
5-PHENYL- [1,2,4 ]TRIAZOLO [1,5-A] PYRIDIN-2-YL CARBOXAMIDES AS JAK
INHIBITORS FIELD OF THE INVENTION [0001] The present invention relates to a
compound that is an inhibitor of JAK, a family of tyrosine kinases that are
involved in inflammatory conditions, autoimmune diseases, proliferative
diseases, transplantation rejection, diseases involving impairment of
cartilage turnover, congenital cartilage malformations, and/or diseases
associated with hypersecretion of IL6. In particular, the compound of the
invention inhibits JAKl and JAK2. The present invention also provides
methods for the production of the compound of the invention, pharmaceutical
compositions comprising the compound of the invention, methods for the
prevention and/or treatment of diseases involving inflammatory conditions,
autoimmune diseases, proliferative diseases, transplantation rejection,
diseases involving impairment of cartilage turnover, congenital cartilage
malformations, and/or diseases associated with hypersecretion of IL6 by
administering the compound of the invention. [0002] Janus kinases (JAKs)
are cytoplasmic tyrosine kinases that transduce cytokine signaling from
membrane receptors to STAT transcription factors. Four JAK family members
are described, JAKl, JAK2, JAK3 and TYK2. Upon binding of the cytokine to
its receptor, JAK family members auto- and/or transphosphorylate each
other, followed by phosphorylation of STATs that then migrate to the
nucleus to modulate transcription. JAK-STAT intracellular signal
transduction serves the interferons, most interleukins, as well as a
variety of cytokines and endocrine factors such as EPO, TPO, GH, OSM, LIF,
CNTF, GM-CSF and PRL (Vainchenker W. et al. (2008)). [0003] The combination
of genetic models and small molecule JAK inhibitor research revealed the
therapeutic potential of several JAKs. JAK3 is validated by mouse and human
genetics as an immune-suppression target (O'Shea J . et al. (2004)). JAK3
inhibitors were successfully taken into clinical development, initially for
organ transplant rejection but later also in other immuno-inflammatory
indications such as rheumathoid arthritis (RA), psoriasis and Crohn's
disease (http://clinicaltrials.gov/). [0004] TYK2 is a potential target for
immuno-inflammatory diseases, being validated by human genetics and mouse
knock-out studies (Levy D. and Loomis C. (2007)). [0005] JAKl is a novel
target in the immuno-inflammatory disease area. JAKl heterodimerizes with
the other JAKs to transduce cytokine-driven pro-inflammatory signaling.
Therefore, inhibition of JAKl and/or other JAKs is expected to be of
therapeutic benefit for a range of inflammatory conditions as well as for
other diseases driven by JAK-mediated signal transduction. BACKGROUND OF
THE INVENTION [0006] The degeneration of cartilage is the hallmark of
various diseases, among which rheumatoid arthritis and osteoarthritis are
the most prominent. Rheumatoid arthritis (RA) is a chronicjoint
degenerative disease, characterized by inflammation and destruction of the
joint structures. When the disease is unchecked, it leads to substantial
disability and pain due to loss of joint functionality and even premature
death. The aim of an RA therapy, therefore, is not only to slow down the
disease but to attain remission in order to stop the joint destruction.
Besides the severity of the disease outcome, the high prevalence of RA (~
0.8% of the adults are affected worldwide) means a high socio-economic
impact. (For reviews on RA, we refer to Smolen and Steiner (2003); Lee and
Weinblatt (2001); Choy and Panayi (2001); O'Dell (2004) and Firestein
(2003)). [0007] Osteoarthritis (also referred to as OA, or wear-and-tear
arthritis) is the most common form of arthritis and is characterized by
loss of articular cartilage, often associated with hypertrophy of the bone
and pain. For an extensive review on osteoarthritis, we refer to Wieland et
al (2005). [0008] Osteoarthritis is difficult to treat. At present, no cure
is available and treatment focuses on relieving pain and preventing the
affected joint from becoming deformed. Common treatments include the use of
non-steroidal anti-inflammatory drugs (NSAIDs). Although dietary
supplements such as chondroitin and glucosamine sulphate have been
advocated as safe and effective options for the treatment of
osteoarthritis, a recent clinical trial revealed that both treatments did
not reduce pain associated to osteoarthritis. (Clegg et al, 2006). [0009]
Stimulation of the anabolic processes, blocking catabolic processes, or a
combination of these two, may result in stabilization of the cartilage, and
perhaps even reversion of the damage, and therefore prevent further
progression of the disease. Therapeutic methods for the correction of the
articular cartilage lesions that appear during the osteoarthritic disease
have been developed, but so far none of them have been able to mediate the
regeneration of articular cartilage in situ and in vivo. Taken together, no
disease modifying osteoarthritic drugs are available. [0010] Vandeghinste
et al. (WO 2005/124342) discovered JAKl as a target whose inhibition might
have therapeutic relevance for several diseases including OA. Knockout of
the JAKl gene in mice demonstrated that JAKl plays essential and
non-redundant roles during development: JAKl-/- mice died within 24h after
birth and lymphocyte development was severely impaired. Moreover, JAKl -/-
cells were not, or less, reactive to cytokines that use class II cytokine
receptors, cytokine receptors that use the gamma-c subunit for signaling
and the family of cytokine receptors that use the gpl30 subunit for
signaling (Rodig et al, 1998). [0011] Various groups have implicated
JAK-STAT signaling in chondrocyte biology. Li et al (2001) showed that
Oncostatin M induces MMP and TIMP3 gene expression in primary chondrocytes
by activation of JAK/STAT and MAPK signaling pathways. Osaki et al. (2003)
showed that interferongamma mediated inhibition of collagen II in
chondrocytes involves JAK-STAT signaling. ILl -beta induces cartilage
catabolism by reducing the expression of matrix components, and by inducing
the expression of collagenases and inducible nitric oxide synthase (NOS2),
which mediates the production of nitric oxide (NO). Otero et al, (2005)
showed that leptin and ILl -beta synergistically induced NOproduction or
expression of NOS2 mRNA in chondrocytes, and that that was blocked by a JAK
inhibitor. Legendre et al (2003) showed that IL6/IL6Receptor induced
downregulation of cartilage-specific matrix genes collagen II, aggrecan
core and link protein in bovine articular chondrocytes, and that this was
mediated by JAK/STAT signaling. Therefore, these observations suggest a
role for JAK kinase activity in cartilage homeostasis and therapeutic
opportunities for JAK kinase inhibitors. [0012] JAK family members have
been implicated in additional conditions including myeloproliferative
disorders (O'Sullivan et al, 2007, MoI Immunol. 44(10):2497-506), where
mutations in JAK2 have been identified. This indicates that inhibitors of
JAK in particular JAK2 may also be of use in the treatment of
myeloproliferative disorders. Additionally, the JAK family, in particular
JAKl, JAK2 and JAK3, has been linked to cancers, in particular leukaemias
e.g. acute myeloid leukaemia (O'Sullivan et al, 2007, MoI Immunol.
44(10):2497-506; Xiang et al, 2008, "Identification of somatic JAKl
mutations in patients with acute myeloid leukemia" Blood First Edition
Paper, prepublished online December 26, 2007; DOI 10.1
182/blood-2007-05-090308) and acute lymphoblastic leukaemia (Mullighan et
al, 2009) or solid tumours e.g. uterine leiomyosarcoma (Constantinescu et
al, 2007, Trends in Biochemical Sciences 33(3): 122-131), prostate cancer
(Tarn et al, 2007, British Journal of Cancer, 97, 378 - 383). These results
indicate that inhibitors of JAK, in particular of JAKl and/or JAK2, 



may also have utility in the treatment of cancers (leukaemias and solid
tumours e.g. uterine leiomyosarcoma, prostate cancer). [0013] In addition,
Castleman's disease, multiple myeloma, mesangial proliferative
glomerulonephritis, psoriasis, and Kaposi's sarcoma are likely due to
hypersecretion of the cytokine IL- 6, whose biological effects are mediated
by intracellular JAK-STAT signaling (Tetsuji Naka, Norihiro Nishimoto and
Tadamitsu Kishimoto, Arthritis Res 2002, 4 (suppl 3):S233-S242). This
result shows that inhibitors of JAK, may also find utility in the treatment
of said diseases. [0014] The current therapies are not satisfactory and
therefore there remains a need to identify further compounds that may be of
use in the treatment of degenerative joint diseases, e.g. osteoarthritis,
rheumatoid arthritis and osteoporosis, in particular osteoarthritis. The
present invention therefore provides a compound, methods for its
manufacture and pharmaceutical compositions comprising the compound of the
invention together with a suitable pharmaceutical carrier. The present
invention also provides for the use of the compound of the invention in the
preparation of a medicament for the treatment of degenerative joint
diseases. Specifically the present invention provides a novel JAK inhibitor
that exhibits a dramatically improved in vivo potency. SUMMARY OF THE
INVENTION [0015] The present invention is based on the discovery that the
compound of the invention is able to act as an inhibitor of JAK and that it
is useful for the treatment of inflammatory conditions,autoimmune diseases,
proliferative diseases, transplantation rejection, diseases involving
impairment of cartilage turnover, congenital cartilage malformations,
and/or diseases associated with hypersecretion of IL6. In a specific aspect
the compound is an inhibitor of JAKl and JAK2. The present invention also
provides methods for the production of this compound, a pharmaceutical
composition comprising this compound and methods for treating inflammatory
conditions, autoimmune diseases, proliferative diseases, transplantation
rejection, diseases involving impairment of cartilage turnover, congenital
cartilage malformations, and/or diseases associated with hypersecretion of
IL6 by administering the compound of the invention. [0016] Accordingly, in
a first aspect of the invention, a compound of the invention is provided
having a formula (I): [0017] The compound of the invention is a novel
inhibitor of JAK that appears to exhibit a dramatically improved in vivo
potency as compared to structurally similar compounds. In a particular
embodiment the compound of the invention is an inhibitor of JAKl and JAK2.
In particular it appears to exhibit this increase in potency at lower in
vivo exposure levels compared to structurally similar compounds. The use of
a compound with these improvements is expected to result in a lower dosage
requirement (and therefore an improved dosing schedule). [0018] In a
further aspect, the present invention provides pharmaceutical compositions
comprising the compound of the invention, and a pharmaceutical carrier,
excipient or diluent. Moreover, the compound of the invention, useful in
the pharmaceutical compositions and treatment methods disclosed herein, is
pharmaceutically acceptable as prepared and used. In this aspect of the
invention, the pharmaceutical composition may additionally comprise further
active ingredients suitable for use in combination with the compound of the
invention. [0019] In a further aspect of the invention, this invention
provides a method of treating a mammal susceptible to or afflicted with a
condition from among those listed herein, and particularly, such condition
as may be associated with aberrant JAK activity, e.g. inflammatory
conditions, autoimmune diseases, proliferative diseases, transplantation
rejection, diseases involving impairment of cartilage turnover, congenital
cartilage malformations, and diseases associated with hypersecretion of
IL6, which method comprises administering an effective amount of the
pharmaceutical composition orcompound of the invention as described herein.
In a specific embodiment the condition is associated with aberrant JAKl and
JAK2 activity. [0020] In a further aspect, the present invention provides
the compound of the invention for use in the treatment or prevention of a
condition selected from those listed herein, particularly such conditions
as may be associated with aberrant JAK activity, e.g. inflammatory
conditions, autoimmune diseases, proliferative diseases, transplantation
rejection, diseases involving impairment of cartilage turnover, congenital
cartilage malformations, and diseases associated with hypersecretion of
IL6. [0021] In yet another method of treatment aspect, this invention
provides a method for treating a mammal susceptible to or afflicted with a
condition that is causally related to abnormal JAK activity as described
herein, and comprises administering an effective condition-treating or
condition-preventing amount of the pharmaceutical composition or the
compound of the invention described herein. In a specific aspect the
condition is causally related to abnormal JAKl and JAK2 activity. [0022] In
a further aspect, the present invention provides the compound of the
invention for use in the treatment or prevention of a condition that is
causally related to abnormal JAK activity. [0023] In additional aspects,
this invention provides methods for synthesizing the compound of the
invention, with representative synthetic protocols and pathways disclosed
later on herein. [0024] Accordingly, it is a principal object of this
invention to provide a novel compound, which can modify the activity of JAK
and thus prevent or treat any maladies that may be causally related
thereto. In a specific aspect the compound of the invention modulates the
activity of JAKl and JAK2. [0025] It is further an object of this invention
to provide a compound that can treat or alleviate maladies or symptoms of
same, such as inflammatory conditions, autoimmune diseases, proliferative
diseases, transplantation rejection, diseases involving impairment of
cartilage turnover, congenital cartilage malformations, and diseases
associated with hypersecretion of IL6, that may be causally related to the
activity of JAK, in particular JAKl and JAK2. [0026] A still further object
of this invention is to provide a pharmaceutical composition that may be
used in the treatment or prevention of a variety of disease states,
including the diseases associated with JAK activity such as inflammatory
conditions, autoimmune diseases, proliferative diseases, transplantation
rejection, diseases involving impairment of cartilage turnover, congenital
cartilage malformations, and diseases associated with hypersecretion of
IL6. In a specific embodiment the disease is associated with JAKl and JAK2
activity. [0027] Other objects and advantages will become apparent to those
skilled in the art from a consideration of the ensuing detailed
description.DETAILED DESCRIPTION OF THE INVENTION Definitions [0028] The
following terms are intended to have the meanings presented therewith below
and are useful in understanding the description and intended scope of the
present invention. [0029] When describing the invention, which may include
compounds, pharmaceutical compositions containing such compounds and
methods of using such compounds and compositions, the following terms, if
present, have the following meanings unless otherwise indicated. It should
also be understood that when described herein any of the moieties defined
forth below may be substituted with a 



variety of substituents, and that the respective definitions are intended
to include such substituted moieties within their scope as set out below.
Unless otherwise stated, the term 'substituted' is to be defined as set out
below. It should be further understood that the terms 'groups' and
'radicals' can be considered interchangeable when used herein. [0030] The
articles 'a' and 'an' may be used herein to refer to one or to more than
one (i.e. at least one) of the grammatical objects of the article. By way
of example "an analogue" means one analogue or more than one analogue.
[0031] As used herein the term 'JAK' relates to the family of Janus kinases
(JAKs) which are cytoplasmic tyrosine kinases that transduce cytokine
signaling from membrane receptors to STAT transcription factors. Four JAK
family members are described, JAKl, JAK2, JAK3 and TYK2 and the term JAK
may refer to all the JAK family members collectively or one or more of the
JAK family members as the context indicates. [0032] 'Pharmaceutically
acceptable' means approved or approvable by a regulatory agency of the
Federal or a state government or the corresponding agency in countries
other than the United States, or that is listed in the U.S. Pharmacopoeia
or other generally recognized pharmacopoeia for use in animals, and more
particularly, in humans. [0033] 'Pharmaceutically acceptable salt' refers
to a salt of the compound of the invention that is pharmaceutically
acceptable and that possesses the desired pharmacological activity of the
parent compound. In particular, such salts are non-toxic may be inorganic
or organic acid addition salts and base addition salts. Specifically, such
salts include: (1) acid addition salts, formed with inorganic acids such as
hydrochloric acid, hydrobromic acid, sulfuric acid, nitric acid, phosphoric
acid, and the like; or formed with organic acids such as acetic acid,
propionic acid, hexanoic acid, cyclopentanepropionic acid, glycolic acid,
pyruvic acid, lactic acid, malonic acid, succinic acid, malic acid, maleic
acid, fumaric acid, tartaric acid, citric acid, benzoic acid,
3-(4-hydroxybenzoyl) benzoic acid, cinnamic acid, mandelic acid,
methanesulfonic acid, ethanesulfonic acid, 1,2-ethane-disulfonic acid,
2-hydroxyethanesulfonic acid, benzenesulfonic acid, 4-chlorobenzenesulfonic
acid, 2-naphthalenesulfonic acid, 4-toluenesulfonic acid, camphorsulfonic
acid, 4-methylbicyclo[2.2.2]-oct-2-ene-l-carboxylic acid, glucoheptonic
acid, 3- phenylpropionic acid, trimethylacetic acid, tertiary butylacetic
acid, lauryl sulfuric acid, gluconic acid,glutamic acid, hydroxynaphthoic
acid, salicylic acid, stearic acid, muconic acid, and the like; or (2)
salts formed when an acidic proton present in the parent compound either is
replaced by a metal ion, e.g., an alkali metal ion, an alkaline earth ion,
or an aluminum ion; or coordinates with an organic base such as
ethanolamine, diethanolamine, triethanolamine, N-methylglucamine and the
like. Salts further include, by way of example only, sodium, potassium,
calcium, magnesium, ammonium, tetraalkylammonium, and the like; and when
the compound contains a basic functionality, salts of non toxic organic or
inorganic acids, such as hydrochloride, hydrobromide, tartrate, mesylate,
acetate, maleate, oxalate and the like. The term 'pharmaceutically
acceptable cation' refers to an acceptable cationic counter-ion of an
acidic functional group. Such cations are exemplified by sodium, potassium,
calcium, magnesium, ammonium, tetraalkylammonium cations, and the like.
[0034] 'Pharmaceutically acceptable vehicle' refers to a diluent, adjuvant,
excipient or carrier with which the compound of the invention is
administered. [0035] 'Solvate' refers to forms of the compound that are
associated with a solvent, usually by a solvolysis reaction. This physical
association includes hydrogen bonding. Conventional solvents include water,
ethanol, acetic acid and the like. The compound of the invention may be
prepared e.g. in crystalline form and may be solvated or hydrated. Suitable
solvates include pharmaceutically acceptable solvates, such as hydrates,
and further include both stoichiometric solvates and non-stoichiometric
solvates. In certain instances the solvate will be capable of isolation,
for example when one or more solvent molecules are incorporated in the
crystal lattice of the crystalline solid. 'Solvate' encompasses both
solution-phase and isolable solvates. Representative solvates include
hydrates, ethanolates and methanolates. [0036] 'Subject' includes humans.
The terms 'human', 'patient' and 'subject' are used interchangeably herein.
[0037] 'Therapeutically effective amount' means the amount of a compound
that, when administered to a subject for treating a disease, is sufficient
to effect such treatment for the disease. The 'therapeutically effective
amount' can vary depending on the compound, the disease and its severity,
and the age, weight, etc., of the subject to be treated. [0038]
'Preventing' or 'prevention' refers to a reduction in risk of acquiring or
developing a disease or disorder (i.e., causing at least one of the
clinical symptoms of the disease not to develop in a subject that may be
exposed to a disease-causing agent, or predisposed to the disease in
advance of disease onset). [0039] The term 'prophylaxis' is related to
'prevention', and refers to a measure or procedure the purpose of which is
to prevent, rather than to treat or cure a disease. Non-limiting examples
of prophylactic measures may include the administration of vaccines; the
administration of low molecular weight heparin to hospital patients at risk
for thrombosis due, for example, to immobilization; and theadministration
of an anti-malarial agent such as chloroquine, in advance of a visit to a
geographical region where malaria is endemic or the risk of contracting
malaria is high. [0040] 'Treating' or 'treatment' of any disease or
disorder refers, in one embodiment, to ameliorating the disease or disorder
(i.e., arresting the disease or reducing the manifestation, extent or
severity of at least one of the clinical symptoms thereof). In another
embodiment 'treating' or 'treatment' refers to ameliorating at least one
physical parameter, which may not be discernible by the subject. In yet
another embodiment, 'treating' or 'treatment' refers to modulating the
disease or disorder, either physically, (e.g., stabilization of a
discernible symptom), physiologically, (e.g., stabilization of a physical
parameter), or both. In a further embodiment, 'treating' or 'treatment'
relates to slowing the progression of the disease. [0041] As used herein
the term 'inflammatory condition(s)' refers to the group of conditions
including, rheumatoid arthritis, osteoarthritis, juvenile idiopathic
arthritis, psoriasis, allergic airway disease (e.g. asthma, rhinitis),
inflammatory bowel diseases (e.g. Crohn's disease, colitis),
endotoxindriven disease states (e.g. complications after bypass surgery or
chronic endotoxin states contributing to e.g. chronic cardiac failure), and
related diseases involving cartilage, such as that of the joints.
Partcicularly the term refers to rheumatoid arthritis, osteoarthritis,
allergic airway disease (e.g. asthma) and inflammatory bowel diseases.
[0042] As used herein the term 'autoimmune disease(s)' refers to the group
of diseases including obstructive airways disease, including conditions
such as COPD, asthma (e.g intrinsic asthma, extrinsic asthma, dust asthma,
infantily asthma) particularly chronic or inveterate asthma (for example
late asthma and airway hyperreponsiveness), bronchitis, including bronchial
asthma, systemic lupus erythematosus (SLE), multiple sclerosis, type I
diabetes mellitus and complications associated 



