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A3STRACT

Stoichiometric and calcium deficient apatites have
been treated with ethereal solutions of alirnhatic diazo
compounds in attempts to bring about chemical reactions

with the surfaces of these salts.

Isotherms of nitrogen and water have shown that the
diazo reaction ferms a stable chemisorbed monolayer on the
apatite and these modified salts are less hydrophilic than

their wnarent apatites.

The nature of the diazo réaction at the surface of
apatites has been elucidated by an analysis of results
obtained from sorption studies, chemical analysis, infra-red
spectroscopy and X—ray; powder diffraction photography.

A mechanism for this reaction, consistent with the surface
chemistry and geometry of apatites and with the chemistry

A .

of aliphatic diazo compounds, is presented,
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CHAPTER I

INTRODUCTION

Various attempts have been made to find adhesives
whidh will bond permanently to béth dentine and enamell‘5,
since restoratives in current use are limited by their
lack of adhesion, in vivo, to the tooth structure.
Although the problems associated with cementation are
complex, they are most probably centred around the fact
that the bond with the tooth structure has to survive

in continuous contact with water.

Much attention has been paid to the properties of
the component tissues of teeth. (The approgimate'
compositions’of.samples of enamel, dentine, ceméntum
and bone are given in Table 1.) Enamel is veryrlargely
inorganic in its composition. It forms the hard, non-
vital covering of teeth over the softer, viﬁal dentine,
with bone, the third hard, calcified tissue of the body,
differihg.from enamel and dentine in acting as a store
of calcium and phosphorus. The inorganic component of
the skeletai tissues is an aﬁatité whose x-ray diffraction
pattern differs little from the mineral hydroxyapatite.
Enamel contains rod;shaped apatite crystals, elongated

in the direction of the c-axis and having dimensions of



Table 1

Chemical composition of enamel, dentine, cementum and

bone6.

Enamel Dentine Cementum

Compact Bone

Water 2.3% 13, 2% 32%
Organic matter 1.7% 17.5% 22%
Ash , 96.0% 69.3% 46%
In 100g of ash
Calcium 36.1g 35.08 35.58
Phosphorus 17.3 | 17.1 17.1
Carbon dioxide . 3,07 L.0 Gl
Magnesium 0.5 1.2 . | 0.9
Sodium 0.2 0.2 1.
Potassium 0.3 0.07 0.1
Chlorine 0.5 ' 0.05 o
Fluorine 0.016 0.017- 0.015
Sulphur : 0.1 0.2 0.6
Copper 4 . O;Ois | ,
Silicon - - 0.003 . 0.04
Iron - 0.0025 0.09
Zine S 0.016  0.018 |
Lead : ’ 0.037 0.037 : 6;02

Together with traces of: ,
Ce, La, Pr, Ne, Ag, Sr, Ba, Cr, Sn, Mn, Ti, Ni, V, Al,
B, Cu, Li, Se. ‘ ’




[o) .
the order of 2000 x 500 A. The crystals in dentine

and bone are similarly eloﬁgated but their size is
reduced to about 500 x 100 2. An organic matrix of
the protein collagen surrounds_;he inorganic component
of bhone ahd dentine, but litfle is known of the organic
portion of enamel. Apatite and organic protein
fractions are the only crystalline phases ever observed

in healthy bone, dentine and enamel, and bonding to

tooth material may involve either or both of these.

The name 'apatite', coined by Werner in 1790 from
the Greek 'to deceive'7, remains an accurate description
of the salt. The elucidation of the crystal chemistry.
of biological apatites is still a major broblema’g.
Until recently, the position of carbon dioxide in the:
biological apatites was a subject of much specuiation.
From a revieﬁ of the literature on 'the mineral phase of

9

bone” it was congluded that; although car@gnate or
possibly bicarbonate ions‘are located on the surface of
apatite crystals and carbon diokide may be located else-
-where,.it could ﬁot be present as a separate cafbonate
phase. Later considerations of the location of carbon
dioxide have placed it-in the form of carbonate ions

' s . . 10
bonded to surface calcium or magnesium ions™, and

replacing orthophosphate ions;l. An infra-red and



x-ray crystallosgraphic study12 has recently revealed

that carbonate ions in dental enamel are in two differcnt
énvironments. One locatidn is very probably the
substitution position of certain hydroxyl ions.;nd
éccounts for a small fraction of the carbonate ions, the

remainder are apparently adsorbed onto the surface of

the apatite crystals.

The vroblem of the carbonate-containing apatites
is associated with the structure of non—stoichiomepric
homologues for in the basic region of fhe CaO-P205—H20
system, crystalline phases may be>precipitated which
yield X-ray diffraction patterns typical of hydroxy-
apatite whilst deviating considérably from the 5omposition
of ;his salt, Non-stolichiometric apatites have been
reported with compositions over a range of Ca/P molar
ratios from 4/3 to 5/313. It was thought that pﬁosphatex
"ions adsorbed onto the surface of apatites_accounted for

14,15

low calcium contents , but synthetic apatites have
been prepared with surface areaé:far too small for their
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)

18

and octacalcium phosphate in the precipitated solids™*.

11,

16,17
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There are two models which represent current opinion
as to the structure of non-stoichiometric anatites.
One i1s based on epitaxial intergrowths of hydroxyapatite

19

and:octacalcium phosphate, and. the other describes

a continuous series of compositions with defects in the

20-25

apatite lattice Both will be examined further

in Chspter II.

Adhesion of restoratives to the tooth structuré
may be considerably influenced by the high proportion
of apatite, an energetic water adsbrbent26. An
adhesive posessing a greater affinity than water for
this salt is therefore necessary. A search for molecules
which m}ght react with the apatite surface to give.stable,
chemisorbed films is needed, the aim being to reduce
permanently the hydrophilic nature of the apatite and
yield a surface whiéh would adhere to various polymeric
materials. The systematic approach to thé problém of
finding molecules wﬁich would not be displaced by water
includes an invéstigation of thé suitability of certain
surface-active agents to cause preferential wetfiné Qf
vowdered tooth ﬁissues by the ofgaﬁic pﬂase of é water/
n-butanol systemh.‘ These nbrmally hydrophilic péwders

hecame organophilic when the surface-active agent had an

adequate hydrocarbon portion and when its polar group



had the ahility to commete successfully with water for

the powder surfaces.

Calcium ions on the apatite surface form rather
weak chelafe linkages with suitable polar groupsa7.
Surface active compounds containiné groups theoretically
capable of forming an amphoteric five-atom chelate ring
with apatitic calcium ions are effective in cémpeting
with water for the surfaceA. The uptake of tetra-
cycline by mineralised bone is probably due to the
formation of ﬁ-diketone to calcium linksag.  Proteins
and other amino acids may be chromatographically separated

by hydroxyapatite, an effect which is probably attributable

to amino acid-calcium complexation.

A surface-active compound which is able to co-ordinate

with apatitic surface calcium . ions and to react or

copolymerise with the monome® of a restorative pclymer
would form a useful intermediate between the two phases.

Recent investigations of these 'surface-active comonomers!

29,30

have led to certain fairly successful treatments

The addition-reaction product of N-phenylglycine and
glycidyl methacrylate provides an example of this typefof’

compound. A 5% solution of the comonomer,

0 Ph OH 0 Me
O] ] ' [T |

HO-C-CH,~N-CH,~CH-CH,-0-C -C = CH, , 'in ethanol

2 2
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was applied to dentine prior to the application of
methacrylate resin and significantly improved subsequent

29

adhesion of the restorative .

- Tooth surfaces pretreated with dilute mineral . .
acids havé bonded well with écrylig restorative materialsBo—sg.
Dentine treated with either dilute acid or base adheres
well to methacrylate restoratives, especially if a surface
active comonoﬁer was also applied after rinsing and drying
the dentineso. - Clinical trials of enamel surfaces
restored with a filled methyl-z-cyanéacrylate have shown;o
that pretreatment of the tooth with a phosphoric acid
conditioning agent aided adhesion, but further restorative
was needed after only eight months. Adhesion to dentine
under oral conditions has not been achieved’by this method.
Contact angle measurements on human tooth sufféces have
shown.that, before acid treatment, .these surfaces are ’
hydrophobic, yet water and epoxy resins gave zero contact
angles, indicating hydrophilicity, after g;eatment with
phosphoric acid35. This result suggests that enamel
is not extensively exposed on the tooth surface;but'may
‘be covered with a thin film of organic material., | Acids
other than phosphorié have similar effects on the tooth

surface. Adhesion of acrylic restoratives to enamel 1is

improved by the application of dilute hydrochloric acid
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3h

to the tooth surface” 7,

Attention has heen paid recently to restorative
systems containing homopolymers and copolymers of methyl
methacrylatesh. There aré‘many advantazes of using
fast-setting acrylic adhesives for bonding plastic
attachments to human tooth surfaces. Setting times may
be varied over a wide range; desirable properties can
be built into the acrylib systems by the incorvnoration
of suitable comonomers into polymer and monomer-polymer
mixtures; écrylic systems are easy to mix and apply and
can be prepared as to have reasdnably long shelf-lives;
the acrylic adhesives are a familiar clinical system; and
most polymers based on methyl methacrylate show very low
oral toxicity. Polymerisation of methyl methacrylate
monomer. may be initiated by a very low concentration
of.benzoyl peroxide, and W, N-dimethylaniline may bé
uéed td accelerate the reaction. Setting times may
accordingly be adjusted by variation of benzoyl peroxide
and N, N-dimethylaniline concentra£ioné. Polymér or
copolymer ﬁay he édded-to monomer to minimise shrinkage,
which for a typical:acrylié monomer - on polymerisation ié'
about 207. Variztions in the amount of additive effect-
i&ely control the degree of shrinkage, which should

ideally he avoided &ltogether to increase the strength of

adhesive joints, The optimum molecular weight for polymen
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additives is about 20,000 : a 40% vnolymer solution in
methyl methacrylate monomer gave an adhesive of acceptable
viscosity and 12.4% shrinkage during s;et;ting.BL+ Adhesives
with poor physical praperties generally resulted from use

of lower molecular weight additives.

Quartz fillers of acrylic adhesive systems have been
investigated as a potentiallmeans of reducing shrinkage
during polymerisatiOn; An improvément in the bond
strength was noted with the addition of powdered quartsz
to acrylic monomersu, but no significant improvemeﬁt in
the bond strength was found if a methacrylate substituted,
silane coupling agent was used in quarfz—filled acrylic
polymers. Coupling agent without added quartz'acfually

decreased the joint-strength substantially.

Water has been found to havé a deleterious effect
on bond strengths in acrylic restorative systemslwith the
" breakdown in strength proportional to the_logarithm of
the time of immersion after peak strength has been attainequ.
Although a copolymer of 80% methyl methacrylate with
methacrylic acid has reasonably good bond streﬁgth with
the tooth surface after a‘period'of'immersign of one year -
at 3700, continued immersion ﬁould doubtless result in the

eventual breakdown ‘of the bond.

Siliconising treatmeﬂts are known to produce profound'
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changes in the hydropnhilic character of tne various
silicas. Methan0137, trimethyl chlorosilane38 and
diaZOmcthane39 form hydrophobic monolayers of chemi—.
sorbed groups on hydroxylated silicas, resulting from
the f{ollowing reactionslat the silica surface:

?;si - OH+4 CH,OH ~» ESiOCHB-E-H 0

3 2

Ssi-oH+ ClSilie; —» 3510SjMe; & HC1

Si - OH 4+ CH Ny, o '.;SiOCH34- N,

W

272
Trimethyl silyl groups provide a surface on silica

which is both durable in contact with liquid waterho

and thermally stableql. A substantial reduction in
the hydrophilic character of aerosil silicas, after prior

treatment with hexamethyl disilazane, has also been

notedha.

Reactlons between zinc oxide and some n-alkyl th101843
between chromia and methanol and ethanoluu, and between
145

alumina and &thano all yield monolayers of chemisorbed

organic groups.

The grafting of long alkyl-chains to apatite surfaces
mighé promote adhesion to polymers since the chains could
become enténgled with the polymer; This suggests that
the surface of teeth or synthetic apatites may react
to yield hydrophobic monolayers if suitable reagents could

be found. A carious tooth might then be restored in such
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a way that good adhesilon ﬁould result betweén it and a
polymer of suitablé physical properties, Polymer-
surface modified apatite composites might also be prepared
with good cohesion by the preparation of restorative
naterials with reduced thermal expansion and improved
bulk strength. The filler would also reduce shrinkage

during curing.

Dry samples of synthetic avatite powder have been
treated with silane derivatives such aslMe231012, |
M?BSicl, 018H37SiCl3 and (MeESi}éNH, either dissolved in
solvents or as the pure reagents, in open and sealed
vessels and at temperatures rangipg from 20°C to 2000042.
These treatments altered the subsequently measured adsorption
isothefms of water, but the changes were not‘permanent and
progreséive sorption runs gave isotherms which tended to
return towards the curve for pure apatite. When two
~evacuated grévimetric sorption'units were interconnected,
material distilled from‘a modified;apatitemin one unit to
a pure apatite in the seqond.v _This could be followed by

the approach of the initially different water sorption

isotherms to a mean curve.

Treatment of apatite with liquid trimethyl chloro-
silane at 60°¢C yielded a hygroscopic product, found to

be a mixture of calcium chioride and dicalcium phosphate



dihydrate by X-ray examination, and although no hydroxy-

apatite was found in the product, an examination by

mass spectrometry indicated the presence of the silyl

ether, (MeBSi) 0, in a trimethyl chlorosilane solutionha.

Hydroxyapatite may have decomposed according to fhe
equation:

CaS(P04)3OH 4—4H20 4-lOMeBSiCl a4 5(M638i)204r

5CaCly 4 3HgPO, .

Some calcium chloride may then have reacted with phosphoric

acid and water to produce the calcium phosphate found
present. The removal, by evécuation, of water from
apatite prevented the occurrence of bulk decoﬁposition,
nevertheless no stable.éhemisorbed alkyl silane layers
were formed and the materials modifying the surface were
considered to be silyl ethers:

Ca( PO, ) 5OH +-2Me Cl + (Me

Sicli -%>Ca5(PO Si)20-+-HCl.

3 3 3
The formation of silyl ether liberates a little hydro-
chlofic acid.which may further attack fhe'épatite
surface. Silyl etheré are volatile liquids so that lack
of permanence of the surface fiims and the previously

noted easy transport in vacuo from sample to sample is

readily understood.

The lack of success in achieving stable surface
groups by the treatment of apatites with silane deriv-

atives‘points to the difficulty of forming an Si-0-P



bond. It is noteworthy in this connection that hydro-
thermal reactions involving alkaline magmas with phosphéte,
aluminium hydroxide and colloidal silica® yielded
aluminophosphates and aluminosilicates but never any

silicovhosphates containing such a bond.

Silica, alumina and hydroxyapatite have been treated
with ethereal solutions of diazomethaneha. These
normally hydrophilic sofpents were all rendered substan-
tially less hydrophilic and the surfaces were stable to
outgassing at 100°C and to repeated water sorptidﬁ
mea;urements. .The reaction of diazomethane, and other

aliphatic diazocompounds, with the surface of various

synthetic apatites has accordingly been made the subject

of ﬁhis work.
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CHAPTER 2

MATERTALS AND LITERATURE SURVEY

2.1 The Apatites

2.1;1 Hydroxyanatite and related salts.

The apatite series, an important phosphate group
crystallising in the hexagonal system and insoluble in
water, is the chief mineral source of phosphorus in the

chemical and fertiliser industries.

Stoichiometric avatites may be represented by the
formula MlOXZ(R04)6 where all cation sites (M) may be
occupied by divaient ions of lead, strontium, zinc or
cadmium as well as of the more usual calcium. Provided
electrical neutrality is maintained, some cation sites may
contain other species such as sodium, potassium, manganese,
ﬁagnesium, iron, alumiﬁium, vater agd cerium. Anions of
fluorine, hydroxide, chloriné and carbonate occupy sites
(X), and phosphate, arsenate, vaﬁadate and silicate can
fill sites Roq; although the diqglent ions.of carbonate
and sulphate nay be found ét this normally trivalent site.

Naturally occurring apatites are divided into:fwo
main groups,‘with'Only small amounté of exceptional

materials: apatite is reserved as the name for calcium

containing salts such as hydroxyapatite, f{luorapatite,
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francolite and dahlite while the pyromorphite series
contains lead as the dominant cation and includes pyro-
morphite, mimelite and vanadite, The calcium series

contains fluorine and hydroxyl 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

12

series will first be made.

Fluorapatite, CglO(PO4)F2, occurs in igneous rocks
as small prismatic crystals of hexagonal section, fine
examples occurring at Durango, New Mexico., Chloride ions
often replace some of the.fluoride ions to give sligﬁtly
variablé refractive indices. Hydroxyapatite, CalO(P04)6(OH)2
occurs as a rare mineral at Hospenthal, Switzerland47, and
Ain the hydrothermal deposits at Holly ‘Springs, Geérgia,
U.5.4,48 o o

Francolite, a crystalline fluorapatite-like mineral

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

a thin, colourless, confusedly crystalline crust on a-

. . L
fibrous quartz mass at Wheal Franco, Tavistock, Devon*9;

while specimens of francolite occurring in sedimentary



ironstone from the Yorkshire coalfields have heen descrided
which were up to one millimetre diameter, hexagonal plates,
consisting of the basal plane and a low pyramid, twined

50

in six triangular seqtors. It can also come from

soﬁrces such as hydrothermal ofe deposits, marine phoéphates,
or freshwater sediments, At Bamle, Worway, dahlite, a
carbonate-containing, fluorine-freec apatite mineral has
been‘found5l, occurring as a pale yellow crust on apatite.
Some well formed hexagonal crystals of about 2mm in diameter
and containing no fluorine have been found in Podolia, .
RussiaEa, and have been assumed to be_dahlitess. It has

been suggested that francolite is merély dahlite in which

the fluorine content exceeds 1%54.

2.1.2 The crystal structure of hydroxyapatite.

The. space group of fluorapétite, P63/m, vas determiﬁed
from X-ray diffraction photographs in\l92355, two .
éuthors, independently, confirmed this space#group and
sugzested structures of the materia156-58. The position'
of the fluoriﬁe atom in the’crjst;i iattice was the oniy
difference in the suggeéted structures and although a
choice betﬁeen the two pdssibilities is difficult to make,

59,60

later authors

56

have accepted and improved upon the
Naray-Szabo”~ analysis, with fluorine at 004, 00Z.

Mchme157’b8, in suggesting that the fluorine positions



2L,

were 00G, 00%, propnosed a structure similar to the one

now accepted59 for the chlorine positions in chlorapatite.

Anions X occur on the rotation axis through calcium
triangles and the anions are not essential for the
determination of the main stfucture. Although these
interstices are usually filied in some regular way by
various ions, as suggeéted above, such filling is not
4)2s10461

and BalO(Poq)EBOL*62 have apatite-like structures in which

always necessary (it has been reported that Pbs(PO

these channels are, ostensibly, empty.) Because 6f the.
largenéss of these channels and the fact fhat they are
supportéd by the rest of the structure, one is led to
expect that they may provide easyvdiffusion paths.- It

is known that F replaces OH in fossil bone and, more-
significantly, it has been shown63 that avsingle crystal
of synthetic chlorapatite may be changed, by a diffusion
process at 120000, into a single cryétal-qf hydroxyapatite,
the resulting crystal containing only 6 per cent of its

original, chlorine,

A more recent study -of the fluorapatite stfuctureGo

o] o]
gives hexagonal lattice constants of a=9.37 A, ¢c=6.88 A4,
with the latﬁice containing two different kinds o£ calcium

ions and three different kinds of oxygen. Situated along.

each of the three-fold axes; half the height of a unit
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cell apart, 1is a column of calcium ions. Adjacent
calciums, in each column, are bonded by means of three'
shared oxygens which lie in a horizontal plane of symmetry
(see figure 2.l1la), in addition to which each of these
calcium ions is bonded, at greater distance, to three
other oxygen atoms which lie in a plane almost at the same
height. This arrangement of calcium and oxygen ions
forms a cﬁﬁtinuous vertical column with each calcium
co-ordinated with nine oxygen atoms. That there is not
an identical repeat of the oxygen arrangeﬁent aroﬁnd
successive calcium ions, but rather for alternate calciums,
is because each set of three shared-oxygens is rotated
about the‘chain axis. Furthermore, the sets of oxygen
atoms linked to only one calcium ion, althouzh accurately
coincident when viewed down the c-axis, are alternately
raised and lowéred in a direction parallel to the c-axis
s0 that some of the oxygen atoms are closer than others.
..This apprbach enables each close pair to béﬁome oxygen
atoms of the sanme phosphate ion,:a third oxygen of this
ion is one of tHose shared by two calcium ions in a column.
The fourth oxygen of thevphosphéte ion projects outwards
from the column; this and like oxygens link adjacent
calcium-oxygen columns together (see figure 2.1b) and‘
COnstitute'shéred oxygens of the adjacent column.

Weighbouring columns are related to each other by a
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two-fold screw axis placed midway between them, and the
columns, linked in the manner described above, result in
a hexagonal honeycomﬁ with channels extending throughout
the structure, The walls of these channels are lined
ﬁith oxygen atoms, the arrangement being such that there
are, in the wall of each channel, six cavities per unit
celi lenéth. Additional calcium ions are fitted into
these cavities, one calcium going about halfway into each.
The addition of a fluorine atom at (OOF) and (002) (which
are the centres of each triangular array of the 'davity'
calciums) completes the fluorapatite lattice (see figure

2.2).

The space group'and unit cell dimensions, obtained
from X-ray data, of a mineral sample of hydroxyapatie
mined in Holly Springé, Georgia, U.S.A., have been

64
found~ ' to be P63/m

" structure is indicated in figure 2.3,

o) o
and a=9.4324, c =6.8818. The overall

65

Neutron diffraction data have been used more recently
to determine the position of the hydrogen atom of the
hydroxyl group, the oxygen atom of the group is located

: o]

about O.3A (on‘the average)»above or below the trianglé of

.' Tﬁe

Flw

calcium ions on the mirror planes at z=%, z=

geometry is approximately similar to that found in calcium
0
hydroxide, but each side of this triangle is 4.09A in
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0
length as coupared with 3,59A in the hydroxide. A
o)

distance of 2.38A for the Ca-0, distnace in hydroxy-

H
apatite is comparable with the distance of 2.372 in calciﬁm
hydroxide, and this may be explained by a simple study of
the geometry of this environment. The hydroxyapatite |
hydroxyl group could drop closer to the calcium plane by
an expansion of the calcium triangle, the Ca-0 distance

is maintained the same as for the smaller calcium triangle

of the hydroxide.

Motion of the hydroxyl ion in hydroxyapatite, in the

¢ direction, would be almost perpendicular to the Ca-—OH

direction and therefore such motion may become relatively

large without appreciably changing the Ca-0 lenwth

H
This has been born out by neutron diffraction studies

which also indicated that, perpendicular to the ¢ direction,

thermal motion of the OH is_relatively small while motion

of the H is quite large. Such large vibrational motion

of the hydrogen about the centre of mass of the hydroxyl.

group is consistent with fhe'generally open nature of
the structure in this neighbourhood.
The displacement of the hydroxyl oxygen'atoms from

0
the mirror planes 7 =% , = leaves a distance of 0.74A

between half oxygens, 1mply1ng a configuration in which

only one of the two possible positions is filled. Neutron



diffraction data has shown that the hydroxyl groups do

not straddle the mirror plane, thus two models for the
hydroxyl group position are indicated. In the 'disordered
column' model the orientation of hjdroxyl groups is reverssd
‘at various places within a column, whereas in the 'ordered

- column' model all the groups in a given column are oriented
in the same way, although the choice of orientation is
random (see figure 2.4). Some special structural
circumstances may occur at such places where the direction
of the O-H group is reversed in the 'disordered column'

model.

Several possibilities have been suggested as causes

65,66

for reversals in hydroxyl ion direction , since present

data are inadequate for the determinétion ofastructural
detail as fine as a reversal mechanism, for this need
operaté only in a relativeiy small number of ﬁnit'cells.

