Journal of

Materials Chemistry B

Accepted Manuscript

Journal of

Materials Chemistry B

d medicine

ROYAL SOCETY
U, OF CHEMISTRY

>

' ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsB


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 195 Journal of Material® Chetiistry s s 8

Dynamic Article Links »

Cite this: DOI: 10.1039/c0xx00000x
Communication

WWW. rsc.org/xxxxxx

Effects of fluorine on the structure of fluor ohydroxyapatite: a study by
XRD, solid-state NM R and Raman spectr oscopy

Jinshuai Chen, *” Zhiwu Yu, ¢ Peizhi Zhu,**® Junfeng Wang, ¢ Zhehong Gan,® Jie Wei °
- Yinghui Zhao" and Shicheng Wei*'

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

For the first time we observed well-resolved Ca(l) and Ca(ll)
signal changes in fluorohydroxyapatites with different

10 fluorine contents by solid state NMR. The experiment results
show that fluorine ions perturbs the chemical environment of
Ca(ll) ions and OH" ions more than phosphorous
tetrahedrons and Ca(l) ions.

Hydroxyapatite (HA) is the main mineral in teethdabones
15 within the human body. Tooth Enamel, the hardest arost
highly mineralized substance in the human body,taios
roughly 96 percent of hydroxyapatite. Fluorine-stitoited
hydroxyapatite (FHA) is chemically more stable

hydroxyapatite in acid environmehtA higher concentration

20 0f FHA in tooth enamel decreases tooth dissolutamd
therefore decreases the incidence of tooth dedaglsb has
been reported that fluorine-substituted hydroxyaesat
support cellular proliferation and colonization apdomote
bone growtt?

25

Over recent years, fluorohydroxyapatite has besed as
bioactive ceramic coatings due to its
biocompatibility as compared to the other cerantiatings 3
Fluoride-containing bioactive glasses are of pattc interest

30 in many fields of dentistry and orthopedics becatissy are
osteoconductive and can combine the benefits afrfpatite
(FA) with the bone-regenerative properties of bioac
glasses®>°In FHA composition, part of the OHons are

substituted by Fions in order to improve material stability.

s However, most studies so far have focused on tepagration
methods of FHA and its thermal and chemical stgbifi The
effects of different fluorine contents on the sture have
seldom been studied systematically. The resistante
fluorohydroxyapatite to acids depends largely ancihemical

40 Structure, it is of great interest to determinestsicture that ®

prevents the process of erosion.

The hydroxyapatite structure and substitution
hydroxyapatite by different anions and cations miihg PB",

s Mg?*, Ti**, COs%, CI and F ions***®have been extensively

studied and characterized by X-ray diffraction (XREP 1416
2 solid state NMR'%#* 17223nd Raman spectroscof.
Molecular dynamic simulations have also been used

enhanced

investigate the transport of fluorine in fluoraptiind this
so study found that a sequence of iBns moving along the-
axis in a concerted mechanismia lattice and interstitial
sites® In this study, a series of FHAs with varying fluoei
levels (Cag(POy)s(OH),-xFx from x = 0 to 2) were
synthesized through the wet precipitation methodngis
55 Ca(NQy),*4H,0 and (NH),HPO, as starting materials and
NH4F as a source for fluorine incorporation. (see
Supplementary Information for materials synthesiad a
experimental details). The structure of synthesigeid\s were
characterized byH, “*Ca, 3P and!®r NMR MAS solid-state

thare NMR, XRD and Raman spectroscopy to examine thecefié

fluorine substitution on the hydroxyapatite struetu
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Fig. 1 XRD patterns of fluorohydroxyapatites contap different
fluorine levels (HA: Owt%, FHALl: 0.54wt%, FHAZ2:0.88%,
FHA3:1.59wt%, FHA4: 1.93wt%, FHA5: 2.2wt%, FHAG:2wt% ).
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[2]
o

XRD pattern of fluorohydroxyapatites containidgferent
fluorine levels are shown in Fig. 1. The typicalags of
_apatites are at 28°128.9° 31.7°, 32.8°and 34.@, which are
in corresponding to the (1 0 2), (21 0), (21 1)0(8), (2 0 2),
20(310), (22 2), (21 3) and (0 0 4) miller's pém
respectively?”® With the increase of Fion content in HA,
some small peaks in the range of 452B@come noisy and

t
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Fig. 2 (a) '"H NMR spectra, (bf*Ca NMR spectra, (&% NMR spectra, and (dJF NMR spectra of fluorohydroxyapatites containiritiedent fluorine
levels (HA: Owt%, FHAL: 0.54wt%, FHA2:0.83wt%, FHA359wt%, FHA4: 1.93wt%, FHAS: 2.2wt%, FHAG: 2.944}. The acquisition time for each
'H, *Ca and™P spectrum were 5 min, 24 hours and 1 hour, reispéctAll *H and®*P NMR spectra were obtained using a Varian VNMRS Mz
solid-state NMR spectrometer and a 6 mm doublenaasce MAS probe with a spinning frequency of 8 kAlit.**Ca spectra were obtained on a 830