therewith, atopic eczema (atopic dermatitis), contact dermatitis and
further eczematous dermatitis, inflammatory bowel disease (e.g. Crohn's
disease and ulcerative colitis), atherosclerosis and amyotrophic lateral
sclerosis. Particularly the term refers to COPD, asthma, systemic lupus
erythematosis, type I diabetes mellitus and inflammatory bowel disease.
[0043] As used herein the term 'proliferative disease(s)' refers to
conditions such as cancer (e.g. uterine leiomyosarcoma or prostate cancer),
myeloproliferative disorders (e.g. polycythemia vera, essential
thrombocytosis and myelofibrosis), leukemia (e.g. acute myeloid leukaemia
and acute lymphoblastic leukemia), multiple myeloma, psoriasis, restenosis,
sclerodermitis or fibrosis. In particular the term refers to cancer,
leukemia, multiple myeloma and psoriasis. [0044] As used herein, the term
'cancer' refers to a malignant or benign growth of cells in skin or in body
organs, for example but without limitation, breast, prostate, lung, kidney,
pancreas, stomach or bowel. A cancer tends to infiltrate into adjacent
tissue and spread (metastasise) to distant organs, for example to bone,
liver, lung or the brain. As used herein the term cancer includes both
metastatic tumour cell types, such as but not limited to, melanoma,
lymphoma, leukaemia, fibrosarcoma,rhabdomyosarcoma, and mastocytoma and
types of tissue carcinoma, such as but not limited to, colorectal cancer,
prostate cancer, small cell lung cancer and non-small cell lung cancer,
breast cancer, pancreatic cancer, bladder cancer, renal cancer, gastric
cancer, glioblastoma, primary liver cancer, ovarian cancer, prostate cancer
and uterine leiomyosarcoma. [0045] As used herein the term 'leukemia'
refers to neoplastic diseases of the blood and blood forming organs. Such
diseases can cause bone marrow and immune system dysfunction, which renders
the host highly susceptible to infection and bleeding. In particular the
term leukemia refers to acute myeloid leukaemia (AML) and acute
lymphoblastic leukemia (ALL). [0046] As used herein the term
'transplantation rejection' refers to the acute or chronic rejection of
cells, tissue or solid organ allo- or xenografts of e.g. pancreatic islets,
stem cells, bone marrow, skin, muscle, corneal tissue, neuronal tissue,
heart, lung, combined heart-lung, kidney, liver, bowel, pancreas, trachea
or oesophagus, or graft-versus-host diseases. [0047] As used herein the
term 'diseases involving impairment of cartilage turnover' includes
conditions such as osteoarthritis, psoriatic arthritis, juvenile rheumatoid
arthritis, gouty arthritis, septic or infectious arthritis, reactive
arthritis, reflex sympathetic dystrophy, algodystrophy, Tietze syndrome or
costal chondritis, fibromyalgia, osteochondritis, neurogenic or neuropathic
arthritis, arthropathy, endemic forms of arthritis like osteoarthritis
deformans endemica, Mseleni disease and Handigodu disease; degeneration
resulting from fibromyalgia, systemic lupus erythematosus, scleroderma and
ankylosing spondylitis. [0048] As used herein the term 'congenital
cartilage malformation(s)' includes conditions such as hereditary
chondrolysis, chondrodysplasias and pseudochondrodysplasias, in particular,
but without limitation, microtia, anotia, metaphyseal chondrodysplasia, and
related disorders. [0049] As used herein the term 'disease(s) associated
with hypersecretion of IL6' includes conditions such as Castleman's
disease, multiple myeloma, psoriasis, Kaposi's sarcoma and/or mesangial
proliferative glomerulonephritis. [0050] 'Compound of the present
invention', and equivalent expressions, are meant to embrace the compound
of the Formula as hereinbefore described, which expression includes the
pharmaceutically acceptable salts, and the solvates, e.g., hydrates, and
the solvates of the pharmaceutically acceptable salts where the context so
permits. Similarly, reference to intermediates, whether or not they
themselves are claimed, is meant to embrace their salts, and solvates,
where the context so permits. [0051] Other derivatives of the compound of
this invention have activity in both their acid and acid derivative forms,
but in the acid sensitive form often offers advantages of solubility,
tissue compatibility, or delayed release in the mammalian organism (see,
Bundgard, H., Design of Prodrugs, pp. 7-9, 21-24, Elsevier, Amsterdam
1985).[0052] As used herein, the term 'isotopic variant' refers to a
compound that contains unnatural proportions of isotopes at one or more of
the atoms that constitute such compound. For example, an 'isotopic variant'
of a compound can contain one or more non-radioactive isotopes, such as for
example, deuterium (2H or D), carbon- 13 (13C), nitrogen- 15 (15N), or the
like. It will be understood that, in a compound where such isotopic
substitution is made, the following atoms, where present, may vary, so that
for example, any hydrogen may be 2HZO, any carbon may be 13C, or any
nitrogen may be 15N, and that the presence and placement of such atoms may
be determined within the skill of the art. Likewise, the invention may
include the preparation of isotopic variants with radioisotopes, in the
instance for example, where the resulting compounds may be used for drug
and/or substrate tissue distribution studies. The radioactive isotopes
tritium, i.e. 3H, and carbon-14, i.e. 14C, are particularly useful for this
purpose in view of their ease of incorporation and ready means of
detection. Further, compounds may be prepared that are substituted with
positron emitting isotopes, such as 1 1C, 18F, 15O and 13N, and would be
useful in Positron Emission Topography (PET) studies for examining
substrate receptor occupancy. [0053] All isotopic variants of the compound
provided herein, radioactive or not, are intended to be encompassed within
the scope of the invention. [0054] 'Tautomers' refer to compounds that are
interchangeable forms of a particular compound structure, and that vary in
the displacement of hydrogen atoms and electrons. Thus, two structures may
be in equilibrium through the movement of p electrons and an atom (usually
H). For example, enols and ketones are tautomers because they are rapidly
interconverted by treatment with either acid or base. Another example of
tautomerism is the aci- and nitro- forms of phenylnitromethane, that are
likewise formed by treatment with acid or base. [0055] Tautomeric forms may
be relevant to the attainment of the optimal chemical reactivity and
biological activity of a compound of interest. THE COMPOUND [0056] The
present invention is based on the discovery that the compound of the
invention is an inhibitor of JAK and that it is useful for the treatment of
inflammatory conditions, autoimmune diseases, proliferative diseases,
transplantation rejection, diseases involving impairment of cartilage
turnover, congenital cartilage malformations, and diseases associated with
hypersecretion of IL6. The present invention also provides methods for the
production of the compound of the invention, pharmaceutical compositions
comprising the compound of the invention and methods for treating
inflammatory conditions, autoimmune diseases, proliferative diseases,
transplantation rejection, diseases involving impairment of cartilage
turnover, congenital cartilage malformations, and diseases associated with
hypersecretion of IL6 by administering the compound of the invention. In a
specific embodiment the compound of the invention is an inhibitor of JAKl
and JAK2.[0057] Accordingly, in a first aspect of the invention, compound
of the invention is disclosed having a formula (I): [0058] In one
embodiment the compound of the invention is not an isotopic variant. 



[0059] The compound of the invention is a novel inhibitor of JAK. In
particular the compound is a potent inhibitor of JAKl and JAK2, however it
does inhibit TYK2 and JAK3 with a lower potency. [0060] The compound of the
invention exhibits a dramatically improved in vivo potency. This
improvements are specifically and surprisingly seen even over structurally
similar compounds. The use of a compound with these improvements may result
in a lower dosage requirement (and therefore an improved dosing schedule).
PHARMACEUTICAL COMPOSITIONS [0061] When employed as a pharmaceutical, the
compound of this invention is typically administered in the form of a
pharmaceutical composition. Such compositions can be prepared in a manner
well known in the pharmaceutical art and comprise at least one active
compound. Generally, the compound of this invention is administered in a
pharmaceutically effective amount. The amount of the compound actually
administered will typically be determined by a physician, in the light of
the relevant circumstances, including the condition to be treated, the
chosen route of administration, the actual compound administered, the age,
weight, and response of the individual patient, the severity of the
patient's symptoms, and the like. [0062] The pharmaceutical compositions of
this invention can be administered by a variety of routes including oral,
rectal, transdermal, subcutaneous, intra-articular, intravenous,
intramuscular, and intranasal. Depending on the intended route of delivery,
the compound of this invention is preferably formulated as either
injectable or oral compositions or as salves, as lotions or as patches all
for transdermal administration. [0063] The compositions for oral
administration can take the form of bulk liquid solutions or suspensions,
or bulk powders. More commonly, however, the compositions are presented in
unit dosage forms to facilitate accurate dosing. The term 'unit dosage
forms' refers to physically discrete units suitable as unitary dosages for
human subjects and other mammals, each unit containing a predetermined
quantity of active material calculated to produce the desired therapeutic
effect, in association with asuitable pharmaceutical excipient, vehicle or
carrier. Typical unit dosage forms include pref lled, premeasured ampules
or syringes of the liquid compositions or pills, tablets, capsules or the
like in the case of solid compositions. In such compositions, the compound
of the invention is usually a minor component (from about 0.1 to about 50%
by weight or preferably from about 1 to about 40% by weight) with the
remainder being various vehicles or carriers and processing aids helpful
for forming the desired dosing form. [0064] Liquid forms suitable for oral
administration may include a suitable aqueous or nonaqueous vehicle with
buffers, suspending and dispensing agents, colorants, flavors and the like.
Solid forms may include, for example, any of the following ingredients, or
compounds of a similar nature: a binder such as microcrystalline cellulose,
gum tragacanth or gelatin; an excipient such as starch or lactose, a
disintegrating agent such as alginic acid, Primogel, or corn starch; a
lubricant such as magnesium stearate; a glidant such as colloidal silicon
dioxide; a sweetening agent such as sucrose or saccharin; or a flavoring
agent such as peppermint, methyl salicylate, or orange flavoring. [0065]
Injectable compositions are typically based upon injectable sterile saline
or phosphatebuffered saline or other injectable carriers known in the art.
As before, the active compound in such compositions is typically a minor
component, often being from about 0.05 to 10% by weight with the remainder
being the injectable carrier and the like. [0066] Transdermal compositions
are typically formulated as a topical ointment or cream containing the
active ingredient(s), generally in an amount ranging from about 0.01 to
about 20% by weight, preferably from about 0.1 to about 20% by weight,
preferably from about 0.1 to about 10% by weight, and more preferably from
about 0.5 to about 15% by weight. When formulated as a ointment, the active
ingredients will typically be combined with either a paraffinic or a
water-miscible ointment base. Alternatively, the active ingredients may be
formulated in a cream with, for example an oil-inwater cream base. Such
transdermal formulations are well-known in the art and generally include
additional ingredients to enhance the dermal penetration of stability of
the active ingredients or the formulation. All such known transdermal
formulations and ingredients are included within the scope of this
invention. [0067] The compound of the invention can also be administered by
a transdermal device. Accordingly, transdermal administration can be
accomplished using a patch either of the reservoir or porous membrane type,
or of a solid matrix variety. [0068] The above-described components for
orally administrable, injectable or topically administrable compositions
are merely representative. Other materials as well as processing techniques
and the like are set forth in Part 8 of Remington's Pharmaceutical
Sciences, 17th edition, 1985, Mack Publishing Company, Easton,
Pennsylvania, which is incorporated herein by reference.[0069] The compound
of the invention can also be administered in sustained release forms or
from sustained release drug delivery systems. A description of
representative sustained release materials can be found in Remington's
Pharmaceutical Sciences. [0070] The following formulation examples
illustrate representative pharmaceutical compositions that may be prepared
in accordance with this invention. The present invention, however, is not
limited to the following pharmaceutical compositions. Formulation 1 -
Tablets [0071] The compound of the invention may be admixed as a dry powder
with a dry gelatin binder in an approximate 1:2 weight ratio. A minor
amount of magnesium stearate may be added as a lubricant. The mixture may
be formed into 240-270 mg tablets (80-90 mg of active amide compound per
tablet) in a tablet press. Formulation 2 - Capsules [0072] The compound of
the invention may be admixed as a dry powder with a starch diluent in an
approximate 1:1 weight ratio. The mixture may be filled into 250 mg
capsules (125 mg of active amide compound per capsule). Formulation 3 -
Liquid [0073] The compound of the invention (125 mg), may be admixed with
sucrose (1.75 g) and xanthan gum (4 mg) and the resultant mixture may be
blended, passed through a No. 10 mesh U.S. sieve, and then mixed with a
previously made solution of microcrystalline cellulose and sodium
carboxymethyl cellulose (11:89, 50 mg) in water. Sodium benzoate (10 mg),
flavor, and color may be diluted with water and added with stirring.
Sufficient water may then be added with stirring. Further sufficient water
may be then added to produce a total volume of 5 mL. Formulation 4 -
Tablets [0074] The compound of the invention may be admixed as a dry powder
with a dry gelatin binder in an approximate 1:2 weight ratio. A minor
amount of magnesium stearate may be added as a lubricant. The mixture may
be formed into 450-900 mg tablets (150-300 mg of active amide compound) 



in a tablet press. Formulation 5 - Injection [0075] The compound of the
invention may be dissolved or suspended in a buffered sterile saline
injectable aqueous medium to a concentration of approximately 5 mg/mL.
Formulation 6 - Topical [0076] Stearyl alcohol (250 g) and a white
petrolatum (250 g) may be melted at about 75C and then a mixture of the
compound of the invention (50 g) methylparaben (0.25 g), propylparaben
(0.15 g), sodium lauryl sulfate (10 g), and propylene glycol (120 g)
dissolved in water (about 370 g) may be added and the resulting mixture may
be stirred until it congeals.METHODS OF TREATMENT [0077] The compound of
the invention may be used as a therapeutic agent for the treatment of
conditions in mammals that are causally related or attributable to aberrant
activity of JAK. In particular, conditions related to aberrant activity of
JAKl and/or JAK2. Accordingly, the compound and pharmaceutical compositions
of the invention find use as therapeutics for preventing and/or treating
inflammatory conditions, autoimmune diseases, proliferative diseases,
transplantation rejection, diseases involving impairment of cartilage
turnover, congenital cartilage malformations, and diseases associated with
hypersecretion of IL6 in mammals including humans. [0078] In additional
method of treatment aspects, this invention provides methods of treating a
mammal susceptible to or afflicted with an inflammatory condition. The
methods comprise administering an effective condition-treating or
condition-preventing amount of one or more of the pharmaceutical
compositions or compound of the invention herein described. In a specific
embodiment, the inflammatory condition is selected from rheumatoid
arthritis, osteoarthritis, allergic airway disease (e.g. asthma) and
inflammatory bowel diseases. [0079] In another aspect the present invention
provides the compound of the invention for use in the treatment, prevention
or prophylaxis of an inflammatory condition. In a specific embodiment, the
inflammatory condition is selected from rheumatoid arthritis,
osteoarthritis, allergic airway disease (e.g. asthma) and inflammatory
bowel diseases. [0080] In additional method of treatment aspects, this
invention provides methods of treating a mammal susceptible to or afflicted
with an autoimmune disease. The methods comprise administering an effective
condition-treating or condition-preventing amount of one or more of the
pharmaceutical compositions or compound of the invention herein described.
In a specific embodiment, the autoimmune disease is selected from COPD,
asthma, systemic lupus erythematosis, type I diabetes mellitus and
inflammatory bowel disease. [0081] In another aspect the present invention
provides the compound of the invention for use in the treatment, prevention
or prophylaxis of an autoimmune disease. In a specific embodiment, the
autoimmune disease is selected from COPD, asthma, systemic lupus
erythematosis, type I diabetes mellitus and inflammatory bowel disease.
[0082] In further method of treatment aspects, this invention provides
methods of treating a mammal susceptible to or afflicted with a
proliferative disease, in particular cancer (e.g. solid tumors such as
uterine leiomyosarcoma or prostate cancer), leukemia (e.g. AML or ALL),
multiple myeloma and/or psoriasis. [0083] In another aspect the present
invention provides the compound of the invention for use in the treatment,
prevention or prophylaxis of a proliferative disease, in particular cancer
(e.g. solid tumors such as uterine leiomyosarcoma or prostate cancer),
leukemia (e.g. AML or ALL), multiple myeloma and/or psoriasis.[0084] In
further method of treatment aspects, this invention provides methods of
treating a mammal susceptible to or afflicted with transplantation
rejection. In a specific embodiment, the invention provides methods of
treating organ transplant rejection. [0085] In another aspect the present
invention provides the compound of the invention for use in the treatment,
prevention or prophylaxis of transplantation rejection In a specific
embodiment, the invention provides methods of treating organ transplant
rejection. [0086] In a method of treatment aspect, this invention provides
a method of treatment, prevention or prophylaxis in a mammal susceptible to
or afflicted with diseases involving impairment of cartilage turnover,
which method comprises administering a therapeutically effective amount of
the compound of the invention, or one or more of the pharmaceutical
compositions herein described. [0087] In another aspect the present
invention provides the compound of the invention for use in the treatment,
prevention or prophylaxis of diseases involving impairment of cartilage
turnover. [0088] The present invention also provides a method of treatment
of congenital cartilage malformations, which method comprises administering
an effective amount of one or more of the pharmaceutical compositions or
the compound of the invention herein described. [0089] In another aspect
the present invention provides the compound of the invention for use in the
treatment, prevention or prophylaxis of congenital cartilage malformations.
[0090] In further method of treatment aspects, this invention provides
methods of treating a mammal susceptible to or afflicted with diseases
associated with hypersecretion of IL6, in particular Castleman's disease or
mesangial proliferative glomerulonephritis. [0091] In another aspect the
present invention provides the compound of the invention for use in the
treatment, prevention or prophylaxis of diseases associated with
hypersecretion of IL6, in particular Castleman's disease or mesangial
proliferative glomerulonephritis. [0092] As a further aspect of the
invention there is provided the compound of the invention for use as a
pharmaceutical especially in the treatment or prevention of the
aforementioned conditions and diseases. Also provided herein is the use of
the present compounds in the manufacture of a medicament for the treatment
or prevention of one of the aforementioned conditions and diseases. [0093]
A particular regimen of the present method comprises the administration to
a subject suffering from a disease involving inflammation, of an effective
amount of a compound of the invention for a period of time sufficient to
reduce the level of inflammation in the subject, and preferably terminate
the processes responsible for said inflammation. A special embodiment of
the method comprises administering of an effective amount of the compound
of the invention to a subject patient suffering from or susceptible to the
development of rheumatoid arthritis, for a period of time sufficient to
reduce or prevent, respectively, inflammation in the joints of said
patient, and preferably terminate, the processes responsible for said
inflammation.[0094] A further particular regimen of the present method
comprises the administration to a subject suffering from a disease
condition characterized by cartilage or joint degradation (e.g. rheumatoid
arthritis and/or osteoarthritis) of an effective amount of the compound of
the invention for a period of time sufficient to reduce and preferably
terminate the self-perpetuating processes responsible for said degradation.
A particular embodiment of the method comprises administering of an
effective amount of the compound of the invention to a subject patient
suffering from or susceptible to the development of 