If hydroxyl groups were to extend towards each other from

" the mirror planes z =%, %, the hydrogen atggs would be

very close. In the case of pﬁre synthetic hydroxyapatite
it seemé either that vacancies must exist at these reversal -
points to prevent close approach of hydroxyl groups or that
,£he ordered cglumn model should apply, but it may be .
possible for an occasional 0-H to be placed across the

mirror plane or for an occasional hydroxyl pair to be

pointing generélly tovard each other from adjacent mirror
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nlanes while individual ions make a suhstantial angle

66

with the ¢ axis™".

Some f£luorine ﬁas always been found in mineral
hydroxyapatite. An atom of fluorine at the centre of
a calcium triangle might have some attraction for the
hydrogen of neighbouring hydroxyl groups, aﬁd such an
imourity might even be expected to prodﬁce disorder within
the column, At the least such an impurity would accom-
modate disorder. | Present structure determinations of the
fluorine in fluorapatite place it at z=%, #, or at the
- centre of the calcium triangle556. A polar moment with
fluorine is not made up by the triangle as with a hydroxyl

group, or a chlorine in chlorapatite, and the lack of

such a moment méy contribute to the greater chemical

33.

stability of fluorapatite; for example its lower solubility

and greater resistance to dissolution'in acids. Recent
in-vivo bone apatite growth-rate investigations have demon-

67,68

étrated that fluoride-containing bone apatite grows
more rapidly and to larger crystaIiite size tﬁan-fhe
fluoride-free specimens, an effect which.may be interpreted
as being due to the stability difference between prdéred-
and disordered column models for hydroxyapatite. Several

authors have suggested that the réduction in the rate of

dissolution of dental enamelvwhen small amounts of .fluoride



are present may be caused by fluorine hindering the
transport of hydroxyl ions along the 63-axis66.

MR experiments on a mineral sample of hydroxyapatite
from Holly Springs have been useful in the elucidation
of the crystallography of linear chains of hydroxyl ions

66

in apatites The sample contained about one fluorine
atom for every eleven hydroxyl ions. Récordiﬁgs of the
fluorine resonance line for HO parallel to the c-axis’
were considered to consist.of the superposition of a
triplet and a doublet. The configuration H-F-H gives
rise to the triplet while the H-F-vacancy configuration
produces the doublet. These results showed that the

H to F distance in the H-F-vacancy configuration is
2.12 % 0.03 Z while the H to F distance in the H-F-H
configuration is 2 18-t 0.02 Z and compare most favourably
with the H-F‘distance calculated from neutron diffrgction
data, if.it is assumed that the fluorine atom has the

same posiition in hydroxyapatite_és it has in fluorapatite,
this distance is 2.13 X (see figure 2.4). O-H-F hydrogen
bonding is possibly thelcauée of the lower result for

‘the H-F disfance in the H-F-vacancy configuration, it
being conceivable that such hydrogen bonding could account

for the reduced mobility of hydroxyl groups.adjacent to

fluorine atoms. The ex1stence of weak hydrogen bonds



may account for the additional infra-red adsorption

69

band®~”, near 3540 cm—l, of mineral hydroxyapatite which

70

according to recent measurements'”™, is split into two
separate peaks. The disordered column model for
hydroxyapatite suggests that the hydroxyl ions are not
in their lowest possible energy state, this particular
contrihution to the free energy of the crystal would be
reduced if an ion were substituted into an ordered
position., Preferential replacement of OH by F at ordinary
temperatures may be partly due to fluorine substitution
into ordered positions, but the large difference in the
_heats of formation of fluorapatite'and hydroxyapatite
makes it clear that statistical disorder cannot be the
major source of energy diffe;ence. |

The large rocking motion of the hydrogenh atom perpen-

66

dicular to the c-axis’® sugzests that the atom may be

. brought closer in turn to an oxygen étom on each of the

three surrounding phosphate groups. If this was the case
then a bifurcated type of hydrogen bonding would occur,

which would result in a low frequency deviation of.the

band due to the hydroxyl ion stretching frequency.?l

The observed value of 3566 em™ L 72

for this mode is in
fact slightly lower than the value predicted for a linear

O-H....OPO3 arrangement7l,'name1y 3578; and is substantially



lower than the values for this frequency in systems where .

no H-bonding occurs (water vapour, 5755cm-1 73; Ca(OH)?,

36447"; ug(OH) ,, 3698cm™ 77; and LioH, 3673cm™ 76y
The case for hydrogen bonding is substantially supported
if the observed band at 633cm;1 72 is aszigned to a

librational mode of the hydroxyl ion. This band is

7 78

considerably higher than that in magnesium’’, calcium
and 1ithiﬁm79.hydroxides for the same motion, namely
3800m—1. This result suggests that hydrogen bdnding to

three phosphate groups in turn makes a large contribution

to the librational force constant.

2.1.3 Crystal structure of non-stoichiometric apatites,

Octacalcium phosphate, also known as tetracalcium
hydrogen triphosphate, occurs in some calcium phosphate

systems which are more basic than dicaclium phosphate

and although its existence as a distinct crystalline phase

10, 84

has been questioned

35

, it has now been.established by

86

'single crystal and powder-diffraction X-ray studies.
- X-ray, optical and chenical prpaertieS‘have indicated

that actacalcium phosphate is structurally related to

hydroxyapatite although the two salts are not isostructural. .

W

80-83
)

It has been éhown that octacalcium phosphate is composed of

a@atitic layers that are parallel to the bc plane and

o
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scvarated by hydrated layers The structural analysis
of the sa1t87 was based upon the follow1ng unlt cell
constants: a=19. 87A b= 9. 65A c=6. 87A o(-89 l? :

p =92°13'; and Y;108°57 . The centrosymmetric space

group Pi wvhich was assumed in this analysis was verified
by the success of the structural determination. Constant
numbers of waters of hydration were not yielded by the
compositional analysis : water eanters and leaves the

octacalcium vhosphate lattice with some ease. The unit

cell was, however, assumed to be 2[ba8H2(P04)6'5HZd]‘

Figure 2.5 illustrates the structure of octacalcium
phosphate, projected down the c-axis. Apatitic phosphorus
sites are at the corners of the larger hexagon: wﬁile
calcium sites are éhown by the corners of the smaller
hexagon; only four of the sitss on each hexagon are filled
in this structure, the sites of the missing atoms being
: shown'connécted by the broken lines. One of the missing
calcium ions seems to havevbeen replaced by a water moledule
O(hl). One pair, Ca(l) and Ca(2), of the two pairs of |
apatitié column calciums, is in virtually the same position
.in octacalcium phosphate, ﬁith the correspbnding apatitic-
posiiions one above and one in the position marked by

the asterisk. The second pair of calcium ions is split,

one, Ca(3), is quite near its apatitic site but the other, .
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ca(l), is displaced by about 1.5A parallel to the b-axis.

The structure of octacalcium phosphate is close to the

64

structure of hydroxyavatite for small values of x,
and the region defined approximately by 1»x»-+ is referred
to as the 'apatite layer! whilg'the portion defined by
ﬁ}x}% is called the 'water layer'. Tying these layeré
together is the phosphate ion P(13), with the remaining
phosphate P(1l4) lying in the regibn which in hydroxyapatite
is occupied by two 'hexagonal' calciunms. One of thé
oxygen atoms 0(35) of P(14) lies in the centre of the
hexagon, occupying the site of an apatitic hydroxyl ion.
(A water molecule, 0(42), occupies the other hydroxyl site.)
Base in losing water from octacalcium phosphate and the
difficulty of establishing a definite degreé of hydration
are expnlained by the channel of the 'water layer'. The
formula E[QaBHZ(P04)6'5HZOj assumes the water site 9(43)
is completely filled in the ideal compound. This Sité
was found to be incom?letely occupied iﬁ fﬁe crysﬁal on
wﬁich the X-ray iﬁtensity measupements were made, but there
is sufficient room at the site for a water molecule, where.
it would be ;o—ordinated to eight oxygen étoms by
'distances of less than 3.52. There does not appear to

be any space in the unit cell large enough to accommodate

another water molecule.
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The asymmetric octacalcium phosphate unit contains
two non-water protons which may form inter phosphate
hydrogen bonds., One such bond may be indicated by a
distance of only 2.4?2 between oxygen atoms 0(20) and
0(36), the other interphosphate oxygen to oxygen distances
are greater than 2.92 and a second intervhosphate hydrogen
bond cannot be located definitely on the basis of X-ray

work.

Many investigators have reported that precipitated
calcium phosphates which give apatitic X—ray patterns often
have molar ratios of Ca to P less than in hydroxyapatite,.
Several explanations have been put forward to account for
this apparent anomoly. Low Ca to P ratios have been
described by some early workers as being due”to surface

15,38

absorption of phosphate i5%% synthetic apatities of

low calcium content have, however, been prepared with

~surface areas far too low to accommodate the excess phosphate

16,17

required An alternative proposal; ‘that the simul-

taneous presenée of brushite, CaHPO, .2H,O0, monetite;

Bt
CaHPO,, and octacalcium phosphate, 2[Ca8H2(P04)6.5HZO], is

the cause of low Ca to P ratios of these salts, has since

18

been put forward,

On the basis of the structure determination of octa-~

87

calcium phosphate~ ', it has been suggested that hydroxy—
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apatite and octacalcium phosphate form cryétalline inter
layered or lamellar mixtures analogous in this respect to
clayslg. This proposal, it is argued, acgounts not only.
for apatitic precivitates with calcium to phosphorus ratios
less than that of hydroxyapafite but also explains

observed chemical and physical properties of these basic
calcium phosphates. The similarities between the
structures of the two stoichiometric salts could allow
epltaxial overgrowths of one compound on to the other to
occur easily. Variations in the composition of fhe liquid
phasé in the immediate vicinity of a growing érystal; as

in dropwise neutralisation, could cause alternate
depdsition of first one chpound and then the other.
Lamellar growth of this kind could result iﬁ multi-layered

crystals.,

Octacalcium phosphate and anhydrous dicalcium
phoéphate are difficult to detect by X-ray powder diffraction
in the presence of an apatitey; and may contribute to
low calcium content in apatitiésmaterials. Cptaaalcium
phosvhate has been found to hydrolyseAproéressiﬁely in
boiling water to hydroxyapétite47.. Prolonged boiling of
an octacalcium phosphate crystal resulted in a crystal

whose X-ray pattern was essentially that of hydroxy-

apatite. Anhydrous dicalcium phosphaﬁe is sometimes
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formed as a sevparate phase in the hydrolysis of octa-

calcium phosphate.

The rapid precipitation and subsequent alterations
of octacalcium phosphate explain some of the complications
in the chemistry of basic calcium ohosphates. Aﬂ
experiment has been described in which dicalcium phosphate
dihydrate was added to distilled water at 850C ﬁith
continuous stirringlg. Within five minutes octacalcium
phosvhate crystals were observed as a separate phase,
these crystals grew for about fifteen minutes untii the
dicalcium salt had nearly disappeared. At about this
time, aggregates of fine acicular crystallites of hydroxy-
apatite appeared. Thét the contiﬁued precipitatibn of
hydroxyapatite was maintained by dissolution of octacalcium
phosphate was indicated by the subsequent rounding of
edges of octacalcium phosphate crystalsf The remaining
octacalcium phoéphate became cohverted to an apatité,
mostly in situ, on cooling and standing overnight.u Fron
this experiment it may be seen that hydroxyapétite was’
apparently produced by two mechahisms:'the direct precip-
itation'produced an acicular habit whereas hydrolysis
formed a platey habit. Repetition of the experiment at
a lower temperature resulted in the formation of anhydrous
dicaicium phosphate at the termination of the precipitation

of octacalcium phosphate. It does in any case seem
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likely that octacalcium phosphate is important as a reaction
intermediate in the precipitation of hydroxyapatite and

may be vresent in calcium deficient apatites.

Other recent theories of the structure of calcium
deficient apatites have been based on the concept of a
contintous éeries of compositions modelled on a defect
apatite lattice, various general formulae being proposed

for such series.  These are collected below:

calO—xHax(P04)6(OH)2 Formula 122
Ca10~XHx(P04)6(OH)2nx . n 521
CalO—x(Hpoa)x(Poq)s-x<OH)a_x~2y ‘ " 323
Cay oy (HPO,) (PO )¢ " (OH), .0 - v 4%
Cag_, (4P0, 03,5, (PO, )5 5 OH.H,0 " 525

where, in the cases of formulae 1, 2 and 3, 0 <x<£2 and
in formula 3, y=1-x, whereas in the cases of formulae

A}

L and 5, Ogx<gl.

It should be‘noted that the layer type structure
could also be accounted for by formulae 2 or 4. In fact,
a further general formula has beeﬂ-suggested to acFommodate
this structure:

~CalO-x(Poq)6(OH)2—xHx'2’5XH20 ’ Formula 619
wnere Og xg2. This formula, it was pointed out, must
not be considered to represent an isomorphous series.

4 structure for a possible lamellar mixture of the two
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salts, hydroxyapatite and octacaicium phosphate, is shoun
in figure 2.6. It was assumed that the compositional
formulae 1, 2 and 3 were uniquely avplicable over the
whole range of observed comrositions. The deficiency

5f caicium ions in the lattice Qould cause charge imbalance,
and this may be seen to bhe compensated for by incerperation
of protons in formula 1, by incorporation of protons and
removal of hydroxyl ions in the formulae 2 and 3, and by
incorporation of mprotons and water molecules and removal
of hydroxyl ions in the formulae 4, 5 and 6.  All of
these formulae assume the inclusion of protons in the
lattice, either in octacalcium nhosphate for the lamellar
model for the calcium deficient apatites or throughout

the lattice for a defect model of the structuré. Acid
phosphates are known to condense in a number of ways, and
work haslbeen done to determine the reaction products on
the gentle ignition of these calcium salts.  Sodium acid
"phosphates condense into polymers, and the dééree of
polymerisation decreases as the starting material is made
more basic89. The dibasic salt forms largely the:dimeric
pyrophosyphate. Calcium acid_phoSphates behave similarly,
and the following reaction begins at about BOOOC and

proceeds rapidly ét_QOOocgo:

ECaHPOM——%'Ca2P297—L HZO'
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The existence of pyrophosphates in samples of ignited
calcium deficient apatites may be confirmed by chemical

separation as manganous perphosphategl. It- was further

91

shown that pyrophosphéte is the predominant condensed

form in ignited calcium deficient apatites.

The rate of formation of pyrophosphate in these
apaﬁitic materials is much slower than that observed for
the condensation from pure, anhydrous dicalciuﬁ prhosphate,
This reaction first occurs at a measurable rate at a
temverature which may not be higher for polymefisétion of
the apatite, but the rate up to 700°C has a much smaller
temperature coefficient91. This low rate and small
temperature coefficient suggest that the rape—confrolling
factor could be solid diffusion or surface migration of

some reactant such as the protons.

Although the effect of ignition upon these salts is
indicative of the presence of acid phosphéte groups, it
does not answer the question of whereithesevmay reside.

Above 800°C reaction between pyrophosphatq and
hydroxyl ions occurs to form orthophosphate ions91:

b - 2p0 3
P203 - 20H ? ZPOq g HZ‘O.

A useful method of verifying the suitability of the

various general formulae has been provided by the polymer-



isation reaction at 600°C. Analysis of samples ignited
at this temperature for theilr pyrovhosphate content, and
comparison of the results with the calcium to phosphorus
ratio of ecach sample may indicate what proportion of the
vhosphate ions are associated with Protonsal,24,25,9l,92.
Figure 2.7 shows the theoretical curves calculated for
each formula, for 2ll the values of the calcium to
phosphorus ratio vetween the two salts hydroxyapatite and
octacalcium phosphate, The figure also shows some of
the experimentally determined values, and these may be
seen to be close to the theoretical curve for formulae

2, 3, 4 and 6 in the region of this ratio above 1.5,

but tend to follow the curve for formula 5 below this
ratio. ’

‘A study of the percentage weight loss between 750

2h yas similarly indicated thé validity of these

and 900°C
géneral formulae, and supports the proposition that formula
S alone describes accurately ﬁhe region of'the calcium to

phosphorus ratio less than 1.5.

Ignition of the calcium deficient apatites may be -

represented by the following equations:

For Ca/P molar ratios between 1.67 and 1.5:

600°¢c

021 0o PO 6 (OM) oy ———3" Cay_ (P507)5(P0,)(O) 5 % 38,0

L7,
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800°¢
Cay gy (P20, (PO (0m 5 2205 cayy  (PO,) IO, o

2

‘*%__XH Oc

2
and for Ca/P molar ratios between 1.5 and 1.33 :

600°¢G
> 029 x(P20p) 1,4 (PO, )5 o, OH

H(L20H0

(PO OH

Ca9_x(HP0

4)lf2x 4)5—2x

80000

Ca9—x(P207)£t§§(P04)5-2x0H —_— Ca9-x(P207)x(P04)6—2x
= 4&&H20 |

The degree of hydration of the calcium deficient
apatites is at the present time not understood, and no
clear observations have been made. Thermogravimetric
analysis in general yields poorly resolved curves and |
these results together with differential thermogravimetric
curves have led to a view that the weight loss occurring
betweeh 200 and 35000 corresponds to the evolution of
93

The data obtained for several samples of

L

calcium deficient apatites, with calcium to phosphorus

lattice water

ratios greater than 1.5, have been in reasonable agreement
with the degree of hydration prgposed in formula L. This
correlation was indicated by a plot'of calculated versus
observed weight loss betweén 200 and 9QO°C. for apatites

93

in this compositional region”~.

Much evidence for the defect hydroxyapatite model

for the calcium deficient galts is based on infra-red

94-96,

data, Infra-red spectra of octacalcium phosphate
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2,25

of various calcium deficient anatites

94,96-98

and of stoich-
iometric hydroxyapatite haveAbeen determined, and
the characteristic bands of each salt compared, In any
such comparison the essential supposition is that, if

any octacalcium phosphate units are present either as a
separate phase or as lamellar structures with hydroxyapatite,

then the absorption bands characteristic of each phosphate

should be observed in spectra from mixed systems.

Infra-red spectra of hydroxyapratite and octacalcium
phosvhate have been discussed in relation to theirﬂcrystal
structure and observed spectra of each salt have been
correlated with theoretically derived site group assignments
of the orthophosphate ion in a crystalline stateHr2I,
Essentially similar crystél field en&ironmen&s acting
upon orthophosphate ions in both hydroxyapatite and octa-
calcium phosphate cause the principal fundamehfal.modes
in both materials to occur‘at nearly identical frequengies.
There are however a ﬁumber of bands which;ﬁit Wés assumed,
may be regarded as specific~andsqharacteristic of the |

95

octacaleium phosphate lattice”’”, each of which serve to
distinguish the spectrum‘of this salt from hydroxyapatite,
-Study of absorption bands characteristic of calcium
d%ficiént apatite samples fevealed éeveral bands whkich are

distinet from those observed for the stoichiometric material

but none of which correspond to the bands characteristic
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2,25

of octacalcium phosvhate This data was interpreted
as being consistent with a view that the calcium deficient
apatites have a crystal lattice similar to hydroxyapatite,
with calcium and hydroxyl ion site defects. Charge
neutrality may be maintained by inclusion of protons which
are probably inveolved in interphosphate hydrogen bonding.
In anticipation of this structure, the extra bands noted

for the calcium deficient material were assigned to

OBPOH modes.,

Differential thermal analysis of octacalcium phosphate
and calcium deficient apatites has, according to onre author,

failed to show the presence of the former salt in the

deficient apatiteszq’ZS.

Simultaneous continuous variations in composition of

both solid and solution phases in the basic region of the

A

CaO-P205~H20 system may be consistent with a solid solution
80 ' ‘

system of the form , -

Calo(POA)6(OH)2‘ﬁ—xH+' = :CalQ_X(HPOA)X(PO4)6_X(OH)2_X.
+ xca®h xon~. )

This suggzestion is doubtful because of the necessity that

hydroxyl sites may be unoccupiedl7. The inclusion 6f

R protons in defect apatites'could, however, take one of

86

two forms~~, either as hydrdgen phosphate .ions or through

reaction with hydroxyl ions to form water. - Presence of
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hydrogen phosphate ions is indicated by both infra-red
spectral dataaq’25 and by the formation of p&rOphosphate
ions on heatinggl. Retention of the spatial requirements
of the anatite lattice would be achieved by the presence
of water molecules, The soiid-solution reaction may

then be rewritten in the form24:

- :
Calo(POq)6(OH)2ﬂxH 5‘5'-Calo_x(HPOL*)x(P04)6_X(OH)2_X.XHZO

A xCaa":

An X-ray study of the precipitation of hydroxyapatite
has shown that the ageing of freshly precipitated
phosphates, vrepared under the conditions described, can
be divided -into three stages99. The first stage which’
commences immediately on mixing and continues for about
five hours is characterised by x-ray scattering character-
istic of amorphous material. Progression thereafter from
a barely discernible apatitic profile to a fully developed
apatite pattern with the complete absence;of any ﬁnderlying_
amorphoué features is covered by the second stage, whicH
lasts for about a further two ﬁours. The thipd phase
lastsvindefinitely and covers tﬁe period folloQing total
"conversion of the amorphous phase to a crystalline

apatite,

The formation of 'non-crystalline' calcium phosphate
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99

is a kinetic phenomenon”~”, Rapid mixing of the reaction
solutions creates strong "Interactions between Caa*-and
HPOAZ" ions leading to irregular co-ordination complexes
large enough in size‘to sevarate frem solution, The
molar calcium to phosphorus ratio of this amorphous

phase, after washing, was well below the ratio of the
overall reaction system and was found to be dependent on
the calcium salt used in the preparation. (A lower value
was found if chloride was used in place of calcium nitrate,)
The fact that the molar calcium to phosphorus ratio did

not vary under a given set of initial conditions suggesté
that the amorphous stage consists 6f a chemically well-
defined local structural unit. No detectable amount of
phosphate was found in either the reaction éolution or
wash"waters after the precipiﬁation. Nearly coincident
with the emergence of a discernible diffraction profile

waé a more répid decreasé in solution calcium concentration,
this indicates that the initial phase is ﬁétastable with
respect to the more ordered apatite configuration. A
sigmoid curve relating amount transformed with time strongly
'suggests that the conversionvmechanismbis autocatalytic.,
-The interfacial surfaces of the emérging crystalline .
phase may act as sites for heterogenedus nucléation,

thereby accelefating the rate of conversion, It is
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interesting to note that the'non-~-crystalline!' calcium
phosphate remains stable indefinitely if kept dry, indicating
~that water is needed for the process of nucleation to

take place. The improvement in hydroxyapatite crystallinity
during the third stage is typical of the gradual enlargement
of mean particle size of many low-solubility precipitates

as a result of re-precipitation in solution. This 'Ostwald
ripening' is generally attributed to the dissolving of

the smaller, more soluble crystals and re-deposition of

the dissolved material on the growing faces of the larger,
less solubhle crystalsloo. Although re-crystallisation

may well be in progress from the earliest stages of
conversion, the time interval in the second stage is
insufficient for this graduai increase in cfystal dimension
to have a méasurable effect on the crystallinity values
measufed during this period. | A gradual decréaée in

) so}ution of the calcium concentration indicated that‘

perfection of the crystalline phase parallels the crystal

growth, -

Well crystallised, precipitaﬁed, calciﬁm-deficient
apatites have not shown any of thé characteristicsiof.-
octacalcium phosphate bﬁt this is no proof that octacalcium
phosphaﬁe is not presentbin these salts. = It should,

however, be observed that several authors have detected
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octacalcium phosphate/hydroxyavatite mixtures in some

preparations, particularly at low pH93’101

. This
detection of the presence of the more acidic phosphate
was by X-ray powder diffraction, but in each case the

precipitate was not well crystallised and was found to

be inhomogenecus when examined by electron—microscopy.

Two models for the calcium deficient apatites have
been discussed but no determination of the strﬁcture of
these salts has yet been conducted. k—ray powder
diffraction photographs have shown evidence in favour of.
each model, but one important ohservation from the studies
of two authors is that the a-axis increases, and the
c-axis is reduced as the degree of calcium Qeficiéncy
riSesl7’102.\ On the basis of infra-red work;.on well
crystallised samples of calcium deficient apatites, it is
most likely that the continuous series model is abplicable
but little information has been yielded on_the nature of
this series, and the various authors are not iﬁ agreement
on the aésignment of bands chafécteristic of the hydrogen

phosphate modes®s 2t I

2.,1.4 Some surface provnerties of apatites.

