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2. 

ABSTRACT 

S t o i c h i o m e t r i c and ca lc ium d e f i c i e n t a p a t i t e s have 

been t r e a t e d with e t h e r e a l s o l u t i o n s of a l i p h a t i c d iazo 

compounds i n attempts t o b r i n g about chemical r e a c t i o n s 

with the s u r f a c e s o f these s a l t s . 

Isotherms o f n i t r o g e n and water have shown that the 

d iaso r e a c t i o n forms a s t a b l e chemisorbed monolayer on the 

a p a t i t e and these mod i f i ed s a l t s are l e s s h y d r o p h i l i c than 

t h e i r parent a p a t i t e s . 

The nature o f the d iazo r e a c t i o n at the sur face o f 

a p a t i t e s has been e l u c i d a t e d by an a n a l y s i s o f r e s u l t s 

obta ined from s o r p t i o n s t u d i e s , chemical a n a l y s i s , i n f r a - r e d 

s p e c t r o s c o p y and X - ray , powder d i f f r a c t i o n photography. 

A mechanism f o r t h i s r e a c t i o n , c o n s i s t e n t with the s u r f a c e 

chemistry and geometry o f a p a t i t e s and with the chemistry 

o f a l i p h a t i c d iazo compounds, i s presented . 
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CHAPTER I 

INTRODUCTION 

V a r i o u s a t t e m p t s have been made t o f i n d a dhe s i v e s 

1 - 5 
which w i l l bond pe rmanen t l y t o b o t h d e n t i n e and enamel , 

s i n c e r e s t o r a t i v e s i n c u r r e n t use a re l i m i t e d by t h e i r 

l a c k o f a d h e s i o n , i n v i v o , t o t he t o o t h s t r u c t u r e . 

A l t hough t h e p rob l ems a s s o c i a t e d w i t h c emen t a t i o n a r e 

complex , t h ey a r e most p r o b a b l y c en t r e d a round t he f a c t 

t h a t t h e bond w i t h t h e t o o t h s t r u c t u r e has t o s u r v i v e 

i n c o n t i n u o u s c o n t a c t w i t h w a t e r . 

s 

Much a t t e n t i o n has been p a i d t o t he p r o p e r t i e s o f 

t h e component t i s s u e s o f t e e t h . (The app rox ima te 

c o m p o s i t i o n s o f samp les o f enamel , d e n t i n e , cementum 

and bone a r e g i v e n i n Tab l e 1 . ) Enamel i s very l a r g e l y 

i n o r g a n i c i n i t s c o m p o s i t i o n . I t forms t h e h a r d , non-

v i t a l c o v e r i n g o f t e e t h ove r the s o f t e r , v i t a l d e n t i n e , 

w i t h bone , t h e t h i r d h a r d , c a l c i f i e d t i s s u e o f t h e body , 

d i f f e r i n g from enamel and d e n t i n e i n a c t i n g as a s t o r e 

o f c a l c i u m and p ho spho r u s . The i n o r g a n i c component o f 

t h e s k e l e t a l t i s s u e s i s an apat i-te whose x-ray d i f f r a c t i o n 

p a t t e r n d i f f e r s l i t t l e f rom t h e m i n e r a l h y d r o x y a p a t i t e . 

Enamel c o n t a i n s rod-shaped a p a t i t e c r y s t a l s , e l o n g a t e d 

i n t he d i r e c t i o n o f t he c - a x i s and h av i ng d imens i ons o f 



Table 1 

Chemica l c o m p o s i t i o n o f enamel , d e n t i n e , cementum and 

bone^ . 

Enamel Den t i ne Cementum 

Comuact Bone 

Water 2.3% 13.2% 32% 
Organic matter 1.7% 17.5% 22% 

Ash 96.0% 69.3% 46% 

In lOOg o f ash 
Calcium 3 6 . l g 35 . Og 35.5s 

Phosphorus 1 7 . 3 1 7 . 1 1 7 . 1 

Carbon d i o x i d e 3 . 0 4 . 0 4 . 4 

Magnesium 0 . 3 1 . 2 0 . 9 

Sodium 0 . 2 0 . 2 1 . 1 • 

Potassium 0 . 3 0 . 0 ? 0 . 1 

C h l o r i n e 0 . 3 0 . 0 3 0 . 1 

F l u o r i n e 0 .016 0.017- 0 . 0 1 5 

Sulphur 0 . 1 0 . 2 0 . 6 

Copper . 0 . 0 1 

S i l i c o n 0 . 0 0 3 0 . 0 4 

I r o n 0 .0025 0 . 0 9 ' 

Z inc 0 .016 0 .018 

Lead 0 .037 0 .037 0 . 0 2 

Together w i t h t r a c e s o f : 

Ce, La , P r , Ne, Ag, S r , 

B, Cu, L i , Se . 

Ba, C r , S n , M n , T i , N i , V, A l , 



1 0 . 

o 
the order o f 2000 x 500 A. The c r y s t a l s in dent ine 

and bone are s i m i l a r l y e longated but t h e i r s i z e i s 
o 

reduced to about 500 x 100 A. An organic matrix o f 

the p r o t e i n c o l l a g e n surrounds the inorgan i c component 

o f bone and d e n t i n e , but l i t t l e i s known o f the organic 

p o r t i o n o f enamel. A p a t i t e and organic p r o t e i n 

f r a c t i o n s are the on ly c r y s t a l l i n e phases -ever observed 

i n heal thy bone, dent ine and enamel, and bonding t o 

t o o t h m a t e r i a l may i n v o l v e e i t h e r or both o f these . 

The name ' a p a t i t e 1 , c o ined by Werner i n 1790 from 
7 

the Greek ' t o d e c e i v e ' , remains an accurate d e s c r i p t i o n 

o f the s a l t . The e l u c i d a t i o n o f the c r y s t a l chemis t ry . 
' 8 9 

o f b i o l o g i c a l a p a t i t e s i s s t i l l a major problem ' . 

U n t i l r e c e n t l y , the p o s i t i o n of carbon d i o x i d e in the 

b i o l o g i c a l a p a t i t e s was a s u b j e c t o f much s p e c u l a t i o n . 
From a rev iew o f the l i t e r a t u r e on lthe mineral phase o f 

9 

bone i t was conc luded t h a t , although carbonate or 

p o s s i b l y b i c a r b o n a t e i o n s are l o c a t e d on the s u r f a c e o f 

a p a t i t e c r y s t a l s and carbon d i o x i d e may be l o c a t e d e l s e -

where, i t c ou ld not be present as a. separate carbonate 

phase. Later c o n s i d e r a t i o n s o f the l o c a t i o n o f carbon 

d i o x i d e have p laced i t i n the form o f carbonate i o n s 

bonded to s u r f a c e ca l c ium or magnesium i o n s " ^ , and 

r e p l a c i n g orthophosphate i o n s " ^ . An i n f r a - r e d and 



12 
x-ray crystallographic study has recently revealed 

that carbonate ions in dental enamel are in two different 

environments. One location is very'probably the 
s 

substitution position of certain hydroxyl ions and 

accounts for a small fraction of the carbonate ions, the 

remainder are apparently adsorbed onto the surface of 

the apatite crystals. 

The problem of the carbonate-containing apatites 

is associated with the structure of non-stoichiometric 

homologues for in the basic region of the Ca0-P
2
0^-H

2
0 

system, crystalline phases may be precipitated which 

yield X-ray diffraction patterns typical of hydroxy-

apatite whilst deviating considerably from the composition 

of this salt. Non-stoichiometric apatites have been 

reported with compositions over a range of Ca/P molar 

ratios from /3 to /3 • It was thought that phosphate.: 

ions adsorbed onto the surface of apatites,.accounted for 

low calcium contents ' , but synthetic apatites have 

been prepared with surface areas far too small for their 

16 17 

non-stoichiometry to be achieved by surface adsorption ' . 

Apparent calcium deficiencies may result from the • - ' 

simultaneous presence of brushite (dicalcium phosphate 

dihydrate), monetite (anhydrous dicalcium phosphate) 

and octacalcium phosphate in the precipitated solids 



There are two models which r ep r e sen t c u r r e n t o p i n i o n 

as t o t he s t r u c t u r e o f n o n - s t o i c h i o m e t r i c a p a t i t e s . 

One i s based on e p i t a x i a l i n t e r g r o w t h s o f h y d r o x y a p a t i t e 

19 
and . o c t aca l c i um pho spha t e , a n d . t h e o t he r d e s c r i b e s 

a c o n t i n u o u s s e r i e s o f c ompos i t i o n s w i t h d e f e c t s i n t he 

2 0 — 2 5 

a p a t i t e l a t t i c e ~ . Both w i l l be examined f u r t h e r 

i n Chap ter I I . 

Adhes ion o f r e s t o r a t i v e s t o the t o o t h s t r u c t u r e 

may be c o n s i d e r a b l y i n f l u e n c e d by the h i gh p r o p o r t i o n 

26 

o f a p a t i t e , an e n e r g e t i c water adsorben t . An 

adhes i ve p o se s s i n g a g r e a t e r a f f i n i t y t han water f o r 

t h i s s a l t i s t h e r e f o r e necessa ry . A search f o r mo l e cu l e s 

wh ich m igh t r e a c t w i t h t h e a p a t i t e s u r f a ce t o g i ve s t a b l e , 

chemisorbed f i l m s i s needed , the aim be i ng t o reduce 

pe rmanen t l y t h e h y d r o p h i l i c n a t u r e o f the a p a t i t e and 

y i e l d a s u r f a c e which wou ld adhere t o v a r i o u s po lymer i c 

m a t e r i a l s . The s y s t e m a t i c approach t o the problem o f 

f i n d i n g mo l ecu l e s wh ich would not be d i s p l a c e d by water 

i n c l u d e s an i n v e s t i g a t i o n o f the s u i t a b i l i t y o f c e r t a i n 

s u r f a c e - a c t i v e agen t s t o cause p r e f e r e n t i a l w e t t i n g o f 

powdered t o o t h t i s s u e s by t he o rgan i c phase o f a wa t e r / 

L 

n - b u t a n o l system . These no rma l l y h y d r o p h i l i c powders 

became o r g a n o p h i l i c when t h e s u r f a c e - a c t i v e agent had an 

adequa te hydrocarbon p o r t i o n and when i t s p o l a r group 



had t h e a b i l i t y t o compete s u c c e s s f u l l y w i t h wa ter f o r 

t h e powder s u r f a c e s . 

Ca l c i um i o n s on t h e a p a t i t e s u r f a c e form r a t h e r 

27 

weak c h e l a t e l i n k a g e s w i t h s u i t a b l e p o l a r groups ' . 

S u r f a c e a c t i v e compounds c o n t a i n i n g groups t h e o r e t i c a l l y 

c a p a b l e o f f o rm i ng an a m p h o t e r i c f i ve-a tom c h e l a t e r i n g 

w i t h a p a t i t i c c a l c i u m i o n s a r e e f f e c t i v e i n compe t i ng 

4 

w i t h wa te r f o r t h e s u r f a c e . The up t ake o f t e t r a -

c y c l i n e by m i n e r a l i s e d bone i s p r o b a b l y due t o t h e 

pO 

f o r m a t i o n o f p - d i k e t o n e t o c a l c i u m l i n k s . P r o t e i n s 

and o t h e r amino a c i d s may be c h r o r n a t o g r a ph i c a l l y s e p a r a t e d 

by h y d r o x y a p a t i t e , an e f f e c t wh ich i s p r obab l y a t t r i b u t a b l e 

t o amino a c i d - c a l c i u m c o m p l e x a t i o n . 

A s u r f a c e - a c t i v e compound wh ich i s a b l e t o c o - o r d i n a t e 

w i t h a p a t i t i c s u r f a c e c a l c i u m i o n s and t o r e a c t o r 

c o po l yme r i s e w i t h t h e monomer o f a r e s t o r a t i v e po lymer 

wou ld form a u s e f u l i n t e r m e d i a t e between t he two p h a se s . . 

Recen t i n v e s t i g a t i o n s o f t h e s e ' s u r f a c e - a c t i v e comonomers' 
29 30 

have l e d t o c e r t a i n f a i r l y s u c c e s s f u l t r e a t m e n t s . 

The a d d i t i o n - r e a c t i o n p r o d u c t o f N-pheny l g l y c i n e and 

g l y c i d y l m e t h a c r y l a t e p r o v i d e s an example o f t h i s t y pe o f 

compound. A s o l u t i o n o f t he comonomer, 

0 Ph OH 0 Me 

k i « h i 
HO-C-CHp-N-CHp-CH-CHp-O-C -C « CHP , i n e t h a n o l 



1/f 

was a p p l i e d t o d e n t i n e p r i o r t o t he a p p l i c a t i o n o f 

m e t h a c r y l a t e r e s i n and s i g n i f i c a n t l y improved subsequen t 

29 
a d h e s i o n o f t he r e s t o r a t i v e . 

Tooth s u r f a c e s p r e t r e a t e d w i t h d i l u t e m i n e r a l 

a c i d s have bonded w e l l w i t h a c r y l i c r e s t o r a t i v e m a t e r i a l s ^ " 

D e n t i n e t r e a t e d w i t h e i t h e r d i l u t e a c i d or base adheres 

w e l l t o m e t h a c r y l a t e r e s t o r a t i v e s , e s p e c i a l l y i f a s u r f a c e 

a c t i v e comonomer was a l s o a p p l i e d a f t e r r i n s i n g and d r y i n g 

3 0 
t h e d e n t i n e . C l i n i c a l t r i a l s o f enamel s u r f a c e s 

3 0 

r e s t o r e d w i t h a f i l l e d m e t h y l - 2 - c y a n o a c r y l a t e have shown^ 

t h a t p r e t r e a t m e n t o f t h e t o o t h w i t h a p hospho r i c a c i d 

c o n d i t i o n i n g agen t a i d e d a d h e s i o n , bu t f u r t h e r r e s t o r a t i v e 

was needed a f t e r o n l y e i g h t months . Adhes ion t o d e n t i n e 

unde r o r a l c o n d i t i o n s h a s no t been a ch i eved by t h i s method . 

C o n t a c t a n g l e measurements on human t o o t h s u r f a c e s have 

shown t h a t , b e f o r e a c i d t r e a t m e n t , >these s u r f a c e s a r e ' 

h y d r o p h o b i c , y e t wa te r and epoxy r e s i n s gave zero c o n t a c t 

a n g l e s , i n d i c a t i n g h y d r o p h i l i c i t y , a f t e r t r e a t m e n t w i t h 

3 5 

p h o s p h o r i c a c i d . T h i s r e s u l t s ugges t s t h a t enamel 

i s n o t e x t e n s i v e l y exposed on t he t o o t h s u r f a c e - b u t may 

be covered w i t h a t h i n f i l m o f o r g a n i c m a t e r i a l . A c i d s 

o t h e r t h a n p h o s p h o r i c have s i m i l a r e f f e c t s on t he t o o t h 

s u r f a c e . Adhes ion o f a c r y l i c r e s t o r a t i v e s t o enamel i s 

improved by t h e a p p l i c a t i o n o f d i l u t e h y d r o c h l o r i c a c i d 



15 

to the t o o t h surface^'"1", 

A t tent i on has been paid r e c e n t l y to r e s t o r a t i v e 

systems c o n t a i n i n g homopolymers and copolymers o f methyl 

mothacry late^ . There are many advantages o f using 

f a s t - s e t t i n g a c r y l i c a d h e s i v e s f o r bonding p l a s t i c 

attachments to human t o o t h s u r f a c e s . S e t t i n g times may 

be var ied over a wide range ; d e s i r a b l e p r o p e r t i e s can 

be b u i l t i n t o the a c r y l i c systems by the i n c o r p o r a t i o n 

o f s u i t a b l e comonomers i n t o polymer and monomer-polymer 

mixtures ; a c r y l i c systems are easy to mix and apply and 

can be prepared as to have reasonably long s h e l f - l i v e s ; 

the a c r y l i c adhes ives are a f a m i l i a r c l i n i c a l system; and 

most polymers based on methyl methacrylate show very low 

o r a l t o x i c i t y . P o l y m e r i s a t i o n o f methyl methacrylate 

monomer, may be i n i t i a t e d by a very low c o n c e n t r a t i o n 
» 

o f benzoy l p e r o x i d e , and N, N-d imethy lan i l ine may be 

used t o a c c e l e r a t e the r e a c t i o n . S e t t i n g times may 

a c c o r d i n g l y be ad jus ted by v a r i a t i o n of benzoyl perox ide 

and N, N-d imethy lan i l ine c o n c e n t r a t i o n s . Polymer or . 

copolymer may be added t o monomer to minimise shr inkage , 

which f o r a t y p i c a l a c r y l i c monomer- on po lymer i sa t i on i s " 

about 20%. V a r i a t i o n s i n the amount o f a d d i t i v e e f f e c t -

i v e l y c o n t r o l the degree o f shr inkage , which should 

i d e a l l y be avoided a l t o g e t h e r to i n c r e a s e the s trength o f 

adhesive j o i n t s . The optimum molecular weight f o r polymer. 



16. 

a d d i t i v e s i s about 20 ,000 : a 40% polymer s o l u t i o n i n 

methyl methacry late monomer gave an adhesive o f a c c e p t a b l e 

v i s c o s i t y and 12.4% shr inkage during s e t t i n g . Adhesives 

with poor p h y s i c a l p r o p e r t i e s genera l l y r e s u l t e d from use 

o f lower mo lecu lar weight a d d i t i v e s . 

Quartz f i l l e r s o f a c r y l i c adhesive systems have been 

i n v e s t i g a t e d as a p o t e n t i a l means o f reducing shrinkage 

during p o l y m e r i s a t i o n . An improvement in the bond 

s t rength was noted with the a d d i t i o n o f powdered quartz 
7 1 

to a c r y l i c monomer , but no s i g n i f i c a n t improvement i n 

the bond s t r e n g t h was found i f a methacrylate s u b s t i t u t e d , 

s i l a n e c o u p l i n g agent was used in q u a r t z - f i l l e d a c r y l i c 

polymers . Coupling agent without added quartz' a c t u a l l y 

decreased the j o i n t - s t r e n g t h s u b s t a n t i a l l y . 

Water has been found t o have a d e l e t e r i o u s e f f e c t 

on bond s t r e n g t h s i n a c r y l i c r e s t o r a t i v e systems with the 

breakdown i n s t rength p r o p o r t i o n a l to the logari thm o f 

the time o f immersion a f t e r peak s t rength has been attained ' 

Although a copolymer o f 80% metliyl methacrylate with 

methacry l i c a c i d has reasonab ly good bond s trength with 

the t o o t h s u r f a c e a f t e r a ' p e r i o d o f immersion o f one year 

at 3?°C, cont inued immersion would doubt l ess r e s u l t i n the 

eventual breakdown -of the bond. 

S i l i c o n i s i n g treatments are known to produce profound 



changes i n t h e h y d r o p h i l i c c h a r a c t e r o f t he v a r i o u s 

s i l i c a s . M e t h a n o l " ^ , t r i m e t h y l c h l o r o s i l a n e ^ ^ and 

39 

d i a z o m e t h a n e ^ form h y d r o p h o b i c mono layers o f chemi-

so rbed g roups on h y d r o x y l a t e d s i l i c a s , r e s u l t i n g from 

t h e f o l l o w i n g r e a c t i o n s a t t he s i l i c a s u r f a c e : 
v S i - OH CH..OH ^SiOCH-j 4- H o 0 

j J £ 

5 S i - OH + C lS iMe^ * SiOS^Me^ HC1 

> S i - OH 4- CH2N2 ^ ^SiOCH^-*- N2 

T r i m e t h y l s i l y l g roups p r o v i d e a s u r f a c e on s i l i c a 

wh i ch i s b o t h d u r a b l e i n c o n t a c t w i t h l i q u i d water**^ 

and t h e r m a l l y stable**"*". A s u b s t a n t i a l r e d u c t i o n i n 

t h e h y d r o p h i l i c c h a r a c t e r o f a e r o s i l s i l i c a s , a f t e r p r i o r 

t r e a t m e n t w i t h hexame thy l d i s i l a z a n e , has a l s o been 

noted** 2 . 

R e a c t i o n s between z i n c ox i d e and some n - a l k y l t h i o l s , 

between ch rom ia and m e t h a n o l and ethanol****, and between 

L 5 

a l u m i n a and a t h a n o l ^ a l l y i e l d mono layers o f chemisorbed 

o r g a n i c g r o u p s . 

The g r a f t i n g o f l o n g a l ky l- c h a i n s t o a p a t i t e s u r f a c e s 

m i g h t promote a d h e s i o n t o po lymers s i n c e t he c h a i n s c o u l d 

become e n t a n g l e d w i t h t h e po l ymer . Th i s s ugges t s t h a t 

t h e s u r f a c e o f t e e t h o r s y n t h e t i c a p a t i t e s may r e a c t 

t o y i e l d hyd rophob i c mono l aye r s i f s u i t a b l e r e a g e n t s c o u l d 

be f o u n d . A c a r i o u s t o o t h m i gh t t h en be r e s t o r e d i n such 



a v/ay that good adhesion would r e s u l t between i t and a 

polymer o f s u i t a b l e p h y s i c a l p r o p e r t i e s . Polymer-

s u r f a c e m o d i f i e d a p a t i t e compos i tes might a l s o be prepared 

with good c o h e s i o n by the preparat ion o f r e s t o r a t i v e 

m a t e r i a l s with reduced thermal expansion and improved 

bulk s t r e n g t h . The f i l l e r would a l s o reduce shrinkage 

during c u r i n g . 

Dry samples o f s y n t h e t i c a p a t i t e powder have been 

t r e a t e d with s i l a n e d e r i v a t i v e s such as Me2SiCl2» 

Me^SiCl, C ^ H ^ S i C l ^ and (Me^Si)^NH, e i t h e r d i s s o l v e d i n 

s o l v e n t s or as the pure r e a g e n t s , i n open and sea l ed 

v e s s e l s and at temperatures ranging from 20°C to 2 0 0 ° C ^ . 

These treatments a l t e r e d the subsequently measured adsorp t i on 

i sotherms o f water , but the changes were not permanent and 

p r o g r e s s i v e s o r p t i o n runs gave isotherms which tended t o 

r e t u r n towards the curve f o r pure a p a t i t e . When, two 

evacuated g r a v i m e t r i c s o r p t i o n u n i t s were i n t e r c o n n e c t e d , 
... » 

m a t e r i a l d i s t i l l e d from a m o d i f i e d . a p a t i t e i n one uni t t o 

a pure a p a t i t e i n the second . This could. be f o l l o w e d by 

the approach o f the i n i t i a l l y d i f f e r e n t water s o r p t i o n 

i so therms to a mean c u r v e . • 

Treatment o f a p a t i t e with l i q u i d t r imethy l c h l o r o -

s i l a n e at 60°C y i e l d e d a h y g r o s c o p i c product , found to 

be a mixture o f ca lc ium c h l o r i d e and d ica lc ium phosphate 



dihydrate by X-ray examinat ion, and although no hydroxy- • 

a p a t i t e was found i n the product , an examination by 

mass spectrometry i n d i c a t e d the presence o f the s i l y l 

e t h e r , (Me^Si^O, i n a t r i m e t h y l c h l o r o s i l a n e so lut i on / 1 ^. 

Hydroxyapat i te may have decomposed a c c o r d i n g ' t o the 

equat i on : 

Cac(PO. )_0H 4-4H-0 4- 10Me,SiCl —> 5 ( M e , S i ) o 0 4-
4 3 2 3 - ^ 3 2 

5cacl
2
 3h^p0^. 

Some calc ium c h l o r i d e may then have r e a c t e d with phosphor ic 

a c i d and water to produce the calc ium phosphate found 

p r e s e n t . The removal , by evacuat ion , o f water from 

a p a t i t e prevented the o c currence o f bulk decompos i t ion , 

n e v e r t h e l e s s no s t a b l e chemisorbed a l k y l s i l a n e l a y e r s 

were formed and the m a t e r i a l s modi fy ing the sur face were 

c o n s i d e r e d t o be s i l y l e t h e r s : 

Ca,-( PO^)^OH-j-2Me^SiCl —> Ca^( P O ^ C l (Me^Si^O 4 - HC1. 
» 

The formation o f s i l y l e ther l i b e r a t e s a l i t t l e hydro -

c h l o r i c a c i d which may f u r t h e r a t tack the a p a t i t e 

s u r f a c e . S i l y l e t h e r s are v o l a t i l e l i q u i d s so that l a c k 

o f permanence o f the s u r f a c e f i l m s and the p r e v i o u s l y 

noted easy t r a n s p o r t i n vacuo from sample to sample i s 

r e a d i l y understood . 

The la ck o f s u c c e s s i n ach iev ing s t a b l e sur face 

groups by the treatment o f a p a t i t e s with s i l a n e d e r i v -

a t i v e s p o i n t s t o the d i f f i c u l t y o f forming an Si -O-P 



bond. I t i s noteworthy i n t h i s connec t i on that hydro -

thermal r e a c t i o n s i n v o l v i n g a l k a l i n e magmas with phosphate 

aluminium hydroxide and c o l l o i d a l s i l i ca** 0 y i e l d e d 

alurninophosphates and a l u m i n o s i l i c a t e s but never any 

s i l i c o p h o s p h a t e s c o n t a i n i n g such a bond. 

S i l i c a , alumina and hydroxyapat i te have been t rea ted 

with e t h e r e a l s o l u t i o n s o f diazomethane**2. These 

normally h y d r o p h i l i c sopbents were a l l rendered substan-

t i a l l y l e s s h y d r o p h i l i c and the s u r f a c e s were s t a b l e t o 

outgass ing at 100°C and t o repeated water s o r p t i o n 

measurements. The r e a c t i o n o f diazomethane, and o ther 

a l i p h a t i c diazocompounds, with the sur face o f v a r i o u s 

s y n t h e t i c a p a t i t e s has a c c o r d i n g l y been made the s u b j e c t 

o f t h i s work. 



CHAPTER 2 

MATERIALS AND LITERATURE SURVEY 

2 . 1 The Apat i t e s 

2 . 1 . 1 Hydroxyanatite and r e l a t e d s a l t s . 

The a p a t i t e s e r i e s , an important phosphate group 

c r y s t a l l i s i n g i n the hexagonal system and i n s o l u b l e i n 

water , i s the c h i e f mineral source o f .phosphorus in the 

chemical and f e r t i l i s e r i n d u s t r i e s . 

S t o i c h i o m e t r i c a p a t i t e s may be represented by the 

formula ^ q ^ C R O ^ ^ v / ^ e r e a H c a t i o n s i t e s (M) may be 

occup ied by d i v a l e n t i o n s o f l e a d , s tront ium, z inc or 

cadmium as w e l l as o f the more usual ca lc ium. Provided 

e l e c t r i c a l n e u t r a l i t y i s maintained, some c a t i o n s i t e s may 

conta in o ther s p e c i e s such as sodium, potassium, manganese, 

magnesium, i r o n , aluminium, water and cerium. Anions o f 
i 

f l u o r i n e , hydrox ide , c h l o r i n e and carbonate occupy s i t e s 

( X ) , and phosphate, a r s e n a t e , vanadate and s i l i c a t e can 

f i l l s i t e s RO^, a l though the d iva lent i ons o f carbonate 

and sulphate may be found at t h i s normally t r i v a l e n t s i t e . 

Natura l ly o c c u r r i n g a p a t i t e s are d iv ided into ' : two 

main groups , with only smal l amounts o f e x c e p t i o n a l 

m a t e r i a l s : a p a t i t e i s r e s e r v e d as the name f o r calc ium 

c o n t a i n i n g s a l t s such as hydroxyapat i t e , f l u o r a p a t i t e , 
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francolite and dahlite while the pyromorphite series 

contains lead as the dominant cation and includes pyro-

morphite, mimelite and v a n a d i t e . The calcium series 

contains fluorine and hydroxy1 ions in X positions. 

Hydroxyapatite, belonging to the calcium series, 

and other similar substances are of principal interest 

in this work, and a brief survey of the members of this 

series will first be m a d e . 

Fluorapatite, C a ^ Q ( P 0 ^ ) F 2 , occurs in igneous rocks 

as small prismatic crystals of hexagonal section, fine 

examples occurring at D u r a n g o , New Mexico. Chloride ions 

often replace some of the fluoride ions to give slightly-

variable refractive i n d i c e s . Hydroxyapatite, C a ^ C PO^) OH) 

47 

occurs as a rare mineral at Hospenthal, Switzerland , and 

•in the hydrothermal deposits at Holly'Springs, Georgia, 

U.S.A.** 8 

Francolite, a crystalline fluorapatite-like mineral 

containing up to 6% carbon dioxide, has been found as 

a thin, colourless, confusedly crystalline crust on a-
49 

fibrous quartz mass at W h e a l Franco, Tavistock, Devon ; 

while specimens of francolite occurring in sedimentary 
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i r o n s t o n e from the Yorksh i re c o a l f i e l d s have been desc r ibed 

which were up t o one m i l l i m e t r e diameter, hexagonal p l a t e s , 

c o n s i s t i n g o f the b a s a l p lane and a low pyramid, twined 

i n s i x t r i a n g u l a r s e c t o r s . ^ I t can a l s o come from 

sources such as hydrothermal ore d e p o s i t s , marine phosphates , 

or f reshwater sed iments . At Barnle,, Norway, d a h l i t e , a 

c a r b o n a t e - c o n t a i n i n g , f l u o r i n e - f r e e a p a t i t e mineral has 
51 

been, found , o c c u r r i n g as a pale ye l l ow c rus t on a p a t i t e . 

Some w e l l formed hexagonal c r y s t a l s o f about 2mm i n diameter 

and conta in ing no f l u o r i n e have been found in P o d o l i a , . 
^2 53 Russia^ , and have been assumed to be d a h l i t e ^ . I t has 

been suggested that f r a n c o l i t e i s merely d a h l i t e i n which 
54 

the f l u o r i n e content exceeds . 

2 . 1 . 2 The c r y s t a l s t r u c t u r e o f hydroxyapat i te . 

The space group o f f l u o r a p a t i t e , was determined 
k 55 

from X-ray d i f f r a c t i o n photographs in 1923 » two 

authors , independent ly , con f i rmed t h i s space—group and 

suggested s t r u c t u r e s o f the mater ia l^ . The p o s i t i o n 

o f the f l u o r i n e atom i n the c r y s t a l l a t t i c e was the only 

d i f f e r e n c e i n the suggested s t r u c t u r e s and although a 

c h o i c e between the two p o s s i b i l i t i e s i s d i f f i c u l t to make, 
l a t e r a u t h o r s ^ ' ^ have a c c e p t e d and improved upon the 

56 
Naray-Szabo^ a n a l y s i s , w i th f l u o r i n e at OOtJ:, 00£. 

57 58 
Mehmel ' , i n s u g g e s t i n g that the f l u o r i n e p o s i t i o n s 



were OOC, 00-j, proposed a s t r u c t u r e s i m i l a r to the one 
59 

now accepted f o r the c h l o r i n e p o s i t i o n s i n c h l o r a p a t i t e . 

Anions X o c cur on the - r o t a t i o n a x i s through calc ium 

t r i a n g l e s and the anions are not e s s e n t i a l f o r the 

determinat ion o f the main s t r u c t u r e . Although these 

i n t e r s t i c e s are u s u a l l y f i l l e d in some regu lar way by 

var i ous i o n s , as suggested above, such f i l l i n g i s not 
61 

always necessary ( i t has been repor ted that Pb^PO^J^SiO^ 
62 

hnd have a p a t i t e - l i k e s t r u c t u r e s i n which 

these channels a r e , o s t e n s i b l y , empty.) Because o f the. 

l a r g e n e s s o f these channe ls and the f a c t that they are 

supported by the r e s t o f the s t r u c t u r e , one i s l ed t o 

expec t that they may p r o v i d e easy d i f f u s i o n paths . I t 

i s known that F r e p l a c e s OH i n f o s s i l bone and, more 
6 5 

s i g n i f i c a n t l y , i t has been shown that a s i n g l e c r y s t a l 

o f s y n t h e t i c c h l o r a p a t i t e may be changed, by a d i f f u s i o n 

p r o c e s s at 1200°C, i n t o a s i n g l e c r y s t a l o f h y d r o x y a p a t i t e , 

the r e s u l t i n g c r y s t a l c o n t a i n i n g only 6 per cent o f i t s 

o r i g i n a l . c h l o r i n e . 

- 6 0 

A more r e c e n t study o f the f l u o r a p a t i t e s t r u c t u r e 
o o 

g i v e s hexagonal l a t t i c e c ons tants o f a « 9 . 3 7 A, c = 6 .88 A, 

with the l a t t i c e c o n t a i n i n g two d i f f e r e n t kinds o f ca lc ium 

i o n s and three d i f f e r e n t k inds o f oxygen. S i tuated along 

each of the t h r e e - f o l d , a x e s , ha l f the height o f a un i t 



c o l l apart ,V i s a column o f calc ium i o n s . Adjacent 

c a l c i u m s , i n each column, are bonded by means o f three 

shared oxygens which l i e i n a h o r i z o n t a l plane o f symmetry 

( s e e f i g u r e 2 . 1 a ) , i n a d d i t i o n to which each o f these 

ca lc ium i o n s i s bonded, a t g r e a t e r d i s t a n c e , to three 

o ther oxygen atoms which l i e in a plane almost at the same 

h e i g h t . This arrangement o f calc ium and oxygen i o n s 

forms a cont inuous v e r t i c a l column with each calc ium 

c o - o r d i n a t e d w i t h . n i n e oxygen atoms. That there i s not 

an i d e n t i c a l repeat o f the oxygen arrangement around 

s u c c e s s i v e ca lc ium i o n s , but ra ther f o r a l t e r n a t e ca lc iums 

i s because each s e t o f three shared oxygens i s r o t a t e d 

about the chain a x i s . Furthermore, the s e t s o f oxygen 

atoms l i n k e d to on ly one ca lc ium i o n , although a c c u r a t e l y 

c o i n c i d e n t when viewed down the c - a x i s , are a l t e r n a t e l y 

r a i s e d and lowered i n a d i r e c t i o n p a r a l l e l to the c - a x i s 
V 

so that some o f the oxygen atoms are c l o s e r than o t h e r s . 

This approach enables each c l o s e pa i r to become oxygen 

atoms o f the same phosphate i o n , a t h i r d oxygen o f t h i s 

i o n i s one o f those shared by two calc ium i o n s i n a column 

The f o u r t h oxygen o f the phosphate i o n p r o j e c t s outwards 

from the column; t h i s and l i k e oxygens l i n k ad jacent 

ca l c ium-oxygen columns t o g e t h e r ( see f i g u r e 2 .1b ) and 

c o n s t i t u t e shared oxygens o f the ad jacent column. 

Neighbouring columns are r e l a t e d to each other by a 



Figure 

Ca lc ium i o n co lumns 

(a.) (b.) 

O Oxygen (7) Ca l c i um @ Phosphorus 
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t w o - f o l d screv/ a x i s p l a c e d midway between them, and the 

columns, l i n k e d in the manner descr ibed above, r e s u l t i n 

a hexagonal honeycomb v/ith channels extending throughout 

the s t r u c t u r e . The v /a l l s o f these channels are l i n e d 

with oxygen atoms, the arrangement being such that there 

a r e , i n the wa l l o f each channel , s i x c a v i t i e s per uni t 

c e l l l e n g t h . A d d i t i o n a l calc ium i o n s are f i t t e d i n t o 

these c a v i t i e s , one ca l c ium going about halfv/ay i n t o each. 

The a d d i t i o n o f a f l u o r i n e atom at (00£) and (00£) (v/hich 

are the c e n t r e s o f each t r i a n g u l a r array o f the ' c a v i t y 1 

ca l c iums) completes the f l u o r a p a t i t e l a t t i c e ( s e e f i g u r e 

2.2). 

The space group and un i t c e l l dimensions, obta ined 

from X-ray data , o f a mineral sample o f hydroxyapatie 

mined i n Hol ly S p r i n g s , Georg ia , U .S .A . , have been 

found6Z f t o be P 6 j / m and a » 9 . A 3 2 A , l c = 6 . 8 8 l 2 . The o v e r a l l 

s t r u c t u r e i s i n d i c a t e d i n f i g u r e 2 . 3 . 

Neutron d i f f r a c t i o n data have been used more r e c e n t l y 

to determine the p o s i t i o n o f the hydrogen atom o f the 

hydroxyl group, the oxygen atom o f the group i s l o c a t e d 
o 

about 0.3A (on the average ) above or belov/ the t r i a n g l e o f 

ca lc ium i o n s on the mirror, p lanes at z — The 

geometry i s approximate ly s i m i l a r to that found i n calc ium 
o 

hydrox ide , but each s i d e o f t h i s t r i a n g l e i s if.09A i n 
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Figure 2.6 

F l u o r e r a t i t o l a t t i c e viewed along the c axi: 
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Figure 2.3 . 

Hydroxyanatitc l a t t i c o viov.'e d along the c ax i s 
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o 
l ength as compared with 3»59A i n the hydrox ide . A 

o 
d i s t a n c e o f 2.38A f o r the Ca-CL, d i s tnace i n hydroxy-

ri 
O 

a p a t i t e i s comparable with the d i s tance of 2.37A in calc ium 

hydrox ide , and t h i s may be expla ined by a simple study o f 

the geometry o f t h i s environment. The hydroxyapat i te 

hydroxyl group cou ld drop c l o s e r to the calc ium plane by 

an expansion o f the ca l c ium t r i a n g l e , the Ca-0 d i s tance 

i s maintained the same as f o r the smal ler calcium t r i a n g l e 

o f the hydrox ide . 
Motion o f the hydroxy l i on i n hydroxyapat i te , i n the 

c d i r e c t i o n , would be almost perpendicu lar to the Ca-O.. 
H 

d i r e c t i o n and t h e r e f o r e such motion may become r e l a t i v e l y 

l a r g e without a p p r e c i a b l y changing the Ca-O^ l e n g t h . 
n. 

This has been born out by neutron d i f f r a c t i o n s t u d i e s 

which a l s o i n d i c a t e d t h a t , perpendicu lar to the c d i r e c t i o n , 

thermal motion o f the i s r e l a t i v e l y small whi le motion 

o f the H i s q u i t e l a r g e . Such la rge v i b r a t i o n a l motion 

o f the hydrogen about the cent re o f mass o f the hydroxyl 

group i s c o n s i s t e n t with the g e n e r a l l y open nature o f 

the s t r u c t u r e i n t h i s neighbourhood. 