osteoarthritis, for a period of time sufficient to reduce or prevent,
respectively, cartilage degradation in the joints of said patient, and
preferably terminate, the self-perpetuating processes responsible for said
degradation. In a particular embodiment said compound may exhibit cartilage
anabolic and/or anticatabolic properties. [0095] Injection dose levels
range from about 0.1 mg/kg/hour to at least 10 mg/kg/hour, all for from
about 1 to about 120 hours and especially 24 to 96 hours. A preloading
bolus of from about 0.1 mg/kg to about 10 mg/kg or more may also be
administered to achieve adequate steady state levels. The maximum total
dose is not expected to exceed about 2 g/day for a 40 to 80 kg human
patient. [0096] For the prevention and/or treatment of long-term
conditions, such as degenerative conditions, the regimen for treatment
usually stretches over many months or years so oral dosing is preferred for
patient convenience and tolerance. With oral dosing, one to five and
especially two to four and typically three oral doses per day are
representative regimens. Using these dosing patterns, each dose provides
from about 0.01 to about 20 mg/kg of the compound of the invention, with
particular doses each providing from about 0.1 to about 10 mg/kg and
especially about 1 to about 5 mg/kg. [0097] Transdermal doses are generally
selected to provide similar or lower blood levels than are achieved using
injection doses. [0098] When used to prevent the onset of an inflammatory
condition, the compound of the invention will be administered to a patient
at risk for developing the condition, typically on the advice and under the
supervision of a physician, at the dosage levels described above. Patients
at risk for developing a particular condition generally include those that
have a family history of the condition, or those who have been identified
by genetic testing or screening to be particularly susceptible to
developing the condition. [0099] The compound of the invention can be
administered as the sole active agent or it can be administered in
combination with other therapeutic agents, including other compounds that
demonstrate the same or a similar therapeutic activity, and that are
determined to safe and efficacious for such combined administration. In a
specific embodiment, co-administration of two (or more) agents allows for
significantly lower doses of each to be used, thereby reducing the side
effects seen. [00100] In one embodiment, the compound of the invention is
co-administered with another therapeutic agent for the treatment and/or
prevention of a disease involving inflammation; particular agents include,
but are not limited to, immunoregulatory agents e.g. azathioprine,
corticosteroids (e.g.prednisolone or dexamethasone), cyclophosphamide,
cyclosporin A, tacrolimus, Mycophenolate Mofetil, muromonab-CD3 (OKT3, e.g.
Orthocolone(r)), ATG, aspirin, acetaminophen, ibuprofen, naproxen, and
piroxicam. [00101] In one embodiment, the compound of the invention is
co-administered with another therapeutic agent for the treatment and/or
prevention of arthritis (e.g. rheumatoid arthritis); particular agents
include but are not limited to analgesics, non-steroidal anti-inflammatory
drugs (NSAIDS), steroids, synthetic DMARDS (for example but without
limitation methotrexate, leflunomide, sulfasalazine, auranofm, sodium
aurothiomalate, penicillamine, chloroquine, hydroxychloroquine,
azathioprine, and ciclosporin), and biological DMARDS (for example but
without limitation Infliximab, Etanercept, Adalimumab, Rituximab, and
Abatacept). [00102] In one embodiment, the compound of the invention is
co-administered with another therapeutic agent for the treatment and/or
prevention of proliferative disorders; particular agents include but are
not limited to: methotrexate, leukovorin, adriamycin, prenisone, bleomycin,
cyclophosphamide, 5-fluorouracil, paclitaxel, docetaxel, vincristine,
vinblastine, vinorelbine, doxorubicin, tamoxifen, toremifene, megestrol
acetate, anastrozole, goserelin, anti-HER2 monoclonal antibody (e.g.
Herceptin(tm)), capecitabine, raloxifene hydrochloride, EGFR inhibitors
(e.g. lressa (r), Tarceva(tm), Erbitux(tm)), VEGF inhibitors (e.g.
Avastin(tm)), proteasome inhibitors (e.g. Velcade(tm)), Glivec(r) and hsp90
inhibitors (e.g. 17-AAG). Additionally, a compound of the invention may be
administered in combination with other therapies including, but not limited
to, radiotherapy or surgery. In a specific embodiment the proliferative
disorder is selected from cancer, myeloproliferative disease or leukaemia.
[00103] In one embodiment, the compound of the invention is co-administered
with another therapeutic agent for the treatment and/or prevention of
autoimmune diseases, particular agents include but are not limited to:
glucocorticoids, cytostatic agents (e.g. purine analogs), alkylating
agents, (e.g nitrogen mustards (cyclophosphamide), nitrosoureas, platinum
compounds, and others), antimetabolites (e.g. methotrexate, azathioprine
and mercaptopurine), cytotoxic antibiotics (e.g. dactinomycin
anthracyclines, mitomycin C, bleomycin, and mithramycin), antibodies (e.g.,
anti-CD20, anti-CD25 or anti-CD3 (OTK3) monoclonal antibodies, Atgam(r) and
Thymoglobuline(r)), cyclosporin, tacrolimus, rapamycin (sirolimus),
interferons (e.g. IFN-b), TNF binding proteins (e.g. infliximab
(Remicade(tm)), etanercept (Enbrel(tm)), or adalimumab (Humira(tm))),
mycophenolate, Fingolimod and Myriocin. [00104] In one embodiment, the
compound of the invention is co-administered with another therapeutic agent
for the treatment and/or prevention of transplantation rejection,
particular agents include but are not limited to: calcineurin inhibitors
(e.g. cyclosporin or tacrolimus (FK506)), mTOR inhibitors (e.g. sirolimus,
everolimus), anti-proliferatives (e.g. azathioprine, mycophenolic acid),
corticosteroids (e.g. prednisolone, hydrocortisone), Antibodies (e.g.
monoclonal anti-IL-2Rareceptor antibodies, basiliximab, daclizumab),
polyclonal anti-T-cell antibodies (e.g. anti-thymocyte globulin (ATG),
anti-lymphocyte globulin (ALG)).[00105] In one embodiment, the compound of
the invention is co-administered with another therapeutic agent for the
treatment and/or prevention of Asthma and/or Rhinitis and/or COPD,
particular agents include but are not limited to: beta2-adrenoceptor
agonists (e.g. salbutamol, levalbuterol, terbutaline and bitolterol),
epinephrine (inhaled or tablets), anticholinergics (e.g. ipratropium
bromide), glucocorticoids (oral or inhaled) Long-acting b2-agonists (e.g.
salmeterol, formoterol, bambuterol, and sustained-release oral albuterol),
combinations of inhaled steroids and long-acting broncho dilators (e.g.
fluticasone/salmeterol, budesonide/formoterol), leukotriene antagonists and
synthesis inhibitors (e.g. montelukast, zafirlukast and zileuton),
inhibitors of mediator release (e.g. cromoglycate and ketotifen),
biological regulators of IgE response (e.g. omalizumab), antihistamines
(e.g. ceterizine, cinnarizine, fexofenadine) and vasoconstrictors (e.g.
oxymethazoline, xylomethazoline, nafazoline and tramazoline). [00106]
Additionally, a compound of the invention may be administered in
combination with emergency therapies for asthma and/or COPD, such therapies
include oxygen or heliox administration, nebulized salbutamol or
terbutaline (optionally combined with an anticholinergic (e.g.
ipratropium), systemic steroids (oral or intravenous, e.g. prednisone,
prednisolone, methylprednisolone, dexamethasone, or hydrocortisone),
intravenous salbutamol, non-specific beta-agonists, injected or inhaled
(e.g. epinephrine, isoetharine, isoproterenol, metaproterenol),
anticholinergics (IV or nebulized, e.g. glycopyrrolate, atropine,
ipratropium), methylxanthines (theophylline, aminophylline, bamiphylline),
inhalation anesthetics that have a bronchodilatory effect (e.g. isoflurane,
halothane, enflurane), ketamine and intravenous magnesium sulfate. 



[00107] In one embodiment, the compound of the invention is co-administered
with another therapeutic agent for the treatment and/or prevention of IBD,
particular agents include but are not limited to: glucocorticoids (e.g.
prednisone, budesonide) synthetic disease modifying, immunomodulatory
agents (e.g. methotrexate, leflunomide, sulfasalazine, mesalazine,
azathioprine, 6-mercaptopurine and ciclosporin) and biological disease
modifying, immunomodulatory agents (infliximab, adalimumab, rituximab, and
abatacept). [00108] In one embodiment, the compound of the invention is
co-administered with another therapeutic agent for the treatment and/or
prevention of SLE, particular agents include but are not limited to:
Disease-modifying antirheumatic drugs (DMARDs) such as antimalarials (e.g.
plaquenil, hydroxychloroquine), immunosuppressants (e.g. methotrexate and
azathioprine), cyclophosphamide and mycophenolic acid; immunosuppressive
drugs and analgesics, such as nonsteroidal anti-inflammatory drugs, opiates
(e.g. dextropropoxyphene and co-codamol), opioids (e.g. hydrocodone,
oxycodone, MS Contin, or methadone) and the fentanyl duragesic transdermal
patch. [00109] In one embodiment, the compound of the invention is
co-administered with another therapeutic agent for the treatment and/or
prevention of psoriasis, particular agents include but are not limited to:
topical treatments such as bath solutions, moisturizers, medicated creams
and ointments containing coal tar, dithranol (anthralin), corticosteroids
like desoximetasone (Topicort(tm)), fluocinonide,vitamin D3 analogues (for
example, calcipotriol), Argan oiland retinoids (etretinate, acitretin,
tazarotene), systemic treatments such as methotrexate, cyclosporine,
retinoids, tioguanine, hydroxyurea, sulfasalazine, mycophenolate mofetil,
azathioprine, tacrolimus, fumaric acid esters or biologies such as
Amevive(tm), Enbrel(tm), Humira(tm), Remicade(tm), Raptiva(tm) and
ustekinumab (a IL- 12 and IL-23 blocker). Additionally, a compound of the
invention may be administered in combination with other therapies
including, but not limited to phototherapy, or photochemotherapy (e.g.
psoralen and ultraviolet A phototherapy (PUVA)). [001 10] By
co-administration is included any means of delivering two or more
therapeutic agents to the patient as part of the same treatment regime, as
will be apparent to the skilled person. Whilst the two or more agents may
be administered simultaneously in a single formulation this is not
essential. The agents may be administered in different formulations and at
different times. GENERAL SYNTHETIC PROCEDURES General [00111] The compound
of the invention and the comparative examples disclosed in WO2010010190 can
be prepared from readily available starting materials using the following
general methods and procedures. It will be appreciated that where typical
or preferred process conditions (i.e., reaction temperatures, times, mole
ratios of reactants, solvents, pressures, etc.) are given, other process
conditions can also be used unless otherwise stated. Optimum reaction
conditions may vary with the particular reactants or solvent used, but such
conditions can be determined by one skilled in the art by routine
optimization procedures. [00112] Additionally, as will be apparent to those
skilled in the art, conventional protecting groups may be necessary to
prevent certain functional groups from undergoing undesired reactions. The
choice of a suitable protecting group for a particular functional group as
well as suitable conditions for protection and deprotection are well known
in the art. For example, numerous protecting groups, and their introduction
and removal, are described in T. W. Greene and P. G. M. Wuts, Protecting
Groups in Organic Synthesis, Second Edition, Wiley, New York, 1991, and
references cited therein. [00113] The following methods are presented with
details as to the preparation of the compound of the invention as defined
hereinabove and the comparative examples. The compound of the invention and
the comparative examples may be prepared from known or commercially
available starting materials and reagents by one skilled in the art of
organic synthesis. [00114] All reagents were of commercial grade and were
used as received without further purification, unless otherwise stated.
Commercially available anhydrous solvents were used for reactions conducted
under inert atmosphere. Reagent grade solvents were used in all other
cases, unless otherwise specified. Column chromatography was performed on
silica gel 60 (35-70 mm). Thin layer chromatography was carried out using
pre-coated silica gel F-254 plates (thickness 0.25 mm). 1H NMRspectra were
recorded on a Bruker DPX 400 NMR spectrometer (400 MHz). Chemical shifts
(d) for 1H NMR spectra are reported in parts per million (ppm) relative to
tetramethylsilane (d 0.00) or the appropriate residual solvent peak, i.e.
CHCI3 (d 7.27), as internal reference. Multiplicities are given as singlet
(s), doublet (d), triplet (t), quartet (q), multiplet (m) and broad (br).
Coupling constants (J) are given in Hz. Electrospray MS spectra were
obtained on a Micromass platform LC/MS spectrometer. Column Used for all
LCMS analysis: Waters Acquity UPLC BEH Cl 8 1.7mm, 2.1mm ID x 50mm L (Part
No. 186002350)). Preparative HPLC: Waters XBridge Prep C18 5mm ODB 19mm ID
x 100mm L (Part No. 186002978). All the methods are using MeCN/H 2O
gradients. H2O contains either 0.1% TFA or 0.1% NH3. [001 15] List of
abbreviations used in the experimental section: DCM: Dichloromethane DiPEA:
N,N-diisopropylethylamine MeCN Acetonitrile BOC tert-Butyloxy-carbonyl DMF
N,N-dimethylformamide TFA Trifluoroacetic acid THF Tetrahydrofuran NMR
Nuclear Magnetic Resonance DMSO Dimethylsulfoxide DPPA
Diphenylphosphorylazide LC-MS Liquid Chromatography-Mass Spectrometry Ppm
parts-per-million EtOAc ethyl acetate APCI atmospheric pressure chemical
ionization Rt retention time s singlet br s broad singlet m multiplet d
doublet PdCl2dppf [1,1 '-Bis(diphenylphosphino)ferrocene]
dichloropalladium(II) TEA Triethylamine Synthetic Preparation of the
Compound of the Invention and Comparative Examples[00116] The compound of
the invention and the comparative examples can be produced according to the
following scheme. 



General Synthetic Method Scheme 1 1. RCOCI, Et3N 2 . NH3 / MeOH CH CN, 20
0C 2O 0C wherein Ar represents phenyl-Ll-heterocycloalkyl, where Ll is a
bond, -CH2- or -CO- and the heterocycloalkyl group is optionally
substituted. General 1.1.1 l-(6-Bromo-pyridin-2-yl)-3-carboethoxy-thiourea
(2) (2) [00117] To a solution of 2-amino-6-bromopyridine (1) (253.8 g,
1.467 mol) in DCM (2.5 L) cooled to 5 0C is added ethoxycarbonyl
isothiocyanate (173.0 mL, 1.467 mol) dropwise over 15 min. The reaction
mixture is then allowed to warm to room temp. (20 0C) and stirred for 16 h.
Evaporation in vacuo gives a solid which may be collected by filtration,
thoroughly washed with petrol (3x600 mL) and air-dried to afford (2). The
thiourea may be used as such for the next step without any purification. 1H
(400 MHz, CDCl3) d 12.03 (IH, br s, NH), 8.81 (IH, d, J 7.8 Hz, H-3), 8.15
(IH, br s, NH), 7.60 (IH, t,J 8.0 Hz, H-4), 7.32 (IH, dd, J 7.7 and 0.6 Hz,
H-5), 4.31 (2H, q, J 7.1 Hz, CH2), 1.35 (3H, t, J 7.1 Hz, CH3) . 7.7.2
5-Bromo-[l, 2,4]triazolo[l, 5-a]pyridin-2-ylamine (3) [00118] To a
suspension of hydroxylamine hydrochloride (101.8 g, 1.465 mol) in EtOH/MeOH
(1:1, 900 mL) is added N,N-diisopropylethylamine (145.3 mL, 0.879 mol) and
the mixture is stirred at room temp. (20 0C) for 1 h.
l-(6-Bromo-pyridin-2-yl)-3-carboethoxy-thiourea (2) (89.0 g, 0.293 mol) is
then added and the mixture slowly heated to reflux (Note: bleach scrubber
is required to quench H2S evolved). After 3 h at reflux, the mixture is
allowed to cool and filtered to collect the precipitated solid. Further
product is collected by evaporation in vacuo of the filtrate, addition OfH
2O (250 mL) and filtration. The combined solids are washed successively
with H2O (250 mL), EtOH/MeOH (1:1, 250 mL) and Et2O (250 mL) then dried in
vacuo to afford the triazolopyridine derivative (3) as a solid. The
compound may be used as such for the next step without any purification. 1H
(400 MHz, DMSO-t/ ) d 7.43-7.34 (2H, m, 2 x aromatic-H), 7.24 (IH, dd, J
6.8 and 1.8 Hz, aromatic-H), 6.30 (2H, br, NH2); m/z 213/215 (1:1, M+H+,
100%). 7. 7.3 Generalprocedure for mono-acylation to afford intermediate
(4): [00119] To a solution of the 2-amino-triazolopyridine (3) (7.10 g,
33.3 mmol) in dry CH3CN (150 mL) at 5 0C is added Et3N ( 11.6 mL, 83.3
mmol) followed by cyclopropanecarbonyl chloride (83.3 mmol). The reaction
mixture is then allowed to warm to ambient temperature and stirred until
all starting material (3) is consumed. If required, further Et3N (4.64 mL,
33.3 mmol) and cyclopropanecarbonyl chloride (33.3 mmol) is added to ensure
complete reaction. Following solvent evaporation in vacuo the resultant
residue is treated with 7 N methanolic ammonia solution (50 mL) and stirred
at ambient temp (for 1-16 h) to hydrolyse any bis-acylated product. Product
isolation is made by removal of volatiles in vacuo followed by trituration
with Et2O (50 mL). The solids are collected by filtration, washed with H2O
(2x50mL), acetone (50 mL) and Et2O (50 mL), then dried in vacuo to give the
required bromo intermediate (4).Method A Preparation of compounds of the
invention via Suzuki coupling (5): [00120] An appropriate boronic acid
(2eq.) is added to a solution of bromo intermediate (4) in
1,4-dioxane/water (5:1). K2CO3 (2 eq.) and PdCl2dppf (5%) are added to the
solution. The resulting mixture is then heated in a microwave at 140 0C for
30 min (this reaction can also be carried out by traditional heating in an
oil bath at 900C for 16h under N2) . Water is added and the solution is
extracted with ethyl acetate. The organic layers are dried over anhyd. MgSq
4 and evaporated in vacuo. The final compound is obtained after
purification by flash chromatography or preparative HPLC. HPLC: Waters
XBridge Prep Cl 8 5mm ODB 19mm ID x 100mm L (Part No. 186002978). All the
methods are using MeCN/H2O gradients. H2O contains either 0.1% TFA or 0.1%
NH3. Method B Bl. 4 4-[2-(Cyclopropanecarbonyl-amino)-[1,2, 4]triazolo[l,
5-a]pyridin-5-yl] -benzoyl chloride [00121] 2 Drops of DMF are added to a
solution of 4-[2-(cyclopropanecarbonyl-amino)-
[l,2,4]triazolo[l,5-a]pyridin-5-yl]-benzoic acid ( 1 eq) obtained by Method
A using 4- carboxyphenylboronic acid in DCM under N2 atmosphere. Then
oxalyl chloride (2 eq) is added dropwise to this resulting solution (gas
release). The mixture is stirred at room temperature for 2 hours. After
completion of the reaction by LCMS, the solvent is removed. The crude acid
chloride is used without further purification in next step. B2.
Amideformation (General Method)[00122] An appropriate amine (1.1 eq) and
Et3N (5 eq) are dissolved in DCM under N2 atmosphere and cooled at 00C. The
acid chloride (Bl, 1 eq) dissolved in DCM is added dropwise to this
solution. The reaction is stirred at room temperature for 16 h. After this
time, reaction is complete. The compound is extracted with EtOAc and water,
washed with brine and dried over anhyd. MgSO . Organic layers are filtered
and evaporated. The final compound is isolated by preparative HPLC.
Preparative HPLC: Waters XBridge Prep C18 5mm ODB 19mm ID x 100mm L (Part
No. 186002978). All the methods are using MeCN/H2O gradients. H2O contains
either 0.1% TFA or 0.1% NH3. Method C Wherein R3a or R3b together with the
nitrogen atom to which they are attached, may form a heterocycloalkyl.
Reductive alkylation (general method) [00123] An appropriate amine (2 eq.),
cyclopropanecarboxylic acid (for example cyclopropanecarboxylic acid
[5-(4-formyl-phenyl)-[l,2,4]triazolo[l,5-a]pyridine-2-yl]-amide) prepared
by method A ( 1 eq.) and Ti(OPr)4 are mixed and stirred at room temperature
for 3 hrs. The mixture is diluted in ethanol and Na(CN)BH3 (leq.) is added.
The resulting solution is stirred at room temperature for 16 hrs. The
mixture is diluted in water and filtered. The filtrate is washed with
ethanol. The combined solvent phases are evaporated under vacuum. The final
compound is isolated by preparative HPLC. Method Dwherein R1 and R2
together with the Nitrogen atom to which they are attached, may form a
heterocycloalkyl. Reaction ofalkylation [00124]
2-(4-Bromomethyl-phenyl)-4,4,5,5-tetramethyl-[l,3,2]dioxaborolane (leq) and
Et3N (2 eq) (or AgCO ) are dissolved in DCM/MeOH (4:1 v:v) under N2 and an
amine (2 eq) is added dropwise. The resulting solution is stirred at room
temperature for 16h. After this time, the reaction is complete. The solvent
is evaporated. The compound is extracted with EtOAc and water, washed with
brine and dried over anhyd. MgSq 4. Organic layers are filtered and
evaporated. The final compound is isolated by flash chromatography. Suzuki
coupling 



[00125] The obtained boronic acid (2eq.) is added to a solution of
cyclopropanecarboxylic acid
(5-bromo-[l,2,4]triazolo[l,5-a]pyridin-2-yl)-amide (4) in 1,4-dioxane/water
(5:1). K2CO3 (2 eq.) and PdCl2dppf (5%) are added to the solution. The
resulting mixture is then heated in a microwave at 140 0C for 30 min (This
reaction can also be carried out by traditional heating in an oil bath at
900C for 16h under N2) . Water is added and the solution is extracted with
ethyl acetate. The organic layers are dried over anhyd. MgSq 4 and
evaporated in vacuo. The final compound is obtained after purification by
flash chromatography or preparative HPLC. HPLC: Waters XBridge Prep C18 5mm
ODB 19mm ID x 100mmL (Part No. 186002978). All the methods are using
MeCN/H2O gradients. H2O contains either 0.1% TFA or 0.1% NH3. Synthesis of
the compound of the invention and comparative examples Compound l(the
compound of the invention) Step 1: [00126]
2-(4-Bromomethyl-phenyl)-4,4,5,5-tetramethyl-[l,3,2]dioxaborolane (leq) and
DIPEA (2 eq) were dissolved in DCM/MeOH (5:1 v:v) under N2 and
thiomorpholine 1,1 -dioxide (2 eq) was added portionwise. The resulting
solution was stirred at room temperature for 16h. After this time, the
reaction was complete. The solvent was evaporated. The compound was
extracted with EtOAc and water, washed with brine and dried over anhyd.
MgSO4. Organic layers were filtered and evaporated. The final compound was
isolated without further purification. Step 2: Suzuki coupling [00127]
4-[4-(4,4,5,5-Tetramethyl-[l,3,2]dioxaborolan-2-yl)-benzyl]-thiomorpholine-
l,l-dioxide (l.leq.) was added to a solution of cyclopropanecarboxylic acid
(5-bromo-[l,2,4]triazolo[l,5-a]pyridin- 2-yl)-amide in 1,4-dioxane/water
(4:1). K2CO3 (2 eq.) and PdCl2dppf (0.03 eq.) were added to the solution.
The resulting mixture was then heated in an oil bath at 900C for 16h under
N2. Water was added and the solution was extracted with ethyl acetate. The
organic layers were dried over anhyd. MgSq 4 and evaporated in vacuo. The
final compound was obtained after purification by flash chromatography.
[00128] Alternatively, after completion of the reaction, a palladium
scavenger such as 1,2- bis(diphenylphosphino)ethane, is added, the reaction
mixture is allowed to cooled down and a filtration isperformed. The filter
cake is reslurried in a suitable solvent (e.g. acetone), the solid is
separated by filtration, washed with more acetone, and dried. The resulting
solid is resuspended in water, aqueous HCl is added, and after stirring at
RT, the resulting solution is filtered on celite (Celpure P300). Aqueous
NaOH is then added to the filtrate, and the resulting suspension is stirred
at RT, the solid is separated by filtration, washed with water and dried by
suction. Finally the cake is re-solubilised in a mixture of THF/H2O,
treated with a palladium scavenger (e.g. SMOPEX 234) at 500C, the
suspension is filtered, the organic solvents are removed by evaporation,
and the resulting slurry is washed with water and methanol, dried and
sieved, to obtain the title compound as a free base. Alternative route to
Compound l(the compound of the invention): Step 1: [00129]
4-(Hydroxymethyl)phenylboronic acid (l.leq.) was added t o a s o lution o f
cyclopropanecarboxylic acid
(5-bromo-[l,2,4]triazolo[l,5-a]pyridin-2-yl)-amide in 1,4-dioxane/water
(4:1). K2CO3 (2 eq.) and PdCl2dppf (0.03 eq.) were added to the solution.
The resulting mixture was then heated in an oil bath at 900C for 16h under
N2. Water was added and the solution was extracted with ethyl acetate. The
organic layers were dried over anhyd. MgSq 4 and evaporated in vacuo. The
resulting mixture was used without further purification. Step 2: [00130] To
a solution of cyclopropanecarboxylic acid [5-(4-hydroxymethyl-phenyl)-
[l,2,4]triazolo[l,5-a]pyridin-2-yl]-amide (1.0 eq) in chloroform was slowly
added phosphorus tribromide (1.0 equiv.). The reaction mixture was stirred
at room temperature for 20 hours, quenched with ice and water (20 mL) and
extracted with dichloromethane. The organic layer was dried over anhyd.
MgSq 4,filtered and concentrated to dryness. The resulting white residue
was triturated in dichloromethane/diethyl ether 2:1 to afford the expected
product as a white solid. Step 3: [00131] Cyclopropanecarboxylic acid
[5-(4-bromomethyl-phenyl)-[l,2,4]triazolo[l,5-a]pyridin- 2-yl]-amide (leq)
and DIPEA (2 eq) were dissolved in DCM/MeOH (5:1 v:v) under N2 and
thiomorpholine 1,1 -dioxide (1.1 eq) was added dropwise. The resulting
solution was stirred at room temperature for 16h. After this time, the
reaction was complete. The solvent was evaporated. The compound was
dissolved in DCM, washed with water and dried over anhyd. MgSO Organic
layers were filtered and evaporated. The final compound was isolated by
column chromatography using EtOAc to afford the desired product.
Comparative Examples: Compound 2 [00132] This compound was made using
General Method A and 4-[4-(4,4,5,5-tetramethyl-
[l,3,2]dioxaborolan-2-yl)-benzyl]-morpholine. Compound 3 [00133] This
compound was made using General Method A and 3-(4-morpholinomethyl)-
phenylboronic acid pinacol ester hydrochloride. Compound 4 [00134] This
compound was made using General Method A and 2-(4-morpholino)pyridine-5-
boronic acid pinacol ester. Compound 5 [00135] This compound was made using
General Method A and 4-[4-(4,4,5,5-tetramethyl-l,3,2-
dioxaborolan-2-yl)phenyl]morpholine.Compound 6 [00136] This compound was
made using General Method C and N-methyl-piperazine. Compound 7 [00137]
This compound was made using General Method C and piperidine. Compound 8
[00138] This compound was made using General Method C and
piperidine-4-carboxylic acid amide. Compound 9 [00139] This compound was
made using General Method C and 1-piperazin-l-yl-ethanone. Compound 10
[00140] This compound was made using General Method B and thiomorpholine
1,1 -dioxide. Compound 11 [00141] This compound was made using General
Method D and 4,4-difluoropiperidine. [00142] The compound of the invention
and the comparative examples that have been prepared according to the
synthetic methods described herein are listed in Table I below. The NMR
spectral data 



