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The effect of hyperbranched poly(acrylic acid)s on the 
morphology and size of precipitated nanoscale 
(fluor)hydroxyapatite  

Laura Shallcross,a,b Kevin Roche,c Caroline J. Wilcock,b Kenneth T. Stanton,c Thomas Swift,d 
Stephen Rimmer,d Paul V. Hatton,b,* Sebastian G. Spaina,* 

Hydroxyapatite and fluorhydroxyapatite (F)HA nanoparticles were synthesised in the presence of branched poly(acrylic 

acid)s (PAA) synthesised via reversible addition-fragmentation chain transfer polymerisation and compared to those 

synthesised in the presence of linear PAA. Analysis of the resulting nanoparticles using Fourier transform infrared 

spectroscopy, powder X-ray diffraction and transition electron microscopy found that polymer was included within the 

nanoparticle samples and affected their morphology with nanoparticles synthesised in the presence of branched PAA 

being more acicular and smaller overall.

Introduction 

Current challenges involved in the design and preparation of 

functional nanoparticles include the difficulty of overcoming 

nanoparticle aggregation. The formation of aggregates is 

thermodynamically favourable; however, it prevents the full 

functionality of nanoparticles from being expressed. If the 

nanoparticles could be dispersed, this would increase their 

functionality and improve their application to medicine and 

dentistry. The interaction of calcium phosphates and organic 

materials at the nanoscale is a subject of great scientific 

interest as it is relevant to both biological mineralisation 

processes and the preparation of bioinspired materials for 

medical and consumer health applications.1, 2 In bone and 

tooth tissue mineralisation, biological apatites interact with 

organic polymers (typically collagen type I or amelogenin 

respectively) at the molecular and nanoscales to generate 

functional load bearing structures.3-6 Research into similar 

inorganic-organic interactions has also been shown to offer 

promise in the development of new functional biomaterials7-10 

and new strategies for delivery of therapeutic molecules,11-16 

as well as providing more fundamental insights into the 

mechanisms that underpin behaviour at the nanoscale and 

how these might be applied to control the behaviour of 

materials. Towards this goal, Roche and Stanton recently 

described the preparation of orientated biomimetic structures 

through the combination of linear poly(acrylic acid)s (PAA) and 

nanoscale fluorhydroxyapatite.17 Additionally, they 

demonstrated that particle morphology was affected. While 

this study provided promising data and proposed a mechanism 

that might account for nanoscale crystal alignment, it was 

limited to using simple linear polyacids and relatively insoluble 

fluorhydroxyapatite. 

Here we aimed to investigate the interaction of branched 

poly(acrylic acid)s with both nanoscale hydroxy- and 

fluorhydroxyapatites, increasing knowledge of the possible 

mechanisms that drive their interaction and developing a 

wider range of controlled and bioinspired material systems for 

further investigation for medical applications. To achieve this, 

branched poly(acrylic acid)s were synthesised using reversible 

addition-fragmentation chain-transfer (RAFT) polymerisation 

and incorporated into the wet precipitation method used by 

Roche and Stanton.17 Two RAFT agents were used to 

synthesise highly branched poly(acrylic acids): 4-vinylbenzyl 

pyrrolecarbodithioate (VPC) and 4-vinylbenzyl dithiobenzoate 

(VBD). The resulting materials were compared to those 

synthesised in the presence of commercially sourced linear 

PAA of low molecular weight (Versicol E5, Mw = 9 kDa) and 

high molecular weight (Versicol E11, Mw = 210 kDa) and in the 

absence of polymer.  
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It was hypothesised that the inclusion of polymers with 

different architectures would lead to changes in the 

morphology and size of hydroxy- and fluorhydroxyapatite 

structure to create composite organic-inorganic nanoparticles. 

Characterisation of the synthesised particles via fourier 

transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 

transmission electron microscopy (TEM) and 

thermogravimetric analysis (TGA) was used to determine the 

effects of the different polymer molecular weights and 

architectures on the composite particles. 

Results and Discussion 

Polymer and composite synthesis 

Scheme 1. Synthesis of hyperbranched poly[(acrylic acid]. ). 

Reagents: i. 4,4’-azobis(4-cyanovaleric acid), dimethylsulfoxide, 60 

°C. 

Synthesis of hyperbranched poly[(acrylic acid]: ): Branched 

poly[(acrylic acid] ) (PAA) was synthesised via reversible-

addition fragmentation chain transfer (RAFT) polymerization 

using two different RAFT chain transfer agents: 4-vinylbenzyl 

pyrrole carbodithioate18 (VPC, 1) and 4-vinylbenzyl 

dithiobenzoate19 (VBD, 2). RAFT agents were chosen as they 

have both previously been demonstrated to produce branched 

polymers and are suitable form the polymerisation of acrylic 

monomers.18-20  In both cases 4,4’-azobis(4-cyanovaleric acid) 

(ACVA) was used as the radical initiator (Scheme 1). Analysis by 
1H NMR spectroscopy gave a degree of branching of 0.05 and 

0.02 for PAA-VPC and PAA-VBD respectively.18 1H NMR 

spectroscopy was also used to provide a percentage 

conversion of monomer to polymer with values of 85% for 

PAA-VPC and 77% for PAA-VBD.  

