic approaches based on chlorination 
of the parent hydrocarbon, or of partially chlorinated dibenzo-p-dioxins, 
are not selective enough to produce uncontaminated product (2, 3) . 
Separation techniques for isolating desired chlorodibenzo-p-dioxin from 
mixtures containing other chlorodibenzo-p-dioxins generally cannot be 
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14. ANILINE Preparation of Chlorodibenzo-p-dioxins 127 

used to prepare pure material on the gram scale. This report describes 
the preparation of several chlorodibenzo-p-dioxins of 9 9 + % purity. 

Discussion 

Preparations of 2,7-dichlorodibenzo-p-dioxin based on the conden
sation of sodium 2,4-dichlorophenate have typical yields of less than 
20% (4, 5, 6, 7). The formation of polymeric side-reaction products 
under these conditions suggests preferential nucleophilic attack at the 
para position (Reaction 1). 

catalyst CI .οΓΐδ^ + 

2,7-Dichlorodibenzo-p-dioxin 

K O oWo 
C l Cl 

C l + K O 

In contrast to this low yield reaction, condensation of potassium 2-bromo-
4-chlorophenate under Ullmann conditions gave 2,7-dichlorodibenzo-p-
dioxin in 74% yield (8). The preferential displacement of bromine fol
lows the pattern Weingarten observed in the reaction between potassium 
phenate and bromobenzene (9, 10). 

The synthetic preparation of 2,8-dichlorodibenzo-p-dioxin was facili
tated in that the chemical precursor, 2,4,4'-trichloro-2'-hydroxydiphenyl 
ether, was available as a pure material. Condensation was induced by 
heating the potassium salt at 200 °C for 15 hours in bis ( 2-ethoxyethyl ) 
ether. Product analysis by G L C and mass spectrometry revealed an 
unexpected dichlorophenol and a monochlorodibenzo-p-dioxin. Further, 
the product initially isolated by crystallization from the reaction mixture 
was 2,7-dichlorodibenzo-p-dioxin, rather than the expected 2,8-isomer. 
Cooling of the mother liquor yielded crystalline plates which were shown 
to be 2,8-dichlorodibenzo-p-dioxin by x-ray diffraction (Reaction 2) . 

Under the G L C techniques used, the 2,8- and 2,7-dichlorodibenzo-p-
dioxins were not resolved, so their relative abundance was not deter
mined. Although our data do not explain the ease with which the 
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128 CHLORODIOXINS ORIGIN A N D FATE 

Κ 
2,8-Dichlorodibenzo-p-dioxin 

O K O H 

1 — - t $ r l + e l . 
C l 

(2) 
O K 

C l 
2,7-Dichlorodibenzo-p-dioxin 

2,7-dichlorodibenzo-p-dioxin formed under non-catalytic conditions, it 
does give evidence that the formation of hydroxydiphenyl ethers from 
2-halophenols may be reversible. Formation of hydroxydiphenyl ethers 
from dibenzo-p-dioxins under these conditions has not been experimen
tally demonstrated. 

The preparation of 2,3,7,8-tetrachlorodibenzo-p-dioxin by chlorina-
tion of 2,7-dichlorodibenzo-p-dioxin yields a product containing significant 
quantities of trichloro- and pentachlorodibenzo-p-dioxins (11). Such 
mixtures are not amenable to separation on a preparative scale. Although 
2,3,7,8-tetrachlorodibenzo-p-dioxin has been prepared by the pyrolytic 
condensation of sodium 2,4,5-trichlorophenate, this method is undesirable 
for preparation of 2,3,7,8-tetrachlorodibenzo-p-dioxin on the gram scale 
(2, 12). The pyrolytic reaction is difficult to control and the potential 
danger is enhanced by the products toxicity. The salt was dissolved in 
b E E E [bis(2-ethoxyethyl) ether, bp 189°-190°C] and refluxed for 15 
hours with the Ullmann catalyst. The desired product was obtained in 
39% yield by condensation of potassium 2,4,5-trichlorophenate (Reac
tion 3). 