of the compound of the invention and some of the comparative examples is
given in Table II. [00143] Table IDiamond Material This invention relates
to changes to the absorption characteristics of some types of
nitrogen-containing diamond material that may occur when that diamond
material is exposed to certain conditions. In particular the invention
relates to a method involving controlled irradiation of that diamond
material to minimise the changes. Preferred methods according to the
invention relate to controlled irradiation of diamond material made by
chemical vapour deposition (so-called CVD synthetic diamond material). The
invention also relates to diamond material per se. Preferred embodiments of
diamond material according to the invention relate to CVD synthetic diamond
material which has been subjected to controlled irradiation. A particular
type of rare fancy-coloured, naturally occurring diamond, known as
chameleon diamond, is known, which shows changes to its absorption
characteristics under certain conditions. Being rare and deemed valuable,
there are not known to be any reports of non-reversible treatments on these
diamonds. The term "fancy-coloured diamond" is a well-established gem trade
classification of stronger and more unusual colours in diamond material.
Pink type Na natural diamonds also form another important class of diamonds
that exhibit colour changes. These have been shown to change colour from
pink to brown upon ultraviolet (UV) illumination as described by de Weerdt
and van Royen (Diamond and Related Materials, 10 (2001), 474-479). The pink
colour is a result of a broad optical absorption feature at 550 nm that is
bleached by ultraviolet radiation and also diminishes on cooling. In the
manufacture of synthetic diamond material, in particular CVD synthetic
diamond material, it is known to dope the diamond material by the addition
of low concentrations of nitrogen to the gases fed into the synthesis
chamber during the CVD process. It is known in the art that this can be
advantageous, the nitrogen increasing the growth rate of the CVD synthetic
diamond material. It is also known that the presence of the low
concentrations of nitrogen in the CVD growth environment can affect the
nature and concentration of the defects that are incorporated as the
material grows.As mentioned above, this invention relates to controlled
irradiation of diamond material to minimise changes to the absorption
characteristics of some types of nitrogen-containing diamond material that
may occur when that diamond material is exposed to certain conditions.
Irradiation of diamond material is known in the prior art. For example, EP
0615954 and EP 0316856 describe irradiation of synthetic diamond material
with an electron bean or a neutron beam to form lattice defects in the
crystal. Thereafter the diamond crystal is annealed in a prescribed
temperature range, so that nitrogen atoms are bonded with the lattice
defects to form colour centres, such as that comprising a substitutional
nitrogen atom adjacent to a vacancy, referred to as an "[N-V] colour
centre" or just "N-V", which can give the diamond material a desirable
colour, such as purple or red/pink, i.e. they introduce a desired fancy
colour into the diamond material. Similarly "Optical Absorption and
Luminescence" by John Walker in "Reports on Progress in Physics", Volume
42, 1979, describes the steps of forming lattice defects in crystals by
electron beam irradiation, and if necessary annealing to cause the lattice
defects to combine with nitrogen atoms contained in the crystals. In the
prior art the whole purpose of the irradiation and annealing steps is to
produce so-called colour centres, that is to introduce colour into the
diamond material. The irradiated and annealed diamond material of EP
0615954A and EP 0316856A contains so-called N-V defects as identified by
significant absorptions at about 570 nm. Similarly "CVD Grown Pink
Diamonds" by Wuyi Wang, of GIA Laboratories, published 30 April 2009 on
www.qia.edu/research-resources describes CVD synthetic diamond material
where some significant amount of the nitrogen present is in the form of N-V
centres which strongly absorb yellow and orange light, thus creating a pink
to red colour. These diamond materials, like those described in the two EP
publications (EP 0615954 and EP 0316856) contain N-V centres as evidenced
by inter alia strong absorptions at about 570 nm. We have observed that
some nitrogen doped synthetic diamond material, particularly some nitrogen
doped synthetic diamond material when made by chemical vapour deposition
(CVD synthetic diamond material), also show changes to their absorption
characteristics, which can be observed as a colour change, under certain
conditions. Thus, like the chameleon diamonds, we have noticed that the
colour of such synthetic diamond material may vary across a colour range,
the colour being unstable across this colour range, and the observed colour
at any particular time depending on the recent history of the diamond
material. For example exposure to radiation, particularly toradiation with
an energy greater than 2.0 eV, for example exposure to ultraviolet
radiation, tends to change the diamond material to a lower grade colour,
which is generally considered less desirable, whereas thermal treatment at
elevated temperatures tends to change the diamond material to a higher
grade colour, which is generally considered more desirable. Low and high
grade colours are defined later in the specification. Since for most
applications the usual state for diamond material is one in which it is
exposed to radiation in the form of light, the usual colour of the diamond
material tends towards the lower, less desirable colour grades of their
unstable colour range. In this specification we shall refer to this usual
colour for the diamond material, i.e. the colour of the diamond material
when it is exposed to radiation, or has recently, been exposed to
radiation, particularly to radiation with an energy greater than 2.0 eV, as
its "equilibrium colour", and the usual state of diamond material, i.e. the
state where it is exposed to radiation, or has recently been exposed to
radiation, as its "equilibrium state" or "equilibrium condition". As
mentioned above, it is known that the presence of the low concentrations of
nitrogen in a CVD growth environment can affect the nature and
concentration of the defects that are incorporated in a CVD synthetic
diamond material as the diamond material grows. Electron paramagnetic
resonance (EPR) and optical absorption spectroscopy have been used to study
the nature of defects introduced into the diamond material as a direct
consequence of the CVD growth process in which low concentrations of
nitrogen are introduced. The presence of the nitrogen in the grown CVD
synthetic diamond material 



can be evidenced by looking at absorption spectra for the grown diamond
material, and while the exact nature of all the defects in this diamond
material are not fully understood, analysis of these spectra gives some
indication of the relative proportions of different types of defect present
in the grown CVD synthetic diamond material as a result of the presence of
low concentrations of nitrogen during the growth process. A typical
spectrum for grown CVD synthetic diamond material grown with nitrogen added
to the synthesis environment shows a peak at about 270 nm, which is
generated by the presence of neutral single substitutional nitrogen (SSN)
atoms in the diamond lattice. Additionally peaks have been observed at
about 350 nm and approximately 510 nm corresponding to other defects
characteristic and unique to CVD synthetic diamond material, and
furthermore a so-called "ramp", that is a rising background of the form c x
l 3 has been observed, where c is a constant and l is the wavelength. The
combination of these features (SSN, 350 nm peak, 510 nm peak and ramp)
affect thecolour in the visible part of the electromagnetic spectrum (which
is generally considered to cover the wavelength range 380 nm to 750 nm),
and are believed to be responsible for the brown colour usually seen in
nitrogen doped CVD synthetic diamond material. In practice it has been
found that the precise width and position in the spectrum of these
characteristic absorption bands can vary. The position of peak maxima is
most easily ascertained by using the second differential of the spectrum.
It has been found that absorption spectra can generally be deconstructed
into a number of approximate components, and it is useful to carry out this
deconstruction, since when the well understood components are subtracted
from any recorded spectrum, then the contribution of other, less well
understood, components can more easily be seen. For example, it is known to
subtract the spectral component of standard synthetic diamond material from
any observed spectrum. In the present case, for diamond material referred
to in the present invention, we have used the spectral decomposition set
out in the numbered paragraphs below and shown in Figure 1. For ease of
comparison the following limits are measured from 0 cm 1 on the individual
spectral component, with the spectrum being made to be 0 at 800 nm. 1)
Single substitutional nitrogen component with an absorption coefficient at
270 nm that is generally within the range 0.05 cm 1 and 20 cm 1 and an
absorption coefficient at 425 nm that generally lies between 0.04 cm 1 and
1 cm 1. 2) An absorption band centred at 3.54 eV (350 nm) 0.2 eV with a
full width at half maximum (FWHM) of approximately 1 eV and a maximum
contribution to the absorption spectrum generally between 0.05 cm 1 and 8
cm 1 at its centre. 3) An absorption band centred at 2.43 eV (510 nm) 0.4
eV with a FWHM of approximately 1 eV and a maximum contribution to the
absorption spectrum generally between 0.02 cm 1 and 4 cm 1 at its centre.
4) A small residual wavelength dependent component of the measured
absorption coefficient (in cm 1 ) that is found to have a wavelength
dependence of the following approximate form: c x (wavelength, l, in mm) 3
where c <0.2 such that the contribution of this component at 5 10 nm is
generally less than 1.5 cm 1 .Figure 1 shows the absorption spectrum of a
typical CVD synthetic diamond layer (curve B) which has been removed from
its growth substrate, and the components into which it can be deconvoluted.
The first step in the spectral decomposition is the subtraction of the
spectrum of a type Ib high pressure high temperature (HPHT) synthetic
diamond material (curve A), scaled so that the residual shows no 270 nm
feature. The residual spectrum is then be deconvoluted into a c x l~3
component (curve C) and two overlapping bands, one centred at 350 nm and
the other centred at 510 nm of the kind described above in numbered
paragraphs (2) and (3)above. The two overlapping bands are shown as curve D
in Figure 1. It is known that the form of UV/visible optical absorption
spectra of CVD synthetic diamond material grown using a range of different
processes can be specified by sums of the components described above, with
different weighting factors for the components in different cases. For the
purposes of specifying the shape of the spectrum the contributions of the
different components are given in the following ways. 270 nm: The peak 270
nm absorption coefficient of the type Ib component is measured from a
sloping baseline connecting the type Ib spectrum either side of the 270 nm
feature that extends over the approximate range from 235 nm to 325 nm. 350
nm band: The peak absorption coefficient contribution of this band. 510 nm
band: The peak absorption coefficient contribution of this band. Ramp: The
contribution of the c x l 3 component to the absorption coefficient at 510
nm. In the present specification, for all quoted absorption coefficients,
the absorption coefficients have been measured by normalising the spectra
so that they start at 0 cm 1 at 800 nm. The method according to the present
invention is particularly applicable to synthetic diamond material, more
particularly to CVD synthetic diamond material. As noted above, diamond
materials that exhibit a pronounced amount of colour are known as "fancy"
coloured diamonds in the field. Other diamond materials that do not show
such pronounced colour may be graded using the Gemological Institute of
America(GIA) scale. That scale grades diamond materials alphabetically from
D to Z. The GIA scale is well known. D represents the highest grade and
most colourless diamond material on the GIA scale, and Z represents the
lowest grade on the GIA scale, a diamond material of grade Z appearing
light yellow to the naked eye. Higher grade diamond materials (those on the
GIA scale nearer to grade D) are generally considered more desirable than
lower grade diamond materials (those nearer to grade Z), both in the gem
trade and for industrial applications. When a diamond material's colour is
more intense that the Z grading it enters the realm of "fancy" diamond of
which chameleon diamonds are a sub set. There are three visual attributes
to colour, these being hue, lightness and saturation. These terms are well
understood by the person skilled in the art. Briefly: hue is the attribute
of colour that allows it to be classified as red, green, blue, yellow,
black or white, or and intermediated thereof; lightness is the attribute of
colour that is defined by the degree of similarity with a neutral
achromatic scale starting with white and progressing through grey to black;
saturation is the attribute of colour that is defined by the degree of
difference from an achromatic colour of the same lightness. Saturation is
also a 



descriptive term corresponding to the strength of the colour. A system for
quantifying colour, known as the "CIE L*a* b* colour space" or more simply
"CIELAB", exists which defines the saturation by a parameter known as C* .
Where the colour of a diamond material falls within the GIA scale, the
correlation between C* values and GIA grades respectively is O=D, 0.5=E,
1.0=F, 1.5=G, 2.O=H etc for a round brilliant cut (RBC) diamond and where
the saturation (C* ) is determined from the absorbance spectrum measured
along the axis of the stone through the complete depth of the material. In
practice, all measurements on the GIA scale in this document are for an
equivalent 0.5 ct round brilliant cut gemstone. C* values are also
applicable to fancy coloured diamonds. Our invention is applicable to all
colours of diamond materials, including diamond materials whose colour
falls only within the GIA scale of D to Z, and fancy diamonds whose colour
may be outside the GIA scale of D to Z. The perceived colour of an object
depends on the transmittance/absorbance spectrum of the object, the
spectral power distribution of the illumination source and the response
curves of the observer's eyes. The CIELAB chromaticity coordinates quoted
in this patent application have been derived in the way described below.
Using a standard D65 illumination spectrum and standard (red, green and
blue) response curves of the eye (G.Wyszecki and W. S. Stiles, John Wiley,
New York-London-Sydney, 1967), CIE L*a* b* chromaticity coordinates of a
parallel-sided plate of diamond material have been derived from its
transmittance spectrum using the relationships below, between 350 nm and
800 nm with a data interval of 1 nm: Sl= transmittance at wavelength l U =
spectral power distribution of the illumination xl = red response function
of the eye yl = green response function of the eye zl = blue response
function of the eye X = l[Slxl Ll]/Y0 Y = L[Slyl Ll]/Y0 Z = l[Slzl Ll]/Y0
Where Y0 = l yl Ll L* = 116(Y/Yo)h/ - 16 = Lightness (for Y/Yo > 0.008856)
a* = 5OO[(X/Xo)h/ - (Y/Y0)h/1 (for X/Xo > 0.008856, Y/Yo > 0.008856) b* =
2OO[(Y/Yo)h/ - (Z/Zofi (for Z/Zo > 0.008856) C* = (a*2 + b*2)1'2 =
saturation hab = arctan(b */a* ) = hue angle Modified versions of these
equations must be used outside the limits of Y/Y o, X/Xo and Z/Zo. The
modified versions are given in a technical report prepared by the
Commission Internationale de L'Eclairage (Colorimetry (1986)). It is
possible to predict how the a* b* coordinates of diamond material with a
given absorption coefficient spectrum will change as the optical path
length is varied. In order to do this, the reflection loss must first be
subtracted from the measured absorbance spectrum. The absorbance is then
scaled to allow for a different path length and thenthe reflection loss is
added back on. The absorbance spectrum can then be converted to a
transmittance spectrum which is used to derive the CIELAB coordinates for
the new thickness. In this way the dependence of the hue, saturation and
lightness on optical path length can be modelled to give an understanding
of how the colour of diamond material with given absorption properties per
unit thickness will depend on the optical path length. The C* (saturation)
numbers can be divided into saturation ranges of 10 C* units and assigned
descriptive terms as below. 0-10 weak 10-20 weak-moderate 20-30 moderate
30-40 moderate-strong 40-50 strong 50-60 strong-very strong 60-70 very
strong 70-80+ very very strong As mentioned above, we have observed that
the colour of some CVD synthetic diamond material may vary across a colour
range, the colour being unstable across this colour range, and the observed
colour at any particular time depending on the recent history of the
diamond material. We have surprisingly found that irradiation (performed in
a controlled manner) can be used, not to introduce colour as has been used
in the aforementioned prior art, but to reduce the colour range over which
the diamond material can exist. This means that the controlled irradiation
tends to stabilise the colour of the diamond material regardless of its
environmental conditions or its recent thermal/illumination history. In
preferred embodiments we have also found that not only can the colour be
stabilised, but also the equilibrium colour (as hereinbefore defined) can
be improved, by which we mean that the equilibrium colour of the diamond
material that has been subjected to the controlled irradiation treatment is
a higher colour grade (nearer to D on the GIA scale and/or has a lower C*
value), i.e. it has what is generally considered to be a more desirable
colour (or lack of colour) than the equilibrium colour of the same diamond
material prior to the controlled irradiation.Our observations have shown
that, for a nitrogen containing CVD synthetic diamond material round
brilliant with a colour grade on the GIA scale, and in particular for a
nitrogen containing CVD synthetic diamond round brilliant with a starting
colour grade in the range F to Z (corresponding to 1 to 11 on the C* scale
especially for a nitrogen containing CVD synthetic diamond material with a
starting colour grade in the range I to K on the GIA scale (corresponding
to 2.5 to 3.99 on the C* scale), exposure to radiation, and in particular
to UV radiation results in a colour change of the diamond material to lower
colour grades (i.e. away from D grade on the GIA colour scale), while
thermal treatment, for example at a temperature of 525C for one hour,
causes the diamond material to change colour in the opposite direction to
the higher, generally more desirable, (i.e. towards D grade on the GIA
colour scale) colour grades. For example for a CVD synthetic diamond round
brilliant of starting colour grade K (C* 3.5-3.99) it is 



observed that exposure to UV radiation for 20 minutes results in a colour
change to a lower colour grade L (C* 4-4.49), while subsequent heating to
525C for 1 hour results in a colour change to higher grade I (C* 2.5-2.99)
, i.e. a total colour grade difference of L to I (i.e. 3 colour grade
difference on the GIA scale, corresponding to a C* change of 1.5). Overall
we have observed that for any given CVD synthetic diamond sample the
overall colour grade change when exposed to radiation and then thermally
treated may vary by up to 1, up to 2, up to 3, up to 4, up to 5, even up to
6 colour grades as measured on the GIA scale (corresponding to a C* change
of up to 0.5, 1, 1.5, 2, 2.5 or even up to 3). Similarly for fancy diamond
(C*> 1 1), a change of at least 0.5, or for some embodiments a change of at
least 1 or 1.5 or 2, up to 4, 5 or even 6 in the value of C* may result
from exposure to radiation and then thermal treatment. This variation in
colour, and the associated variation in the absorption characteristics of
the electromagnetic spectrum of the synthetic diamond material, on exposure
to radiation (e.g. light) and heating is undesirable for some applications.
As will be elucidated further, while the observed colour of the synthetic
diamond material is associated with specific defects (with specific
electronic configuration) within the diamond material which give rise to
absorption, colour instability can be associated with charge transfer
between these same defects in the crystal lattice, these charge transfer
effects modifying the absorption spectrum. In practice it has been found
that exposure of the diamond material to any radiation with energy greater
than 2.0 eV leads to an increase in the absorption in the visible part of
the spectrum, causing the diamond material colour tochange to a lower
(generally considered less desirable) colour grade (nearer to Z on the GIA
scale if applicable, and/or higher C* value). While this increase can be
removed by a simple low temperature (e.g. ~500C) thermal treatment, for
most usual applications the diamond material will ordinarily be exposed to
radiation with energy greater than 2.0 eV (for example sun light,
fluorescent room lights etc). This means that for these usual applications
the diamond material is always pushed towards a state where it contains
those specific defects and associated specific electronic configurations
that increase the absorption of the diamond material in the visible part of
the spectrum, leading to lower, generally considered less desirable colour
grades (nearer to Z if the GIA scale is applicable, and/or to higher C*
values). As mentioned above we refer to this "usual" state of a diamond
material, when the diamond material is, or has recently been exposed to
radiation, particularly to radiation with energy greater than 2.0 eV, as
the "equilibrium state" or "equilibrium condition" and the colour of the
diamond material in this state as the "equilibrium colour". When a diamond
material exhibits colour instability this may be undesirable for a number
of applications. Similarly the fact that the "equilibrium condition"
corresponds to the highest absorption across the colour range over which
the diamond material is unstable is also undesirable for a number of
applications. Also where a diamond material exhibits colour instability,
this, as explained previously, can also impact the materials carrier
properties (for example carrier mobility) and thus the material can show
variable carrier mobility depending on the history of the diamond material.
For some applications carrier mobility instability and, for example, the
related instability in other electronic properties of the diamond material
may be undesirable. As examples of applications where the colour
instability and/or the carrier property instability, and/or the tendency
for the equilibrium condition of the diamond material to correspond to the
highest absorption across the colour range over which the diamond material
is unstable is undesirable, there may be mentioned the following: (i) For
diamond material used in certain optical applications such as Raman lasers
or as a passive optical element in a high power laser operating the range
from 225 nm to 1600 nm it is desirable that the absorption is minimized and
stable.(ii) In electronic devices made of diamond material, a key
performance indicator is related to the carrier mobility. The mobility is
reduced in materials which contain a high concentration of ionized
(charged) impurities through carrier scattering. Any process which can lead
to the number and type of these ionized impurities changing is undesirable
as it can lead to an unstable electronic device. (iii) While there are some
exceptions in the field of fancy natural diamonds, it is undesirable for a
diamond used in ornamental purposes to show colour instability, not least
related to difficulties associated with grading such a diamond. The colour
change observed in the CVD synthetic diamond material on exposure to
radiation and/or thermal treatment is thought to be due to a change in the
charge state of one or more of the defects in the diamond material. This
change in charge state is thought to arise from an electron or other charge
transfer effect taking place within the diamond lattice. Thus the colour
instability that we observe is thought to result from these electron or
other charge transfers. Without limiting the invention in any way, a
possible explanation for the charge transfer effects which give the colour
changes on exposure to radiation and heating is as follows. Neutral single
substitutional nitrogen atoms (N3 0) act as electron donors. Thermal or
optical excitation of an electron from N3 0 sites occurs as a result of
either heating or radiation exposure respectively, the excited electrons
being captured in some other kind of defect in the diamond structure, which
defect sites we shall call "X". This charge transfer effect can be written
as follows: N3 0 + X N3 + + X (Equation 1) We believe that exposure of the
diamond material to radiation, particularly to radiation with energy
greater than 2.0 eV, and more specifically UV radiation, causes the
equation to move to the left, resulting in changes to the absorption
spectrum of the diamond material that result in a lower colour grade (for
example nearer to Z on the GIA scale and corresponding to a higher C*
value); while thermal treatment of the diamond material causes the equation
to move to the right, resulting in changes to the absorption spectrum of
the diamond material that result in a higher colour grade (for example
nearer to D on the GIA scale and corresponding to a lower C* value). It is
thought that the colour that is 