The displacement o f the hydroxyl oxygen atoms from 
o 

the mirror p lanes z^^r , £ l e a v e s a d i s tance o f 0.7A 
between h a l f oxygens , imply ing a c o n f i g u r a t i o n i n which 

on ly one o f the two p o s s i b l e p o s i t i o n s i s f i l l e d . Neutron 



d i f f r a c t i o n data has shown that the hydroxyl groups do 

not s t r a d d l e the mirror p lane , thus two models f o r the 

hydroxyl group p o s i t i o n are i n d i c a t e d . In the ' d i s o r d e r e d 

column' model the o r i e n t a t i o n o f hydroxyl groups i s reversed 

at v a r i o u s p l a c e s w i t h i n a column, whereas in the ' o r d e r e d 

column' model a l l the groups in a g iven column are o r i e n t e d 

in the same way, a l though the c h o i c e o f o r i e n t a t i o n i s 

random ( s e e f i g u r e 2 . 4 ) . Some s p e c i a l s t r u c t u r a l 

c i r cumstances may o c cur a t such p l a c e s where the d i r e c t i o n 

o f the 0-H group i s r e v e r s e d in the ' d i s o r d e r e d column' 

model . 

Severa l p o s s i b i l i t i e s have been suggested as causes 
C c CC. 

f o r r e v e r s a l s i n hydroxy l i o n d i r e c t i o n , s i n c e present 

data are inadequate f o r the determinat ion of s t r u c t u r a l 

d e t a i l as f i n e as a r e v e r s a l mechanism, f o r t h i s need 

operate only i n a r e l a t i v e l y small number o f unit - c e l l s . 

. I f hydroxyl groups were t o extend towards each o ther from 

the mirror p lanes z the hydrogen atoms would be 

very c l o s e . In the case o f pure s y n t h e t i c hydroxyapat i te 

i t seems e i t h e r that v a c a n c i e s must e x i s t at these r e v e r s a l • 

p o i n t s to prevent c l o s e approach o f hydroxyl groups or that 

the ordered column model should app ly , but i t may be , 

p o s s i b l e f o r an o c c a s i o n a l 0-H to be p laced a c r o s s the 

mirror plane or f o r an o c c a s i o n a l hydroxyl pa ir to be 

p o i n t i n g g e n e r a l l y toward each o ther from ad jacent mirror 
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p l a n e s w h i l e i n d i v i d u a l i o n s make a s u b s t a n t i a l a n g l e 

v / i t h t h e c a x i s ^ . 

Some f l u o r i n e h a s alY/ays been found i n m i n e r a l 

h y d r o x y a p a t i t e . An atom o f f l u o r i n e a t t h e c e n t r e o f 

a c a l c i u m t r i a n g l e m i g h t have some a t t r a c t i o n f o r t h e 

hyd rogen o f n e i g h b o u r i n g h y d r o x y l g r o u p s , and such an 

i m p u r i t y m i g h t even be e x p e c t e d t o p roduce d i s o r d e r w i t h i n 

t h e c o l umn . At t h e l e a s t such an i m p u r i t y Y/ould accom-

modate d i s o r d e r . P r e s e n t s t r u c t u r e d e t e r m i n a t i o n s o f t h e 

f l u o r i n e i n f l u o r a p a t i t e . p l a c e i t a t z o r a t t h e 

c e n t r e o f t h e c a l c i u m t r i a n g l e s " ^ . A p o l a r moment v / i th 

f l u o r i n e i s n o t made up by t h e t r i a n g l e as w i t h a h y d r o x y l . 

g r o u p , o r a c h l o r i n e i n c h l o r a p a t i t e , and t h e l a c k o f 

s uch a moment may c o n t r i b u t e t o t h e g r e a t e r c h e m i c a l 

s t a b i l i t y o f f l u o r a p a t i t e ; f o r example i t s lov/er s o l u b i l i t y 

and g r e a t e r r e s i s t a n c e t o d i s s o l u t i o n ' i n a c i d s . Recen t 

i ' n-v i vo bone a p a t i t e g roY / t h- r a t e i n v e s t i g a t i o n s have demon-

s t r a t e d ^ ' ^ t h a t f l u o r i d e - c o n t a i n i n g bone a p a t i t e grows 

more r a p i d l y and t o l a r g e r c r y s t a l l i t e s i z e t h a n t h e 

f l u o r i d e - f r e e s p e c i m e n s , a n e f f e c t Y /h ich may be i n t e r p r e t e d 

a s b e i n g due t o t h e s t a b i l i t y d i f f e r e n c e between o r d e r e d -

and d i s o r d e r e d co l umn mode l s f o r h y d r o x y a p a t i t e . S e v e r a l 

a u t h o r s have s u g g e s t e d t h a t t h e r e d u c t i o n i n t h e r a t e o f 

d i s s o l u t i o n o f d e n t a l ename l when s m a l l amounts o f . f l u o r i d e 



are present may be caused by f l u o r i n e h inder ing the 
66 

t r a n s p o r t o f hydroxy l i o n s along the 6 ^ - a x i s 

MMR experiments on a mineral sample o f hydroxyapat i te 

from Hol ly Spr ings have been u s e f u l in the e l u c i d a t i o n 

o f the c r y s t a l l o g r a p h y o f l i n e a r chains o f hydroxyl i o n s 
66 

i n a p a t i t e s . The sample conta ined about one f l u o r i n e 

atom f o r every e l even hydroxy l i o n s . Recordings o f the 

f l u o r i n e resonance l i n e f o r Hq p a r a l l e l t o the c - a x i s ' 

were c ons idered t o c o n s i s t o f the s u p e r p o s i t i o n o f a 

t r i p l e t and a d o u b l e t . The c o n f i g u r a t i o n H-F-H g i v e s 

r i s e to the t r i p l e t whi le the H-F-vacancy c o n f i g u r a t i o n 

produces the d o u b l e t . These r e s u l t s showed that the 
H t o F d i s t a n c e i n the H-F-vacancy c o n f i g u r a t i o n i s 

o 
2 . 1 2 ^ ; 0.03 A whi le the H to F d i s tance i n the H-F-H 

o 
c o n f i g u r a t i o n i s 2 . l 8 " l g 0 . 0 2 A and compare most favourab ly 

with the H-F d i s t a n c e c a l c u l a t e d from neutron d i f f r a c t i o n 

data , i f i t i s assumed that the f l u o r i n e atom has the 

same posi l t ion i n hydroxyapat i t e as i t has in f l u o r a p a t i t e , 
o 

t h i s d i s t a n c e i s 2 . 1 3 'A ( s e e f i g u r e 2.£f). 0-H-F hydrogen 

bonding i s p o s s i b l y t h e ' c a u s e o f the lower r e s u l t f o r 

the H-F d i s t a n c e i n the H-F-vacancy c o n f i g u r a t i o n , i t 

be ing c o n c e i v a b l e that such hydrogen bonding could account 

f o r the reduced m o b i l i t y o f hydroxyl g roups .ad jacent t o 

f l u o r i n e atoms. The e x i s t e n c e o f weak hydrogen bonds 
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may account f o r the a d d i t i o n a l i n f r a - r e d adsorp t i on 
69 - 1 band , near 3540 cm , o f mineral hydroxyapat i te which 

70 
a c c o r d i n g to r e c e n t measurements' , i s s p l i t i n t o two 

separate peaks . The d i s o r d e r e d column model f o r 

hydroxyapat i t e sugges t s that the hydroxyl i o n s are not 

i n t h e i r l owest p o s s i b l e energy s t a t e , t h i s p a r t i c u l a r 

c o n t r i b u t i o n t o the f r e e energy o f the c r y s t a l would be 

reduced i f an i o n were s u b s t i t u t e d i n t o an ordered 

p o s i t i o n . P r e f e r e n t i a l replacement o f OH by F at o rd inary 

temperatures may be p a r t l y due to f l u o r i n e s u b s t i t u t i o n 

i n t o ordered p o s i t i o n s , but the l a r g e d i f f e r e n c e i n the 

heats o f f ormat ion o f f l u o r a p a t i t e and hydroxyapat i te 

makes i t c l e a r that s t a t i s t i c a l d i s o r d e r cannot, be the 

major source o f energy d i f f e r e n c e . 
The l a r g e r o c k i n g motion o f the hydrogen atom perpen-

66 

d i c u l a r to the c - a x i s sugges ts th.at the atom may be 

brought c l o s e r i n turn t o an oxygen atom on each o f the 

three surrounding phosphate groups . I f t h i s .was the case 

then a b i f u r c a t e d type o f hydrogen bonding would o c c u r , 

which would r e s u l t i n a low frequency d e v i a t i o n o f the 
71 

band due t o the hydroxy l i o n s t r e t c h i n g f requency . 
- 1 72 

The observed va.lue o f 3566 cm f o r t h i s mode i s i n 

f a c t s l i g h t l y lower than the value p r e d i c t e d f o r a l i n e a r 
71 

O-H.. . .OPO7 arrangement' , namely 3578, and i s s u b s t a n t i a l l y 



lower than the va lues f o r t h i s f requency i n systems where • 
- 1 73 

no H-bonding o c c u r s (water vapour, 3755cm < Ca(OH)p, 

3 6 W 7 / f ; Mg(0H)2 , 3698cm"1 7 5 ; and Li OH, 3678cm"1 7 6 ) . 

The case f o r hydrogen bonding i s s u b s t a n t i a l l y supported 
- 1 72 

i f the observed band at 633cm i s ass igned to a 

l i b r a t i o n a l mode o f the hydroxy l i o n . This band i s 
7 7 oO 

c o n s i d e r a b l y h igher than that i n magnesium , calc ium 
79 

and l i t h i u m hydrox ides f o r the same motion, namely 

330cm" 1 . This r e s u l t sugges t s that hydrogen bonding t o 

three phosphate groups i n turn makes a l a r g e c o n t r i b u t i o n 

t o the l i b r a t i o n a l f o r c e c o n s t a n t . 
2•1•3 C r y s t a l s t r u c t u r e o f n o n - s t o i c h i o m e t r i c a p a t i t e s . 

Octacalc ium phosphate , a l s o known as t e t r a c a l c i u m 

hydrogen t r i p h o s p h a t e , o c c u r s i n some calc ium phosphate 
80—83 

systems which are more b a s i c than d i cac l ium phosphate " , 

and although i t s e x i s t e n c e as a d i s t i n c t c r y s t a l l i n e phase 

has been q u e s t i o n e d 1 ^ ' i t has now b e e n - e s t a b l i s h e d by 
a c 

s i n g l e c r y s t a l ^ and p o w d e r - d i f f r a c t i o n X-ray s tmdies . 

X - r a y , o p t i c a l and chemica l p r p o e r t i e s have i n d i c a t e d 

that ac taca l c ium phosphate i s s t r u c t u r a l l y r e l a t e d t o 

hydroxyapat i t e a l though the two s a l t s are not i s o s t r u c t u r a l . 

I t has been shown that o c taca l c ium phosphate i s composed o f 

a p a t i t i c l a y e r s that are p a r a l l e l t o the be plane and 



129 
separated by hydrated l a y e r s . The s t r u c t u r a l a n a l y s i s 

87 
o f the s a l t was based upon t h e . f o l l o w i n g unit c e l l 

0 0 O r f 

c o n s t a n t s : a = 19.87A; b = 9 . 6 3 A ; C&6.87A; < = 8 9 ° 1 7 ; 

p f f 9 2 ° 1 3 f ; and J^1G8°57*. The centrosymmetric space 

group PI which was assumed i n t h i s a n a l y s i s was v e r i f i e d 

by the s u c c e s s o f the s t r u c t u r a l determinat ion . Constant 

numbers o f waters o f h y d r a t i o n were not y i e l d e d by the 

c o m p o s i t i o n a l a n a l y s i s : water enters and l e a v e s the 

o c t a c a l c i u m phosphate l a t t i c e with some ease . The u n i t 

c e l l was, however, assumed t o be 2[pagH^CPO^)^•^^oX 

Figure 2 . 5 i l l u s t r a t e s the s t r u c t u r e o f o c t a c a l c i u m 

phosphate , p r o j e c t e d down the c - a x i s . A p a t i t i c phosphorus 

s i t e s are at the c o r n e r s o f the l a r g e r hexagon; whi le 

calc ium s i t e s are shown by the corners o f the smal ler 

hexagon, on ly f o u r o f the s i t e s on each hexagon are f i l l e d 

i n t h i s s t r u c t u r e , the s i t e s o f thevmissing atoms be ing 

shown' connected by the broken l i n e s . One o f the miss ing 

ca lc ium i o n s seems t o have been rep laced by a water molecule 

0 ( 4 1 ) . One p a i r , Ca ( l ) ' and C a ( 2 ) , o f the two p a i r s o f 

a p a t i t i c column c a l c i u m s , i s i n v i r t u a l l y the same p o s i t i o n 

i n o c t a c a l c i u m phosphate , with the corresponding a p a t i t i c 

p o s i t i o n s one above and one i n the p o s i t i o n marked by 

the a s t e r i s k . The second p a i r o f calc ium i ons i s s p l i t , 

one, C a ( 3 ) , i s q u i t e near i t s a p a t i t i c s i t e but the o t h e r , . 



Figure 2.5 
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o ' 

C a ( 4 ) , i s d i s p l a c e d by about 1.5A p a r a l l e l to the o - a x i s . 

The s t r u c t u r e o f o c t a c a l c i u m phosphate i s c l o s e to the 

s t r u c t u r e o f hydroxyapatite^** f o r small va lues o f x , 

and the r e g i o n d e f i n e d approximate ly by ^ x ^ - i i s r e f e r r e d 

t o as the ' a p a t i t e l a y e r ' wh i l e the p o r t i o n de f ined by 

t^x^r i s c a l l e d the 'water l a y e r ' . Tying these l a y e r s 

t o g e t h e r i s the phosphate i o n P ( 1 3 ) , with the remaining 

phosphate P(14) l y i n g i n the r e g i o n which i n hydroxyapat i te 

i s o c cup ied by two ' h e x a g o n a l ' ca l c iums . One o f the 

oxygen atoms 0 ( 3 5 ) of P(14) l i e s i n the c en t re o f the 

liexagon, occupying the s i t e o f an a p a t i t i c hydroxyl i o n . 

(A water m o l e c u l e , 0 ( 4 2 ) , o c c u p i e s the other hydroxyl s i t e . ) 

Ease i n l o s i n g water from oc taca l c ium phosphate and the 

d i f f i c u l t y o f e s t a b l i s h i n g a d e f i n i t e degree o f hydrat ion 

are expla ined by the channel o f the 'water l a y e r ' . The 

formula 2[CagH2 (P0^)£.5H2cQ assumes the water s i t e 0 ( 4 3 ) 

i s c omple te ly f i l l e d i n the i d e a l compound. This s i t e 

was found t o be i n c o m p l e t e l y occup ied i n the c r y s t a l on 

which the X-ray i n t e n s i t y measurements were made, but there 

i s s u f f i c i e n t room at the s i t e f o r a v/ater mo lecu le , where 

i t would be c o - o r d i n a t e d t o e i ght oxygen atoms by 
o 

d i s t a n c e s o f l e s s than 3 . 5 A . There does not appear t o 

be any space i n the un i t c e l l l a r g e enough to accommodate 

another water m o l e c u l e . 



The asymmetric o c t a c a l c i u m phosphate unit c o n t a i n s 

two non-water pro tons which may form i n t e r phosphate 

hydrogen bonds . One such bond may be i n d i c a t e d by a 
o 

d i s t a n c e o f on ly 2.47A between oxygen atoms 0 (20 ) and 

0 ( 3 6 ) , the o t h e r i n t e r p h o s p h a t e oxygen to oxygen d i s t a n c e s 
o 

are g r e a t e r than 2.9A and a second interphosphate hydrogen 

bond cannot be l o c a t e d d e f i n i t e l y on the b a s i s o f X-ray 

work. 

Many i n v e s t i g a t o r s have repor ted that p r e c i p i t a t e d 

ca lc ium phosphates which g i v e a p a t i t i c X-ray p a t t e r n s o f t e n 

have molar r a t i o s o f Ca t o P l e s s than i n h y d r o x y a p a t i t e . 

Severa l e x p l a n a t i o n s have been put forward to account f o r 

t h i s apparent anomoly. Low Ca to P r a t i o s have been 

d e s c r i b e d by some e a r l y workers as being due to s u r f a c e 

a b s o r p t i o n o f phosphate ioris , s y n t h e t i c a p a t i t i e s o f 

low calc ium content have, however, been prepared .with 

s u r f a c e areas f a r t o o low t o accommodate the excess phosphat 
16 17 

r e q u i r e d ' . An a l t e r n a t i v e p r o p o s a l , that the s imul -

taneous presence o f b r u s h i t e , CaHP0^.2H20, monet i t e , 

CaHPO^, and o c t a c a l c i u m phosphate , 2[Ca^H^ 
(PO. )6 .5H

2
o3, i s 

the cause o f low Ca t o P r a t i o s o f these s a l t s , has s i n c e 
18 

been put forward . 
On the b a s i s o f the s t r u c t u r e determinat ion o f o c t a -

87 • ca lc ium phosphate , i t has been suggested that hydroxy-
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a p a t i t e and o c t a c a l c i u m phospha t e form c r y s t a l l i n e i n t e r 

l a y e r e d or l a m e l l a r m i x t u r e s a n a l o g o u s i n t h i s r e s p e c t t o 

19 

c l a y s . Th i s p r o p o s a l , i t i s a r g ued , a c coun t s no t o n l y 

f o r a p a t i t i c p r e c i p i t a t e s w i t h c a l c i u m t o phosphorus r a t i o s 

l e s s t h a n t h a t o f h y d r o x y a p a t i t e b u t a l s o e x p l a i n s 

obse rved c h e m i c a l and p h y s i c a l p r o p e r t i e s o f t hese b a s i c 

c a l c i u m p h o s p h a t e s . The s i m i l a r i t i e s between t he 

s t r u c t u r e s o f t h e two s t o i c h i o m e t r i c s a l t s c o u l d a l l o w 

e p i t a x i a l ove rg rowths o f one compound on t o t h e o t h e r t o 

o c cu r e a s i l y . V a r i a t i o n s i n t h e c o m p o s i t i o n o f t h e l i q u i d 

phase i n t h e immed i a t e v i c i n i t y o f a growing c r y s t a l , a s 

i n d ropw i se n e u t r a l i s a t i o n , c o u l d cause a l t e r n a t e 

d e p o s i t i o n o f f i r s t one compound and t hen t he o t h e r . 

L a m e l l a r growth o f t h i s k i n d c o u l d r e s u l t i n m u l t i - l a y e r e d 
i 

c r y s t a l s . 

O c t a c a l c i u m pho spha t e and anhydrous d i c a l c i u m 

phospha t e a r e d i f f i c u l t t o d e t e c t by X - r a y powder d i f f r a c t i o n 

i n t h e p resence o f an a p a t i t e ^ and may c o n t r i b u t e t o 

low c a l c i u m c o n t e n t i n a p a t i t i c m a t e r i a l s * O c t a c a l c i u m 

phospha t e has been f o und t o h y d r o l y s e p r o g r e s s i v e l y i n 

b o i l i n g wa te r t o h y d r o x y a p a t i t e ^ . P ro l onged b o i l i n g o f 

an o c t a c a l c i u m phospha t e c r y s t a l r e s u l t e d i n a c r y s t a l 

whose X-ray p a t t e r n was e s s e n t i a l l y t h a t o f hydroxy-

a p a t i t e . Anhydrous d i c a l c i u m phospha te i s somet imes 



formed as a s e p a r a t e phase i n the h y d r o l y s i s o f o c t a-

c a l c i u m p h o s p h a t e . 

The r a p i d p r e c i p i t a t i o n and subsequen t a l t e r a t i o n s 

o f o c t a c a l c i u m phospha te e x p l a i n some o f t he c o m p l i c a t i o n s 

i n t he c h e m i s t r y o f b a s i c c a l c i u m phospha t e s . An 

expe r imen t has been d e s c r i b e d i n wh ich d i c a l c i u m phospha te 

d i h y d r a t e was added t o d i s t i l l e d wa te r a t 85°C w i t h 

19 

c o n t i n u o u s s t i r r i n g . W i t h i n f i v e m i n u t e s o c t a c a l c i u r a 

phospha t e c r y s t a l s were observed as a s e p a r a t e phase , 

t h e se c r y s t a l s grew f o r a bou t f i f t e e n m i nu t e s u n t i l t h e 

d i c a l c i u m s a l t had n e a r l y d i s a p p e a r e d . At abou t t h i s 

t i m e , a g g r e g a t e s o f f i n e a c i c u l a r c r y s t a l l i t e s o f hydroxy-

a p a t i t e a ppea red . That t h e c o n t i n u e d p r e c i p i t a t i o n o f 

h y d r o x y a p a t i t e was m a i n t a i n e d by d i s s o l u t i o n o f o c t a c a l c i u m 

phospha t e was i n d i c a t e d by t h e subsequen t r o u n d i n g o f 

edges o f o c t a c a l c i u m pho spha t e c r y s t a l s . The r e m a i n i n g 

o c t a c a l c i u m phospha t e became conve r t ed t o an a p a t i t e , 

m o s t l y i n s i t u , on c o o l i n g and s t a n d i n g o v e r n i g h t . From 

t h i s exper imen t i t may be seen t h a t h y d r o x y a p a t i t e was 

a p p a r e n t l y produced by two mechan isms: t h e d i r e c t p r e c i p -

i t a t i o n produced an a c ' i c u l a r h a b i t whereas h y d r o l y s i s 

formed a p l a t e y h a b i t . R e p e t i t i o n o f t he exper iment a t 

a l ower t empe r a t u r e r e s u l t e d i n t h e f o r m a t i o n o f anhydrous 

d i c a l c i u m phospha te a t t h e t e r m i n a t i o n o f t he p r e c i p i t a t i o n 

o f o c t a c a l c i u m p h o s p h a t e . I t does i n any case ' seem 



l i k e l y that o c t a c a l c i u m phosphate i s important as a r e a c t i o n 

in termediate i n the p r e c i p i t a t i o n of hydroxyapat i te and 

may be present in ca lc ium d e f i c i e n t a p a t i t e s . 

Other r e c e n t t h e o r i e s o f the s t r u c t u r e o f ca lc ium 

d e f i c i e n t a p a t i t e s have been based on the concept o f a 

cont inuous s e r i e s o f c o m p o s i t i o n s modelled on a d e f e c t 

a p a t i t e l a t t i c e , v a r i o u s genera l formulae being proposed 

f o r such s e r i e s . These are c o l l e c t e d below: 

C a 1 0 - x H 2 x ( P V 6 ( 0 H ) 2 F o r m u l a l 2 2 

C a 1 0 - x H x ( P V 6 ( 0 H ) 2 - x " 2 2 1 

(HPO.) (PO. ) r (OH), , " 3 2 5 
10-x k x ^ 6 - x 2 - x - 2 y 

C a 1 0 - x ( H P ° ^ y P V 6 - x ( 0 H ) 2 - x ' * H 2 0 " ^ 

C a 9 - x ( H P 0 ^ l , 2 x ( P ° i t ) 5 - 2 x 0 H - H 2 0 " 5 2 5 

where, i n the c a s e s o f formulae 1, 2 and 3» 0 ^ x < 2 and 

i n formula 3» y - 1-x> whereas in the cases o f formulae 
2 

4 and 5 , 0 < x . < l . 

I t should be noted that the l a y e r type s t r u c t u r e 

cou ld a l s o be accounted f o r by formulae 2 or 4» l a f a c t , 

a f u r t h e r g e n e r a l formula has been suggested to accommodate 

t h i s s t r u c t u r e : 

C a 1 0 - x ( P V 6 ( 0 H ) 2 - x H x - 2 - 5 x H 2 ° F ° r m U l a 6 1 9 

where 0 4 : x < 2 . This formula , i t was po inted o u t , must 

not be c o n s i d e r e d t o r epresent an isomorphous s e r i e s . 

A s t r u c t u r e f o r a p o s s i b l e l a m e l l a r mixture o f the two 



s a l t s , hydroxyapat i t e and o c taca l c ium phosphate, i s shown 

i n f i g u r e 2 . 6 . I t was assumed that the compos i t i ona l 

formulae 1, 2 and 3 v/ere unique ly a p p l i c a b l e over the 

whole range o f observed c o m p o s i t i o n s . The d e f i c i e n c y 

o f calc ium i o n s i n the l a t t i c e -would cause charge imbalanc 

and t h i s may be seen to be compensated f o r by incorporation 

o f protons in formula 1 , by i n c o r p o r a t i o n of protons and 

removal o f hydroxy1 i o n s in the formulae 2 and 3» and by 

i n c o r p o r a t i o n o f pro tons and water molecules and removal 

o f hydroxyl i o n s i n the formulae 4 , 5 and 6. . All o f 

these formulae assume the i n c l u s i o n o f protons i n the 

l a t t i c e , e i t h e r i n o c t a c a l c i u m phosphate f o r the l ame l la r 

model f o r the ca lc ium d e f i c i e n t a p a t i t e s or throughout 

the l a t t i c e f o r a d e f e c t model o f the s t r u c t u r e . Acid 

phosphates are known to condense i n a number o f ways, and 

work has been done t o determine the r e a c t i o n products on 

the g e n t l e i g n i t i o n o f t h e s e . c a l c i u m s a l t s . Sodium a c i d 

phosphates condense i n t o po lymers , and the degree o f 

p o l y m e r i s a t i o n d e c r e a s e s as the s t a r t i n g mater ia l i s made 
89 

more b a s i c . The d i b a s i c s a l t forms l a r g e l y the -d imer i c 

pyrophosphate . Calcium a c i d phosphates behave s i m i l a r l y , 

and the f o l l o w i n g r e a c t i o n beg ins at about 300°C and 

proceeds r a p i d l y at 



Figure 2.6 
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The e x i s t e n c e o f pyrophosphates in samples o f i g n i t e d 

ca lc ium d e f i c i e n t a p a t i t e s may be conf irmed by chemical 
91 

s e p a r a t i o n as manganous pyrophosphate . It- was f u r t h e r 
91 

shown that pyrophosphate i s the predominant condensed 

form i n i g n i t e d ca lc ium d e f i c i e n t a p a t i t e s . 

The r a t e o f f o rmat ion o f pyrophosphate i n these 

a p a t i t i c m a t e r i a l s i s much slower than that observed f o r 

jihe condensat ion from pure , anhydrous d i ca l c ium phosphate 

This r e a c t i o n f i r s t o c c u r s at a measurable r a t e at a 

temperature which may not be higher f o r po lymer i sa t i on o.f 

the a p a t i t e , but the r a t e up t o 700°C has a much smal ler 
91 

temperature c o e f f i c i e n t . This low r a t e and small 

temperature c o e f f i c i e n t suggest that the r a t e - c o n t r o l l i n g 

f a c t o r cou ld be s o l i d d i f f u s i o n or sur face migrat ion o f 

some r e a c t a n t such as the pro tons . 

Although the e f f e c t o f i g n i t i o n upon these s a l t s i s 

i n d i c a t i v e o f the presence o f a c i d phosphate groups , i t 

does not answer the q u e s t i o n o f where these may r e s i d e . 
Above 800°C r e a c t i o n between pyrophosphate and 

91 
hydroxyl i o n s o c c u r s to form orthophosphate i o n s : 

PoO,**"-* 20H~ —> 2 P 0 H ~ 0 . 2 3 k 2 

A u s e f u l method o f v e r i f y i n g the s u i t a b i l i t y o f the 

v a r i o u s genera l formulae has been provided by the polymer 



i s a t i o n r e a c t i o n at 600°C. Analys i s o f samples i g n i t e d 

at t h i s temperature f o r t h e i r pyrophosphate c o n t e n t , and 

comparison o f the r e s u l t s with the calc ium to phosphorus 

r a t i o o f each sample may i n d i c a t e what p r o p o r t i o n o f the 

phosphate i o n s are a s s o c i a t e d with 

Figure 2 . 7 shows the t h e o r e t i c a l curves c a l c u l a t e d f o r 

each formula, f o r a l l the va lues o f the calc ium to 

phosphorus r a t i o between the two s a l t s hydroxyapat i te and 

o c t a c a l c i u m phosphate. The f i g u r e a l s o shows some o f 

the exper imenta l ly determined v a l u e s , and these may be 

seen to be c l o s e t o the t h e o r e t i c a l curve f o r formulae 

2 , 3 , 4 and 6 in the r e g i o n o f t h i s r a t i o above 1 . 5 , 

but tend to f o l l o w the curve f o r formula 5 below t h i s 

r a t i o . 

"A study o f the percentage weight l o s s between 750 

and 900°C^Zf has s i m i l a r l y i n d i c a t e d thd v a l i d i t y o f these 

genera l formulae , and suppor ts the p r o p o s i t i o n that formula 

5 alone d e s c r i b e s a c c u r a t e l y the r e g i o n o f the calc ium t o 

phosphorus r a t i o l e s s than 1 . 5 . 

I g n i t i o n o f the ca l c ium d e f i c i e n t a p a t i t e s may be 

represented by the f o l l o w i n g equat i ons : 

For Ca/P molar r a t i o s between 1 .67 and 1 . 5 : 

C a 1 0 - x H x ( P V 6 ( 0 H ) 2 - x - ^ ° C a 1 0 - x ( P 2 ° 7 ^ P < V ( ° H ) 2 - x * x H 2 ° 
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Figure 2 . 7 

PelF-2. Pi/il? pj} z 0 r h o s o h e t o no l r r r a t i o a i t or 

h o s t i n g r .ua t i t o s at 600°C f o r 120 hours versus ca lc ium 

to eh on-chorus mo l o r r a t i o . 

P-C, 

0 . 3 

I 0.1 

Theore t i c a l Formula 1 corresponds to segment 
AE 

B e t t , C h r i s t n e r , 
^ and Hal l ( 9 2 ) 

Gee and D e i t z ( 9 1 ) 

o Berry ( 2k , 2^). 
l'Jt 



Ca 

and f o r Ca/P molar r a t i o s between 1 .5 aad 1*33 : 

OH 

( l+2x)H o 0 2 

2 

Ca, 
9-x 2 7 x

v

 4'6-2x 

2 
(P~0,J (PO.) 

+ i H
2
0 

The degree o f hydrat ion of the calcium d e f i c i e n t 

a p a t i t e s i s at the present time not understood, and no 

c l e a r observat i ons have been made. Thermogravimetric 

a n a l y s i s i n general y i e l d s poor ly r e s o l v e d curves and 

these r e s u l t s t oge ther with d i f f e r e n t i a l thermogravimetric 

curves have l ed to a view that the weight lo'ss o c curr ing 

between 200 and 350°C corresponds to the evo lu t i on o f 
93 

l a t t i c e water . The data obtained f o r severa l samples o f 
i 

calc ium d e f i c i e n t a p a t i t e s , with calcium to phosphorus 

r a t i o s g rea ter than 1.5» have been i n reasonable agreement 

with the degree o f hydrat ion proposed i n formula 4* This 

c o r r e l a t i o n was i n d i c a t e d by a p l o t o f c a l c u l a t e d versus 

observed weight l o s s between 200 and 900°C. f o r a p a t i t e s 
93 ' i n t h i s compos i t i ona l r e g i o n . 

Much evidence f o r the d e f e c t hydroxyapatite model 

f o r the calc ium d e f i c i e n t s a l t s i s based on i n f r a - r e d 
94-96 

data. I n f r a - r e d s p e c t r a o f octacalc ium phosphate ' ' , 
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o f v a r i o u s ca lc ium d e f i c i e n t a p a t i t e s ^ ' ^ and of s to - i ch -
94 96-98 

i o m e t r i c h y d r o x y a p a t i t e ' ^ , ^ y have been determined, and 

the c h a r a c t e r i s t i c bands o f each s a l t compared. In any 

such comparison the e s s e n t i a l s u p p o s i t i o n i s t h a t , i f 

any o c t a c a l c i u m phosphate u n i t s are present e i t h e r as a 

separate phase or as l a m e l l a r s t r u c t u r e s with hydroxyapat i te 

then the a b s o r p t i o n bands c h a r a c t e r i s t i c o f each phosphate 

should be observed in s p e c t r a from mixed systems. 

I n f r a - r e d s p e c t r a o f hydroxyapat i te and o c t a c a l c i u m 

phosphate have been d i s c u s s e d i n r e l a t i o n , to t h e i r c r y s t a l 

s t r u c t u r e and observed s p e c t r a of each s a l t have been 

c o r r e l a t e d with t h e o r e t i c a l l y der ived s i t e group assignments 

o f the orthophosphate i o n in a c r y s t a l l i n e s t a t e ^ " ' ^ . 

E s s e n t i a l l y s i m i l a r c r y s t a l f i e l d environments a c t i n g 

upon orthophosphate i o n s i n both hydroxyapat i te and o c t a -

ca lc ium phosphate cause the p r i n c i p a l fundamental modes 

i n both m a t e r i a l s t o o c c u r at near ly i d e n t i c a l f r e q u e n c i e s . 

There are however a number o f bands which, i t was assumed, 

may be regarded as s p e c i f i c and . - charac te r i s t i c o f the 

o c taca l c ium phosphate l a t t i c e ^ , each o f which serve t o 

d i s t i n g u i s h the spectrum o f t h i s s a l t from h y d r o x y a p a t i t e . 

Study o f a b s o r p t i o n bands c h a r a c t e r i s t i c o f calc ium 
d e f i c i e n t a p a t i t e samples r evea led s e v e r a l bands which are 
i 

d i s t i n c t from those observed f o r the s t o i c h i o m e t r i c m a t e r i a l 

but none o f which correspond to the bands c h a r a c t e r i s t i c 
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of o c taca l c ium p h o s p h a t e 2 * 1 " T h i s data v/as i n t e r p r e t e d 

as being c o n s i s t e n t with a view that the calcium d e f i c i e n t 

a p a t i t e s have a c r y s t a l l a t t i c e s imi lar to hydroxyapat i te , 

with calc ium and hydroxyl i o n s i t e d e f e c t s . Charge 

n e u t r a l i t y may be maintained 'by i n c l u s i o n of protons v/hich 

are probably invo lved i n interphosphate hydrogen bonding. 

In a n t i c i p a t i o n o f t h i s s t r u c t u r e , the extra bands noted 

f o r the calc ium d e f i c i e n t mater ia l were assigned to 

CLPOH modes. 

D i f f e r e n t i a l thermal a n a l y s i s o f octacalc ium phosphate 

and calc ium d e f i c i e n t a p a t i t e s has, accord ing to one author 

f a i l e d to show the presence o f the former s a l t i n the 

d e f i c i e n t apatites2*1" 

Simultaneous cont inuous v a r i a t i o n s in composit ion o f 

both s o l i d and s o l u t i o n phases in the bas i c reg ion o f the 

Ca0-Pn0rr-H~0 system may be c o n s i s t e n t with a s o l i d s o l u t i o n 
d 3 d 

On " •• 
system o f the form 

C a
1 0
( P O

i +
)

6
( O H )

2 +
 x H + ^ > a

1 9
.

x
( H P O

i f
)

x
( P O

i f
)

6
_

x
( O H )

2
_

x
 " 

f xCa 2+xOH". 

This suggest ion i s d o u b t f u l because o f the n e c e s s i t y that 
17 hydroxyl s i t e s may be unoccupied . The i n c l u s i o n o f 

protons i n d e f e c t a p a t i t e s c o u l d , however, take one o f 
' 8 6 

two forms , e i t h e r as hydrogen phosphate .ions or through 

r e a c t i o n with hydroxyl i o n s to form water . • Presence o f 
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hydrogen phospha t e i o n s i s i n d i c a t e d by bo t h i n f r a - r e d 

s p e c t r a l da ta 2* 1 " ' 2^ and by t he f o r m a t i o n o f py rophospha t e 

9 1 

i o n s on h e a t i n g . R e t e n t i o n o f t he s p a t i a l " r e q u i r e m e n t s 

o f t h e a p a t i t e l a t t i c e wou ld be ach i eved by t h e p resence 

o f wa te r m o l e c u l e s . The s o l i d - s o l u t i o n r e a c t i o n may 
2 4 

t h e n be r e w r i t t e n i n t h e form : 
C a

1 0
( P <

V 6
( O H )

2 '
t , 2 x H

"
,

"
S S C a

1 0 - x
( H P 0

i
t

)

x
( P 0

4
)

6 - x ^
0 H

' 2 - x
; x H

2° 

2-* 
. + xCa . 

An X-ray s t u dy o f t h e p r e c i p i t a t i o n o f h y d r o x y a p a t i t e 

has shown t h a t t he a g e i n g o f f r e s h l y p r e c i p i t a t e d 

p h o s p h a t e s , p r e p a r ed unde r t h e c o n d i t i o n s d e s c r i b e d , can 

9 9 

be d i v i d e d - i n t o t h r e e s t a g e s " . The f i r s t s t age which ' 

commences i m m e d i a t e l y on m i x i n g and c o n t i n u e s f o r a bou t 

f i v e hou r s i s c h a r a c t e r i s e d by x-ray s c a t t e r i n g c h a r a c t e r -

i s t i c o f amorphous m a t e r i a l . P r o g r e s s i o n t h e r e a f t e r from 

a b a r e l y d i s c e r n i b l e a p a t i t i c p r o f i l e t o a f u l l y deve l oped 

a p a t i t e p a t t e r n w i t h t h e comp l e t e absence-of any u n d e r l y i n g 

amorphous f e a t u r e s i s covered by t he second s t a g e , v/hich 

l a s t s f o r a bou t a f u r t h e r two h o u r s . The t h i r d phase 

l a s t s i n d e f i n i t e l y and cove rs t h e p e r i o d f o l l o w i n g t o t a l 

c o n v e r s i o n o f t h e amorphous phase t o a c r y s t a l l i n e 

a p a t i t e . 