Determination of molar masses and molar mass distributions 

using size exclusion chromatography proved difficult, with 

considerable column interactions preventing adequate 

analysis. In an attempt to reduce column interactions 

methylation of the acid groups using 

trimethylsilyldiazomethane21, 22 was attempted. However, this 

was also unsuccessful, instead resulting in the polymers 

becoming insoluble in all solvents, as has previously been 

reported from the methylation of high molar mass PAA.23 It is 

believed this was due to the polymer crosslinking during the 

methylation procedure. As an indication of solution size, radii 

of gyration (Rg) were determined by diffusion-ordered NMR 

spectroscopy analysis24 (see ESI for details) as 2.4 and 4.9 nm 

for PAA-VPC and PAA-VBD, respectively. 

Synthesis of PAA-(fluor)hydroxyapatite composites: 

Nanoparticles of fluorhydroxyapatite (FHA) and hydroxyapatite 

(HA) were synthesised according to a literature procedure25 in 

the presence of hyperbranched PAAs synthesised using either 

CTA 1 or 2. Additionally, (F)HA was synthesised in the presence 

of commercial linear PAAs with molar masses of 9 kDa 

(Versicol E5) and  210 kDa (Versicol E11), and the absence of 

polymer (NoP) for comparison and to act as controls. In all 

cases the   
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polymer was added to the phosphate solution at 0.2 wt% (~4 

wt% of theoretical yield of (F)HA). 

Determination of polymer inclusion 

Fourier transform infrared spectroscopy: Fourier transform 

infrared (FTIR) spectroscopy was used to determine inclusion 

of polymer within the resulting composites, and other effects 

on the composite structure. Spectra of PAA-(F)HA composites 

(Error! Reference source not found.Figure 1) showed 

characteristic bands for both (F)HA and PAA. Additional bands 

are evident at 1590 and 1450 cm-1 for samples containing PAA, 

and are indicative of the COO- asymmetric stretch and CH2 

bend for ionised PAA.26 For PAA-HA samples, the intensity of 

the OH stretching band (3570 cm-1) is reduced 

 

 
Figure 1. FTIR spectra of (F)HA synthesised in the presence and absence of linear and branched poly(acrylic acid). Highlighted regions (cm-1): 3570 OH stretch; 1590 COO- 

asymmetric stretch; 1450 CH2 bend; 1030 and 600 PO4
3-. 

 

Determination of polymer inclusion 

Fourier transform infrared spectroscopy: Fourier transform 

infrared (FTIR) spectroscopy was used to determine inclusion 

of polymer within the resulting composites, and other effects 

on the composite structure. Spectra of PAA-(F)HA composites 

(Figure 1) showed characteristic bands for both (F)HA and PAA. 

Additional bands are evident at 1590 and 1450 cm-1 for 

samples containing PAA, and are indicative of the COO- 

asymmetric stretch and CH2 bend for ionised PAA.26 For PAA-

HA samples, the intensity of the OH stretching band (3570 cm-

1) is reduced compared to HA prepared in the absence of PAA, 

indicating some disruption of the crystal structure and the 

displacement of some OH groups with PAA.27 An alternative 

possibility could be the that PAA potentially interacts with Ca2+ 

ions during precipitation and reduces the amount of Ca2+ 

incorporated into the apatite. To balance the charge of the 

missing Ca2+, OH- groups can be replaced with either H2O or 

with a vacancy, and some (PO4)3- groups are replaced with 

(HPO4)2- or (CO3)2- resulting in less order in the crystal.28 It 

would be difficult to determine for certain whether this is the 

case as the vibrations of (HPO4)2- or (CO3)2- overlap with the 

(PO4)3- and polymer stretching vibrations respectively making 

them nearly impossible to distinguish from each other. 

For FHA-PAA samples (Fig 2bure 1), the OH stretching band 

(3570 cm-1) is almost entirely lost indicating successful 

incorporation of fluoride.  The method used to produce the 

FHA particles was based on a method by Roche and Stanton 

where by a targeted fluoride substitution level of 62 % 

produced a ‘real’ fluoride incorporation level of 50 %.29 

Additionally, spectra of samples of (F)HA synthesised in the 

presence of PAA show a reduced intensity in the phosphate 

bands (1030 and 600 cm-1), again indicating disruption of the 

crystal structure. 
Figure 2. Thermogravimetric analysis of of (F)HA synthesised in the presence and 

absence of linear or branched poly(acrylic acid) 

Thermogravimetric analysis: Thermogravimetric analysis (TGA, 

Error! Reference source not found.Figure 2) of the composites 

and control samples was conducted to determine the 

percentage inclusion of polymer in the composite. The 

thermogram of the control samples (FHA NoP and HA NoP) 

displayed a gradual mass loss attributed to residual water and 

adsorbed carbon dioxide, with <4% total mass loss at 800 °C. 