observed in diamond material is associated with the presence of defect X in
the diamondlattice, the charged defect X being associated with a colourless
state, or at least more colourless state. Specifically we use X here to
cover the unknown defect(s) in nitrogen doped CVD synthetic diamond
material which take place in the charge transfer process. These defect(s)
are thought to be responsible for the visible absorption features
characterized by one or some combination of the 350 nm, 510 nm and the Ramp
components. A first aspect of the present invention provides a method
comprising: a) providing a nitrogen-containing diamond material which shows
a measurable difference in at least one of its absorption characteristics
in first and second states, the first state being after exposure to
radiation having an energy of at least 5.5 eV, and the second state being
after thermal treatment at 798 K (525C), b) treating the said nitrogen
containing diamond material by controlled irradiation of the said
nitrogen-containing diamond material so as to introduce sufficient defects
in the diamond material so as to produce one or both of: (i) an absorption
coefficient measured at 77 K of at least 0.01 cm 1 and at most 1 cm 1 at a
wavelength of 741 nm; and (ii) an absorption coefficient measured at 77 K
of at least 0.01 cm 1 and at most 0.5 cm 1 at a wavelength of 394 nm;
whereby the measurable difference in the said absorption characteristics of
the irradiation treated diamond material in the said first and second
states, having been exposed to the same radiation and thermal treatment as
the provided diamond, is reduced relative to the measurable difference in
the said absorption characteristics of the provided diamond material in the
said first and second states. When we say the diamond material shows a
measurable difference in its absorption characteristics we include any
differences that can be recorded. This includes for example numerical
absorption coefficients of the diamond material at various wavelengths, and
visible changes, e.g. colour changes that may be observed by the naked eye,
or with the aid of magnification equipment.The step of actually growing the
CVD diamond material may or may not form part of the method of embodiments
of the invention. Providing a CVD diamond material may mean growing the CVD
diamond material, or may simply mean, for example, selecting a pregrown CVD
diamond material. By "controlled irradiation" we mean applying an amount of
irradiation so as to introduce the said sufficient defects in the diamond
material so as to produce one or both of: (i) an absorption coefficient
measured at 77 K of at least 0.01 cm 1 and at most 1 cm 1 at a wavelength
of 741 nm; and (ii) an absorption coefficient measured at 77 K of at least
0.01 cm 1 and at most 0.5 cm 1 at a wavelength of 394 nm. We have observed
that for the diamond materials of interest to the present specification
exposure to radiation changes at least one of the absorption
characteristics of the diamond material, the change increasing as the
period of exposure is increased, and then levelling of after a certain
period of exposure. The time at which this "levelling off' occurs depends
on the intensity of the radiation and its energy. Preferably, in order to
make worthwhile comparisons of diamond materials treated by methods
according to the invention, the period of exposure to the said radiation is
until substantially no further measurable change in the said absorption
characteristics are found to occur. For example, for a diamond material
whose colour is one on the GIA scale, the period of exposure is preferably
until the diamond material shows no further change in colour grade on the
GIA scale, for example such that sequential measurements show no further
change in colour on the GIA scale. As another measure, the period of
exposure is preferably until the diamond material shows substantially no
further change in its C* value, e.g. such that sequential measurements on
the diamond material show a C* change of less than 0.5, preferably less
than 0.4, more preferably less than 0.3, and even less than 0.2 or 0.1 .
Sequential measurements may be taken, for example, every hour, or every 20
minutes, or every two minutes, or every minute or every 30 seconds. In use,
the diamond material may be exposed to radiation with an energy less than
5.5 eV, e.g. less than 4.5 eV or less than 3.5 eV or even less than 2.5 eV,
and for some diamond materials this lower wavelength exposure will also
cause changes to its absorption characteristics, which it is desirable to
stabilise. Such diamond material would also show changes to its absorption
characteristics when exposed to radiation having an energy greater than 5.5
eV. The value of 5.5 eV is defined in this specificationto encompass the
broadest scope of diamond material that show changes to its absorption
characteristics when exposed to radiation. Those skilled in the art will
realize that charged particles other than photons of electromagnetic
radiation can also introduce electron hole pairs with energy >5.5 eV into
the diamond lattice and hence affect the absorption characteristics. As
examples there may be mentioned beta and alpha particles. The rest of this
discussion focuses on the use of photons but this excitation source should
not be seen to limit the invention, and reference in the invention to
radiation of energy of at least 5.5 eV includes in its broadest scope
charged particles of electromagnetic radiation other than photons with an
energy greater than 5.5 eV. Similarly we have observed that for the diamond
material of interest to the present specification thermal treatment changes
at least some of the absorption characteristics, the change increasing as
the period of thermal treatment is increased, and then levelling off after
a certain period of thermal treatment. The time at which this "levelling
off" occurs depends inter alia on the temperature of the thermal treatment,
and the nature of the diamond material. Preferably the period of thermal
treatment is until substantially no further measurable changes to the said
absorption characteristics are found to occur. For example, for a synthetic
diamond 0.5 ct round brilliant with measured C* =3, the period of thermal
treatment is preferably until the diamond shows no further change in colour
grade on the GIA scale, for example such that sequential measurements show
no further change in colour on the GIA scale. As another measure, the
period of thermal treatment is preferably until the diamond material shows
substantially no further change in its C* value, e.g. such that sequential
measurements on the diamond material show a C* change of less than 0.5,
preferably less than 0.4, more preferably less than 0.3, and 



even less than 0.2 or 0.1 . As before, sequential measurements may be
taken, for example, every hour, or every 30 minutes, or every 10 minutes,
or every two minutes, or every minute or every 30 seconds. In use, the
diamond material may be exposed to elevated temperatures for various
lengths of time, and these elevated temperatures may be less than 525C, but
nonetheless result in absorption characteristic changes to the diamond
material. For example exposure to elevated temperatures of at least 1500C,
at least 2000C, at least 250C, at least 4000C, or at least 450C for periods
of 30 minutes, 1 hour, 5 hours, 10 hours or 24 hours, or even a week may
result, for some diamond material in changes toits absorption
characteristics, which it is desirable to stabilise. Such diamond material
would also show changes to its absorption characteristics when thermally
treated at 525C. The recitation of thermal treatment at 525C is defined in
this specification to encompass the broadest scope of synthetic diamond
material that show changes to its absorption characteristics when exposed
to elevated temperatures. Thus if diamond material is shown to exhibit a
change in at least one absorption characteristic when exposed to radiation
of energy of at least 5.5 eV and a thermal treatment at 525C, then it is
diamond material which would benefit from controlled irradiation according
to the method of the invention, even if in use it would never be exposed to
such high temperatures or to light or other electromagnetic radiation of
such high energy. It is not fully understood why the irradiation step
reduces the differences in the absorption characteristic of the diamond
material in its first and second states (e.g. stabilises the colour), but
it is thought that it may be because the controlled irradiation introduces
specific defects into the diamond's crystal lattice which act as
alternative donors/acceptors for electrons/holes (alternative to the X
defects) subsequently excited by UV radiation or thermally treated, thereby
substantially preventing, or at least reducing or minimising charge
transfer to the optical sites that were active in the diamond material
prior to its treatment by controlled irradiation. According to the
invention the provided nitrogen-containing diamond material shows a
measurable difference in at least one of its absorption characteristics in
first and second states. Preferably it is the majority volume of the
diamond material which shows this measurable difference, by which we means
at least 55% and preferably at least 80% and most preferably at least 95%
of the whole volume of the diamond material. Defects can be introduced by
any means that lead to the production of interstitials and vacancies within
the diamond lattice. Those skilled in the art will be aware of a number of
different routes to achieve this. The most common route is to use one or
some combination of electrons, neutrons or gamma photons. Therefore in a
preferred method according to the invention the controlled irradiation is
provided by one or more of electrons, neutrons and gamma photons.When
energy is imparted to the diamond lattice there are four possible outcomes.
Firstly the lattice may be undamaged and the energy transferred dissipated
in the form of a phonon. Secondly, a carbon atom may be temporarily
displaced from its lattice position but without sufficient energy to remain
free from its original position, recombination occurring. Thirdly, the
carbon atom may be displaced to a new interstitial site thus creating a
vacancy. This vacancy-interstitial pair is known as a Frenkel defect.
Fourthly, a carbon atom may receive enough energy to be moved out of its
lattice position and knock other carbon atoms out of their lattice
positions, producing a cascade of damage resulting in numerous
interstitials and vacancies. Neutral vacancies are referred to in the field
as V0 and negatively charged vacancies as V~. Factors which affect the
type, concentration and depth of damage include (a) the
irradiation/implantation dose which has a primary impact on the density of
defects produced, (b) the damaging particle's energy which affects the
depth of damage and whether there is point damage or extended cascade
damage, (c) the type of sample, for example the damage production rate in
type Ib diamond material is ~7x times higher than for type Na diamond
material, (d) the temperature at which irradiation is carried out, this
impacting both the type of defects formed (e.g. if the sample temperature
exceeds 500 K) and the concentration of defects. The irradiation process
itself can lead to in-situ annealing processes if the sample temperature is
not carefully controlled. This is particularly an issue when using large
beam currents/fluxes. During the irradiation the sample temperature is
preferably maintained at temperature below 4000C. For some preferred
embodiments it is preferably maintained at a temperature less than 3000C,
or less than 250C, less than 2000C, less than 150C, less than 100C, less
than 800C, less than 50C, less than 30C. For some preferred embodiments it
is preferably maintained at a temperature no lower than -200 0C (i.e. minus
200C, preferably no lower than -150C (i.e. minus 1500C). For diamond
material, the absorption characteristic at 741 nm and/or at 394 nm are
characteristic of defects introduced by irradiation, and are discussed in
more detail later in the specification. In general, when a diamond material
is irradiated the higher the irradiation dose the higher the absorption
coefficients at 741 nm and/or 394 nm. We have found that the required
controlled amount of irradiation is one that introduces sufficient
interstitial defects in the diamond material as to produce an
absorptioncoefficient measured at 77 K of at least 0.01 cm 1 and at the
most 1 cm 1 at the wavelength of 741 nm (this is known in the field as the
GR1 characteristic wavelength), and/or an absorption of at least 0.01 cm 1
and at the most 0.5 cm 1 at a wavelength of 394 nm (this is known in the
field as the ND1 characteristic wavelength). The maximum values of these
coefficients recited in this specification, define the point when in
themselves they add measurable absorption to distort the colour of the
diamond object, and the minimum value is that when enough additional
defects have been created on irradiation to compete with the charge
transfer process in Equation 1 and yield diamond material whose measurable
difference in its absorption characteristics in its first and second states
is reduced. An absorption coefficient of at least 0.01 cm 1 and at the most
1 cm 1 at the wavelength of 741 nm (the so-called GR1 characteristic
wavelength), corresponds to a concentrations of V0 of at least 4 parts per
billion (ppb) and at the most 0.15 parts per million (ppm). An absorption
of at least 0.01 cm 1 and at the most 0.5 cm 1 at a wavelength of 394 nm
(the so-called ND1 characteristic wavelength), corresponds to a
concentration V of at least 1 



ppb and not more than 0.2 ppm. Concentrations of vacancies in ppm are
calculated in a known standard manner by integrating the area of peaks from
the absorption spectrum of the diamond material, and using published
coefficients for comparison to calculate concentration. The coefficients
that are used for the calculations of concentrations of vacancies in the
present specification are those set out by G. Davies in Physica B, 273- 274
(1999), 15-23, as detailed in Table A below. Table A In Table A, "A" is the
integrated absorption (meV cm 1 ) in the zero phonon line of the
transition, measured at 77 K, with the absorption coefficient in cm 1 and
the photon energy in meV. The concentration of the defect is in cm- 3 A
preferred irradiation dose of electrons corresponds to an electron fluence
of at least 1 x 1015 electrons/cm 2, and/or preferably of at most 2 x 1017
electrons/cm 2, morepreferably to an electron fluence of at least 5 x 1015
and/or preferably of at most 4 x 1016 electrons/cm 2 (where "electrons/cm
2" is sometimes abbreviated to "e7cm2"). One skilled in the art will
realize that the required minimum and maximum dose will depend on the
starting characteristics of the diamond material. By simple way of
illustration a diamond sample containing a higher concentration of N and X
may need a greater dose than a sample containing a lower concentration.
Typically a 4.5 MeV electron beam can be used to provide the irradiation.
It may provide a current in the range 0.5 mA to 400 mA e.g. 20 mA. It may
be applied for a period of 10 seconds to 100 hours, e.g. about 2 minutes.
As an example a 4.5 MeV electron beam with a current of 20 mA applied for 2
minutes provides a dose of 3.2 x 1016 electrons/cm 2. It is preferred that
the electrons are sufficiently energetic to impart a substantially uniform
distribution of damage through the thickness of the diamond material. All
doses/energies quoted in this specification are based on this presumption,
but in principal the invention can be enacted using lesser energies,
particularly a distribution of lesser energies. We have found that the time
for irradiation to achieve the desire electron fluence is preferably in the
range 10 seconds to 10 hours, more generally in the range 10 seconds to 2
or 3 hours. The irradiation treatment may be carried out at any suitable
pressure, and is conveniently carried out at or near atmospheric pressure.
As mentioned above the measurable difference in at least some of the
absorption characteristics of the treated (irradiated) diamond material in
the said first and second states is reduced relative to that of the
provided diamond material in the said first and second states by the method
of the invention. What is typically desired is that the variation in the
absorption characteristics leading to variation in colour in the first and
second states is reduced by the controlled irradiation treatment. Other
features of the absorption spectrum, e.g. the absorption coefficient at 741
nm or 394 nm would be expected to rise due to the irradiation. In preferred
embodiments according to the invention (i) the absorption spectrum of the
provided diamond material in one or both of its first and second states has
(a) an absorption coefficient of at least 0.1 cm 1 at 270 nm, and one or
both of (b) an absorption coefficient of at least 0.05 cm 1 at 350 nm and
(c) an absorption coefficient of at least 0.02 cm 1 at 510 nm; (ii) the
measurable difference in the absorption characteristics ofthe provided
diamond material in its first and second states is a difference in the
absorption coefficient at one or both or 350 nm and 510 nm is at least 0.15
cm 1; and (iii) the controlled irradiation treatment step reduces the said
difference between the absorption coefficients in the first and second
states at one or both of 350 nm and 510 nm by at least 0.05 cm 1,
preferably by at least 0.1 cm 1, preferably at least 0.15 cm 1 . Thus in
these embodiments precise measurement of the absorption coefficients can be
used as the measure to determine the colour stabilisation achieved by the
controlled irradiation. In other embodiments according to the invention,
the measurable difference in the absorption characteristics of the provided
diamond material in its first and second states is a difference in the
colour grade saturation value C* of the provided diamond material in its
first and second states of at least 0.5, and in some cases may be up to 1,
1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7 or 8. C* is dependent on the size and
geometry of the diamond material since it depends on the path length
through the diamond material. Where C* values are given in the present
specification they are based on a size and geometry for a diamond material
that is a 0.5 carat (ct) round brilliant cut (RBC) stone. Where the diamond
material used is actually a different size and geometry from a 0.5 ct RBC
stone, then the measured C* value is adjusted. Therefore throughout this
specification quoted C* value are those for an equivalent 0.5 ct RBC stone.
The difference in colour saturation value C* is preferably reduced by 0.25,
more preferably by 0.5, even by 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, or even
8 by the controlled irradiation step. Preferably the treated diamond
material has an absolute C* range between its first and second states of at
most 0.5, or at most 1, 1.5, 2, or 3. Thus in these embodiments measurement
of C* is used as the measure to determine the absorption characteristic
stabilisation, e.g. the colour stabilisation achieved by the controlled
irradiation. In other embodiments according to the invention, the
measurable difference in the absorption characteristics of the provided
diamond material in its first and second states is a difference of at least
two colour grades or even 3, 4, 5, 6, 7, or 8 colour grades, as measured on
the GIA scale for diamond material.As with C* , GIA scale measurements
depend on path length, and as used in this specification all quoted GIA
grades are for diamond material made into an equivalent 0.5 ct round
brilliant cut stone. The stated difference in GIA colour grade is
preferably reduced by the controlled irradiation step by at least one
grade, and in some cases by preferably at least two grades, three grades,
four grades five grades, six grades, seven grades, or even eight grades, as
measured on the GIA scale. Preferably the difference is colour grades
between the diamond material in the first and second states is reduced so
that the diamond material has the same colour grade in its first and second
states, or has a colour grade difference in its first and second states
that differs by no more than one grade, two grades, or three grades. 