40 MHz solid-state NMR spectrometer using a singlemnesice 4 mm MAS probe with a spinning frequenc§®kHz at room temperature (25 °C). Solid-
state’®F NMR experiments were performed on a Bruker 600zNNWVIR spectrometer using a spin echo pulse exgitathn/2 pulse length of 5.5s, a
recycle delay of 2 s, a spinning rate of 14 kHz el echo time set to five rotor period were usadF MAS NMR experiments. Asterisks denote
spinning sidebands.

disappear, and peaks of (2 1 1), (3 0 0) and (2 gr@dually 0.3 ppm corresponding to hydroxyl ions and the ptite4.95
45 shift to the right-hand side with an increase in iBns ppm coresponding to water molecules on the surfate
incorporated within the apatite lattice. The shifi® caused hydroxyapatite, which agree with previous repéfi&: As the
by the decrease in a-axis length of the hexagomgdtals ssfluorine content increases, the chemical shift ¢4"@ons in
lattice induced by the lower ionic radius ofiens!* the lattice of apatites gradually shifts upfieldahe height of
peak decrease due to substitution ofdhs. With the 0.54%

s The 'H MAS NMR spectrum of hydroxyapatite (HA) is fluorine added to hydroxyapatite lattice showntie spectrum
shown in Fig.2a. Two main peaks are observed, @ak @t of FHAL, the signal of hydroxyl ions significantiyecreases
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and gets broader but a new peak at 1.8 ppm appweaish which is similar to those previous results for flapatites®
can be assigned to structure water forming strongding e The height of fluorine signal increases with fluwilevels,
with the surface vacancies of crystal lattice oatite. As the  showing that OH ions in apatite lattice are gradually
fluorine content increases to 0.83 wt% (FHAZ2), #ignal of substituted by Fions. With the 0.54% fluorine added to
s hydroxyl continues to decrease and the peak appr8 can hydroxyapatite lattice shown in the spectrum of RAKAhe
also be observed. When the fluorine content in@eas 1.593  signal of F ions is very weak because of the low fluorine
wt% (FHAS3), the signal of hydroxyl almost disappgand e content. As the fluorine content increasesjdns in apatite
two peaks at 1 ppm and 1.8 ppm are observed. These lattice become less shield and the fluorine chemadaft
peaks can be all assigned to structure water mtescAs the  moves downfield.
o fluorine content increases to 1.93 wt% (FHA4), theface
water peak at 4.97 ppm and two structure water peal0.8 Fig 3a shows the Raman spectra of all severitagmples
ppm and 1.8 ppm can be observed. When the fluarimeent 7o with different fluorine content. All spectra have sirong
increases to 2.2 wt% (FHA5) and 2.94 wt% (FHAG)lyotime PO,*" band at ~960 cm-1. As fluorine content increasks,
surface water peak at 4.97 ppm and structure wetek at 1.8  PQ,®” band associated with the P—O stretch shifts upfiel
15 ppm are observed, indicating Okldbns have been completely which suggests a progressive shortening of the Pei@ due
substituted by Fons. to increasing content of fluorine ions. The replaeat of OH
7sions by a smaller Fions increases electrostatic attraction
Fig.2b shows nature abundané&a NMR spectra of between the oxygen atoms in the phosphate tetrahedrich
fluorohydroxylapatites containing different fluoenlevels. then produces a shortening of the P—O bonds andcaase
20 The spectrum of HA shows Ca (I) and Ca (ll) pealks o in vibrational frequency. The Full Width at the Héleight
hydroxyapatite at 9.6 ppm and -5.6 ppm, respegtivel’ As ~ (FWHH) of the phosphate symmetric stretch at 960cas a
the fluorine content increases, Ca (Il) peak shiftsvnfield, = measure of crystallinity increases with fluorinevets. *%1°
while the Ca (l) position unchanged, indicating tthtae Fig. 3b shows the decrease in intensity of the Gtidtch at
increased fluorine content significantly changes dhnemical  about 3580 cit (normalized to the intensity of the 960 ¢m
25 environment of Ca (I) ions by reducing the Ca {@)bond peak) with increasing fluorine content. The peakams at
length but the impact on Ca (I) is minimal. NMR afieal about the same position but shows broadening and
shift is sensitive to the shielding of electronsisthusually s development of a shoulder at about 3545 tide of the