The f o r m a t i o n o f ' n o n - c r y s t a l l i n e 1 c a l c i u m phospha t e 
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154 
i s a k i n e t i c phenomenon . R a p i d m i x i n g o f t he r e a c t i o n 

2 - 4 -

s o l u t i o n s c r e a t e s s t r o n g i n t e r a c t i o n s between Ca and 

2 -

HPO^ i o n s l e a d i n g t o i r r e g u l a r c o - o r d i n a t i o n complexes 

l a r g e enough i n s i z e t o s e p a r a t e from s o l u t i o n . The 

mo l a r c a l c i u m t o phospho rus r a t i o o f t h i s amorphous 

p h a se , a f t e r wa sh i n g , was w e l l be low t h e r a t i o o f t he 

o v e r a l l r e a c t i o n system and was found t o be dependent on 

t h e c a l c i u m s a l t used i n t h e p r e p a r a t i o n . (A lower v a l u e 

was found i f c h l o r i d e was used i n p l a c e o f c a l c i u m n i t r a t e . ) 

The f a c t t h a t t h e mo l a r c a l c i u m t o phosphorus r a t i o d i d 

no t va ry under a g i v e n s e t o f i n i t i a l c o n d i t i o n s s u g g e s t s 

t h a t t h e amorphous s t a g e c o n s i s t s o f a c h e m i c a l l y w e l l -

d e f i n e d l o c a l s t r u c t u r a l u n i t . No d e t e c t a b l e amount o f 

p ho spha t e was f ound i n e i t h e r t he r e a c t i o n s o l u t i o n o r 

wash' wa t e r s a f t e r t h e p r e c i p i t a t i o n . Nea r l y c o i n c i d e n t 

w i t h t h e emergence o f a d i s c e r n i b l e d i f f r a c t i o n p r o f i l e 

was a more r a p i d d e c r e a se i n s o l u t i o n c a l c i u m c o n c e n t r a t i o n , 

t h i s i n d i c a t e s t h a t t h e i n i t i a l phase i s m e t a s t a b l e w i t h 

r e s p e c t t o t h e more o r d e r e d a p a t i t e c o n f i g u r a t i o n . A 

s i g m o i d cu rve r e l a t i n g amount t r a n s f o rmed w i t h t i m e s t r o n g l y 

s u g g e s t s t h a t t he c o n v e r s i o n mechanism i s a u t o c a t a l y t i c . 

The i n t e r f a c i a l s u r f a c e s o f t h e emerg ing c r y s t a l l i n e 

phase may a c t as s i t e s f o r he t e rogeneous n u c l e a t i o n , 

t h e r e b y a c c e l e r a t i n g t h e r a t e o f c o n v e r s i o n . I t i s 
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i n t e r e s t i n g to note that t h e ' n o n - c r y s t a l l i n e ' calc ium 

phosphate remains s t a b l e i n d e f i n i t e l y i f kept dry , i n d i c a t i n g 

that water i s needed f o r the p r o c e s s o f n u c l e a t i o n to 

take p l a c e . The improvement i n hydroxyapat i te c r y s t a l l i n i t y 

during the t h i r d s tage i s t y p i c a l o f the gradual enlargement 

o f mean p a r t i c l e s i z e o f many l o w - s o l u b i l i t y p r e c i p i t a t e s 

as a r e s u l t o f r e - p r e c i p i t a t i o n i n s o l u t i o n . This 'Ostwald 

r i p e n i n g ' i s g e n e r a l l y a t t r i b u t e d to the d i s s o l v i n g o f 

the s m a l l e r , more s o l u b l e c r y s t a l s and r e - d e p o s i t i o n o f 

the d i s s o l v e d m a t e r i a l on the growing f a c e s o f the l a r g e r , 

l e s s s o l u b l e c r y s t a l s 1 0 0 . Although r e - c r y s t a l l i s a t i o n 

may w e l l be i n p r o g r e s s from the e a r l i e s t s tages o f 

c o n v e r s i o n , the time i n t e r v a l in the second stage "is 

i n s u f f i c i e n t f o r t h i s gradual i n c r e a s e in c r y s t a l dimension 

t o have a measurable e f f e c t on the c r y s t a l l i n i t y va lues 

measured during t h i s p e r i o d . A gradual decrease i n 

s o l u t i o n o f the ca lc ium c o n c e n t r a t i o n i n d i c a t e d that 

p e r f e c t i o n o f the c r y s t a l l i n e phase p a r a l l e l s the c r y s t a l 

growth. 

Well c r y s t a l l i s e d , p r e c i p i t a t e d , c a l c i u m - d e f i c i e n t 

a p a t i t e s have not shown any o f the c h a r a c t e r i s t i c s o f -

o c taca l c ium phosphate but t h i s i s no proo f that octacalc iura 

phosphate i s not present i n these s a l t s . I t should , ( 

however, be observed that s e v e r a l authors have d e t e c t e d 



o c t a c a l c i u m phosphate /hydroxyapat i t e mixtures in some 

p r e p a r a t i o n s , p a r t i c u l a r l y at low This 

d e t e c t i o n o f the presence o f the more a c i d i c phosphate 

was by X-ray powder d i f f r a c t i o n , but i n each case the 

p r e c i p i t a t e was not w e l l c r y s t a l l i s e d and was found t o 

be inhomogefteoos when examined by e l e c t r o n - m i c r o s c o p y . 

Two models f o r the ca lc ium d e f i c i e n t a p a t i t e s have 

been d i s c u s s e d but no determinat ion o f the s t r u c t u r e o f 

these s a l t s has ye t been conducted . X-ray powder 

d i f f r a c t i o n photographs have shown evidence i n favour o f . 

each model , but one important observat i on from the s t u d i e s 

o f two authors i s that the a - a x i s i n c r e a s e s , and the 

c - a x i s i s reduced as the degree o f ca lc ium d e f i c i e n c y 
17 102 

r i s e s ' * . On the b a s i s o f i n f r a - r e d work, on w e l l 

c r y s t a l l i s e d samples o f ca l c ium d e f i c i e n t a p a t i t e s , i t i s 

most l i k e l y that the cont inuous s e r i e s model i s a p p l i c a b l e 

but l i t t l e i n f o r m a t i o n has been y i e l d e d on_ the nature o f 

t h i s s e r i e s , and the v a r i o u s authors are not i n agreement 

on the assignment o f bands c h a r a c t e r i s t i c o f the hydrogen 

phosphate modes 2 2 ' 2 * f , ^ Z * . 
2 . 1 . 4 Some s u r f a c e p r o p e r t i e s o f a p a t i t e s . 

The a e i c u l a r and p l a t e y h a b i t s o f hydroxyapat i te are 

such that the f a c e s 100 c o u l d be the major c o n t r i b u t o r s 

to the s u r f a c e area o f the c r y s t a l s . Only a f t e r a 
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p e r i o d o f about 500 hours has equ i l i b r ium o f t h i s s u r f a c e , 
103 

in aqueous s o l u t i o n , been found t o o ccur . The reasons 

f o r such time e f f e c t s are not ye t understood "but i t has 

been suggested that the a d s o r p t i o n p r o c e s s o c curs e s s e n t i a l l y 

in two steps 1 0 ** . I n i t i a l l y a rapid adsorp t i on or 

d e s o r p t i o n o f p ro tons o c c u r s with change in pH a f t e r which 

a s low p r o c e s s o c c u r s which may be a t t r i b u t e d to s t r u c t u r a l 

rearrangements o f hydroxo .complex i o n s e x i s t i n g on the 

s u r f a c e . At low pH the i n t e r f a c e a c q u i r e s a p o s i t i v e 

charge which dec reases with i n c r e a s i n g pH to zero at pH 

7 the z e r o p o i n t o f charge . I t becomes i n c r e a s i n g l y 

negat ive at h igher pH. 

The observed charge changes may be q u a l i t a t i v e l y 

i n t e r p r e t e d i n terms o f h y d r o l y s i s o f terminal phosphate 

groups i n a c c o r d with the theory o f Rootare , Dei tz and 

C a r p e n t e r 1 0 ^ . A s u r f a c e complex, lCa2(HP0^) (0H) 2 i s 

proposed as a r e s u l t o f which the f o l l o w i n g r e a c t i o n s can 
o c c u r . 

Ca1 Q ( PO^)^(OH) 2 + 6H20 ^ *fCa2( HP"6 )̂ (OH) ̂ C a ^ ^ H P O ^ 2 " 1 

C a 2 ( H P 0 ^ ) ( 0 H ) 2 ^ 2Ca2"+HP0^2~+20H" * 2 

Ca2J+0H~ ^ CaOH*" 3 

CaOH*VOH~ Ca( 0H)2 if 

Ca(0H) 2 (aq ) «r^Ca(0H)(s) 5 

P 0 ^ " 4 - H 2 0 i ± H P 0 4 2 ~ + - 0 H " ' 6 
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HPO, 2~ * H ~ 0 HDPO, ""-t-OH"" 7 ^ 2 2 q 
HoP0. " - v Ho0 H-.PO, v OH~ 8 
2 If

 T

 2 ^ ; 4 

C a 2 V ^ H P V " ^ CaHPO^ 9 

C a
2

% H
2
P 0 ^ " ^ CaH

2
P0^' 10 

Surface s p e c i e s would undergo h y d r o l y s i s according to these 

r e a c t i o n s and the extent o f such h y d r o l y s i s f o r each 

s p e c i e s , depending on the pH, would e s s e n t i a l l y determine 

the sur face charge . A thermodynamically i d e n t i c a l 

mechanism would be the h y d r o l y s i s o f such ions in bulk 

s o l u t i o n f o l l owed by adsorpt i on at the i n t e r f a c e . Non-

s to i ch i ometry o f the a p a t i t e could a l so contr ibute to 

charge genera t i on . In s o l u t i o n s at pH values above the 

zero po int o f charge , e q u i l i b r i a (2 ) (6 ) (7 ) and (8 ) would 

s h i f t towards the l e f t and e q u i l i b r i a (3 ) and (ij.) towards 

the r i g h t , the s o l i d sur face thus acquir ing a net 

negat ive charge. In a c i d s o l u t i o n s the s o l i d would 

acqu i re a net p o s i t i v e charge due to the s h i f t o f 

e q u i l i b r i a (6 ) ( 7 ) and ( 8 ) towards the r ight ' and e q u i l i b r i a 

(3 ) and (Jf) towards the l e f t . 

The s u r f a c e s o f a p a t i t e samples p r e c i p i t a t e d at 

d i f f e r e n t pH under equ i l ib r ium c o n d i t i o n s are , on the 

b a s i s o f t h i s work, s u b j e c t to h y d r o l y s i s mechanisms, 

the charge on the s o l i d s u r f a c e may have a c r i t i c a l e f f e c t 

on the p r o p e r t i e s o f these m a t e r i a l s . 
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An attempt was made to est imate the sur face 

c o n c e n t r a t i o n s o f a c i d phosphate protons from the s p e c t r a 
92 

o f s u i t a b l e adsorbed i n d i c a t o r s . T r i p h e n y l c a r b i n o l 

was added t o p e l l e t s o f ca l c ium d e f i c i e n t a p a t i t e s and 

a y e l l o w c o l o u r deve l oped . The measured s p e c t r a 

conf i rmed the format ion o f t r i p h e n y l carbonium i o n s , 

presumably by the r e a c t i o n 

ROH + H R^+J^O. By using excess c a r b i n o l 

about f o u r monolayers were formed, and by evacuat ion o f 

the sample a f t e r e q u i l i b r a t i o n , s o l v e n t and water' of . 

r e a c t i o n vie re removed, the carbonium i o n dens i ty then 

being a measure o f the a c i d s i t e d e n s i t y as the equat ion 

i s dr iven t o the r i g h t . The c a l c u l a t i o n o f s u r f a c e 

carbonium i o n c o n c e n t r a t i o n showed that the va lues f e l l 

as the ca lc ium to phosphorus r a t i o approached the s t o i c h -

i o m e t r i c value f o r h y d r o x y a p a t i t e , ,at which value i t 

became t o o low t o measure. As the temperature o f 

pretreatment was r a i s e d , the carbonium i o n c o n c e n t r a t i o n . 
f e l l , u n t i l a f t e r evacuat ing at- ;500°C i t was no l onger % 

d e t e c t a b l e on any o f the samples . Subsequent burning 

i n oxygen at 530°C t o remove organic m a t e r i a l v/ith 

exposure t o 20 mm o f water vapour at 350°C p a r t i a l l y 

r e s t o r e d the s u r f a c e r e a c t i v i t y to the m a t e r i a l . 

Experiments using t r i a n i s y l c a r b i n o l , a much s t r o n g e r base 

o f pK s .^0 .82 compared t o pK r - 6 . 6 f o r t r i p h e n y l c a r b i n o l , 
a a 



gave r e s u l t s i n good q u a l i t a t i v e agreement with t r i p h e n y l 

c a r b i n o l r e s u l t s . Measurable carhonium i on c o n c e n t r a t i o n s 

were found with t h i s i n d i c a t o r even a f t e r pretreatment at 

500°C but the c o n c e n t r a t i o n , o f carbonium i o n s s t i l l 

i n c r e a s e d with ca lc ium d e f i c i e n c y . Maximum ion concen-

t r a t i o n was obta ined f o r the most calc ium d e f i c i e n t 

a p a t i t e , o f calc ium t o phosphorus molar r a t i o 1 . 5 8 , a f t e r 

evacuat i on at 160° . The s i t e d e n s i t i e s c a l c u l a t e d from 

t r i a n i s y l c a r b i n o l were found t o be about 5% o f the proton 

d e n s i t y , assuming that u n i t c e l l s at the sur face conta in 

about the same c o n c e n t r a t i o n o f phosphat ic hydrogen as 

i n t e r n a l uni t c e l l s . In f a c t the maximum observed c o n c e n -

t r a t i o n o f t r i a n i s y l carbonium i o n s was c l o s e to the 
106 

c o n c e n t r a t i o n o f carbonium i o n s on a s i l i c a - a l u m i n a , i t 

i s p o s s i b l e that the carbonium i o n c o n c e n t r a t i o n i s l i m i t e d 

i n some way on the s u r f a c e . x 

Ris ing temperature experiments have shown that the 

hydrogen o f s t o i c h i o m e t r i c hydroxyapat i te exchanged with 

deuterium at lower temperatures than with calc ium 
92 

d e f i c i e n t samples. Exchange did not become s i g n i f i c a n t 

with the n o n - s t o i c h i o m e t r i c a p a t i t e s u n t i l temperatures 

were reached where condensat ion of hydrogen phosphate t o 

pyrophosphate was a l ready c o n s i d e r a b l e . Values o f 

hydrogen c o n t e n t , measured a f t e r pretreatment at 550°C, 



were near ly f r e e o f a c i d orthophosphate and so must have 

been c l o s e t o the va lues o f the f r e e s t r u c t u r a l hydroxyl 
20 

i o n . The formula value o f 12 x 10 hydrogen atoms 

per gramme o f s t o i c h i o m e t r i c a p a t i t e v/as approached with 

the hydrogen content f a l l i n g o f f cont inuous ly as the 

molar ca lc ium to•phosphorus r a t i o was lowered. The 

r e s u l t s obta ined were p l o t t e d against the calc ium to 

phosphorus molar r a t i o and f e l l c l o s e to a t h e o r e t i c a l 

curve der ived from formula 4 d i scussed e a r l i e r . 
Basic ca lc ium phosphates have been found t o e f f e c t 

107' 

the dehydrogena^ib'rt'n and dehydration o f a l c o h o l s ' * • 

the s e l e c t i v i t y f o r these r e a c t i o n s being c o n t r o l l e d by 

the compos i t ion o f the•phosphate. More r e c e n t work 
QP 1 Oft 

has c o n t r i b u t e d to the understanding o f t h i s s e l e c t i v i t y ' 

The dehydrat ion r a t e s o f 2 - b u t a n o l f o r a s e r i e s o f ca l c ium-

d e f i c i e n t and s t o i c h i o m e t r i c a p a t i t e s have been s tud ied 
and compared on the b a s i s o f an equal sur face area o f 

92 

the s o l i d s . They i n d i c a t e that the r e a c t i o n i s o f 

zero order and that the r a t e constants i n c r e a s e as the 

molar cdlc ium to phosphorus r a t i o dec reases . Dehydration 

o f a l c o h o l s i n s o l u t i o n i s a c i d ca ta lysed and takes p l a c e 

at measurable r a t e s i n so lut ions o f low a c i d s t r e n g t h . 

The a c t i v i t y o f a p a t i t e s f o r the dehydration o f 2 - b u t a n o l 

i s t h e r e f o r e c o n s i s t e n t with c a t a l y s i s by ac id p r o t o n s . 

The butanol dehydration experiments took p lace over 
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a p a t i t e s which had been p r e t r e a t e d at 550°C. From the 
92 

r e s u l t s obta ined from i n d i c a t o r adsorp t i on experiments 

i t would be p r e d i c t e d that only a very small number o f 

pro tons cou ld remain on the s u r f a c e . Acid protons may 

have been generated by h y d r o l y s i s o f pyrophosphate by 

water e l iminated from the r e a c t i o n . T r i a n i s y l c a r b i n o l 

i s probably protonated by orthophosphate hydrogen atoms 

which c a t a l y s e the butano l dehydrat ion , and these are 

present i n i n c r e a s i n g c o n c e n t r a t i o n s as the molar calc ium 

tb phosphorus r a t i o f a l l s . A mechanism, c o n s i s t e n t 

with the s u r f a c e chemistry and geometry o f a p a t i t e has 
92 

been suggested f o r the 2 - b u t a n o l dehydrat ions : 
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2 . 2 A l i p h a t i c Diazo Compounds. 

2 . 2 . 1 I n t r o d u c t i o n 

Aromatic diazocompounds were d i s covered in 1858 A ( ^ 

at a time when modern o rgan i c chemistry was in i t s i n f a n c y . 

A contemporary advance had been the concept o f the 

quadr iva lence o f carbon , whi le the s t r u c t u r a l theory o f 

compounds did not e x i s t . The only means o f o b t a i n i n g 

s t r u c t u r a l i n f o r m a t i o n about natural and synthe t i c products 

was by elementary a n a l y s i s , hence the term ' d i a z o ' was 

chosen because i t was thought that two hydrogen atoms o f 

the benzene r i n g had been r e p l a c e d by the n i t rogen atoms. 

Usually., d i a z o t i z a t i o n can be c a r r i e d out by a l l owing 

sodium n i t r i t e t o a c t on a s o l u t i o n o f a primary o rgan i c 

amine i n mineral a c i d at .a temperature o f about 0°C. 

The r e a c t i o n may be r e p r e s e n t e d a s : 

Ar-NH2+2HX+NaN02—>Ar-N2X"VNaX+2H20^ where X can be CI, 

Br, NO^, HSO^, e t c . - ^ 

A l i p h a t i c diazonium s a l t s are incapab le o f e x i s t e n c e 

because the $C-N s bond i s not resonance s t a b i l i s e d , 

s t a b l e d e r i v a t i v e s c a l l e d d iazoa lkanes are formed by 

s p l i t t i n g o f a proton from the <L-carbon atom o f the 

*alkyldiazonium i o n 1 . The e a r l i e s t recorded p r e p a r a t i o n 

o f a diazocompound was i n 1883 "by t h i s method3"3"*3 but 

d i a z o t i z a t i o n can only be used f o r those amines 



v/hich carry a s t r o n g l y negat ive subst i tuent at the 

<jL-carbon atom. Ethyl d i a z o a c e t i c e s t e r may be prepared 

by d i r e c t n i t r o s a t i o n o f amino a c e t i c e s t e r , . 

HC1 + NaNO£ 
HoNGHoC0^CoHc- —CTH^NCH^CO^C^H,- > ClNoCHoC0oC-Hc 

2 2 2 2 5 3 2 2 2 5 2 2 2 2 5 
_ _ > N

2
C H C 0

2
C

2
H

5
. 

Later , diazomethane v/as prepared by the a c t i o n o f 

aqueous a l k a l i on nitrosocompounds and two methods have 

been i n general use . Nitroso-methylurethan evo lves a 
111 

y e l l o w gas when t reated with a l k a l i and a c a r e f u l 

study o f t h i s reaction*"*"2 ' i d e n t i f i e d the composi t ion 

o f the gas as CH2N2, diazomethane. The preparat ion 

f o l l o w s the equation"*"*"**' "*""*"̂  

NO 

CH,N£ COOR-vKOH —-> CH0N0 4-KHCCL 4-ROH 

The more popular method o f preparing diazomethane employs 

n i trosomethylurea i n p l a c e of the urethan*'**^,*"**'7 

CH^Ns C0NH24 KOH - ^ C H ^ - V K0CN+H20 ~ 

An e t h e r e a l s o l u t i o n o f N-methy l -N-n i t roso -p - to luene 

sulphonamide has been shown to be a p a r t i c u l a r l y good 
118 reagent f o r the preparat i on of diazomethane 

In the above c a s e s , diazomethane i s formed from a 

compound conta in ing an N-methyl-N-nitrosamino group, but 

preparat ions are a l s o known in which an alkane d e r i v a t i v e 



119 120 
i s t r e a t e d with a n i t r o s o compound ' 

Most o f these methods can be adapted f o r the s y n t h e s i s 

o f the homologues o f diazomethane, but a p a r t i c u l a r l y 

good method i n v o l v e s 4 -methy l - 4 - a l k y l n i t r o s a m i n o - 2 -
121-124 pentanones . 

One e a r l y p r e p a r a t i o n o f d i a z o a l k a n e s " * " 2 ^ ' h a s 
128—132 

been evaluated thoroughly ~ and i s perhaps the bes t 

way o f prepar ing d i s u b s t i t u t e d d e r i v a t i v e s o f diazomethane. 

The method i n v o l v e s the o x i d a t i o n , by mercuric o x i d e , o f 

ketohydrazones : 
^ - N-NH--t-HgO «—> ^ vCN o4-H o0 «*Hg. R'

 2

 R'
 2 2 

2 . 2 . 2 S t ruc ture o f the d i a z o a l k a n e s . 

E l e c t r o n - r e l e a s i n g s u b s t i t u e n t s i n the aromatic 

nuc leus g r e a t l y reduce the tendency o f aryldiazonium i o n s 

t o l o s e molecu lar n i t r o g e n . The 0 - or p - phenolate 

group c o n f e r s such s t a b i l i t y to an aryldiazonium i o n that 

the names d iazo ox ide and quinone d i o x i d e are. sometimes 
c 

used . This high degree o f s t a b i l i t y i s due to mesomerism, 
C®o p 

o = i © /-V fr-4 © e 

V ^ N S N \ H N ~ N ' E v e n a n 

u n s u b s t i t u t e d phenyl group i s able to s t a b i l i z e a 
diazonium i o n through mesomerism between the 7F- e l e c t r o n s 

© 
o f the nucleus and the group. 



Kesomerism cannot o c c u r in the methyldiazonium i o n , 

and the s p l i t t i n g o f f o f mo lecu lar n i t rogen f o l l o w s , the 

r e s i d u a l carbonium i o n r e a c t s with the s o l v e n t or l o s e s 

a p r o t o n . Te t rahedra l carbon i s unable to take part 

i n mesomerism, o ther than by hypercon jugat i on , and 

s t a b i l i z a t i o n o f a diazoniurn group bond to an sp^ -hybr id i zed 

carbon atom cou ld on ly o c c u r i f the carbon atom becomes 
2 

h y b r i d i z e d i n the sp - s t a t e . A proton would have 

to be removed from the - c a r b o n atom o f the methyl -

diazonium i o n l e a v i n g the e l e c t r o n pa i r o f the broken 

bond on the atom, 
n, n, ® © © © 

B*H-CH2-N SN 3K+H2C-N 

Mesomerism can oc cur i n t h i s new compound, diazomethane, 

j u s t as i n the anyldiazonium i o n , 
h y C - N s N H C-N5 tf 11 "c - N ' N x # TT t n n H v 

The g r e a t e r r e a c t i v i t y o f d iazoalkanes compared 

with aromatic diazocompounds l ed e a r l y workers to the 
112 153 

view that c y c l i c s t r u c t u r e s y could account f o r t h e i r 

known c o m p o s i t i o n s , 
R v • N 

n Open s t r u c t u r e s were then 
, H ' N 

s u g g e s t e d ^ ^ " " ^ ^ and s t e r i c s i m i l a r i t i e s noted '^ ' 7 

between d i a z o a l k a n e s , k e t e n e s and a z i d e s , and .preceded the . 



H 
i n t r o d u c t i o n o f the z w i t t e r i o n i c form, „ C-ft S N. No 

nS 

ev idence f o r o p t i c a l a c t i v i t y has been found to support 

the open s t r u c t u r e s 1 3 9 , 1 * * 0 but e l e c t r o n d i f f r a c t i o n 

resu l t s 1 ** 1 brought the f i n a l d e c i s i o n as these r e s u l t s 

can on ly be accounted f o r by the l i n e a r arrangement. The 

atomic d i s t a n c e s and bond ang les o f diazomethane have 
l LP o o 

r e c e n t l y been determined 4 ( C - H s l . 0 8 A; C-N s i .3 2 A; 
o 

N - N s l . 1 2 A; H-C-H - 1 2 7 ) which, t o g e t h e r with the o b s e r -

vation1*'*3 that the two n i t r o g e n atoms were found not to 
15 

be e q u i v a l e n t by N s t u d i e s , supports the Z w i t t e r i o n i c 

form shown above . I n f r a - r e d s p e c t r a o f d iazoalkanes . 

can only be i n t e r p r e t e d on the b a s i s o f a l i n e a r formula1**** 

and the c o r r e c t n e s s o f t h i s s t r u c t u r e i s thus not i n 

doubt . Diazoalkanes e x h i b i t a c h a r a c t e r i s t i c a b s o r p t i o n 

band at 2010 t o 2070 cm"*1 which i s ass igned to the N-N 

l i n k . * 

2 . 2 . 3 P r o p e r t i e s o f the d iazoa lkanes . 

An examination o f some p h y s i c a l p r o p e r t i e s o f 

a l i p h a t i c diazocompounds ( s e e Table 2) w i l l show that 

lower d iazoa lkanes e x i s t as gases at room temperatures , 

whi le the h igher d e r i v a t i v e s are l i q u i d or s o l i d . 

Diazomethane and i t s homologues have r e p u t a t i o n s 
149-152 

as e x p l o s i v e s and are extremely po isonous x . The 

lower diazomethanes are chok ing , i r r i t a t i n g gases but 
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Table 2 

A l i p h a t i c group o f Melt ing po int or 

diazocompound; ^ CN2 Colour Point ; (pressure : 

h,h Deep y e l l o w M.P. -145°C, B.P 

h,ch
3 

n tt B.P. -18°C ( 8 9 . 5 

h,OpR^ tt it B.P. -8°C ( 4 1 . 5 ) 

CEL, CH, Red B.P. -31°C (14 ) 

h , c
3
h

? 
Deep y e l l o w B.P. - 4 . 5 ° C (26 ) 

H, isoC-.H„ tt tt B.P. 0°C (32) 

H,Ph Red-Brown B.P. 8l°c (15) 

Me, Ph Deep red M.P. -10°C 

Ph,Ph Crimson M.P. 29°C 

Ph-Ph- Deep Orange ' M.P. 95°C 

H,PhCO Yel low M.P. 50°c 

Ph,PhCO Orange M.P. 79°C 

MeCO,MeCO Yel low B.P. 57°C ( 0 . 1 ) 

MeCO,PhCO Pale y e l l o w M.P;- 62°C 

PhCO,PhCO Light '"» • M.P. H4°C 

H,EtOCO Yel low B.P. 46°C (15) 

MeCO,EtOCO Light y e l l o w B.P. 83°C (12) 

PhCO,EtOCO r Pale » M.P. 84°C 

EtOCO,EtOCO tt tt B.P. io8°c (li) 



these t o x i c and e x p l o s i v e hazards are reduced when the 

m a t e r i a l s are kept in s o l u t i o n . Continued exposure 

t o the gases l eads to an a l l e r g i c o v e r s e n s i t i v i t y , with 

sympotoms s i m i l a r t o asthma, and l a r g e doses can be 

f a t a l . The dangers o f p o i s o n i n g may be c o n s i d e r a b l y 

reduced i f work i s done i n the fume cupboard during a l l 

s tages o f p r e p a r a t i o n and use of d iazoa lkanes , and 

s a f e t y i s i n c r e a s e d i f s o l u t i o n s o f the gases are used 

whenever p o s s i b l e . 

The main a p p l i c a t i o n o f d iazoa lkanes i s i n the 

a l k y l a t i o n o f compounds bear ing r e l a t i v e l y s t r o n g l y 

a c i d hydroxy groups , the preparat i on o f methyl e s t e r s 

o f c a r b o x y l i c a c i d s by means o f diazomethane i n e t h e r e a l 

s o l u t i o n being by f a r the b e s t known. The r e a c t i o n 

proceeds smoothly and r a p i d l y , under mild c o n d i t i o n s so 

that decompos i t i on or o ther s i d e r e a c t i o n s , which may 

oc cur under the more v i g o r o u s c o n d i t i o n s requ i red by o t h e r 

a l k y l a t i n g a g e n t s , are a b s e n t . Phenols and e n o l s , as 

we11 as c a r b o x y l i c a c i d s , are a l k y l a t e d by means o f 

d i a z o a l k a n e s , b u t , a l though they g i v e good y i e l d s , the 

r e a c t i o n s are d i s t i n c t l y l e s s rapid due t o the lower 

a c i d i t y o f these compounds. Conversion o f a l c o h o l s t o 

e t h e r s by d iazo a l k y l a t i o n i s not normally p o s s i b l e un less 

there are neighbouring s u b s t i t u e n t s i n the a l c o h o l with 



n e g a t i v e inesomeric o r i n d u c t i v e e f f e c t s , t h u s t h e 

a l c o h o l i c g roup o f t a r t r o n i c a c i d , HOpCCHCOlOCOpH may 

be r e a d i l y m e t h y l a t e d . 

Compounds w i t h weak ly a c i d hydroxy g roups may 

somet imes be a l k y l a t e d i f t h e r e a c t i o n t a ke s p l a c e i n 

4 8 1 5 3 1 5 4 

a l i p h a t i c h yd roca r bons i n s t e a d o f e t h e r ' J . 

Thus t r i c h l o r o e t h y l a l c o h o l , wh ich does no t r e a c t a t 

a l l i n e t h e r e a l s o l u t i o n , i s r e a d i l y c onve r t ed i n t o t h e 

me thy l e t h e r by d i a zome thane i n h e p t a n e . Th i s e f f e c t 

may be caused by t h e s l i g h t l y b a s i c c h a r a c t e r o f e t h e r . . 

Hydrogen b o n d i n g between t h e a l c o h o l i c hydroxy g roup 

as donor and t h e e t h e r oxygen as a c cep t o r c o u l d l ower 

t h e a c i d i t y o f t he former s t i l l f u r t h e r . An a l t e r n a t i v e 

s u g g e s t i o n , t h a t t he a d d i t i o n o f c a t a l y t i c amounts o f 

a m p h o t e r i c s o l v e n t s can speed up t he a l k y l a t i o n , has 

been pu t forward"'"*^: g l y c i n e , wh ich does no t r e a c t w i t h 

d i a zome thane i n dry e t h e r , i n t e r a c t s v i g o r o u s l y on 

a d d i n g a l i t t l e wa te r o r me t h ano l t o y i e l d b e t a i n e , 

© O CHpNp ® & 
H^N CH2 C0 2 (H^C)^N CHpCOp. Under c e r t a i n , 

c o n d i t i o n s , t h e hydroxy g roups o f c a r b o h y d r a t e ^ can be 

m e t h y l a t e d , f o r example- m e t h y l g l u c o s i d e s have been 

p r epa red by a d d i n g an e t h e r e a l s o l u t i o n o f d i a zome thane 

1 5 6 
t o an aqueous m e t h a n o l i c s o u l t i o n o f s uga r . 

Complex f o r m a t i o n can enhance t he a c t i v i t y o f 
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154 hydroxy groups and both aluminium a l c o h o l a t e ^ and 
157 158 

f l u o b o r a t e ^ ' ^ have been used s u c c e s s f u l l y . These 

Lev/is a c id c a t a l y s e d r e a c t i o n s may take' the form, 
R ^ e CHpNp R

v
© e 

roh4-ai(or)
3
 £

 h
,o-ai(or)

3 h c
,o-ai(or

3
) 

3

 47 
ROCH, +-A1(0R)_ 

5 3 

Ammonia, primary and secondary amines may be 

methylated, with diazomethane i n the presence o f the 

Lewis a c i d boron t r i f l u o r i d e 1 3 9 , T h i s i n d i c a t e s 

that not only hydrogen attached to oxygen i s l i a b l e to 

s u b s t i t u t i o n . 

The primary process o f most r e a c t i o n s o f d iazoalkanes 

i s t h e i r a d d i t i o n as a molecule f o l l owed by the l i b e r a t i o n 

o f n i t rogen from t h i s a d d i t i o n compound. These r e a c t i o n s 
161 

have been systematised by regarding the diazoalkanes 

i n turn as b a s e s , as Bronsted , and1 as Lewis a c i d s : 
a-chp-n h n hpcs n =n-a 

© 

(l) a (2) 

H.C-NSN £—-> H0C = N = N L—> H.C-N =N 
2 . 2 

e © © © © & 

V f 4 7 (4) +B 47 (3) 

2( 
r- & © © © n © 

BH LHC =N - N <r> HC-N = n j HpC = NfN-b 

- t f 4 7 ( 5 ) _ © © © 
HC~N -NH > HCSN-NH 

A l k y l a t i o n react ions , o f the type jus t d iscussed have 

the form ( 1 ) ' w h i l e ( 2 ) and (3 ) represent the r e a c t i o n s - o f 



diazoa lkanes , with aldehydes and ketones and with systems 

conta in ing double bonds, r e s p e c t i v e l y . Reaction (4 ) 

in which the diazocompound behaves as a Lewis a c id 

terminates i n isodiazomethane, normally t h i s tautomerism 

g r e a t l y favours diazomethane. 

D i a z o a l k a n e s a ppea r a s t h e n u c l e o p h i l i c component 

o f t h e a l k y l a t i o n r e a c t i o n s , t h e b a s i c c h a r a c t e r o f t h e s e 

m o l e c u l e s i s d e r i v e d from t h e f i r s t mesomeric form on 

t h e l e f t o f t h e s e r i e s , 

O © © & © © .. O 0 
H2C-N5N C->H2C'N*N C-5 H2C-N*N H2C-N-N<-> H2C-NS»N 

© 
R e a c t i o n o f t h i s m o l e c u l e w i t h an a c i d A c o n v e r t s i t 

i n t o A CH2N2 and a d d i t i o n o f a p r o t o n y i e l d s t h e 

© 
a l k y l d i a z o n i u m i o n , H CcaNsN-.. . • I n t e r a c t i o n w i t h compounds 

•j 

bearing an a c i d hydrogen atom probably takes p lace 

i n i t i a l l y by proton t r a n s f e r to the diazoalkane, with the 

e v o l u t i o n o f n i t r o g e n , the h ighly r e a c t i v e alkyldiazonium 

i o n formed then y i e l d s a carbonium i o n , which attacks. 
t h e c o n j u g a t e b a s e , o r any o t h e r base a v a i l a b l e i n t h e 

ft 2 

e 

149 
sys tem , ^ 

L f ^ R ' - C -N^ — ' .(1) 
R' ^ • ft 

RR 'CHB'^H 

The c oncep t o f t h e i n t e r m e d i a t e f o r m a t i o n o f a 

d i a z o n i u m i o n may 'be s u p p o r t e d by a number o f o b s e r v a t i o n s , 



129 f o r i n s t a n c e i t nas been known f o r some time that 

the r e a c t i v i t y o f d iazoa lkanes i s dependent in a c h a r a c -

t e r i s t i c manner on the nature of the s u b s t i t u e n t s R and 

R ' . From diazomethane, where R = R ' ~ H, the r a t e o f 

r e a c t i o n d e c r e a s e s as one or two o f the hydrogen atoms 

are r e p l a c e d by a r y l g roups , the b a s i c charac ter o f 
© © 

the carbon atom o f the mesomeric form H Ĉ - N s r be ing 

p r o g r e s s i v e l y reduced . Induc t ive and mesomeric e f f e c t s 

o f carbony l and a l k o x y c a r b o n y l groups s i m i l a r l y lower 

the b a s i c i t y and thus tho n u c l e o p h i l i c r e a c t i v i t y o f 

d i a z o a l k a n e s , the d i f f e r e n c e i n behaviour between d i a z o -

methane and d i a z o a c e t i c e s t e r i s a good example o f t h i s . 

An i n v e s t i g a t i o n o f the r e a c t i o n o f d i a z o a c e t i c 
162 

e s t e r with phenol i n a non -po lar medium ( o f benzene) 

has prov ided some i n t e r e s t i n g in f o rmat i on on the a c i d 

c a t a l y s i s o f t h i s r e a c t i o n . . Phenoxyacet ic e s t e r 

f ormat ion o c c u r s on ly on a d d i t i o n o f a r e l a t i v e l y s t r o n g 

a c i d and the r a t e o f r e a c t i o n i s p r o p o r t i o n a l to the 

c o n c e n t r a t i o n . o f the l a t t e r , phenol i t s e l f being t oo 

weak an a c i d t o be a b l e t o c a t a l y s e the r e a c t i o n . Ac id . 

c a t a l y s i s i s c e r t a i n l y taking p l a c e but i t was not u n t i l 

more r e c e n t l y that the nature of the r e a c t i o n cou ld be 

e l u c i d a t e d , f o r a c i d c a t a l y s i s may occur by proton 
t r a n s f e r , 

O ® © © 
R00C-CH-N2fH ->R00C-CH2*N , or v i a the more genera l path , 
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© @ o e 

R00C-CII-N2-«-ClCH2C02H ->RO0C-CH2"Hx
t
2+-C1CH2CO2. 

The r a t e s o f r e a c t i o n s c a t a l y s e d by c a r b o x y l i c a c i d s a r e 

l i n e a r l y r e l a t e d t o the d i s s o c i a t i o n c o n s t a n t s o f t he 

a c i d s ( de t e rm ined i n wa t e r ) and t h i s l e d t o the supp-

o s i t i o n t h a t the r e a c t i o n s were c a t a l y s e d v i a the g e n e r a l 

mechanism. D i m e r i z a t i o n e q u i l i b r i a o f c a r b o x y l i c a c i d s 

i n benzene s o l u t i o n would be super imposed upon the 

p r o t o l y s i s w h i l e f o r l a r g e r a c i d mo l e c u l e s , s t e r i c 

e f f e c t s may p l a y a p a r t . 

The r e a c t i o n o f d i a z o a c e t i c e s t e r w i t h a c a r b o x y l i c 

a c i d i n benzene i s o f f i r s t o rder w i t h r e spec t t o t h e 

162 
diazocompound bu t o f second order w i t h r e spec t t o a c i d 

Th i s may be r e c o n c i l e d w i t h the mechanism, -

O © ® © 
R0 2 CCHN 2 *H —> R0 2CCH 2+ N2 

© © ? 