Thus in these embodiments optical analysis of the colour and grading on the
GIA scale is used as the measure to determine the colour stabilisation
achieved by the controlled irradiation. Preferably the colour grade on the
GIA scale of the irradiated diamond material in its equilibrium condition
(as hereinbefore defined) is the same colour grade or higher (i.e. nearer
to D) than the colour grade of the provided diamond material in its
equilibrium condition, higher grades generally being considered preferable
for most applications. Thus, in these cases the controlled irradiation can
be seen not only to stabilise the colour against changes due to exposure to
radiation and temperature, but also to improve the absolute colour of the
diamond material. This is a significant difference to the prior art, with
irradiation resulting in a higher colour grade (lower C* ) in the
equilibrium condition, in addition to the colour stabilisation effect. In
contrast in the prior art irradiation (which is not in the limited
controlled manner of the present invention) results in more colour (higher
C* ) . More preferably the colour grade of the irradiated diamond material
in its equilibrium condition is at least one, preferably at least two, or
even at least 3 or 4 grades higher than that of the provided diamond
material in its equilibrium condition. This preferred colour improvement
achieved by irradiation may also be defined in terms of the change in C*
value of the diamond material. The preferred colour improvement achieved by
irradiation in terms of the C* value of the irradiated diamond material in
its equilibrium condition (adjusted to be that of an equivalent 0.5 ct RBC
stone) is the sameas, or preferably at least 0.5, 1, 1.5 or even 2 lower
than the C* value of the provided diamond material in its equilibrium
condition. In preferred methods according to our invention the irradiated
diamond material has an absorption coefficient at 570 nm that is less than
0.04 cm 1. Preferably the irradiated diamond material has an absorption
coefficient at 570 nm that is less than 0.02 cm 1, more preferably less
than 0.01 cm 1, especially preferably less than 0.05 cm 1. In general
measurable levels of noise in spectra are of the order of 0.05 cm 1, so it
is difficult to measure peak absorption coefficients that are less than
0.05 cm 1. The low absorption coefficient at 570 nm is evidence that the
irradiated diamond material has no, or limited numbers of NV defects, as
distinguished from the prior art referred to hereinbefore which irradiates
and anneals diamond material to introduce colour and which has significant
numbers of NV defects. Methods according to the invention find particular
application where the nitrogen concentration in the diamond material is
such that there is a measurable difference in the absorption spectra of the
provided diamond material after UV exposure and thermal treatment, that is
in situations where there is typically a colour change to stabilise. In
practice this is found for diamond samples which contain SSN concentrations
>0.01 ppm, preferably >0.03 ppm, preferably >0.05 ppm, preferably >0.08
ppm, preferably >0.10 ppm preferably >0.15 ppm preferably >0.20 ppm,
preferably >0.30 ppm preferably >0.40 ppm preferably >0.50 ppm preferably
>0.8 ppm, preferably > 1 ppm, preferably > 1.5 ppm, preferably >2.0 ppm,
preferably >3.0 ppm, preferably >4.0 ppm, preferably >5.0 ppm, preferably
>8.0 ppm, preferably >10 ppm, or preferably >20 ppm. Methods according to
the invention are preferably applied to diamond material not dominated by
high SSN. The methods are preferably applied to diamonds with SSN
concentrations <150 ppm, preferably <100 ppm, preferably <75 ppm,
preferably <50 ppm. A second aspect of the present invention provides
diamond material which has an absorption spectrum with one or both of the
following characteristics:These characteristics are an indication that
controlled irradiation of the diamond material, as hereinbefore described
with reference to the method according to the first aspect of the
invention, has taken place. The diamond material preferably has both of the
characteristics designated V0 and V set out above. Preferably the diamond
material is a synthetic diamond material. Preferably the synthetic diamond
material is CVD diamond material and has an absorption spectrum with the
following additional characteristics (i) and (ii) one or more of Preferably
the CVD synthetic diamond material has any two, or more preferably all
three, of the characteristics set out in (ii) above. Preferred values of
the absorption characteristics are shown in the table below.Preferred
diamond materials according to the invention may have one or more of the
preferred absorption coefficient characteristics, in any combination. Where
a range of preferred absorption coefficients are given, these are to be
interpreted to represent separate preferred upper and lower limits. For
example for the 270 nm designation band, the preferred absorption
coefficient range from 0.15 cm 1 to 8 cm 1 represents a preferred minimum
coefficient of 0.15 cm 1 and a preferred maximum coefficient of 8 cm- 1 The
provided diamond material in the method according to the first aspect of
the invention, and the diamond material of the second aspect of the
invention are preferablysingle crystals. In certain embodiments according
to the first and second aspects of the invention, where the diamond
material is a single crystal, the single crystal is in the form of a
gemstone. As an alternative the diamond material may be polycrystalline.
Polycrystalline diamond materials lead to light scatter in the visible part
of the spectrum. The invention is therefore likely to find most application
for polycrystalline diamond material when the stabilization that is
required is related to properties other than optical absorption, for
instance dielectric loss and carrier mobility. Embodiments and examples of
the invention will now be described, by way of example, with reference to
the following figures, wherein: Figure 1, which has been referred to above,
shows a spectral decomposition of the UV/visible absorption spectrum of an
orangish brown CVD synthetic diamond layer; Figure 2a shows a room
temperature absorption spectrum for a CVD synthetic diamond material
according to Example 1, as-grown (curve A), after UV exposure (curve B),
and after thermal treatment at 525C (curve C), but prior to the controlled
irradiation treatment of the method of the present invention; Figure 2b
shows a "difference" absorption spectrum for the CVD synthetic diamond 



material according to Example 1 after exposure to ultraviolet radiation and
thermal treatment at 525C after an electron irradiation dose according to a
method of the present invention (curve B) and in the as-grown provided
state (curve A). Figure 3 shows an absorption spectrum, measured at 77 K,
of the grown CVD synthetic diamond material of Example 1 after controlled
irradiation treatment; Figure 4 shows a room temperature absorption
spectrum for a CVD synthetic diamond sample according to Example 3, as
grown (curve A), after UV exposure (curve B) and after thermal treatment
(curve C), but prior to the controlled irradiation treatment of the method
of the present invention; Figure 5 shows the room temperature absorption
difference spectra for CVD synthetic diamond material according to examples
2 and 3, deduced by subtracting the absorption coefficient values as a
function of wavelength measure after thermal treatment from those measured
after UV exposure.Figures 6a and 6b are optical micrographs showing example
2 after thermal treatment and UV radiation exposure respectively; Figures
6c and 6d are optical micrographs showing example 3 after thermal treatment
and UV exposure respectively; and Figure 7 shows the absorption spectra
measured at 77 K for examples 10-15 which have been irradiated with
different doses. Example 1 A CVD diamond material sample was grown on an
HPHT substrate in the manner described in WO2003/052177 as set out below.
HPHT diamond substrates suitable for synthesising single crystal CVD
synthetic diamond material of the invention were laser sawn, lapped into
substrates, polished to minimise subsurface defects such that the density
of defects is below 5 x 103 /mm2, and generally is below 102 /mm2. Polished
HPHT plates 3.6 mm x 3.6 mm laterally by 500 mm thick, with all faces
substantially {100} and having a surface roughness R (also known as the
root mean square roughness) of less than 1 nm on the surfaces where
homoepitaxial diamond growth will subsequently take place, were mounted on
a molybdenum disk, and introduced into a CVD synthetic diamond growing
reactor. By substantially {100} faces we means faces that are exactly {100}
faces and also faces that deviate from this by up to 10. Growth stages 1)
The CVD synthetic diamond reactor was pre-fitted with point of use
purifiers, reducing unintentional contaminant species in the incoming gas
stream to below 80 ppb. 2) An in situ oxygen plasma etch was performed
using 50/40/3000 seem (standard cubic centimetre per second) of O2/Ar/H2
and a substrate temperature of 7600C. 3) This moved without interruption
into a hydrogen etch with the removal of the O2 from the gas flow. 4) This
moved into the growth process, at a suitable pressure, by the addition of
the carbon source (in this case CH4) and dopant gases. In this instance was
CH4flowing at 165 seem and 0.7 ppm N2 was present in the process gas mix.
The temperature at this stage was 875C. 5) On completion of the growth
period, the substrate was removed from the reactor and the CVD synthetic
diamond layer removed from the substrate by laser sawing and mechanical
polishing techniques. This grown CVD synthetic diamond material is the
"provided diamond material" defined by the claims of the present
specification. The room temperature absorption spectrum of the grown sample
was then measured using a Perkin Elmer Lambda 19 spectrophotometer. The
recorded spectrum is shown as trace A on Figure 2a. The sample was
subsequently exposed to 20 minutes UV radiation from a deuterium lamp
source set at 230 mA and 76 V and the room temperature absorption spectrum
was then re-measured. The deuterium lamp source was an EEO pic lamp source,
catalogue number 37-4702, serial number 246/031 . The re-measured room
temperature absorption spectrum is trace B on Figure 2a. The sample was
then removed from the spectrometer and heated in an Elite Thermal System
tube furnace at 798 K for 1 hour in the dark under vacuum, and the room
temperature optical absorption spectrum was retaken. This is shown as trace
C on Figure 2a. It will be seen from Figure 2a that the spectrum showed
typical CVD characteristic features at 350 nm and 510 nm as well as a broad
band at 270 nm, the latter being associated with single substitutional
nitrogen. The absorption coefficients at each of these wavelengths, as
measured from the spectra, are shown in Table 1 below: Table 1 From
measurements taken from the 270 nm peak the sample was found to have
nominally 0.1 ppm neutral single substitution nitrogen.CIELAB C* values for
the as grown (or "provided") CVD synthetic diamond material, the UV exposed
diamond material, and the thermally treated diamond material were derived
from traces A B and C respectively of the absorption spectra of Figure 2.
The method for obtaining these is well known, and is described for example
in US patent application 2004/0194690. The derived C* values are shown in
Table 2, alongside the equivalent GIA scale colour grade letter. Table 2
From Figure 2a and the data shown in Table 2, it can be seen that the grown
CVD synthetic diamond material's absorption spectrum is not stable to
exposure to these different conditions (UV exposure then thermally
treated). The change in C* is 1.4, and in terms of the GIA colour grading
system this change in C* (Table 2) is equivalent to a range of 4 colour
grades. The GIA grading of the CVD synthetic diamond material is K post
growth, L following the UV exposure and I following the thermal treatment
(a colour range of I, J, K, L i.e. 4 colour grades). In a known manner an
absorption spectrum was then recorded at 77 K (not shown) to determine the
upper limits of the concentration of vacancy (V0 and V ) and nitrogen
vacancy defects ([N-V]0 and [N-V] ) in the diamond material. These
concentrations were determined in a known manner by integrating the areas
of the peaks from the absorption spectrum at the wavelengths known to be
characteristic of these defects. The UV-Visible spectra were taken at a
scan speed of 60 nm/min, at 0.2 nm data intervals and the 



baseline subtracted before the peaks areas were integrated. These upper
limits are shown in Table 3. As is known, it is usual to carry out this
analysis of defect concentrations associated with vacancy and
nitrogen-vacancy defects at low temperatures, e.g. 77 K, since at higher
temperatures the peak in the absorption spectrum that is associated with
them defect is smoothed and therefore less visible.Table 3 The sample was
then exposed to daylight for six hours. Daylight exposes the diamond
material to radiation with an energy greater than 2.0 eV. The absorption
spectrum was re-measured and was characterized by a C* value of 3.50 with
an equivalent GIA colour grade of K. Further exposure to daylight was shown
not to significantly alter the properties of the diamond. After a second UV
treatment similar to the first the absorption spectrum returned to that
shown in Figure 2a (curve B). The spectrum was re-measured after a period
of 24 hours and did not change from that shown in Figure 2a (curve B).
Following a second thermal treatment at 798 K the spectrum was re-measured
and found to be identical to that in Figure 2a (curve C). This cycling
between the extreme colour grades following thermal treatment/UV radiation
procedure was repeated three further times. Each time the absorption
properties were characterized by the same characteristics as the first
time. This indicates that even after repeated cycling of UV exposure and
thermally treating the sample's absorption properties in each state are
consistent but that they are not stable. The sample, uncoated, un-mounted
and clean, was then subjected to a controlled irradiation treatment
according to the method of the invention. To do this the sample was treated
using 4.5 MeV electrons at a beam current of 20 mA for 2 minutes,
corresponding to an approximate dose of 3.2 x 1016 electrons/cm 2.
Following this treatment the UV/Visible spectra of the sample in the
irradiated form, after subsequent exposure to UV radiation and after
subsequent heating were plotted (not shown) and CIELAB C* values were
derived from the absorption spectra. The derived C* values are shown in
Table 4.1 :Table 4.1 Comparing the data in Table 2 and Table 4, it is clear
that the impact of the electron irradiation has led to a significant
reduction in the variation in the sample's absorption properties compared
with the pre-treated sample. Table 4.2 below shows the reduction in change
of absorption between the two states following the addition of a short
irradiation. In some parts of the spectrum the absorption can increase, but
the difference is reduced and the colour in terms of C* and GIA is improved
because of the flattening of the spectrum. In table 4.2 the measured
absorption coefficients post the electron irradiation are shown. When these
are compared with those in Table 1 it can be seen that the difference
between absorption coefficients measured after UV exposure and heat
treatment reduces after irradiation as follows:, at 350 nm from 0.25 cm 1
to 0.13 cm 1, at 510 nm from 0.16 cm 1 to 0.01 cm 1. Table 4.2 Thus it can
be seen from the comparison of the results in Table 4.2 and Table 1 that
the difference in absorption coefficient after exposure to ultraviolet
radiation and then subject to thermal treatment is reduced by the step of
applying a controlled irradiation to thediamond material. This reduction is
similarly illustrated in Figure 2b which is an absorption difference
spectrum which plots the difference in the absorption coefficient at any
given wavelength calculated by subtracting the absorption coefficient after
thermal treatment from the absorption coefficient after exposure to UV
radiation. In Figure 2b curve B shows the absorption difference spectrum
for the diamond material after the controlled irradiation treatment, and
curve A shows the absorption difference spectrum of the as-grown provided
diamond material. In a known manner, as described earlier, a UV/visible
spectrum was then taken at 77 K of the irradiated sample to investigate
defect concentrations within the sample. The spectrum is shown in Figure 3
and shows that in addition to improving the sample's absorption stability,
a number of features are present which are characteristic of the electron
irradiation treatment. Specifically these include the vacancy related
absorptions at 394 nm (ND1) and 741 nm (GR1 ) corresponding to the negative
and neutral charge states respectively of the single vacancy in diamond
material. From these absorptions the concentration of characteristic
irradiation damage defects was derived and these are shown in Table 5.
These derivation techniques are known in the art and described for example
in G. Davies, Physica B, 273-274 (1999), 15-23. Table 5 Further
photoluminescence recorded at 77 K using 458 nm excitation showed features
at 533 and 467 nm which are thought to be unique and characteristic of CVD
synthetic diamond material. In addition, to more usual irradiation damage
features (for example TR12 at 471 .2 nm) features at 512.6 nm, 526.4 nm and
486.2 nm with Raman normalized intensities of 0.095, 0.001 and 0.01
respectively were also present post the electron irradiation but not
prior.Examples 2 and 3 Example 2 and 3 were grown using the method of
Example 1 with the exception the concentrations of nitrogen (measured as N2
equivalent) in the gas phase were increased to 7 ppm and 11 ppm
respectively. These samples were processed into polished single crystal CVD
plates with dimensions 3.4 mm x 3.5 mm x 2.2 mm (Example 2) and 3.7 mm x
3.6 mm x 1. 1 mm (Example 3). Room-temperature UV/visible optical
absorption data between 200 nm and 800 nm for Example 3 in its initial
grown provided state (A, solid line), following heating up to 798 K (B,
dashed line) and following exposure to ultraviolet radiation for a duration
of 40 minutes (C, dotted line) is shown in Figure 4. Using the optical
absorption spectra for the grown ("provided") diamond but unirradiated
sample of Example 3, following ultraviolet illumination and following
heating, the concentration of N 0 centres were derived using the 270 nm
absorption peak and the absorption coefficients of the 350 nm and 510 nm
absorption bands were noted. These are shown in Table 6: Table 6
UV/Visible/NIR (near-infrared) absorption difference spectra were then
derived for Example 2 and Example 3. These are shown in figure 5, deduced
by subtracting the absorption coefficient values as a function of
wavelength measured after ultraviolet 



illumination (40 minutes duration) with those values measured after heating
(to 798 K). More positive values indicate a feature has increased in
strength after illumination, and more negative values indicate that it has
increased after heating. From these the changes in absorption coefficient
at 270 nm, 350 nm and 510 nm after the UV exposure/thermal treatment are
evident. In Figure 5, the "sample 1" curve corresponds to Example 2, and
the "sample 2" curve corresponds to Example 3.Optical micrographs were
taken of Example 2 and are shown in Figures 6a and 6b. Figure 6a shows the
example after heating to 798 K, Figure 6b shows the example following 40
minutes of ultraviolet irradiation, Figure 6c shows Example 3 after heating
to 823 K and Figure 6d shows example 3 following 40 minutes of ultraviolet
irradiation. All micrographs were taken at room temperature using a
transmission microscope. From the micrographs it can be seen that UV
exposure tends to intensify the colour of the samples, whereas thermal
treatment tends to de-intensify the colour of the samples. In this
specification the micrographs are shown in greyscale. In fact the true
colours are clear (Figure 6a), light pink (Figure 6b), light brown (Figure
6c) and dark brown (Figure 6d). C* (scaled to give values for thickness
equal to the depth of a 0.5 ct round brilliant cut stone) values were
calculated from the absorption spectrum shown in Figure 5 for Example 3 and
are shown in Table 7 below. Table 7 As with Example 1, this example shows a
clear change in C* when exposed to UV and then thermally treated. Similarly
to Example 1, it was found that the absorption spectrum could be repeatedly
driven between the two extremes on UV exposure/thermal treatment
indefinitely clearly indicating colour instability. Extrapolating from our
experimental testing on Example 1, it is believed that the diamond
materials of Examples 2 and 3 when electron irradiated to a total dose of 4
x 10 16 cm 2 using similar conditions to that for Example 1 would result in
a reduction in the change in C* of the diamond materials when measured in
their first and second states of at least 20%. That is we would predict
that the C* value change in its first and second state would reduce by
about 0.5 after the irradiation. Examples 4-7 Four more CVD synthetic
diamond samples with the same nitrogen content as Example 1, and grown and
prepared into plates in identical fashion to Example 1 were subjectedto UV
radiation/thermal treatment in the same manner as for Example 1, in order
to ascertain the repeatability of the method of the invention. In all four
examples, the colour grade was again shown to change by 3-4 colour grades
when measured after exposure to UV radiation and then after the thermal
treatment. These CVD synthetic diamond samples were subsequently electron
irradiated in the same manner as the sample of Example 1. The results after
electron irradiation are summarized in Table 8. The C* values and colour
grades are derived from the measured absorption spectra according to the
method described above. Table 8 From table 8 it can be seen that
irradiation causes the colour variation between the two extremes (after UV
exposure and thermal treatment) to reduce to less than a grade (on the GIA
scale), corresponding to a change in C* of less than 0.8. The examples
therefore show stabilisation of colour after irradiation similar to that
illustrated for Example 1. C* values and colour grades are derived from the
absorption spectra using the methods described hereinbefore. Example 8
(comparative) A CVD sample prepared with low nitrogen concentration was
prepared by a manner similar to that described for Example 1, but with
nitrogen concentration in the gas phase that was nominally 92 ppb giving
rise to a concentration of 0.01 ppm in the solid. The modelled C* and GIA
grades for a 0.5 ct round brilliant produced from the sample after UV
exposure and thermal treatment are shown in Table 9 below.Table 9 The
results for the comparative Example 8 show that when the N3 0 and X
concentrations are low enough the colour change affect is not seen on
exposure to UV irradiation/thermal treatment. This is a comparative example
since there is not measurable difference in the absorption characteristics
in the first and second states (after UV exposure and after thermal
treatment). While there are slight differences in the C* values these are
too small to be significant. There is no change in the GIA colour grades in
the first and second states. This sample was not irradiated since it is a
comparative example and there was no colour change to stabilise. Examples
9-15 CVD grown synthetic diamond samples of the same composition and grown
in the same manner as the sample of Example 1 were irradiated for different
doses as shown in Table 10. Figure 7 shows the absorption spectra for each
example, with curves A , B, C, D, E corresponding to Examples 10, 11,12,
13, 14, 15 respectively.Table 10 From table 10 and Figure 7 it can be seen
that while a dose as small as 1.3 x 1015 electrons/cm 2 is enough to
stabilize the colour, if the dose is too high (e.g. when it was 2.6 x 1017
electrons/cm 2) the concentration of irradiation damage defects is
sufficient to introduce its own added absorption features. These absorption
features are evident as a blue colour (see table 10) , and as the ND1 and
GR1 peaks on the absorption spectra (Figure 7) which are undesirable in
near-colourless faceted stones for jewellery or in material tailored for a
high power laser application requiring low absorption coefficient. For easy
comparison, the characteristics of examples that have different
compositions or have been irradiated different amount (1, 3, 8
(comparative), and 9-15) are set out in Table 11 below.Table 11METHOD FOR
MAKING FANCY ORANGE COLOURED SINGLE CRYSTAL CVD DIAMOND AND PRODUCT
OBTAINED This invention relates to a method of making a fancy orange single
crystal diamond material by post-growth treatment of a diamond material
that has been 5 grown by a CVD (chemical vapour deposition) process, and to
CVD single crystal diamond material which is fancy orange in colour. The
term "fancy-coloured diamond" is a well-established gem trade
classification 



and is used to refer to unusual coloured diamonds. A useful history and 10
background to the grading of fancy coloured diamond gemstones, including
the use of Munsell colour charts is given by King et al, in Gems &
Gemology, Vol. 30, No. 4, 1994 (pp.220-242). Examples of fancy coloured
synthetic and natural diamonds made by introducing 15 colour centres into
the diamond are known in the prior art. For example, EP0615954A and EP031
6856A describe irradiation of synthetic diamond material with an electron
beam or a neutron beam to form lattice defects (interstitials and isolated
vacancies) in the crystal. Thereafter the diamond crystal is annealed in a
prescribed temperature range to form colour centres. Neither of these 20
publications discloses orange diamond material. Another publication
describing the formation of fancy coloured diamond material is Optical
Absorption and Luminescence" by John Walker in "Reports on Progress in
Physics", Volume 42, 1979. That publication similarly describes the 25
steps of forming lattice defects in crystals by electron beam irradiation,
and if necessary annealing to cause the lattice defects to combine with
nitrogen atoms contained in the crystals. There is no disclosure of orange
diamond material in this publication. 30 US 2004/01 75499 (Twitchen et al)
describes a method starting with a coloured CVD diamond, usually brown or
near-brown, and applying a prescribed heat treatment to produce another and
desirable colour in the diamond. The prior art reference notes that the
relative strengths of the absorption bands in the visibleregion of the
spectrum of brown single crystal CVD diamond can be altered by annealing,
with concurrent changes in the Raman spectrum, and that changes in the
absorption spectrum are observed at much lower temperatures than are
required to alter the colour of brown natural diamond. Significant colour
changes are said to be achieved by annealing at atmospheric pressure in an
inert atmosphere at temperatures of 16000C or less. One example describes a
grown CVD diamond polished into a round brilliant of 0.51 carat that was
graded as light brown. After annealing at 1700 C for 24 hours it was graded
as light orangish pink. Another example describes a grown CVD diamond slice
which had an orange brown colour, and after annealing this colour becomes
colourless. A further example describes a grown CVD diamond layer polished
into a rectangular cut gemstone of 1.04 carats which is graded fancy dark
orangey brown colour. After annealing at 16000C for four hours this becomes
a fancy intense brownish pink colour. We have found that a fancy orange
colour can be introduced into synthetic CVD diamond material by irradiating
synthetic CVD diamond material for a time sufficient to introduce a
specified concentration of isolated vacancies into the diamond material,
and then annealing that isolated-vacancy-containing CVD diamond material
for a sufficiently long time at a low temperature to produce a fancy orange
coloured diamond material. It is thought that during the low temperature
anneal at least some of those isolated vacancies are converted into vacancy
chains in the CVD diamond material and that the vacancy chains are
responsible for the perceived fancy orange colour of the diamond material.
A first aspect of the present invention provides a method of making fancy
orange synthetic CVD diamond material, the method comprising: (i) providing
a single crystal diamond material that has been grown by a CVD process and
has a [N8 0] concentration less than 5 ppm; (ii) irradiating the provided
CVD diamond material so as to introduce isolated vacancies V into at least
part of the provided CVD diamond material such that the total concentration
of isolated vacancies [Vt] = ([V0] + [V ]) in the irradiated diamond
material is at least the greater of (a) 0.5 ppm and (b) 50% higher than the
[N8 0] concentration in ppm in the provided CVDdiamond material, and (iii)
annealing the irradiated diamond material at a temperature of at least
7000C and at most 9000C for a period of at least 2 hours, optionally at
least 4 hours, optionally at least 8 hours thereby forming vacancy chains
from at least some of the introduced isolated vacancies. According to the
first aspect of the invention, the total concentration of isolated
vacancies [Vt] = ([V0] + [V ]) in the irradiated diamond material is at
least the greater of (a) 0.5 ppm and (b) 50% higher than the [N8 0]
concentration in ppm in the provided CVD diamond material. This means that
the total concentration of isolated vacancies [Vt] = ([V0] + [V ]) always
has a minimum value of 0.5 ppm even for low or zero [N8 0] concentrations
in the provided CVD diamond material. Above [N8 0] concentrations in the
provided CVD diamond material of about 0.33 ppm the minimum value of the
concentration of isolated vacancies [Vt] = ([V0] + [V ]) in the irradiated
diamond material is given by calculating 50% higher than the [N8 0]
concentration in ppm in the provided CVD diamond material, since that will
result in a value for the concentration of isolated vacancies [Vt ] = ([V0]
+ [V ]) greater than 0.5 ppm. In some embodiments according to the
invention the irradiation and annealing steps are carried out so as to
reduce the concentration of isolated vacancies, [Vt] to a concentration of
< 0.3 ppm. Fancy orange coloured diamond material made by the method
according to the present invention may be used as gemstones. Other
applications, for example use as a colour filter or cutting tool for
example a scalpel are also envisaged. The diamond material that is provided
by step (i) of the method is referred to in this specification as the
"provided diamond". The step of actually growing the CVD diamond material
may or may not form part of the method of embodiments of the invention.
Providing a CVD diamond material may simply mean, for 