causes a downfield shift in low electron densityiesnments. major O-H band at 3580 ¢ As the fluorine content
It follows that highly fluorine-level apatites have lower increases to 0.83 wt% (FHA3), two peak at 3545 ‘cand
20 chemical shift, as confirmed in this study. Thesseuits are 3580 cm® can be observed. While the fluorine content
consistent with XRD studies. The Ca(l) ion is cdoeded to increases to 1.593 wt% (FHAA4), the band at 3580 ah O—
nine oxygen atoms in the arrangement of tricapéglotral < H continues to decrease and its signal become&evdhan
prism and Ca (l) polyhedron shows little response t the band at 3545 cth As the fluorine content increases to 2.2
incorporation of different anion ions. However, Da(ll) wt% (FHASB), the O—H band at 3580 chuisappears and only
s ployhedron, Ca(ll) ion bonds to six oxygen atomg ame one weak band at 3545 ¢hcan be observed. For FHAG
column anion. Therefore, the major structure stbstn of sample, no peak can be observed, indicating tlydtaxyl
OH ions by Fions will impact Ca(ll) ions. osions have been completely substituted by iéns, which
agrees well witHH NMR results shown by Fig.2a. Therefore,
The 3P MAS NMR spectra of the fluorohydroxyapatites extensive substitution of O-H group by Fons may
a0 with various fluorine contents are shown in Fig.dde 3'P sufficiently alter the environment of the channigés to cause
NMR spectrum of all samples exhibits a single weblolved a shift in the vibrational frequency of some O-Hogps,
resonance at 2.8 ppm. This resonance is shifteieldpfo 100 leading to the development of a shoulder band gt fluorine
higher ppm values as fluorine contents increasm foat% to concentrations. Alternatively, at high fluorine tent,
1.59wt%, then remain at same 3.4 ppm from 1.93 wt%.94 fluorine may begin to substitute preferentiallyarihe channel
45 Wt%. The phosphorus signal become progressivelyomaas  site2®%
fluorine contents increase, indicating the increase
crystallinity by the incorporation of fluorine intthe HA 15 HA, FHAs and FA are widely used as biomaterial$one
lattice. Phosphorous atoms exist in apatite inatetdral tissue engineering and dental caries treatment. chtemical
coordination with four oxygen atoms. These rigidrdbedra  composition and surface characteristics of the himmals
soshow a bit chemical environment change with fluerin used as bone implants are important factors inctffg the
substitution from O0wt% to 1.59wt%, but almost ncentical cells at the interface between the material andstireounding
shift change from 1.93 wt% to 2.94 wt% due to thighh uotissues®* The substitution of OHions by Fions and content
structural similarity of the phosphorous atoms inhede of F ions in HA lattice can be controlled in the syrgise
fluorine substituted hydroxyapatites. process (see materials synthesis in Supplementary
55 Information). When all OHions have been replaced by F
The ®F MAS NMR spectra of FHAs containing different ions, fluorapaptite is formed. The addition of iBns to HA
fluorine levels are shown in Fig.2d. TH& NMR spectra uslattice caused the increase of the thermal and i®m
exhibit one peak at around -103ppm and a few siddb, stability of the HA.*? In the crystal structure of HAhe atoms
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2snature abundance. Compared with small variations®'Bf

@) NMR chemical shift induced by incorporation of fhiree, the
N significant **Ca NMR signal change of Ca(ll) ions anfH
I\ NMR signal change of OHions indicate that the fluorine
///\\ perturbs the chemical environment of Ca(ll) ionsd 8@H
// /\\ 0 ions more than phosphorous atoms. Fluorohroxyapdtis
- Jian extensive application in teeth and bone materidlfie
2 Ha /AN ) iy combination of'H, “*Ca, *'P and'®F NMR MAS solid-state
E m //// \\\\_’M‘__,_/ NMR, XRD and Raman spectroscopy can probe the tstrec
£ |FHA2 //// \\\ of flugsrohydoxyapatite at at_omic level. Espc_eciattye solid
|IFHA3 _ ~ ] 35 state "Ca NMR can selectively and sensitively detect the
M/ \\\_#,V_,.\,__./—/ chemical environments of calcium ion, which could b
|[FHAs )/ N — powerful tool in the field of biomaterials, biogkseramics
H21 2 | ey and geological materials.
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