R0 2 CCH 2 +R'C0 2 H ->R02CCH20-C0R» 

0 & 
RO2CCH20(H)COR'4-R'CO2 -*R0£CH20C0R» 4-R»C02H, 

a l t h o u g h p r o t o n t r a n s f e r may be r e p l a c e d , as t he f i r s t -

s t a ge o f t h e r e a c t i o n , by gene r a l a c i d a d d i t i o n , 

R02CCHN2-fR'C02H ->RC>2C-CH2 R1 C02 , i f t h i s 

s t e p occurs more r a p i d l y t h a n the second . 

Cor respond ing r e a c t i o n r a t e s f o r a l i p h a t i c compounds 

f r e e from c a r b o n y l g roups a re d i r e c t l y p r o p o r t i o n a l t o . 
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the c o n c e n t r a t i o n o f the c a r b o x y l i c ac id , and 

on t h i s b a s i s i t can be assumed that in a p r o t i c s o l v e n t s 

general a c id c a t a l y s i s takes p l a c e . 

The r e a c t i o n s o f a l i p h a t i c diazocompounds i n an 

aqueous medium e x h i b i t a l l the s igns of s p e c i f i c proton 

c a t a l y s i s . Before modern potent iometr i c means were 

a v a i l a b l e pH could be measured from the k i n e t i c s o f the 

e v o l u t i o n o f n i t rogen from s o l u t i o n s o f d i a z o a c e t i c 

e s t e r 1 6 7 " 1 6 9 . 
The general equat ion (1 ) f o r the d iazoa lkane -ac id 

G> 

r e a c t i o n i n d i c a t e d that the alkyldiazonium ion RR'CHNp 

can i n t e r a c t with both the conjugate base of the ac id 

HB used and of other a c i d s HB1. Proton conta in ing 

s o l v e n t s come i n t o c o n s i d e r a t i o n as sources o f a c ids 

HB1 and r e a c t i o n s i n v o l v i n g them regenerate protons making 
« 

the so lvent a true c a t a l y s t . The cho i ce between a 
t 

s t o i c h i o m e t r i c and c a t a l y t i c i n t e r a c t i o n oS diazoalkanes 

with a c i d s ( that i s ( a ) and ' ( b ) , r e s p e c t i v e l y , o f equation 
149 

(L) ) , i s a f f e c t e d by the strength of the ac ids present 

In aqueous medium and i n the presence o f s trong mineral 

a c i d s ( p e r c h l o r i c , s u l p h u r i c ) diazoalkanes uniformly 

f o l l o w the c a t a l y t i c scheme ( b ) , but the n i t r a t e i on i s 

able to compete s u c c e s s f u l l y as a base with water. 

D iazoace t i c e s t e r y i e l d s g l y c o l l i c e s t e r with d i l u t e 



sulphuric a c id in a clean r e a c t i o n according to ( b ) , 
0 © © © 

ROOCCH - N - + H - 0 —> ROOCCH-OH-f-N-'t-H 2 ;> 2 2 

but the same c o n c e n t r a t i o n of ac id in the presence o f a 

l a r g e amount o f potassium n i t r a t e leads to the formation 

o f the corresponding n i t r a t e , ' 
© © O 

ROOCCH - N ^ H - f N O ^ -i> R00CCH20N02+-N2. 

As t h i s r e a c t i o n consumes a c i d , the rate decreases 
169 

u n t i l in time i t s tops complete ly Analogously , 

the decomposit ion o f d i a z o a c e t i c e s te r ca ta lysed by 

p e r c h l o r i c a c id can be h a l t e d by the add i t i on o f h a l i d e s , 

t h e i r e f f e c t i v e n e s s i n c r e a s i n g with n u c l e o p h i l i c character 

i n the order C l < B r < I 1 6 8 . 

Strong ac id c a t a l y s i s , with toluenesulphonic a c i d , 

i n a po lar but a p r o t i c medium of a c e t o n i t r i l e , o f 
170 diphenyldiazomethane to form tetraphenyl ethylene 

\ 

i l l u s t r a t e s that extra diazoalkane competes s u c c e s s f u l l y 

as a base , 
3 © © © 

P h
2
C N

2
f H > P h

2
C H ^ N

2
 •-• 

Ph2CH -i-N2C Ph2 —> Ph2CH -C P h 2 + N 2 
V Q 

Ph2C nCPh2 4-H. 



CHAPTER 3 

THEORY 

3 . 1 I n t r o d u c t i o n 

Various chemical treatments have changed the character 

o f the sur face o f s y n t h e t i c a p a t i t e s , some of which are 

cons idered i n Chapter 1. I f a modifying agent i s held 

to a s o l i d s u r f a c e such as a p a t i t e by van der Waals1 

f o r c e s then t h i s a d s o r p t i o n i s c l a s s i f i e d as p h y s i c a l . 

Chemisorption on the o ther hand i n v o l v e s a t r a n s f e r o f 

e l e c t r o n s between adsorbent and adsorbate . Although the 

ra te o f desorpt i on o f a p h y s i c a l l y adsorbed phase may 

be retarded by d i f f u s i o n e f f e c t s such a l ayer i s g e n e r a l l y 

removed by reducing the pressure at the temperature at 

which adsorpt ion took p l a c e . Rather more severe 

c o n d i t i o n s may e f f e c t the removal o f a chemisorbed 

m a t e r i a l . 

When the s u r f a c e s o f two s o l i d bod ies -are brought 

s u f f i c i e n t l y c l o s e t o g e t h e r , t h e i r f i e l d s of f o r c e over lap 

and so cause adhesion wherever the two s o l i d s are near ly 

or complete ly i n c o n t a c t . Such a t t r a c t i o n between s o l i d 

s u r f a c e s i s o f a s i m i l a r o r i g i n to the phys i ca l adsorpt ion 

descr ibed above, which may be convenient ly c l a s s i f i e d 

as being brought about by f o r c e s assoc ia ted with permanent 



d i p o l e moments in an adsorbed f l u i d , p o l a r i s a t i o n o f 

an adsorbed f l u i d , d i s p e r s i o n energ ies and the s h o r t -

range r e p u l s i v e e n e r g i e s . I t i s c l e a r from t h i s that 

an a p a t i t e s u r f a c e w i l l have a d i f f e r e n t character when 
oi Vavo 

the s o l i d i s held under a very low pressure from when i t 

i s surrounded by an atmosphere o f n i t r o g e n , f o r example. 

I t i s equal ly apparent , however, that a sur face layer o f 

adsorbed n i t rogen mo lecu les , which may be r e a d i l y removed, 

i s not an e f f e c t i v e treatment i f a permanent and durable 

sur face layer i s r e q u i r e d . In a s imi lar manner, a s o l i d 

phase adhering to the a p a t i t e sur face merely by means o f 

phys i ca l f o r c e s would be unacceptab le . 

A process o f chemicsorpt ion seems t o . b e necessary 

t o e f f e c t the s u r f a c e c h a r a c t e r i s i t i c s which are requ ired 

o f a modi f ied a p a t i t e . Once the hydroph i l i c nature o f 

these s a l t s has been s u b s t a n t i a l l y 'and permanently reduced 

the adhesion o f o ther s o l i d s , such as polymer m a t e r i a l s , 

t o the a p a t i t i c s u r f a c e may be cons iderab ly improved. 

I t i s l i k e l y that a chemisorbed" monolayer on the a p a t i t i c 

s u r f a c e , which cou ld not only reduce i t s hydroph i l i c 

character but a l s o prov ide a good b a s i s f o r adhesion, i s 

the best sur face f o r the purpose o f t h i s work. 

Since changes i n the sur face charac ter , produced 



by chemical t reatments , and the s t a b i l i t y o f the r e s u l t i n g 

m o d i f i e d s u r f a c e s i n a moist environment, may be evaluated 

by means o f p h y s i c a l a d s o r p t i o n , i t i s p e r t i n e n t to 

d i s c u s s some a s p e c t s o f s u r f a c e chemistry . Certa in 

t h e o r i e s o f a d s o r p t i o n o f gases and vapours by s o l i d s w i l l 

t h e r e f o r e be reviewed i n s e c t i o n 3*2 . This s e c t i o n 

w i l l a l s o deal b r i e f l y with the var ious i n f e r e n c e s from 

the study o f p h y s i c a l a d s o r p t i o n . 

Various c h a r a c t e r i s t i c s o f the m a t e r i a l s used i n t h i s 

work have been eva luated by means o f i n f r a - r e d s p e c t r o s -

copy ; X-ray powder d i f f r a c t i o n photographs have a l s o 

been used i n the a n a l y s i s o f the mater ia l s and a b r i e f 

account o f the p r i n c i p l e s under ly ing these techniques w i l l 

be g iven in s e c t i o n 3«3« 

3 . 2 T h e o r e t i c a l Aspects o f Adsorption 

3 . 2 . 1 Phys i ca l a d s o r p t i o n . 1 

The i n t e r p r e t a t i o n o f the adsorpt i on -isotherm i s 

fundamental to the - problem o f c h a r a c t e r i s i n g a s o l i d 

s u r f a c e . Determination o f the sur face area o f the m a t e r i a l s 

prepared in t h i s work r e s t s on the c a l c u l a t i o n from an 

isotherm o f the monolayer c a p a c i t y , i . e . , the amount o f 

adsorbate which can be he ld i n a completed monolayer on 

the s o l i d . D i f f e r e n c e s i n the h y d r o p h i l i c nature o f 



s u r f a c e s a f t e r m o d i f i c a t i o n may be conven ient ly assessed 

from water-vapour s o r p t i o n i so therms . 

A s o l i d must f i r s t be f r e e d from p r e v i o u s l y adsorbed 

gases by outgass ing b e f o r e measurements, at a f i x e d 

temperature , o f a d s o r p t i o n and pressure may be c a r r i e d 

o u t . Adsorpt ion i so therms are usua l l y represented 

g r a p h i c a l l y , with a d s o r p t i o n s as o rd inates and p r e s s u r e s 

as a b s c i s s a e . I t i s c o n v e n i e n t , i f the adsorbate i s a 

vapour, to express the r e s u l t s i n terms o f r e l a t i v e pressure 

F i v e . t y p e s o f i so therm have been c l a s s i f i e d by 
171 

Brunauer, Deming, Deming and T e l l e r . Isotherms o f 

type 1 are a s s o c i a t e d with systems i n which adsorp t i on 

does not proceed beyond a monomolecular l a y e r and are the 

on ly i so therms found i n the adsorp t i on o f gases , i . e . , 

f l u i d s above t h e i r c r i t i c a l temperature. The other types 
V 

r e f e r t o mul t imo lecu lar l a y e r a d s o r p t i o n . Isotherms 

measured i n t h i s work are a l l o f type 2 , which may be 

s imply d e s c r i b e d as the r a p i d f i l l i n g o f a monolayer, the 

adsorbent having a g r e a t e r a f f i n i t y than the adsorbate 

f o r o ther adsorbate m o l e c u l e s , f o l l o w e d by the development 

o f a m u l t i l a y e r e d system. At very low pressures and 

c o r r e s p o n d i n g l y low a d s o r p t i o n s a l l isotherms tend t o a 

s t r a i g h t l i n e , so that a d s o r p t i o n i s p r o p o r t i o n a l t o 

p r e s s u r e . This behav iour , reminiscent o f Henry's law 



8 . 

f o r t he s o l u b i l i t y o f a gas i n a l i q u i d , i s somet imes 

r e f e r r e d t o as t h e H e n r y ' s law r e g i o n . Type 2 i s o t h e r m s 

a r e l i k e l y i f t h e a d s o r b e n t i s non-porous , i . e . d evo i d 

o f i n t e r n a l s u r f a c e . 

A g e n e r a l e q u a t i o n wh i ch a p p l i e s . to t h e v a r i o u s t y p e s 

o f a d s o r p t i o n i s o t h e r m was i n t r o d u c e d by B runaue r , Emmett 

172 171 
and T e l l e r and B r u n a u e r , Deming, Deming and T e l l e r 

and can be a p p l i e d t o t h e i s o t h e r m s measured i n t h i s 
» 

work . A s i m p l e p r o c e d u r e i s deve loped f o r t he d e t e r m i n a t i o n , 

o f t h e mono layer c a p a c i t y and a l s o i t c l a i m s t o be a b l e t o 

r e p r oduce v/ i th t h e same s e t o f p a r ame te r s t he course o f 

an i s o t h e r m a t d i f f e r e n t t empe r a t u r e s and t o c a l c u l a t e 

t h e h e a t o f a d s o r p t i o n from a s i n g l e i s o t h e r m . 

The t h e o r y assumes t h a t t he e q u i l i b r i u m se t up between 

t h e adsorbed gas and t h e a d so rben t i s a dynamic one , t h e 

r a t e a t wh ich m o l e c u l e s condense o n ' t o a f i x e d a d s o r p t i o n 

s i t e b e i n g equa t ed v / i t h t h e r a t e a t wh ich they r e - e v a p o r a t e 
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from t h e o c c u p i e d s i t e s ' . I f a t a p r e s su r e p * 

( d yn . cm . ) t he f r a c t i o n o f s i t e s o c c u p i e d i s and 

t h e f r a c t i o n o f s i t e s empty i s . 9 q ( S O t h a t 9 + 9 q = 1 ) , 
- 2 - 1 

t h e n t h e r a t e o f c o n d e n s a t i o n i s kp9Q mo l e c u l e s cm sec , 

where k i s a c o n s t a n t g i v e n by k i n e t i c t h eo ry as k = N 

(2T\ MRT) \. 

The r e - e v a p o r a t i o n o f a m o l e c u l e from t h e s u r f a c e i s e s s e n t i a l l y 



ari a c t i v a t e d p r o c e s s , t h e r a t e o f wh ich w i l l be g i v e n by 

—F /RT 
t h e e x p r e s s i o n z 0-,v.,e J 1 1 where z i s t he number o f 

m i l m 
2 

m o l e c u l e s adso rbed per cm i n a comp le ted mono l aye r ; E x 

i s t h e energy o f a c t i v a t i o n f o r d e s p o r t i o n , wh ich may be 

i d e n t i f i e d w i t h - ^ R d e s 0 i . p t i o n ' ^ 1 x s f r equency o f 

o s c i l l a t i o n o f t he m o l e c u l e s p e r p e n d i c u l a r t o t he 
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s u r f a c e . Then a t e q u i l i b r i u m 

kp© * z © Y n e - V R T 

m i l 

and s i m i l a r l y f o r s u c c e s s i v e l a y e r s 

kp©., = z ©o 0 5 e " V R T 
r 1 m 2 2 

kp©. _ = z Q . 0 . e ~ E i / R T 

^ l-l rail 

Here ©x i s t h e f r a c t i o n o f t he s u r f a c e covered w i t h a 

s i n g l e m o l e c u l a r l a y e r , © 2 t h a t covered w i t h a second , and 

so on ; 0 ^ and E^ a r e t h e o s c i l l a t i o n f r equency and t h e 

h e a t o f a d s o r p t i o n r e s p e c t i v e l y o f t he mo l e c u l e s i n t h e 

. t h , 
i l a y e r . 

i 

Assump t i ons t h a t t h e hea t o f a d s o r p t i o n i n a l l l a y e r s 

beyond t h e f i r s t i s e q u a l t o t h e l a t e n t h e a t o f c o n d e n s a t i o n 

L and t h a t t h e ave rage t i m e o f s o j o u r n ( 1) o f a mo l e c u l e 

i n a l l l a y e r s a f t e r t h e f i r s t i s t he same.are made, so t h a t 

= s 0 . . Now t h e t o t a l number o f mo l e c u l e s 

d. y 1 
2 . 

adso rbed per cm o f t h e a d s o r b e n t s u r f a c e i s z= x 
m 

(© x + 2© 2+ 30^ ) , and t h e t o t a l number o f m o l e c u l e s 



adsorbed on one gram, o f a d s o r b e n t i s Sz (where S i s the 
A 

s u r f a c e area o f one gram, o f a d s o r b e n t ) ; the c o r r e s p o n d i n g 

number adsorbed i n a comple ted monolayer i s Sz^ and 

s 0 2 = = Zl > which may be r e w r i t t e n x_ -
x' Sz: • z xw 
ra m m . ^ 

The summation on the r i g h t - h a n d s i d e o f the above e q u a t i o n 

may be c a r r i e d out a f t e r the f u r t h e r assumption i s made 

that the vapour c o n d e n s e s on the adsorbent as a l i q u i d 

when i t s p r e s s u r e r e a c h e s the s a t u r a t e d vapour p r e s s u r e . 

The comple ted e q u a t i o n i s o f the form 

p _ 1 c - 1 . u 3 . 2 . 1 
x ( p - p ) x c x c p, 

ra m 

where the c o n s t a n t c i s g i v e n by 

c = e f e l ~ L ) / R T 3 . 2 . 2 

A c c o r d i n g t o e q u a t i o n 3 * 2 . 1 , a p l o t o f 
x ( p Q - p ) 

a g a i n s t s h o u l d g i v e a s t r a i g h t l i n e o f s l o p e ( c - 1 ) 
p ' x c o — m 

and i n t e r c e p t 1 ; and a p p l i c a t i o n o f t h i s t e s t t o 
x c ra 

e x p e r i m e n t a l data o b t a i n e d i n t h i s work shows that t h i s 

e q u a t i o n does r e p r o d u c e the c o u r s e o f most i s o t h e r m s 

r e a s o n a b l y w e l l , but o n l y over the range approx imate ly 

c o r r e s p o n d i n g t o 0 . 0 5 < £ < 0,J>0. 
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The f a i l f t r e o f the equat ion at low r e l a t i v e p r e s s u r e s 

i s a s c r i b e d by the authors to the non-uni formity o f the 

s u r f a c e . This would cause a v a r i a t i o n in the value -of 

E^ from one r e g i o n o f the s u r f a c e to another which 

cannot be c o r r e c t e d f o r q u a n t i t a t i v e l y . The l i m i t e d 

v a l i d i t y o f a theory may,' however, be due to shortcomings 

i n the model i t s e l f , r a t h e r than t o l a ck o f knowledge o f 

the parameters i t employs. The assumption that the 

adsorbate has l i q u i d - l i k e p r o p e r t i e s a f t e r the f i r s t 

l a y e r i s hard t o r e c o n c i l e with the f a c t t h a t , as shown 

by c a r e f u l exper iments , s o l i d s exposed to a saturated 

vapour o f t e n take up a s t r i c t l y l i m i t e d amount, and not 

the i n d e f i n i t e l y large- quant i ty p o s t u l a t e d by BET. An 

important , and perhaps u n j u s t i f i a b l e , assumption i s that 

each molecule condensd'ng; i n any l a y e r a f t e r the f i r s t 

g i v e s out i t s f u l l l a t e n t heat o f l i q u e f a c t i o n whether 

i t has ho rLzontal ne ighbours or n o t . I t has been p o i n t e d 
' 1 7 5 

out that i n the absence of h o r i z o n t a l neighbours the 

c o - o r d i n a t i o n number i s much l e s s than twelve ( t h e 

approximate va lue i n a bulk l i q u i d ) and the heat e v o l v e d 

should .be only a f r a c t i o n o f the l a t e n t heat . One 

equat ion has been deve loped .which attempts to a l l ow 
f o r the v a r i a t i o n o f c o - o r d i n a t i o n number in an e m p i r i c a l 

176 
way . But an a n a l y s i s o f the BET mechanism i n terms 



o f c o - o r d i n a t i o n showed i t to be incapab le o f e x p l a i n i n g 
177 

any a d s o r p t i o n beyond a monolayer . 

I t i s important t o emphasise that the a b i l i t y o f 

an equat ion to reproduce experimental data does n o t , i n 

i t s e l f , prove the c o r r e c t n e s s o f a t h e o r y , and i t i s 

necessary to compare the va lues o f the parameters 

ob ta ined by a p p l i c a t i o n t o the experimental data with 

independent e s t imates o f them. In t h i s ins tance i t i s 

p o s s i b l e to make the comparison f o r parameter c , and 

t o a l i m i t e d extent f o r x . 

m 

A value f o r the d i f f e r e n t i a l heat o f adsorpt i on can 

be c a l c u l a t e d from the i sotherm at a s i n g l e temperature 

from the constant c by means o f equat ion 3 . 2 . 2 , i f the 

theory i s i n t e r n a l l y c o n s i s t e n t . I t must, however, be 

borne i n mind that the BET model l a y s down that a d s o r p t i o n 

s h a l l o c cur i n the f i r s t and higher l a y e r s at the same 

t ime . When the t o t a l a d s o r p t i o n i n c r e a s e s from x to 

( x + 5 * x ) , on ly a f r a c t i o n , r , o f the increment goes i n t o 

the f i r s t l a y e r with heat o f adsorp t i on E^, the remainder, 

( 1 - r ) , go ing i n t o the h igher l a y e r s with heat o f a d s o r p t i o n 

L, the l a t e n t heat o f condensat ion o f adsorbate i n . b u l k . 
i 

Thus, the heat o f a d s o r p t i o n E corresponding to a d s o r p t i o n 

x from t h i s theory i s E**- rE.. + ( l - r ) L . E*" should be 



equal to the value AH c a l c u l a t e d from the Claus ius -

Clapeyron equat ion . The va lue , r , can be ca l cu la ted 
-j nO 

from the model, and has the form' 

r a ( 1 - P / P Q ) 2 

l + ( c - l ) ( p / p o ) 2 

Assuming that the adsorbate obeys the p e r f e c t gas 

laws, and that the volume o f the adsorbed phase i s 

n e g l i g i b l e compared v/ith that o f the gas , the Claus ius -

Clapeyron equation can be wr i t t en in the forms 

d In p _ L and ( ^ l n p ) - AH 
? ( T )x — -

dT RT ^ ; . r t 2 

where AH x i s the d i f f e r e n t i a l heat of adsorpt ion at . 

constant x . From these two express i ons , i t f o l l o w s that 

p m
p

/ p
Q
) ^ a V L

 3 # 2 # 3 

I D T ) x RT2 1 

The d i f f e r e n t i a t i o n o f equat ion 3 . 2 . 1 y i e l d s the equation 

p l n p / p Q ^ _ - p ^ l n c j . ( l - p / p 0 ) 2 3 . 2 . 4 

® T X X ( l ^ ( c - l ) ( p / p o ) 2 ) 

while d i f f e r e n t i a t i o n o f equation 3 . 2 . 2 y i e l d s the equation 

"b T 
lnc j. E1 -L 3 . 2 . 5 

...... 2 RT 
I f i t i s assumed that E^ and L are constant f o r small 

ranges o f temperature, a f u r t h e r express ion i s obtained 
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from equat ions 3 « 2 . 4 and 3 . 2 . 5 

Q l n p / p 0 ) _ E r L ' . ( l - P / p Q ) 2 3 . 2 . 6 
" r F " 2 ( H - ( c - l ) ( P / p o ) 2 ) 

From equat ions 3 . 2 . 3 and 3*2 .6 may be der ived the 

f o l l o w i n g express ion 

A Hx-L _ E-j-L . ( l - p / p Q ) 2 

RT2 ( 1 + ( c - l ) ( P / p o ) 2 ) 

which may be rearranged to become 

A V L
 a

 d -
p

/ P
0
)

2

 3.2.7 

E —L 
1 ( l + ( c - l ) ( P / p o 2 ) 

1 TD 2 The express ion E - r E ^ + ( l - r ) L , where r = ( l - p / p Q ) 

l - t ( c - l ) ( p / p 0 ) ' 

may now be compared with equation 3 . 2 . 7 and i t may be 

seen that The heat o f adsorpt ion c a l c u l a t e d from 

a s i n g l e isotherm f u l f i l l s thermodynamic requirements as 
i 

expressed by the Clausius-Clapeyron equat ion. This t e s t 

has been app l i ed to a wide range o f recorded data and 

i t was found that there was a q u a l i t a t i v e correspondency 

but not always a q u a n t i t a t i v e agreement between the 

c a l c u l a t e d and the measured va lues , d i s c r e p a n c i e s o f the 

order o f some hundreds o f c a l o r i e s per mole being common. 

Even the q u a l i t a t i v e correspondence i s u s e f u l , f o r i t 

enables a rough est imate t o be made of the value o'f the 



d i f f e r e n t i a l h e a t o f a d s o r p t i o n from t h e shape o f an 

i s o t h e r m . From t h e m a t h e m a t i c a l p r o p e r t i e s o f e q u a t i o n 

1 i t f o l l o w s t h a t as c i n c r e a s e s , t h e ' k n e e ' o f t he c u r v e 

moves c l o s e r t o t h e x a x i s , s o t h a t an i s o t h e r m w i t h a 

s h a r p bend c o r r e s pond s t o a h i g h v a l u e o f ( E ^-L ) . 

E v a l u a t i o n s o f x from i s o t h e r m s on s o l i d s o f known 
m 

a r e a s may be examined i n o r de r t o c a l c u l a t e c o r r e s p o n d i n g 

a r e a s c o v e r e d ' b y each a d s o r b a t e m o l e c u l e , Am where t h e s e 

a r e r e l a t e d t o each o t h e r by 

S- x^ Nx Am . S b e i n g t he s p e c i f i c s u r f a c e o f 

IT 

a d s o r b e n t , N Avogad r o ' s Number, and M t he m o l e c u l a r w e i g h t 

o f a d s o r b a t e . Va l ues ' o f Am, o b t a i n e d i n t h i s way f rom 

a s e l e c t i o n o'f a d s o r b e n t s o f known s p e c i f i c s u r f a c e , may 

be compared f o r any p a r t i c u l a r a d s o r b e n t s . The n u m e r i c a l 

v a l u e o f Am w i l l c l e a r l y depend on t h e way i n wh ich m o l e c u l e 

a r e packed on t h e s u r f a c e i n t he comp le ted monolayer ' . I n 

t h e t ype o f mode l j u s t d i s c u s s e d , s i n c e each mo l ecu l e i s 

ancho red on a d e f i n i t e s i t e on t h e s u r f a c e , Am shou l d be-

de t e rm i ned by t h e l a t t i c e d imens i o n s o f t h e s o l i d , and 

s h o u l d t h e r e f o r e va ry f o r a g i v e n a d s o r b a t e a c c o r d i n g t o 

t he n a t u r e o f t he s o l i d . But i f t h e adsorbed m o l e c u l e s 

a r e m o b i l e , t he v a l u e o f Am shou l d be de t e rm ined by t h e 

d i m e n s i o n s o f t he a d s o r b a t e mo l e cu l e and w i t h the e x c e p t i o n 



o f a s p h e r i c a l l y s y m m e t r i c a l mo l e cu l e would a l s o va ry 

a c c o r d i n g t o i t s o r i e n t a t i o n r e l a t i v e t o t h e s u r f a c e . 

Knowledge o f t h e e f f e c t i v e d imens i ons o f mo l e c u l e s and 

o f t h e way t hey pack t o g e t h e r i n f i l m s i s s u b j e c t t o 

much u n c e r t a i n t y . A f o r m u l a r e l a t i n g Am t o t h e d e n s i t y 

p o f t he a d s o r b a t e i n t he o r d i n a r y l i q u i d or s o l i d 

f o rm , assuming a p a c k i n g i n wh ich a mb l e c u l e has twe l ve 

2 
neares t neighbours i s Am = 1 .091 (M__) / 3 and the 

r e s u l t s c o l l e c t e d from t h i s f o rmu l a by u s i n g t.he l i q u i d 
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d e n s i t y compare f a v o u r a b l y w i t h v a l u e s d e r i v e d from 

t h e mono layer c a p a c i t y on an ad so rben t o f knov/n s p e c i f i c 
x> 180 

s u r f a c e 

S may no t be known i n d e p e n d e n t l y f o r many a d s o r b e n t s 

b u t v a l u e s o f S from a number o f d i f f e r e n t vapours on 

t h e same a d so r ben t s h o u l d be s i m i l a r . Exper imen t s on 

1 7 2
 v 

a sample o f s i l i c a g e l ' have i n . t h i s way demons t r a t ed 

t h e c o n s i s t e n c y o f t h e s e d e t e r m i n a t i o n s . —Again Am v a l u e s 

f o r each vapour were d e t e r m i n e d , u s i n g t h e f o rmu l a shown 

above , from t h e l i q u i d d e n s i t y . I t i s i n t e r e s t i n g t o 

n o t e t h a t t h i s f o r m u l a does no t s a t i s f y t h e BET c o n d i t i o n s ' 

t h a t a d s o r p t i o n o c cu r s on f i x e d s i t e s on t he s o l i d . 

The C l a u s i u s - C l a p e y r o n e q u a t i o n , wh ich has been a p p l i e d 

as a t e s t o f t h e t h e o r y , i s v a l i d f o r t h e rmodynam i c a l l y 



r e v e r s i b l e p r o c e s s e s o n l y . The v a l i d i t y o f the BET 

e q u a t i o n , when a p p l i e d t o i r r e v e r s i b l e s o r p t i o n measure-

ments, i s t h e r e f o r e s u b j e c t tb doubt . 

I r r e v e r s i b i l i t y o f s o r p t i o n i sotherms with 

non-porous r i g i d s o r b e n t s i s not usual but has been noted 

in the low temperature s o r p t i o n o f n i t r ogen by a non-
181 

porous carbon b la ck and expla ined by s w e l l i n g o f 
18 P 

the s o r b e n t . V/ork on an a c t i v a t e d c h a r c o a l rod , 
1 Rz T 8/ 

and on rods o f porous g l a s s have demonstrated that 

s w e l l i n g normally o c c u r s during s o r p t i o n on these s o l i d s . 

On the b a s i s o f work mentioned i n chapter 2 on the water 

a p a t i t e i n t e r f a c e , i t i s l i k e l y that c e r t a i n chemical 

e f f e c t s may oc cur during water s o r p t i o n by a p a t i t e s . 
3 . 2 . 2 Chernisorption 

Chemisorption i n v o l v e s a displacement o f e l e c t r o n s 

as between adsorbent and atoms or molecules o f a d s o r b a t e . 

The adsorbed f i l m i s t h e r e f o r e a s p e c i e s d i f f e r e n t from 

e i t h e r adsorbent or adsorbate but w i l l be c o n f i n e d t o 

a monolayer i n t h i c k n e s s . The r e a c t i o n between a p a t i t e 

s u r f a c e and a l i p h a t i c d i a z o compounds should t h e r e f o r e • 

be regarded as a p r o c e s s o f chemisorpt ion s i n c e the 

adsorbed l a y e r i s not removable by the normal p r o c e s s 

o f o u t g a s s i n g , n e i t h e r does i t possess the c h a r a c t e r i s t i c s 
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o f d iazoa lkanes^ 2 . 

3 . 3 . 1 • I n f r a - r e d spectroscop.y 

The approach to absorpt ion o f i n f r a - r e d r a d i a t i o n 

based on c l a s s i c a l mechanics may be v i s u a l i s e d in p h y s i c a l 

terms. A system o f N i n t e r a c t i n g point-masses represents 

a molecule or i o n c o n t a i n i n g N atoms, and the f o r c e on 

one p a r t i c l e depends, t o a f i r s t approximation, only on 

the l i n e a r d isplacements o f a l l the p a r t i c l e s . The 

components of the f o r c e s on the p a r t i c l e are given by 

a s e t o f 3N l i n e a r equat ions : 

F s - k ^ . x , - k 1 1 . y „ - k - ^ . z , - k x xx 1 xy xz 1 xx 2 xz 
- 1 1 11 , 1 1 1 11 

- yx ' X 1 - yy • ~ k y z ' Z 1 ••• 
F

z
1

- ~
k

z x
i : L

-
x

l "
 k

z y
i : L

-
y

l "
 k

z z
i : L

-
z

l '
 3

'
3

'
X 

The displacements a r e measured from the equi l ibr ium 

p o s i t i o n o f the p a r t i c l e , and the f o r c e constants 
V k determine hov; the x-component o f the f o r c e on the xy 

p a r t i c l e depends on the y-component o f the p a r t i c l e 
- • s. 

Similar s e t s o f three equations d e s c r i b e the other 

p a r t i c l e s . S o l u t i o n s o f these equations must be found-

i n w h i c h a l l the p a r t i c l e s have a simple harmonic motion 
o f the same f requency , so that the displacement o f the 

th 
i atrhm i s o f the form 



S ± = S 0 c o o ( 2 T T O t + 0 ) 3 . 3 . 2 

where 0 i s the f requency and 0 a phase angle . 

A p p l i c a t i o n o f Newton's second law of motion to each 

component o f the f o r c e , and s u b s t i t u t i o n f o r S^ and s Y 

from equation 3 * 3 . 2 y i e l d s : 
.-rrZ.Z . 11 , 11 * IN 

"1*1 * XX x l * xy y l • • • + k x z ZN 
2 2 

4ft fl m 1 y 1 = .... 3.3.3 

1*2-12 1 N1 . NN 
4ft J m

H
z

N
. k

z x
 x ^ ... , k

z z
 z

N 

This system of l i n e a r and homogeneous equations f o r 

x l y l ' * * z N c a n n 0 ^ ^e s ° l v e 4 a r b i t r a r y values of the 

c o e f f i c i e n t s o ccurr ing i n them, but only i f the d e t e r -

minant of the c o e f f i c i e n t s i s equal to z e r o . As the 

f o r c e constants are f i x e d f o r a given system, the only way 

to f u l f i l t h i s c o n d i t i o n i s by a s u i t a b l e cho i ce o f the 

frequency D . Only f o r c e r t a i n f r e q u e n c i e s , t h e r e f o r e , 
» 

i s a simultaneous simple harmonic motion of a l l the 

p a r t i c l e s p o s s i b l e . The determinant o f the c o e f f i c i e n t s 

i s o f the order ,-3N. i n L , s o that in general there w i l l 

.be 3N s o l u t i o n s g i v i n g 3N normal modes with d i f f e r e n t 

f r e q u e n c i e s . Three s o l u t i o n s w i l l be ze ro , corresponding 

to the l i n e a r displacement o f the centre of g r a v i t y o f 

the whole system while three more s o l u t i o n s , corresponding 

to r o t a t i o n o f the whole system about the centre o f 

g r a v i t y , w i l l a l s o be z e r o . In the general case there 



a re t h e r e f o r e 3N-6 no rma l modes. 

Any p e r i o d i c m o t i o n o f a mo l e cu l e may be r e s o l v e d 

i n t o a sum o f no rma l modes w i t h a p p r o p r i a t e a m p l i t u d e s . 

I n a c o m p l e t e l y u n s y m m e t r i c a l mo l e cu l e t h e r e w i l l a lways 

be an o s c i l l a t i n g d i p o l e a s s o c i a t e d w i t h each n o r n a l 

mode, and t h e r e s h o u l d be $N-6 a b s o r p t i o n bands i n t h e 

i n f r a - r e d spec t r um . I f t h e mo l ecu l e has e lemen ts o f 

symmetry , t h e d e t e r m i n a n t i s s ymme t r i c a l t o o , and t h i s 

c o u l d mean t h a t two o r more o f t he s o l u t i o n s a re i d e n t i c a l 

t h e s e a r e c a l l e d d e g e n e r a t e norma l modes and t h e r e w i l l , 

i n t h i s c a s e , be fewer bands i n t he spec t rum t h a n expec ted 

The p resence o f symmetry may r e s u l t i n t h e r e be i ng no 

o s c i l l a t i n g d i p o l e moment a s s o c i a t e d w i t h a p a r t i c u l a r 

n o rma l mode and t he band w i l l " t h e r e f o r e be absen t from 

t h e i n f r a - r e d s pe c t r um . 

The p o s i t i o n and t y p e o f n u c l e i w i t h i n a mo l e cu l e 

de t e rm i ne i t s symmetry and q u i t e g e n e r a l l y , mo l e cu l e s 

o f d i f f e r e n t symmetry have q u a l i t a t i v e l y d i f f e r e n t . s p e c t r a 

A p l a n e o f s ymme t ry 0 - e x i s t s when t h e c o r r e s p o n d i n g 

o p e r a t i o n , c a l l e d r e f l e c t i o n a t t h e p l a n e , p roduces 

a m o l e c u l e v/hich i s i n d i s t i n g u i s h a b l e from t he o r i g i n a l 

o ne . The m o l e c u l e H^O has two p l a n e s o f symmetry, one 

i s t h e p l a n e o f t h e m o l e c u l e and t he o t h e r i s t he p l a n e 

p e r p e n d i c u l a r t o t h i s wh i ch b i s e c t s t h e H-O-H a n g l e . 
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A c e n t r e o f symmetry i e x i s t s when the o p e r a t i o n i , 

r e f l e c t i o n a t t he c e n t r e ( o r i n v e r s i o n ) , p roduces a 

m o l e c u l e i n d i s t i n g u i s h a b l e from t h e o r i g i n a l , ' a mo l e c u l e 

can have o n l y one c e n t r e o f symmetry and t h e r e may o r 

may no t be an atom t h e r e , a l l o t h e r atoms w i l l o ccu r i n • 

p a i r s . A p - f o l d a x i s o f symmetry Cp e x i s t s when r o t a t i o n 

36 0 
abou t t h e a x i s by an a n g l e o f — d e g r e e s p roduces a 

Jr 

c o n f i g u r a t i o n i n d i s t i n g u i s h a b l e from t h e o r i g i n a l . 

7 / A 

When r o t a t i o n by —— deg rees abou t an a x i s f o l l o w e d by 

a r e f l e c t i o n a t a p l a n e p e r p e n d i c u l a r t o t h e a x i s t r a n s f o r m s 

a m o l e c u l e i n t o i t s e l f , t h e n a p - f o l d r o t a t i o n - r e f l e c t i o n 

a x i s Sp e x i s t s . A t w o - f o l d r o t a t i o n - r e f l e c t i o n a x i s i s 

a lways i d e n t i c a l w i t h a c e n t r e o f symmetry, s =. i , 

s i n c e t h e same p a i r s o f a toms a re exchanged i n t he two 

o p e r a t i o n s , - Any m o l e c u l e h a v i n g a p - f o l d a x i s Cp and a 

p l a n e o f symmetry p e r p e n d i c u l a r t o t h i s a x i s must 

have a p - f o l d r o t a t i o n - r e f l e c t i o n a x i s , b u t o n l y when p 

i s odd does t he e x i s t e n c e o f Sp n e c e s s a r i l y i m p l y Cp and 

o-^ . The i d e n t i t y I i s a t r i v i a l e lement wh ich a l l 

m o l e c u l e s have , t h e c o r r e s p o n d i n g o p e r a t i o n i s : t o l e a v e 

t h e m o l e c u l e unchanged , amd i t i s i n c l u d e d because i t 

c an now be s a i d q u i t e g e n e r a l l y t h a t i f two symmetry 

o p e r a t i o n s a r e c a r r i e d o u t i n s u c c e s s i o n t h e r e s u l t i s 
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the same as that o f one o t h e r p o s s i b l e symmetry o p e r a t i o n 

o f the mo le cu le . A number o f elements o f any kind such 

that the product o f any two i s again one o f them i s 

c a l l e d a group. A p o i n t group i s a p o s s i b l e combination 

o f symmetry o p e r a t i o n s which l e a v e s at l e a s t one po in t 

unchanged and a l i m i t e d number o f such po int groups e x i s t , 

every molecule be long ing t o one of them. 