However, samples For samples containing polymer there is 

some variation in mass loss below 300 °C and overall. This 

thought to be due to variation in the quantity of adsorbed 

carbon dioxide between samples. However,  all samples 

showed a sudden mass loss of 3–4% between 300 and 360 °C 

confirming the inclusion of polymer in the composite materials 

near the theoretical level. 

PAA-(F)HA composite morphology and structure 

Transmission electron microscopy 

Composite morphology, size and dispersion were analysed by 

transmission electron microscopy (TEM). Micrographs of (F)HA 

synthesised in the absence of polymer showed lower levels of 

particle aggregation compared to micrographs of (F)HA 

synthesis in the presence of both linear and hyperbranched 

PAA. Such behaviour has been observed previously25 and is 

likely due to the charged polymer bridging individual 

crystallites, resulting in flocculation. However, it cannot be 

ruled out that this is an artefact of drying in the presence of 

PAA. 

Particle dimensions, and hence aspect ratios, were determined 

by image analysis using ImageJ.30 The measurements are 

summarised in Table 1. The mean crystallite lengths of the FHA 

samples were shorter than the non-fluorinated HA samples in 

all cases. This is consistent with literature for intermediate 

fluoride substitution and is attributed to an increased 

nucleation rate.17  

Inclusion of linear PAA (E5 and E11) in HA showed little effect 

on the crystallite morphology (entries 1–3, Table 1). 

Conversely hyperbranched PAA (entries 4 and 5, Table 1) 

showed a decrease in mean length from ~165 nm to 100 nm, 

and a decreased width from ~22 nm to ~13 nm. Aspect ratios 

remain similar throughout although HA synthesised in the 

absence of polymer is the lowest and more plate-like 

crystallites are evident in the micrographs (Figure 3). A similar 
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pattern is seen for the FHA samples with the exception of that 

synthesised in the presence of E11 which shows little change 

in crystallite length but a reduction in width resulting in an 

acicular (needle-like) morphology. 

Table 1. Crystallite dimensions as determined by image analysis using ImageJ. 

Sample Width ±SD 

(nm) 

Length ± SD 

(nm) 

l/w 

HA NoP 25 ± 12 163 ± 58 6.5 

HA E5 22 ± 10 165 ± 56 7.5 

HA E11 21 ± 8 168 ± 59 8.0 

HA PAA-VPC 12 ± 4 100 ± 27 8.3 

HA PAA-VBD 14 ± 6 100 ± 33 7.1 

FHA NoP 17 ± 7 81 ± 27 4.8 

FHA E5 16 ± 7 89 ± 30 5.6 

FHA E11 8 ± 2 93 ± 59 11.6 

FHA PAA-VPC 8 ± 3 52 ± 18 6.5 

FHA PAA-VBD 9 ± 3 60 ± 20 6.7 

 

 

Figure 3. Transmission electron micrographs of hydroxyapatite (HA) and fluorhydroxyapatite synthesised in the presence of linear and hyperbranched poly(acrylic acid). Scale bars 

represent 200 nm 
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Inclusion of linear PAA (E5 and E11) in HA showed little effect 

on the crystallite morphology (entries 1–3, Table 1). 

Conversely hyperbranched PAA (entries 4 and 5, Table 1) 

showed a decrease in mean length from ~165 nm to 100 nm, 

and a decreased width from ~22 nm to ~13 nm. Aspect ratios 

remain similar throughout although HA synthesised in the 

absence of polymer is the lowest and more plate-like 

crystallites are evident in the micrographs (Figure 3). A similar 

pattern is seen for the FHA samples with the exception of that 

synthesised in the presence of E11 which shows little change 

in crystallite length but a reduction in width resulting in an 

acicular (needle-like) morphology. 

Figure 3. Transmission electron micrographs of hydroxyapatite 

(HA) and fluorhydroxyapatite synthesised in the presence of 

linear and hyperbranched poly(acrylic acid). Scale bars 

represent 200 nm 

XX-ray Powder Diffraction 

Composite samples were analysed by X-ray powder diffraction 

and analysed using an external standard method. Comparison 

of the diffractograms shows some differences (Figure 4). Both 

the HA and FHA samples containing no polymer showed 

sharper, more intense peaks when compared with samples 

containing linear and branched polymers indicating a loss of 

crystallinity and a decrease in particles size when polymer is 

included in the (F)HA synthesis. This is consistent with 

inclusion of linear PAA in HA27 and FHA.25 Cell parameters 

were determined by Pawley and Rietveld refinements of the 

diffraction patterns using the TOPAS (Total Pattern Analysis 

Solutions, Bruker 2009)31 refinement program.  Structure 

models for HA and FHA were taken from Hughes et al.32 and 

the background, unit cell, and size-strain parameters were 

refined. Calculated parameters are summarised in Table 2. 