To investigate the possibility of preparing uniquely substituted hexa-
chlorodibenzo-p-dioxins, several experiments were performed under 
Ullmann conditions. Although condensation of potassium 2-bromo-4-
chlorphenate occurred readily, several 2,6-substituted phenates failed to 
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14. A N I L I N E Preparation of Chlorodibenzo-p-dioxins 129 

O K 

2,3,7,8-Te trachloro dibenzo-p-dioxin 

yield the desired product. The reactions attempted are summarized i n 
Table I. In each case the appearance of the reaction mixture indicated 
polymer formation which was not observed during the preparation 
of 2,7-dichlorodibenzo-p-dioxin and 2,3,7,8-tetrachlorodibenzo-p-dioxin. 
Tomita's qualitative test for hydrogen-bearing dibenzo-p-dioxins gave a 
negative result for samples drawn from the reaction mixture (2). These 
preliminary reactions were not analyzed by the G L C techniques used 
for the other products in this report. Preparation of 1.5 grams of an 
isomeric mixture of 9 9 + % pure hexachlorodibenzo-p-dioxins was accom
plished by pyrolytic condensation of sodium 2,3,4,6-tetrachlorophenate. 
The product contained two isomeric hexachlorodibenzo-p-dioxins, deter-

Table I. Attempts to Prepare Hexachlorodibenzo-/>-dioxins 
Under Catalytic Conditions'1 

O K CI CI 

CI 

a Reaction conditions: the dried salt was dissolved in b E E E and heated to reflux 
for 15 hours after addition of the copper catalyst. 
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130 CHLORODIOXINS ORIGIN A N D FATE 

mined by G L C . Isolation of individual isomers and structural determina
tion by x-ray crystallography was not attempted. 

Extreme caution should be exercised in preparing hexachlorodibenzo-
p-dioxins under the conditions described in the Experimental section; 
the product seems to form during controlled exotherms at 325 °C. The 
suspected toxicity of this material and possible experimental flaws could 
place the experimenter in danger. 

The most convenient and successful synthetic preparation of octa
chlorodibenzo-p-dioxin has been described by Kulka (13). The proce
dure involves chlorination of pentachlorophenol in refluxing trichloro-
benzene to give octachlorodibenzo-p-dioxin in 80% yield. Kulka has 
explained the reaction as coupling between two pentachlorophenoxy 
radicals. Large amounts (5-15%) of heptachlorodibenzo-p-dioxin were 
observed in the unpurified product. Since the pentachlorophenol used 
in this study contained 0.07% tetrachlorophenol, we feel that tetrachloro-
phenol may be produced in situ (Reaction 4) . Such a scheme would be 
analogous to the formation of 2,4-dichlorophenol and 3-chlorophenol pro
duced from 2,4,4'-trichloro-2'-hydroxydiphenyl ether (Reaction 2). The 
solubility of octachlorodibenzo-p-dioxin was determined in various sol
vents; data are presented in Table II. 

Experimental 

Solvents. Commercially available reagent grade solvents were used 
without purification except as noted. 1,2,4-Trichlorobenzene was frac
tionally distilled and the center cut with bp 92°-93°C/16 mm was used. 

Reagents. Substituted phenols, obtained commercially, were used 
unless otherwise noted; phenols were analyzed by G L C to ensure 9 9 + % 
purity. 2,4,5-Trichlorophenol and pentachlorophenol were purified by 
sublimation and recrystallization to yield product of 9 9 + % purity. 

Instrumentation and Standard GLC Conditions. Preparative reac
tions were checked by analyzing aliquots on G L C . A Varian aerograph 
1200 with flame ionization detector was used under the following 
conditions : 

Column: 5' X 1/8", 5 % QF-1 or OV-17 
Temperatures: column—250°, injection port—300°, detector—300° 
Pressures: Helium—60 psig, Hydrogen—10 psig 

Quantitative determinations of purity were made at the Analytical Labo
ratory of D o w Chemical Co. by G L C using flame ionization and electron 
capture detectors. Unknown samples were compared with prepared 
standards containing the compounds in question. 

Preparation of the Copper (Ullmann) Catalyst. Copper sulfate 
( C u S 0 4 · 5 H 2 , 73 grams, 0.3 mole ) was weighed into a 1-liter Erlenmeyer 
flask and dissolved with 280 m l of deionized water. Powdered zinc was 
stirred into the blue solution in 0.5-gram portions until a total of 23 
grams (0.35 mole) had been added. A nitrogen sparger was used to 
agitate the solution. Copper precipitated immediately upon addition of 
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14. A N I L I N E Preparation of Chlorodibenzo-p-dioxins 131 

O H Ο 

CIB 

zinc powder. The flask was heated to 70°C. The mixture was decanted, 
and the copper residue was washed with 5 % HC1 solution. The pre
cipitate was washed with water until the effluent was neutral to p H 
paper. Excess water was decanted and the catalyst was stored in a re
frigerator. Approximately 0.5 ml of ethylene diacetate was added to 
the reactions with each 200 mg of catalyst. 