Point groups having not more than one ( i f any) 

t h r e e - f o l d ( o r h i g h e r - f o l d ) a x i s are c a l l e d a x i a l po in t 

groups . Cubic po in t groups , which form the b a s i s o f 

the cub ic c r y s t a l system, p o s s e s s more t h r e e - f o l d ( o r 

h i g h e r - f o l d ) a x i s . 

A molecule having three mutually perpend i cu lar two-

f o l d axes and f o u r t h r e e - f o l d axes with a plane o f 

symmetry oJ through each p a i r o f t h r e e - f o l d axes be l ongs 

t o p o i n t group . Such' a molecule has s i x p lanes o f 

symmetry and t h i s i m p l i e s that the two - f o ld - axes are a l s o 

f o u r - f o l d r o t a t i o n - r e f l e c t i o n axes . A r e g u l a r te trahedron 

has t h i s symmetry and a l l t e t r a h e d r a l molecules are 

examples o f t h i s p o i n t group , orthophosphate i o n s o f the 

a p a t i t e l a t t i c e are such molecu les as t h e s e . 

The hydrogen phosphate i o n may p o s s i b l y be long t o 

two po int groups . I f the i o n has a c o n f i g u r a t i o n 



s i m i l a r to that found f o r CH^OH, then the hydrogen atom 

would be l o c a t e d i n one o f the planes o f symmetry o f 

the PO^ group, and the i o n would then have j u s t one 

plane o f symmetry, the P-O-H p lane . In t h i s case the 

molecule would be long to the po int group C s ( the one 

plane o f symmetry i s the only symmetry element, apart 

from I , i n the m o l e c u l e ) . A l t e r n a t i v e l y the hydroxyl 

group may be c o n s i d e r e d t o be f r e e to r o t a t e about i t s 

P-0 bond, t o g i v e an average p o s i t i o n o f the OH bond 

along the C^ a x i s , the i o n would now belong t o the p o i n t 

g r o u p C ^ . ( i t has a 3 - f o l d a x i s and 3 planes o f symmetry 

ĉ 1 pass ing through the a x i s ) . 

The cub i c po int group t o which orthophosphate 

be l ongs has f o u r t h r e e - f o l d axes and non-degenerate v i b -

r a t i o n s can on ly be symmetric with r e s p e c t to these axes , 

they may, however, be e i t h e r symmetric or antisymmetric 

with r e s p e c t t o the s i x p lanes of symmetry o j through the 

C^ axes . There are t h e r e f o r e two types , A-̂ and 
185 

non-degenerate v i b r a t i o n s . An"examination on the 

b a s i s o f group theory shows that there i s one doubly 

degenerate s p e c i e s E and two t r i p l y degenerate s p e c i e s 

F, and F 0 . The ir c h a r a c t e r s are a s . f o l l o w s : 
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•5A I 8c, 
5 6 ; d es^ 3S 

A 1 + 1 +1 • 1 . + 1 

A2 + 1 - 1 - 1 + 1 

ill * 2 - 1 0 0 0 

F 1 + 3 0 - 1 - 1 

F 2 *3 0 + 1 - 1 - 1 

4
2 3 C

2 

3.3.4 

where + 1 and - 1 i n d i c a t e symmetric and ant isymmetric , and 

the top row shows the p o i n t group and the symmetric 

o p e r a t i o n s i n c l u d i n g the i d e n t i t y . Below are the s p e c i e s 

and the behaviour o f the v i b r a t i o n s having these s p e c i e s 

f o r each o p e r a t i o n i n the top row. The normal v i b r a t i o n s 

o f a t e t r a h e d r a l mo lecu le are o f the s p e c i e s A-^E and 

F^, Figure , 3 . 3 . 1 shows the normal v i b r a t i o n s o f a 

t e t r a h e d r a l m o l e c u l e . 

The s e l e c t i o n r u l e s f o r a f i v e atom molecule o f 
» 

symmetry are A^(R)+E(R)4 -2F 2 (R , i . r . ) where R means Raman 

and i . r . means i n f r a - r e d a c t i v e . Assignments o f bands 

are w e l l e s t a b l i s h e d f o r s imple aqueous phosphate and 

are shown below: 

Normal Mode Degeneracy Spec i es Frequency i . r . a c t i v i t y 
- 1 

m cm 

0» 1 A-̂  980 I n a c t i v e 

0* 2 E 363 I n a c t i v e 

\)3 3 F 2 1082 Ac t i ve 

On. 3 F 0 515 A c t i v e . 
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Figure 5*3.1 

T h e n o r m a l v i b r a t i o n s o f a t e t r a i l c d r a l X Y „ ::• o 1 e c u l e . . 
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The spec t ra of a l k a l i metal phosphates have been 

found to be c o n s i s t e n t with the c o n f i g u r a t i o n f o r 

the hydrogen phosphate i o n . The characters of the 

s p e c i e s f o r t h i s po int group, on the b a s i s o f group 

theory are as f o l l o w s : 

! 3V I 2C3(z) 

A1 + 1 -t 1 + 1 

A2 -» 1 + 1 - 1 

E - 1 0 

The s e l e c t i o n r u l e s f o r the ion are 4AX+ 4E, and the band 

assignments are shown below: 

Normal Mode Degeneracy Spec ies Frequency i . r . a c t i v i t y 
-1 

in cm 

1 Ax 2900 Ac t i ve 

Or. 1 Ax ' 988 A c t i v e 

1 Ax v 862 Ac t ive 

\\ 1 A l 537 Ac t ive 

Or 2 E " 1230 A c t i v e 

0
t
 2 E. 1076 Ac t i ve 

Ot 2 E 537 Ac t ive 

O4 2 E 394 Ac t i ve 

Yen
 9 7 0 A c t i v e 

Yoh 
766 Ac t i ve 
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Fig. 3.3.2 shows some of the normal vibrations of an 

XY. Z molecule, of uoint g r o u n C . . 
if - -> ~ Ypj. 

Normal v i b r a t i o n a l modes and degenrac i es o f any 

po lyatomic s p e c i e s i n a c r y s t a l l a t t i c e w i l l be a f f e c t e d 

by the symmetry o f the c r y s t a l f i e l d . The space group 

of h y d r o x y a p a t i t e , noted in chapter 2 , i s but ^ 

was a l s o po in ted out that the hydroxyl i o n s are not 

l o c a t e d on the mirror p lanes but are d i s p l a c e d along the 

hexagonal screw a x i s . For the space group a more 

ac cura te d e s c r i p t i o n o f the symmetry p r o p e r t i e s o f 

h y d r o x y a p a t i t e , the phosphate i o n s are l o c a t e d on s i t e s 

o f C^ symmetry. The i o n s would t h e r e f o r e be reduced 

i n symmetry from ^Sjl to and a l l nine i n t e r n a l modes o f 

the i o n would become i n f r a - r e d a c t i v e and o f the same 

s p e c i e s , A. 

PO^ PO^ i n hydroxydpat i te 

Point g r o u n T j S i t e group C, Factor group 
d P 6

3/m"
 0 6 
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Fi;'ure ,3.3.2 

The n o r m a l v i b r a t i o n of a p o i n t proup 0
3 V
 XY^Z m o l e c u l e . 

A, 

A, 

£ 



The absence o f i n f o r m a t i o n on the s t r u c t u r e o f 

calc ium d e f i c i e n t a p a t i t e s means that l i t t l e can be sa id 

about the e f f e c t o f l a t t i c e symmetry- on the polyatomic 

i o n s . However, the s t r u c t u r a l determinat ion o f o c t a -

ca lc ium phosphate enab les a b r i e f account to be made o f 

the environment o f the m o l e c u l e s orthophosphate , hydrogen 

orthophosphate and water in t h i s l a t t i c e . The space 

group o f o c taca l c ium phosphate , as noted in chapter 2 , 

i s PI and the s i t e s o f the i o n s and molecules present 

i n t h i s l a t t i c e are t h e r e f o r e o f C^ symmetry. The 

subsequent r e d u c t i o n in degeneracy due to symmetry l o s s 

and coup l ing between mo lecu lar s p e c i e s may be summarised: 
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P0, 3-

Point group 

T d 

Octacalcium phosphate 

S i t e group Factor group 

C, • Pi - 0} 

A g ( i . r ) ( 9 ) 

Au(R)(9) 

HPO, 2 -

S k e l e t a l modes 

A. 

A] 

E 

E 

E 

A(9) 

Ag (9 ) 

—Au (9 ) 

h
2
O 

A. 

B. 

Ag (3 ) 

Au (3 ) 



To ob ta in s p e c t r a o f measurable i n t e n s i t y f o r 

l i q u i d hydrocarbons , f o r example, i t would be necessary 

f o r i n f r a - r e d r a d i a t i o n t o t r a v e r s e a l a y e r o f l i q u i d 

o f t h i c k n e s s 1 to 100 mic rons , and assuming a molecular 

width o f 108 t h i s would correspond t o a l a y e r o f between 

1 ,000 and 100,000 mo lecu les i n depth. I t i s t h e r e f o r e 

most u n l i k e l y that a monomolecular l a y e r o f chemisorbed 

molecu les cou ld be d e t e c t e d by t h i s means unless a l a r g e 

s u r f a c e i s exposed t o the r a d i a t i o n . This should be 

the case with adsorbents used in t h i s s tudy . 

186 

Considerable work has been recorded on the 

i n f r a - r e d s p e c t r a o f adsorbed s p e c i e s and i t i s g e n e r a l l y 

the case that f r e e adsorbate molecu les e x h i b i t major 

d i f f e r e n c e s , i n the s t r e t c h i n g reg ion o f the spectrum, 

from chemisorbed groups . From s p e c t r a obtained f o r 

butenes adsorbed onto porous g l a s s i t was est imated that 
11 . -2 an a d s o r p t i o n o f about 5 x 10 carbomum i o n s cm 

are capable o f d e t e c t i o n by such frequency s h i f t s ^ ' ' . 

The r e a c t i o n o f a h y d r o p h i l i c s i l i c a sur face with methanol , 

t o y i e l d a thermal ly s t a b l e h y d r o p h i l i c s u r f a c e , was 
TOO • 

s t u d i e d and the i n t e n s i t y o f the f r e e hydroxyl band 

was seen t o decrease during the r e a c t i o n v/ith a 

corresponding i n c r e a s e i n C-H s t r e t c h i n g modes. 



The number of Bronsted a c i d s i t e s on the sur face 

o f calc ium d e f i c i e n t a p a t i t e s may be s u f f i c i e n t to 

prov ide enough d i a z o - a d s o r p t i o n r e a c t i o n - s i t e s f o r 

d e t e c t i o n by i n f r a - r e d s p e c t r o s c o p y , 

3.3.2 X-ray powder diffraction 

Powder d i f f r a c t i o n photographs of a p a t i t e samples 

were taken as a means o f c r y s t a l i d e n t i f i c a t i o n . D i f f r a c t i o n 

l i n e s may be indexed and the d i s tance d between success ive 

i d e n t i c a l planes o f atoms i n the c r y s t a l r e l a t e d to the 

angle © between the X-ray beam and these atomic planes 

by Bragg ' s l a w 1 8 9 d _ ^ where V i s the X-ray wav.e-
n 2s in 9 

l e n g t h , and n any whole number. For c r y s t a l s of hexagonal 

symmetry, such as hydroxyapat i t e , l a t t i c e u n i t - c e l l 
190 parameters a and c are r e l a t e d to d by the r e l a t i o n 

^ . v a u ^ h k
+
 A 

^ a . c 

A comparison of a and c f o r d i f f e r e n t samples may then 

be made. 

The uses to which these techniques o f adsorp t i on -

desorpt i on 'under i so thermal c o n d i t i o n s , i n f r a - r e d 

spec t roscopy and X-ray powder d i f f r a c t i o n have been put 

in t h i s work are desc r ibed i n chapter 5 . Chapter 4 

w i l l dea l with the p r e p a r a t i o n s of the var ious mater ia l s . 
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CHAPTER 5 

PREPARATION OF MATERIALS 

The three s e c t i o n s o f t h i s chapter w i l l deal with 

the methods employed i n the preparat ion of a p a t i t e , 

a l i p h a t i c d iazo compounds, and sur face modi f i ed apat i t e 

samples. 

4 . 1 Preparat ion o f a p a t i t e s and r e l a t e d s a l t s . 

A t o t a l o f twenty -e ight calcium phosphate s a l t s have 

been prepared f o r study and a further seven obtained from 

var ious s o u r c e s . The var i ous methods which have been 

employed i n these preparat i ons w i l l be descr ibed but 

c h a r a c t e r i s a t i o n o f the s a l t s w i l l be discussed ' in the 

next chapter . . 

4 . 1 . 1 Hydroxyapatite 4 

Nine attempts t o prepare samples o f s t o i c h i o m e t r i c 

hydroxyapat i te (HA) have been made, a l l be ing var ious 

m o d i f i c a t i o n s o f a s i n g l e method descr ibed by Hayek and 
191 

Newesley 7 . HA5 and HA6 r e f e r t o p r e c i p i t a t i o n s c a r r i e d 

out accord ing to t h e i r method, which w i l l be described-

f i r s t . 

S o l u t i o n s o f 0 .33 mole o f a n a l y t i c a l grade calc ium 

n i t r a t e te trahydrate i n 400 ml d i s t i l l e d water and 0 . 2 
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mole o f a n a l y t i c a l grade diammonium hydrogen phosphate 

i n 600 ml d i s t i l l e d water were made up and adjusted to 

pHll by the a d d i t i o n o f 0 .880 ammonia s o l u t i o n . The 

s o l u t i o n s vie re then d i l u t e d with more d i s t i l l e d water to 

600 ml and 800 ml r e s p e c t i v e l y be f o re the phosphate 

s o l u t i o n was added, over a per iod o f about three hours 

at room temperature, t o the s t i r r e d s o l u t i o n o f calcium 

n i t r a t e . A voluminous p r e c i p i t a t e formed and gent l e 

b o i l i n g f o r 15 minutes improved i t s f i l t r a t i o n . The 

f i l t r a n d was washed with 100 ml o f hot d i s t i l l e d water 

and drained at the pump b e f o r e drying f o r f i v e hours at 

150°C. Gr inding , f o l l o w e d by heating at 240°C f o r one 

hour, removed any ammonium n i t r a t e which may have adhered 

t o the hydroxyapat i te c r y s t a l l i t e s . 

The r e a c t i o n my be represented by the equation 

6 ( N H ^ )
2
H P 0 ^ + 1 0 C a ( N 0

3
)

2
. i f H

2
0 + 8 N H ^ 0 H - ^ C a

1 0
( P 0 ^ )

6
( 0 H )

2
+ 

20NH. N0..+ 10Ho0. 

This procedure i s l i m i t e d because i t a l lows atmos-

pher ic carbon d i o x i d e t o enter the p r e c i p i t a t i o n system. 

To overcome t h i s d i f f i c u l t y , preparat ions HA 7 , 8 and 

10 v/ete c a r r i e d out under an atmosphere o f n i t rogen .in 

an enc losed system, whereas preparat ions HA 11, 13, 15 

and 17 were p r e c i p i t a t e d i n a i r , which had been passed 

through an ammonium hydroxide s o l u t i o n to remove any 
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carbon d i o x i d e which -would otherwise be p r e c i p i t a t e d i n 

the form o f carbonate i o n s . 

A second problem i n h e r e n t i n t h i s method, i s that 

there i s no way o f c o n t r o l l i n g the pH o f the p r e c i p i t a t i n g 

l i q u o r . I t may be r e a d i l y apprec ia ted from the equat ion 

f o r the r e a c t i o n that ammonium hydroxide i s used i n the 

course o f the p r e c i p i t a t i o n in consequence of which the 

s o l u t i o n pH w i l l be l owered . Such a lowering o f pH 

cou ld vie 11 r e s u l t i n the format ion o f l e s s b a s i c phases 

than s t o i c h i o m e t r i c h y d r o x y a p a t i t e . 

S ince i t was noted i n chapter , two that the f i n a l s tage 

o f hydroxyapat i t e c r y s t a l growth does not commence u n t i l 
99 

about seven hours a f t e r the r e a c t i o n i s i n i t i a t e d i t 

i s c l e a r that the product o f the method d e s c r i b e d above 

may we l l not be a w e l l c r y s t a l l i z e d phase: This rap id 

p r e c i p i t a t i o n followed by drying i s a l s o i n c o n s i s t e n t 

with the o b s e r v a t i o n , a l s o noted in chapter two, that 

the c r y s t a l - s o l u t i o n i n t e r f a c e reaches equ i l ib r ium only 

a f t e r a c o n s i d e r a b l e number o f h o u r s ' ^ 3 . 

Heating the sample t o ZkO°C, i n a i r , i s a p a r t i c u l a r l y 

severe method o f removing adsorbed -ammonium n i t r a t e . 

Such c o n d i t i o n s as t h i s may be expected t o a f f e c t , 

c o n s i d e r a b l y , the c h a r a c t e r o f the p a r t i c l e s u r f a c e . 

For these r e a s o n s , the f o l l o w i n g genera l procedure 
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was adopted f o r the remaining hydroxyapat i te p r e p a r a t i o n s , 

whi l e v a r i o u s ad justments f o r each sample are recorded i n 

t a b l e 4 . 1 . 1 . Freshly d i s t i l l e d water t o e l iminate carbon 

d i o x i d e contaminat ion as f a r as p o s s i b l e , was used t o 

make up the s o l u t i o n s o f phosphate and ca l c ium. The pH 

v a l u e s , b e f o r e commencing the phosphate a d d i t i o n , are 

r e c o r d e d in the t a b l e and these were maintained, throughout 

the mix ing ,by the a d d i t i o n o f more a n a l y t i c a l grade 0 .880 

ammonium hydroxide s o l u t i o n . The times taken f o r 

mixing the s o l u t i o n s were , with one e x c e p t i o n , l onger 

than three hours and are inc luded in the t a b l e . S t i r r i n g , 

by ' T e f l o n ' coated magnetic s t i r r e r s , was maintained 

throughout the s o l u t i o n a d d i t i o n stage and f o r a f u r t h e r 

p e r i o d t o a id the approach to c r y s t a l e q u i l i b r i u m . 

A f t e r f i l t r a t i o n at the pump, p r e c i p i t a t e s were washed 

f i v e t imes with 500 ml a l i q u o t s o f an ammonium n i t r a t e / , 

ammonia s o l u t i o n at the pH o f p r e c i p i t a t i o n to remove 

any surp lus ca lc ium and f i n a l l y washed f i v e times with 

500 ml a l i q u o t s o f f r e s h l y d i s t i l l e d water . Products 

were dr i ed overn ight at 100°C b e f o r e be ing ground and 

s i e v e d . In a l l c a s e s y i e l d s were o f about 95% of the 

t h e o r e t i c a l , amount. 
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Table 4.1.1 
y 

The -preparation o f s t o i c h i o m e t r i c hydroxyauat i te samples. 

Preparat ion pH o f 

Number 

HA 5 

HA 6 

HA 7 

HA 8 

HA10 

HA11 

HA13 

HA15 

HA17 

Notes: 

Reac t i on 

11.0" 

11.0* 

9.5 

10.5 

11.0 

12.0C 

11.0 

9.9 

12.0 ( 

Period o f Phosphate 

.Addi t i on 

3 hours 

3 Hours 

3 hours 

10 minutes 

48 hours 

48 hours 

48 hours 

48 hours 

72 hours 

Period a l l owed 

f o r c r y s t a l 

e q u i l i b r i u m , 

a f t e r a d d i t i o n 

0 

0 

9 hours 

0 

624 hours 

288 hours 

336 hours 

400 hours 

500 hours 

a . pH v a l u e s quoted are wi th in7^0 .1 o f the 

exper imenta l v a l u e s . 

b . O r i g i n a l value," p r i o r to mixing. 

c . M o l a r i t y o f phosphate s o l u t i o n reduced 

from 0.25M to 0.17M to avo id r e p r e c i p i t a t i o n . 

4 . 1 . 2 N o n - s t o i c h i o m e t r i c a p a t i t e s . 

The procedure adopted f o r the p r e c i p i t a t i o n o f the 
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Table 4 . 1 . 2 

The p r e p a r a t i o n o f n o n - s t o i c h i o m e t r i c a o a t i t e samples 

Prep. pH o f Per i od o f Per iod a l lowed f o r 

No. R e a c t i o n a Phosphate a d d i t i o n c r y s t a l e q u i l i b r i u m , 

a f t e r a d d i t i o n . 

HA 9 5 . 8 10 minutes 50 minutes 

HA12 5 . 7 48 hours 336 hours 

HA14 5 . 5 48 hours 400 hours 

HA16 5 . 2 72 hours 500 hours 

Notes : a . pH v a l u e s quoted are wi th in + 0 . 1 o f 

the exper imental v a l u e s . 

Tab le 4 . 1 . 3 

The p r e p a r a t i o n o f o c t a - c a l c i u m phosphate samples. 

Prep. pH o f Per i od o f , Per iod al lowed f o r 
a 

No. R e a c t i o n S o l u t i o n mixing c r y s t a l e q u i l i b r i u m , • 
a f t e r mixing. 

OOP 1 8 . 0 b 3 hours 21 hours 

OOP 2 7 . 0 b - c 2 months 

OOP 3 6 . 6 b - c 2 months 

Notes : a . pH v a l u e s quoted are w i th in + 0 . 1 o f 

the exper imental v a l u e s . 

b . F ina l va lue a f t e r per i od o f e q u i l i b r a t i o n 

c . Method does not i n v o l v e the mixing o f . 

s o l u t i o n s . 
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four calc ium d e f i c i e n t a p a t i t e samples was a m o d i f i c a t i o n 

o f the method descr ibed immediately above. The d i f f e r e n c e 

was in the pH o f r e a c t i o n a l one , no other adjustments 

being made. S o l u t i o n s and p r e c i p i t a t i n g l i q u o r s were 

maintained at the pH va lues quoted in t a b l e 4*1 .2 by 

s u i t a b l e ammonium nitrate/ammonia b u f f e r s . 

4 . 1 . 3 Qcta-calc ium phosphate 

Three d i f f e r e n t methods were employed in attempts 

to prepare samples o f o c taca l c ium phosphate / ' e a c h w i l l 

be descr ibed b r i e f l y , t a b l e 4 . 1 . 3 l i s t i n g some of the 

d e t a i l s o f the p r e p a r a t i o n s . 

The sample r e f e r r e d t o as OCP 1 was prepared 
192 

accord ing t o an ear ly method in which i t was noted 

that although the a d d i t i o n o f disodium phosphate to calc ium 

c h l o r i d e l eads t o the format ion o f d i ca lc ium phosphate 

d ihydrate , a r e v e r s a l o f the procedure produces a more • 

bas i c s o l i d provided the mixture remains a l k a l i n e : 
12Na

2
HP0j+ l 6 C a C l

2
+ 8 N H ^ 0 H + 2 H

2
0 2 [ c a g H g C P O ^ g . ^ H ^ 

•+24NaCl+8NH^Cl. 

A s o l u t i o n o f 100 ml o f 0.1M calcium c h l o r i d e was 

added, with magnetic s t i r r i n g , to a s o l u t i o n of 1200 ml 



o f 0 . 1 K o f disodium phosphate over a per i od o f three 

hours , pH 8 being maintained by the a d d i t i o n o f ammonium 

chlor ide /ammonia b u f f e r . S t i r r i n g was cont inued f o r a 

f u r t h e r 21 hours b e f o r e f i l t e r i n g and washing i n the 

manner d e s c r i b e d e a r l i e r f o r the modi f i ed prepara t i on 

o f a p a t i t e s , with the e x c e p t i o n that washing with b u f f e r e d 

s o l u t i o n was omi t ted . 

OCP 2 r e f e r s t o a sample prepared by a more re cent 
85 

method i n which one gramme o f d i ca l c ium phosphate 

d ihydrate was hydro lysed i n 500 ml 0 . 5 M sodium a c e t a t e • 

s o l u t i o n at a temperature o f if0°C. S t i r r i n g was maintained 

throughout the p e r i o d o f two months a l lowed f o r o c taca l c ium 

phosphate f o rmat i on : 

36CaHP0^.2H20 2 [cagH 2 (P0^) 6 . 5H 2 <^+i^PO^f 22H20. 
The h y d r o l y s i s o f one gramme o f dicalciura phosphate 

193 
d ihydrate i n 0 . 0 1 M h y d r o c h l o r i c a c i d ' , i n a manner 

s i m i l a r t o that d e s c r i b e d above, y i e l d e d , - a f t e r a p e r i o d • 

o f two months, the sample OCP 3* 
i f . l . i f The p y r o l y s i s o f ca l c ium phosphate. ... 

Samples o f some o f the preparat i ons d e s c r i b e d i n 

s e c t i o n s i f . 1 . 1 t o i f . 1 .3 have been heated , under v a r i o u s 

atmospheres i n order t o produce calc ium phosphates 

having d i s t i n c t c h a r a c t e r i s t i c s . 



113, 

Three t y p e s o f p y r o l y s i s r e a c t i o n v/ere c a r r i e d out 

and tab le 4 . 1 . 4 i n d i c a t e s which samples were s u b j e c t e d t o 

these t reatments . Two gramme samples o f p reparat i ons 

HA 1 2 , 1 3 , 1 4 , 1 5 , 1 6 , 1 7 and OCP 3 were heated at 600°C i n 

a i r f o r a per i od o f 120 hours and are r e f e r r e d to as 

HA 12/600 A e t c . A p o r t i o n o f HA 12/600 A was subsequently 

reheated at 160°C i n an atmosphere o f 2 cm Hg p a r t i a l 

pressure o f water vapour f o r 24 hours and i s termed 

HA 12/600A/160V/. Two o t h e r mater ia l s c a l l e d HA12/160V 

and HA12/600V were heated , under a pressure o f l e s s than 

10"^ cm Hg f o r 120 h o u r s , at 160°C and 600°C r e s p e c t i v e l y . 

Table 4 . 1 . 4 

Pyro lysed ca lc ium phosphate p r e p a r a t i o n s . 

Prep. Parent 

Number Mater ia l 

HA12/600A HA12 

HA13/600A HA13 

HA14/600A HA14 

HA15/600A HA15 

HA16/600A HA16 

HA17/600A HA17 

0CP3/600A 0CP3 

HA12/600A/160W HA12/600A 

Temperature o f Atmosphere o f 

HA12/160V 

HA16/160V 

HA12 

HA16 

treatment 

600°C 

600°C 

600°C 

.600°C 

600°C 

600°G 

600°C 

160°C 

160°C 

160°C 

treatment 

Atmospheric 

Atmospheric 

Atmospheric 

Atmospheric 

Atmospheric 

Atmospheric 

Atmospheric 

V/ater vapour at 
2cmHg p a r t i a l pressure 

g 

< 10 cmHg pressure 
-6 

< 10*" cmHg pressure 
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Prep. Parent Temperature of Atmosphere o f 

Number Mater ia l treatment treatment 

IIA17/160V HA17 160°C < l(T6cmHg pressure 

HA12/600V HA12 600°C < 10"6cmHg pressure 

4 . 1 . 5 Mater ia l s ob ta ined from other s o u r c e s . 

Table 4 . 1 . 5 summarises the sources o f samples o t h e r 

than those d e s c r i b e d above . 

Table 4 . 1 . 5 

Mater ia l s ob ta ined from o ther s o u r c e s . 

Sample 

No. Source . Condi t ions of preparat i on 

HA4 M.D. Butler**2 P r e c i p i t a t e d hydroxyapatite*"^*" 
194 1 9 1 HAC B. Coughlan P r e c i p i t a t e d hydroxyapat i te 7 

PCP Hopkin 8c Commercial sample o f p r e c i p i t a t e d , 

Wil l iams Ltd. b a s i c ca lc ium phosphate. 

BA - d o - Commercial sample o f Bone Ash. 
195 

ND S p e i r s Normal-, ground dentine " 
195 

AD " Anorganic , ground dentine " 

FA • Durango, Mexicoo Mineral f l u o r a p a t i t e . -

4 . 2 Preparat ion o f A l i p h a t i c Diazo-Compounds. 

S ince the a l i p h a t i c diazo-compounds were prepared by 



f i v e d i s t i n c t types o f r e a c t i o n , the var i ous procedures 

w i l l be d e s c r i b e d f i r s t , t a b l e 4 . 2 i n d i c a t i n g which o f 

the f our methods ( 4 . 2 . 1 , 4 . 2 . 2 , 4 . 2 . 3 , 4 . 2 . 4 'or 4 . 2 . 5 ) 

were used t o prepare each compound. 

4 . 2 . 1 Preparat ion o f d i s u b s t i t u t e d d e r i v a t i v e s o f 
125-132 diazomethane * 

Ketohydrazone ( 0 . 0 2 5 moles) was p laced i n a 100 ml, 

g r o u n d - g l a s s s t o p p e r e d , h o t t l e with y e l l o w mercuric ox ide 

( 0 . 0 2 5 moles) and petro leum ether (25 ml) o f b o i l i n g 

po int i n the range 40 -60°C . The b o t t l e was c l o s e d , 

wrapped i n a wet t o w e l , f i r m l y bound with wire to keep 

the s topper i n p l a c e and shaken mechanica l ly at room 

temperature o v e r n i g h t . The mixture was then f i l t e r e d 

t o y i e l d the d i s u b s t i t u t e d d e r i v a t i v e o f diazomethane i n 

a s o l u t i o n o f petroleum e t h e r . 
« 

E )C = N-NH2+ HgO-* ^CN2 -vHg-v H20. The s o l u t i o n was then 

d r i e d over m e t a l l i c sodium and the c o n c e n t r a t i o n eva luated 

( the method i s d e s c r i b e d i n chapter f i v e ) and ad justed 

as n e c e s s a r y . 4.. .• 

4 . 2 . 2 Preparat ion o f an e therea l s o l u t i o n o f diazomethane 

2 - ( 2 - e t h o x y e t h o x y ) - e t h a n o l (35ml) and d i e t h y l 

e ther (10 ml) were added to a s o l u t i o n o f potassium 

hydroxide (6 g) i n water (10 ml ) . The whole was then 
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placed in a long-necked d i s t i l l i n g f l a s k f i t t e d with a 

dropping funnel and an e f f i c i e n t condenser. The f l a s k 

with contents was p laced i n a water-bath and maintained 

at a temperature o f 70°C. The dropwise add i t i on o f a 

s o l u t i o n o f N-methyl -N-nitroso-p-to luenesulphonamide 

( 2 1 . 5 g) i n d i e t h y l e ther (140 ml) was commenced as soon 

as the ether in the f l a s k began to d i s t i l . The a d d i t i o n 

was continued over a p e r i o d of 20 minutes and an e t h e r e a l 

s o l u t i o n of diazomethane c o l l e c t e d in more d i e t h y l e ther 

(20 ml) i n a r e c e i v i n g f l a s k , the o u t l e t tube o f the 

condenser dipping below the sur face o f the r e c e i v i n g 

l i q u i d , which was c o o l e d t o a temperature o f 0°C. When 

the dropping funnel was empty, a fur ther quant i ty o f 

d i e t h y l ether (40 ml) was added s lowly and the d i s t i l l a t i o n 

continued u n t i l the d i s t i l l i n g ether was c o l o u r l e s s . 

C H

3 — } "
3 0

2 ~
N

C
N 0 + K 0 H

 — *
 C H

3 V ^ "
S 0

3
K

"
V H

2°"
f G H

2
N

2 * 

*11 * • CHL — 
j 

The e therea l s o l u t i o n was then dr ied and itjs c o n c e n t r a t i o n 

determined as in p repara t i on 4 . 2 . 1 . I t could be s t o r e d , 

over sodium, at 0°C. 

4 . 2 . 3 Preparation o f an e therea l s o l u t i o n o f e thy l 

d i a z o a c e t i c ester3"3"*3. 

A s o l u t i o n o f e t h y l amino ace tate hydrochlor ide ( 3 5 g) 



and sodium a c e t a t e ( 0 . 8 g) in v/ater (40 ml) was added 

to a 250 ml Cla isen f l a s k f i t t e d with a mechanical s t i r r e r 

and c o o l e d to 2°C with an i c e - s a l t bath. A c o ld s o l u t i o n 

o f sodium n i t r i t e (20 g) i n water (25 ml) was then 

added and the mixture s t i r r e d u n t i l the temperature had 

f a l l e n to 0°C. The temperature was maintained below 

2°C and s t i r r i n g cont inued while e t h a n o l - f r e e d i e t h y l 

ether (20 ml) and then c o l d 10% sulphuric ac id ( 0 . 7 5 ml) 

were added. A f te r 5 minutes the r e a c t i o n mixture was 

blown over i n t o a 250 ml separat ing funne l , through a 

g l a s s tube reaching from the bottom of the r e a c t i o n 

v e s s e l to the top o f the funne l . The lov/er aqueous l a y e r 

was qu i ck ly blown back i n t o the r e a c t i o n f l a s k and the 

ether l a y e r removed and washed with a c o l d s o l u t i o n o f 

10% sodium carbonate (13 m l ) . Washing was repeated " 

u n t i l the ether layer was no longer, ac id to moist l i tmus 

paper. The e therea l s o l u t i o n was dr ied over anhydrous 

sodium sulphate (3 g) and s tored over m e t a l l i c sodium 

at 0°C. 

4
 NaNO - * 

C 1 H
3
N C H

2
C 0

2
C

2
H

3
 - O l N ^ H g C O ^ H ^ N ^ H C O ^ H ^ . . ' 

The concentra t i on o f the s o l u t i o n was evaluated i n the 

manner descr ibed in chapter 5 . * 



4 . 2 . 4 Preparat ion o f e t h e r e a l s o l u t i o n s o f the higher 

homologuos o f diazo-methane 121-124 

A s o l u t i o n o f sodium n i t r i t e (2 moles) i n the 

minimum amount o f water was added to the product obtained 

by mixing m e s i t y l ox ide (4 -n ie thy l -3 -penten -2 -one ) (1 mole) 

with a primary amine (1 mole) a f t e r n e u t r a l i s a t i o n with 

g l a c i a l a c e t i c a c i d . G l a c i a l a c e t i c a c i d (1 mole) was 

then added, and the mixture l e f t overnight in a water 

bath at 50°c, the r e a c t i o n v e s s e l having been f i t t e d 

with a r e f l e x condenser , t o prevent l o s s o f m a t e r i a l , 

and a mechanical s t i r r e r . The o i l y l a y e r , conta in ing 

4 - m e t h y l - 4 - a l k y l n i t rosamino-2 -pentanone , was then 

separated from the mixture and the aqueous l ayer e x t r a c t e d 

with ether (30 m l ) . O i l y l ayer and e t h e r e a l e x t r a c t 

were combined and washed twice with d i l u t e a c e t i c a c i d 

and then with water b e f o r e being dr ied over anhydrous 

sodium su lphate . 

PCH2NH2+ NaN02 RCHgHNNO+NaOH 

RCHoHNN0 + (CH-,)0C = CHCOCH-7—^ (CH^) ^CCH^COCH-, 
c. 5 2 3 3 

rch
2
n-no. 

Ether, could have been pumped o f f at room temperature 

and the r e s i d u a l n i t r o s o d e r i v a t i v e d i s t i l l e d under 

reduced pressure to remove any t r a c e s of o l e f i n or 



a l c o h o l , but t h i s v;as not thought to bo necessary f o r 

the purpose o f t h i s work. 

Two methods were employed in the preparat ion o f 

d iazoa lkanes from t h i s e t h e r e a l s o l u t i o n o f n i t r o s o -

d e r i v a t i v e . 

Method q 1 2 1 - 1 2 ^ i 

A 20 ml C l a i s e n f l a s k , ca r ry ing a tap funne l , was 

connected to a condenser f i t t e d with an adapter which 

dipped below the s u r f a c e o f d i e t h y l ether ( 50 ml), in 

a r e c e i v e r c o o l e d by i c e . The e t h e r e a l s o l u t i o n o f 

the n i t r o s o - d e r i v a t i v e ( 30 ml) and i s o p r o p y l a l c o h o l 

(3 ml) was added drop by drop to a 1% s o l u t i o n o f sodium 

in i s o p r o p y l a l c o h o l (5 ml) at 78°C, at a r a t e equ iva lent 

t o thqt o f d i s t i l l a t i o n . As the c o l o u r o f the 

d i s t i l l i n g l i q u i d faded , a f u r t h e r quant i ty o f sodium 
i 

i s o p r o p o x i d e s o l u t i o n (7f ml) was added. Y/hen the a d d i t i o n 

was complete , d i e t h y l e ther (25 ml) was added u n t i l the 

d i s t i l l a t e was no l o n g e r c o l o u r e d . 
(CH^)CCH 2 COCH 3 —(CH^) 2 C=CHCOCH 3 + RCHN2+ H2O 

R CH2NN0 

.Method 2 . 

I t was dec ided that f o r the purpose o f t h i s s tudy , 

the presence o f m e s i t y l ox ide i n the e t h e r e a l d iazoa lkane 
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s o l u t i o n was o f no impor tance . Later preparat i ons 

t h e r e f o r e used a s i m p l i f i e d a l k a l i n e h y d r o l y s i s r e a c t i o n 

f o r o b t a i n i n g d iazoa lkanes from the n i t r o s o - d e r i v a t i v e . 

Potassium hydroxide (5 g) v/as f i r s t added to the 

e t h e r e a l n i t r o s o - d e r i v a t i v e s o l u t i o n and then v/ater 

(10 m l ) , the mixture was g e n t l y r e f l u x e d f o r one hour 

with o c c a s i o n a l shaking. The e t h e r e a l l a y e r was 

s e p a r a t e d , d r i ed over potassium hydroxide p e l l e t s and 

s t o r e d over m e t a l l i c sodium. 