HA and FHA both have a hexagonal crystal structure with cell 

parameters a = b ≠ c. The inclusion of fluoride is evident in the 

FHA samples with a decrease in cell parameter a of 

approximately 0.03 Å compared to the non-fluorinated 

analogues. Cell parameter c is also approximately 0.01 Å larger 

for fluorinated samples. This is consistent with previously 

reported values for (F)HA.17, 32 In samples prepared in the 

presence of polymer (E5, E11, PAA-VPC and PAA-VBD) there is 

no evident change in cell parameters compared to the no 

polymer controls. This is likely due to the fact that the fitting of 

the data proved difficult due to elongation of peaks at 26° and 

53° 2θ corresponding to the 002 and 004 planes respectively in 

all samples containing polymer.  

The difference in the size of the OH- and F- ions is evident in 

the unit cell parameter a values which are larger for all the HA 

samples than the FHA samples. This is also impacted by 

rotation of the phosphate groups caused by situation of ions 

either on the mirror planes (F) or displaced from them (OH).33 

The small difference in the c parameter values for all samples 

showed the inclusion of polymer and substitution of OH- for F- 

has a limited effect on the c axis of the unit cell as expected.  

However, looking at the peak shapes in comparison to those 

seen when fitted saw far more intense peaks at approximately 

26° and 53° 2θ. This suggests that the polymer has been 

incorporated into the HA to form a composite structure and 

caused greater long range order along the c axis than pure FHA 

or HA. 

Figure 4. X-ray powder diffraction patterns for (F)HA synthesised in the presence 

and absence of linear and branched poly(acrylic acid).  
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Table 2. Crystallite sizes and cell parameters calculated from X-ray powder diffraction 

analysis.  

Sample 
Pawley Refinement Rietveld Refinement 

a (Å)a
 c (Å)a

 a (Å)a
 c (Å)a

 

HA NoP 9.43(1) 6.87(2) 9.43(1) 6.881(4) 

HA E5 9.424(1) 6.87(1) 9.43(1) 6.88(1) 

HA E11 9.43(2) 6.87(1) 9.44(1) 6.88(1) 

HA PAA-VPC 9.42(1) 6.87(3) 9.43(1) 6.87(1) 

HA PAA-VBD 9.42(1) 6.87(1) 9.43(1) 6.87(1) 

FHA NoP 9.39(1) 6.881(1) 9.401(4) 6.885(4) 

FHA E5 9.38(1) 6.875(2) 9.39(1) 6.88(1) 

FHA E11 9.39(1) 6.88(1) 9.40(1) 6.88(1) 

FHA PAA-VPC 9.40(1) 6.88(2) 9.39(3) 6.88(3) 

FHA PAA-VBD 9.401(2) 6.881(3) 9.40(1) 6.88(1) 

a values in brackets are the estimated standard deviation of the last digit 

Figure 4. X-ray powder diffraction patterns for (F)HA synthesised in the presence 

and absence of linear and branched poly[acrylic acid] 

Discussion 

TThe evidence shown by the FTIR and XRD data of the 

inclusion of organic materials and loss of crystallinity 

respectively suggest  that the polymer has been integrated 

into the crystal structure of the (F)HA. However, the role of the 

PAA during the crystallisation of (F)HA is not as evident. It is 

possible that the inclusion of the polymer in the crystallisation 

acts as a nucleation site and enters the (F)HA crystal structure 

causing disruption to the crystal lattice. This is consistent with 

the findings of Bertoni et al.27 and Füredi-Milhofer et al.34 that 

the inclusion of PAA during the synthesis of HA nanoparticles 

affects the degree of crystallinity and the morphology of the 

particles. This is due to the polymer entering the HA 

nanoparticles during their formation and altering the crystal 

packing, hence affecting crystal growth by changing the unit 

cell parameters and morphology of the particles. The 

substitution of hydroxyl with fluoride also has an effect on the 

crystal packing as the fluoride is smaller than the hydroxyl 

group; hence FHA cell parameters and particles are smaller 

than those of HA. X-ray diffraction and transmission electron 

microscopy were also used to analyse these samples and 

determine particle sizes. 

Materials and Methods 

Materials  

Acrylic acid (Sigma-Aldrich, anhydrous, contains 200 ppm 

MEHQ as inhibitor, 99%,), and pyrrole (Sigma-Aldrich, 98%) 

were distilled before use. Anhydrous N,N-dimethylformamide 

(DMF) and tetrahydrofuran (THF) were obtained using a 

Grubbs dry solvent system35 (models SPS 400-6 and SPS200-6). 

Sodium hydride (Sigma-Aldrich, 60% in mineral oil), carbon 

disulfide (Sigma-Aldrich, 99.9%), 4-vinylbenzyl chloride (Sigma-

Aldrich, 90%), magnesium turnings (Sigma Aldrich, 98%), 

bromobenzene (Sigma-Aldrich, 99%), calcium hydroxide 

(Sigma-Aldrich, ≥ 95%), phosphoric acid (Sigma-Aldrich, 85 wt. 