2-Bromo-3,4,6-trichlorophenol. 2,4,5-Trichlorophenol (20 grams, 
0.10 mole) was dissolved in 40 ml of glacial acetic acid ( H O A c ) . Bro
mine (17 grams, 0.11 mole) dissolved in H O A c was added to the phenol, 
and the mixture was heated to 100 °C. The color of bromine persisted 
until 30 ml of water were added. The reaction mixture yielded yellow-
tinted crystals upon cooling. The product formed an oil when dissolved 
in methanol or H O A c - H 2 0 . The phenol was converted to its potassium 
salt by adding K O H and evaporating the solvent. 
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132 CHLORODIOXINS ORIGIN A N D FATE 

Table II. Solubility of Octachlorodibenzo-£-dioxina 

Solubility, 
Solvent mgrams / liter 

Acetic acid 48 
anisole 1730 
chloroform 562 
o-Dichlorobenzene 1832 
dioxane 384 
diphenyl oxide 841 
pyridine 400 
xylene 3575 

Data from R. Papenfuss, Analytical Laboratory, The Dow Chemical Company. 

2-Bromo-4,5,6-trichlorophenol. 2,3,4-Trichlorophenol (20 grams, 
0.10 mole) was dissolved in 30 ml of H O A c and titrated with bromine 
(18 grams, 0.11 mole) dissolved in H O A c - H 2 0 (30 m l each). The last 
few drops of bromine caused the characteristic color of bromine to per
sist. The product was precipitated by adding water to the reaction 
mixture. The filtered product was recrystallized from methanol-water 
solvent yielding 27 grams (98% yield) of white crystals. 

2.7- Dichlorodibenzo-^-dioxin. 2-Bromo-4-chlorophenol (31 grams, 
0.15 mole) and solid potassium hydroxide (8.4 grams, 0.13 mole) were 
dissolved in methanol and evaporated to dryness under reduced pres
sure. The residue was mixed with 50 ml of b E E E , 0.5 m l of ethylene 
diacetate, and 200 mg of copper catalyst. The turbid mixture was stirred 
and heated at 200 °C for 15 hours. Cooling produced a thick slurry which 
was transferred into the 500-ml reservoir of a l iquid chromatographic 
column (1.5 X 25 cm) packed with acetate ion exchange resin (Bio-Rad, 
AG1-X2, 200-400 mesh). The product was eluted from the column with 
3 liters of chloroform. After evaporation, the residue was heated at 
170°C/2 mm for 14 hours in a 300-cc Nestor-Faust sublimer. The identity 
of the sublimed product (14 grams, 74% yield) was confirmed by mass 
spectrometry and x-ray diffraction. Product purity was estimated at 
9 9 + % by G L C (electron capture detector). 

2.8- Dichlorodibenzo-^-dioxin. 2,4,4 ,-Trichloro-2'-hydroxy diphenyl 
ether (25 grams, 86 mmole) was dissolved in methanol and mixed with 
an equimolar amount of potassium hydroxide. The solvent was evapo
rated under vacuum until the product formed a glass. The salt was 
dissolved in 40 m l of b E E E and the solution was heated at 200 °C for 
15 hours. A sample was taken from the reaction mixture, acidified with 
H O A c , and analyzed by G L C . Three components were observed. Under 
standard conditions the component eluting after 3.6 minutes represented 
the major product; the one eluting after 5.6 minutes represented less 
than 5 % of the mixture, and the slowest component (6.1 minutes) had 
the same retention time as the starting material. Heating for 1 hour at 
250° and 275 °C failed to change the product distribution. The solvent 
was removed by distillation under reduced pressure and the residue was 
heated to 200°C/2 mm in a sublimer. A white powder was obtained 
which, when analyzed by G L C and mass spectrometry indicated the 
composition shown in Table III. 
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14. ANILINE Preparation of Chforodibenzo-p-dioxins 133 