4 . 2 . 5 Preparat ion o f e t h e r e a l s o l u t i o n s o f the higher 

homologues o f d i a z o - m e t h a n e ' 1 ' ^ ' ^ ^ ' . 

Primary amine ( 1 mole) was d i l u t e d v/ith water to 

a volume o f 500 ml and concentrated h y d r o c h l o r i c a c i d 

added u n t i l the s o l u t i o n was ac id to methyl red paper . 

Potassium cyanate (100 g) was then added and the mixture 
i 

b o i l e d g e n t l y f o r f i v e minutes and more v i g o r o u s l y f o r 

a f u r t h e r ten minutes . The hot s o l u t i o n l ' / a s poured 

i n t o a s o l u t i o n o f sodium n i t r i t e (70 g) i n water (100 ml) 

and then c o o l e d to 0°C. A mixture o f concentrated 

su lphur i c a c i d (60 ml) and i c e (400 g ) . w a s prepared i n 

a 31 beaker , i t s e l f p l a c e d i n a bucket c onta in ing an 

i c e - s a l t mixture . The a l k y l urea s o l u t i o n was added 

s l o w l y , v/ith constant s t i r r i n g , to the su lphur i c a c i d 
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s o l u t i o n over a per i od o f about ha l f an hour and gave 

a foaming p r e c i p i t a t e o f n i t r o s o a l k y l urea. This 

p r e c i p i t a t e was immediately f i l t e r e d i n a Buchner f u n n e l , 

and washed with water (200 m l ) , the process was repeated 

u n t i l a sample o f the s o l i d could be complete ly d i s s o l v e d 

i n methyl a l c o h o l wi thout t u r b i d i t y . N i t r o s o a l k y l urea 

could be s t o r e d dry i n a vacuum d e s i c c a t o r at a 

temperature below 20°c. 

rch
2
nh^cld kcno > rchgnhconhg* kc1 

rch
2
nhconh

2
+ h n o

2
— » rch

2
n(no)conh

2
* h

2
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Diazoalkane was prepared from t h i s n i t r o s o - d e r i v a t i v e 

by c o o l i n g a mixture o f d i e t h y l ether (150 ml-) and 5QP/0 

aqueous potassium hydrox ide (150 ml) i n a c o n i c a l f l a s k 

t o below 0°c i n an i c e - s a l t bath and adding the n i t r o s o -

compound ( 1 mole) i n p o r t i o n s with s w i r l i n g , keeping 

the f l a s k below 0°c. The e therea l ' l ayer became y e l l o w 

with the format ion o f diazo-compound and was decanted 

i n t o a second c o n i c a l f l a s k . A f u r t h e r quant i ty o f 

e ther (150 ml) was added i n p o r t i o n s , with cont inued 

s w i r l i n g , and the e t h e r e a l l a y e r again decanted. The 

d iazoalkane s o l u t i o n was d r i e d by adding potassium hydr -

ox ide p e l l e t s , and s t o r e d at 0°c over sodium.\ 
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Table 4 . 2 ^ 

Preparat ion o f A l i p h a t i c Diazocomoounds 

Prep. Method o f 

No. Product Solvent Preparat ion 

D1 Diazomethane # D ie thy l e ther 4 . 2 . 2 

D2 Ethyl d i a z o a c e t i c : " M 4 . 2 . 3 

e s t e r 

D3 Diphenyl d i a z o - Petroleum ether 4 . 2 . 1 

methane ( b . p . 4 0 - 6 0 ° C ) 

D4 Viny l diazomethane Diethy l e ther 4 . 2 . 4 Method 1 

D5 Diazomethane " " 4 . 2 . 4 " 1 

D6 Diazo n - o c t a n e " " 4 . 2 . 4 " 1 

D7 Diazo n-butane " » 4 . 2 . 4 " 1 

D8 Diazo i s o - b u t a n e " " 4 . 2 . 4 " 1 

D9 Diazo ethane " . " 4 . 2 . 4 " 2 

D10 D i e t h y l d i a z o - Petroleum ether 4 . 2 . 1 

methane ( b . p . 4 0 - 6 0 C) 
Dl l Diazo n - o c t a d e c a n e Diethyl e ther 4 . 2 . 4 ,T 2 

D12 Diazo n-propane Die thy l e ther 4 . 2 . 4 " 2 

D13 Diazo n-pentane " " 4 . 2 . 4 " 2 

D14 Diazo n - o c t a n e 11 " 4 . 2 . 4 " 2 

D15 Diazo n-butane " " 4 . 2 . 4 " 2 

D16 Diazo n - o c t a d e c a n e " 11 4 . 2 . 5 
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Prep. Method o f 

No. Product Solvent Preparat ion 

D17 Diazo n-dodecane Die thy l e ther * 4 . 2 . 4 Method 2 

D18 Diazo n - o c t a d e c a n e " " 4 . 2 . 4 M 2 

D19 Diphenyl d i a z o - Petroleum ether 4 . 2 . 1 

methane ( b . p . 4 0 - 6 0 ° C ) 

D20 Diazo n - o c t a n e Diethy l ether 4 . 2 . 5 

D21 Diphenyl d i a z o - Petroleum ether 4 . 2 . 1 

methane ( b . p . 4 0 - 6 0 ° C ) 

D22 Diphenyl d i a z o - - do - 4 . 2 . 1 

methane 

D23 Diazo ethane Diethy l ether 4 . 2 . 5 

In a l l c a s e s , d iazo compounds were prepared immediately 

b e f o r e use . 

1 

4 . 3 Preparat ion o f s u r f a c e mod i f i ed a p a t i t e s and r e l a t e d 

s a l t s . • — 

Two gramme samples o f the calcium phosphate mater ia l s 

were p r e t r e a t e d under v a r i o u s c o n d i t i o n s p r i o r to r e a c t i o n 

with a l i p h a t i c diazocornpounds. Table 4 . 3 i n d i c a t e s 

the nature o f these c o n d i t i o n s , which may be g e n e r a l i s e d 

as f o l l o w s . Some samples were taken s t r a i g h t from the 

s torage b o t t l e s , kept open i n a d e s s i c a t o r over anhydrous 



s i l i c a g e l , whi le o t h e r s were f u r t h e r dr ied b e f o r e contac t 

with d iazo s o l u t i o n . This f u r t h e r drying inc luded 

s t o r a g e i n an oven at 100°C, and s torage under vacuum 

at 100°C, each f o r a p e r i o d exceeding 24 hours . The 

methods o f mixing s o l i d with s o l u t i o n were: standing i n 

c o n t a c t , s t i r r i n g and shaking at room temperature and 

f o r p e r i o d s o f about 24 hours under atmospheric c o n d i t i o n s , 

a l though some samples , a f t e r c a r e f u l drying under vacuum, 

were contac ted with anhydrous d iazo s o l u t i o n under an 

atmosphere o f dry e ther vapour. Shaking the phosphates , 

in c o n t a c t with d iazo s o l u t i o n , v/as the most s imple 

procedure ( o t h e r than merely s tanding) as no e x t r a 

apparatus v/as then r e q u i r e d i n the r e a c t i o n v e s s e l . 

Standing i n c o n t a c t was l i t t l e used as i t did not ensure 

adequate exposure o f s o l i d sur face to the diazo-compounds. 

The techniques used i n the c h a r a c t e r i s a t i o n o f 

these s u r f a c e mod i f i ed produc t s w i l l be d i s cussed i n the 

next c h a p t e r . 



Table 4.3 

Preparat ion o f samples o f s u r f a c e mod i f i ed m a t e r i a l s . 

Prep. Parent Method o f Diazocompound' Method o f 

No. Sa l t d ry ing s a l t Preparat ion no. Mixing ' ' . 

( i n c . s o l v e n t 

recorded i n 

t q b l e 4 . 2 ) 

1 HA5 Ovenc D1 Standing 

2 11 Dess i ca to r 0 ' D2 " 

3 " D e s s i c a t o r D3 " 

4 11 Oven D3 S t i r r i n g 

5 " D e s s i c a t o r D4 " 

6
 11

 " D5 » 

7 » » 06
 11 

8 " " D7 " 

9 » » D8 » » 

10 ' " " D9 ; _ " 

11 " » D10 » 

12 » " ' O i l
 11 

13 » " 012 ' » 

14 » » D13 ' " 

13 » » D14 

16 " Oveh D14 11 

17 " D e s s i c a t o r ' D15 11 
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1 • 
I 

Prep. Parent Method o f Diazocompound Method o f 

No. S a l t d ry ing s a l t Preparat ion no. Mixing : . 

( i n c . s o l v e n t ' 

recorded i n 

t a b l e 4 . 2 ) 

18 HA5 Oven D15 S t i r r i n g 

19 it D e s s i c a t o r D16 it 

20 it it D16 it 

21 ti Oven D16 it 

22 TT600a ti . D16 it 

23 HA5 it D16 it 

24 ti D e s s i c a t o r D16 ti 

25 TT600a Oven D16 -

tt 

26 HA5 D e s s i c a t o r D16 tt 

27 HA6 it D17 tt 

28 0CP1 it Dl8 tt 

29 ' HA6 it D18 — • 
tt 

30 0CP1 tt D19 Shaking 

31 HA6 ti D19 it 

32 BA it D19 tt 

•33 PCP it D19 it 

34 0CP1 Oven D20 it 

35 HA9 it D20 tt 

36 HA10 it D20 it 
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Prep, 

No. 

37 

38 

39 

b2 

b3 

bb 

b5 

bS 

b7 

Parent 

S a l t 

Method o f 

d ry ing s a l t 

Diazocompound Method of 

Preparat ion no. Mixing , 

( i n c . s o l v e n t 

recorded i n 

FA 

PC P. 

HA9 

HA11 

HA12 

Oven 

ti 

tt 

t a b l e i f .2) 

D20 

D20 

D21 

D21 

Under vacuum D22 

at 1OOuC. 

HA12/600A 

HA12/600A/160W 
rb 

- d o -
b . - d o -

D22 

D22 

HA12/160V 

HA12/600V 

HA16 

HA17 

Under vacuum D22 

at 160°C 

Under vacuum D2£ 

at 600°C 

Under vacuum D23 

at 160°V ., 

- d o - D23 

Shaking 

tt 

Notes : a . TT600 i s an a e r o s i l i c a used t o compare these 

sur face m o d i f i c a t i o n s with samples prepared. 
Zf2 

3.n e a r l i e r work . 

b . Samples were outgassed at the temperature s t a t e d 
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CHAPTER 5 

EXPERIMENTAL TECHNIQUES 

The apparatus used i n t h i s i n v e s t i g a t i o n of a p a t i t e s 

and t h e i r sur face mod i f i ed products are descr ibed in 

t h i s chapter , mention i s made of the var ious techniques 

i n v o l v e d . 

5 . 1 Sorpt ion Apparatus. 

A vo lumetr ic system was employed f o r low-temperature 

n i t rogen s o r p t i o n s t u d i e s , while water s o r p t i o n data 

were obtained from a grav imetr i c system. In order to 

outgas both the pyrex g l a s s apparatus and the var ious 
i 

sorbents s t u d i e d , these s o r p t i o n systems were connected 

to a high vacuum l i n e . The method of pumping i s descr ibed 

f i r s t . 

5 . 1 . 1 Pumping system. ' 

Figure 5 . 1 . 1 i l l u s t r a t e s the pumping—system i n 

which a three - s t a g e mercury d i f f u s i o n pump (D) was backed 

by a r o tary oi l -pump with a 51 b u f f e r volume (V) and o i l 

t rap (0 ) sito-ated between the pumps. The o i l trap 

' p revented any o i l en ter ing the apparatus while the b u f f e r 

volume backed the d i f f u s i o n pump on the o c cas i ons when 

the o i l pump was temporar i ly out o f use , A l i q u i d 

n i t rogen trap (C) prevented any condensible vapours 



]29. 
Figure 5 . 1 . 1 
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pass ing i n t o the pumps. A McLeod guage (G) was used 

to measure the pressure o f the apparatus which could he 
- 6 

reduced to l e s s than 10 cm Hg. A l l tubing and s t o p c o c k s , 

which were greased with Apiezon N, were o f l a rge bore to 

ensure a good pumping r a t e . 
5 . 1 . 2 Volumetric S o r p t i o n Apparatus. . 

Two independent s o r p t i o n u n i t s 'were connected to 

the high vacuum l i n e , each one c o n s i s t i n g o f . a gas 

b u r e t t e ( B ) , mercury manometer (M), s o r p t i o n . c e l l (S) and 

gas l i n e ( L ) . The v a r i o u s numbers on f i g u r e 5»1«2 

i n d i c a t e the extent to which each system was c a l i b r a t e d , 

the volume between marks t ^ , t^ , t ^ , M-̂ and B^ comprised 

the doser volume, and i t s c a p a c i t y , V^, was determined 

as f o l l o w s . The volumes o f the f our b u l b s . i n the gas 

b u r e t t e were c a l c u l a t e d by f i l l i n g the b u r e t t e with mercury, 

whose d e n s i t y i s w e l l e s t a b l i s h e d , and-weighing the 

l a t t e r as i t was d i s p l a c e d , bulb by b u l b , from the b u r e t t e . 

S ince the manometer l imbs were c o n s t r u c t e d from 10 mm 

' V e r i d i a 1 p r e c i s i o n bore t u b i n g , the volume down to the 

etched mark M^ cou ld be e s t a b l i s h e d . A dose o f helium 

was admitted to the outgassed system and the gas 

pressure noted as the mercury l e v e l i n the bure t t e s tood 

at each mark from B, t o B,_. I f the mercury l e v e l I s at 
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Figure 5.1.2 
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B^, the corresponding pressure o f the gas P ^ cms H^, 

and the l e v e l o f the low pressure meniscus in the 

manometer (average value og the top and bottom o f 

meniscus) i s x ^ cms above M^, then the equation o f 

s t a t e may be w r i t t e n 

P B1 ( V D + ^ l " 7 1 r c o n s t a n t * T r 

where i s the volume enc losed within the gas b u r e t t e , 
joJL 

T r i s room temperature in degrees abso lu te , 
2 3 and VD , Vg^ and ( 0 . 5 ) x . ^ are in cm , 

may be evaluated by e l i m i n a t i o n of the v a r i a b l e s i n 

t h i s equat ion . 

A l l pressures were c a l c u l a t e d from observat ion o f 

the meniscus p o s i t i o n s through a i m cathetometer , 

suppl ied by P r e c i s i o n I n d u s t r i e s L t d . , al lowances having 

been made f o r c a p i l l a r y depress i on , v/hich was c a l c u l a t e d 
197 ' from the meniscus height . 

The s o r p t i o n c e l l ( S ) was c a l i b r a t e d by weighing 

the amount of mercury i t cou ld conta in . I t was loaded 

v/ith sorbent b e f o r e be ing j o i n e d , at M^, to the tube , 

tap and-cone assembly ( A ) . The volume o f the tube 

s e c t i o n between and t-^, r e f e r r e d to as V^, was a l s o 

c a l i b r a t e d using mercury. The adjusted volume, V , o f 
V 

the c e l l (S) a f t e r being loaded v/ith sorbent was then 
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c a l c u l a t e d , a f t e r o u t g a s s i n g the sorbent f o r 24 hours 

at room temperature f o l l o w e d by a f u r t h e r 24 hours at 

100°C, by a p p l i c a t i o n o f the p e r f e c t gas law i n the 

manner d e s c r i b e d p r e v i o u s l y , by the admission o f a dose 

o f helium to the whole system. 

5 . 1 . 2 . 1 Measurement o f i s o therms . 

The c e l l , ccDdtttaining outgassed s o r b e n t , was 

surrounded with a Dewar f l a s k conta in ing e i t h e r l i q u i d 

n i t r o g e n or l i q u i d oxygen and al lowed t o reach thermal 

e q u i l i b r i u m . Temperature measurements o f l i q u i d 

n i t r o g e n , T^, was c a r r i e d out with an oxygen vapour 

pressure thermometer w h i l e a sulphur d i o x i d e vapour 

pressure thermometer was used t o measure the temperature 

o f l i q u i d oxygen, T q . Nitrogen gas was admitted t o 

the ' l o s e r volume and i t s pressure measured at room 
V 

temperature , T^, the temperature i n s i d e the b u r e t t e a i r -

j a c k e t , Tg, was a l s o n o t e d . The volume o f gas.y i n 

the gdLoser volume and the gas b u r e t t e , was then c a l c u l a t e d 
3 

i n cm at S . T . P . , a c c o r d i n g t o the p e r f e c t gas law. 
Tap t^ was opened, the a b s o l u t e temperature o f the room 

and of the b u r e t t e Tn determined, and the gas pressure 
k a 

measured when i t had reached e q u i l i b r i u m . 

The d i f f e r e n c e between the volume o f the dose 
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measured at S . T . P . , V ^ and the volume, a l s o measured at 

S . T . P . , a f t e r e q u i l i b r a t i o n with the sample V^, r e p r e s e n t s 

the volume o f n i t r o g e n at S . T . P . sorbed by the outgassed 

s o r b e n t . 

e q u a t i o n s : 

V^ and VD were c a l c u l a t e d from the two 

,0 
B1 

V D - T V ( 0 . 5 ) a x ° B 1 + I b I 

0 
R T ° B: 

P V s 
T 

and 

B1 
VD© Vd - 7 T ( 0 . 5 ) " x B 1 V B 1 V c 

T + 

T R T 0 T° B N(or 0)J Ts 

where the s u p e r s c r i p t s 0 and' 1 r e f e r t o measurements made 
b e f o r e and a f t e r the Opening o f s t o p c o c k t^ r e s p e c t -
i v e l y , and P and T r e f e r to standard pressure 

s s 

(76 cm-Hg) and standard temperature (273°KL) 

r e s p e c t i v e l y . » • 

A l l p r e s s u r e s were measured i n cm Hg, volumes i n cm^, and 

temperatures i n degrees a b s o l u t e . 

Isotherms o f the volume o f gas adsorbed ( i n cm at 

S . T . P . ) per gramme o f outgassed sorbent cou ld be p l o t t e d 

from the r e s u l t s o b t a i n e d as the mercury level i n the -

gas b u r e t t e was moved up t o B^, B^ and so on. When the 

pressure o f the gas e n c l o s e d above B^ had been measured, 



the s t o p c o c k , t ^ , was c l o s e d and a new dose admitted 

t o the d o s e r volume, the mercury l e v e l having been 

lowered to B^. In the subsequent c a l c u l a t i o n s , account 

had t o be taken o f the .vo lume o f gas enc l osed above the 

s o r b e n t , and adsorbed on i t . 

When the s o r p t i o n o f n i t r o g e n had been c a l c u l a t e d 

up to p r e s s u r e s o f about 60 cm Hg, the d e s o r p t i o n 

isotherms were determined, i n a s i m i l a r manner, from 

the gas volume which remained adsorbed as the pressure 

was l owered . The pressure was reduced by lower ing the 

mercury i ' e v e l i n the gas b u r e t t e to s u c c e s s i v e marks 

u n t i l B^. At t h i s p o i n t , the s topcock t ^ was c l o s e d and 

the . -doser volume outgassed through t 2 , the mercury l e v e l 

c ou ld then be re turned t o B^ and the tap t^ reopened f o r 

the new pressure t o be measured. This procedure cou ld 

be repeated u n t i l a s u f f i c i e n t l y ldw ^pressure had been 

reached . __ 

From the i s o t h e r m a l data o f n i t r o g e n * s o r p t i o n , the 

monolayer c a p a c i t y o f the so rbent , x^, cou ld be obta ined 

from a p l o t o f P aga inst P_ where V i s the 
V (P 0 -P ) P0 , 

volume o f n i t r o g e n ( a t S . T . P . ) sorbed by one gramme o f 

sorbent at a pressure P^and P i s the standard p r e s s u r e . 
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The s l o p e and i n t e r c e p t o f t h i s p l o t were used to o b t a i n 

the va lue o f x in the manner descr ibed in chapter t h r e e , 
m 

I f the area o f s o l i d s u r f a c e covered by a s i n g l e molecule 

o f n i t r o g e n gas , at i t s b o i l i n g po int under atmospheric 

p r e s s u r e , i s taken as 16.2? . 2 ^-98^ ^ n e n ^he s p e c i f i c 

s u r f a c e , S^-,, measured from n i t rogen s o r p t i o n data i s 

g iven by x^ x 6 . 0 2 3 x 1 0 2 0 x 16 .2 m 2 g r l 

22.4 

Values o f were o b t a i n e d f o r most o f the a p a t i t e s and 

s u r f a c e m o d i f i e d a p a t i t e s whose preparat ions were d e s c r i b e d 

i n chapter f o u r . 

5 . 1 . 3 Gravimetr ic S o r p t i o n Apparatus. 

Figure 5 . 1 * 3 i l l u s t r a t e s a t y p i c a l g rav imetr i c s o r p t i o n 

system, two independent s e t s o f these comprised the 

g r a v i m e t r i c apparatus used i n t h i s work. Each s e t 

c o n s i s t e d o f three 5cm b o r e . p y r e x g l a s s balance cases 

c o n n e c t e d , i n p a r a l l e l , t o a sorbate r e s e r v o i r by heated 

pyrex g l a s s tub ing . The B45 cone and socket assembly 

at the t op o f the ba lance case Was greased with Edwards 

high vacuum s i l i c o n e g r e a s e , while the 4 nun g r e a s e l e s s 

s t o p c o c k s on e i t h e r s i d e o f the sorbate r e s e r v o i r were 

s u p p l i e d by G. Springharn and Co. Ltd. and f i t t e d v/ith 

' V i t o n A1 f l u o r o c a r b o n diaphragms. Pressure o f s o r b a t e 

v/as measured by o b s e r v i n g the d i f f e r e n c e s i n meniscus 
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height o f a mercury manometer, through a 50 cm cathetometer . 

The manometer was connected. , through the base o f a 

standard balance case thermostat tank**2, t o a second 

r o t a r y pump which was a l s o used t o operate the McLeod 

guage and the manometers o f the vo lumetr i c systems. In 

a l l cases pressure measurements were converted to cm Hg 

at 0°C, account be ing taken o f c a p i l l a r y depress ion i n 

the manner d e s c r i b e d i n s e c t i o n 5 . 1 . 2 . A f t e r c a r e f u l 

double d i s t i l l a t i o n o f d i s t i l l e d water , vapour was 

admitted i n t o the ba lance c a s e , the pressure determined, 

and a d s o r p t i o n t o the p r e v i o u s l y outgassed sorbent 

measured from the observed extens ion o f the s i l i c a 

spr ing which held the sample contained i n a small b u c k e t . 

These s p r i n g s vie r e ca l ibrated** 2 at the var i ous temperatures 

at which i so therms were t o be measured. 

5 . 1 . 3 . 1 Measurement o f i s o therms . 
• i —. i 

A weighed bucket was loaded with- sorbent and 

rev/eighed, i t was then at tached to the s i l i c a spr ing 

and c a r e f u l l y lowered i n t o the balance c a s e . A f t e r 

o u t g a s s i n g the sorbent f o r 24 hours at room temperature 

f o l l o w e d by 24 hours at 100°C, the tank was f i l l e d with 

water at the temperature o f the i so therm. Temperature 
I A 

was c o n t r o l l e d by a Sunvic thermostat . Anhydrous 
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sorbent was then weighed by c a l c u l a t i o n from the spr ing 

l e n g t h , measured through a 50 cm cathetometer . (From 

the r e d u c t i o n i n weight o f sorbent under these outgass ing 

c o n d i t i o n s , the r e d u c t i o n i n the weight o f samples i n 

the vo lumetr i c system under s i m i l a r c o n d i t i o n s could 

a l s o be de termined . ) Doses of water vapour could then 

be admitted i n the manner d e s c r i b e d above and the s o r p t i o n 

isotherm determined. Immersion o f the sorbate r e s e r v o i r 

i n l i q u i d n i t r o g e n enabled vapour to be withdrawn from 

the system,, and i n t h i s way a d e s o r p t i o n isotherm could 

be determined. 

Values o f S„ ^ c o u l d be c a l c u l a t e d from the water 
Ha° 

s o r p t i o n isotherm i n a manner s i m i l a r t o the one d e s c r i b e d 

f o r the e v a l u a t i o n o f S ^ . The area occup ied by a s i n g l e 

mo lecu le o f water on the sorbent s u r f a c e at 25°C was 

taken as both 1 0 . 8 S 2 1 8 0 and as l i f . 8 2 2 1 9 9 . 
5 . 2 Other apparatus and techniques i n v o l v e d i n t h i s s tudy . 

Other i n f o r m a t i o n on the nature o f the mater ia l s 

used in t h i s work was ob ta ined from chemical a n a l y s i s , 

i n f r a red s p e c t r o s c o p y and X-ray c r y s t a l l o g r a p h y . A 

b r i e f account o f these methods w i l l now be g iven . 
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5 - 2 . 1 Chemical a n a l y s i s . 

A l l the samples prepared , accord ing t o the methods 

d e s c r i b e d i n chapter f o u r , have been analysed by standard 

methods. A br ie f - summary w i l l be given i n t h i s s e c t i o n . 

5 . 2 . 1 . 1 Calcium phosphate m a t e r i a l s . 

Calcium was determined g r a v i m e t r i c a l l y as calc ium 

carbonate2*3*3 and phosphorus g r a v i m e t r i c a l l y as phospho-
201 

molybdate . . Samples were t e s t e d f o r impurity i o n s , 

p a r t i c u l a r l y sodium, c h l o r i d e , sulphate and carbonate , 

by the usual procedures o f q u a l i t a t i v e a n a l y s i s . 
Pyrophosphate was determined in the heated samples 

91 
by the f o l l o w i n g method . A l i quo t s o f sample' were 

d i s s o l v e d in 1 M p e r c h l o r i c a c i d , at room temperature, 

and orthophosphate determined g r a v i m e t r i c a l l y as 

phosphomolybdate. The d i f f e r e n c e between to ta l•phosphate 

c o n c e n t r a t i o n , determined p r e v i o u s l y , and the c o n c e n t r a t i o n 

determined a f t e r p y r o l y s i s was cons idered to represent 

the c o n c e n t r a t i o n o f phosphate .which had condensed t o 

pyrophosphate , 
5 - 2 . 1 . 2 A l i p h a t i c diazocompounds. 

The diazo-compounds were c h a r a c t e r i s e d by c o n v e r s i o n 

i n t o the corresponding p - n i t r o b e n z o a t e s , 3 , 5 - d i n i t r o -



] 21 bcnzoates or a c e t a t e s " , and the melt ing p o i n t s o f 
202 203 

these e s t e r s compared v/ith publ ished values ' . 

Est imat ions o f some o f the sample c o n c e n t r a t i o n s 

i n e t h e r e a l s o l u t i o n s were made by the f o l l o w i n g 

method"*"^ > An a l i q u o t (5 ml) o f s o l u t i o n v/as 

p i p e t t e d i n t o 0 . 2 M e t h a n o l i c benzo ic a c i d (10 ml ) , 

e x c e s s benzo i c a c i d was then est imated by t i t r a t i o n 

aga ins t a standard 0 .07 M methanolic potassium hydr-

ox ide s o l u t i o n . 
\ 

5 . 2 . 1 . 3 Sur face m o d i f i e d m a t e r i a l s . 

Modi f i ed samples were outgassed , under the c o n d i t i o n s 

s p e c i f i e d e a r l i e r i n t h i s chapter , a l lowed to reach 

e q u i l i b r i u m v/ith water vapour and reoutgassed b e f o r e 

the determinat ion o f carbon and hydrogen was c a r r i e d o u t . 

These c o n d i t i o n s were n e c e s s a r y to remove any e x c e s s - o f 

s o l v e n t e ther or diazo-compound decomposi t ion produc t . 

Ana lys i s o f carbon as carbon d i o x i d e and hydrogen as 

water was made by the usua l methods o f organic m i c r o -

a n a l y s i s . . 

5 . 2 . 2 I n f r a red s p e c t r o s c o p y 

Accurate measurement o f the i n f r a red absorp t i on 

spectrum o f a powdered sample may be made only i f the 

amount o f r a d i a t i o n s c a t t e r e d by the sample has been 



reduced t o a s m a l l f r a c t i o n o f the i n c i d e n t r a d i a t i o n . 

Two methods o f a c h i e v i n g t h i s r e d u c t i o n were employed i n 

t h i s s t u d y . I n t i m a t e m i x t u r e s o f p o t a s s i um bromide 

con ta in ing ' abou t 2% o f sample were p r epa red and t h e n 

p r e s sed t o g e t h e r t o form a t r a n s p a r e n t d i s c abou t 1 mm 

i n t h i c k n e s s . The a l t e r n a t i v e t o t h i s i n v o l v e d t h e 

p r e p a r a t i o n o f a m i x t u r e o f sample w i t h an o i l y l i q u i d 

o f s i m i l a r r e f r a c t i v e i n d e x , t he m u l l was t hen squeezed 

between two p l a t e s o f p o t a s s i u m b r om i de . 

The a l k a l i h a l i d e d i s c method has been employed 

by most o t h e r i n v e s t i g a t o r s 2 * * ' o f t h e i n f r a r ed 

a b s o r p t i o n s p e c t r a o f a p a t i t e s b u t i t i s u n r e l i a b l e 

because o f t h e p o s s i b i l i t y o f p r e s s u r e i n d u ced phase 

changes i n t h e sample and pe rhaps r e a c t i o n v/ i th t h e 

h a l i d e i t s e l f may o c c u r . 

There a r e two d i f f i c u l t i e s a s s o c i a t e d w i t h t h e use 

o f m u l l i n g a g e n t s . F i r s t l y t h e r e f r a c t i v e i n d e x o f 

t h e agen t s h o u l d be e q u a l t o t h a t o f t h e samp le . T h i s 

i s no t p o s s i b l e t o a c h i e v e a t a i l v /ave leng ths , and i n 

any case non-cub i c c r y s t a l s have more t h a n one r e f r a c t i v e 

. i n d e x . The second p r ob l em i s t h a t t he m u l l i n g agen t 

may have a b s o r p t i o n bands v/hich i n t e r f e r e v/ i th t he 

spec imen b and s . 



Absorpt ion s p e c t r a o f the mod i f i ed a p a t i t e s were 

ob ta ined by the a l k a l i d i s c method, whi le other damples 

were analysed us ing n u j o l (a l i q u i d p a r a f f i n ) mul l s . 

Measurements o f i n f r a red a b s o r p t i o n bands were made on 

a Grubb-Parsons 1 S p e c t r o m a s t e r ' g ra t ing spec t rometer , 

a l though some p r e l i m i n a r y work was done on a Perkin 

Elmer 237 g r a t i n g s p e c t r o m e t e r . 

5 . 2 . 3 X-ray powder d i f f r a c t i o n . 

Powder d i f f r a c t i o n photographs o f many o f the. 

p r e c i p i t a t e d a p a t i t e m a t e r i a l s were taken on a Guinier 

Camera f i t t e d with a quar tz monochromator. Copper 

K^ x - r a d i a t i o n was generated by means o f a Hi lger and 

Watts M i c r o f o c u s x - r a y s e t , which was operated at 40 KV 

and 1 . 5 mA. The copper t a r g e t was c o o l e d with 

c i r c u l a t i n g o i l , i t s e l f water c o o l e d . Four powder 
1 

samples c o u l d be photographed s imul taneous ly , each sample 

having been mounted i n one o f f o u r re c tangu lar a p e r t u r e s 

o f a f l a t p l a t e and r e t a i n e d by s t r i p s o f tape on each 

s i d e o f the p l a t e . 

C a l c u l a t i o n o f the l a t t i c e cons tants was made from 

the spac ings o f the (410 ) and (004) r e f l e c t i o n s . For 

the de terminat ion o f these spac ings from the Bragg 



equation , two constant f a c t o r s needed to be known. 

F i r s t l y , the camera had a radius of 57.3 mm. and 

secondly the wavelength o f copper K ^ r a d i a t i o n was 

taken as 1 .5^182. This value i s a weighted mean o f . 

the wavelengths CuK^t, and CuK,^, assuming that the former 
190 

i s twice as in tense as the l a t t e r . The use of a 

weighted mean f o r the wavelength was required because 

the two components were not reso lved at the low angle 

o f d i f f r a c t i o n used. 



CHAPTER 6 

RESULTS AND DISCUSSION 

C h a r a c t e r i s a t i o n o f the mater ia ls used in t h i s 

work w i l l be dea l t with in the f i r s t s e c t i o n o f t h i s 

chapter' , which w i l l l i s t and d iscuss r e s u l t s obtained 

from n i t rogen s o r p t i o n , chemical a n a l y s i s , i n f r a - r e d 

spec t roscopy and X-ray powder d i f f r a c t i o n photography. 

Extensive work has been invo lved in the determination 

o f water s o r p t i o n i so therms , and s e c t i o n 6 . 2 i s devoted 

t o an i n t e r p r e t a t i o n o f the data derived from t h i s 

study. 

6 . 1 C h a r a c t e r i s a t i o n o f m a t e r i a l s . 

Resu l t s obtained from the four techniques mentioned 

in the opening paragraph o f t h i s chapter w i l l be 

d i scussed i n s e c t i o n s 6 . 1 . 1 t o 6 . 1 . 4 . ' 

6 . 1 . 1 Nitrogen s o r p t i o n s t u d i e s . —• 

The s o r p t i o n o f n i t r o g e n by the var ious mater ia ls 

has been s tudied in the manner descr ibed in chapter f i v e 

and some r e p r e s e n t a t i v e isotherms are shown in f i gure 

6 . 1 . 1 . A general d e s c r i p t i o n of these isotherms i s now 

made while c a l c u l a t i o n s i n v o l v i n g the isotherms are l e f t 
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F i g u r e . 6 . 1 . 1 (a ) 
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Figure C.l.l (b) 



Figure 6.1.1 (c) 
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u n t i l l a t e r . 

D i r e c t comparison o f i sotherms o f s o r p t i o n by 

the same sample over a p e r i o d of time and under s i m i l a r • 

c o n d i t i o n s has been employed to a s c e r t a i n the s t a b i l i t y 

o f sorbent s u r f a c e s . Two n i t rogen s o r p t i o n isotherms 

f o r HA 9 at l i q u i d n i t r o g e n temperature are shown i n 

diagram ( a ) and the s t r i k i n g d i f f e r e n c e in s o r p t i o n 

c h a r a c t e r a f t e r f our months may be seen. I t must be 

remembered that t h i s s a l t was p r e c i p i t a t e d , f i l t e r e d 

and d r i e d r a p i d l y and i t seems h igh ly l i k e l y that s t o r a g e 

f o r these few months, i n a i r , . a l l o w e d the sur face o f 

t h i s s a l t t o reach a f i n a l s t a t e . Further n i t rogen 

s o r p t i o n experiments on t h i s mater ia l conf irmed i t s 

eventual s t a b i l i t y . I t was p r i n c i p a l l y f o r t h i s reason 

that a l l l a t e r p r e c i p i t a t i o n s were c a r r i e d out over 

extended p e r i o d s . Prov ided s u f f i c i e n t time was a l l owed 

f o r s o r p t i o n t o reach e q u i l i b r i u m , a l l l a t e r isotherms 

were r e p r o d u c i b l e w i t h i n the l i m i t s o f experimental e r r o r . 

P h y s i c a l l y adsorbed e ther and weakly bonded po lymer i c 

m a t e r i a l s may be removed from the a p a t i t e sur face only 

a f t e r water s o r p t i o n and o u t g a s s i n g . So that the more 

permanent nature o f the s u r f a c e i s c h a r a c t e r i s e d , the 

m o d i f i e d m a t e r i a l s were s u b j e c t e d to repeated n i t rogen 
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s o r p t i o n . In a l l c a s e s , however, there were no 

measurable changes in s o r p t i o n c h a r a c t e r i s t i c s . 

Under the c o n d i t i o n s o f these n i t r o g e n experiments , 

a l l i so therms were found to be i r r e v e r s i b l e ( see diagram 

( b ) ) . This i s i n d i s a g r e e m e n t with e a r l i e r work**2 

but i t should be remembered that i n the present experiments 

s o r p t i o n has been measured up to higher va lues o f the 

r e l a t i v e p r e s s u r e , and i r r e v e r s i b i l i t y would not have 

been so r e a d i l y d e t e c t a b l e from the e a r l i e r measurements. 

This h y s t e r e s i s , which was noted in the range 0 . 4 < 

P / p 0 < 0 . 9 5 , may "be due t o c a p i l l a r y condensat ion o f 

the sorbate i n i n t e r - p a r t i c u l a r p o r e s , but no attempt 

was made to determine pore s i z e d i s t r i b u t i o n s in the 

s o r b e n t s . 

Figure 6 . 1 . 1 ( c ) i l l u s t r a t e s the change in shape 

o f the a d s o r p t i o n i so therm which o c curs a f t e r m o d i f i c a t i o n . 

The sharp knee f o r the parent a p a t i t e becomes a g e n t l e 

curve f o r those m o d i f i c a t i o n s whose i sotherms are shown. 

This was the case f o r every mater ia l s t u d i e d . The 

knee i n a s o r p t i o n i so therm i s dependent on temperature 

:and the nature o f the i n t e r a c t i o n between sorbent and 

s o r b a t e . In the BET e q u a t i o n , f o r example, the para-

meter c d i c t a t e s the shape whi le x determines the 
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extent o f s o r p t i o n at any r e l a t i v e p r e s s u r e . Type 2 

i s o t h e r m s , o f the kind found in t h i s n i t r o g e n s o r p t i o n 

s tudy , r e q u i r e a l a r g e c v a l u e , and decreas ing c i m p l i e s 

a more g e n t l e curve i n the reg i on o f x^, Type 3 

i s o t h e r m s , those which are c h a r a c t e r i s t i c o f systems 

where s o r b a t e - s o r b a t e a t t r a c t i o n i s more important than 

s o r b e n t - s o r b a t e i n t e r a c t i o n requ i re c va lues o f l e s s 

than u n i t y . More w i l l be sa id l a t e r on the magnitude 

o f the c va lues but i t may be sa id t h a t , with regard 

t o the approximation mentioned in chapter t h r e e , i . e . 

\b - , a decrease i n c i m p l i e s a decrease in En or 
RT 1 

more simply a l e s s e n e r g e t i c a l l y adsorbing s u r f a c e . 

C a l c u l a t i o n s o f x m , the monolayer c a p a c i t y , and 

S, the s p e c i f i c s u r f a c e , o f each sorbent are d i s cussed 

n e x t . 

6 . 1 . 1 . 1 Determination o f the s p e c i f i c s u r f a c e s o f m a t e r i a l s 

s t u d i e d i n t h i s work. 