% in H2O, 99.99% trace), methanol (Sigma Aldrich, ≥ 99.9%), 

ethyl acetate (Sigma Aldrich, 99.7%), diethyl ether (VWR 

Chemicals, anhydrous AnalaR NORMAPUR), acetone (VWR 

Chemicals, anhydrous AnalaR NORMAPUR), dioxane (Sigma 

Aldrich, 99.8%) and silica gel (Fluorochem, 35-60 mesh, 60Å) 

were used as received. 

Analytical Methods 

Nuclear Magnetic Resonance (NMR) spectroscopy 
1H NMR spectra were recorded on a Bruker AV-400 instrument 

running at 400 MHz at ambient temperature. 20 mg samples 

were dissolved in deuterated solvent, filtered and placed into a 

7 inch NMR tube. Chemical shifts are reported relative to 

TMS.13C NMR spectra were recorded on a Bruker AV-400 

instrument running at 100MHz at ambient temperature. 50 mg 

samples were dissolved in deuterated solvent, filtered and 

placed into a 7 inch NMR tube.   
Fourier Transform Infrared (FTIR) Spectroscopy  

IR Spectra were recorded using a Bruker Vertex 70 

spectrometer (Ettlingen, Germany) in the range 400 - 4000 

cm−1. 1 mg of the sample was mixed with 50 mg of dried KBr 

by hand using a pestle and mortar; the mixture was then 

pressed into a 12 mm diameter disk under a pressure of 60 

MPa for 3 minutes. Samples were stored in a desiccator prior 

to analysis. Sixty-four scans were recorded for each spectrum 

and all spectra were baseline corrected with the ‘Opus’ 

software package (version 7, Bruker) supplied with the 

spectrometer. A separate sample of pure KBr was used to 

create a reference spectrum to establish the background prior 

to each set of measurements.  
Elemental Analysis 

The carbon, hydrogen, nitrogen and sulfur content of the RAFT 

agents were determined using a Perkin-Elmer 2400 CHNS/0 

series 2 Elemental Analyser. Approximately 20 mg of sample 

was combusted completely in excess oxygen and combustion 

reagent. The levels of each element were detected using a 

thermal conductivity detector system. 
X-ray Powder Diffraction (XRD) Spectroscopy  

Dried powder samples were analysed using a Siemens D500 

diffractometer (Munich, Germany) with Bragg-Brentano 

geometry and a CuKα source. and ground into a fine powder 

using a pestle and mortar. A small amount of Vaseline was 

placed in a circle on a microscope slide and inserted into the 

XRD holder. The powder sample was then placed on the 

Vaseline and smoothed until level using a second microscope 

slide. Analysis was undertaken using the angular range 20–

60  ͦ2θ. The step size and time per step were 0.04  ͦ and 3 s 

respectively. Rietveld refinement was performed on the XRD 

patterns using the TOPAS refinement program.36 A separate 

scan of lanthanum hexaboride (LaB6) was used to calibrate the 

instrument parameters, which were then fixed for future 

refinements. The unit cell a-parameter for Si was fixed at 

5.43088 Å using Powder diffraction file 00-027-1402: Silicon, 

2011 as a reference to allow correction for peak-shift errors. 
Transmission Electron Microscopy (TEM) 

TEM images were taken using a Philips CM-100 transmission 

electron microscope operating with an acceleration voltage of 

100 kV. Samples were prepared by adding approximately 20 

mg of sample to 2 mL ethanol in a small vial, which were then 

sonicated for 15 minutes. The sonicated mixture was then 
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dropped onto a carbon- coated TEM copper grid using a 

Pasteur pipette and the ethanol was allowed to evaporate. 

Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was conducted using a Perkin 

Elmer Pyris Pyris 1 Instrument. N2 was used as purge gas with a 

flow rate of 60 60 ml/min. Calibration was carried out using 

the curie points of iron and alumel by burning a 10  mg weight 

of each solid. Any remaining impurities from previous runs 

were removed by heating the pan in a flame of a Bunsen 

burner before running the sample. The software Pyris Manager 

was used to program the furnace using the following 

parameters: the temperature was held at 25  °C for 5  minutes 

and then heated up to 800 °C using intervals of 10  °C per 

minute; finally, the temperature was held at 800  °C for 

another 5 minutes. The resulting thermograms were analysed 

using Pyris Manager. 

Synthetic Methods 

Synthesis of 4-vinylbenzyl pyrrolecarbodithioate (VPC, 1) 

Sodium hydride (6.03 g, 0.25 mol) in anhydrous DMF (160 mL) 

was added to a degassed flask to give a grey suspension. 