The diehlorodibenzo-p-dioxin component was isolated by passing a 
dioxane solution of the mixture through acetate ion exchange resin to 
remove phenolics. The eluted product was recrystallized from benzene. 
The x-ray powder diffraction pattern of the precipitate was identical with 
that of 2,7-dichlorodibenzo-p-dioxin. Analysis of the mother liquor by 
G L C showed a singular peak consistent with 2,7-dichlorodibenzo-p-dioxin. 
The mother liquor was cooled to 5°C and yielded transparent crystals. 
This material had an x-ray diffraction pattern congruent to a sample of 
2,8-dichlorodibenzo-p-dioxin obtained from A . E . Pohland ( F D A ) . The 
two patterns were quite distinct from each other (14,15). 

2,3,7,8-Tetrachlorodibenzo-/>-dioxin. Purified 2,4,5-trichlorophenol 
(50 grams, 0.26 mole) was converted to its potassium salt and dissolved 
in 100 ml of b E E E . After addition of the copper catalyst and ethylene 
diacetate, the mixture was transferred to the bottom of a 300-ml sub
limer with chloroform. Sublimation (200°C/2 mm) yielded 14 grams 
(39% yield) of 2,3,7,8-tetrachlorodibenzo-p-dioxin. Mass spectral analy
sis revealed trace quantities of pentachlorodibenzo-p-dioxin, tetrachloro-
dibenzofuran, and several unidentified substances of similar molecular 
weight. The combined impurity peaks were estimated to be < 1 % of the 
total integrated G L C area. The product was further purified by recrystal-
lizations from o-dichlorobenzene and anisole. The final product had an 
estimated 260 ppm of trichlorodibenzo-p-dioxin as the only detected 
impurity. 

Hexachlorodibenzo-£-dioxin. 2,3,4,6-Tetrachlorophenol was purified 
by distillation and recrystallization to yield a product containing <0.1% 
trichlorophenol impurity. The phenol was dissolved in toluene and mixed 
with an equimolar amount of aqueous caustic. Water was azeotropically 

Table III. GLC and Mass Spectrometry Analysis 

GLC Observed 
Peak Parent 
Area, Ion Structure Molecular 

% m/e Weight 

80 252 253 

15 288 289.5 

H 

O H 
5 162 163 
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134 CHLORODIOXINS ORIGIN A N D FATE 

distilled. After trituration of the sodium 2,3,4,6-tetrachlorophenate with 
toluene, the salt was ground to a powder. As in a typical pyrolytic 
preparation, powdered sodium tetrachlorophenate ( 30 grams ) was placed 
evenly on the bottom of a 300-cc Nester-Faust sublimer. The salt was 
covered with 20 grams of C a O and a glass wool pad. The vessel was 
immersed in a sand bath and heated at 350°C under reduced pressure. 
Temperatures over 380°C induced localized hot spots which caused 
smoking or bumping. Product crystals began to form on the sublimer 
walls after 2 hours of heating. Several product samples were isolated 
from their reaction mixtures by extraction with o-dichlorobenzene. 

The o-dichlorobenzene extracts were combined and analyzed by 
G L C . Four peaks were observed under standard G L C conditions in the 
10 to 15 min retention time range which is characteristic of hexachloro-
dibenzo-p-dioxins (sample 1 in Table I V ) . The mixture was fractionally 
sublimed (120° to 175°C/1 mm). The major crop was harvested at 
175 °C and recrystallized from anisole. Analysis of this material by G L C 
indicated that two isomeric hexachlorodibenzo-p-dioxins were present 
(sample 2) . Overall yield (1.5 grams) of the product was 1-3% at 
9 9 + % purity, as determined by G L C and mass spectrometry. 