example, selecting a pre-grown CVD diamond material. The diamond material
after irradiation step (ii) is referred to as the "irradiated diamond", and
the diamond material after the irradiation and annealing step is referred
to as the"treated diamond material" or as the "irradiated and annealed
diamond material". Steps (i) to (iii) of embodiments of methods of the
present invention, describing the diamond material at each stage of the
method are illustrated in the flow diagram of Figure 1. The provided CVD
diamond material in the method of the present invention has a [N8 0]
concentration (that is a concentration of neutral single substitutional
nitrogen defects) less than 5 ppm, optionally less than 4 ppm, optionally
less than 3 ppm, optically less than 2 ppm, optionally less than 1 ppm. The
colour of the provided CVD diamond material may vary according to the [N8
0] concentration, and the manner in which the diamond material has been
grown. It is known that [N8 0] defects themselves introduce a yellow
colouration into diamond material, particularly at concentrations greater
than 0.3 ppm, but the skilled person will recognize that the observation of
colour is related to both the concentration and the optical path length
through the diamond. It is also known that the presence of the low
concentrations of nitrogen in a CVD growth environment can affect the
nature and concentration of other defects that are incorporated in a CVD
synthetic diamond material as the diamond material grows, and that at least
some of these other defects provide colour centres contribute to the colour
of CVD diamond material, typically introducing a brown colouration to the
diamond material. All measurements to calculate the concentration of Ns
are done following UV excitation. It is thought that the colour centres
that contribute to the brown colouration of CVD diamond grown in the
presence of low concentrations of nitrogen are unique to single crystal CVD
diamond, or to pieces cut or produced from layers of single crystal CVD
diamond. It is furthermore known that the colour centres contributing to
brown colouration in CVD diamond are different from those contributing to
any brown colouration observed in natural diamond because the defects in
the CVD diamond material cause absorption bands in the absorption spectra
of the grown CVD diamond material that are not found in the absorption
spectra of natural diamond. Evidence for this comes from Raman scattering
from non-diamond carbon observable with an infrared excitation source (e.g.
785 nm or 1064 nm)which is not observed for brown natural diamond. Further,
it is known that these colour centres in natural diamond material anneal at
a different temperature to those in CVD diamond material. It is believed
that some of the colour centres contributing to the brown colouration seen
in CVD synthetic diamond grown in processes in which low concentrations of
nitrogen are introduced relate to localised disruption of the diamond
bonding within the single crystal CVD diamond. The exact nature of the
defects is not fully understood, but the use of electron paramagnetic
resonance (EPR) and optical absorption spectroscopy techniques have been
used to study the nature of the defects and improve our understanding
somewhat. The presence of the nitrogen in the grown CVD synthetic diamond
material can be evidenced by looking at absorption spectra for the grown
CVD diamond material, and analysis of these spectra gives some indication
of the relative proportions of different types of defect present. A typical
spectrum for grown CVD synthetic diamond material grown with nitrogen added
to the synthesis environment shows a peak at about 270 nm, which is
generated by the presence of neutral single substitutional nitrogen (N8 0)
atoms in the diamond lattice. Additionally peaks have been observed at
about 350 nm and approximately 510 nm corresponding to other defects
characteristic and unique to CVD synthetic diamond material, and
furthermore a so-called "ramp", that is a rising background of the form c x
l 3 has been observed, where c is a constant and l is the wavelength. While
the N8 0 is primarily identifiable by its peak at 270 nm, it also
contributes in smaller amounts to the absorption spectrum at higher
wavelengths, in particular at wavelengths in the visible part of the
spectrum, which is generally considered to cover the wavelength range 350
nm to 750 nm. It is the combination of features evident in the visible part
of the absorption spectrum of the CVD diamond material, i.e. (a) the N8 0
contribution in the visible part of the spectrum, (b) the 350 nm peak, (c)
the 510 nm peak and (d) the ramp feature, that affect the perceived colour
of the diamond material and are believed to be responsible for the brown
colour typically seen in nitrogen doped CVD synthetic diamond material. The
peaks at 350 nm and 5 10 nm, are not seen inthe absorption spectra of
natural diamonds, nor in the absorption spectra of other synthetic
diamonds, for example synthetic HPHT diamonds of the type described in EP61
5954A. For the purposes of this specification, all defects other than the
N8 0 defects that contribute to the absorption spectrum in the visible part
of the spectrum, which we have discussed above as the 350 nm, 5 10 nm and
ramp features, will be referred to collectively as "X defects". As noted
above, at this time the structural nature of these defects at an atomic
level is not understood, merely their effect on the grown diamond
material's absorption spectra. Without binding the invention in any way, it
is thought that the nature of the defects responsible for the brown
colouration might be related to the presence of multivacancy clusters (each
cluster being made up of tens of vacancies e.g. 30 or 40 vacancies or more)
that are grown-in under large growth rates, concomitant with the addition
of nitrogen to the plasma to a hydrogen / methane (H2/CH4) source gas. Such
clusters are thermally unstable and may be removed to some degree, 



by high-temperature treatment (i.e. annealing). It is thought that smaller
vacancyrelated defects, such as a NVH (nitrogen-vacancy-hydrogen) defects
that are made up of nitrogen and hydrogen and a missing carbon atom, may be
partially responsible for the brown colour and these defects may also be
removed by hightemperature treatment. In preferred methods according to the
invention, the absorption coefficients at 350 nm and 510 nm for the
provided diamond material are less than 3 cm 1 and 1 cm 1 respectively,
optionally less than 2 cm 1 and 0.8 cm 1 respectively. Depending on the
method of manufacture, and the [N8 0] concentration in the asgrown CVD
diamond material, the provided CVD diamond material used in methods
according to the invention may typically appear colourless, near
colourless, or yellow or brown with weak to medium saturation C* and very
light to medium lightness L* (C* and L* are discussed in detail later in
this specification). The [N8 0] concentration in the provided diamond
material is less than 5 ppm, which limits any yellow colouration of the
diamond material. For certain embodiments according to the invention the
absorption coefficient at 350 nm and 510 nm are less than 3 cm 1 and 1 cm 1
respectively, optionally less than2 cm 1 and 0.8 cm 1 respectively, the
absorption coefficients at these wavelengths being a measure of the
brownness of the diamond material since the X defects are thought to be
responsible for much of the brown colouration due to abovementioned X
defects in diamond material grown by a CVD process incorporating nitrogen
in the source gas. According to different embodiments of methods according
to the present invention, the provided CVD diamond may or may not contain
N8 0 . Where it does contain N8 0, the concentration of [N8 0] present in
the synthetic CVD diamond material of the present invention may be measured
using EPR for levels <5x1 015 cm 3 and using UV visible optical absorption
techniques for higher concentrations. These techniques are applied to
samples post exposure to UV light. [N8 0] in the neutral charge state
content can be measured by using electron paramagnetic resonance (EPR).
Whilst the method is well-known in the art, for completeness it is
summarised here. In measurements conducted using EPR, the abundance of a
particular paramagnetic defect (e.g. the neutral singlesubstitutional
nitrogen defect) is proportional to the integrated intensity of all the EPR
absorption resonance lines originating from that centre. This permits the
concentration of the defect to be determined by comparing the integrated
intensity to that which is observed from a reference sample, provided care
is taken to prevent or correct for the effects of microwave power
saturation. Since continuous wave EPR spectra are recorded using field
modulation, double integration is required to determine the EPR intensity
and hence the defect concentration. To minimise the errors associated with
double integration, base line correction, finite limits of integration,
etc., especially in cases where overlapping EPR spectra are present, a
spectral fitting method (using a Nelder- Mead simplex algorithm (J. A.
Nelder and R. Mead, The Computer Journal, 7 ( 1965), 308)) is employed to
determine the integrated intensity of the EPR centres present in the
example of interest. This entails fitting the experimental spectra with
simulated spectra of the defects present in the example and determining the
integrated intensity of each from the simulation. Experimentally it is
observed that neither a Lorentzian nor Gaussian line shape provides a good
fitto the experimental EPR spectra, therefore a Tsailis function is used to
produce the simulated spectra (D.F Howarth, J.A. Weil, Z. Zimpei, J Magn.
Res., 18 1 (2003), 2 15). Furthermore, in the case of low nitrogen
concentrations, it is often necessary to use modulation amplitudes
approaching or exceeding the line width of the EPR signals to achieve a
good signal/noise rao (enabling accurate concentration determination within
a reasonable time frame). Hence pseudomodulation is employed, with the Tsal
s line shape in order to produce a good fit to the recorded EPR spectra
(J.S. Hyde, M. Pasenkiewicz-Gierula, A. Jesmanowicz, W.E. Antholine, Appl.
Magn. Reson., 1 ( 1990), 483). Using this method the concentration in ppm
can be determined with a reproducibility of better than 5%. The technique
of UV-visible absorption spectroscopy for measuring higher [N8 0]
concentrations is well-known in the art, and involves measurements using
the 270 nm peak of the absorption spectrum of the diamond material. The
provided diamond material according to the present invention may be grown
using a conventional CVD process, for example of the type disclosed in WO
03/0521 77. Such a process, as noted above may result in a diamond material
having some brown colouration, but providing this brown colouration is not
too strong, it can be masked by the introduced orange colouration resulting
from the post growth irradiation and annealing treatment of the method of
the present invention. Another CVD growth process that may be used to
produce the provided CVD diamond material is a CVD growth process in which
the source gas contains carbon, hydrogen, nitrogen and oxygen, rather than
the more usual carbon hydrogen and nitrogen. For example, oxygen may be
added to the process gas at a concentration of at least 10000 ppm in the
gas phase. In particular, the provided CVD diamond material in step (i) of
the method according to the first aspect of the invention may be grown
directly by the process described in GB application GB0922449.4 and US
provisional application USSN 61/289,282 the entire disclosures of which are
incorporated herein by reference. Specifically themethod involves providing
a substrate; providing a source gas; and allowing 



homoepitaxial diamond synthesis on the substrate; wherein the synthesis
environment comprises nitrogen at an atomic concentration of from about 0.4
ppm to about 50 ppm; and wherein the source gas comprises: (a) an atomic
fraction of hydrogen Hf, from about 0.4 to about 0.75; (b) an atomic
fraction of carbon, Cf, from about 0.1 5 to about 0.3; (c) an atomic
fraction of oxygen, Of, from about 0.13 to about 0.4; wherein Hf + Cf + Of
= 1; wherein the ratio of atomic fraction of carbon to the atomic fraction
of oxygen Cf:Of, satisfies the ratio of about 0.45:1 < Cf :Of < about
1.25:1 ; wherein the source gas comprises hydrogen atoms added as hydrogen
molecules, H2, at an atomic fraction of the total number of hydrogen,
oxygen and carbon atoms present of between 0.05 and 0.4; and wherein the
atomic fractions Hf, Cf and Of are fractions of the total number of
hydrogen, oxygen and carbon atoms present in the source gas. This method of
growing CVD diamond material shall be referred to in the specification as
the "added oxygen CVD growth process". It typically results (depending on
the nitrogen concentration) in a provided CVD diamond material which is
colourless, near colourless or has low brown colouration. The colour of the
irradiated diamond material is a combination of the starting colour, if
any, of the provided diamond material and the orange colour introduced by
the irradiation and annealing steps to introduce vacancy chains. Other
impurities that could introduce colour into the provided diamond material
may in certain embodiments be minimised. For example, uncompensated boron
(isolated boron) may itself introduce a blue colour to the diamond
material. For some embodiments the atomic boron concentration [B] in the
provided diamond material is less than 5x1 015 cm 3. It is known that if
there is uncompensated boron in a diamond material this may be compensated
for by irradiating to introduce isolated vacancies, the isolated vacancies
combining with the boron so that neither the boron, nor those compensating
isolated vacancies impart any colour to the diamond material. Therefore in
some embodiments according to the present invention, if the diamond
material does contain uncompensated boron (for example in aconcentration of
> 5 x 1015 cm 3) , then the irradiation step may be carried out so as to
introduce sufficient isolated vacancies not only to compensate the boron
but also to achieve the specified isolated vacancy concentration [Vt] . The
level of additional irradiation needed for boron-compensation could be
determined empirically by the person skilled in the art. Thus in some
embodiments of method according to the invention, uncompensated boron is
present in the provided diamond material in a concentration of >5x1 015 cm
3, and the irradiation step introduces sufficient isolated vacancies into
the diamond material so that total concentration of isolated vacancies [Vt]
in the irradiated diamond material, after isolated vacancies have been used
to compensate the boron, is at least the greater of 0.5 ppm or 50% higher
than the [N8 0] concentration in ppm in the provided CVD diamond material.
The level of additional irradiation needed for boron compensation could be
determined empirically by the person skilled in the art. Total boron in the
material may be quantified using techniques known to the skilled man.
Secondary ion mass spectroscopy (SIMS) may be used for example to ascertain
the total boron concentration. The uncompensated boron may be ascertained
using either the induced absorption measured in the infrared part of the
diamond spectrum, or through Hall or electrical transport measurements, in
a manner known to the skilled person. Typically the [N8 0] concentration in
ppm in the provided CVD diamond material will remain substantially
unchanged by the irradiation step (step (ii) of methods according to the
invention). It will be changed by the annealing step (step (iii) of methods
according to the invention, as explained later in this specification. The
provided CVD diamond material used in the method according to the first
aspect of the present invention preferably may have at least about 50%,
alternatively at least about 80%, alternatively at least about 90%,
alternatively at least about 95% of the volume of the synthetic CVD diamond
material formed from a single growth sector. This single growth sector is
preferably a { 100} or a { 1 10} growth sector. The material of the single
growth sector preferably has N8 0 levels within  10% of the mean for
greater than about 50% of the volume of the growth sector, alternatively
greater than about 60% of the volume of the growthsector, alternatively
greater than about 80% of the volume of the growth sector. Using a provided
synthetic CVD diamond material that has been grown from a single growth
sector is advantageous as the CVD diamond material will have fewer surfaces
with different crystallographic orientation (which are the surfaces
corresponding to differing growth sectors). Surfaces with different
crystallographic orientations exhibit strongly differential uptake of
nitrogen impurity and a synthetic CVD diamond material comprising more
growth sectors therefore tends to show more undesirable zones with
different colour, resulting from the different concentrations of N8 0 in
different growth sectors. The colour of a diamond material coloured by
using a post growth treatment method is the colour of the diamond material
prior to post growth treatment combined with the effect on colour of any
defect produced during the post growth treatment. According to the method
of the present invention, we have found that if we apply a particular
post-CVD-growth treatment we can introduce an orange colour in to the
diamond material. Small to moderate amounts of yellow or brown in the
starting material may be tolerated and the treated diamond (post
irradiation and anneal according to the invention) will still appear
orange, since the orange colouration introduced by the post growth
treatment has moderate to strong saturation (C* as hereinafter described),
and medium to light lightness (L* as hereinafter described) and is
therefore able to mask small to moderate amounts 



of yellow or brown in the provided CVD diamond. For certain embodiments
according to the invention we start with a provided CVD diamond that has
minimal or no colour, i.e. is substantially colourless; for other
embodiments according to the invention we start with a provided diamond
material that has some colour, usually some yellow or brownness. For
example, for some embodiments, to produce a light orange diamond material,
which has a low C* and/or high L* value, (e.g. C* < 10, and/or L* > 65) it
would be necessary to start with a colourless or pale yellow material.
According to the method of the present invention, the irradiation step
introduces a total isolated vacancy concentration [Vt] which is at least
the greater of (a) 0.5 ppm and (b) 50% higher than the [Ns ] concentration
in the provided diamondmaterial. The isolated vacancy concentration [Vt] is
given by the sum of [V0] and [V ] , where [V0] is the concentration of
isolated neutral vacancies, and [V ] is the concentration of negatively
charged isolated vacancies, both in ppm. Both [V0] and [V ] concentrations
are determined from the GR1 and ND1 absorption features of the absorption
spectrum of the irradiated diamond in a manner described hereinafter. It is
possible that said irradiation might introduce vacancies in other forms,
e.g. as pairs or in possible isolated positive vacancies. The inventors did
not observe any obvious features in the material that could be associated
with such defects, but do not rule out this possibility. In certain
embodiments according to the invention the total isolated vacancy
concentration [VT] is more than the greater of (a) 0.5 ppm and (b) 50%
higher than the [Ns] concentration in the provided diamond material. For
example the total isolated vacancy concentration [Vt] may be at least 0.7
ppm, or at least 0.9 ppm, or at least 1.0 ppm greater than the [Ns]
concentration in the provided diamond material. In general, the greater the
irradiation dose, the greater the number of isolated vacancies created. The
number of isolated vacancies can depend not only on the period of the
irradiation dose but also on the number and nature of defects in the
provided CVD diamond material. Therefore in order to calculate the desired
dose of electronic radiation, the isolated vacancy production rate is also
calculated for the given irradiation conditions, as will be known to those
skilled in the art. Factors such as diamond temperature, beam energy, beam
flux, and even the starting diamond's properties can affect the [Vt ]
produced for a fixed experimental irradiation set-up and time. Irradiation
is typically carried out with the sample mounted under ambient conditions
-300 K with only minimal temperature rise during the irradiation dose (e.g.
less than 100 K). However, factors such as beam energy and beam flux can
lead to sample heating. Preferably the sample is held as cold as possible
(with even cryogenic cooling at 77 K being advantageous under some
circumstances) to enable high dose rates without compromising temperature
control and thus minimize the irradiation time.This is advantageous for
commercial reasons. Calibration of the dose applied against the vacancies
produced for the particular provided diamond being used in order to satisfy
these limits on [Vt] concentration introduced will form part of the skilled
person's responsibilities before carrying out the method of the present
invention. Such calibration techniques are routine for the person skilled
in the art. A larger sample could be rotated and irradiated from two or
more sides in order to introduce vacancies through the whole thickness of
the diamond material. Optionally the provided diamond material may be
annealed in the temperature range 1400-2500 C prior to the first
irradiation step. Step (iii) of methods according to the invention
comprises annealing irradiated diamond material at a temperature of at
least 700 C and at most 900C for a period of at least 2 hours. The effect
that this annealing step has on the isolated vacancies in the irradiated
diamond material depends on whether, and how many, N8 0 defects are present
in the irradiated diamond material. If there are N8 0 defects in the
diamond material, then initially annealing at 700 C to 900C will form NV
centres, each NV centre being the result of a N8 0 defect joining with a
single isolated vacancy. In this case, when N8 0 defects are present, it is
predominantly after the maximum number of NV centres has formed that
vacancy chains start to form. However, not all N8 0 defects are converted
to NV centres, this being thought be due to the distribution of some of the
N8 0 defects. Once the concentration of NV centres have saturated out, any
isolated vacancies that have not been used up to form NV centres are
available to combine with each other to form vacancy chains. It is these
vacancy chains that are thought to give the orange colour in the treated
diamond material according to the present invention. Therefore in methods
according to the present invention the irradiation of the provided CVD
diamond material such as to introduce isolated vacancies V into at least
part of the provided CVD diamond material is such that the total
concentration of isolated vacancies [Vt] in the irradiated diamond material
is at least the greater of (a) 0.5 ppm and (b) 50% higher than the [N8 0]
concentration in ppm, so that there are sufficient excess isolated
vacancies over and above thosethat combine to form NV centres, available to
join together to form vacancy chains. If there are no N8 0 defects in the
provided CVD diamond material (and provided there is no other
un-compensated element such as boron present) then when the annealing step
(iii) of the methods according to the invention is carried out the isolated
vacancies formed during the irradiation step will start to group into 