.The aglcular and platey habits of hydroxyapatite are
such that the faces 100 could be the major contributors

to the surface area of the crystals, Only after a
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period of about 500 hours has equilibrium of this surface,

103

in aqueous solution, been found to occur The reasons
for such time effects are not yet understood but it has
been sugsested that the adsorption process occurs essentially

104. Initially a rapid adsorption or

in two steps
desorption of protons occurs with change in pH after which
a siow process occurs winich may be attributed to structural
rearrangements of hydroxo complex ions existing on the
surface. At low pH the interface acquires a positive
charge which decreasés with increasing pH to zero ét pH

. 7.4, the zero point of -charge. It becomes increasingly

negative at higher pH.

The observed charge changes may be qualitatively

interpreted in terms of hydrolysis of terminal phosphate

-

groups in accord with the theory of Rootare, Deitz and

CarpenterloB. A surface complex, ‘Caa(HPOl\L)(OH)2 is

proposed as a result of which the following reactions can

occur.

Cay (PO, )¢ (OH) , + 6H,0 22 hCa,, (HPO, )(OH) +20a%y2ip0, 27 1
CaZ(HPO4)(OH)2¢_ECa +HP042” 20H‘ . 2
.Ca rou” & caoH” ., 3
CaOH +OH 22 Ca(OH), o _ -
Ca(OH) ,(aq) &Ca(ON)(s) | 5
PO, >~ 4-H,0 = HPO, °~ 4OH" 6

Yy Y= Y,



2- : . — -
HPOI* ¥ HZO = HZPOI} +0OH | 7
= - H. oH"~ ,
HaPOL‘_ + HZO = H)POL" + OH _ 8
2e —_—
Ca -rHP042- & CaHPO 9
L
2% - - ‘
Ca _,.HEPOI+ = CaHZPou 16

Surface species would undergo hydroiysis according to these
reactions and the extent of such hydrolysis for each
_species, depending on the pH, would essentially determine
the surface charge. A thermodynamically identical
mechanism would be the hydrolysis of such ions in bulk .
solution followed by adsorption at the interface. ‘Non-
stoichiometry of the apatite could also contribute to
charge generation. In solutions at pi values above the
zero point of charge, equilibria (2) (6) (7) and (8) would
shift towards the left and equilibria (3) and (4) fowards
tﬂe right, the solid surface thus acquiring a net
negative chérge. In acid solutions the solid Woﬁld
acquire é net positive charge due to the shift of
equilibria (6) (7) and (8) towards the right and equilibria'

(3) and (4) towards the left.

The surfaces of apatite'sampies precipitated at
different pH under equilibrium conditions are, on the
basis of this work, subject to hydrolysis mechanisms,
the charge on the solid surface may have a critical effect

on the properties of these materials.
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An attenpt was made to estimate the surface
concentrations of acid phosvhate protons from the spectra
of suitable adsorbed indicatorsga. Triphenylcarbinol
was added to pellets of calcium deficient apatites and
a yellow colour developed, The measured spectra
confirmed the formation of tripﬂenyl carbonium ions,

presumably by the reaction

ROH+ H* = Rr*,H

= 0. By using excess carbinol

2
about four monolgyers were formed, and by evacuation of
the sample after equilibration, solvent and water of
reac£ion were removed, the carbonigm ion density then
being a measure of the acid site density as the eqmation
is driven to the right. The calculation of surface
carbonium ion concentration showed that the—values fell
as the calcium to phosphorus ratio approached the stoich-
iometfic value fof hydroxyapatite, at which'ialue it

. became‘toollow to measure. As the temperature of
pretreatmént vas raiséd, the carbonium‘ig; concentration
féll, until after evacuating at:SOOOC it was no longer
detectable an any of'the samples. .Subsequént burning

in oxygen at-SBOOC to femove organic materialvwith
exposure to 20 mm of water vapour at,350°C partially»
restored the surface reactivity to the.material.

Experiments using trianisylcarbinol, a much stronger base

of pKa::+U.82 compared to pK_ =z -6.6 for triphenyl carbinol,



gave results in good qualitative agreement with trivphenyl
carbinol results, Measurable carbonium ion concéntrations
were found with this indicator even after pretreatment at
BOOOC but the concentration. of carbonium ions still |
increased with calcium deficiency. - Mazimum ion concen-
tration was obtained for tne most calcium deficient
apatite, of calcium to phosphorus molar ratio 1.58, after
evacuation at 1600. The site densities calculafed from
trianisyl carbinol were found to\be about 5% of the proton
density, assuming that unit cells at the surface contain
about the same concentration Qf phosphatic hydrogen as
internal unit cells.  In fact the maximum observed concen-~
tration of trianisyl carbonium lons was close to the
concentration of carbonium ions on a silica—alﬁhinalo6, it
is possible that the carbonium ion concentration is limited

in some way on the surface,

A

Rising temperature experiments have shown that the
hydrogen of stoichiometric hydroxyapatite exchanged with
deuterium at lower temperatures'thén with calcium

92

deficlilent samples, Exchange did not become significant
with the non-stoichiometric apatites until temperatures
were reached where condensation of hydrogen phosphate to

pyrophosphate was'already considerable. Values of

hydrogen conteht, measured after pretreatment at 55000,

59.
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were nearly free of acid orthophosvhate and so must have
been close to the values of the free structural hydroxyl

ion. The formula value of 12 x lO20

hydrogen atoms
per gramme of stoichiometric apatite was approached with
the hydrogen content fallihg off continuously as the
molar calcium to phosphorus ratio was lowered. The
results obtained were plotted against the calcium to

phosphorus molar ratio and fell close to a theoretical

curve derived from formula 4 discussed earlier.

' Basic calcium phosphates have been found to effect
the dehydrogenatior:: and dehydration of alcohols{lQ7T
the selectivity for these reactioné being controlled by
the composition of the-phosphéte. More recent work
has contributed to the understanding of this selectivity 2’108,
The dehydration rates of 2-butanol for a series §f calcium=-
deficient and stoichiometric apatitfs have beén studied
and éompared on-the basis of an equal surfgce area of.
the solidsga. They indicate that the reaction is of
zero order and thét the rate constants increase as the
~molar calcium to phosphorus ratio decreases. Dehydratioh'
of alcohols in solution is acid catalysed and takes place
'at measurable rates in solﬁtibnsof low acid strength.

The activity of apatites for the deh&dration of Z—butanol
is therefore consiétént with catalysis by acid protons.

The butanol dehydfation experiments took place over
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apatites whidéh had been pretreated at SSOOC. From the
results obtained from indicator adsorption experiments92
it would bve predicted that'only a very small number of
protons could remain on the surface. Acid protons may
have been generated by hﬁdrolysis of pyrophosphate by
water eliminated from the reaction. Trianisyl carbinol
is probably protonated by orthophosphate hydrogen atoms
whiéh catalyse the butanol dehydration, and these are
‘present in increasing concentrations as tﬁe molar calcium
td phosphorus ratio fallé. A mechanism, consistent
with the surface chemistry and geometry of apatite has

been suggested for the 2-butanol dehydrationsgaz

: 3‘ & = H - - O
Ct Mg re: O o EECH WF S H-0 2-,
N/ Np” + H. O AR
CH 0% o - o ‘o
I R '

o o-# H ... 0_3 O o~ O o ~,°
\P/ \P/ DA 2N
Z N 4N z

O/'\ 2% 04 No o’ “o 14 . o

v Ce | 2
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2.2 Aliphatic Diazo Comvounds.

2.2.1 Introduction

Aromatic diazocompounds were discovered in 1858109

~at a time when modern organic chemistry was ip its infancy.
A contemporary advance had been the concept of the
quadrivalence of carbon, while the structural theory of
compounds did not exist. The only means of obtaining
structural information about natural and synthetic products
was by elementary analysis, hence the term 'diazo! was
chosen because it was thought that two hydrogen atoms of

the benzene ring had been replaced by the nitrogen atoms.

Usually, diazotization can be carried out by allowing
sodium nitrite to act dn a solution of a pri@ary ofganic
amine in mineral acid at .a temperature of about OOC.

The reaction may be represented as: |

2 2 2

-
AT-NH_+2HXANANO , ~> Ar-N X + NaX+2H
Br, NOg, HSO,, etc.

0y where X can be C1,

Aliphatic diazoﬁium salts are incapable of existencé
because the ;cQN'= bond is not fesonénce stabilised,
stable derivatives called diazoalkanes are formed ﬁy»
splittiné of a proton from the d-carbon atom of the
'alkyldiazonium ion!?. The>ear1iest‘recorded preparatiop
of a diazocompound was in 1883 by this metnod''® but

diazotization can only be used for thoOse amines v".l.:".
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which carry a strongly negative substituent at the
d. -carbon atom. BEthyl diazoacetic ester may be prepared

by direct nitrosation of amino acetic ester,

HCL  _ & NaNOgz =¥
HoNCH,C0,C g —>  CLHZNCH,CO,C Hg  —2 CIN,CH,CO,C Hg
| —7 N,CHCOLC H .

Later, diazomethane was prepared by the action of
aqueous alkali on nitrosocompounds and two methods have

been in general use. Hitroso-methylurethan evolves a

yellow zas when treated with alkali111 and a careful

112,113

study of this reaction identified the composition'

of the gas as CHaNa, diazomethane.  The preparation

follows the equationlll“’115

NO

Ld
CHBNs COOR + KOH - CHaI\Ta -H{HCOB-Q-ROH

The more popular method of preparing diazomethane employs

nitrosomethylurea in place of the urethan116’117
NO

CH,N\ CONH

3 + KOH —»CH

2N24 KOCHN +H20 | T

2
An ethereal solution of meethyl-N-nitroso-p—toluene
sulphonamide has been shown to be a varticularly good

reagent for the prepération of diazomethane118.

In the above cases, diazomethane is formed from a
compound containing an N-methyl-N-nitrosamino group, but.

preparations are also known in which an alkane derivative



61}0

is treated with a nitroso compoundllg’lao.

Most of these methods can be adapted for the synthesis
of the homologues of diazomethane, but a particularly

good method involves 4-methyl -4-alkylnitrosamino-2-
pentanoneslal'lau.

One early preparation of diazoalkaneslaB’_127 has

been evaluated thoroughlyla&'132

and is perhaps the best
way of preparing disubstituted derivatives of diazomethane.

The method involves the oxidation, by mercuric oxide, of

ketohydrazones:
Bg = N-NH, +Hg0 = BoCN_+ H_0 +Hg.
R’ 2 rY 2 2

2.2,2 Structure of the diazoalikanes,

Electron-releasing substituents in the aromatic

nucleus greatly reduce the tendency of anyldiazonium ions
.to lose molecular nitrogén. Tﬁe o+ or p- phenolate
~group confers such stability tolan aﬁ&ldiagphium ion that
the‘names diazo oxide and quinone dioxide are sometimes

c

used. Thls high degree of stablllty is due to mesomerism,
&7 _ N=N. Even an

unsubstituted phenyl group is able to stablllze a o

diaZOnium ion through mesomerism between the 7r?elec£rons

.of the nucleus and the -N group.

21
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llesomerism cannot occur in the methyldiazonium ion,
and the splitting off of molecular nitrogen follows, the
residval carbonium ion reacts with the solvent or loses
a proton, Tetrahedral carbon is unable to take part
in mesomerism, other than by.hyperconjugation, and
stabilization of a diazoniun group bond to an spB-hybridized
carbon atom could only occur if the carbon atom becomes
hybridized in the spa—state. A »roton would have
to be removed from the ;( -carbon atom of the methyl-
diazonium ion leaving the electron pair of the broken

hond on the atom,

n @ ® 0@
Er I—CHZ—‘I EN - BH*HZC“N 2

Mesomerism can occur in this new compound, diazomethane,

N

just as in the anyldiazonium ion,

NG 61PN (]
Ha@ 3 en B Z Y o Bicower

n n'’ n’ .
The greater reéctivity of diazoélkang§ compared

with aromatic diazocompounds led early workers to the
112,133

view that cyclic structures could account for their

known compositions,

R, ¢ N
C w Open structures were then
g/ NN |
suggested134—136 and steric similarities noted137’138

between diazoalkanes, ketenes and azides, and preceded the.
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‘ RO
introduction of the zwitterionic form, H:C-NEDL No

evidence for optical activity has been found to support

the open structuresio?»1H0

lﬂl

but electron diffraction
results brought the final decision as these results
can only bhe accounted for by the linear arranggment. The
atomic distances and bond angles of diazomethane have

142 o} o]
recently been determined (C~-H=1.08 A; C-N=1.,32 A;

o .

N-N=1l.1l2 A; H-C-H =127°) wnich, together with the obser-
vationll+3 that the two nitrogen atoms were found not to

15

be equivalent by N studies, supports the Zwitterionic

form shown above. Infra-red spectra of diazoalkanes

can only vbe interpreted on the basis of a linear formulalql*"lq'8
and the correctness of this structure is thQS'nbt in

doubt. Diazoalkanes exhibit a characteristic absorption

band at 2010 to 2070 cm"l which is assigned to the N-N

link, S

2.2.3 Properties of the diazoalkanes,

An examination of some pﬁysical‘properties of
aliphatic diazécompounds (see Table 2) will show that
lower diazoalkanes existvas gases at room tempefatures2
while the higher derivatives are liqu;d or solid.

Diazomethane and its hOmologues have reputations
149_152. The\

as explosives and are extremely poisonous

lower diaZOmethanes_are choking, irritating gases but
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Table 2.
Alivhatic group of Melting point or Boiling
diazocompound; :CN2 Colour Point (iaressure in mm,Hg)
H,H Deep yellow  M.P. -145°C, B.P.-23°C(760)
H,CH, L " B.P. -18% (89.5)
H,CoHg nooom B.P. -8°C (41.5)
CH,, CH, Red B.P. -31°C (1)
H,C5H, Deep yellow  B.P. -4.5°C (26)
H,150CH, " " B.P. 0°C (32)
H, Ph Red-Brown 3.P. 81°%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 Yellow M.P. 50°%
Ph, PhCO Orange M.P. 79%C
MeCO, HeCO Yellow " B.p. 57% (0.1)
MeCO,PhCO Pale yellow  M.P:-62°%C
PhCO, PhCO Light " M.P. 114°C
H,Et0CO Yeliow B.P. 46°C (15)
11eCO, B£OCO Light yellow B.P. 83°C (12)
'PhCO,E£0CO Pale " M.P. 84°¢
E£0CO, E£0CO T B.P. 108°C (11)



these toxic and explbsive hazards are reduced when the
materials are kept in solution. Continued exposure

to the gases leads to an ailergic oversensitivity, with
sympotomns similar to asthma, and large doses can be
fatal. The dangers of poisoning may be considerably ‘
réduced if work is done in the fume cupboard during all
stages of preparation and use of diazoalkanes, and
safety is increased if solutions of the gases are used

vhenever possible,

The main applicatiou of diazoalkgnes is in thé
alkylation of Compounds bearing relatively strongly
acid hydroxy groups, the preparation of methyl esters
of carboxylic acids by means of diazqmethane’in.etﬁereal
solution being by fai the best known, The reaction
pr0ceeds smoothly and rapidly, under mild conditions so
that decomposition or other side reéctions, which nay
©oceur under fhe more vigorous céﬁditions ggquired'by other
>alkylating‘agents{ are absent. Phenols and_enols, as |
well as carb@xylic acids,'are alkylated by means of
diazoalkaﬁes, but, alfhough they give good yields, the
reactions are distinctly less rapid due to the lower
’ acidity,of these compounds. Conversion of alcohols to
ethers by diazo alkylatioh is not normaliy poséible unless

there are neighbouring substituents in the alcohol with

68.



negative mesomeric or inductive effects, thus the
alcoholic group of tartronic acid, HOZCCH(OH)COZH may

be readily methylated.

Compounds with weakly aqid hydroxy groups may
sometimes be alkylated if the reaction takes place in
aliphatic hydrocarbons instead of ethertS:153»15k
Thus trichloroethyl alcohol, which does not react at’
all in ethereal solution, is readily converted into the
methyl ether by diazomethane in heptane. This effect
may bhe caused by the sli@htly'basic character of éther.
Hydrogen bonding between the alcoholic hydroxy grouﬁ
as donor and the ether oxygen as acceptor could lower
the acidity of fhe former still further. An altérnative
suggestion, that the addition of catalytic amounts of
amphoteric solvents can speed up the alkylation, has

155,

‘been put forward glycine, whici does not react with

diazomethane in dry ether, interacts vigorously on

adding a little water or methanol to yield betaine,

@ © CH,N, e .o : .
HBN CH2 CO2 Y (HBC)BN CHZC X Under}cer?aln,

conditions, the hydroxy groups of carbohydrated cam be
methylated, fbr example methyl glucosides have been
prepared by adding an ethereal solution of diazomethane

156

to an aqueous methanolic soultion of sugar .

Complex formation can enhance the activity of
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hydroxy zroups and both aluminium alcoholate154 and

157,158

fluoborate have been used successfully. These

Lewis acid catalysed reactions may take the form,

- 4 Roe CH,N, REPO
ROH +AL(OR); = ;,0-AL(OR); __ 3 HBC,Q-zzlr(ORB)
ROCH; +-A1(OR) 5

Ammonia, primary and secondary amines may be
methylated with diazomethane in the presence of the

159,160

Lewis acid boron trifluoride This indicates
that not only hydrogen attached to oxygen is liable to

substitution.

The primary process of most reactions of diazoalkanes
is their addition as a molecule followed by the liberation
of nitrogen from this addition compound. These reactions

161

‘have been systematised by regarding the diazoalkanes

in turn as bases, as Bronsted, and as Lewis acids:

. 2 © .
A—CHZ-N =N H2C= N’:N—A ) —
4@..” (1) -r? “‘ (2) .
K- I [~ ) e &
HEC-N =N > o HZC =N=N &> H.C-N =N
*%? o +5 AF (3)
(<] "=
BH -+ [_H?:? Keruc-n=11 H,C = N>N-B
-r% M ()

o ®
HC =N =NH &> HC EN-NH

Alkylation reactions of the type just discussed have

the formi(l) while (2) and (3) represent the reactions.of
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diazoalkanes, with aldehydes and ketones and with systens
containinz double bonds, respectively. Reaction (4)

in which the diazocompound hehaves as a Lewis acid
terminates in isodiazomethane, normally this tautomerism

greatly favours diazomethane.

Diazoallkzanes appear as the nucleophilic component
of the alkylation reactions, the basié character of these
molecules is derived from the first mesomeric form on
the left of the series,
HZC—N‘:&N (-’HZC-'—'I‘ | & HZC-NsN & H2C=N—N<—’ HZC-NsN
Reaction of this molecule with an acid A converts it
into A CH;§; and addition of a proton yields the
alkyldiazonium ion, HapmNsNg,‘~ Interaction with compounds
bearing an acid hydrbgén atom probably takes place
initially by proton transfer to the diazoalkane, with the
evolution of nitragen, the highly reactive alkyldiazonium

ion formed then yields a carbonium ion, which attacks

the conjugate base, or any other base available in the

149

system™ 7, | ” = :

@ R ® R B RR'CHB
R~ +H_ o, A ) (a) ,
Rloan, 5w -g N, —?R -4 +, ()

R!

Q |
HB''N{y Rr'cHB i ©

The concept of the intermediate formation of a

diazonium ion may be supported by a number of observatioms,
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for instance it has been known for some time 2Y that

the reactivity of diazoallkanes is dependent in a charac-
teristic manner on the nature of the substituents R and
R'. From diazomethane, where R= R'= H, the rate of
reaction decreases as one or two of the hydrogen atoms

are replaced by aryl groups, the basic character of

© &
the carbon atom of the mesomeric form HZC - N 2N being
vprogressively reduced, Inductive and mesdmeric effects

.0f carbonyl and alkoxycarbonyl groups similarly lower
the basicity and thus the nucleophilic reactivity of
diazoalkanes, the difference in behaviour between diazo-
methane and diazoacetic ester is algood example of this.
An investigation of the reaction of diazoacetic
estér with phenol in a non~polar medium (of benzene)162
has provided some interesting information on the acid
catalysis of this reaction.,  Phenoxyacetic ester
formation occurs only on addition of a relatively strong
acid and the rate of ;eaction is proportional to the
concentration of the latter, ohenol itself being too
weak an acid to be able to catalyse theireactioﬁ. Acid.
catalysis is certainly taking place but it was not until
more recently that the néture of the reaction could bve
elucidated, for acid catalysis may occur by prbtoﬁ

transfer,

© © @

ROOC-CH-NtH -?ROOC—CH2+N2 , or via the more general path,
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© Q ©
ROOC-CH—N:PCICHZCOZH —bROOC-CHZ*N2+CICH2002.

The rates of reactions catalysed by éarboxylic acids are
lincarly related to the dissociation constants of the
acids (determined in water) and this led to the supp-
osition that the reactions were catalysed via the general
mechanism. Dimerization equilibria of carboxylic acids
in benzene solution would be superimposed upon the
protolysis while for larger acid molecules, steric

effects may pnlay a part.

The reaction of diazoacetic ester with a carboxylic

acid in benzene is of first order with respect to the

162

..

diazocompound but of second order with respect to acid

This may be reconciled with the mechanism,

o D (&2

ROaCCHNZ‘? H ~? R02C0H2+ N2

® X
RO,CCH,, +R'CO,H —? RO,CCH30- COR?

2 e

o(H ' o1 ' ' :
RO,CCH,0(H)COR' +R'CO, —>ROSCH,0COR' +R'CO,H,

although proton transfer may be replaced, as the first:

stage of the reaction, by general acid addition,
e D

- - 1
ROZCCHNZ-FR'COZH >ROZC CHZ -E-NZ-Q-R Cco

step occurs more rapidly than the second.

2 if this

Corresponding reaction rates for aliphatic compounds

free from carbonyl groups are directly proportional to.
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163-166 and

the concentration of the carboxylic acid
on this basis it can be assumed that in aprotic solvents

general acid catalysis takes place.

The reactions of ali?hapic diazocompoﬁnds in an
aqueous medium exhibit all the signs of specifid proton
catalysis. Before modern potentiometric means were
available pH could be measured from the kineties of the
evolution of nitrogen from solutions of diazoacetic

167~169

ester

The general equationk(l) for the diazoalkane-acid
reaction indicated that the alkyldiazonium ion RR'Cgﬁz
can interact with'both the conjugate base of the acid
~ HB used and of other acids HB!'. Proton contaiﬁing
solvents come into consideration as sources of acids
HB' and reactions involving them regenerate protons making
the solvent a true caﬁalyst; The‘choice between a
stoichiometric and catalytic interaction(df diazoalkanes
with acids (that is (a) and (b), respectively, of.équatibn
(L) ), is affected by the streﬁéﬁh of the atcids’p:c'e:sentll*9
In agueous medium and in the presence bf stronéxmineral
'acids (pérchloric, sulphuric) diazoalkanes uniformly
folldw the catalytic scheme‘(b), but the nitrate ion is

able to compete successfully as a base with water,

Diazoacetic ester yields glycollic ester with dilute
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snlphuric acid in a clean reaction according to (b),

@ @ @
~N - c N
ROOCCH ~H,+H;0 —> ROOCCH,OH 41, +H

but the same concentration of acid in the presence of a
large amount of potassium nitrate leads to the formation

of the corresponding nitrate,-

e & @ o
ROOCCH - N2+H #NOB - ROOCCHZOI\OZ*NZ.
As this reaction consumes acid, the rate decreases

until in time it stops completelyl69. Analogously,

the decomposition of diazoacetic ester catalysed by
perchloric acid can be halted by the addition of halides,

their effectiveness increasing with nucleophilic character

in the order CI<Br<¢I _168.

Strong acid catalysis, with tdlenesulphonic acid,

in a polar but aprotic medium of acetonitrile, of

diphenyldiazomethane to form tetraphenyl ethylehel7o

illustrates that extra diazoalkane competes successfully

as a base,

ed

®
Ph,C N,+H —> Ph

G%H' N
2 +!