Table IV. GLC Analysis of o-Dichlorobenzene Extracts 

GLC 
Sample Description Peak Retention % of Total Sample 

Time, min 

1 o-dichlorobenzene A 10.8 16 
extract Β 12.4 65 

C 13.4 10 
D 14.0 9 

2 sublimed and Β 12.0 55 
recrystallized C 13.5 45 

Octachlorodibenzo-^-dioxin. Pentachlorophenol was purified by 
sublimation and recrystallization to yield a product with the following 
composition: trichlorophenol, 0.04%; tetrachlorophenol, 0.07%; and pen
tachlorophenol, 100.4 ± 1 % . Pentachlorophenol (300 grams, 1.13 mole) 
was dissolved in 900 m l of trichlorobenzene and chlorinated anhydrously 
for 18 hours at reflux. Chlorine addition was stopped and the mixture 
was heated for 28 more hours at reflux. The crystalline product was 
washed with 2-liter portions of chloroform, I N N a O H , methanol, and 
water. Analysis by G L C suggested the presence of 5-15% heptachloro-
dibenzo-p-dioxin. The mixture was carefully added to a cleaning solution 
of 200 ml water, 3.5 liters sulfuric acid, and 125 grams sodium dichro-
mate. The mixture was heated at 150 °C for six hours. The product was 
recrystallized from hot o-dichlorobenzene and then from anisole. The 
purified product (160 grams, mp 329.8° ± 0.5°C) contained <0.1% 
heptachlorodibenzo-p-dioxin, determined by G L C . 

Precautions. Prepared materials were treated with techniques used 
for radioactive or infectious material. The work was performed in an 
isolated laboratory. Glassware and tools were segregated. The hood was 
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14. A N I L I N E Preparation of Chlorodibenzo-p-dioxins 135 

lined with Saran Wrap and work areas were covered with plastic-backed 
paper. Waste solvents were confined and their volume was minimized, 
often by allowing evaporation to occur. Solid waste (towels, glassware, 
etc.) was placed in plastic lined containers. A l l wastes were burned at 
high temperature. Special clothing was worn when working with these 
chemicals and isolated when not worn. The laboratory coat was taped 
at the wrists and rubber gloves were worn, generally of the surgical type. 
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Defoliants, deposition of 112 
Deposition rate of herbicides . . . . 113 
Dibenzo-p-dioxin 
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noxy )-5-chlorophenate . . 30 
of sodium pentaclorophenate 28 
of sodium 2,3,4,6-tetrachloro

phenate 29 
Dioxin-induced chloracne 70 
Dioxin residues in lakeland sand 

and bald eagle 108, 112 
Dioxins 

photochemical generation of . . 50 
to sunlight, heat, and combus

tion, stability of 119 
x-ray diffraction for identifying 24 

Disappearance of 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin in artificial 
sunlight 124 

Distribution and excretion of 1 4 C , 
tissue 89 

Distribution of 2,3,7,8-tetrachloro-
dibenzo-p-dioxin in the rat, 
excretion and tissue 85 

1,6-Ditritiodibenzo-p-dioxin 7 
l,6-Ditritio-2,3,7,8-tetrachloro-

dibenzo-p-dioxin 7 
Dominant lethal assay 72, 77 

Ε 
Eagle, dioxin residues in lakeland 

sand and bald 112 
Eagle extracts, T C D D in bald 117 
Edema factor, chick 70 
Effect of 

combustion and heat on penta
chlorophenol or sodium pen
tachlorophenate 121 

sunlight on 2,3,7,8-tetrachloro-
dibenzo-p-dioxin 123 

treatment with hexachlorodiben-
zo-p-dioxin on the incidence 
of fetal anomalies 62 

U V irradiation on 
chlorinated dibenzo-p-dioxin. . 123 
sodium pentachlorophenate . . 122 

Electron spin resonance (ESR) . . 33 
Environmental significance of 

chlorodioxins 105 
ESR spectrum of 

1- chlorodibenzo-p-dioxin in 
T F M S acid 37 

dibenzo-p-dioxin in T F M S acid 36 
1.6- dichlorodibenzo-p-dioxin in 

T F M S acid 40 
2,3-dichlorodibenzo-p-dioxin in 

T F M S acid 39 
2.7- dichlorodibenzo-p-dioxin in 

T F M S acid 39 
2.8- dichlorodibenzo-p-dioxin in 

T F M S acid 38 
2- monochlorodibenzo-p-dioxin in 

T F M S acid 38 
octachlorodibenzo-p-dioxin in 

T F M S acid 42 
1,2,3,4-tetrachlorodibenzo-p-

dioxin in T F M S acid after 
U V irradiation 41 

1,3,6,8-tetrachlorodibenzo-p-
dioxin in T F M S acid after 
U V irradiation 42 

1,2,4-trichlorodibenzo-p-dioxin in 
T F M S acid after U V irra
diation 40 

Evaluation, preparation of chloro-
dibenzo-p-dioxins for toxico-
logical 126 

Excretion of 1 4 C , tissue distribution 
and 87,89 

Excretion and tissue distribution of 
2,3,7,8-tetrachlorodibenzo-p-
dioxin in the rat 85 
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Experiments, soil persistence . . . . 107 
Extracts, G L C analysis of 