vacancy chains immediately. Any isolated vacancies remaining in the lattice
typically result in a flatter UV Vis spectrum, which typically results in a
more grey diamond material. Therefore for some embodiments, the
concentration of isolated vacancies after the annealing process is complete
is substantially reduced, and may be minimised. For some embodiments, after
the annealing process the total concentration of isolated vacancies is <0.3
ppm, optionally <0.2, optionally <0.1 , or optionally <0.05 ppm for a 0.5
carat (ct) Round Brilliant Cut (rbc). For many embodiments, the optimum
anneal its one that will produce the highest conversion of isolated
vacancies to vacancy chains possible. Such embodiments may result in a
vivid orange material, with a high C* value, typically C* > 20. Whilst not
in the visible part of the spectra itself, an increase in absorption
centred at 250 nm is characteristic of the orange colouration and the
saturation of the orange colour scales with this feature. Therefore, a
measure of the vacancy chain concentration is the absorption at 250 nm. For
some embodiments, after irradiation and annealing, for a 0.5 ct round
brilliant cut diamond stone, the absorption at 250 nm when measured at room
temperature is >5 cm 1 , optionally >7 cm 1 , optionally > 10 cm 1 when the
spectra has been scaled to 0 cm 1 at 800 nm. Those skilled in the art will
know that vacancy concentrations will need to be altered for diamond stones
with different path lengths to result in the stated the absorption
coefficients.An additional benefit to irradiating the CVD diamond material
is typically the colour of the material will be more stable to
low-temperature annealing and exposure to UV light (energy having an energy
of at least 5.5 eV) compared with untreated CVD diamond. This stabilisation
effect is discussed in GB application number 091 1075.0 and US provisional
application number 61/220,663, both filed 26th June 2009, and in GB
application number 091 721 9 .8 and US provisional application number
61/247,735, both filed 1st October 2009, the entire disclosures of which
are incorporated herein by reference. In some embodiments according to the
invention the provided diamond material shows a measurable difference in at
least one of its absorption characteristics in first and second states, the
first state being after exposure to irradiation having an energy of at
least 5.5 eV (typically UV light) and the second state being after thermal
treatment at 798 K (525C), and after the irradiation and annealing steps of
methods according to the invention, the change in colour saturation value
C* between the diamond material in the first and second states is reduced
by at least 0.5. This colour stabilisation may sometimes occur after simply
irradiating.. Optionally, after the irradiation and annealing steps of
methods according to the invention, the change in C* of the diamond
material in the said first and second states is less than 1. In general,
the annealing step will be carried out after the irradiation step is
complete. However, it is also envisaged that there may be some overlap of
the irradiation and annealing processes, for example the annealing step may
start before the irradiation step is complete, or the two processes may be
carried out, and start and finish, at substantially the same time.
Typically annealing is carried out in an inert atmosphere e.g. an argon
atmosphere or under vacuum. Annealing is typically carried out at < 100
mBar. The present invention also provides the diamond material whenever
made by a method according to the first aspect of the invention.A second
aspect of the present invention provides a CVD diamond material which when
in the form of a 0.5 carat rbc is graded fancy orange. The terminology
fancy orange diamond material is defined as diamonds which have a clear and
distinct orange colour (Diamond grading ABC The Manual, by Verena
Pagel-Theisen, Rubin & Son, Belgium, 9th Edition, 2001 , Page 67). A third
aspect of the present invention provides a CVD synthetic single crystal
diamond having a hue angle in the range 69-90 for an equivalent 0.5 ct
Round Brilliant Cut (rbc) diamond. The perceived colour of any particular
diamond stone depends on the size and cut of the diamond. Therefore, where
reference is given to the hue angle (which determines colour), or to any
colour, it is usual in the field to quote this in terms of a standard size,
usually 0.5 carat, and a standard cut, usually round brilliant cut (often
known as RBC or rbc) diamond stone. For any given diamond stone, be it
larger or smaller than 0.5 carat, or round brilliant cut or any other cut,
models are available to adjust the colour to that for the standard size and
cut. Therefore, the provided diamond material used in the method according
to the first aspect of the invention may have any size or cut, but colour
parameters where specified are adjusted to those for an equivalent material
diamond stone of standard 0.5 carat size, and standard round brilliant cut
for comparison of quoted values. Embodiments of the invention may have one
or more of the following colour characteristics for an equivalent 0.5 ct
Round Brilliant Cut (RBC) diamond stone. Table 1Material of this invention
can be differentiated from as grown orange material, which has had no
treatment, by features that are introduced during the irradiation. These
include small but measurable features in absorption or PL when measured at
77 K or below. For example features at 741 nm, 673 nm, 575 nm or 503 nm may
be enhanced. The colour of the irradiated and annealed diamond can be
quantified in a well established manner using "CIE L*a* b* Chromaticity
Coordinates". The use of CIE L*a*b* Chromaticity Coordinates in diamond is
described in WO 2004/022821 , the entire disclosure of which is
incorporated herein by reference a* and b* are plotted as x and y axes of a
graph and the hue angle is measured from the positive a* axis towards the
positive b* axis. Thus a hue angle of greater than 90 and less than 180
lies in the upper left quadrant of the a*b* graph. In this scheme for
describing colour L* is the lightness and a fourth coordinate C* is the
saturation. The perceived colour of an object depends on the
transmittance/absorbance 



spectrum of the object, the spectral power distribution of the illumination
source and the response curves of the observer's eyes. The CIE L*a* b*
chromaticity coordinates (and therefore hue angles) quoted herein have been
derived in the way described below. Using a standard D65 illumination
spectrum and standard (red, green and blue) response curves of the eye (G.
Wyszecki and W. S. Stiles, John Wiley, New York-London-Sydney, 1967) CIE
L*a*b* chromaticity coordinates of a parallel-sided plate of diamond have
been derived from its transmittance spectrum using the relationships below,
between 350 nm and 800 nm with a data interval of 1 nm: Sl = transmittance
at wavelength lLl = spectral power distribution of the illumination xl =
red response function of the eye yl = green response function of the eye zl
= blue response function of the eye X = Sl [Sl xl ] / Yo Y = l [Sl yl U ] /
Yo Z = Sl [Sl zl L ] / Yo Where Y0 = Sl yl Ll v1/3 L* = 116 (YAO) " - 16 =
Lightness (for YAO > 0.008856) a* = 5OO[(X/Xo)1/3 - (YAO) 1 3] (for X/Xo >
0.008856, YAO > 0.008856) b* = 200[(YAO) 1"/3 (for Z/Zo > 0.008856) C* =
(a* + b** 2T 1/2 _= saturation hab = arctan (b* / a* ) = hue angle Modified
versions of these equations must be used outside the limits of YAO, X/Xo
and Z/Zo. The modified versions are given in a technical report prepared by
the Commission Internationale de L'Eclairage (Colorimetry ( 1986)). It is
standard to plot a* and b* coordinates on a graph with a* corresponding to
the x axis and b* corresponding to the y axis. Positive a* and b* values
correspond respectively to red and yellow components to the hue. Negative
a* and b* values correspond respectively to green and blue components. The
positive quadrant of the graph then covers hues ranging from yellow through
orange to red, with saturations (C* ) given by the distance from the
origin.It is possible to predict how the a* b* coordinates of diamond with
a given absorption coefficient spectrum will change as the optical path
length is varied. In order to do this, the reflection loss must first be
subtracted from the measured absorbance spectrum. The absorbance is then
scaled to allow for a different path length and then the reflection loss is
added back on. The absorbance spectrum can then be converted to a
transmittance spectrum which is used to derive the CIE L*a* b* coordinates
for the new thickness. In this way the dependence of the hue, saturation
and lightness on optical path length can be modelled to give an
understanding of how the colour of diamond with given absorption properties
per unit thickness will depend on the optical path length. L* , the
lightness, forms the third dimension of the CIE L*a* b* colour space. It is
important to understand the way in which the lightness and saturation vary
as the optical path length is changed for diamond with particular optical
absorption properties. The method described in the preceding paragraph can
also be used to predict how the L*C* coordinates of diamond with a given
absorption coefficient spectrum depend on the optical path length. The C*
(saturation) numbers can be divided into saturation ranges of 10 C* units
and assigned descriptive terms as below. 0-1 0 weak 10-20 weak-moderate
20-30 moderate 30-40 moderate-strong 40-50 strong 50-60 strong-very strong
60-70 very strong 70-80+ very very strong Similarly the L* numbers can be
divided up into lightness ranges as follows: 5-1 5 very very dark15-25 very
dark 25-35 dark 35-45 medium/dark 45-55 medium 55-65 light/medium 65-75
light 75-85 very light 85-95 very very light There are four basic colour
tones defined by the following combinations of lightness and saturation:
Bright: Light and high saturation, Pale: Light and low saturation, Deep:
High saturation and dark, Dull: Low saturation and dark. The preferred hue
angle, and a* , b* , C* and L* values provide a quantitative measure the
quality and colour of synthetic CVD diamond material of the present
invention. These colour properties are advantageous because they give the
diamond an orange colour and can be used for ornamental purposes such as
gemstones for jewellery, or for use as coloured filters or similar. For all
samples used in this specification absorption peak heights quoted in this
specification are measured using a UV/visible absorption spectrum of the
synthetic CVD diamond material taken at room temperature. All room
temperature absorption spectra mentioned herein were collected using a
Perkin Elmer Lambda-1 9 spectrometer. A reflection loss spectrum was
created using tabulated refractive index data and standard expressions for
the reflection loss for a parallel-sided plate. The refractive index was
determined according to Peter's equation [Z. Phys., 15 (1923), 358-368)]
and subsequent reflection loss 



derived using the standard Fresnel equation. The reflection loss spectrum
was subtracted from the measured absorbance data and an absorption
coefficientspectrum for the sample is created from the resulting spectrum.
Absorption coefficient data were shifted so that absorption coefficient was
zero at 800 nm. Concentrations in ppm given in the present specification
for the different defects, [NV+ ] and [V0 ] , may be calculated in a known
standard manner by integrating the area of peaks from the absorption
spectrum of the diamond usually collected at liquid nitrogen temperatures
and using published coefficients for comparison to calculate concentration.
For concentrations of NV centres and isolated vacancies, the spectra are
advantageously obtained at 77 K, using liquid nitrogen to cool the samples,
since at that temperature sharp peaks at -741 nm and -394 nm attributable
to V0 and V and at 575 nm and 637 nm are seen attributable to NV0 and NV
defects respectively. The coefficients that are used for the calculations
of concentrations of NV centres and isolated vacancies in the present
specification are those set out by G. Davies in Physica B, 273-274 ( 1999),
15-23, as detailed in Table 2 below. Table 2 In Table 2, "A" is the
integrated absorption (meV cm 1) in the zero phonon line of the transition,
measured at 77 K, with the absorption coefficient in cm 1 and the photon
energy in meV. The concentration is in cm 3. The provided CVD diamond
material used in the method according to the present invention, and also
the irradiated CVD diamond material resulting from the method of the
present invention may, or may not, form part of a larger piece of diamond
material. For example part only of the larger piece of diamond material may
be irradiated, and/or part only of the larger piece of diamond material may
have the defined absorption characteristics. As would be apparent to the
person skilled in the art multiple layers could also be irradiated and/or
have the requiredabsorption characteristics, so that the provided CVD
diamond material used in the method according to the invention may form
part, e.g. one or multiple layers of a larger piece of diamond material. It
is well known that the depth of penetration of irradiation is dependent on
the energy of the irradiation. So in preferred embodiments an irradiation
energy is selected such that the irradiation penetrates only part of the
depth of a CVD diamond material. This means that isolated vacancies would
be introduced only in the penetrated part of the irradiated CVD diamond
material, and hence that penetrated part of the CVD diamond material would
be the "diamond material" used formed by the method of the present
invention. Where the provided CVD diamond material provides only part of a
larger piece of diamond material, as discussed above that provided CVD
diamond material alone may have the advantageous optical properties
described for certain embodiments of the invention. Thus for example a top
or embedded layer or layers of a large piece of CVD diamond material may
have an orange colouration. Where any other non-orange layers are
substantially colourless the colour of the larger piece of diamond material
is dominated by the orange layer(s). In some embodiments according to the
invention at least 50% or at least 60% or at least 70% or at least 80% or
at least 90% or substantially the whole diamond stone may have
substantially the same colour. In other embodiments according to the
invention of diamond stone may comprise layers or pockets of diamond
material of the same colour. Embodiments of the invention will now be
described, by way of example, with reference to the accompanying drawings
and examples, wherein: Figure 1, which has been referred to hereinbefore,
is a flow chart which shows routes for methods according to the invention
for obtaining orange diamond material;Figure 2 are UV visible absorption
spectra measured at room temperature for examples 1 and 2, post irradiation
and anneal; and Figure 3 are UV Visible absorption spectra measured at 77 K
for examples 3, 5 and 6 post irradiation and anneal. Examples HPHT diamond
substrates suitable for synthesising single crystal CVD diamond of the
invention were laser sawn, lapped into substrates, polished to minimise
subsurface defects such that the density of defects is below 5 x 103 /mm2,
and generally is below 102 /mm. Polished HPHT plates 3.6 mm x 3.6 mm square
by 500 mm thick, with all faces {100} having a surface roughness RQ at this
stage of less than 1 nm were mounted on a refractory metal disk, and
introduced into a CVD diamond growing reactor. Growth stages 1) The CVD
diamond reactor was pre-fitted with point of use purifiers, reducing
unintentional contaminant species in the incoming gas stream to below 80
ppb. 2) An in situ oxygen plasma etch was performed using 50/40/3000 seem
(standard cubic centimetre per second) of O2/Ar/H2 and a substrate
temperature of 760 C. 3) This moved without interruption into a hydrogen
etch with the removal of the O2 from the gas flow. 4) This moved into the
growth process by the addition of the carbon source (in this case CH4) and
dopant gases. For these examples the CH4 flowing at 165 seem, nitrogen was
present in the process gas at different levels for the different samples,
provided from a calibrated source, for example a source containing 100 ppb
N2 either as Air in Ar or N2 in H2, and for some examples O2 was also
present in the process gas as shown in Table 3. Table 35) On completion of
the growth period, the substrate was removed from the reactor and the CVD
diamond layer removed from the substrate by laser sawing and mechanical
polishing techniques. 6) This produced a CVD sample which had typical
dimensions -3.1x5x5 mm. This grown CVD diamond is the "provided diamond"
defined by the claims of the 



present specification. The examples were electron irradiated a 4.5 MeV
electron beam at 50% scan width and 20 mA beam current using an electron
beam source such as that found at lsotron pic. Diamond samples to be
irradiated are mounted in indium on a water cooled copper block to prevent
the samples being heated above 350K. The samples were then annealed in an
Elite tube furnace (model THS 16/50/1 80- 241 6CG and 271 60/T). Typically
to make an orange diamond material a dose of 5.8 x 1018 eVcm2 (equivalent
to 6 hours irradiation with a 4.5 MeV electron beam at 50% scan width and
20 mA beam current) followed by an 8 hour anneal at 8000C was used. Table 4
records the CVD growth chemistry, the [N8 0] concentration in the provided
diamond material, the absorption coefficients at 350 nm and 5 10 nm and the
colour, of the provided diamond material, the irradiation dose, the vacancy
concentration post irradiation, the annealing time and temperature, the
colour of the diamond material post irradiation and anneal, the colour
characteristics, the [NV]. [V0] and [V ] concentrations and the absorption
at 250 nm related to vacancy chains, all post irradiation and anneal. The
results table 4 includes not only examples falling within the scope of the
present invention, but also a number of comparative examples. For example,
if theirradiation dose is not high enough, the number of isolated vacancies
available to combine to form chains upon annealing, irrespective of the
length of the anneal will not be large enough to form a significant
concentration of vacancy chains; this is the case for comparative examples
2 and 6, which fall outside the scope of the present invention as the
concentration of isolated vacancies incorporated during the irradiation
step is less than the greater of (a) 0.5 ppm and (b) 0.5 ppm more than the
[N8 0] concentration, and the absorption at 250 nm in the treated sample is
<5 cm 1 . This is also illustrated with reference to Figure 2 which is a
room temperature UV visible absorption spectrum for examples 1 and 2, post
irradiation and anneal. This figure shows strong absorption at 250 nm for
example 1, indicating the presence of vacancy chains, whereas in example 2
the absorption in the 250 nm range is less than 5 cm 1 , showing a low
concentration of vacancy chains has been formed. Similarly we have found
that if the annealing time is not long enough then total concentration of
isolated vacancies remaining in the treated sample is > 0.3 ppm; this is
the case in comparative example 5, which is annealed for only 1 hour and
results in a grey coloured diamond material as compared with the orange
colour achieved with example 4, which is an identical diamond material
sample to that of example 5 in terms of composition and irradiation, but is
annealed for a longer time. Figure 3 shows UV visible spectra taken at 77 K
post irradiation and anneal and illustrates for example 3 strong absorption
at 250 nm and no peak at 741 nm or 394 nm remaining, showing that
substantially all of the isolated vacancies have been annealed out. Figure
3 also illustrates why comparative example 5 (which has been annealed for
an insufficient time) appears grey post irradiation and anneal since there
are peaks at 741 nm and 394 nm indicating the presence of isolated
vacancies and also at 575 nm and 637 nm showing the presence of NV centres.
Similarly Figure 3 illustrates why comparative example 6 (which has been
subjected to insufficient irradiation dose) appears pale pink, since there
are peaks at 575 nm and 637 nm, showing the presence of NV centres, a small
concentration of isolated vacancies remaining, and weak absorption at 250
nm indicating a low concentration of vacancy chains.All of the orange
diamond samples according to the invention (examples 1, 3 and 4, show
strong absorption at around 250 nm. This absorption is believed to be due
to the presence of vacancy chains. For example, the measured absorption at
250 nm is >5 cm 1 for both samples 1 and 3, whereas for comparative sample
2 it is <5 cm 1 . As noted above an additional benefit of irradiating the
CVD diamond material is that typically the colour of the material will be
more stable to low temperature annealing and exposure to UV light compared
to untreated CVD diamond. We found that upon heating example 1 the change
in C* between the two states was < 1 which illustrates this benefit.K)
Table 4CLAIMS 1. A method of making fancy orange synthetic CVD diamond
material, the method comprising: (i) providing a single crystal diamond
material that has been grown by CVD and has a [N8 0] concentration less
than 5 ppm; (ii) irradiating the provided CVD diamond material so as to
introduce isolated vacancies V into at least part of the provided CVD
diamond material such that the total concentration of isolated vacancies
[Vt] in the irradiated diamond material is at least the greater of (a) 0.5
ppm and (b) 50% higher than the [N8 0] concentration in ppm in the provided
diamond material, and (iii) annealing the irradiated diamond material to
forming vacancy chains from at least some of the introduced isolated
vacancies. 2. A method according to claim 1, wherein the annealing is
carried out at a temperature of at least 7000C and at most 9000C. 3. A
method according to claim 1, wherein the annealing is carried out for a
period of at least 2 hours. 4 . A method according to claim 1, 2, or 3,
wherein the irradiation and annealing steps reduce the concentration of
isolated vacancies in the diamond material, whereby the concentration of
isolated vacancies in the irradiated and annealed diamond material is < 0.3
ppm. 5. A method according to any of claims 1-4, wherein the absorption
coefficients at 350 nm and 5 10 nm for the provided diamond material are 



less than 3 cm 1 and 1 cm 1 respectively. 6. A method according to any
preceding claim, wherein the atomic boron concentration [B] in the provided
diamond material is less than 5x1 015 cm 1 . 7. A method according to any
preceding claim, wherein uncompensated boron is present in the provided
diamond material in a concentration of>5x1 015 cm 3, and the irradiation
step (ii) introduces sufficient isolated vacancies into the diamond
material so that total concentration of isolated vacancies [Vt] in the
irradiated diamond material, after isolated vacancies have been used to
compensate the boron, is at least the greater of (a) 0.5 ppm and (b) 50%
higher than the [N8 0] concentration in ppm in the provided diamond
material. 8. A method according to any preceding claim, wherein the
provided diamond material is irradiated from two or more sides. 9. A method
according to any preceding claim, wherein at least 50 % of the provided CVD
diamond has been formed from a single growth sector. 10. A method according
to any preceding claim, wherein, after the irradiation and annealing steps
(ii) and (iii), the absorption in the 250 nm region of the irradiated and
annealed diamond material, when measured at room temperature, is >5 cm 1 .
11. A method according to any preceding claim wherein the provided diamond
material shows a measurable difference in at least one of its absorption
characteristics in first and second states, the first state being after
exposure to irradiation having an energy of at least 5.5 eV and the second
state being after thermal treatment at 798 K (525C), and wherein after the
irradiation and annealing steps of the method the change in colour
saturation value C* between the diamond material in the said first and
second states is reduced by at least 0.5 compared to the change in colour
saturation value C* between the diamond material in the said first and
second states for the provided diamond material. 12. A method according to
any preceding claim, wherein after the irradiation and annealing steps of
the method, the change in colour saturation C* of the diamond material in
first and second states is less than 1, the first statebeing after exposure
to irradiation having an energy of at least 5.5 eV and the second state
being after thermal treatment at 798 K (525C). 13. A method according to
any preceding claim, wherein the provided diamond material is annealed in
the temperature range 14000C - 2500 0C prior to the irradiation step. 14. A
method according to any preceding claim, wherein the annealing step (iii)
of method claim 1 is carried out after irradiation step (ii) of method
claim 1 is complete. 15. CVD diamond material when made by a method
according to any of claims 1-14. 16. CVD diamond material which for an
equivalent 0.5 carat Round Brilliant Cut (RBC) is graded fancy orange. 17.
CVD synthetic single crystal diamond material having the following colour
characteristics measured for an equivalent 0.5 ct Round Brilliant Cut (RBC)
diamond. 18. CVD diamond material according to any of claims 15-1 7,
wherein the concentration of isolated vacancies is < 0.3 ppm. 19. CVD
diamond material according to any of claims 15-1 8, wherein for an
equivalent 0.5 ct round brilliant cut diamond stone, the absorption in the
250 nm region when measured at room temperature is >5 cm 1 .20. CVD diamond
material according to any of claims 15-1 9, wherein the change in
saturation C* of the diamond material in first and second states is less
than 1, the first state being after exposure to irradiation having an
energy of at least 5.5 eV and the second state being after thermal
treatment at 798 K (525C). 2 1 . Jewellery comprising diamond material
according to any of claims 15-20 and a setting for the diamond material.
22. A round brilliant cut diamond gemstone comprising diamond material
according to any of claims 15-20. 