Pyrrole (10.02 g, 0.15 mol) in anhydrous DMF (20 mL) was 

added drop-wise over 30 minutes to give a yellow foam. The 

solution was stirred for 30 minutes at room temperature then 

cooled to 0 ᵒC with an ice bath. Carbon disulfide (9 mL, 0.15 

mol) in anhydrous DMF (20 mL) was added drop-wise over 10 

minutes giving a dark red solution. The solution was stirred at 

0 ᵒC for 30 minutes then 4-vinylbenzyl chloride (22.27 g, 0.15 

mol) in dry DMF (20 mL) was added dropwise over 20 minutes 

giving a brown solution and the solution was stirred overnight 

at room temperature. The crude product was extracted using 

diethyl ether (80 mL) and water (80 mL). The mixture was 

placed in a separating funnel, the top organic layer was 

collected and the aqueous layer was washed three times with 

diethyl ether (3 × 100 mL). The organic extracts were 

combined, dried over magnesium sulfate and filtered. Diethyl 

ether was removed in vacuo yielding the crude product as a 

brown oil. The product was isolated via column 

chromatography eluted with petroleum ether, the first band 

was collected (Rf 0.78) and removal of the solvent in vacuo 

yielded the desired product as a yellow solid (35.0 g, 0.135 

mol) which was stored under nitrogen in the freezer (-18 °C). 

Elemental analysis found: C, 66.89 %; H, 5.76 %; N, 4.40 %; S, 

20.89 %. Expected: C, 64.83 %; H, 5.05 %; N, 5.40 %; S, 24.72 

%. ESI-MS expected m/z: 259.3, experimental m/z: 259.01H 

NMR (400 MHz, CDCl3) δ ppm: 4.60 (s, 2H, SCH2Ar), 5.25 – 5.28 

(dd, 1H, J = 10.8, 0.6 , H2C=CHAr), 5.73 – 5.77 (dd, 1H, J = 17.6, 

0.6 H2C=CHAr), 6.32 (t, 2H, J = 2.4 N(CH)2(CH)2), 6.70 (dd, 1H, J 

= 17.6, 10.8 H2C=CHAr), 7.37 (q, 4H, J = 6.8 H2C=CHAr), 7.75 (t, 

2H, J = 2.4 N(CH)2(CH)2). 13C NMR (400 MHz, CDCl3) δ ppm 

41.50 (CH2), 114.37 (H2C=CHBz), 126.01–137.36 (H2C=CHBz, 

H2C=CHBz and C(S)Py, multiplet), 199.28 (SC(S)Py).  νmax / cm-1: 

3290 (Py N-C), 2930 (CH2), 2150 and 1980 (N-C(=S)S), 1630 

(C=S), 1540 and 1460 (H2C=C), 1290 (Py, C=C), 1030 (S-C=S), 

910 (Bz, C=C), 690 (C-S) 
Synthesis of 4-vinylbenzyl dithiobenzoate (VDB) 

Magnesium turnings (1.80 g, 0.150 mol) were gently heated 

and stirred under nitrogen for 40 minutes. The flask was left to 

cool to room temperature, then bromobenzene (7 mL, 0.066 

mol) in THF (40 ml) was added dropwise over 30 minutes. The 

reaction was gently heated to instigate the exothermic 

reaction; the reaction was cooled using an ice bath as 

required. A grey solution was formed, which was left to stir for 

30 minutes at room temperature. Carbon disulfide (4 mL, 

0.066 mol) in THF (30 mL) was then added dropwise over 10 

minutes; a reaction colour change of grey to yellow to dark red 

was observed. The reaction mixture was cooled to 0 ˚C using 

an ice bath and stirred for 30 minutes. 4-vinylbenzyl chloride 

(9.5 mL, 0.067 mol) in THF (30 ml) was added drop-wise over 

10 minutes, the solution was allowed to warm to room 

temperature then stirred overnight. The reaction mixture was 

quenched using distilled water (80 mL) then the organic 

product extracted using diethyl ether (80 mL). The solutions 

were separated and the aqueous layer was washed with 

diethyl ether (3 × 100 mL). The organic extracts were 

combined and dried over magnesium sulfate then filtered and 

the solvent removed in vacuo yielding the crude product as a 

red oil. The crude product was purified by flash column 

chromatography eluting with ethyl acetate. The solvent was 

removed in vacuo yielding the product as a red oil (10.21 g, 

0.037 mol). The product was stored at -18 ˚C. Found: C, 70.99 

%; H, 5.24 %; S, 23.77 %. Expected: C, 71.06 %; H, 5.22 %; S, 

23.72 %. Expected m/z: 270.4, experimental m/z: 270.1. 1H 

NMR (400 MHz, CDCl3) δ ppm 4.58 (s, 2H, SCH2Ar), 5.29 – 5.26 

(dd, 1H, J = 10.8, 0.6 CH=CH2), 5.79 – 5.74 (dd, 1H, J = 17.6, 0.6 

CH=CH2), 6.72 – 6.67 (dt, 1H, J = 17.6, 2.9 CH=CH2), 7.57 – 7.33 

(m, 7H, Ar) 8.04 (m, 2H, Ar). 13C NMR (400 MHz, CDCl3) δ ppm 

42.24 (CH2), 114.40 (H2C=CHBz), 126.74 – 144.96 (H2C=CHBz, 

H2C=CHBz and C(S)Bz, multiplet), 227.75 (SC(S)Bz).  νmax / cm-1: 