o-dichlorobenzene 134 
Eye irritation 57, 59 

F 
Factor, chick edema 58 
Fetal anomalies, effect of hexa

chlorodibenzo-p-dioxin on . . 62 
Fragmentation of 4,6-dichloro-2-

( 2,4-dichlorophenoxy ) phenol 51 

Generation of dioxins, photo
chemical 50 

g-factors and linewidth for the chlo
rinated dibenzo-p-dioxins in 
T F M S acid with K N 0 3 34 

G L C analysis of o-dichlorobenzene 
extracts 134 

G L C of dibenzo-p-dioxin chlori
nated derivatives 9 

H 
Hagerstown silty clay loam . . . . 50,107 
Heat 

and combustion, stability of 
dioxins to sunlight, 119 

on pentachlorophenol or sodium 
pentachlorophenate, effects 
of combustion and 121 

stability of 2,3,7,8-tetrachloro-
dibenzo-p-dioxin 120 

Hepatic necrosis 66 
Herbicides, deposition rate of . . . 113 
Hexachlorodibenzo-p-dioxin 

( H C D D ) 56,133 
Hexachlorodibenzo-p-dioxin on 

fetal anomalies, effect of . . . . 62 
High resolution mass spectrometry 93 

I 
Interfacing C A T - M S - 9 98 
Irradiation 

of 2,4-dichlorophenol 51 
on sodium pentachlorophenate, 

effect of U V 122 
ultraviolet ( U V ) 46 

Irritation, eye 57,59 
Isomers of a chlorodibenzodioxin 

and toxicity 69 

L 
Labeled 

1 4C-2,7-dichlorodibenzo-p-
dioxin, preparation of . . . . 1 

2,3,7,8-Cl 4 -DBpD, routes for pre
paring tritium- 12 

D B p D derivatives 11 
dibenzo-p-dioxin, preparation of 

tritium 7 

Labeled (Continued) 
2,3,7,8-tetrachlorodibenzo-p-

dioxin, preparation of 
tritium- 7 

Lakeland sand and bald eagle, 
dioxin residues in 107,112 

Lethal assay, dominant 77 
Lethality 

acute 56 
parenteral 56 
of 2,3,7,8-tetrachlorodibenzo-p-

dioxin 60 
of 2,3,7,8-TCDD, acute 59 
of 2,3,7,8-TCDD via skin 

absorption 56 
Light stability of 

chlorinated dibenzo-p-dioxins . . 121 
sodium pentachlorophenate . . . 120 

Linewidth for the chlorinated di
benzo-p-dioxins in T F M S acid 
with K N O 3 , g-factors and . . . 35 

Loam, Hagerstown silty clay . . . 50, 107 

M 
Mass 

spectrometry 5, 26, 93 
spectroscopy, assay of T C D D . . 4 
spectrum of T C D D 93 

Metabolism and mode of action 
studies 13 

Mobilities of 2,7-dichlorodibenzo-p-
dioxin ( D C D D ) , T C D D , and 
2,4,4-T 106 

Mode of action studies, metabolism 
and 13 

Molecular ion of pentachloro-
biphenyl 98 

2-Monochlorodibenzo-p-dioxin in 
T F M S acid, ESR spectrum of 38 

Mortality, postnatal 75 

Ν 
Necrosis, hepatic 66 
Norfolk sandy soil 50 

Ο 
Octachlorodibenzo-p-dioxin 134 

bond distances for 22 
in T F M S acid, ESR spectrum of 42 

Oxidation, stability of 2,3,7,8-tetra-
chlorodibenzo-p-dioxin 
towards air 121 

Ρ 
Parenteral lethality 56 
Pathology 59 
Pentachlorobiphenyl, molecular ion 

of 98 
Pentachlorophenol (PCP) 44 

differential thermogram of 27 
photolysis of 52 
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Pentachlorophenol (Continued) 
pyrolysis of wood or paper 

treated with 120 
or sodium pentachlorophenate, 

effects of combustion and 
heat on 121 

Perinatal effects and the dominant 
lethal test in Wistar rats, poly-
chlorodibenzo-p-dioxin 70 