2 2

D Do ‘ e
Ph,CH #N,C Phy —> Ph,CH -C Phy +N

] ®
Ph,C =CPh, +H.

2
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CHAPTER 3
THEORY

3.1 Introduction

Various chemical treatments have changed the character
of the surface of synthetic apatites, some of which are
considered in Chapter 1. If a modifying agent is held
to a solid surface such as apatite by van der Waals!
forces then this adsorption is classified as physical.
Chemisorption on the other hand involves a transfgr of
electrons between adsorbent and adsorbate. Although the
rate of desorvption of a physically adsorbed phase may
be retarded by diffusion effects such a layer is generally
removed by reducing the preséure at the temperatufe at
which adsorption took place. Rather more severe
conditions may effect the removal of a chemisorbed

)

material.,

When the surfaces of two solid bodies;are brought
éufficiently close together, their fields of force overlép
and so cause adhesion,wherever.%he twoAsolids a#é nearly
or completely in contact. Such attraction betWeen solid
‘surfaces is of a similar origin to the phfsicay adsorption
described above, which may be conveniently classified

as being brought about by forces associated with permanent
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dipole moments in an adsorbed fluid, polarisation of

an adsorbed fluid, dispersion energies and the short-

range repulsive energies. It is clear from this that

an apatite surface will have a different chafacter when
ak w b.mgm{.mﬂ

the solid is heldABnder a very low pressure from when it

is surrounded by an atmosphere of nitrogen, for example.

It is equally apparent, however, ﬁhat a surface layer of

adsorbed nitrogen molecules, which may be readily removed,

is not an effective treatment if a permanent and durable

surface layer is required. In a similar manner, a solid

phase adhering to the avatite surface merely by means of

physical forces would be unacceptable,

A process of chemicsorptién seems to.be neéeséary
fo effect the surface characterisitics which are required
of a modified apatite. Once the hydrophilicrnaturé of
these salts has been substantially ‘and permanentiy reduced
" the adhesion of other'éolids, such as polymer materials,
to the apatitic surface may be considerably improved.
It is likely that a chemisorbed’monolayer oﬁ the apatitic
surfacé, which could'ﬁot only ré@uce its hydrophilic
character but also provide a godd basis for adhesion, is

the hest surface for the purpose of this work.

Since changes in the surface character, produced
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by chemical treatments, and the stability of the resulting
modified‘suffaces in a moist environﬁent,'méy be evaluated
by means of physical adsorption, it is pertinent to
discuss some aspects of surface chemistry. Certain
theories of adsorption of gases and vapours by solids will
therefore be reviewed in section 3.2. This section

will also deal briefly with the various inferences fron

the study of physical adsorption.

Various characteristics of the materials used in this
work have been evaluated by means of infra-red spectros-
copy; X-ray powder diffraction phqtographs have also
been used in the analysis of the materials and a brief
account of the principles underlying these techniqugs will

be given in section 3.3.

3,2 Theadretical Aspects of Adsorption

3.2.1 Physical adsorption. !

‘The intervretation of the adsorption‘isotherm is
fundamental to the‘proﬁlem of characterising a solid
surface. Determination of théﬁéurface area'of'thé materials
prepared in fhis work rests on the calcﬁlation from an
isotherﬁ of the monolayer cépacity; i.e., the amoﬁnt of
adsorbate which can be held in a complefed monolayer on

the solid. Differences in the hydrophilic nature of
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surfaces after modification may be conveniently assessed

from water-vapour sorption isotherms,

A so0lid must first be freed from previouély adsorbed
gsases by outgassing before measurements, at a fixed
temperature, of adsorption and pressure may be carried
out, Adsorption isotherms are usually represented

graphically, with adsorptions as ordinates and pressures
as abscissae, It is cogvenient, if the adsorbate is a
vapour, to express the results in terms of relative pressures.

Five types of isotherm have been classified by
Brunauer, Deming, Deming and Tellerl71. Isotherms of
type 1 areAassociated with systems in which adsorption
does not proceed beyond a monomolecular layer and are the
only isotherms found in the adsorption of gases, i.e.,
fluids above their critical temperature. The other types
refer to multimolecular layer adsorbtion. 'Isotherms
measﬁréd in this work are all of type 2; which méy be
simoly déscribed as the rapid fiiling of a monolayer, the
adsorbent having a greater affiﬁity than the adsorbate
for other adsorbate ﬁolecules, follbwed by the éevelopment

of a multilayered system. ' At very low pressures and
‘correSpondingly low adsorptioné all isotherms tend to a
straight 1ine,'so that adsofption is.proportional‘to

pressure. This behaviour, reminiscent of Henry's law



for the solubility of a gas in a liquid, is sometimes
referred to as the Henry's law region. Type 2 isoﬁherms
are likely if the adsorbent is non-porous, i.e. devoid

of internal surface.

A generél equétion which appliés.to thevvarious types
of adsorption isotherm was introduced by Brunauer, Emmett
and Teller172 and Brunauer, Deming, Deming and Teller171
and can be apdlied to the isotherms measured in this
Qork. ‘ A simple procedure is developed for the determination.
of the monolayer capacity and also it claims to be“able to
reprodﬁce with the same set of parameters the course of

an isotherm at different temperatures and to calculate

the heat of adsorption from a single isotherm.

The theory assumes that the equilibrium set up between
the adsorbed gas and the adsorbent is a dynamic one, the
rate at which molecules condense on to a fixed adsorption

"site being equated with the raté at which they re-evaporate

172,173

from the occupied sites If at a pressure p.

(dyn.cm;—a) the fraction of sites occupied is 8, and
the fraction of sites empty is. 8, (so that 6+ = 1),

then the rate of condensation is kp@o molecules cm’?sec’l,

where k is a constant given by kinétic theory as k= N
_ (27 MRT) %

'The re-evaporation of a molecule from the surface is essentially
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an activated process, the rate of which will be given by

the expression szlDle-El/RT where zﬁ is the number of

2 .
molecules adsorbed per cm  in a completed monolayer; E,

is the energy of activation for desportion, which may bve

identified with ‘ZSHdesorptioh; v, is the frequency of

oscillation of the molecules perpendicular to the

surfacel7u. Then at equilibrium

. -BE./RT
kpl = nglole 1
and similarly for successive layers

-E.,/RT
ngz v 2e 2

~E./RT
kpo; = sziOie_ i

kp@l =

Hére 91 is the fraction of the surface covered with a
single molecular layer, 92 that covered with a second, and
so on; V ; and E; are the oscillation frequency and the
heat of adsorption resvectively of the molecules in the

ith layer.

Assumptions that the héat of adsorpt;on:in all layers
beyond the first is equal to the latent heat pf cqndensatioﬁ
L and that the average time of sojourn ( 1) of a molecule
in all layers after the first is the same?are,made, so that
v, £<03 = .....Oi._ Now the.total.number of molecules
.adsorbed per cm® of the adsorbent surface is z= zm"

(6;+ 205+ 36, .....), and the total number of molecules
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adsorbed on one gram of adsorbent is Sz (where S is the
surface area of one gram, of adsorbent); the corresponding
number adsorbed in a completed monolayer is Szm and

so X = $2 = 2z , which may be rewritten x = (QI+292*393 ces)
X Sz z : X

n m
The summation on the right-hand side of the above equation
may be carried out after the further assumption is made

that the vapour condenses on the adsorbent as a liquid

when 1ts pressure reaches the saturated vapour pressure.’

The completed equation is of the form

- l + C"l . P__ 3.2-1
x(py-p)  x,¢  x¢C Ps

where the constant c is given by

c= &1 gy , 3.2.2
According to equation 3.2.1, a plot of D
- x(p,-p)
against p_ should give a étraight line of slope (c-1)
Py S Xn®

and intercept _1 ; and application of this test to

X C
m
experimental data obtained in this work shows that this
equation does reproduce the course of most isotherms

reasonably well, but only over the range approximately

corresponding to 0.65¢ n < 0.30.

Po



The failfre of the equation at low relative pressures
is ascribcd‘by the authors to the ndn-unifofmity of the
surface, This would cause a variation in the value ‘of
E1 from one region of the surface to another which
cannot be corrected for guantitatively. The limited
validity of a theory may, however, be due to shortcomings
in the model itself, rather than to lack of knowledge of
the varameters it employs. The assumption that the
adsorbate has liquid-like properties after the first
layer is hard to reconcile with the fact that, as shovwn
by careful experiments, solids expésed to a saturated
vapour often take up a strictly limited amount, and not
the indefinitely large. quantity postulated bj BET. An
important, and perhaps unjustifiable, assumption is that
each molecule condensihgfj in any layer after the first
gives out its full ;atent heat of liquefaction whether
it has ho;izontal neighbours or not. It»has beenfpointed
outl?? that in the absence of horizontal'ﬁeighbburs the
co-ordination number is much less than twelve (the |
approximate value in a bulk liQuid) and the heatvevolved '

should be only a fraction of the 1étent heaf. One
| equation has been developed whiph attem?ts to aliow
for the vafiation of co-ordination ﬁumber in an empirical

176

vay .  But an analysis of the BET mechanism in terms
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of co-ordination showed it to be incapable of explaining

any adsorption beyond a monolayerl?7.

It is important to emphasise that the ability of
an equation to reproduce experimental data does not, in
itself, prove the correctness of a theory, and it is
necessary to compare the values of the parameters
obtained by application to the experimental data with
indenendent estimates of them. In this instance it is
possible to make the comparison for parameter ¢, and

to a limited extent for Xm'

A vélue for the differential heat of adsorption can
he calculated from the isotherm at a single temperature
from the constant ¢ by.means of equation-3.2.2, if the
thedry is internally éonsistent. It must, hdwever, be
borne in mind that the BET model lays down that.adsorption
shall occur in the first and higher layers at the same
time. When thé total adsorption increases from x to
(x+dx), only a fraction, r, of the increment goes into
the first layer with heat of adéorptioh E,, the remainder, .

"(1~r), going into the higher layers with heat of adsorption
L, the iatent heat of condensatiqn of adsorbate inhbulk.
Thus, the‘heat of Adsorption Ei'cofresponding to édsorption

x from this theory is E1= rEli-(l-r)L. E1 should be
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equal to the value,Aﬁ calculated from the Clauéius-
Claveyron equation, T™he value, r, can be calculated

178

from the model, and has the form

r= (1-P/p)?

1+(c-1)(%/p,)>

Assuming that the adsorbaté obeys the perfect gas
laws, and that the volume of the adsorbed phase is
negligible compared with that of the zas, the Clausius-
Clapeyron equation can be written in the forms

d1np, - L and (d1np) . 'AI:IX

a7 RT® (o T)x o

where [)ﬁx is the differential heat of adéorption at .

constant x. From these two expressions, it follows that

p -
g?_}_r} /20 ART 3.2.3
DT x RT? B : "

The differentiation of equation 3.2.1 yields the equation

23 lnp/pog - -53 1ncg, . (1-P/po)2‘ S 3.2.4
3T x| STx e
° 8 (3 (c-1)(P/p)%)
while differentiation of equation 3.2.2 yields the equation -
dlne . E-L S - 3.2.5
3T o

R

If it is assumed that El and L are constant for small

ranges of temperature, a further expression is obhtained



from equations 3.2.4 and 3.2.5

(d1n®/p)) _ E-L . (1-P/p)° 3.2.6
(5% x~ e 1 (=13 (B/p)®)

From equations 3.2.3% and 3.2.6 may be derived the
following expression

- P 2
AH~L B} E,-L . (- /P,) |
- RTZ (1 + (c-i)(p/po)a) :

which may be rearranged to become

- P 2
AH-L _ (1-%/p))

El-L

| 3.2.7
(1+(e=1) (®/p %)

The expression E1= rEl-F(l—r)L, where r::.(l--p/po)2

1+(c-1)(P/p,)?

may now be compéred with equatibn 3.2.7 and ‘it may be

1

seen that E =45ﬁx. The heat of adsorption calculated from

a single isotherm fulfills thermodynamic requiréments as

1

expressed by the Clausius-Clapeyron equation. This test

178

has been applied tb a wide range of recorded data and
it was found that theié was a‘qualitative correSpondency‘
but not always a quantitative ééreement between’the |

calculated and the measuredAvalues, discrepanpies of the
‘order of some hundreds of calories per mole being common.

Even the qualitative correspondence is useful, for it

enables a rough estimate to be made of the value ¢f the

'

36.
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differential heat of adsorption from the shape of an
isothern. From the mathematical properties of equation
1 it follows that as ¢ increases, the fknee! of the curve
moves closer to the x axis, so that an isotherm with a

sharp bend corresponds to a high value of (El-L).

Evaluations of X from isotherms on solids of known
areas may be examihed in order to calculate corresponding
areas covered.'by each adsorbate molecule, Am where these
are related to each other by

S= X, Nx Am . S being the specific surface of
M

édsorbent, N Avogadro's Number, ande the molecular weight
of adsorbate, Values of Am, obtained in this way from

a selection of adsorbents of known specific.éurface, may
be compared for any particular adsorbents. ~ The numerical
value of Am will clearly depend on the way in which molecules
are packed on the surface in the gomplétedrmonolayer; In
the type of model just discussed, since eagh molecule is
anchored on a‘defiﬁife\éite on the surféce, Am should be-l
determined by the lattice dimensions of the solid, and
should therefore vary for a given adsorbéte according to -
fhe nature of the solid. But if the adsorbed.molécules

are mobile, the value of Am should be determined by the

dimensions of the adsorbate molecule and with the exception



of a svherically symmetrical molecule would also vary
according to its orientation relative to the surface.
Knowledge of the eflective dimensions of molecules and
of the way they pack together in films is subject to
mﬁch uncertainty. A formula.relating Am to the density
P of the adsorbate in the ordinary liquid or solid
form, assuming a packihg in which a mdlecule has twelve

nearest neighbours is Am = 1.091 (ﬁ;)Z/B and the
(P N)

results collected from this formula by using the liquid

179

density compare favourably with values derived from

the monolayer capacity on an adsorbent of known specific

180

surface .

S‘may not be known independently for many adsorbents

’but values of 8§ from a number of different vapours on

the same adsorbent should be similar. Experiments on

a sampie of silica gell72 have in,this way demonstrated

the consistency of these determinations. -;Again Am values
for each vapour were'determined, using the formula shown.
above, from the liquid density.y it is_interesﬁing to
vnote that this formuia does not satisfy the BET conditions:

‘that adsorption occurs on fixed sites on the solid.’

The Clausius-Clapeyron eqguation, which has been applied

as a test of the theory, is valid for thermodynamically
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reversible processes only. The validity of the BET
equation, when applied to irreversible sorption measure-

ments, is therefore subject td doubt,

Irreversibility of sorption isotherms with
non-porous rigid sorbents is not usual but has been noted

in the low temvperature sorption of nitrogen by a non-

81

porous carbon blackl and explained by swelling of

the sorbent. Vork on an activated charcoal rodlsa,

185,184

and on rods of porous glass have demonstrated that
swelling normally occurs during sorption on these solids.
On the basis of work mentioned in chapter 2 on the water

apatite interface, it is 1likely that certain chemical

effects may occur during water sorption by apatites.

3.,2.2 Chenisorption

Chemisorption involves é displacement of electrons
as between adsorbent and atoms or molecules of adsorbate,
The adsorbed film is fﬁerefore a species different from
either adsorbent or>;dsorbate but will bve confined to
a monolayer in thickneés., The reaction beﬁween apétite.
surface and aliphatic diazo compounds should therefdre'
be regarded as a process of chemisorption since thé

adsorbed layer is not removable by the normal process

of outgassing, neither does it possess the characteristics
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of dlazoalkanes*a.

3.3.1  Infra-red spectroscopy

The approach to absorption of infra-red radiation
based on classical mechanics may be visualised in physical
terms. A system of N interacting point-masses represents
a molecule or ion containing N atoms, and the force_on
one particle depends, to a first approximation, only on
the linear displacements of aii the particles. The
components of the fofces on the particle are given by

a set of 3N linear equations:

1 11 11 11 12 1N

FX = -kXX . Xl - kxy oyl - kxz ) Zl - kXX XZO . pkxz . Zn
1 11 11 11

Fy - "kyx . Xl had kyy . oyl - kyz . Zl s 00
1 11 11 11

FZ = "kzx .Xl - kzy; oyl - kZZ .Zl L) ’ 3-301

The displacements X;¥;%q are measured from the equilibrium
position of the ith particie, and Phe force constants

kxyij determine how the x-component of thg force on the

ith particle depends on the y-component of the jth particle.
Similar sets of £hreé equations describe the other
particles, Solutiqns'of theseyequatiOns must he fbunda

in which ail thebpgrficles have a simple hafmonicvmbtion

of the same frequency, so that the displacement of the

i 2tem is of the form -



9l.

s = si° cos(2Tt + @) 3.%.2

winere V¥ is the frequency and @ a phase angle.
Avplication of Newton's second law of motion to each
component of the force, and substitution for Si and S, °

i
from equation 3.3.2 yields:

2,2 11 11 1N

B9 myxy = kT Kyy Y1 oore vy, 2y
2.2

Lf‘,‘ \7 mlyl 3 ¢ o s 0 3 ‘3 '3
2,2 ) N1 _ NN

This system of linear and homogeneous equationé for
Xq¥peeeZy cannot be solved for arbitrary values of the
coefficients occurring in them, but only if the detér—
minant of the coefficients is equal to zero. As the
force constants are fixed for a given system, the only way
to fulfil this condition is by a suitable choice of the
frequency vV . Only for cerfain frequencies, therefore,
is a simultaneous simple harnonic motion of all the
particles possible, The determinant of the coefficients
is of the order;BN in 9, so that in general there will

be 3N solutions giving 3N nofméi modes with different
'frequencies. Three.solutipns will be zero,'co;respohding
to the linear displacement of the centre of gravity of \
the whole system while three mofe solutions, corresponding
to‘rotation of the whole‘system about the centre of

gravity, will also be Zero. In the general case there



are therefore 3N¥-6 normal modes.

Any periodic motion of a molecule may be resolved
into a sum of normal modes with appropriate amplitudes,
In a completely unsymmetrical molecule there will always
be an oscillating dipole associated with each nornal
mode, and there should be 3N-6 absorption bands in the
infra-red spectrum. 'If the molecule has elements of

symmetry, the determinant is symmetrical too, and this

92,

could mean that two or more of the solutions are identicalj;

these are called degenerate normal modes and there will,

in this case, be fewer bands in the spectrum than expected,.

The presence of symmetry may result in there being no
oscillating dipole moment associated with a partiéular
normal mode and the band will -therefore be absent from

the infra-red spectrunm.

The position and type of nuelei within a molecule

determine its symmetry and quite generally, molecules

of different symmetry have qualitatively different spectra.

A plane of symmetry © exists when the corresponding

- operation @ , called reflection at the plane, produces

a molecule which is indistinguishable from the original
one. The molecule HZO has two planes of symmetry, one
is the plane of the molecule and the other is the plane

perpendicular'to this which bisects the H-0-H angle.
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A centre of symmetry i exists when.the operation i{
reflection at the centre (or inversion), produces a
‘molecule indistinguishable from the original,; a molecule
can have only one centre of symmetry and ﬁhere may or

may not be an atom there, ail other atoms will occur in
pairs. A p-fold axis of symmetry Cp exists when rotation

360

about the axis by an angle of 5 degrees produces a

configuration indistinguishable from the original.

Yhen rotation by 2%9 degrees about an axis followed by

a reflection .at a plane perpendicular to the axisltransﬁorms
a molecule into itself,'tﬁen a p~-fold rotation-reflection
axis Sp exists; A.two—fold rotatidn-feflecfi&n axis is
always identical with a centre of symmetry, sz; i,
since the same pairs of atoms are exchanged‘in the two
operationz,. Any molecule having a p-fold axis Cp and a
plane of symmeﬁry oy perpendicular to this éxis must
have a p-fold rotation-reflection axis, but only when p

is odd does the existence of Sp necessarily imply Cp and

o.’h .

The identity I is a trivial element which all
molecules have, the corresponding operation is:-to leave
_ the ﬁoledule unchanged, amd it is"inclﬁded because it
can now be said quite,generaliyvthat if two.symmetry :

operations are carried out in succession the result is
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P4

the same as that of one other possible symmetry operation
of the molecule. A number of elements of any kind such
that the product of any two is again one of them is
called a group. A point group is a possible combination
of symmetry operations which leaves at least oné point
unchanged and a limited number of such point groups exist,

every molecule bhelonging to one of them.

Point groups having not more than one (if any)
three-fold (or higher-fold) axis are called axial point
groups. Cubic point groups, which form the basisAof
the cubic crystal system, possess more three-fold (or

higher-fold) axis.

A molecule having three mutually perpendicﬁlar two-
fold axes aﬁd four three-fold axes with a plane of
symmetry oa through each pair of three-fold axesrbelongs
to point group ﬁﬁl . Such” a molecule has six plaﬁgs of
symmétry and thi; implies-that the two-fold. axes ére also
four-fold rotation-reflection axes. A regular tetrahedron
has this symmétfy and all tetraﬂédral molecules are
.examples of this point group, orthophosphate ions 6f the‘

apatite lattite are such molecules as these.

The hydrogen phosphate ion May pbséibly belong to

two point groups. If the ion has a configuration
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similar to that found for CHBOH, thgn the hydrogen atom
would be located in one of the planes of symmetry of
the POQ group, and the ion would then have just one
plane of symnetry, the P-0-H plane. In this case the
molecule would beloné to the point group d: s (the one
plane of symmretry is the only symmetry element, apart
from I, in the moiecule). Alternatively the hydroxyl
group may be considered to be free to rotate about its
P-0 bond, to give an average position of the OH bond

alonzg the C, axis, the ion would now belong to the point

3
groupc}v_ (it has a 3-fold axis and 3 planes of symmetry

oy passing through the axis).

The cubic point gfoup to which orthophogphate
belongs has four three-~fold axes and non-degenerate vib-
rations can only be symmetric with respect to‘these axes,
" they may, however, be either symmetric or antisymmetric
ﬁith respect to the éix pianes of symmetrj_qa throuéh tﬁe

C, axes. There are therefore two types, Ajand A,, of

3 -2
non~-degenerate vibrations. An":'examination185 on the
basis of group theory shows that there is one doubly

degeneréte species E and two triply degenerate species

Fl and FZ’ Thelr characters are as follows:
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T, 1 8Cs 64 65, 35,% 3C,

A, o+l 41 +1 1+

Aa +1 +l -1 -1 +1

g +2 -1 0 o o 3.3.4
F, +3 0 -1 -+l -1

F2 +3 0 +1 -1 -1

where +1 and -1 indicate symmetric and antisymmetric, and
the top row shows the point group and the symmetric
operations including the identity. Below are the species
"and the behaviour of the vibrations having these speéies
for éach operation in the top row.,  The normal vibrations

of a tetrahedral molecule are of the species A,,E and

1

F Figure 3.3.1 shows the normal vibrations of a

>°

tetrahedral molecule,

The selection rules for a five atom molecule of T

symmetry are Ai(R)+E(R)+2F2(R,i.r.) wnere R means Raman
and i.r. means infra-red active. Assignments of bands
are well established for simple aqueous phosphate and.

are shown below:

Normal Mode Degeneracy Species' Frequency 1i.r.activity

in cm™T, o
BN 1 Ay | 980 inactive
Va 2 E 363 ~ Inactive
v, 3 F, 1082 Active
Vi 3 F 515 Active
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Figure 3.3%.1
of a tetrnhedral XY, molecule,.

The normal vibration
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The spectra of alkali metal phosphates have been
found to be consistent with the@;ﬁrCOnfiguration for
the hydrogen phosphate ion. The characters of the
species for this point group, on the basis of éroup

theory are as follows:

c 3w I : 203(2) 30’v
A1 + 1 +1 <1
A2 +1 +1 -1
B <2 -1 0

The selection rules for the ion are 4A1+-4E, and the band
assignments are shown below:

Normal Mode Degeneracy Species Frequency i.r.activity

in cm L

O, 1 Ay agod_ Active
NN 1 ' Al' 988 Active
Vﬁ 1 A, - 862 »Active
Vs 1 Ay 537 Active
Vs 2 E iégo Active
A 2 E.- 1076 Active
V4 2 B 537 Activéb
Vg - 2 E 394 Active
Yor 970 Aétive N

You " ' , 766 \'Active



Fig. 3.3.2 shows some of the normal vibrations of an

XY, 72 molecule, of noint groupczv.