Values o f the monolayer c a p a c i t y o f each sorbent 

have been c a l c u l a t e d , i n the manner descr ibed in chapter 

t h r e e , from the l i n e a r segment of a B.E.T. p l o t . Some 

such p l o t s are shown i n f i g u r e 6 . 1 . 1 . 1 , and values o f 

x are l i s t e d i n t a b l e 6 . 1 . 1 . 1 together with the 
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Figure 6 . 1 . 1 . 1 

trogen isotherm at 77>5°K and 90.5°K 
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Table 6 , 1 . 1 . 1 ( a ) 

Values o f x and S determined from n i t r o g e n . s o r p t i o n , 
m 

Apat i te Monolayer c a p a c i t y S p e c i f i c Surface 

Prep. No. x m , c m 3 ( S . T . P ) g " 1 e 2 - 1 
S, m g 

HA 5 15 .7 6 8 . 2 
HA 6 16 .4 71 .3 
HA 9 15 .5 ( 2 1 . 6 ) 67 .3 ( 9 3 . 6 ) 
HA 10 2 7 . 4 119 .0 
HA 11 15 .7 6 8 . 0 
HA 12 17 .8 77 .3 
HA 13 13 .6 59 .3 
HA 14 1 8 . 2 7 9 , 1 ' 
HA 15 15 .2 66 .4 
HA 16 12 .5 54 .4 
HA 17 2 3 . 3 101.6 
OOP 1 3 0 . 0 130.8 
OCP 2 9 . 5 41.3-
HA 12/600 A 5 . 1 ' - 2 2 . 1 
HA 13 /600 A 11 .9 5 1 . 7 

HA 16/600 A 3 . 6 : 1 5 . 7 

HA 17/600 A 1 1 .9 51# 9 

HA 12/600A/160 W 5 . 8 25 .3 

HA 12 /160 V 1 5 . 3 66.5 



Table 6 . 1 . 1 . 1 ( a ) ( c o n t d . ) 

Values o f x and S determined from n i t rogen s o r p t i o n . 

Apat i t e Monolayer Capaci ty S p e c i f i c Sur face 

Prep. No. x , c m 3 ( S . T . P . ) g ~ 1 S, m2g~1 

HA 1'6/160 V 12 .8 55 .8 

HA 17/160 V 2 4 . 4 106.3 

HA 12/600 V 1 3 . 1 56 .9 

HA 4 1 8 . 3 79 .5 

HA C 2 0 . 2 87 .5 

pcp 5.8 25.2 

BA 8 . 9 38 .8 

ND 4 . 8 20 .9 

AD 1 7 . 1 7 4 . 1 

D e t a i l s o f these p r e p a r a t i o n s were l i s t e d in the 

t a b l e o f s e c t i o n 4 . 1 . 
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Table 6.1.1.1 (b) 

Values o f x and S determined from ni trogen s o r p t i o n . 
m 

M o d i f i c a t i o n Parent Monolayer Capacity S p e c i f i c s u r f a c e 
•z p —1 Prep. No. Apat i t e -x , c n r ( S . T . P ) g S, m g 

1 HA5 15.8 68 .8 

2 HA5 15.6 6 8 . 0 

3 HA5 15.6 68.0 

^ • HA5 15.8 68.8 

5 HA5 15.7 68.5. 

7 HA5 15.6 68.0 

HA5 15 .0 6 5 . 2 

1 6 HA5 14 .1 ' 6 1 . 5 

^ HA5 15 .0 6 5 . 3 

1 8 HA5 15.8 68 .8 

2 3 HA5 18 .0 7 8 . 4 

2Z* HA5 16 .0 : 6 9 . 6 

2 6 HA5 15.7 6 8 . 5 

2 ? HA6 1 3 .0 5 6 . 6 

28 OCPl 17.4 > 75.8 

2 9 HA6 14 .2 6 2 . 0 

30 OCPl 29 .0 126 .2 

31 HA6 15.8 68.8 
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Table 6 . 1 . 1 . 1 

Values o f x 

( b ) ( c o n t d . ) ' 

and S determined from n i t r o g e n s o r p t i o n . m 

M o d i f i c a t i o n Parent Monolayer Capacity S p e c i f i c 

Prep. No. A p a t i t e x m , c m ^ C S . T . P j g " 1 S, m V " 1 

39 HA9 2 1 . 1 9 1 . 9 

40 HA11 13.7 6 8 . 5 

41 HA12 18 .5 8 0 . 7 

42 HA12/600A 6 . 6 2 8 . 9 

43 HA12/600A/160W 5 . 7 2 4 . 7 

44 HA13/160V 14 .7 6 4 . 3 

43 HA12/600V 13 .0 5 6 . 7 

46 HA16 13 .3 5 7 . 9 

47 HA17 23.6 102 .9 

Preparat ion o f s o r b e n t s has been d e a l t with i n 
\ 

s e c t i o n 4 . 3 . 
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correspond ing va lues o f S. Resu l ts shown i n brackets 

are f o r those s a l t s which were p r e c i p i t a t e d r a p i d l y and 

i n d i c a t e n o n - e q u i l i b r i u m v a l u e s . 

I t i s apparent that most o f the mod i f i ed s a l t s do 

not show any c o n s i d e r a b l e d i f f e r e n c e s from t h e i r parent 

a p a t i t e s . 

S i g n i f i c a n t changes i n have been induced by the 

v a r i o u s heat t reatments attempted. Two calc ium 

d e f i c i e n t a p a t i t e s , namely HA 12 and HA 16, were maintained 

at 600°C f o r 120 hours i n a i r , b e f o r e t h e i r S va lues 

were redetermined . In the former case the area was 

reduced t o 28.6% o f i t s o r i g i n a l va lue , whi le f o r HA 16 

the r e d u c t i o n was t o 28 .9%. The c l o s e n e s s ' o f these 

r e d u c t i o n s may not be o f any s i g n i f i c a n c e but i t must be 

remembered that they were prepared under s i m i l a r c o n d i t i o n s . 

There i s no such marked area r e d u c t i o n a f t e r the p y r o l y s i s 

o f the o t h e r , l e s s c a l c i u m - d e f i c i e n t apat l / tes . P o s s i b l e 

causes o f area r e d u c t i o n depend on f a c t o r s which a f f e c t 

the s i z e o f the a p a t i t e p a r t i c l e s , these may i n c r e a s e 

by s i n t e r i n g or o r i e n t e d c r y s t a l l i t e s may grow in s i z e . 

A d i s t i n c t i o n between t h e s e a l t e r n a t i v e s may be found 

from X-ray s t u d i e s . 
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A sample o f HA 12 v/hich had been heated f o r 120 

hours at 600°C under vacuum underwent a s p e c i f i c s u r f a c e 

r e d u c t i o n to only 73.6% o f i t s former va lue . Comparison 

o f t h i s r e s u l t with the c o n s i d e r a b l e change which occurred 

a f t e r p y r o l y s i s in a i r ( a l l o ther c o n d i t i o n s assumed to 

be equal ) sugges t s that e i t h e r atmospheric water or 

evo lved s t r u c t u r a l water i s necessary f o r such c o n s i d e r a b l e 

changes t o o c c u r . 

Samples o f these s a l t s which were heated at 160°C 

f o r 120 hours under vacuum showed var ious changes in S. 

I t i s probab le that t h i s treatment would remove much o f 

the adsorbed v/ater and expose more s u r f a c e f o r n i t r o g e n 

s o r p t i o n . S l i g h t r e d u c t i o n s i n S could be p r e d i c t e d i f 

s i n t e r i n g was thought to take p l a c e . 

6 . 1 . 1 . 2 The c parameter o f the 3 .E .T . equat ion . 
i 

The type 2 n i t r o g e n s o r p t i o n isotherms are c l o s e t o 

t h e o r e t i c a l B.E.T. i s o therms only wi th in the range-

0 . 1 4 P^ p o < 0 .3» t h i s a c c o u n t s , f o r the d ivergence from • 

l i n e a r i t y o f the ; measured p o i n t s i n f i g u r e 6 . 1 . 1 . 1 . 

Sorp t i on i n t o a monolayer i s u n l i k e l y to o ccur on 

s i t e s o f equal energy , and the assumption that E-̂  has 

a s i n g l e value i s not j u s t i f i a b l e . E-̂  may be assumed 

t o be a f u n c t i o n o f the monolayer c overage , x , with 
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the more e n e r g e t i c s i t e s being occupied at lower values 
p 

o f t h i s c overage . In t h i s c a s e , the r i o t o f /Po 
P ' X ( 1 " P / P 0 > 

versus /Po would have a s l ope represented by 

x ( l - P / p ) ( ^ c - 1 , i f the equat ion , 
/ ) -

 c x
z 

7) P /P0 J § -
m 

p 

/Po _ c - 1 9 P n + 1 j r e f e r s to p a r t i c u l a r va lues 
x d - P / n ^ ~

 c x

'
 c x

' 
/ P o ) m in 

2L,* S i m i l a r l y the i n t e r c e p t o f a tangent to the curve 
x 
m 

at 2L. would be at 1 . c in t h i s x_ dependent equation 
x e x ! X 
m m ra 

may thus be determined and w i l l be c h a r a c t e r i s t i c o f the 

value o f x . I t should be noted here t h a t . x 7 w i l l be 
— m x 
m 

the monolayer c a p a c i t y , not of the complete sur face as 

x^, but of those s i t e s with an energy greater than or 

equal t o the l i m i t i n g v a l u e , E^. These values o f c and 

x ' have been used t o c a c l u l a t e t h e o r e t i c a l i sotherms, 
m - ' 

one o f which i s shown i n f i g u r e 6 . 1 . 1 . 2 together with 

the curve obtained from the ' i d e a l ' B.E.T. equation 

( cons tant c , x ) . 
' m 

The lack o f agreement i n the reg ion P ^ p o > 0 .3 may 
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be due t o a l i m i t a t i o n on the th i ckness o f the adsorbed 

f i l m , the I3.E.T. model assumes an i n f i n i t e number o f 

mo lecu lar l a y e r s . I t may be s i g n i f i c a n t that t h i s r e g i o n 

a l s o c o r responds t o the i r r e v e r s i b l e r e g i o n o f s o r p t i o n . 

A f i n i t e t h i c k n e s s o f the adsorbed l a y e r may be q u a n t i t -

a t i v e l y p r e d i c t e d i f the summation o f s o r p t i o n i n each 

l a y e r i s l i m i t e d t o n terms o n l y . The equation then 

becomes 

2L. s. c P /PQ • l - ( n i - l ) ( P / P o ) n H - n ( P / P o ) n 4 1 Equation A, 
xm 1 ~ P / P o l 4 ( c - l ) P / P o - . c C W 1 

and n r e p r e s e n t s the number o f molecu lar l a y e r s . This 

equat ion p r o v i d e s agreement with measured isotherms o n l y 

i f n i n c r e a s e s with / P o , and f i g u r e 6 . 1 . 1 . 2 shows the 

n va lues necessary f o r reasonab le agreement at each 

r e l a t i v e p r e s s u r e . Th is equation reduces to the B . E.T. 

P P n equat ion at low v a l u e s o f / P o , s i n c e a l l ( / P o ) terms 
i 

w i l l be n e g l i g i b l e . 

These c a l c u l a t e d i so therms may be u s e f u l in p r e d i c t i n g 

the shape o f i so therms at other- temperatures , but t h i s 
p 

i s on ly done at low v a l u e s o f / P o i n the present work 

because measurement o f i sotherms at l i q u i d oxygen 

temperatures c o u l d on ly be made at such va lues o f 

r e l a t i v e p r e s s u r e . In order to p r e d i c t the shape o f 
E —L 

isotherms the assumption Cn 1 was made, i . e . 
RT 



RT. In c s E ^ L , and t h e r e f o r e T^ In T 2 In c 2 . 

Knowledge o f C^, T^ and T 2 enab les C2 t o be determined f o r 

each value o f C^ throughout the i sotherm. Such a c a l c u l a t e d -

isotherm i s drawn i n f i g u r e 6 . 1 . 1 . 2 , t o g e t h e r with measured 

v a l u e s , and the good correspondence lends support to the 

v a l i d i t y o f t h i s t reatment . 

6 . 1 . 1 . 3 Heat o f a d s o r p t i o n . 

Fo l l owing the determinat ion o f c d e s c r i b e d above, va lues 

o f E^ have been obta ined and are shown, f o r one sorbent , i n 

f i g u r e 6 . 1 . 1 . 3 ( a ) . 

AH was determined from isotherms at two temperatures 

by a p p l i c a t i o n o f the Claus ius -Clapeyron equat i on . D i f f e r -

e n t i a l heats c a l c u l a t e d from data at only two temperatures 

are o f d o u b t f u l accuracy but g ive energy o f s o r p t i o n va lues 

which agree w e l l with v a l u e s o f E^. 

The g e n t l e curve , i n the r eg i on o f the monolayer c a p a c i t y , 

o f i so therms f o r m o d i f i e d a p a t i t e s , as n o t e d - i n s e c t i o n 

6 . 1 . 1 , i s r e f l e c t e d i n the E^ values obta ined from c parameters 

o f these i s o therms . Figure 6 . 1 . 1 . 3 ( b ) shows' a comparisons 

o f Ej, versus X / f o r parent and a mod i f i ed a p a t i t e , va lues 
_m 

y i e l d e d from AH f o r these systems are a l s o inc luded f o r 

comparison. These r e s u l t s suggest that the d i a z o r e a c t i o n . 

i s o c c u r r i n g on s i t e s which would otherwise have been o f 

high n i t r o g e n a d s o r p t i o n p o t e n t i a l . 
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Figure 6.1.1.3(a) 

Enorrv 6f n i t r o g e n a d s o r p t i o n at 77 .5 K. 

k c a l s . mole - 1 

O 
O 

( d ° 

o ® 

O HA16 values c a l c u l a t e d from cl 

O 

(D 

HA9 va lues c a l c u l a t e d from c x 
x 
\ m 

HA9 values c a l c u l a t e d from -AH , 
determined from Claus ius -Clapeyron 
equat i on using measurements made at 
77 .5°K and 90 .5°K. 

1 x / X 
m 
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F i g u r e 6 . 1 . 1 . 5 ( b ) 

Energy o f n i t r o g e n a d s o r p t i o n at 77.5°K 

-E k c a l o , mole"*3" 

- O o 
7 o 

1 

(D 

Q HA12 va lues c a l c u l a t e d from cJx \ 
\ m / 

®HAl2 values c a l c u l a t e d from -All 9 
determined from Clausius-Clapeyron 
equat i on . , 

O M o d i f i c a t i o n 41 va lues c a l c u l a t e d 
from ctx 

t) M o d i f i c a t i o n 4 1 v a l u e s c a l c u l a t e d f r o m 

- A H , d e t e r m i n e d f r o m C l a u s i u s - C l a p e y r o n 

e q u a t i o n . 

2 x / 
I x 

m 
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6 . 1 . 2 Chemical Ana lys i s 

Three p a r t s o f t h i s s e c t i o n w i l l deal in turn with 

r e s u l t s o f the chemical a n a l y s i s o f the a p a t i t e s , a l i p h a t i c 

diazocompounds, and s u r f a c e mod i f i ed a p a t i t e s . 

6 . 1 . 2 . 1 Chemical a n a l y s i s o f a p a t i t e s . 

Only HA5 and HA6 o f the s a l t s p r e c i p i t a t e d i n the course 

o f t h i s work had any d e t e c t a b l e amounts o f impurity i o n s 

and in both c a s e s these were o f carbonate . Precaut ions 

taken to prevent i n c o r p o r a t i o n o f carbon d i o x i d e i n subsequent 

systems were adequate . 

Table 6 . 1 . 2 . 1 l i s t s the var ious p r e p a r a t i o n s , t o g e t h e r 
P 0 

with both C a a n d 2 ! j -p molar r a t i o s where measured. 

Values o f the pH o f each p r e c i p i t a t i n g system are i n c l u d e d 

and i t i s ev ident that high pH corresponds with- a high s o l i d 
p o 

Ca^p molar r a t i o and a low 2 7^ p r a t i o . This r e s u l t i s 

i n ac cord with e x p e c t a t i o n s as a decrease in s o l u t i o n pH w i l l ' 

c o n s i d e r a b l y i n c r e a s e the c o n c e n t r a t i o n o f HPO^ i o n s , and 

p y r o l y s i s o f s a l t s p r e c i p i t a t e d in. t h i s r e g i o n w i l l produce 

l a r g e r p r o p o r t i o n s o f pyrophosphate i o n s accord ing t o the 

equat i on , . 
2HP0, —> P o 0 „ 4- H o0. 

4 2 7 ' 2 
P n 

V/hen the r e s u l t s o.f Z ' 7 ^ molar r a t i o determinat ions 

are p l o t t e d aga ins t Ca^p molar r a t i o s , as in f i g u r e 6 . 1 . 2 . 1 , 

they f a l l c l o s e t o va lues p r e d i c t e d by the two uni t c e l l 



formulae , 

Ca 10-x 
( H I

V x
( P

V 6 - x
( 0 H ) 

2 - x (4) 

(5) 

where 0 x ^ . 

This o b s e r v a t i o n , which i s i n agreement with e a r l i e r work 

mentioned i n chapter two, i s h e l p f u l as i t assumes that at 

l e a s t some o f the missing ca l c ium i o n s o f the n o n - s t o i c h i o -

metr i c s a l t s are r e p l a c e d by pro tons c l o s e l y a s s o c i a t e d 

wi£h orthophosphate i o n s . Such a unit would e x h i b i t 

Bronsted a c i d i t y and i s a p robab le s i t e f o r d iazo r e a c t i o n . 

The small amounts o f pyrophosphate present i n pyro lysed 

s t o i c h i o m e t r i c a p a t i t e may be formed from sur face hydrolysed 

phosphate i o n s . 



Table 6 . 1 . 2 . 1 

Chemical a n a l y s i s o f a p a t i t e s . 

Prep. No. C a / p ^ o l a r pH o f 
f r r a t i o & r / P r a t i o p r e c i p i t a t i n g 

s o l u t i o n 

HA 5 1 .66 - 11.0 

HA 6 1 .66 - 11 .0 

HA 7 1 .56 - 9 . 5 

HA 8 1 .59 - 10 .5 

HA 9 1 . 5 2 - 5 .8 

HA 10 1 .63 - 11 .0 

HA 11 1 .67 - 12 .0 
• 

HA 12 1 .46 0 .112 5.7 

HA 13 1 .67 0 .006 - 11 .0 

HA 14 1 .40 Q.173 5 . 5 

HA 15 1.57 0.052 9.9" 
HA 16 1.50 : 0.087 5.2 

HA 17 1.62 , . 0.026 12.0 

OCP 1 1 .47 8 . 0 

OCP 2 1 .37 - 7 . 0 

. OCP 3 1 .29 - 6 .6 
p 0 

2 7yp mole r a t i o s determined from samples heated 

i n a i r at 600°C f o r 120 hours . 
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Figure 6.1.2.1 
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Lower than expected va lues o f Ca^p were obta ined f o r 

samples HA 7 , HA 8 , HA 15 and HA 17, and f o r the f i r s t two 

o f these ca l c ium may not have had time to reach an e q u i l i b r i u m , 

s t o i c h i o m e t r i c l a t t i c e c o n c e n t r a t i o n o v e r . t h e b r i e f pe r i od 

a l lowed f o r p r e c i p i t a t i o n . Both of the preparat i ons to 

y i e l d HA 15 and HA 17 d id not i n v o l v e heat ing o f the p r e c i p -

i t a t i n g l i q u o r . This s t a g e was used in the e a r l i e r p r e p a r a t i o n s 

as an attempt t o improve the f i l t e r i n g p r o p e r t i e s o f the 

l i q u o r . I t i s probab le that the exceed ing ly low c r y s t a l l -

i s a t i o n r a t e o f a p a t i t e at room temperature r e s u l t s in an 

incomplete l a t t i c e un less phosphate to calc ium a d d i t i o n i s 

very s low. The nature o f a p a t i t e c r y s t a l l i s a t i o n i s not 

c l e a r l y unders tood , however. 

The low value o f Ca^p f o r 0C.P 3 suggests that t h i s 

mater ia l i s not o c t a c a l c i u m phosphate . The va lues f o r OCP 1 

and OCP 2 a r e , on the o t h e r hand, too »high. Further comment 

may be made on these s a l t s a f t e r t h e i r X-ray powder d i f f r a c t i o n 

p a t t e r n s have been d i s c u s s e d . 

6 . 1 . 2 . 2 Chemical a n a l y s i s o f a l i p h a t i c d iazo compounds. • 

The p r e p a r a t i o n o f diazocompounds has f o l l o w e d w e l i 

e s t a b l i s h e d methods and on ly a few checks were made o f the 

compos i t i on o f p roduc ts . . According to those r o u t i n e s 

mentioned i n s e c t i o n 5 . 2 . 1 . 2 , the c h a r a c t e r i s a t i o n s o f 

c e r t a i n p r e p a r a t i o n s have been made, and are repor ted in 

t a b l e 6 . 1 . 2 . 2 • • 
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Table 6 . 1 . 2 . 2 

C h a r a c t e r i s a t i o n o f diazo compounds 

Compound 
Prep .-No 

Melting Published 9 

Point Melting Point 
202,203 

Ester 

D 23 

D 1 

D 14 

Me p - n i t r o b e n z o a t e 95°C 

Et p - n i t r o b e n z o a t e % ° C 

n - O c t y l 3 , 5 - d i n i t r o - 58°C 

95.5°C, 96°C 

56°C, 57°C 

60.5°C -
benzoate 

The presence o f a diazocompound in e therea l s o l u t i o n may 

be detected by i t s s trong c o l o u r , and by the f a c t that t h i s 

c o l o u r i s removed by a d d i t i o n of d i l u t e a c i d . This d e c o l o r -

i s a t i o n i s accompanied b y - v i g o r o u s e f f e r v e s c e n c e . 

Estimates o f s o l u t i o n concent ra t i ons were made by the 

t i t r a t i o n method, desc r ibed i n s e c t i o n 5 * 2 . 1 . 2 , and c o n c e n t r a t i o n s 

o f a l l d iazo compounds used i n the preparat ion o f the 

modi f i ed a p a t i t e s were about 0 . 1 M i n e ther . _ 

6 . 1 . 2 . 3 Chemical a n a l y s i s o f modi f ied a p a t i t e s . 

Table 6 . 1 . 2 . 3 (a ) l i s t s the r e s u l t s obtained from carbon 

content e s t imat i ons , and a l s o shows the number of organic 

groups, per hundred square Angstrom u n i t s , which would be 

necessary to accommodate each quantity of carbon on the 

s u r f a c e . 
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Table 6.1.2.3 (a) 

Carbon c o n t e n t d e t e r m i n a t i o n s on m o d i f i e d a n a t i t e s . 

M o d i f y i n g 

Mod. O rgan i c P a r e n t % No. o f g roups per 

No. Group M a t e r i a l Carbon 
iooS

2 

o f s u r f a c e . 

1 - c h
3 

HA5 0.40 2.9 

2 
X 2 2 5 

it 0.60 1.1 

3 -CHPh2 
tt ,1.95 1.1 

4 -CHPh2 
ii 1.95 1.1 

15 -n-C 8 H 1 ? 
ii 3.91 3.7 . 

16 -n-C 8 H 1 ? 
it 4.26 4.3 

23 - n - C l 8 H 3 7 
it 3.93 

27 - n - C 1 2 H 2 3 HA6 5.11 3.8 

39 -CHPh2 HA9 7.30 3.1 

40 -CHPh2 H A l l 2.18 1.2 

41 -CHPh2 HA12 6.41 3-1 

42 -CHPh2 HA12/600A 2.51 - 3.3 

43 -CHPh2 HA12/600A/160W 2.48 3.9 

44 -CHPh2 HA12/160V 6.51 3.9 

45 -CHPh2 HA12/600V 0.76 0.5 

46 - c
2
h

5 
HA16 1.02 4.4 

47 HA17 0.30 0.7 
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These c a l c u l a t i o n s o f the number o f organic groups per 

100^2 o f a p a t i t e s u r f a c e may be compared v/ith the f o l l o w i n g 

r e s u l t s c a l c u l a t e d from measurements pub l i shed elsewhere**2 . . 

A l l m a t e r i a l s have i n these cases been m o d i f i e d by r e a c t i o n 

with diazomethane. 

Table 6 . 1 . 2 . 3 ( b ) 

Parent Mater ia l 

Commercial A e r o s i l s i l i c a TT600 
( s e e n o t e a . ) 

A e r o s i l s i l i c a 20C ( s e e no te b . ) 

11 M 150 ( " " ' » ) 

Alumina ( s e e note c . ) 

Hydroxyapat i te ( s e e note d . ) 

key : ( a ) S i l i c a supp l i ed by Degussa o f Frankfur t , and produced 

by a gas-phase p y r o l y t i c r e a c t i o n between s i l i c o n 

t e t r a c h l o r i d e , hydrogen and a i r . I t has a s p e c i f i c 
2 - 1 

s u r f a c e o f .about 200 m g . 

( b ) Samples o f TT600 which had been hydrothermally t r e a t e d 

at 200°C and 150°C r e s p e c t i v e l y f o r 18 hours . The 

s p e c i f i c s u r f a c e s o f these two m a t e r i a l s were 
2 - 1 2 - 1 

4 1 . 2 m g and 4 3 - 3 m g r e s p e c t i v e l y . 

( c ) Alumina prepared by the i g n i t i o n o f G ibbs i t e 

(A1(0H)^) at 480°C f o r 24 hours . S p e c i f i c s u r f a c e 

No. o f groups per 
100 l Z 

16.44 

3.22 

5.20 

1 .04 • 

2 .55 



2 -I 

o f t h i s m a t e r i a l i s 196 m g 

(d ) Hydroxyapat i te p r e p a r a t i o n HA 4 r e f e r r e d to in 

s e c t i o n 4 . 1 . 5 . 

The r e s u l t s l i s t e d i n t a b l e 6 . 1 . 2 . 3 ( b ) have been 

c a l c u l a t e d from the de terminat i on of methoxyl groups present 

on the s u r f a c e . The d e n s i t y o f groups present on the s u r f a c e 

o f the TT600 sample i m p l i e s an area o f only 6 .083 2^ c o n t a i n s 

each methoxyl group and t h i s i s t oo small t o accommodate 

such groups un less they are a l l packed- t o g e t h e r very c l o s e l y . 

A s i m i l a r high dens i ty o f groups i s apparent from some o f 

the va lues i n t a b l e 6 . 1 . 2 . 3 ( a ) . 

Those m a t e r i a l s numbered between m o d i f i c a t i o n s 1 and 

41, i n c l u s i v e , were prepared from parent m a t e r i a l s o f unknown 

s u r f a c e c o n d i t i o n , and h y d r o l y s i s o f sur face i o n s may 

c o n t r i b u t e t o a h igher than p r e d i c t e d carbon c o n c e n t r a t i o n 

a f t e r d iazo r e a c t i o n . Of the other mod i f i ed s a l t s , numbers 

46 and 47 were prepared from anhydrous apatit .es ( outgassed 

at 160 C ) , under an atmosphere o f e ther and using anhydrous 

s o l u t i o n s o f diazomethane. The number o f organic groups 

per 100 2^ o f s u r f a c e o f these two mater ia l s depends on the 

ca lc ium d e f i c i e n c y o f the a p a t i t e , thus HA 16 whose Ca^p 

molar r a t i o i s 1 .50 can accommodate 4 . 4 groups per 100 2^ 

whi le the l e s s calc ium d e f i c i e n t s a l t , HA 17 can conta in 

on ly 0 . 7 groups on such an area . 



The v a r i o u s h e a t - t r e a t e d samples of HA 12 behave in 

d i f f e r e n t ways on a l k y l a t i o n and i t i s s i g n i f i c a n t to observe 

that m o d i f i c a t i o n number 45 , whose parent mater ia l had been 

heated under vacuum at 600°C, conta ined fa r fewer organic 

groups . This r e s u l t i s expected i f i t i s assumed that the 

d iazo r e a c t i o n o c c u r s at the p y r o l y s a b l e hydrogen phosphate 

i o n s . The o ther samples o f HA 12 provide a good sur face 

f o r the r e a c t i o n , perhaps f o r the f o l l o w i n g reasons . 

M o d i f i c a t i o n 42 , from HA12/600 A, was prepared a f t e r the 

parent mater ia l had been exposed t o the atmosphere and s u r f a c e 

w o u ^ , n a v e t J i e o p p o r t u n i t y o f r e h y d r o l y s i s , 

l i b e r a t i n g s i t e s f o r the r e a c t i o n t o o c c u r . The m o d i f i c a t i o n 

o f HA12/600A/160W, number 4 3 , was o f a c a r e f u l l y rehydro lysed 

s a l t and may be expected t o have p r o p e r t i e s somewhat 

s i m i l a r to numbers.41 and 4 2 . The other sample o f t h i s s a l t , 

which had been heated at 160°C under vacuum, may be assumed 

t o have been reasonab ly f r e e o f adsorbed water but un-

pyro lysed and would present a good sur face f o r the d i a z o -

r e a c t i o n . 

6 . 1 . 3 I n f r a - r e d s p e c t r o s c o p y 

Spectra o f a p a t i t e s and mod i f i ed a p a t i t e s are d i s cussed . 

i n the two p a r t s o f t h i s s e c t i o n . 

6 . 1 . 3 . 1 I n f r a - r e d s p e c t r a o f a p a t i t e and r e l a t e d s a l t s . 

Frequenc ies and assignments f o r the i n f r a - r e d a b s o r p t i o n 
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bands o f t he a p a t i t e s a re shown i n t a b l e 6.1.3*1. Many 

f r e q u e n c i e s a r e obse rved f o r wh ich a s s i gnmen t s a re d i f f i c u l t , 

and s i n c e a c omp l e t e i n t e r p r e t a t i o n i s o u t s i d e t he scope o f 

t h i s work no d e t a i l e d d i s c u s s i o n has been a t t e m p t e d . Some 

g e n e r a l a s p e c t s o f t h e f r e q u e n c i e s a re d e s c r i b e d . 

The low v a l u e f o r t h e h y d r o x y l i o n s t r e t c h i n g v i b r a t i o n 

i s i n agreement v / i t h t h e v a l u e p r e d i c t e d i f a b i f u r c a t e d t ype 

o f hydrogen b o n d i n g o c cu r s v / i th oxygen atoms o f t h e s u r r o u n d i n g 

phospha t e i o n s . T h i s v/as d i s c u s s e d i n c h a p t e r two. I f 

t h e observed band a t abou t 632 cm""*'" i s a s s i g n e d t o a l i b r a -

t i o n a l mode o f t h e h y d r o x y l i o n , t he case f o r hydrogen b o n d i n g 

i s s u b s t a n t i a l l y s u p p o r t e d . 

It was notable that the observed frequency at 632 cm"^ 

was observed in all materials other than in OCP 3. While 

t h i s may appea r t o c o n t r a d i c t e a r l i e r i n v e s t i g a t i o n s 2 * 1 " ' 2 ^ 

» 

i t must be p o i n t e d o u t t h a t t h i s p r e sen t work employed m u l l s 

o f t h e s a l t s v/hereas t h e e a r l i e r s t udy used KBr d i s c s , some 

e a r l y work i n t h i s s t u d y a l s o u s i n g KBr d i s c s demons t r a t ed 

t h e d i f f i c u l t i e s i n o b t a i n i n g r e p r o d u c i b l e r e s u l t s from t h i s 

t e c h n i q u e . F i g u r e 6.1.3.1 ( a ) i n d i c a t e s t h i s r e g i o n o f : , 

t h e spec t rum f o r t h r e e s a l t s , i n nu jo l m u l l s , and t he s i z e 

o f t h e a b s o r p t i o n , a t 632 cm""'' f o r t h e c a l c i u m - d e f i c i e n t s a l t 

may be seen . 

F i g u r e 6.1.3.1 (a) a l s o shows t h e observed f r e q u e n c i e s 
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o f the . (PO. ) mode. 
4 4 

The sample o f OCP 2 shows no a b s o r p t i o n at 632 cm"3" 

but the reason f o r t h i s i s not c l e a r as an 
s 

f requency i s r e a d i l y d e t e c t a b l e . 

In the 1000 - 1200 cm""3" r e g i o n , many absorpt i on 

f r e q u e n c i e s have been d e t e c t e d , p a r t i c u l a r l y f o r the ca lc ium 

d e f i c i e n t a p a t i t e s . F igure 6 . 1 . 3 . 1 (b ) shows the c o n s i d e r a b l e 

change i n the shape o f t h i s band which oc curs between s t o i c h -

i o m e t r i c and ca l c ium d e f i c i e n t s a l t s . Much o f t h i s change 

may be due to hydrogen phosphate s t r e t c h i n g modes o f the 

ca lc ium d e f i c i e n t a p a t i t e . The shape o f t h i s band can be 

used t o d i s t i n g u i s h betwe.en hydroxyapat i te and i t s ca l c ium 

d e f i c i e n t v a r i a n t s , whi le the d e t e c t i o n o f c h a r a c t e r i s t i c 

f r e q u e n c i e s has proved to be u n r e l i a b l e . 

In view o f the d i f f e r e n c e between C a ^ molar r a t i o s 

measured from the o c t a c a l c i u m phosphate preparat ions in 

t h i s work and the t h e o r e t i c a l value o f 1 . 3 3 , i t i s conc luded 

that these s a l t s are ca l c ium d e f i c i e n t a p a t i t e s , or i n the 

case o f OCP 3 a more a c i d i c s a l t . No attempt i s t h e r e f o r e 

made t o compare the i n f r a - r e d spec t ra o f these s a l t s -with 
94-96 

measurements r e c o r d e d elsewhere^ • 
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Table 6.1.3.1 

Frequencies and assignments f o r i n f r a - r e d absorpt ion bands 

o f a p a t i t e s . 

(a ) S t o i c h i o m e t r i c Hydroxyapat i te . 

Observed f r e q u e n c i e s (cm""*') 

HA5 HA6 HA7 HA11 HA15 HA17 Assignment 

3571shp 3571shp 3571shp 3571shp 3571shp 3571shp 0 (OH) 
s 

3430bd 3430bd 3428bd 3429bd 3430bd 3425bd (H20) 

1125sh 1127sh 

1115sh 1117sh 

1109sh 

1096sh 
/// . 

1090s 1091s 1093s 1093s 1092s 1092s ' (PO^) 

1058sh 1068sh 106lsh 1060sh. 

1042sh 1044sh 1044sh 1042sh 1042sh 1042sh ! ( P 0 . ) 
5 4 

1029vs 1029vs 1033vs 1028vs 1028vs \?y'-(P0^)' 

963m 963m 962m 964m 962m 962m ^ ( P O ^ ) 

878w 878w 876W 871V/ 870w 858w ' 

837w 

. 631m 632m 632m 634m 632m 632m \>L(0H) 

. 625w 

600m 600m 603m 602m 601m 602m V^ (PO^) 
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Table 6 . 1 . 3 . 1 ( c o n t d . ) 

Observed f r e q u e n c i e s (cm""'") 

HA5 HA6 HA7 HA11 HA15 HA17 Assignment 

575sh • 574sh 574sh 574sh 573sh 575sh
 !

(P0^) 

566s 566s 563s 566s 562s 563s (PO. ) 

Key vs very strong 

s s t rong 

m medium 

w weak 

shp sharp 

bd broad 

4 
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(b ) Calcium d e f i c i e n t a p a t i t e s and octacalc ium phosphate 

Observed f r e q u e n c i e s 

HA9 HA14 HA16 OCPl 

3570shp 3571shp 3570shp 3571shp 

3^28bd 3430bd 3430bd 

1145shp 

1125shp 

l l l l s h p 

1090s 

lOSlshp 

1060shp 

1032vs 

lOlOshp 

962m 

868w 

1204w 

l l 6 3 s h p 

1148shp 

1131shp 

1125shp 

1113shp 

1092s 

1078shp 

1060shp 

1042shp 

1028vs 

1005shp 

963m 

1203w 

H60shp 

1149shp 

1134shp 

1125shp 

1117shp 

1093s 1093s 

1075shp 

1062shp 

1042shp 

1028vs 1033s 

1005shp 

962m 963s 

870w 87Ow 873w 

840shp 

0CP2 0CP3 

3570shp 

343Ob d 

1256shp 

1208shp 

l l85shp 1190m 

1130shp 

l l lOshp 1117vs 

1093s 

1080shp 

1058shp 

1042shp 1042vs 

1031vs 

961s 

917w 

873w 

862w 

Assignments 

>?S(0H) 

( h
2
O ) 

hpo ) 

V
/ / 1

(
P

°4
) 

(HPO^) 

0 3 / / l ( P O i f ) 

^••(po^) 

980s 

862m 

833w 

< c o 3 ) 
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( b ) c ontd . 

Observed f r e q u e n c i e s Assignments 

HA9 HA14 HA16 OCP1 0CP2 0CP3 
787w 

750bd 769shp 

631w 632m 633w 631m 0 , ( Q H ) 

600m 601m 602m 600s 600s 601m (PO,) 
4 4 

571shp 571shp 573shp 575shp 575shp 573s 0 , U (PO, ) 

562s 562s 562s 562s 562s 567shp 0 / 1 (PO. ) 
4 V i W 4 ' 

4
1 ( P 0

4
: 



% A b s o r p t i o n 

_ 60 
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^ I 
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bS 
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/ 
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F

igure 
6.1.3.1(b) 
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6 . 1 . 3 . 2 I n f r a - r e d s p e c t r a o f m o d i f i e d a p a t i t e s . 

Spectra o f the m o d i f i e d a p a t i t e s were obta ined using 

KBr d i s c s o f the m a t e r i a l s , care being taken to ensure t o t a l 

removal o f s o l v e n t e ther o f the a l k y l a t i o n r e a c t i o n . Table 

6 . 1 . 3 . 2 shows some o f the f r e q u e n c i e s observed f o r m o d i f i e d 

a p a t i t e s . 

The r e s u l t s are un in format ive as assignments cannot be 

used to prove that chemisorp t i on o f a l k y l groups has o c c u r r e d . 

I t i s un for tunate that the s t r o n g l y absorbing phosphorus-

oxygen-carbon s t r e t c h i n g mode i s c o i n c i d e n t with the 

orthophosphate ^ mode. 
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Table 6 . 1 . 3 . 2 

I n f r a - r e d s p e c t r a o f m o d i f i e d a p a t i t e s . 