2980 (CH2), 1730 (C=S), 1550–1460, 870 and 760 (Bz, 

aromatic), 1510 (H2C=C), 1040 (S-C=S), 680 (C-S). 
Synthesis of branched acrylic acid polymers using reverse addition 

fragmentation chain transfer (RAFT) polymerisation 

Acrylic acid (AA) was mixed with the required appropriate 

amount quantity of RAFT agent and initiator in dioxane (30 

mlmL) to give a polymer solution with the an initial 

monomer/RAFT agent ratio of 25/1, monomer/RAFT agent. 

The reaction mixture was then transferred to an ampoule (50 

mL) and subjected to 4 cycles of freeze-pump-thawing to 

degas the mixture. The ampoule was flame sealed and placed 

in a water bath to react at 60 ˚C for 24 hours. The thickened 

mixture was removed from the ampoule and precipitated into 

diethyl ether (500 ml). The solvent was decanted off and the 

polymer was washed with diethyl ether (100 ml) then 

dissolved in water and freeze dried to give a flaky powder. 

PAA-VPC: Yield 86%, 1H NMR (400 MHz, (CD3)2SO) δ ppm: 1.51 

(br s, backbone H), 2.20 (br s, backbone H), 6.32 (t, 2H, J = 2.4 

N(CH)2(CH)2), 7.75 (t, 2H, J = 2.4 N(CH)2(CH)2), 12.29 (br s, 1H, 

COOH). PAA-VBD: Yield 93%, 1H NMR (400 MHz, (CD3)2SO) δ 

ppm: 1.51 (br s, backbone H), 2.20 (br s, backbone H), 7.57 – 

7.33 (m, 7H, Ar) 8.04 (m, 2H, Ar) 12.26 (br s, 1H, COOH).  
Synthesis of fluorhydroxyapatite and hydroxyapatite varying 

poly(acrylic acid) additive 
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Samples of fluorhydroxyapatite and hydroxyapatite were 

prepared with 0.2 wt.% solutions of linear poly(acrylic acid) 

(PAA) with approximate molecular weights of either 9000 Da 

(E5) or 210000 Da (E11) and branched PAA made with CTA-1 

(VPC) and 2 (VBD). Control samples containing no PAA were 

also synthesised. Masses of chemicals used in each instance 

can be found in Table S2, the protocol for each synthesis was 

identical in each instance. 

A three necked round bottom flask (250 mL) was fitted with a 

condenser and a heat probe. The flask was charged with a 

solution of di-ammonium hydrogen orthophosphate 

((NH4)2HPO4, 4 g, 30 mmol) and poly(acrylic acid) 25 % solution 

of either E5 or E11 (0.8 g, 2x10-2 and 1x10-3 mmol respectively) 

in deionised water (100 ml) and heated to boiling while 

stirring. The solution was then adjusted to pH 10 by the 

addition of 32 % ammonium hydroxide solution and monitored 

with a pH probe. A solution of calcium chloride (CaCl2, 5.5 g, 50 

mmol) in deionised water (100 ml) was adjusted to pH 10 by 

the addition of 32 % ammonium hydroxide solution. The 

calcium solution was then added to the phosphate solution via 

a peristaltic pump over half an hour forming a milky 

suspension. The boiling suspension was left to stir for one hour 

at 85 oC°C, the heat was then turned off and the solution left to 

stir for 23 hours at room temperature. The suspension was 

then centrifuged until the solid had settled, the remaining 

solution was then decanted off and replaced with fresh 

deionised water. This washing step was repeated three times. 

Half of the sample was then resuspended in deionised water 

and stored while the other half was placed on a watch glass 

and dried overnight in an oven at 60 oC. The dried solid was 

ground in a pestle and mortar into a fine white powder then 

stored. Ammonium fluoride (NH4F, 0.23 g, 6 mmol) was 

included in the initial phosphate solution when synthesising 

fluorhydroxyapatite. Poly(acrylic acid) was not included in 

samples of fluorhydroxyapatite and hydroxyapatite (sample 

name FHA NoP and HA NoP respectively) to act as a control.  