Normal vibrational modes and degenracies of any
polyatomic species in a crystal lattice will be affected
by the symmetry of the crystal field. The space group
of hydroxyapatite, noted in chapter 2, is.P63/m bu? it
wvas also pointed ouf that the hydroxyl ions are not
located on the mirror planes but are displaced along the

hexagonal screw axis. For the space group P6,, a more

5
accurate description of the symmetry properties of
hydroxyapatite, the phosphgte ions are located on sites
of Cl symmetlry. The ions would therefore be reduced

in symmetry from T& to‘c1 and all nine internal mo.‘des of

the ion would become infra-red active and of the same

species, A.

-

POQ P04 in hydroxyapatite
Point grou?ﬁrd Site group Cy ~ Factor group
: P63/m - C6 -

N :

E B
A(9) _

T2 By

F — ~B

99.
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Fioure 3.5.2

:v

Tue norial wvilbration of a w»oint groun @3v XYQZ riolecule.,
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The absence of information on the structure of
calcium deficient apatites means that little can be said
about the effect of lattice symmetry on the polyatomic
ions. However, the structural determination of octa-
calcium phosnhate enables a brief account to bhe made of
the environment of the molecules orthophosphate, hydrogen
orthophosphate and water in this lattice., The space
group of octacalcium phosphate, as noted in chapter 2,
is PI and the sites of the ions and molecules present
in this lattice are therefore of Cy symmetry. The
subsequent reduction in degeneracy due to symmetry loss

and coupling between molecular species may be summarised:



Site group
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Octacalcium phosphate

Factor sgroup

1

1 -+ Pl - Cl

2~

P

.04

Point group

T4

Al -

E “ﬁﬂ-“n'"“—_—u—"-aﬁ:=====>‘a
=

2~
I

Skeletal modes

HPO

1

E Ag(i.v)(9)
ﬁQL/////////’———-——_.

— Au(R)(9)

—Ag (9)
A(gz//////ff_“———~

A

‘v Al

Ay :T\\\\\\
E

. .

=1

T (9)

RO _' _ g (3) |
Agél///////ffff——ff' R
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To obtain spectra of Qeasurable intensity for
liquid hydrocarbons, for example, it would bé necessary
for inf{ra-red radiation to traverse a layer of liquid
of thickness 1 to 100 micréns, and assuming a molecular
width of 10% this would correspond to a layer of between
1,000 and 100,000 molecules in depth. It is therefore
most unlikely that a monomolecular layer of chemisorbed
molecule; could he detected by this means unless a large
surface is exposed to the radiation, Tﬁis should bve
the casé with adsorbents used in this study.

Considerable work has beeﬁ recordedl86

on the
infra-red spectra of adsorbed species and it is generally
the case that free adsorbéte molecules exhibit méjor'
differences, in the strefching'regiqn of the spectrunm,
from chemisorbed groups. From spectra obtainéd,fdr
butenes adsorbed onto porous glass it was estimated thét

11 2

an adsorption of about 5 x 10 carbonium ions cm”

are capable of detection by such frequency shift8187.
- The reaction of a hydrophilic silica surface with methanol,
to yield a thermally stable hydrophilic surface, was -

stpdie,dls8

and the intensity of the‘frée hydroxyl band
was seen to decrease during the reaction with a

corresponding increase in C~H stretching modes,
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The number of Brinsted acid sites on the surface
of calcium deficient apatites may be sufficient to
provide enough diazo-adsorption reaction-sites for

detection by infra-red spectroscopy.

3.3%3.2 X-ray powvder diffraction

Powder diffraction photographs of apatite samples
vere taken‘as a means of crystal identificaticn. .Diffraction
lines may be indexed and the distance d between successive
idectical planes of atoms in the crystal related to the
angle 6 vetween the X-ray beam and thesc atomic planes

189 4 = A where M is the L-ray wave-

n 2sin ©
length, and n any whole number. For crystals of hexagonal

by Bragg's law

symmetry, such as hydroxyapatite, lattice unit-cell

parameters a and ¢ are related to d by the relationl9o

2 2 2 2
dprq = 1/%3 (h%+ hk+ k%) ,l—§
37 2 )

a

A comparison.of a and ¢ for different sampleg.may then,'

be made,

The uses to which these'techniques of adsorption—b
decorption under-isotﬁermal conditiOns, infra-red
spectroscopy and X-ray powder diffracticn’have been put
in this work are described in chaptef 5. Chapter 4

will deal with the preparations of the various ﬁaterials.
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CHAPTER 4

PREPARATION OF MATERIALS

The three sections of this chapter will deal with
the methods employed in the preparation of apatite,
aliphatic diazo compounds, and surface modified apatite

samples,

L.l Preparation of apatites and reiated salts.

A total of twenty-eight calcium phosphate salts have
been prepared for study and a further seven obtained from
various sources. The various methods which have been
employed in these preparations will be described but
characterisation of the salts will be discussed in the

next chapter.

L.1.1 Hydroxyavatite

A

" Nine attempts to prepare‘samples of stoiéhiometric-
~ hydroxyapatite (HA) have been made, all being various
modifications of a single method described by Hayek and

Newesleylgl

. HAS and HA6 refer to precipitations carried
out according to their method, which will be_described-
first.

Solutions of 0.33 mole of analytical grade calcium

nitrate tetrahydrate in 400 ml distilled water and 0.2 .
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mole of analytical grade diammonium hydrogen phosphate
in 600 ml distilled water were made up and adjusted to
pH1ll by the addition of 0.880 ammonia solution., The
solutions were then diluted with more distilled water to
600 ml and 800 ml respectively before the phosphate
solution was added,one£ a period of about three hours
at room temperature, to the stirred solution of calcipm'
nitrate. A voluminous precipitate formed and gentle
boiling for 15 minutes improved its filtration. The
filtrand was washed with 100 ml of hot distilled water
and drained at the pump béfdfe drying for five hours at
150°C.  Grinding, followed by heating at 240°C for one
hour, removed any ammonium‘nitrate which may have adhered

to the hydroxyapatite crystallites.

The reaction my be represented by the equatiom

6(RH4) HPO, 4 10Ca(NO

b 4H20a‘8NH40H->CalO(Po ) (OH)2+‘

3)2-

20 O,+
NHQN 3 lOH O

This procedﬁré is iimited because it allows atmos-
pheric carbon dioxiae to enter.%hé precipitation:syStem.
To overcome this dlfflculty, preparatlons HA 7, 8 and
10 wete carrled out under an atmosphnre of nltréﬁen 1n
an enclosed system, whereas preparathns HA 11, 13, 15

and 17 were precipitafed'in air, which had been passed

through an ammonium bydrokide solution to remove any
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carbon dioxide which -would otherwise be precipitated in

the form of carbonate ions.

A second problem inherent in this method.is that
there is no way of controlling the pH of the precipitating
liquor. It méy be readily éppreciated'from the eduation
for the reaction that ammonium hydroxide is used in the
course of the vrecipitation in‘cénsequence of which the
solution pH will be lowered. Such a lowering of pH
could well result in the formation of less basic phases

than stoichiometric hydroxyapatite.

Since it was noted in chapter two that the final stage
of hydroxyapatite crystal growth does not commence until

99

about seven hours after the reaction is initiatéd it

is clear that the product of the method describedvabove.
may well not be a well crystallized phase. This rapid-
precipitation followéd by drying is also incoﬁsistent

with the observation, alsb noted in chaptg; twd,'that

the crystal-solution interface reaches equilibrium onlj o

after a considerable nﬁmber'df“hourSIOB.

Heating the sample to 24000, in air, is a particularly-
"severe method of'removing adsorbed . ammonium nitrate.
Such conditions as this may be expected to affect,

considerably, the character of the particle surface,

For these reasons, the following general procedure
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was adopted for the remaining hydroxyapatite preparations,
while various adjustments for each sample are recorded in
table 4.1.1. Freshly distilled water to eliminate carbon
dioxide contamination as far as possible, waé used to

make up the solutions of phosphate and calcium. The pH
values, before c0mmenciﬁg the phosphate addition, are
recorded in the tagle‘and these were maintained, throughoﬁt
the mixing,by the additidn of more analytical grade 0.880
ammonium hydroxide solution, The times taken for

mixing the solutions were, with one exception, longer

than three hours and are included in the table, Stirring,
by 'Teflon' coated magnetic stirreré, was maintained |
'throughout the solution addition stage and for a further
period to aid the approach to crystal equiliﬁrium.

After filtration at the pump, precipitates were washed

" five times with 500 ml aliquofs of an ammonium nitrate/.

_ ammonia solution at the pH of precipitation to remove

any surplus caléium and finally washed fié;vtimeé with

500 ml aliquots of freshly distilleé water. Products
wefe dried overnight at 100°¢C befé%e beiﬁg ground and
sieved. In all cases yields were of»about 95% of ﬁhe_

theoreticalt amount.
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Table 4.l.
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The prevaration of stolchiometric hydroxyavatite samoles.

Preparation

Number

HA 5
HA 6
HA 7
HA 8
HALO
HA1l
HAL3
HALS

HAL?

Notes:

pH of Period of Phosphate

Reactitn® _Addition
11.0b 3 hours
11.0° 3 Hours
9.5 3 hours
10.5 10 minutes
11.0 48 hours
12.0° 48 hours
11.0 48 hours
9;9 48 hours
12.0° 72 hours

A}

Period allowed

for crystal

equilibrium,

after addition.

624
288
336

.'400

500

0

0
hours

0]
hours
hours
hours
hours

hours

a. pH4valueé quoted are withiﬁjﬁo.l of the

experimental

values,

b. Original value; prior to mixing.

C. Mblarity of phosphate solution }ednced

from 0.25M to 0.17M to avoid reprecipitation.

L.l.2 Non-stoichiometric apatites.

The procedure adopted for the precipitation of the
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‘Table L.1.2

The nrevnaration of non-stoichiometric anatite samples

Prep. ©pH of

No, Reactiona
HA 9 5.8
HAlZ2 5.7
HAlL "~ 5.5
HAl6 5.2

Notes: a.

Period of Period allowed for
Phosphate addition crystal equilibrium,

after addition,

‘10 minutes 50 minutes
48 hours ~ 336 hours
48 hours 400 hours
72 hours | 500 hours

pH values quoted are within + 0.1 of

the experimental values.

Table 4.1.3

The prenaration of octa-calcium phosphate samples.

Prep. pH of

No. Reactiona

ocP 1 8.0°
ocP 2 7.0°
ocP 3 6.6°

Notes: a.

Period of . Period allowed for:

Solution mixing crystal equilibrium,

after mixing.

3 hours - - 21 hours
-c f 2 months
- C | ) Z‘mohths

pH values quoted are within + 0.1 of .
the experimental values,
Final value after period of equilibration

Method does not involve the mixing of .

solutions.,
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four calcium deficient avatite samples was a modification
of the method described immediately above. ' The difference
was in the pH of reaction alone, no other adjustments

being made. Solutions and precipitating liquors were
maintained at the pH values quoted in table 4.1.2 by

suitable ammonium nitrate/ammonia buffers.

L.1.3 Octa~calcium phosrhate

Three different methods were employed in attempts
to prepare samples of octacalcium phosphate,/éach will
be described briefly, table 4.1.3 listing some of the

details of the preparations.

The samvle referred to as OCP 1 was.prépared
according to an early method192 in which it was noted
that although the addition of disodium phosphate to calcium
chloride leads to the formétion of dicalcium phosphéte
dihydrate,‘é reversal of the‘pfOcedufe praauces a moré‘~‘
basic solid proviéed the mixture remains alkaline:
12Na2111>04+.160a012+3NH40H+2H20 - 2 [CagHa(P04)6._51iao] |

-+24NaCl+8NH Cl.

4 .
A solution of 100 ml of O.1M calciﬁm chloride was

added, with magnetic. stirring, to a solution of 1200 ml



112,

of 0.1 ¥ of disodium phospnate over a period of three
hours, pH 8 being maintained by the addition of ammonium
chloride/ammonia buffer. Stirring was continued for a
further 21 hours before filtering and washing in the
manner described earlier for.the modified preparation

of apatites, with the exception that washing with buffered

solution was omitted.

OCP 2 refers to a sanple prepared by a more recent
method85 in which one gramme of dicﬁlcium phosphate
dihydrate was hydrolysed in 500 ml 0.5 M sodium acetate -
solution at a temperature of QOOC. Stirring was maintained
throughout the'period of two months allowed for octacalcium
phosphate formation: |

| 15CalPO, . 2H,0 - Z{CaBHZ(PO4)6.§H2(3]+ 4H5PO,+ 22H,0.

The hydrolysis of one gramme of dicalcium phosphate
dihydrate in 0.01 M hydrochloric acid193, in a manner
similar to that described above, yielded, after a period .

of two months, the sample OCP 3.

o

4.,1.4 The oyrolysis of calcium phosphate.

Samples of some of the preparations described in .
sections L4.1.1 to 4.1.3 have been heated, uhder various
atmospheres in order to produce calcium phosphates

having distinct characteristics.



Three types of pyrolysis reaction were’carried out
and table 4.1.4 indicates wnich samples were subjected to
these treatments, Two gramme samples of preparations
HA 12,13,14,15,16,17 and OCP 3 were hcated at 600°C in
air for a period of 120 hours and are referred to.as
HA 12/600 A etc. A portion of HA 12/600 A was subsequently
rcheated at 160°C‘in an atmosphere of 2 cm Hg partial
pressure of water vapour for 24 ﬁours and is termed
HA 12/6004/160%. Two other materials called HA12/160V
and HAl2/600V were heated, under a pressure of less than

¢ .

107% ¢m Hg for 120 hours, at 160°C and 600°C respectively.

Table 4.1.4

Pyrolysed calcium vhosvhate preparations.

Prep. . Parent ' Temperature of Atmosphere of
Number Material treatment treatment
HA12/600A  HAL2 600°¢C Atmospheric
HAL3/600A  HAl3 , 600°¢  Atmospheric
HA14/600A  HALh | 600°%¢  Atmospheric -
HA15/6004 HA15 - 600°C  Atmospheric
HA16/600A  HALG ' 600°c Atmospheric
HAL7/600A  HAL? . 600% Atmospheric
0CP3/600A | 0cP3 ' 600°C Atmospheric
HA12/600A/160W HA12/6004 160°¢C Water vapour at

2cmHg partial pressure
HAl2/160V HA12 . 160°¢ < 10"6cmHg pressure
HAL16/160V HAl6 160°¢ < 10-6cmHg pressureA
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Prep.. Parent Temperature of Atmosphere of
Number Material treatment treatment
11A17/160V  HAL? ~ 160°% <.1o'6cmHg pressure
HA12/600V HAl2 600°¢ < 10"6cmHg pressure

4.1.5 Materials obtained from other sources.

Table 4.1.5 summarises the sources of samples other

than those described above.

Table 4.1.5

Materials obtained from other sources.

Sample

¥o. Source . Conditions of preparation

HAY M.D. Butlerlf2 Precipitafed hydro%yapatitelgl

HAC B. Coughlan™®  Precipitated hydroxyapatite o™

PCP Hopkin & Commercial sample Qf precipitated,
Williams Ltd. basic calcium phosphate.

BA ~do- Commercial samplghof Bone Ash.

ND ' Sgéiré ': Nof@alg ground dentine??

AD Y 'Anorganic; ground dentine_195

FA Durango, Mexicou Mineral flﬁqrépétife}*i

L.,2 Preparation of Aliphatic Diazo-Compounds.

Since the aliphatic diazd—compounds were prepared by
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five distinct typeé of reaction, the various procedures
will be described first, table 4.2 indicating which of

the four methods (4.2.1, 4.2.2, 4.2.3, L.2.4 or 4,2,5)

were used to prepare each cqmpound.

4h.2,1 Prevaration of disubstituted derivatives of
125-132.

diazomethane

Ketohydrazone (0.025 moles) was placed in a 100 ml,
greund-glass stoppered, hottle with yellow mercuric oxide
(0.025 moles) and petroleum ether (25 mi) of boiling
point in the range 40-60°C.  The bottle was closed,
wrapped in a wet towel, firmly bound with wire to keep
the stopper in place and shaken mechanically at room
temperature overhight. The mixture was then filtered
to yield the disubstituted derivative of diazomethane in

a solution of petroleum ether.
: 1
Ra

B¢ =N-nH Ry

+ HgO — R’CN -Hg-H20. The solution was then

2 2

dried over metallic sodium and the concengfation evaluated
(the method is described in chépter five) and adjusted

as necessary.

'4.2.2 Preparation of an ethereal solution ofvdiaZOmethanellS.

2-(2-ethoxy ethoxy)-ethanol (35ml) and diethyl
ether (10 ml) were added to a solution of potassium

hydroxide (6 g) in water (10 ml). The whole was then
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placed in a long-necked distilling flask fitted with a
dronping funnel and an efficient condenser. The flask
with contents was placed in a water-bath and maintained
at a temperature of 70°C. The dropwise addition of a
solution of N-methyl-N-nitroso-p-toluenesulphonamide
(21.5 g) in diethyl ether (140 ml) was commenced as soon
as the ether in the flask began to distil. The addition
was continued Qvef a period of 20 minutes and an ethereal
solution of diazomethane collected in more diethyl ether
(20 ml) in a receiving flask, the outlet tube of tﬁe
condenser dipping below the surface of the receiving
ligquid, which was cooled.to a temperature of 0°¢c. When
the dropping funnel was enpty, a further quantity 6fA
diethyl ether (40 ml) was added slowly and the distillation .
continued until the distilling ether was colourless.
CH—D—SO 0 4 xom —y cuall 50K+ H,04 CH,N,.
3 2 Neq 3\/» 3 277 Tr2t2
3 .o - :
The ethereal solution was then dried and ité concentratipﬂ
detefﬁined as in preparation 4-2;15 It could be stored,
over sédium, at 0%c.

L.,2.3 Preparation of an ethereal solution of ethyl

diazoacetic ésterllo.'

A solution of ethyl amino acetate hydrochloride (35 g)
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and sodium acetate (0.8 g) in water (40 ml) was added

to a 250 ml Claisen flask fitted with a mechanical stirrer'
and cooled to 2°C with an ice-salt bath. A cold solution
of sodium nitrite (20 g) in water (25 ml) was then

added and the mixture stirred until the temperature had
fallen to 0°C. The teﬁperaturé was maintained below

2% and stirring continued while ethanol-free diethyl
ether (20 ml) and then cold 10% sulphuric acid (0.75 ml)
were added. After 5 minutes the reaction mixture was
blown over.into a 250 ml separating funnel, through a
glass tube reaching from the bottom of the reaction

vessel to the top of the funnel. The lower aquecus layer
was quickly blown back into the reaction flask'and the
‘ether layer removed and washed with a cold éqlution‘of

10% sodium carbonate (13 ml). Washing was repeated

until the ether layer was no longer, acid to moist litmus

. paper. The ethereal solution was dried over anhydfous

sodium'sﬁlphate (3 g) and stored over metallic sodium

at 0%,

C1n, hoHC0,0,0. N0 Gk en co.c A, NLCHCO.C,H...
3 27727275 "““f* 2rrarrara’sr2 27275

‘The concentrqﬁion of the solution was evaluated in fhe'

manner described in chapter 5.
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L,2.4 Preparation of ethereal solutions of the higher
121-124

homolopgues of diazo-methane

A solution of sodium nitrite (2 moles) in the
minimum amount of water was added to the product obtained
by mixing mesityl oxide (4—methyl~3-penten-2-6ne) (1 mole).
with a primary amihe (1 mole) after neutralisation with
glacial acetic acid. Glacial acetic acid (1 mole) was
then added, and the mixture left overnight in a water
bath at SOOC, the reaction vessel having been fitted
with a reflex condenser, to prevent loss of material,
and a mechanical stirrer. The oily layer, containing
h—methylfu-alkyl nitrosamino-2-pentanone, was then
separated from the mixture and the agueous layer éxtraétedv
with ether (30 ml). O0ily layer and ethereal extract
were combined and washed twice with dilute acetic acid
and then with water before being dried oVer énhydrous

sodium sulphate.

RCHaNH2+ NaNO2 ——>~RCH2

RCHaHNNQ4‘(CH3)20=éCHCOCH3

HNNO + NaOH

2COCH3
N-NO.

— (C'HB)ZCCH

RCH2

"Ether, could have been pumped off at room temperature

and the residual nitroso derivative distilled under

reduced pressure to remove any traces of olefin or
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alcohol, but this was not thought to be necessary for

the nurpose of this work.

Two methods were employed in the preparation of
diazoalkanes ffom this ethereal solution of nifroso—
derivative,

Method 1123~12k,

A 20 ml Claisen flask, carrying a tapvfunﬁel, was
c0nnectéd to a condenser fitted with an adapter which
dipped below the surface of diethyl ether ( 50 m1) in
a receiver cooled by ice. The ethereal solution of
the nitroso-derivative (30 ml) and isopropyl alcohol
(3 ml) was added drop by drop to a 1% solution of sodium

in isopropyl alcohol (5 ml) at 78°C, at a rate equivalent
to thqt of distillaﬁion. As the colour of the
distilling liQuid faded, a further gquantity of sodium
isopropoxide solution (4 ml) waé added. When the additioﬁ
‘ was'complete, diethyl ether (25 ml) was ad&éd until the .
distillate was no‘loﬁger coloured.
. O:

(CHB)CCH2COCH3————9 (CH3)20==CHCOCH 2

3+ RCHNZ* H

R CH,NNO

Method 2.

It was decided that for the purpose of this study;

the vresence of mesityl oxide in the ethereal diazoalkane
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solution was of no importance. Later preparations
therefore used a simplified alkaline hydrolysis reaction

for obtaining diazoalkanes from thne nitroso-derivative.

Potassium hydroxide (5 g) was first added to the
ethereal nitroso-~derivative solution and then water
(10 ml), the mixture was gently refluxed for one hour

with occasional shaking. The efheréal layer was
sevarated, dried over potassium hydroxide pellets and
stored over metallic sodium.

4.2.5 Preparation of ethereal solutions of the higﬁer
116,117,196

homolosues of diazo-methane

Primary amine (1 mole) was diluted with water to
a volume of'SOO ml and concentrated hydrochloric acid
added until the solution was acid to methyl red paper.

Potassium cyanate (100 g) was then added and the mixtﬁre

boiled gently for'five minutes and more vigorously for
a further ten minutes. The hot solution was poufed
into a sblution of sodium nitri}e_(?O g) in Wéter‘(lOO mi) '
and then cooled to OOC. A mixture of4concentrated
sulphuric acid (60 ml) and ice (AOO'g).wés prepared in
‘a 31 béaker, itself placéd in a bucket confaining an -
Aice-sélt mixture, The alkyl urea solution was édded.

slowly, with constant siirrihg, to the sulphuric acid
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solution over a period of about half an hour and gave

a foaming precipitate of nitroso alkyl urea. This
precipitate was immediately filtered in a Buchner'funnel,
and washed with water (200 mi), the process was repeated
until a sample of the solid could be completely dissolved
in methyl alcohol without turbidity. Nitrosoalkjl urea
céuld be stored dry in a vacuum desiccator at a

temperature helow ZOOC.