Phenols, thermal chemistry of 
chlorinated 26 

Photochemical generation of dioxins 50 
Photochemistry of dibenzo-p-

dioxins 44 
Photolysis 

of pentachlorophenol 52 
rate of 

chlorinated dibenzo-p-dioxins 47 
2,3,7,8-tetrachlorodibenzo-p-

dioxin 48 
Photoreduction of 2,3,7,8-tetra-

chlorodibenzo-p-dioxin 48 
Plant uptake of chlorodioxins . . . . 109 
Polychlorodibenzo-p-dioxins : peri

natal effects and the dominant 
lethal test in Wistar rats 70 

Postnatal 
effects 75 

on progeny, 2,3,7,8-tetrachloro-
dibenzo-p-dioxin 77 

mortality 75 
studies 71 

Prenatal studies 71,72,73 
Preparation of 

chlorodibenzo-p-dioxins for 
toxicological evaluation . . . 126 

the copper (Ullmann) catalyst 130 
labeled 14C-2,3,7,8-tetrachloro-

dibenzo-p-dioxin 1 
labeled 1 4C-2,7-dichlorodibenzo-

p-dioxin 1 
tritium-labeled 

dibenzo-p-dioxin 7 
2,3,7,8-tetrachlorodibenzo-p-

dioxin . . 7 
Pyrolysis of wood or paper treated 

with 
pentachlorophenol 120 
sodium pentachlorophenate . . . . 120 

Q 
Quartz cuvette 49 

R 
Rabbit eye irritation 59 
Radicals of chlorinated dibenzo-p-

dioxins, cation 33 
Radioactivity analysis 86 
Rate of herbicides, deposition . . . 113 
Rat, excretion and tissue distribu

tion of 2,3,7,8-tetrachlorodi-
benzo-p-dioxin in the 85 

Rats, polychlorodibenzo-p-dioxins : 
perinatal effects and the domi
nant lethal test in Wistar . . . 70 

Reaction, Ullmann 2,3 
Recovery, T C D D 103 
Residues in soils, dioxin 108,112 
Resolution of T C D D 100 
Routes for preparing tritium-labeled 

2,3,7,8-Cl 4 -DBpD 12 

S 
Sand and bald eagle, dioxin residues 

in lakeland 112 
Scan, single time averaged 94 
Separation and chromatographic, 

analysis 7 
Significance of chlorodioxins, 

environmental 105 
Silver pentachlorophenate, differ

ential thermogram of 32 
Single time averaged scan 94 
Skeletal anomalies, soft-tissue and 61 
Skin absorption, lethality of 

2,3,7,8-TCDD via 56 
Sodium 2,4-dichlorophenate, differ

ential thermogram of 29 
Sodium 2- ( 2,4-dichlorophenoxy ) -5-

chlorophenate, differential ther
mogram of 30 

Sodium pentachlorophenate 
differential thermogram of . . . . 28 
effect of U V irradiation on . . . . 122 
effects of combustion and heat on 

pentachlorophenol or 121 
light stability of 120 
pyrolysis of wood or paper 

treated with 120 
Soil 

dioxin residues in 108 
Norfolk sandy 50 
persistence experiments 107 

Spectroscopy, assay of T C D D by 
mass 4 

Spectrometry, high resolution mass 93 
Spectrometry, mass 5 
Spectrum of T C D D , mass 93 
Stability of 

chlorinated dibenzo-p-dioxins, 
light 121 

sodium pentachlorophenate, light 120 
2,3,7,8-tetrachlorodibenzo-p-

dioxin 
heat 120 
towards air oxidation 121 

Sunlight, heat, and combustion, 
stability of dioxins to 119 

Sunlight on 2,3,7,8-tetrachlorodi-
benzo-p-dioxin, effect of . . . . 123 

Synthesis of T C D D in sunlight . . . 52 

Τ 
2,3,7,8-Tetrachlorodibenzo-p-dioxin 

( T C D D ) 1 
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T C D D (Continued) 
acute lethality of 59 
in artificial sunlight disappear

ance of 124 
in bald eagle extracts 117 
by chlorination, optimizing the 

yield of 4 
in Hagerstown silty clay loam . . 107 
highly embryotoxic 68 
in lakeland sandy loam 107 
mass spectrum of 93 
recovery 103 
resolution of 100 
via skin absorption, lethality . . 56 
in sunlight, synthesis of 52 
toxicity of 66 