( e x c l u d i n g bands l i s t e d i n t a b l e 6 . 1 . 3 - 1 . ) 

Observed f r e q u e n c i e s (cm~~) 

M o d i f i c a t i o n 16 M o d i f i c a t i o n 39 

2955m 

2927m 

2872m 

2857m 

1465w 

1449w 

1410 w 

1374w 

741w 

Assignments 

C-H s t r e t c h (CH,) j 

" (ch
2
) 

" (CH3) 

, ! (CH2) 

H-C-H de format ion 

C-CH, » 

C-CH, " 
5 

Aromatic O u t - o f - p l a n e 
de format ion 

698w - d o -
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6 . 1 . 4 X-ray Powder D i f f r a c t i o n 

X-ray powder d i f f r a c t i o n photographs have been used to 

i d e n t i f y most o f the p r e c i p i t a t e d s a l t s and some mention o f 

t h i s w i l l f i r s t be made. Samples HA4*f2, HA5, and. HA9 y i e l d e d 

p a t t e r n s t y p i c a l o f a p a t i t e but contained extra l i n e s , 

i n d i c a t i n g the presence o f an u n i d e n t i f i e d phase. The s a l t 

OCP 1 produced a d i f f u s e p a t t e r n in which the s t ronger a p a t i t i c 

l i n e s cou ld be seen , whi l e OCP 3 , although c l e a r , did not 

form a pat tern due t o e i t h e r an a p a t i t i c or an oc taca l c ium 

phosphate l a t t i c e . 

The samples which were heated i n a i r f o r 120 hours at 

600°C produced p a t t e r n s o f no b e t t e r r e s o l u t i o n than those 

from the unpyro lysed s a l t s . This suggests that c r y s t a l 

growth cou ld not have o c c u r r e d , and that the marked r e d u c t i o n 

i n the s p e c i f i c s u r f a c e no ted e a r l i e r must be due to smoothing 

o f the s u r f a c e by s u r f a c e s i n t e r i n g . 

Measurements o f l a t t i c e parameters f o r some o f the 

m a t e r i a l s were made, and the r e s u l t s are shown i n f i g u r e 

6 . 1 . 4 . Expansion o f the a - a x i s and c o n t r a c t i o n of the c - a x i s 

o c cur as ca lc ium i s removed from the l a t t i c e , a r e s u l t which 
• - 1 0 2 i s i n good agreement with o t h e r determinat ions . 

A p a t i t e s with low ca l c ium contents gave w e l l r e s o l v e d 

a p a t i t i c d i f f r a c t i o n p a t t e r n s , and no other phases were 
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d e t e c t e d i n t h o se m a t e r i a l s v/hich had been s t o r e d f o r extended 

p e r i o d s i n t h e i r p r e c i p i t a t i n g l i q u o r s . Th i s o b s e r v a t i o n , 

v/hich i s i n agreement v / i t h t h o s e o f many o t h e r a u t h o r s , 

s u g g e s t s t h a t t h e s e c a l c i u m d e f i c i e n t a p a t i t e s a re no t m i x t u r e s 

b u t a r e o f very s i m i l a r s t r u c t u r e t o s t o i c h i o m e t r i c hydroxy-

a p a t i t e . The no t ed s l i g h t o v e r a l l expans i on i n t h e l a t t i c e 

as c a l c i u m i o n s a re p r o g r e s s i v e l y removed i m p l i e s some s m a l l 

changes i n i n t e r i o n i c f o r c e s w i t h i n t he c r y s t a l s . 

6 • 1 • 5 Gene r a l su rvey o f some o f t h e c h a r a c t e r i s t i c s o f 

t h e se a p a t i t e s and m o d i f i e d a p a t i t e s . 

R e s u l t s o f c h e m i c a l a n a l y s i s , i n f r a - r e d s pec t r o s copy 

and X-ray powder d i f f r a c t i o n pho tog raphy have s uppo r t e d t h e 

h y p o t h e s i s o f random c a l c i u m s i t e v a c a n c i e s i n ' a n a p a t i t i c 

l a t t i c e f o r t h e n o n - s t o i c h i o m e t r i c s a l t s and i t may be assumed 

t h a t cha rge i m b a l a n c e i s c o r r e c t e d by i n c o r p o r a t i o n o f p r o t o n s . 
i 

These p r o t o n s , some o f v/hich a r e t h ough t t o form hydrogen 

bonds between phospha t e i o n s , may w e l l reac t~v/ i th d i a z o 

compounds t o y i e l d s u r f a c e adso rbed a l k y l g roups : ' 

O^POII -f- N2-CHR -—> 0^P0CH2R -f N2 

Th i s mechanism i s suppor ted by r e s u l t s o f t he c h e m i c a l 

a n a l y s i s o f t h e m o d i f i e d a p a t i t e s . 

No ev i dence c o u l d be f o und f o r t he s u g g e s t i o n t h a t . 
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i p 

hydroxy ! i o n s are r e s p o n s i b l e f o r a l k y l a t i o n * . The 

c a t a l y s i s r e s u l t s r e p o r t e d i n chapter two may occur a t these 

same s i t e s as f o r d i a z o r e a c t i o n , and r e a c t i v i t y i n both cases 

i n c r e a s e s with i n c r e a s e i n calc ium d e f i c i e n c y o f the a p a t i t e 

(and t h e r e f o r e with i n c r e a s e in sur face a c i d i t y or proton 

c o n c e n t r a t i o n ) . 

The more r e a c t i v e d i a z o compounds, such as long chain 

d iazo a lkanes , r e a c t e d very r a p i d l y with a p a t i t e s and i n 

s e v e r a l cases the c o l o u r o f the d iazo s o l u t i o n was removed 

i n a few minutes. Diphenyl diazomethane, a more s t a b l e 

m a t e r i a l , was l e f t i n c o n t a c t with the s a l t s f o r l onger t imes 

and the course o f r e a c t i o n cou ld not be observed . 

6 . 2 Water S o r p t i o n R e s u l t s 

6 . 2 . 1 Water s o r p t i o n i so therms 

Isothermal measurements o f water, s o r p t i o n on many samples 

o-f parent and m o d i f i e d a p a t i t e s have been c a r r i e d out and a 

few o f the r e s u l t s are shown i n f i g u r e 6 . 2 . 1 . 

Be fore any c o n c l u s i o n s may be drawn from s o r p t i o n s t u d i e s 

i t i s o f prime importance that the r e p r o d u c i b i l i t y o f 

measurements i s a s c e r t a i n e d . P e r i o d i c checks o f i s o therms , 

p a r t i c u l a r l y f o r the m o d i f i e d a p a t i t e s , have been c a r r i e d out 

to s a t i s f y t h i s requirement . Resu l ts presented here have 
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Figure 6.2.1(a) 
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F i g u r e 6 . 2 . I f c ) 
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A d s o r p t i o n b r a n c h e s o f w a t e r i s o t h e r m s on a r a t i t e HA11 
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a l l been found t o be r e p r o d u c i b l e a f t e r at l e a s t s i x months. 

Several hours e lapsed b e f o r e so rp t i on measurements reached 

e q u i l i b r i u m , and the most s a t i s f a c t o r y r e s u l t s were obta ined 

i f twenty - f our hours were a l l owed between measurements. For 

t h i s reason the a d s o r p t i o n - d e s o r p t i o n isotherms took some 

weeks to complete . In s p i t e o f t h i s , about e ighty i sotherms 

were determined and the r e s u l t s presented here , in f i g u r e 

6 . 2 . 1 , are t y p i c a l . In o r d e r that isotherms o f d i f f e r e n t 

s o r b e n t s may be compared, a b s o l u t e u n i t s o f ' water s o r p t i o n 

per square metre o f anhydrous sorbent are used. 

Water s o r p t i o n i so therms f o r both parent and mod i f i ed 

a p a t i t e s have been found t o be i r r e v e r s i b l e i n every c a s e . 

Figure 6 . 2 . 1 ( a ) shows a t y p i c a l r e s u l t , although the shape 

o f the d e s o r p t i o n l o o p did change from sorbent t o s o r b e n t . 

The r e d u c t i o n i n water s o r p t i o n a f t e r m o d i f i c a t i o n i s 

c l e a r from f i g u r e s 6 . 2 . 1 ( a ) and ( b ) , and i n every case the 

a p a t i t e samples have been rendered l e s s h y d r o p h i l i c a f t e r 

d iazo r e a c t i o n . A comparison of...the water s o r p t i o n by 

m o d i f i e d and parent s a l t s w i l l be made in s e c t i o n - 6 . 2 . 2 , but 

i t i s c l e a r from the i s o t h e r m s presented that s o r p t i o n per 

square metre o f sorbent s u r f a c e i s s u b s t a n t i a l l y l e s s , o v e r 

the e n t i r e r e g i o n o f r e l a t i v e pressure , a f t e r m o d i f i c a t i o n . 



Measurement o f i s o therms has been made at s e v e r a l 

temperatures f o r many s o r b o n t s and a family o f adsorp t i on 

runs f o r water by HA11, at temperatures between 30°C and 

70°C i s shown i n f i g u r e 6 . 2 . 1 ( c ) . v The changes in hydro-

p h i l i c c h a r a c t e r a f t e r m o d i f i c a t i o n were found to be 

q u a l i t a t i v e l y independent o f temperature, but an ac cura te 

study o f the temperature dependence of these changes was 

prevented by the u n c e r t a i n t y o f r e s u l t s caused by experimental 

e r r o r . 

Although no q u a n t i t a t i v e e s t imat i on o f the e r r o r s 

i n v o l v e d i n the de terminat i on o f these water s o r p t i o n i s o -

therms was made i t should be po in ted out that the major 

c o n t r i b u t i o n to the u n c e r t a i n t y o f the r e s u l t s - w a s due to 

random e r r o r , normally s e l f - c a n c e l l i n g . The simple 

exper imental arrangements, t o g e t h e r with the f a c t that 
\ ' 

i so therms on a l l samples were determined under c a r e f u l l y 

c o n t r o l l e d c o n d i t i o n s , l i m i t e d systematic err-or to f a u l t s 

caused by i n a c c u r a t e s p e c i f i c s u r f a c e determinat ions and 

i n c o r r e c t measurement o f the out -gassed weight o f the s o r b e n t . 

6 . 2 . 2 Comparison o f water s o r p t i o n r e s u l t s . 

Figure 6 . 2 . 2 ( a ) e x p r e s s e s the isotherms of f i g u r e 

6 . 2 . 1 (a ) as the r a t i o o f the amount sorbed by m o d i f i e d 
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F i g u r e 6 . 2 . 2 ( b ) 
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F i g u r e 6 . 2 . 2 ( c ) 
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199. 
Figure 6.2.2(e) 
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a p a t i t e to the amount sorbed by parent m a t e r i a l . The curves 

demonstrate the e f f e c t i v e n e s s , at a l l va lues of r e l a t i v e 

p r e s s u r e , o f d iazo m o d i f i c a t i o n i n d iminishing the h y d r o p h i l i c 

c h a r a c t e r o f the a p a t i t e s u r f a c e . The organic groups 

present on the s u r f a c e o f m o d i f i c a t i o n 23 may be seen t o 

reduce water- s o r p t i o n t o l e s s than h a l f the amount sorbed by 

the parent , HA5, at r e l a t i v e pressures in the range 0 .2<.P^p Q 

< 0 . 7 . Figure 6 . 2 . 2 ( b ) shows two isotherms o f f i g u r e 

6 . 2 . 1 ( a ) on a d i f f e r e n t s c a l e , so that the e f f e c t o f m o d i f -

i c a t i o n may be seen over a wider range o f pressure . In 

g e n e r a l , the e f f e c t o f the d i a z o - r e a c t i o n was to decrease 

the water s o r p t i o n o f an a p a t i t e over the e n t i r e range o f 

r e l a t i v e p r e s s u r e . 

Water s o r p t i o n i s o t h e r m s on three d i f f e r e n t a p a t i t e s 

and t h e i r m o d i f i c a t i o n s a f t e r treatment with diphenyl d i a z o -

methane are represented i n f i g u r e 6 .212 ( c ) . In view o f 

the d i f f e r e n c e s between t h e i r parent s a l t s , , i t i s no tab le 

that these i sotherms are so c l o s e . 

A convenient way o f r e c o r d i n g the d i f f e r e n c e s between 

the water s o r p t i o n c h a r a c t e r i s t i c s o f mod i f i ed and parent 

a p a t i t e s i s shown i n t a b l e 6 . 2 . 2 ( a ) . The r a t i o o f water 

s o r p t i o n by m o d i f i e d t o s o r p t i o n by parent a p a t i t e at a 

r e l a t i v e pressure o f 0 . 5 i s shown f o r each m a t e r i a l . The 
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t a b l e a l s o i n c l u d e s r a t i o s o f the s p e c i f i c s u r f a c e s , measured 

from n i t r o g e n s o r p t i o n , f o r mod i f i ed to parent s a l t . A l l 

water s o r p t i o n r e s u l t s are taken from measurements made at 

50°c. 

The r ight -hand column i s inc luded so that the water 

s o r p t i o n r e s u l t s may be seen t o be a u t h e n t i c . In the case 

o f m o d i f i c a t i o n 28, f o r example, a c o n s i d e r a b l e change i n 

the s p e c i f i c s u r f a c e has o c c u r r e d and i t i s t h e r e f o r e not 

r e a l i s t i c to c o n s i d e r the water s o r p t i o n r e s u l t as a s imple 

change in h y d r o p h i l i c c h a r a c t e r caused by s u r f a c e a l k y l a t i o n . 

I t i s p o s s i b l e that a low r e s u l t in the r ight -hand column 

i m p l i e s a smoothing o f the s u r f a c e has o c c u r r e d , perhaps by 

the format ion o f polymer. Most o f the s p e c i f i c sur face 

changes are smal l , however, and the l a rge r educ t i on i n water 

s o r p t i o n at Pyp0 = - 0 . 5 g i v e s a c l e a r i n d i c a t i o n o f the genera l 

e f f e c t i v e n e s s o f the d i a z o - r e a c t i o n f o r t h i s purpose . 

C a l c u l a t i o n s o f the s p e c i f i c sur face a v a i l a b l e f o r water 

s o r p t i o n have been made from B.E.T. p l o t s o f the water 

s o r p t i o n i s o t h e r m s . The r e s u l t s o f these determinat ions 

are shown i n t a b l e 6 . 2 . 2 ( b ) , t oge ther with va lues o f the . 

s p e c i f i c s u r f a c e from n i t r o g e n s o r p t i o n . The assumption 

that an adsorbed water mo lecu le o c cup ies an area o f 1 4 . 8 ? 2 

has been made, t h i s be ing an a r b i t r a r y c h o i c e from the v a r i o u s 



publ i shed va lues although i t s use y i e l d s va lues o f S f o r the 

parent a p a t i t e s which are c l o s e to S values c a l c u l a t e d from 

n i t r o g e n a d s o r p t i o n . The r ight -hand column o f the t a b l e 

shows the r a t i o o f s p e c i f i c s u r f a c e s determined from water 

s o r p t i o n to those from n i t r o g e n s o r p t i o n , and i t i s c l e a r from 

these va lues that there i s l e s s sur face a v a i l a b l e on the 

m o d i f i e d s a l t s f o r water s o r p t i o n than on the parent a p a t i t e s . 

Those m a t e r i a l s which had been t rea ted with diphenyl d i a z o -

methane a l l gave va lues o f l e s s than 0 . 7 5 , as 

d id the m a t e r i a l s numbered m o d i f i c a t i o n s 1, 16, 23, 27 and 46 

which had been t r e a t e d with normal d iazo a lkanes . 

The two par t s o f t a b l e 6 . 2 . 2 w i l l show:, that the s u r f a c e s 

o f the m o d i f i e d a p a t i t e s c o n t a i n s i t e s which are a v a i l a b l e f o r 

n i t r o g e n s o r p t i o n at 77 .5°A but which are not a v a i l a b l e f o r 

water s o r p t i o n at temperatures between 30°C and 70°C. . These 

hydrophobic s i t e s a f f e c t the s o r p t i o n o f water at a l l v a l u e s 

o f the r e l a t i v e p r e s s u r e . - ' • 
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Table 6 . 2 . 2 (a ) 

o P Water s o r p t i o n by modi f ied a p a t i t e s at 30 C and /Pots 0 . 5 

Modif . Parent Modifying Pat io of Pat io of 
No. Apat i te Group Water Sorpt ion S p e c i f i c Surface 

at P /p 0 = 0 . 5 from Nitrogen 
Sorpt ion 

X( H20) Modif ied S( 2?2) M o d i f i e d 

X(H20)Parent S(N2 )Parent 

1 HA5 - C H 3 0.45 1.01 

2 » - C H C 0
2
C

2
H

3
 0.71 1.00 

3 » -CH(Ph) 2 0 .66 . 1 .00 

4 " " 0 .48 1 .01 

5 " - C H C
2
H

3
 0.68 1.00 

7 " " . n ~ C 8 H 1 7 0 , 8 5 1 , 0 0 

15 " - n ~ c 8 H 1 7 0 , 5 1 ' 0 , 9 6 

16 » "
 n

~
c

8
H

l 7
 0 , £ f 2 0 , 9 0 

18 " - n _ c / f H 9 0 .65 1 .01 

23 . 11 " n ~ c i 8 H 3 7 1 ° ' 3 8 : 

26 " ' n ~ c i 8 H 3 7 0.61— 1 .00 

27 HH6 ~ n ~ C 12 H 25 0.57 0 .79 

28 0CP1 - n - C l 8 H 3 7 0 .94 0 . 5 8 

29 HA6 - n " c i 8 H 3 7 0.97 0 .87 

30 0CP1 - C H ( P h ) 2 0 .78 ' 0 .96 

31 HA6 -CH(Ph) 2 0.66" 0 .96 
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Table 6 . 2 . 2 ( a ) ( c o n t d . ) 

Modi f . Parent Modi fy ing Pat i o o f P a t i o o f 
No. Apat i t e Group Water Sorpt ion S p e c i f i c S u r f a c e 

at P / p 0 - 0 -5 from Nitrogen 
Sorpt i on 

X(HpO)Modified S(N~)Modi f ied 
X(H20)Parent S(N 2 )Parent 

39 HA9 -CH(Ph) 2 0 .58 1 .28 

40 HA11 ti 0 . 8 2 0 .89 

41 HA 12 it 0 .76 1 . 0 4 

42 HA12/600A tt 0 .48 1 . 3 1 

43 HA12/600A/160W tt 0 .48 0 .98 

44 HA12/160V tt 0 .77 0 .97 

45 HA12/600V tt 1 .00 1 . 0 0 

46 HA16 0 .45 1 .07 



Table 6 . 2 . 2 ( b ) 

S p e c i f i c sur face o f m a t e r i a l s c a l c u l a t e d from water s o r p t i o n 

data at 50°C. 

Mater ia l S ( H 2 0 ) i n m 2 s~ 1 S ( N 2 ) i n m 2 g " r S (H 2 0 ) /S (N 2 ) 

HA5 94 .8 6 8 . 2 1 .39 

HA6 7 6 . 3 7 1 . 3 1 .07 

HA9 7 2 . 0 67-3 1 .07 

HA12 82 .7 77 .3 1 .07 

HA16 5 8 . 2 5 4 . 4 1 .07 . 

M o d i f i c a t i o n 1 5 1 . 5 . 68..8 0 .75 

" 2 5 9 . 4 68 .0 0 .87 

» 3 58 .8 6 8 . 0 0 .86 

» 4 4 7 . 2 68 .0 0 .69 

" . 1 6 43 .9 6 1 . 5 0 .71 

" 23 4 6 . 1 . 78.4, 0 .59 

" . 27 23.2 56.6 0 . 41 

" 39 4 5 . 0 91 .9 0 .49 

" 40 48.8 68 .5 O.71 

" 41 57 .6 80.7 0 . 71 

" 42 15 .7 28 .9 0 . 5 4 

" 43 13 .5 24 .7 0 .55 • 

» 44 51 .6 64 .3 0 . 8 0 

" 45 60 .6 56 .7 1 .07 

» 46 3 4 . 6 ' • 57 .9 0 . 6 0 



The o v e r a l l e f f e c t o f hydrophobic s i t e s , i n the modi f i ed 

a p a t i t e s u r f a c e , on water s o r p t i o n , i s r e a d i l y seen i n 

f i g u r e s 6 . 2 . 2 ( d ) and ( e ) . In these f i g u r e s , s o r p t i o n i s 

expressed r e l a t i v e to the monolayer c a p a c i t y ( o f water 

s o r p t i o n ) . Open symbols r e p r e s e n t values c a l c u l a t e d on the 

b a s i s o f x de te rminat i ons from measurements on each s o r b e n t , 
m • 

while hatched symbols r e p r e s e n t values c a l c u l a t e d using the 

xffl value o f the parent a p a t i t e o n l y . From these curves i t 

may be seen that water s o r p t i o n per unit area o f h y d r o p h i l i c 

s i t e s does not vary much f o r modi f i ed and unmodified samples 

whi le the s o r p t i o n per u n i t o f t o t a l sorbent area i s c o n s i d e r a b l y 

d i f f e r e n t a f t e r m o d i f i c a t i o n . 

6 . 2 . 3 The parameter c o f the 3 .E .T . equat ion . 

I r r e v e r s i b i l i t y o f t h e s e -water s o r p t i o n isotherms 

prevents any d e t a i l e d thermodynamic study from being made, 

but a b r i e f d e s c r i p t i o n o f some aspec ts o f the adsorpt i on 

isotherms i s o f i n t e r e s t . 

A f t e r the methods d e s c r i b e d i n s e c t i o n 6 . 1 . 1 . 2 , B.E.T. 

p l o t s o f many a d s o r p t i o n i so therms have been used t o f i n d the 

v a r i a t i o n o f the c parameter with the amount adsorbed. In 

common with the n i t r o g e n s o r p t i o n r e s u l t s , c was found to 

decrease r a p i d l y as water was adsorbed to complete the 
(E - L ) 

monolayer. The B.E.T. assumption that c=^e 1 /RT cannot 



be cons idered i n t h i s i r r e v e r s i b l e system, but p l o t s o f 

RT In c versus X / are shown in f i g u r e 6 . 2 . 3 ( a ) f o r 
m 

a d s o r p t i o n at s e v e r a l temperatures on the same 

s o r b e n t . The c l o s e n e s s o f these va lues suggests that t h i s 

method would be u s e f u l f o r p r e d i c t i n g i sothermal va lues at 

temperatures o ther than t h o s e o f measured va lues . 

Although such a procedure has no t h e o r e t i c a l j u s t i f i c a t i o n 

va lues o f e n e r g i e s o f s o r p t i o n c a l c u l a t e d from the c parameter 

are shown i n f i g u r e 6 . 2 . 3 ("b) t oge ther with va lues determined 

from apparent d i f f e r e n t i a l heats o f adsorpt i on c a l c u l a t e d 

from the C laus ius -C lapeyron equat ion and the adsorpt i on 

branches o f i s o therms . The r e s u l t s are i n good agreement 

but no c o n c l u s i o n s can be drawn from them. 

Figure 6 . 2 . 3 ( c ) shows t h e ' r e s u l t o f p l o t t i n g RT laa c 

aga ins t X/ f o r parent and m o d i f i e d a p a t i t e s . The open 
m * , 

symbols r e p r e s e n t the va lues obtained i f the value o f 
-2 x was taken as 6 . 1 moles m , the value der ived from a 

. m ' 

3 . E . T . a n a l y s i s o f water s o r p t i o n on m o d i f i c a t i o n 43* These 

va lues are not c l o s e to t h o s e f o r the parent s a l t , HA12. 

Hatched symbols r e p r e s e n t v a l u e s i f xffl f o r the mod i f i ed m a t e r i a l 
- 2 

i s taken as 1 2 . 1 moles m , which would be the monolayer 

c a p a c i t y i f the sorbent c onta ined no hydrophobic s i t e s . 

This r e s u l t supports the c o n c l u s i o n , made in s e c t i o n 6 . 2 . 2 , 
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F i g u r e 6 . 2 . 3 ( a ) 

RT 1 n c va luer , c a l c u l a t e d from a d s o r p t i o n b ranches o f 

v:atcr i so t h o r n s on a p a t i t o H A l i . 

PT I n c k c a l s . mole""*'" 

3 

O . 

C 

°0 

-o-

- O ^ 

o Measured a t 50°C 

" 30°C 

o, 
_ O ~ " ?crc 



Figure 6 . 2 . 3 ( b ) 
209. 

(RT In c f L ) and (-Ail - FT) va lues c a l c u l a t e d from 

adsornt i on branches o f water isotherms on ap a t i t e KA11 

(RT In c + L) 

and 

(-AH - RT) i n k c a l s . mo le " 1 

15 

10 

O 

Temperature Ordinates 
o f measurement 

O 3 0 , 4 0 , 5 0 , 6 0 , 7 0 ° C (-AH - RT) 

q 30°C (RT In c t L ) 

<j> 50°C (RT In c + L) 

— O - 70°C (RT In c-c L) 

1 , 0 2 , 0 X / x i I—, m 
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Figure 6 . 2 . 3 ( c ) • 

FT In c values c a l c u l a t e d from adsorpt ion branches of 

water isotherms on a p a t i t e HA12 and modi f i ca t ion . LJ, at I;0°C 

FT In c k cals. mole 
~1 

O 

o 

6 

o 

— 2 

Sorbent Monolayer capac i ty 
x u moles in"2 

ra / 
1 O HA12 1 2 . 1 

Modif . 43 . 6 . 1 

Mcdif . 43 12 .1 
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that the d i a s o - r e a c t i o n y i e l d s a sur face conta in ing s i t e s 

which are not a v a i l a b l e f o r water s o r p t i o n . 

6.2.4 K i n e t i c s o f a d s o r p t i o n . ' 

The o b s e r v a t i o n that water .adsorpt ion occurred at a 

f i n i t e r a t e suggests that uptake may i n c l u d e an a c t i v a t e d 

p r o c e s s . I f the energy o f a c t i v a t i o n f o r adsorp t i on i s 

l a r g e , i t could be es t imated by measuring the r a t e s o f 

a d s o r p t i o n at ne ighbour ing temperatures . I t must, once 

again, be po inted out that the irref^oeku.c\l>{Lity o f water s o r p t i o n 

makes energy de terminat i ons d i f f i c u l t . 

Figure 6.2.4 shows the r e s u l t s o f p l o t t i n g the amount 

sorbed aga ins t square r o o t o f time f o r one sample. 

Although many o ther such determinat ions were made, no 

c o n c l u s i o n s cou ld be drawn from them. A l l r e s u l t s were 

found t o be dependent on how the sorbqnts were packed i n the 

b u c k e t s . . 

6.2.5 General d i s c u s s i o n o f the water s o r p t i o n r e s u l t s . 

The e f f e c t o f the d i a z o - r e a c t i o n on near ly a l l o f the 

a p a t i t e s s tud ied i n t h i s work has been to c o n f e r a l e s s 

h y d r o p h i l i c c h a r a c t e r on each m a t e r i a l . The extent o f these 

changes in 'water s o r p t i o n has been seen to depend on both the 

parent a p a t i t e and on the d iazo compound used i n the m o d i f i c a t i o n 
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Figure 6.2.4 

Fate o f water a d s o r p t i o n on a o a t i t o KA13 a t - 5 0 C and 

r e l a t i v e pressure 0 . 2 6 ^ . 



r e a c t i o n . 

7 / a t e r - s o r p t i o n r e s u l t s f o r the m o d i f i c a t i o n s of the 

calc ium d e f i c i e n t a p a t i t e , HA12, and i t s various ' h e a t - t r e a t e d 

forms are o f p a r t i c u l a r i n t e r e s t . Reference to t a b l e 6 . 2 . 2 

(a ) w i l l i n d i c a t e the e f f e c t o f each heat - treatment on 

the water s o r p t i o n a f t e r m o d i f i c a t i o n , and i t i s c l e a r that 

the sample 45 which had been t rea ted by heat ing at 600°C f o r 

120 hours under vacuum b e f o r e m o d i f i c a t i o n was not changed by 

treatment with d iphenyl diazomethane. This r e s u l t may be 

compared with the number o f o rgan ic groups present on the 

s u r f a c e o f t h i s m a t e r i a l , and t a b l e 6 . 1 . 2 . 3 shows that t h i s 

i s l ow. The pyro lysed samples o f HA12 conta in pyrophosphate 

i o n s , and i t may be assumed that the mater ia l now under 

d i s c u s s i o n would have l i t t l e opportuni ty to hydro lyse at the 

s u r f a c e . M o d i f i c a t i o n o f t h i s a p a t i t e , which conta ins so 

few s u r f a c e hydrolysed. i o n s , i s minimal and i t may be 

conc luded that hydro lysed i o n s are necessary f o r m o d i f i c a t i o n 

to o c c u r . 

One sample o f HA12 which had "been heated in a i r f o r 120 

hours at 600°C prov ided a very r e a c t i v e sur face f o r a l k y l a t i o n 

and t h i s i n turn caused a c o n s i d e r a b l e decrease in the 

h y d r o p h i l i c nature o f the s u r f a c e . I t i s c l e a r that am 

a p a t i t e , heated in. t h i s , way, would hydro lyse at the s u r f a c e 



on c o o l i n g and s i t e s f o r a l k y l a t i o n would be formed. The 

d i f f e r e n c e between water s o r p t i o n c h a r a c t e r i s t i c s o f t h i s 

m a t e r i a l , m o d i f i c a t i o n 4 2 , and m o d i f i c a t i o n 41 which was 

formed from o v e n - d r i e d HA12, may be due to the inadequacy o f 

oven drying to remove enough adsorbed water from the s u r f a c e . 

V/ater, i f present i n s u f f i c i e n t amount on a s u r f a c e , could 

prevent a l k y l a t i o n by s h i e l d i n g r e a c t i o n s i t e s from d iazo 

m o l e c u l e s . 

In genera l terms, samples o f calc ium d e f i c i e n t a p a t i t e s 

presented more hydrophobic s u r f a c e s a f t e r m o d i f i c a t i o n than 

d id s t o i c h i o m e t r i c a p a t i t e s . I t i s d i f f i c u l t to r e l a t e 

the hydrophobic c h a r a c t e r o f mod i f i ed s a l t s s p e c i f i c a l l y t o 

the ca lc ium d e f i c i e n c y o f parent a p a t i t e s because not enough 

c a r e f u l l y c o n t r o l l e d exper iments were performed. Never-

t h e l e s s , i t may be mentioned that o f e ight mod i f i ed m a t e r i a l s 

prepared from c a r e f u l l y d r i e d a p a t i t e s ( m o d i f i c a t i o n s 39 t o 

4 6 ) , f our sorbed l e s s than 60% o f the amount o f water 

adsorbed by the ; Parent at a r e l a t i v e pressure o f 0 . 5 , and 

these four were a l l ca l c ium d e f i c i e n t s a l t s with a calc ium 

t o phosphorus molar r a t i o near t o 1 . 3 . 

The assumption that ca lc ium d e f i c i e n t a p a t i t e s c onta in 

a c i d phosphate groups , d i s c u s s e d in s e c t i o n 6 . 1 , and the 

p r o b a b i l i t y that a l l a p a t i t e s w i l l c onta in sur face a c i d 

phosphate groups a f t e r exposure t o the atmosphere may be-
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e s s e n t i a l t o an u n d e r s t a n d i n g o f t he r e a c t i o n w i t h d i a z o 

compounds. The o n l y s a l t t r e a t e d i n such a way as t o 

en su re t h e absence o f a c i d phospha te g r oups , b o t h i n t e r n a l l y 

and on t he s u r f a c e , was u n r e a c t i v e w i t h d i p h e n y l d i a z ome t h ane . 

I t has t h e r e f o r e been assumed t h a t t h e a l k y l a t i o n o f a p a t i t e s 

i n v o l v e s an e l i m i n a t i o n r e a c t i o n between d i a z o compound and 

hydrogen phospha te i o n s : 

Table 6 . 2 . 2 ( a ) r e v e a l s t h a t , f o r the modi f ied samples 

o f the a p a t i t e HA5, the o r d e r o f e f f e c t i v e n e s s i n c o n f e r r i n g 

a hydrophobic s u r f a c e on the s a l t i s M o d i f i c a t i o n 23 > 

M o d i f i c a t i o n 16 > M o d i f i c a t i o n 1 . The organic group present 

on each sur face i s nC^gH^, ftCgH-^ and CK^ respect ive ly ; . -

M o d i f i c a t i o n 4 , which was a sample o f HA5 t r e a t e d with 

d iphenyl diazomethane, p r e s e n t s a s u r f a c e which i s on ly 

s l i g h t l y l e s s hydrophobic than the sur face o f m o d i f i c a t i o n 1. 

The 48% r e d u c t i o n i n water s o r p t i o n at P / p 0 ~ 0*5 m o d i f -

i c a t i o n 4 compared with i t s parent, s a l t i s i d e n t i c a l with 

the s i m i l a r r e d u c t i o n f o r m o d i f i c a t i o n s 42 and 43^ These 

were a l s o m a t e r i a l s m o d i f i e d by diphenyl diazomethane. 

A model wh ich i s c o n s i s t e n t w i t h t he s u r f a c e c h e m i s t r y 

and geometry o f a p a t i t e and w i t h t he s o r p t i o n and a n a l y s i s 

r e s u l t s p r e s e n t e d i n t h i s c h a p t e r i s sugges ted f o r t h e d i a z o 
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r e a c t i o n : 

ftx ^ 
$ \ e I 

O x- O — H O 3 - / 0 0 , - 0 H o v- O 

o o o o o o o o 

» C — H 
©^ 1 / / 

° \ V ° V /
0

 ° W V ^
5 

/ \ / V 
o o o o o . o o o 

This mechanism i s c o n s i s t e n t with the nature o f a l i p h a t i c 

d iazo compound r e a c t i o n s , as d e s c r i b e d in chapter two. 
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CHAPTER 7 

CONCLUSIONS 

More than f o r t y samples o f a p a t i t e s have been t r e a t e d 

with e t h e r e a l s o l u t i o n s o f a l i p h a t i c d iazo compounds, and 

n i t r o g e n s o r p t i o n measurements have shown that t h i s treatment 

did n o t - s i g n i f i c a n t l y a l t e r the s p e c i f i c ' sur face o f these 

s a l t s . Modi f i ed samples were found, i n almost every c a s e , 

and at a l l r e l a t i v e p r e s s u r e s , t o sorb l e s s water per un i t 

sorbent s u r f a c e area (determined from n i t rogen a d s o r p t i o n ) 

than the parent a p a t i t e s . 

The a d s o r p t i o n branches o f some water s o r p t i o n isotherms 

were p l o t t e d with / x as o r d i n a t e , where x r e f e r s t o . t h e 
m 

amount o f water sorbed by each sorbent and x r e f e r s t o the 

water s o r p t i o n monolayer c a p a c i t y o f the "parent a p a t i t e , and 

P^pQ as a b s c i s s a . This p r e s e n t a t i o n showed the c o n s i d e r a b l e 

r e d u c t i o n i n the amount o f water adsorbed, at any r e l a t i v e 

p r e s s u r e , which was e f f e c t e d by m o d i f i c a t i o n . " " The same 

i so thermal measurements were a l s o p l o t t e d with x and x^ 

r e f e r r i n g to the amount o f water sorbed and the water s o r p t i o n 

monolayer c a p a c i t y , r e s p e c t i v e l y , o f each s o r b e n t . Here 

the f r a c t i o n a l monolayer c overage at each r e l a t i v e pressure i s 

l i t t l e changed, a r e s u l t which suggests that part o f the 

s u r f a c e o f the modified" a p a t i t e i s u n a f f e c t e d by m o d i f i c a t i o n 

and has a s i m i l a r water s o r p t i o n character t o that o f the 
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parent m a t e r i a l . I f t h i s i s the case , then i t i s impl ied 

that the remainder o f the s u r f a c e i s hydrophobic , and has 

no e f f e c t on the a d s o r p t i o n branch o f the water i sotherm. 

Although i t was noted that those sorbents which had been 

t rea ted with long a l i p h a t i c group d iazo -n -a lkanes were l e s s 

h y d r o p h i l i c than those t r e a t e d with other d iazo compounds, 

no attempt has been made t o compare q u a n t i t a t i v e l y the 

s u r f a c e c o n c e n t r a t i o n s o f o rganic groups with changes in 

the h y d r o p h i l i c c h a r a c t e r o f s o r b e n t s . 

I t was shown that the d iazo r e a c t i o n occurs only on 

a p a t i t e s c on ta in ing s u r f a c e a c i d phosphate groups, and 

m o d i f i c a t i o n i s thought t o o c cur by the a l k y l a t i o n o f these 

i o n s : . 

R ^ C N G H - HOPO^ » R-JR^HOPO^ -F NG. 

Calcium d e f i c i e n t a p a t i t e s have been examined and i t 

was found that t h e i r c o m p o s i t i o n s were accord ing to the 

formulae: 

No c o n c l u s i o n s were drawn regard ing the content o f l a t t i c e 

water molecules in those s a l t s . 

I t i s thought probable that the h o n - s t o i c h i o m e t r i c 

2- 2 -

where O ^ x ^ l 

and 
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a p a t i t e s p r epa red l a t e r i n t h i s work wore o f s i m i l a r s t r u c t u r e 

t o h y d r o x y a p a t i t e . Charge imba l a n ce caused by t h e m i s s i n g 

c a l c i u m i o n s i s compensa ted f o r by i n c l u s i o n o f p r o t o n s i n 

t h e l a t t i c e . These p r o t o n s may form hydrogen phospha te i o n s 

o r form wa te r m o l e c u l e s w i t h h y d r o x y l i o n s . The u n i t c e l l 

p a r ame te r s were found t o be dependent on t h e c a l c i u m c o n t e n t 

o f each a p a t i t e . 

I d e n t i f i c a t i o n o f i n f r a - r e d a b s o r p t i o n b and s , charac-

t e r i s t i c o f t h e c a l c i u m d e f i c i e n t a p a t i t e s , was d i f f i c u l t ' 

b u t bands i n t h e r e g i o n o f t h e o r t h opho spha t e mode a r e 

m o d i f i e d i n shape by c e r t a i n " s h o u l d e r s " wh ich may be due t o 

hydrogen phospha t e modes. No i n f o r m a t i o n on t h e n a t u r e o f 

t h e b i n d i n g o f a l k y l g r oups t o a p a t i t e c o u l d be o b t a i n e d 

from i n f r a - r e d s p e c t r o s c o p y . 
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