RCHZNHBCli-KCNO-——a RCHZNHCONH2+ KC1

-—§RCHZN(NO)CONH

RCH 2

NHCONH,+ HNO

2-\ 2 + H.,O

2 2

Diazoalkane was prepared from this nitroso~derivative
by cooling a mixture of diethyl ether (150 ml) and 50%
aqueous potassium hydroxide (150 ml) in a conical flask
to below 0°C in.an ice-salt bath and adding the nitroso-
compound ( 1 mole) in portions with swirling, keeping
the flask below 0°C.  The ethereal layer became yellow
with the formation of diazo-compound and was decanted
into a second conical flask. »A fﬁrther gquantity of
ether (150 nl) was added in portions, with continued
swirling, and the ethereal layer again decanteq: The
diazoalkane solﬁtion was dried by adding botassium hydr-

oxide pellets, and stored at 0% over‘sodium.\,

ot KCN04-2H20

A

RCHZN(NO)CONHZi-KOH —=> RCHN
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Table 4.2

-

Prevaration of Alinhaﬁic Diazocommnounds

Prep. Method of
No. Product Solvent Preparation
D1 Diazomethane Diethyl ether L.2.2
D2 Ethyl diazoacetic " " 4,203
ester
D3  Diphenyl diazo- Petroleum ether 4.2.1
| methane ' (b.p.40-60°C)
ﬁu Vinyl diézomethane Diethyl ether 4.2;4 Method
D5 Diazomethane ‘ " " L.2.4 n
D6 Diazo n~octane oon " 4,24 n
D7 Diazo n-butane ' u "o Q.Z.A "
D8 Diazo iso-butane | " " B2 M
D9 - Diazo ethane _ " " L2 0
D10 Diethyl diazo- ?etrdleum ether 4.2.1
| methane  (b.p.40-60%) - |
D11 Diazo naoctadecanev Diethyl ethé; k2.4 M
- D12 Diazo n-propane Diethyl ether 4.2.4.~'"
D13 Diazo n-pentane '"k" "o - I
D1y  Diazo n-octane | " " :» h.2.4 . "
‘D15 Diazo n-butane o ‘" " L.2.4 ‘U

D16 | Diazo n-octadecane " n L.2.5

VR I B SRy SR

VIR CRRE SR S Y
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Prep. ' ‘ . Method of
No, ‘ Product Solvent Preparatioh
D17 Diazo n-dodecane Diethyl ether ~4.2.%4 Method 2
D18 Diazo n-octadecane_ " " 2. 2
D19 Diphenyl diazo- | Petroleum ether 4.2.1

methane (b.p.40-66°c)
D20 Diazo n-octane - Diethyl ether 4.2.5
D21 ~ Diphenyl diazo- Petroleun ether 4.2.1

methane (b.p.40-60°C)
D22 Diphenyl diazo- - do - 4.2:1

methane

D23 Diazo ethane Diethyl ether L.2.5

In all cases, diazo compounds were prevnared immediately

before use.

L,3 Preparation of surface'modifiéd avatites and related

§g&§§; | o . -
Two gramme samples of the falgidm phosphate materials

 were pfetreaﬁed under various conditions prior }o'reaction.

with aliphatic diazocompounds. Table 4.3 indicates

‘the nature of theée‘conditions, which may be‘generalised

“as follows.. Some samples were taken straight from the

storage bottles, kept open in a dessicator over anhydrous:
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silica gel, while others were further dried before contact
with diazo solution. This further drying included
storage in an oven at lOOOC, and storage under vacuunm

at lOOOC, each for a period exceeding 24 hours, The
methods of mixing solid with solution were: standing in
contact, stirring and shaking at room temperature and

for periods of about 24 hours under atmospheric conditions,
although some samples, after careful drying under vacuum,
were contacted with anhydrous diazo solution under an
atmosphere of dry ether.vapour. Shaking the phoéphates,
in‘confact with diazo solution, was the most simple
procedure (other than merely standing) as no extra
apparatus was then required in the reaction vessel.,

Standing in contact was little used as it did not ensure

adequate exposuré of s0lid surface to the diazo-compounds.

The techniques used in the chéracterisation of
" these surface modified products will be discussed in the

next chapter,
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Table 4.3
Prevaration of samnles of surface modified materials.
Prep. Parent  Method of Diazocompound  Method of
No. Salt drying salt Preparation no. Mixingq.

(inc. solvent

recorded in

table 4.2)

1 HAS Oven® D1  Standing
2 " Déssicatord D2 : "

3 " Dessicator D3 o

4 " Oven D3 - Stirring
5 " Dessicator D4 ’ "

6 " " D5 B

7 " o D6 , ‘ o

8 " o D7 "

9 " m . D8 o

10 L R D9 . oo
11 K " o DlO" o o

12 " "o “p11 o
15 w o W pla S
,14 SR e ”bij S 3 )

s . S e o .

16 o ovett Dl ' o

17 " Dessicator D15 n
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Prep. Parent Method of Diazocompound Method of
No. Salt drying salt Precparation no. Nixing .
(inc. solvent’

recorded in

table 4.2)

18 : HAS Oven D15 ) Stirring
19 " : Dessicatér D16 ' "‘
20 o " D16 "
21 " Oven D16 "
22 T7600% o D16 | "
23 " HAS " D16 "
2L " Dessicator D16} "
25 T600%  Oven . Dl6 . o
26 HAS ~ Dessicator D16 "
27 - HA6 " D17 ' o "
28 OCP1 no D18 | "
29 HAG | mo pi8 ..
30 ~OCPL e D19 ~ Shaking
31 HAG e 9w
3é ' BA ’ " D19 o "

3 P . om D19 o o
3 - ocPl oven D20 "
35 HA9 wo D20 - n

36  HA1O " D20 | "



\
Prep.

No.

37
38

10
41

42
43
g
15

4

,,47

HA12/600V

Parent

Salt

P
PCP
HA9
HAll

HAlZ

HA12/600A°

Method of

drying salt

Oven

1"
n

"

Under vacuunm
at 100°c.

-do~

HA12/600A/160WP *© ~do-

HAL2/160V°

b

HALG?

HAL7P

Under vacuunm
at 160°c
Under vacuum

at 600°¢

Under vacuum

at 160°V

—-dOw-

L

Diazocompound
Prevaration no.
(inc. solvent
recorded in
tahle 4;2)

D20

D20

D2l
D21
D22
D22
p22
D22

D22

D23

D23

'

127.

Method of

Mixing.

Shaking

1"
"
"

"

1

Notes: a. TT600 is an aerosilica used to compare these

surface modifications with samples prepared

. . 2
in earlier workh .

b. Sanples were outgasséd at the temperature stated,
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CHAPTER 5

EXPERIMENUAL TECHNIQUES

The apparatus used in this investigation of apatites
and their surface modified products are described in

this chapter, mention is made of the various techniques

involved,

5.1 Sorption Avvaratus.

A volumetric system was employed for low-temperature
nitrogen sorption studiés, while water sorption data
were obtained from a gravimetric system. In order to
outgas both the pyrex glass apparatus and the various

sorbents studied, these sorption systems were connected

Yo a high vacuum line. The method of pumping is described

first.

5.1.1 Pumping systen. - oo

Figure S.i;l illustrates fhe pumping;system in
which a three -sfage mercufy diffusion pump (D) was vacked
by a rotéry oil-pump withba 5lﬁbuffer volume-(v) and oil
trap (0) sitwated between the pumps. Thé oilfffép
"prevented any oil éntering the apparatus whilé.the buffer
volume bécked the diffusion pump on the ocqasions when
‘the 0il pump was temporarily out of use, A liquid

nitrogen trap (C) preventéd any condensible vapours
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. Figure 5.1.1
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passing into the opumps. A McLeod suage (G5 was used

to measure the vressure of the apparatus which could be
reduced to less than 10"6cm Hg. All tubing and stopcocks,
which were greased with Apiezon N, were of large bore to

ensure a good pumving rate.

5.1.2 Volumetric Sdrption Apparatds.

Two indepeﬁdent sorption units were connécted to

‘the high vgcuum line, eaph one consisting of a gas
burette (B), mercury manometer (1), sorption.cell (S) and
gas line (L). The various numbers on figure 5.1.2
indicate the extent to which each system was calibrated,
the volume 5etwéen marks t, to t3, M, and By gomprised
" the doser volume, and its capacity, VD’ was determined
.as follows, The volumes of the four bulbs in the gas
burette were calculated by fiiling the buretté with mercury,
whose density is wgll estéblished; and weighing the
latter as it was diéplaced; bulb by bulb, from the buretté.

Since the manomeﬁer limbs were'constfucted from 10 mm
'Vefidia' précision bore tubing, fge volume down to the
etched mark M, could be established. A dose of helium
was adﬁitted'to fhe Qutgassed systeﬁ“and the gas 
pressure noted as the mercury level in the burette sﬁood;

at each mark from B, to B_.. If the mercury level is at

1 5
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Bl, the corresponding pressure of the gas PBl chs Hg,
and the level of the low pressure meniscus in the
manometer'(average value of the top and bottom of
meniscus) ig Xgqy Cms above Ml, then the equation of

state may be written
2, - .
PBl(VD+ VBl-7T(O.5) XB1)=» constant X Ty

where VBl is the volume enclosed within the gas burette,
TR is room temperature in degrees absolute,

D? VBl and (0.5)2xBl are in 6m3,

and v
v, may be evaluated by elimination of the variables in

this equation.

All pressurés were calculated from observation of
the meniscus positions through a 1 m cathetometer,
supplied By Precision Industries Ltd,, allowances having
been made for éapillary depreésion, which was calqulated ‘

197 ‘

from the meniscus height™”".

The sorption cell (S) was calibratéd”%y'weighing
the amount of meféury it could.éontain. It was loaded
with sorbent before‘being joined, at M,, to the tube,
tap and-cone assembly (A). The,volume of the tuﬁe

section between M andvtl, referred to as Vd,’was also

2

calibrated using mercury. The adjusted volunme, Vc’ of

the cell (S) after being loaded with sorbent was then



133.

calculated, after outgassing the sorbent for 24 hours
at room temperature followed by a further 24 hours at
100°C, by qpplication of the perfect gas law in the
manner described previously, by the admission bf a. dose

of helium to the whole system.

5.1.2.1 Measurement of isotherms,

The cell; @dntaining outgassed sorbeht, was
surrounaed with a Dewar fiask containing either'liquid
nitrogen or liquid oxygen and allowed to reaéh thermal
equilibrium. Tempefature measureﬁents of liquid
nitrogen; TN, was carried out with.an bxygen ?apour
pressure thermometer while a'sulphur dioxide vapour
pressure thermometer vias used to measure the temperature
of liquid oxygen, To. Nitrogen gas was admitted to
the rdoser volume and its preésure.measured at roonm
temperature, TR{ the temperafure iﬂside the burette,air-
jacket,vTB, was also noted. The volume oflgasg in
thé c&oéef volume'énd the gas burette, ﬁas then célculated

3

in cm” at S.T.P., according to fhe perfect gas law.
“Tap tl was o?ened, the‘absolute temperatureiof the'room '
T, and of the burette TB‘determined, and the gas pressure

measured when it had reached equilibrium.

The différende between the volume of the dose
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measured at S.T.P., Vol and the volume, also measured at

S.T.P., after equilibration with the sample VD, represents
the volume of nitrogen at S.T.P. sorbed by the outgassed
sorbent. VO and VD were calculated from the two

equations:

3 . 2 0.
_ | V- TN (0.5)7x v .
PoBl D BL, ‘mL |_ PSVo nd
' p_0 0 -
X R - B T
- 2 1
1 | Vpt Vg ~T(0.5)7x5, Vg Vg D
PL, + + -C . PV
p 1 p 0. o0 T
I R B “N(or 0) S

where the superscripts O and 1 refer to measurements made
before and after the tpening of stopcock fl fespect-
ively, and Ps and Ts refer to standard‘pressure
(76 cm Hg) and standard temperature (2730&)
respectively. | \ |
. A1l pressures were measured iﬁ cmng, volumes in bm3, and

' temperatures in degrees absolute,

Tsotherms of the vélume of ‘gas adsorbed (in_cm3 at
S.T.P.) per gramme of outgassed sofbent could be plotted
from the results obtained as the'mercury level in the
gas Burette»was moved up to BZ’ B3 and so on, VWhen the'

pressure of the gas enclosed above B5 had been measured,
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the stopcock, tl, was closed and a new dose admitted

to the doser volume, the mercury level having been
lowered to Bl’ .In the subsequent calculations; account
had to be taken of the.volume of gas enclosed above the

sorbent, and adsorbed on it.

When the sorption of nitrogen had been caléulated
up to pressures of about 60 cm Hg, the desorption
isotherms were determined, in a similar manner, fromv
the gas volume which remained adsorbed as the pressure
was lowered. The pressure was redﬁced by lowering the
mercury I'evel in the gas burette to suécessive marks
until Bl' At this point,.the sfdpcock tl was'élosed aﬁd
the rd.oser voluﬁe outgassed through ta, the‘mefcufy level
could then be returned to_B5 and the tap tlireqpened for
the new pressure to be measured. This procedure could
be repeated until a sufficiently ldw jpressure haa been

reached. -

From the isothermal data of nitrogen®sorption, the ‘
monolayer capacity of the sorbent, xm,-COuld be-dbtained
from a plot of P ‘against P_ where V is the

V(PO~P) ‘Po

volumé»of nitrogen (at S.T.P.) sorbed by one gramme of.

sorbent at a preséure P, and Po‘is the standard pressure.
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The slove and intercept of this plot were used to obtain
the value of X, in the manner described in chapter three.
If the area of solid surface covered by a single molecule

of nitrogen gas, at its boiling point under atmospheric

Q 2 198

vressure, is tzken as 16.2 , then the specific

surface, SNZ’ measured from nitrogen sorption data is

20

x_ x 6.023 x 10°° x 16.2 n°g7}

22.5 ’

given by SN2=

Values of SH2 were obtained for most of the apatites and
surface modified apatites whose preparations were described

in chapter four.

5.1.3 Gravimetric Sorpticn Apvaratus.

Figure 5.1.3 illustrates a typical grajimetrié sofption
system, two independent seté of these c0mpriSed the -
gravimetric apparatus used in this work. Eaph set
consisted of three Scm bqre.pyrex glass bélance cases
c0nhected, in paréllel, to a sorbate resegyoir by heated
pyrek glass tubihg. ‘The B45 cone and socket assembly
at the tbp of the bélaﬁce Case:@as gréaséd with Edwards
high vécuum silicone grease, while ﬁhe'4 mm greéseless.
stopcocks on either side of the}SOrbaté reservbir were
supplied by G. Sprihgham and Co. Ltd. and fitted with
'Viton‘A' fluoroparbon diaphragms. Preséure of sorbate

was measured by observing the differences in meniscus
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height of a mercury manometer, through a 50'cm catzetoneter.

The manometer was connected, through the base of a

standard balance case thermostat tahkqa, to a second

rotary pump which vas also used to operate the McLeod

guage and the manometers of the volumetric systems. In

all cases pressure measurcments were converted to cm Hg

at OOC, account being taken of caﬁillary depression in

the manner described in sectioni5.l.2. After careful

double distillation of distilled water, vapour was

admitted into the balance case, the pressure determined,

and adsorption to the previously‘outgassed sorbent

measured from the observed extensién of the silica

spring which held the sample contained in a small buckef.

These springs were cal:i.bra‘cedL*2 at the variéus temperatures
at which isotherms were to be measured,

5.1.341 Measurement of isotherms.‘

A weighed bucket was loaded with sorbent and

-

reweighed, it was then attached to‘the silica spring

and carefully lowefed into the-Bélance case. After
outgassiﬁg the sorbent for 24 hours at.roonm téﬁpgraturé
‘followed by 24 hours ét lOdOC, thertank ﬁas fiiled with
water at the tempefature_of the isotherm. Temperature"

was controlled by a Sunvice thermostat”a. Anhydrous -
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sorvent was.then weighed by calculation from the spring
length, measured through a 50 cm cathetometer. (From

the reduction in weight of sorbent under these outgassing
conditions, the reduction in the weight of samples in

the volumetric system under similar conditions could

also be determined,) Doses of water vapour could then

be admitted in the manner described above and the sorption
isotherm determined. .Immersion of the sorbate reservoir
in liquid nitrogen enabled vapour to be_withdrawn from

the system, and in this way a desorption isotherm could

be determined.

HZO

sorption isotherm in a manner similar to the one described

Values of S could be calculated from the water

for the evaluation.ofASNa. The area occupied by a single
nolecule of water on the sorbent surface at 2500 wvas

taken as both 10.88% 189 ang as 14,882 199,

5.2 Other apparatus and techniques involved in this study.

Other information on the nature of the materials
used in this work was obtained from chemical analysis,
infra rgd spectroscopy and X-ray crystallography." Av,

‘brief account of these methods will now be given.
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5.2.1 Chemical analysis.

All the samvles prepared, according to the methods
described in chapter four, have been analysed by standard

methods. A brief'summar§ will be given in this sectioén.

5.2.1.1 Calcium phosvhate materials.

Calcium vwas determined gravimetrically as calcium
_carbonateaoo and vhosphorus gravimetrically as phospho-
molybdateZOI., Samples were tested for impurity ions,

particularly sodium, chloride, sulphate and carbonate,

by the usual procedures of qualitative analysis.

Pyrophosphate was.determined in the heated sawples
by the following methodgl. Aliquots oflsample were
dissolved in 1 M perchloric acid, at room témperature,
and orthophosphate determined gravimetricailj as »
phosphomolybdate. The diffefence between tofal-phosphate
- concentration, determined.previously, and the cohcentration
" determined after pyrolysis was consideréd-%o represent

the concentration of phosphate which had condensed to

pyrophosphate,

5.2.1.2 Aliphatic diazocompounds.

The diazo-compounds were characterised by conversion

“into the corresponding p-nitrobenzoates, 3,5-dinitro-
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benzoates or acetateslal, and the melting points of

these esters compared with published valuesaoa’aos.

Estimations of some of the sample concentrations
in ethereal solutions were made by the following

methodll? ’204.

An aliquot (5 ml) of solution was
pipetted into 0.2 M ethanolic benzoic acid (10 ml),
excess benzoic acid was then estimated by titration

against a standard 0.07 M methanolic potassium hydr-

xide solution.
\

5.2.1.3 Surface modified materials.

Modified samples were outgasséd, under the conditions
speciiied earlier in this chapfer, allowed to reach
equilibrium with wéter vapour and reoutgassed before
the determination of carbon and hydrogen was carried out.,
These conditions were necessary to remove any exceés-of

.
solvent ether or diazo—compound‘decomposition ?rdduct.
Analysis of carbon as carbon dioxide and hydrogen as
water was méde by'thé usual meppddéwof organic micro-

analysis..

5.2.2 Infra red spectroscopy

Accurate méasurement\of the infra red absorption
Spectrum of a pbwdered sample may be made only if the

amount of radiation scattered by the sample has been



142,

reduced to a small fraction of the incident radiation.
Two methods of achieving this rcduction were employed in
this study. Intimate mixtures of potassium bromide
containing: about 2% of sample were prepared and then
pressed together to férm a transparent disc about 1 mm
in thickness. The alternative to this involved the
preparation of a mixture of sample with an oily liquid
of similar refractive index, the mull was then squeezed
between two plates of potassium bromide.

The alkali halide disc method has been employed

by most other :'anestig;a’c01‘5‘24’25’94"96 of the infra~re§
absorption spectra of apatites but it is unreliable
because of the possibility of pressure induced phase
qhanges in the sample and perhaps reaction Qith the

halide itself may occur,

There are two difficulties associated with the use
of'mulling égents. Firstly the refractive index of
the agent.shouldvbé edual to that of the sample. This
is not possible to achieveAat a1l waveléngths, and in
any case nOn-§ubic crystals have more than dne ?efractive
.index. The‘seéond problem,is.that the mulling agent .
may have.absorption bands which interfere with the

specimen bands,



Ansorption spectra of the modified apatites were
obtained by the alkali disc method, while other damples
were analysed using nujol (a liquid paraffin) mulls.
Measurements of infra red absorption bands were made on
a Grubb-Parsons 'Spectromaster! grating épectrometer,
although some preliminary work was done oh a Perkin

Elmer 237 grating‘spectrometer.

5.2.3 X-ray vowder diffraction.

Powder diffraction photographs of many of the;
precipitated apatite materials were taken on a Guiniér
Camera fitted with a quartz monochromator, Copper
Ky x-radiation was gencrated by means of a Hilger_and
Watts Microfocus x—fay set, which was operated at'40 KV
and 1.5 mA, The copper target was cooled with
circulating oil, itself water cooled. Four pqwder
samples could be photpgraphed"simﬁlkaneously,»eaéh sample
havihg been‘mounted in one of four rectang&lar apertures
of a flat plate and retained by strips‘of.tape on ééch'

side of the plate,

Caléulation of the lattice constants was made from
the spacings of the (410) and (004) reflections. For

the determination of these spacings from the Bragg

1[{-3 -



equation

189

, two constaant factors needed to.be known.
Firstly, the camera had a radius of 57.3 mm. and

seccndly the wavelength of copper K, radiation was

taken aé 1.54182. This value is a weighted mean of .

the wavelengthé CuK,; and CuKiz, assuming that the former
is twice as intense as the 1atter190. The use of a
weighted mean for the wavelength was required because

the two components were not resolved at the low angle

of diffraction used.

1y,
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CUAPTER 6

RESUITS AND DISCUSSION

Characterisation of the materials used in t£is
work will be dealt with in the first section of this
chapter, which will list and diiscuss results obtained
from nitrogen sorption, chemical analysis, infra-red

spectroscopy and X-ray powder diffraction photography.

Extensive work has been involved in the determination
of water sorption isotherms, and section 6.2 is devoted
to an interpretation of the data derived from this

study.

6.1 Characterisation of materials.

Results obtained from the four techniques mentioned
in the opening paragraph of this chapter will be

vdisbussed in sections 6.1.1 to,6.1.4.‘v

6.1.1 Nitrogen sorption studies. .

The sofption of nitrogen by ;pe Various materials
~has been studied in the manner described in chaptey'five
and some repfesentative isotherms are shown iﬁ figure
6.1.1. A general description of these isotherms is now

made while calculations involving the isotherms are left
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v Figure €,1,1 (b)

- YT -

raserniion and desorntion Lrancies of nitrarseon isotherss

at 77.5°%K

¥ cn’(s.t.p.)g

() HAL6

do/@/oeo O HA16/6004

| | - °©




Ficure 6.1.,1 (c)

ausorstion hranches of nitromen isothorns ot 77.5°K

x  emP(s.t.p.)g T ///fzgfcy

7

17
e L

o 10

HAS

Modification 1

O
; o <> Modification 16 .
-O-

- Modification 23

0.1 - 0.2 P/

. by




11*'9 .

until later.

Direct comparison of isotherms of sorption by
the same sample over a period of tiﬁe and under.similar.
conditions has been employed to ascertain thé stability
of sorbent surfaces. Two nitrogen sorption isotherms
for HA 9 at liguid nitroéen temperature are shown in
diagram (a) and the striking différence in sorption
charactér after four months may be seen. It must be
remembered that this salt was precipitated, filtered.
and dried rapldly and it seems highiy likely that storage
for these few months, in air, allowed the surface of
this salt to reach a final state. Further nitrogen
sorption experiments on this material confinmed}i£s
eventual stability. It was principally for this reason
that all later precipitatiohs_were carried out over
extended periods. Provided sufficient time was allowed
fbrvsorption to reach egquilibrium, all 1étgr isotherms

were reproducible within the limits of experimental error.

‘Physically adsofbed ethef‘;nd weakiy bondedvpolymeric
materiais may be removed_from the apatite sufface énly._
‘after water sor?tiou and outgassing. Sd'that the more
permanent nature of the surfaéekis characterised; the

modified materials were subjected to repeated nitrogen
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sorption. In all cases, however, there were no

measurable changes in sorption characteristics.

Under the cdnditions of these nitrogen experiments,
all isotherms were found to be irreversible (see diagram
(b) ). 'This is in disagreement with earlier work42
but it should be remembered that_in the presenﬁ experiments
sorption has been measured up to higher values of the
relative pressure, and irreversibility would not have
been s0 readily detectable from the earlier measurements,
This hysteresis, which was noted iﬁ the range O.4:<
P/Po'<'o'95’ may‘Be due to capillary condensation of
the sorbate in inter-particular pores, but no attempt
was made to determine ?ore size distributions in the‘

sorhents.