Teratogenicity 60 
Teratology 58 
Test, dominant lethal 72 
Tetrachlorodibenzo-p-dioxin, 1 4 C - . . 86 
1,2,3,4-Tetrachlorodibenzo-p-dioxin 

(4-D) 71,78 
in T F M S acid after U V irradia

tion, ESR spectrum of . . . . 41 
2,3,7,8-Tetrachlorodibenzo-p-dioxin 

( T C D D ) 1,46,85,92 
bond distances for 21 
effect of sunlight on 123 
heat stability of 120 
improved analysis for 92 
lethality of 60 
photoreduction of 48 
photolysis rate of 48 
postnatal effects on progeny . . . 76 
preparation of tritium-labeled . . 7 
in the rat, excretion and tissue 

distribution of 85 
towards air oxidation, stability of 121 

Thermal analysis, differential . . . . 26 
Thermal chemistry of chlorinated 

phenols 26 
Thermogram of 

silver pentachlorophenate, 
dirferential 32 

sodium 
2,4-dichlorophenate, differ

ential 29 
2- ( 2,4-dichlorophenoxy ) -5-

chlorophenate, differential 30 
pentachlorophenate, differ

ential 27 
2,3,4,6-tetrachlorophenate, 

differential 29 
Thin layer chromatography ( T L C ) 3, 49 
Time averaged scan, single 94 
Tissue 

distribution and excretion of 1 4 C 89 
distribution of 2,3,7,8-tetrachloro-

dibenzo-p-dioxin in the rat, 
excretion and 85 

and skeletal anomalies, soft- . . . 61 
Toxicity, isomers of a chlorodiben-

zodioxin and 69 

Toxicity of 2,3,7,8-TCDD 66 
Toxicological evaluation, prepara

tion of chlorodibenzo-p-dioxins 
for 126 

Toxicology of chlorinated dibenzo-
p-dioxins 55 

Translocation of foliar-applied 
T C D D 110 

Treatment with hexachlorodibenzo-
p-dioxin on the incidence of 
fetal anomalies, effect of . . . . 62 

1.2.4- Trichlorodibenzo-p-dioxin in 
T F M S acid after U V irradia
tion, ESR spectrum of 40 

2.4.5- Trichlorophenol 55 
2,4,5-Trichlorophenoxyacetic acid 

(2,4,5-T) 7,44,105,112 
Trifluoromethanesulfonic acid 

( T F M S acid) 33 
ESR spectrum of 

1- chlorodibenzo-p-dioxin in . . 37 
dibenzo-p-dioxin 36 
1.6- dichlorodibenzo-p-dioxin in 40 
2.7- dichlorodibenzo-p-dioxin in 39 
2.8- dichlorodibenzo-p-dioxin in 38 
2- monochlorodibenzo-p-dioxin 

in 38 
octachlorodibenzo-p-dioxin in 42 

with KNO3, g-factors and line-
width for the chlorinated di
benzo-p-dioxins in 35 

after U V irradiation 
ESR spectrum of 1,2,3,4-tetra-

chlorodibenzo-p-dioxin in 41 
ESR spectrum of 1,3,6,8-tetra-

chlorodibenzo-p-dioxin in 42 
ESR spectrum of 1,2,4-trichlo-

rodibenzo-p-dioxin in . . 40 
Tritium-labeled 2,3,7,8-Cl 4-DBpD, 

routes for preparing 12 
dibenzo-p-dioxin, preparation of 7 

Tween 80 110 

U 

(Ullmann) catalyst, preparation of 
the copper 130 

Ullmann reaction 2, 3 
Ultraviolet ( U V ) irradiation 46 
Unlabeled D B p D derivatives . . . . 8 
Uptake of chlorodioxins, plant . . . 109 
U V irradiation on sodium penta

chlorophenate, effect of 122 

X 
X-ray diffraction of chlorinated 

dibenzo-p-dioxins 14 
X-ray diffraction for identifying 

dioxins 24 
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