Figure 6.1.1 (c) illustrates the change in shapev
of the adsqrption'isotherm which occurs afterAmodification} ’
- The‘sharp knee for the parent apatite becomes a gentie
curve for those ﬁodificétions whose isotherms are shown.
This was the case for every material studied. - The
knee in a sorption isotherm is dependeht on temperature
.and the.nature of the interaction between sorbent and

sorbate. In the BET equation, for example, the para-

meter ¢ dictates the shape while X determinesvthe
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extent of sorptidn at aﬁy relative pressure. Type 24
isotherms, of the kind found in this nitrogen sorption
.study, require a large ¢ value, and decreaéing ¢ implies
a ﬁorc gentle curve in the region of X Type 3
isotharms, those which are cﬁaracteristic of systems
where sorbate-sorbate attraction is more important than
sorbent-sorbate interaction require ¢ values of less
than unity. More will be said later on the magnitude
of the ¢ values but it may be said that, with regard
to the approximation meﬁtioned in éhapter three, i.e.
E,-L |

c=e 1 , & decrease in c¢ implies a decrease in E
RT '

more simply a less energetically adsorbing surface.

101‘

Calculations of X s the monolayer capacity, and
S, the specific surface, of each sorbent are discussed

next.
A

6.1,1.1 Determination of the specific surfaces of materials

_studied in this work.’

Values of the monolayer cépacityiof eééh sorbent
have been calculated,.in the mgnner de#cribed_in chapter
thfee, from the'linegr segment of_giB.E.T. piof.  Some

'such piots are shown in figure 6.1.1;1, and values of

x, are listed in table 6.1.1.1 together with the
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Table 6.1.1.1 (a)

Values of X and S determined from nitrogen .sorption.

Apatite Monolayer cavacity Specific Surface
Prep. No. Xy lClnB(S.'T-P)s_l S, ng_l

" HA S 15.7 ' 68.2

HA 6 ’ 16.4 ' 71.3

HA9 15.5 (21.6) 67.3 (93.6)
HA 10 .27 119.0
HA 11 15.7 ' 68.0
HA 12 17.8 | | 77.3

HA 13 . 13.6 59.3
HA 14 . 18.2 79,1
HA 15 15.2 - — 66.4
HA 16 12.5 | 54;4
HA 17 23,3 - 101.6

- ocP1l ©30.0 130.8

ocP 2 | 9.5 RS
HA 12/600 A | '5;1 22.1

| HA 13/600 A 1.9 51.7
HA 16/600 A - 3.6 15.7 -

HA 17/600 A S 11.9 51.9

HA 12/600A/160 W 5.8 25.3

HA 12/160 v 15.3 ," A-- - 66.5
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Tanhle 6.1.1.1 (a) (contd.)

Values of x and S determined from nitrogen sorption,
814

Apatite Monolayer Capacity Specific Surface
Prep. No. | xm,4‘<:.m3(S.'I'.P.)g"l s, mZg~t
HA 16/160 V 12.8 55.8
HA 17/160 V 2L . L 106.3
HA 12/600 v 13.1 56.9
HA 4 183 | 79.5
HA C 20.2 . - 87.5
PCP | 5.8 - : 25.2‘
BA 3.9 : 38.8
ND 4.8 - 20.9
AD | 17.1 74,1

Details of these preperations were listed in the

Y

table of section 4.1.
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Tahle 6.,1.1.1 (b)

Values of X and S determined from nitrogen sorption,

~

Modification Parent Monolayer Cavpacity Specific surface
Prev. No. Apatite X, cm3(S."T;P)g"1 S, mag_l
1 HAS | | 15.8 68.8
2 HAS 15.6 68.0
3 HAS 15.6 68.0
4 HAS 15.8 68.8
5 HAS 15,7 -  68.5
7 HAS5 15.6 68.0
15 HAS 15.0 | 65.2
16 HAS 14.1 " 61.5
17 HAS o 15.0 ’ 65.3
18 HAS 15.8 68.8
23 HAS | 18.0 '- 78.1
2y ms 16.0' S 1 69.6
26  HAS | 159 © 68.5
27 HAG 130 56.6
28 0CP1 17 = 75,8
29 HAG N 12 ; 62.0
30 0cPL 29.0 126.2

31 - HAG ©15.8 | 68.8
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Table 6.1.1.1 (b) (contd.)

Values of x and S determined from nitrogen sorpntion.
il

Modification Parent Monolayer Capacity Specific Surface
Prep. No. Apatite X cms(S.T.P.)g"1 S, mag—l
39 HA9 21.1 91.9
10 | HALL | 15,7 © 68.5
41 ) HAl2 18.5 80.7
L2 HA12/600A 6.6 28.9
L3 HA12/600A/160W 5.7 24,7
Ll HA13/160V 14.7 | 64.3
L5 HA12/600V 13.0 v 56.7
16 HALG - 13,3 - 57.9
47 HA1? 23.6 ) 102.9

Preparation of sorbents has been dealt with in

section 4.3.
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corresponding values of S. Results shown in brackets
are for those salts which were precipitated rapidly and

indicate non-equilibrium values.

It is apparent that most of the modified salts do
not show any considerable differences from their parent

apatites,

Significént changes in Xm have been induqed by the
various heat treatments attempted. Two calcium
deficient apatites, namely HA 12 and HA 16, were maintained
at 600°C for 120 hours in air, before their S values
were redetermined. In the former case the area was
reduced to 28.6% of its original value, while for HA 16
the reduction was to 28.9%. ' The closeness of these
reductions méy not bve of any significance but it must be
remembered that they were preyared under similar conditions.
There is no such marked éreé reduction after the pyrolysis
of the other, less calcium-deficient apati;f:es. Possible
causes 6f érea reduction‘depénd;on factors which affecﬁ
the size of the apatite particles, these may'ingrease
by sintering or ofiented brystéllites may gfow‘in size.
‘A distinction between these alternatives may be found'.

from X-ray studies.,
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A sample of HA 12 which had been heated for 120
hours at GOOOC under vacuum underwent a ﬁpecific surface
reduction to only 73.6% of its former value. Comparison
of this result with the considerable change which occurred
after pyrolysis in air (all other conditions assumed to
be equal) suggests that either atmospheric water or
evolved structural water is necessary for such considerable

changes to occur.

Samfles of these salts.which were heated at lGOOC
for 120 hours under vacuum showed various changes in S.
It is probable thét this treatment would remove much of
the adsorbed water and expose more surface for nitrogen
sorption. Slight reductions in S could be predicted if

sintering was thought to take place.

6.1.1.2 The c parameter of the B.E.T. equation, '

3

The type 2 mnitrogen sorption isotherms are close to
theoretical B;E.T. isotherms only within the range-b
0.1 ¢ P/Po‘< 0.3, this accountsmfor the divergence from -

‘linearity of the:measured points in figure 6.1.1.1.

Sorption into a monolayer is unlikely to occur on

sites of equal energy, and the assumption that E, has

1
a single value is not justifiable. E, may be assumed

to be a function of the monolayer coverage, X , with

X
m
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the more energetic sites being occupied at lower values

of this coverage. In this case, the plot of P/Po

*X(1-F 503
versus P/Po vould have a slope represented by
'b P/PO ‘
x(l—P/Po) - z;} , if the equation,
m

P/Po . ¢=1 B . 1 , refers to particular values
x(1-P P e /P w
- /Po) m n
of x . Similarly the intercept of a tangent to the curve

*m
at x would be at__1 . ¢ in this x dependent equation

X cxX? X

m m ©Tm
may thus .be determined and will be characteristic of the

value of x . It should be noted here that,x& will bve

X
m

the monolayer capacity, not of the ;Qmplete‘sﬁrface as
X but of those sites with an‘enefg& greater than pr
equél_té the limiting value, El’ These values 6f ¢ and |
X7 have been used to caclulate.theoreticél isoﬁherms,

one of which is shown in figﬁrésé.l.l.a together with
‘the curve obtained from the 'ideal' B.E.T. equatiom

-(constant c, xm).

The lack of agreement in the region P/Po>' 0.3 nay
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Fizure 6.1.1.2
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Values c@lcu1utcd from eouctlon A
using ¢ and xm;

Values ne sured at 90,5 K

Values a7cu1ated for adsorption

at 99 5"K from measurements at

77.5°K. ' .
014 ‘ 0,6 P/P

1° T,




162.

be due to a limitation on the thickness of the adsorbed
film, the B.®.T. model assumes an infinite number of
molecular layers. It may be significant that this regioﬁ
also corresponds to the irreversible region of sorption,

A finite thickness of the‘adéorbed layer may be quantit—
atively preaicted if the summation of sorption in each

layer is limited to n terms only. The equation then

becomes
x = ¢ /P . 1=(ne) (F/Po)®s n(®/P0)®* Ll mguation 4,
*n l"P/Po 1+'(c—l)P/Po - c(P/po)n*l

and n represents the number of molecular layers. This.
equation provides agreement with méasured isotherms only
if n increases with P/Po, and figure 6.1.1.2 shows the '
n values ﬁecessary for reasonable agreement at each

relative pressure, This equatioﬁ reduces to the B.E.T.
equation at low values of P/Po, sigce all (P/Po)n tefﬁs-

will be negligible.

These calculated isotherms may_be useful iﬁvpredicting'
the shapelof isotherms at other temperatu?es, but this
is Oniy done at low values:ofbp/Po.in>the preséht wofk~

.because measufement.of isotherms at_liquid oxygeﬁ |
temperatureé could only be made at suéh values of
relative pressure. In order to predict the shapé of

. ' . E,~L .
isotherms the assumption c= "1 was made, i.e.



163.

RT.1n ¢ = El-L, and therefore Tl In c1=-?2 In Coe

Knowledge of C 1 and T2 enables C2 to be determined for

10 T

each value of C; throughout the isotherm. Such a calculated:
isotherm is drawn in figure 6.1.1.2, together with measured
values, and the good correspondence lends support to the

validity of this treatment.

6.1.1.3 Heat of adsorvtion.

Following the determination of c described above, values -
of El have been obtained and are shown, for one sorbent, in

figure 6.1.1f3(a).

AR was determined from isotherms at two temperatures
by apylication of the Clausius-Clapeyron equation.b Differ-
ential heats calculated from data at only two qemperétures
Yare of doubtful accuracy but give energy of sorption values

which agree well with values of El’

The gentle curve, in the region 5f the monolayer capacity,
of isoﬁherms for modified apatites, as notedﬁin section
6.1.1, is reflected in the E; values obtained from c paraﬁeﬁers
of these isotherms. Figure 6.1.113(b) shoﬁs a comparison.
pf E, versus X/xm for parent and a modified apatit;,‘values
‘yielded from AH for these systems are also included for
comparison. >These results suggest thaﬁ the diazbreaction_

is occurring on sites which would otherwise have been of

" high nitrogen'adsorption potential.
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6.1.2 Chemical Analysis

Three parts of this section will deal in turn with
results of the chemical analysis of the apatites, aliphatic

diazocompounds, and surface modified apatités.

6.1.2.1 Chemical analysis of apatites.

Only HA5 and HA6 of the salts precipitated in the course
of this work had any detectable amounts of impurity ions
and in both cases these were of carbonate, Precautions
téken to prevent incorporation of carbon dioxide in subsequent

systems were adequate.

Téble 6.1.2.1 lists the various breparations, together
with both Ca/? and P207/P‘ molar ratios where measured;
Values of the pH of each precipitating system are included
and it is evident that high pH corresponds with-abhigh solid

Ca/P molar.ratio and a low P

207/P rat;o. This result ié
- in accord with expectations as a decrease in solution ?H.will
considerably iﬁcrease the éoncentration of H504 ions, an§
pyrolysié of salts pfecipitated in this régiOn will produce
 larger prOportidns of pyrophosphate ions accérding to the
equation, | | | |
‘ ZHPoh——a P207-+ HEO.

When the results of P297/P molar ratio determihationé

ére plotted agaiﬁst Ca/p molar ratios, as in figgre 6’1'2f1’

they fall close to values predicted by the two unit cell
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formulae,

Cayg_y (HPO,) (PO ) (OH), (4)

and Cag_x(HP04)1+2x(P04)5_2x.OH ' (5)

where 0 & x $l
This observétion, which is in agreement with earlier work
mentioned in chaoter two, is helpful.as it assumes that at
least some of the missing calcium ions of the non-stoichio-
metric salts are replaced by protons closely assoclated
with orthophosphate ions. Such a unit wouid exhibit
Bronsted aciditj and is a probable site for diazo reaction;
The small amounts of pyrophosphate present in pyrolyseq

stoichiometric apatite may be formed from surface hydrolysed

phosphate ions.
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Table 6.1.2.1

Chemical analysis of apatites.

Prep. No, Ca/P molar P207 molgr pH of ' .
ratio ) /P ratio precipitating
solution

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 1.52 - - 5.8

HA 10 1.63 - 11.0

HA 11 1.67 . | 12.0

HA 12 1.46 . 0.112 ' 5.7.

HA 13 .67 0.006 , 11.0
HA 14 1.0 - 0.173 - 5.5

HA 15 1,57  o.052 9.9 -
HA6 1:50 0087 5.2

WA 17 1.62 | 0,026 S 12.0
ocP 1 1.7 R
‘ocp2 1.37 T 7.0
_0CP 3 | | 1.29 _ - 6.6

| P

207/P mole ratios determined from samples heated

in air at 600°C for 120 hours. .
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Lower than expected values of Ca/P were obtained for
samples HA 7, HA 8, HA 15 and HA 17, dnd‘for the first two
of these calcium may not have had ﬁime to reach an equilibrium,
stoichiometric lattice concentration over.the_brief period
allqwed for vrecipitation. Both of the v»reparations to
yield HA 15 and HA 17 did ﬁot involve heating of the precip-
itating liquor. This stage was used in the earlier preparations
as an attempt to improve the filtering proverties of the
liduor. It is prohable that the exceedingly low crystall-
isation rate of apatite at room temperature results in an
incomplete lattice unless phosphate to calcium addition is
very slov. The nature of apatite crystalllsatlon is not

clearly understood however.

p for OCP 3 suggests that this

material is not octacalcium phosvhate. The values for QOCP 1

The low value of Ca/

and OCP 2 are, on the bther hand, too.high. Furthér comment

may be made on these salts after their X-ray powder dlffractlon

patterns have been discussed,

6.1.2.2 Chemical analysis'of aliphatic diazo compounds.

The preparation of diazocompounds has followédrwell
established methods and only a few checks were made of thé
composition of products.. According to those routines
mentioned in>secti6n 5.2.1.2, the characterisations of
certainvprépératiOns have been made, and are reported im

table 6.1.2.2
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Table 6.1.2.2

Characterisation of diazo commnounds.

Compound : Melting Publishedaoa’ao3
Prep. 'No. Ister Point Melting Point
. e 0 0 0
D1 Me p-nitrobenzoate 95°C 95.57°C, 96 C
D 23 Et p-nitrobenzoate 5600 56°C, 57°¢
D 14 n-Octyl 3,5-dinitro-  58°% 60.5% -
' benzoate

The presence of a diazocompound in ethereal solution may
be detected by its strong colour, and by the fact that this
colour is removed by addition of dilute acid.  This decolor-

isation is accompanied by-vigorous effervescence,

Estimates of solution c0ncéntfatiOns were made by the
titration method, described in section 5.2.1,2, and concentrations
of all diazo compounds used in the preparation of the

modified apatites were about 0.1 M in ether. .

6.1.2.3 Chemical analysis of modified avatites.

Tgble 6.1.2.3 (a) lists the f;sults obtained from carbon’
content estimations, and élso shows the number of organic
groupé; per hundfed équare Angsfram unité, which Woﬁld be
necessary to accommodaté each quantity bf‘carbon on the

- surface.
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Carbon content determinations on modified anatites.

Modifying

Mod. Organic
. No. Group
1 -Gl
'3

2 —CI&(‘JOZCaH5
3 -CHPh2
L —CHPh2
15 -n—08H17
16 -n-CBHl7

23 -n—Cl8H37
_ 2? -n-C, ,H

‘ 12125
39 —CHPh2
40. —CHPhZ
L1 —CHPh2
L2 -CHPh2
L3 --CHPh2
4l ~CHPh,
L5 -CH.Ph2
46 -G,y
Weo =GRl

5

Parent
Material

HAS

1"

1"

1

1!

HAG
HA9

HA11

HAl2 ~

HA12/600A
HA12/600A/160W
HA12/160v§f 
HA12/600V -
HA16

HALY

%

Carbon

OoLl‘O
0.60 -

1.95

1.95
3.91
4.26
3.93
5.11
7.30
2.18

6.41

2.51

2,148
6.51

0.76

1.02

0.30

No. of groups per
10082 of surface.

2.9
1.1
1.1
1.1
3.7 .
4.3
1.
3.8
3.1
1.2
3.1
3.3
3.9
3.9
0.5
ks
0.7



These calculations of the number of organic groups per
10082 of apatite surface may be comvared with the following
results calculated from measurements published elsewhereqzn

'All materials have in these cases been modified by reaction

-with diazomethane.

Table 6.1.2.3 (b)

Parent Material ' No. df groups per
| | 100 %2
Commercial Aerosil silica TT6Q0 16.44

(see note a.)

Aerosil silica 20C (see note b.) | 3.22

1" n 150 (v 1 on ) 5.20
Alumina (see note c.) ’ : 1.04
Hydroxyapatite (see note d.) - 2.55

ké&: (a) Silica supplied 5y Degussa of Frankfﬁrt,‘and produced
by a gas-phase pyrolytic redction between siiicon.
tetrachléridé; hydrogen and air, "}ﬁ has a épeéific
surface'of_aboﬁ;vzoo ng_;.

(v) Samples of TTGOO which had beeﬁ hydrbthermaliy tfeated
at 200°C and 150°C respectively for 18 hours. The
épecific surfaces of thesé tﬁo m;terials wefe;

41,2 mag_l and 43.3 mag_l respectively.

(c) Alumina prgparéd by the ignition of Gibbhsite

(Al(OH)B) at 480°C for 2i hours. Specific surface
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o . - Vel 2‘-1
of thnis material is 196 m g ~.
(d) Hydroxyapatite preparation HA 4 referred to in

section 4.1.5.

The results listed in table 6.1.2.3% (b) have been
calculated from the determination of methoxyl groups present
on the surface. The density of groups present on the surface
of.the TT600 sample implies an area of only 6.083 RZ contains
each methoxyl grouv and this is too small to accommodate
such groumns unless they are all packed  together very closely.
A similar high density of groups is apparent from some of

the values in table 6.1.2.3 (a).

Those materials numbered between modifications 1 and
41, inclusive, were prepared from parent materials of unknown
surface condition, and hydrolysis of surface ions nmay

contribute to a higher than predicted carbon concentration

after diazo reaction. Of the other modified salts, humbers

-~

L6 énd'47 ﬁere prefared from anhydrous apatites (outgassed
at 16000), under an atmésphere of ether and using anhydrous
solutions of diazomethane. The’ﬂhmber of orgénic groups |
per 100 szof surface éf these two materials'depends-on the
éalcium deficiéncy of.the aﬁatite; thus HA 16 whose Ca/P |
‘molar ratio is 1.50 can accoﬁmodate L,L groups per 100 32
.while théiless calcium deficient salt, HA 17 can contain

only 0.7 groups on such an area.
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The various heat-treated samples of HA 12 behave in

"different ways on alkylation and it is significant to observe

that modifiéation number 45, whose pgrent material had been
heated under vaguum_at 600°C, contained far fewer‘organic
groups. This result is expected if it is assumed that the
diazo rcaction occursiat the pyrolysable hydrogen phosphate
ions. The othef semples of HA 12 provide a good surface

for the reaction, perhaps for the fdllowing reasons,
Modification 42, from HAL2/600 A, was prepéred after the
parent material had bheen exposed to the atmosphere and surface
P207 vyould have had the ovportunity qf rehydrolysis,
liberating sites-for thé reaction to occur, The modifiéation
of HA12/600A/160W, number 43, was of a carefully rehydrolysed
salt and may be expected to have properties soheﬁhat

similar to numbers. 4l and 42. The other sample of this salt,
wﬁich had been heated at 160°C under vacuum, may be assuﬁed

to have been reasonably free of adsorbed ﬁatgr-but'un-

pyrolysed and would present a good surface for the diazo- _

. reaction,

6.1.3 Infra-red spectrésCOpz

Specfra of apatites and modified apatites are discussed . .

in the two parts ofvthis4section.

6.1.3.1 Infra-red spectra of apatite and related salts.

Trequencies and assignments for the infra-red absorption
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bands of the apatites are shown in table 6.1.3.1. Manj
frequencies are observed for which assignmeﬁts are difficult,
and since a complete interpretation is ouﬁside the scope of
this work no detailed discussion has been attempted.. Some

general aspects of the frequencies are described.

The low value for the hydroxyl ion stretching vibration
is in agreement ﬁith the value predicted if a bifurcated type
of hydrogen bonding occurs with oxygen atoms of the surrounding
phosnhate ions. This was discussed in chapter two. if
the observed band at about 632 cm-1 is assigned to a lidbra-

tional mode of the hydroxyl ion, the case for hydrogen bonding

is substantially supported,

It was notable that the observed frequency at 632 cm"l
was observed in all materials other than in QCP 3; While
this may.abpear to contradict earlier investigationsau’?5
it must be pointed‘out that this presdnt vork empioyed‘mulls
of the'salts Whereas the earlier study used KBr discs; someA
early work in this study also u81ng KBr discs demonstrated
the difficulties in obtaining renrodu01ble results from this :
‘technlque Flgure 6. 1 3.1 (a) 1nd1cates this reglon of
the snectrum for three salts, 1nrw101 mulls, and the size.

of the absorption, at 632 cm “1 for tne calcium-deficient salt

may be seen.

Figure 6.1.3.1 (a) aiso shows the observed frequencies
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of the 04(p04) mode.

The sample of OCP 2 shows no absorption at 632 cm"l

but the reason for this is not clear as ‘an OS(OH)
frequency is readily detectable,

In the 1000 - 1200 cm~t region, many absorption
frequencies have been detected, varticularly for the calcium
deficient apatites. Figure 6.1.3.1 (b) shows the considerable
change in the shape of this band which occurs between stoiché
iometric and calcium deficient salts. Much of this change
may bé due to hydrogen phosphate stretching modes of the
calcium deficient apatite. The sha§e-of this band can be
used to distinguish between hydroxyapatite and its calcium
deficient varianfs, while the detection of characteristic

frequencies has proved to be unreliable.

_inAﬁiew,of the differénce'ﬁetween Qa/P molér ratios
measured frdm the octacalcium phosphate preparations in
%his work and the theoretical value of 1,33:~it is cohcluded
;that these salts are calciﬁm deficient apatites, or in thé
case of OCP 3 a more acidic salt; No attempt.is ﬁﬁerefére
 m§de to compare the infra—red»spectra of these‘éalfs with

94-96

measurements recorded elsewhere
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Frequencies and assigaments for infra-red absorption bands

of apatites.

(a) Stoichiometric Hydroxyapatite.

HAS5

3571shp 3571lshp 3571shp 3571shp

HAG

HA7

HAL1l

2420bd  3430bd  3428bd  3429bd

1096sh
1090s
1058sh
1042sh
1029vs
953m
878w

631m

600m

1091s

“1044sh

1029vs

963m

878w

632m

600m

1093s

1044sh

1033vs
962m
87§w

- 632m

 603m

1093s
10688h

1042sh

 96L4m
| 871w

634m

602m

Observed frequencies (cm~

HAl1S

3571shp 3571shp

34300d
1125sh

1115sh

1092s
1061sh
1042sh

1028vs

© 962m

870w
632m

601m

)
HAL1®Y
3425bd

1127sh

1117sh

11.09sh

1092s

1060sh.

1042sh

- 1028vs

962n

858w

837w;
632m
625w

602m

Assignment

OS(OH)

(H,0)

A

VIR
5 (POy)

/2 '
05- §P04)
V3 (PO,)’

Ol(Po&)

OL(OH)

M. . ‘
v - (poh)



Table 6.1.3.1 (contd.)’

Ovserved frequencies (cm—l)

HAS HA6 HA? HA1l  HALS  HALY

575sh - 574sh  S74sh  S74sh  573sh  575sh
566s S566s 563s 566s 562s 563s

Key vs very strong

s strong
m medium
W weak

shp sharp

bd broad

179.

Assignment

"
\7L+ LPO!.L)

/
04 (Poq)



(b) Calcium deficient avatites and octacalcium phosvhate

HAQ

5570shp
3428bd

1145shp

1125shp
1111shp
1090s
1081shp

1060shp
1032vs
iOlOshp

962m

868w

Observed frequencies

HALL

3571shp

3430bd

1204w
1163shp

1148shp

'1131shp

1125shp

1113shp

1092s

1078shp
lOGOshp
1042shp
1028vs

1005shp

963m

870w

HAY6

OCP1

0CP2

3570shp 3571shp 3570shp

1203w

1160shp
1149shyp
1134shp

1125shp

1117shp

1093s
1075shp
1062shp
1042shp
1028vs
1005shp
962m

870&

SMOshp

3430bd

1.093s

1033s
963s

873w

3430bd

1256shp

1185shp

1130shp

1110shp
1093s.

1080shp
1058shp
1042shp

1031lvs

961s
9i7w
873w
862w

OCP3

1208shp

1190nm

1117vs

1042vs

”9808 '

862m‘
833w

ol

Assignments

V (0R)

(#,0)

nr
V5 (P0,)

1.
Vg (HPOh)

1
93"(P04)

Ol(Poq)

(€O5)



(b) contd.

Observed frequencies

HA9Q HALL HAl6 OCP1

631w 632m 633w 631n
600m 601m 602m 6COs
571lshp 571shp 573shp 575shp
c62s 562s 562s 562s

ocp2

750bd

600s

575shp

‘5625

OCP3
787w

769shp
601m

573s
567shp

181,

Assignments

OI}ou)
V7
]

0% (P04)

?4‘(P04)
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6.1.3.2 Infra-red spectra of modified apatites.

Spectra of the modified apatites were obtained using
KBr discs of the materials, care being taken to ensure total
removal of solvent ether of the alkylation reaction. Table
6.1.3.2 shows some of the frequencies observed for modified

apatites.

The results.are uninformafive as assignménts cannot be
used to prove that chemiéorptidn of alkyl groups has occurred.
It is unfortunate that the s?rongly absorbing phosphorus-
oxygen-carbon stretﬁhing mode 1is coincideht with the

orthophosphate V. mode.

3
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Table 6.1.%.2

Infra-red spectra of modified aratites.

(excluding bands listed in table 6.1.3.1.)

Observed frequencies fcm_;) Assignments
Modification 16 Modification 39
2955m | ' , | C-H stretch (CHE)
2927m , " (CHZ)
2872m S n (CHy)
2857m | | - (CH,)-
1465w | H-C-H deformation
1449w ' | C--CH3 "
1410w | |
1374w - | c~cH, | K
741w Aromatic Out-of-plane
deformation

698w . , 0 _do-
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6.1.4 X-ray Powder Diffraction

X-ray powder diffraction photographs have been used to
identify most of the vrecipitated salts and some mention of
this will first be made. Samples HAY', HAS, and. HA9 yielded
patterns typical of apatite but contained extra lines,
indicating the wresence of an unidentified phase. The salt
OCP 1 produced a diffuse patterﬁ in which the stronger apatitic
lines could be seen, while OCP 3, although clear, did not
form a pattern due to either an apatitic or an octacalcium

phosphate lattice.

The samples which wefe heated in air for 120 hours at
600°¢ produced patternsiof no better resolution than those
from the unpyrolysed salts. This suggests that crystal4
growth could not have 6ccurred, and thaf the marked reduction
in the specific surféce noted earlier must be due to_smoothihg

1

of the surface by surface sintering.

Measurements of lattigé varameters for some of the
materials ﬁere made,'and.the resu%ts are shown in figure
6.1.4. Expansion of the a—axis and contractioé of the c—axié
occur as calcium is removed from the lattice, a resuit which

R - . R . - 102
is in good agreement with other determinations. O-.

Apatites with low calcium contents gave well resolved

apatitic diffraction patterns, and no other phases were
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detected in those materials which had been stored for extended
periods in their precipitating liquors. This observation,
which is in agreement with those of many other authors,
suggests that these calcium deficient apatites are not mixtures
but are of very similar structure to stoichiometric nydroxy-
apatite. The noted slight overall expansion in the lattice

as calcium ions are progfessively removed implies some small

changes in inter ionic forces within the crystals.

6.1. General survey of some of the characteristics of
N

these apatités and modified apvatites,

Results of chéﬁical analysis, infra—red spectroscopy
and X-ray powder diffraction photography have supported the
hypothesié of random calciﬁm site vacancies in an apatitic
lattice for the non-stoichiometric salts énd it may be assumed

that charge imbalance 1is correctediby incorporation of protons.

1

These protons, some of which are thought to form hydrogen
bonds bketween phosphate ions, may well react with diazo

compounds to yield surface adsohbed alkyl groups: oo

0, POH + NZ—CHR' —> 0

3

sPOCHRA Ny

This mechanism is supported by results of the chemical

analysis of the modified apatites.

No evidence_could be found for the suggestion that .
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hydroxyl ions are responsible for alkylationha. The
catalysis-results reported'in chapter two may occur at these
sane sites as for diazoreaction, and reactivity in both cases
increases with increase in calcium deficiency of the apatite
(and therefore with increase in surface acidity or proton

concentration).

The more reactive diazo compounds, such as long chain
diazo alkanes, reacted very rapidly with apatites and in
several cases the colour of tﬁe.diazo solution was removed
in a few minutes, Diphenyi diazomgﬁhane, a more stable
material, was left in contact with the salts for longer times

and the course of reaction could not be observed.

6.2 ™Mater Sorotion Results -

" 6.2.1 YWater sorption isotherms

Isothermal measurements of water, sorption on many samples
of parent and modified apatites have veen carried out and a
few of the results are shown in figure 6.2.1.

Before any conclusions may bé'drawﬁ from‘sorption $tudies;‘
it is of prime importance that the‘reproducibiiityjbf
measurements is ascertained. 'Periodié checks of isotherms,
particularly for the modified apatites, have been carried omt

to satisfy this‘requirement. Resuits presented here have
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all heen found to be reproducible after at least six months,

Several hours elapsed before sorpfion measurements reached

equilibriunm, énd the most satisfactory results ﬁere obtained

if twenty-four hours were allowed bhetween measurements. For
this reason the adsorption-desorption isotherms took some

weeks to comvolete, In spite of thnis, about eighty isotherms
were determined and the results presented here, in figure
6.2.1, are tyvpical. In order that isotherms of different
sorbents may be compared, absolute units of‘water sorption

per square metre of anhydrous sorbent are used,

Watér sorption isotherms for voth parent and modified
épatites have been found to be irreversible in everyvcaéef
'Figure 6.2.1 (a) shows a typical result, although the shape

of the'desorption loop did change from sorbent to sorbent.

The'reduction in water sqrption after modification is
clear from figures 6.2.1 (a) and (b), and in every cése the
apatite: samples have been rendered less hydfgphilic after
diazo reaction.‘ A comparison of _.the water sorptionlby
modified and parent sélts will be maéebin section:6.2.2, but
it is clear from the iSothérms presented thép sorption per

square metre of sorbent surface is substantially less, over

the entire region of relative pressure, after modification.
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Measurement of iéotherms has been made at several
temperatures for many sorbents and a family of adsorption
runs for water by HAll, at temperatures hetween 30°C and
70°C is shown in figure 6.2.1 (c). . The changes in hydro-
philic character after modification were found to be
qualitatively independent of temperature, but an accurate
study of the temperature dépendence of these changes was
prevented by the uncertainty of results caused by experimental

error,

Although no guantitative estimation of the errofs.
involved in the determination of these water sorption iso-
therms was made it should-be pointed out that the major
contribution to the uncertainty of the results-was due to
random error, normally ;elf-cancelling. The simple
ekperimental arrangemeﬁts, togefher with the fact that
isoth;fms on all samples were_deterﬁiﬁed under caréfgliy
controlled conditions, limited systématic error to faults
caused by inaccurate specific surface‘determinations and

n

incorrect measurement of the out-gassed weight of the sorbent.

6.2.2 Comvarison of water sorption results

Figure 6.2.2 (a) expresses the isotherms of figure

6.2.1 (a) as the ratio of the amount sorbed by modified
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avatite to the amount sorbed by varent material. The curves
.demonstrate the effectiveness, at all values of relative
pressure, of diazo modification in diminishing the hydrophilic
character of the épatite éurface. The organic groups
present on the surface of modification 23 may be seen to
peduce water. sorption to lesé than half the amount sorbed by
.the parent,vHAS, at relative pressures in the rangé O.2<;P/Po
< 0.7. Figure 6.2.2 (b) shows two isotherms of figure
6.2.1 (a) on a different scale, so that the effect of modif-
ication may be seen over a wider range of pressure. 4 In
general, the effect of the diazo—feaction was to decrease

the water éorption of an apatite over the entire range of

relative pressure.

Water sorption isotherms on three different apatites
and their modificatiOné after treatment with diphenyl diazo-
methane are represented in figure 6.2.2 (c). 1In fiew of
the differences between their parent salts,,it is notable

that these isotherms are so close.

A convenient way of reccrdiné the differences between
the water sorption characteristics of modified énd.parent
avatites is shown in tabie 6.2.2 (a). The fétio of water
sorption by modified tc sorption by parent apatite at a"

relative pressure of 0.5 is shown for each material. The
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table also includes ratios of the specific surfaces, measured
from nitrogen sorvtion, for modified to parent salt. All
water sorntion results are talten from measurements made at
50°¢c.

The right-hand column is included so that the water
sorption results may be seen to be authentic. In the case
of modification 28, for example, a considerable change.in
the specific surface has occurred and it is therefore not
realistic to consider the water sorption result as a simple
change in hydrophilic character caused by surface alﬁylation.
It is possible that a low result in the right-hand colunn
implies a smoothing of the surface has occurred, perhaps by
vfhe formation of polymer. Most of the specif%c surface
changes are small, however, and the large reduction in water
sorption at P/Po'= 0.5 gives a clear indication_of the general

effectiveness of the diazo-reaction for this purpose.

Célculations 6f the specific surface avaiiable»for water
sorption have been made from B.E.T. plots of the water
sorption isotherms. The resultsﬂbf theée_determindtibns_
are shown in tabie»6.2‘2 (b),itogether with values;of the,.v
specific surface from nitrogen sofption. The assumption

that an adsorbed water molecule occupies an‘area of 14.822

has been made, this being an arbitrary choice from the various .



published values althoush its use yields values of S for the
narent apatites which are close to S values calculated from
nitrogen adsorption. The right-hand column of the table
shows the ratio of specific surfaces determined from water
sofption to those from nitrogen sorption, and it is clear from
these values that there is less surface available on the
modified salts for water sorption than on the parent apatites.
Those materials wnich had been treated with diphenyl diazo-
methane all gave S(HZO)/S(NZ.) values of 1esé than 0.75, as

did the materials numbered modifications 1, 16, 23, 27 and 46

which had been treated with normal diazo alkanes.

The two parts of table 6.2.2 will show: that the surfaces
of the modified apatites contain sites whica are aﬁaiiable for
nitrogen sorption at 77.50A but which are not available for
watér sorption at témperaturés between BOOC and 7000. . These
nydrophobic sites affect the sorption of water at all values

of- the relative pressure.



Tabhle 6.2.2 (a)

ater sorption by modified anatites at 50°C and ©/Po= 0.5

Modif, Parent Modifying Ratio of Ratio of

No. Apatite Group Water Sorption Specific Surface
at P/Po= 0.5 from Nitrogen
' Sorption

X(HZO)MOdified S(NZ)MOdified
X(HZO)Parent S(Na)Parent

1 HAS o ~ CH, 0.45 1.01
2 " ' ~ CHCO,C H 0.71 1.00
3 " : -CH(Ph) 0.66 ~1.00
Iy "o " 0.48 1.01
5 " -CHGHy "~ 0.68 1.00
7 " -.n-'-CSHl,? 0.85 1,00
15 " - n-CgH,, 0.51 - 0.96
16 " - n=CgHy, 0.42 0.90
18 SR o ",“0439 0.6'5 , 1.01
25 . " | -n-CygH,, 9.38 135
26 " - rf—c18H37 0.61~ 1.00
27 HA6 o mn=CypHys o 0.57 . 0.79
28 OCPL -n-<;18H37‘. _ 0.9%4 0.58
29 H‘A6 . - n'c18H37 AoA.9? : - 0.87
30 OCP1 ~ CH(Ph), . 0.78 . 0.96

31 HAG ~ -CH(Pn), 'j' ' 0.66° - 0.96
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Table 6.2.2 (a) (contd.)

‘Modif. Parent Modifying Ratio of Ratio of
No. Apatite Group Water Sorption Specific Surface
at P/P = 0.5 from Hitrogen
0 .
Sorption

X(HZO)MOdified S(NZ)Modified
X(HZO)Parent S(Na)Parent

39 HA9 ~CH(Ph), 0.58 1.28
50 HALL 0 0.82 0.89
51 HAL2 | " 0.76 | 1.04
K2 HA12/600A e 0.48 1.31
L3 HA12/600A/160W " 0.48 - 0.98
ity HA12/160V " 0.77 0.97
45 HAL2/600V L 1,00 1.00
46 HALG | -CoH. 0.45 .- 1,07

25
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Table 6.2.2 (b)

Specific surface of materials calculated from water sorption

data at 5000.

Material S(H,0)in mag"l S(N,)in mag‘l S(H,0)/5(H,)

HAS5 4.8 68.2 1.39
HAG 76.3 71.3 1.07°
HA9 . 72.0 67.3 1.07
HA12 82.7 77.3 | 1,07
HAL6 58.2 I . 1.07.
Modification 1  51.5 ~ 68.8 0.75
" 2 55.4 68.6 0.87
" '3 58.8 ~ 68.0 - 0.86
" b 47.2 ~68.0 0.69
w16 43.9 . 61.5 0.71
" 23 46.1 98.4, © 0.59
w27 23,2 56.6 o
r 39 45,0 _ 91.9 N 0;49
" 40  48.8 - 68.5 0.71
e ,  57.6 80.7 0.71
n 42 15.7  28.9 0.54

" 43 13.5 a7 0.5
L W 51.6 | 6L.3 0.80
" 45 560.6 : . 5647 1.07
| 0.60

" 46 3.6 57.9
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The overall effect of hydrophobic sites, in the modified
apatite surface, on water sorption, is readily seen in
figures 6.2.2 (d) and (e). In these figures, sorption is
expressed relative to the monolayer capacity (of water
sorption). Open symbols represent values calculated on the
basis of X determinations from measurements on each sorbent,
while hatthed symbols revresent values calculated using the
X value of the parent apatite only. From these curves it
may be seen that water sorption per unit area of hydrophilie
sites does not vary much for modified and unmodified samples
while the sorption per unit of total sorbent area is considerably

different after modification.

6.2.3 The parameter ¢ of the B.E.T. equation.

Irreversibility of these water sorption isotherms
prevents any detailed thermcdynamic study from being made,
but a dbrief description of some aspects of the adsorption

isotherms is of interest.

After the methods described in sectlon 6.1.1. 2 B.E.T.
plots of many adsorpblon 1sotherms have been used to find the
variatlon of the c parameter with the amount adsoeﬁed. In
common ﬁith fhe nitrogen sorpfiou results, ¢ was found to

decrease rapldly as water was adsorbed to complete the

monolayer. The B.E.T. assumption that c::e(ElfL)/RT cannot



be considered in this irreversible system, but plots of

RT 1n ; versus X/x are shovn in figure 6.2.3 (a) for
adsorption at " several temperatures on the same
sorbent. The closeness of these values sugzests that this

method would be useful for vredicting isothermal values at

temoeratures other than those of measured values.

Although éuch a procedure has no theoretical justification,
values of energies of sorption calculated from the ¢ parameter |
are shown in figure 6.2.3 (b) together with values determined
from apparent differential heats of adsorpfion calcuiated
from the Clausius-Claveyron equa{ion and the adsorption
branéhes of isotherms. The results are in good agreement

but no conclusions can be drawn from them.

Figure 6.2.3% (c) shows the'résult of plbtting RT In ¢
against x/x for parent and modified apatites. .‘Tﬁe open
symbols " represent the values obtained if the value of
gﬁ wasbtaken a$'6.l" moles muz, fhe value dexrived from a
3.E.T. analysis of water sorption on modification 43. These
values are not close to those for the parent Salt,‘HAla:
H@bhed gymbéls represent values if x for the modified material
is taken as 12.1 moles m-a, which would be the monolayer
capacity if the sorbent cohtained no hydrophobic éites.‘

This result supports the c0ncluéion, made in section 6.2.2,
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Figure £.2.3(c)
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that the diazo-reaction yiclds a surface containing sites

which are not available for water sorntion.

6.2.4 Xinetics of adsorntion. -

The observation that water .adsorption occurred at a
finite rate suggests that uptake may include an activated
proceés. If the energy of activation for adsorption is
large, ;t could be estimated by measuring the rgtes of
adsorgtion at ﬁeighbouring tempgratures. 'It must, once -
again, be pointed out that the irrefho&Qﬁhﬂity-of water sorption

makes energy determinations difficult.

Figure 6.2.4 shows the results of plotting the amount

sorbed against square root of time for one sample.

Although many other such determinations were made, -no
conclusions could he drawn from them. All results were
found to be dependent on how the sorbents wefe packed in the

buckets;

6.2.5 Generél discussion of the water sorption results.

The effect of the diazo—reacfion on nearly all of_the
~apatites studied in this work has been to confer a less
hydrophilic character on each material. ‘The extent of fhese -

changes in water sorption has been seen to depend on both the

parent apatite and . on the diazo compound used in the modification
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reaction.

Jater-sorption results for the modifications of the
calcium deficient amatite, HAl2, and its various heat-treated
forms arce of particular interest. Reference to table 6.2.2
(a) will indicate the effect of'each heat-treatment on
the water sorption after modification, and it is clear that
the sample:45 which had been treated by heating at 6QO°C for
120 hoprs under vacuum before modification was not changed by
treatment with diphenyl diazomethane. | This result may be
compared with the number of organic groups presentvoﬁ the
surface of this material, and table 6,1.2.3 shows that this
is low. The pyrolysed samples of HAl2 contain pyr0phosph§te
ions, and it may be assumed that the material now under

:discussiOn would have little opvortunity to hyarolyse at the
‘surface. Modification of this apatite, which confaihs s0
few surféce hydrolyéed ions, is minimal and it may be
concluded that hydrolysed ions are necessary for modification

to occur,

One sample of HAl2 whicﬁ had"BeenAhéated in air forv12Q
hours.at 600°¢c provided a very reactive surface f&f alkylation
and this in furﬁ céuéed a considerablé decrease in the.
hydrophilic nature of the surface. It is clear that am’

apatite, heated in this way, would hydrolyse at the surface
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on cooling and sites'for alkylation would be formed. The
‘difference betweeﬁ water sorption characteristics of this
material, modification 42, and modification 41 which was
formed from oven-dried HAl2, may be due to the inadequacy of
oven drying to remove enough adsorbed water from the surface.
Yater, if vresent in sufficient amount on a surface, could
prevent alkylation by shielding reaction sites from diazo

molecules,

In geheral terms, samples of calcium deficient apatites
presented more hydrophobic surfaces after modificati6n~than
did stoichiometric apatites. It is difficult to relate
the hydrophobic character of modified salts specificaily to
the calcium deficiency of parent apatites because'nof enough
carefully controlled experiments were performed. | Never-
theless,_it may be meﬁtioned that of eight modifiéd materials
' prepared from carefully dried apatites.(modificaﬁiohs 39 to
u6), four sdrbed less than 60% of the amount of water
édsorbed by the jpérent at a relative pressure of 0.5, and’
these four were all calcium deficient salts with a calcium

to phosphorus molar ratio near to 1.5.

The aséumption that calcium deficient apatites contain
acid phosphate groups, discusséd in section 6.1, and the
probability that all apatites will contain surface acid

phosphate groups after exposure to the atmosphere may be-
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eégential to an understanding of the reac£ion with diazo
compounds, The only salt treated in such a way as to

ensure the absence of acid phosphate grouns, both internally
and on the surface, was'unreactive with diphenyl diazomethane.
Tt has therefore been assumed that the alkylation of apatites
involves an elimination reaction between diazo compound and

hydrogen phosphate ions:

0

0
“P’= 0 — R,CH - O
\O 2

-7 .
P\oz o-{-Na.

2 2

RaCNa-]- HO-

Table 6.2.2 (&) reveals that, for the modified samples
of the apatite HAS5, the order of effectiveness in conferring
a hydrophobic surface on the salt is Modification 23 >

Modification 16 > Modification 1. The organic group present

on each surface is n018H37, nC8H17 and CH3 resfectively;
Modification 4, which was a sampie of HAS treated with
diphenyl'diazomethane, presents a surface which_is only
slightly less hydrophobic than the surface of modification 1.
The 48% reduction in water sorption at P/Pész.5 of modif—
ication 4 compared with its pafent,sa1t is identical with
the similar‘reductionlfor modifications 42 and 43.; These

. were also materials modified by diphenyl diazomethane.

A model which is consistent with the surface chemistry
and geometry of apatite and with the sorption and analysis

results presented in this chapter is suggested for the diazo



reaction:
Ry R
R
1§\\é;-N§§N — |\\%Pf:3§h1 -
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o
This mechanism is consistent with the nature of aliphatic

diazo compound reactions, as described in chapter two.
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CHAPTER 7

CONCLUSIONS

More than forty samples of apatites have beén treated
with ethereal solutions of aliphatic diazo compounds, and -
nitrcgeh sorption measurcments have shown that this treatment

did not#significantly alter the specific 'surface of these
salts. Modified samvles were found, in almost every case,
and at all‘relative pressures, to sorb less water per unit
sorbent surface area (determined from nitrogen adsorption)

than the parent apatites.

Tne adsorption branches of some water sorption isotherms
were plotted with X/xm as ordinate, where x refers to.the
amount of water sorbed by each sorbent ‘and Xy réefers to the
' water sorption monolayer capacity of thé'parent apatite, and
P/Po as abscissa; This preséntation ?howed thé.considgrable
reductipn in the amount of water adsorbed, atvény relative
préssure, which was effected by modificafion.;' The same
isothegmal measurements_wére also Qlotfed wi£h X and X
refefring-to the émountvof water sorbed and theiwaEer sorption
monolayer’ capacity, respectively, of each'sorbeht. - Here
the fractional ménolaye; coverage at.each relative pressure is
little changed, a resﬁlt which suggests that part ofvthe
éurface of the modified apatite is unaffected by modification

and has a similar water sorption character to that of the
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parent matecrial. If this is the casc; then 1t is implied
‘that the remainder of the surface is hydrophobic, and has

no effect on the adsorption branch of the water isothern.

Although it was noted that those sorbents which had been
treated with long aliphatic group diazo-n-alkanes were less
hydrophilié than tﬁdse treated with other diazo compounds,
no attempt has been made to compare quantitatively the
sgrfaqe concentrations of organic groups with changes in

the hydrophilic character of sorbents.

It was shown that the diazo reaction occurs only on
avatites containing surface acid phbsphate groups, and
modification is thought to occur by the alkylation of these

ions:

| 5. S

RlRZCNE—F HQPO3~——$' R1R20H0P03 + NZ'

Calcium deficient apatites have been examined and it

was found that their compositions were according to the

formulae:
calo-x(HPQA)X(P04)6~X(OH)2—X and
- Ca9—x(HpOb,)1+2x(P04)5-2X(OH) \!Jhgre 0g€xg 1.v

. No conclusions were drawn regarding the content of lattice

water molecules in those salts.

It is thbught probable that the non-stoichiometric



219,

apatites vprevarsd later in this work were of similar structure
to hydroxyanatite. Charge imbalance caused by the missing
calcium ions is compensated for by inclusion of protons in

the lattice. These protons may form hydrogen phosphate ions
“or form water molccules with hydroxyl ions. The unit cell
parameters were found to be dependent on the calcium content

of each apatite.

fdentification of infra-red abhsorption bands, charac-
teristic of the calcium deficient apatites, was difficult
but bands in the region of the orthophosphate 03 moée are
modified in shape by certain "shoulders" which may be due to
hydrogen phosphéte modes, no information on the nature of
the binding of alkyl groups to apatite could he obtained

from infra-red s»ectroscopy.
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