Conclusions 

Hydroxyapatite and fluorhydroxyapatite particles were 

synthesised using a wet precipitation method including 

between 3–4 % poly(acrylic acid)s. Characterisation via TEM 

showed that the FHA samples were smaller than HA samples 

while XRD analysis concluded that the a parameter of FHA was 

smaller than HA, while the c parameter was longer. This was 

attributed to the fact that fluoride ions lead to a higher-

symmetry, lower volume unit cell in the apatite crystal 

structure than the hydroxyl ion. Rietveld and Pawley 

refinement of the XRD diffraction patterns showed the 

inclusion of polymer in the composite samples caused 

elongation along the 00l plane. The inclusion of linear 

polymers showed little to no effect on the particle 

morphology, while the hyperbranched samples showed 

decreased particle lengths and widths. However, the overall 

aspect ratio remained similar throughout, which was ascribed 

to an increased nucleation rate.17 This was the case for both 

the HA and FHA samples, although the FHA E11 sample 

produced an increased aspect ratio and micrographs showed 

acicular particles. The control samples containing no polymer 

were found to be more crystalline and showed less 

aggregation than the composite samples. Overall it was 

determined that fluoride substitution reduced particle size and 

the inclusion of polymer into the composite samples changed 

the intrinsic crystal lattice of the apatite crystallites. These 

observations have important implications for the predictable 

manufacture of nanoscale HA and FHA with distinctive 

morphological features, features that in turn have the 

potential to influence their behaviour in a range of medical 

device and consumer health products where nanostructured 

calcium phosphates are used increasingly in combination with 

polymers.  
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Diffusion-ordered NMR spectroscopy 
DOSY measurements were carried out using Bruker ledbpbgp2s_compensated program, modified to 

have 32 gradient steps. The pulse, delay sequence is shown below in Fig. S1.  

 

It is worth considering that DOSY can be affected by convection internally within the NMR tubes.
1
 

Studies have shown that this is less problematic for samples in deuterium oxide than for organic 

solvents such as chloroform or methanol.
1
 As such all measurements carried out in deuterated 

solvents used thin NMR tubes (0.2 mm diameter) to reduce this issue. Gradient strengths were 

calibrated to provide a diffusion coefficient of 1.91 x 10
-9

 m
-2

 s
-1

 at 298.15 K (gradients operated from 

95% to 5% using 16 points with a quadratic decay). The same bipolar LED sequence as for the sample 

measurements was used, with sine shaped gradient pulses and gradient strengths incremented 

between 0.28 and 5.19 G mm
-1

 in 16 steps equally spaced in gradient squared. 

 

NMR tubes were filled with 0.8 ml solution to a constant volume. One dimensional 1H experiments 

were recorded using 16 scans. 
1
H diffusion measurements were recorded using an LED sequence 

with bipolar gradients, with sine shaped gradient strength incremented between 0.28 and 5.19 G 

mm
-1

 in 32 steps equally spaced linearly. Data analyses were performed using TopSpin software 

version 3.5 (patch level 5). 

 

In order to ensure the accuracy of using the Stokes Einstein equation to get the hydrodynamic radius 

of the polymer within the NMR tube a correction factor was used regarding the solvent diffusion 

peak. A blank sample of D2O was scanned and gave a diffusion value of 1.914 x 10
-9

 m
2
 S

-1
. This 

measurement was repeated several times (n = 3) to ensure accuracy and found to vary by less than 

1%. The value is close to the previously measured values for D2O / H2O mixtures. The number was 

used to gauge both the diffusion and viscosity of the pure solvent, and then when the diffusion of 

the solvent with polymer was analysed the viscosity of the sample was determined thus: 

 

��ɳ� =	��ɳ� 

This correction ensured that all hydrodynamic radii calculated using Stokes-Einstein would be 

accurate. The diffusion values of these polymers were recorded and the hydrodynamic radius 

calculated (Figure S2 and Table S1). 
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Figure S1. Pulse sequence used for DOSY measurements.
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Figure S2. DOSY spectra for a) PAA-VBD and b) PAA-VPC. 

Table S1. DOSY experiment raw data (–logD) and calculated hydrodynamic radii. 

Sample Solvent Polymer Rh / nm 

D2O 8.7180 

  PAA-VDB 8.6850 10.3650 4.908 

PAA-VPC 8.7460 10.1100 2.371 
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Quantities for (F)HA synthesis 
Table S2. Masses of chemicals used in the synthesis of fluorhydroxyapatite and hydroxyapatite 

varying poly(acrylic acid) additive 

Sample 
CaCl2  

/ g 

(NH4)2HPO4    

/ g 

NH4F  

/ g 

E5      

/ g 

E11    

/g 

PAA-VPC   

/ g 

PAA-VBD  

 / g 

FHA-E5 5.551 3.993 0.234 0.812 --- --- --- 

FHA-E11 5.556 4.012 0.235 --- 0.813 --- --- 

FHA-NoP 5.553 4.003 0.231 --- --- --- --- 

FHA-PAA-VPC 5.561 3.992 0.234 --- --- 0.202 --- 

FHA-PAA-VBD 5.546 4.031 0.232 --- --- --- 0.207 

HA-E5 5.552 3.997 --- 0.804 --- --- --- 

HA-E11 5.557 4.011 --- --- 0.811 --- --- 

HA-NoP 5.555 4.001 --- --- --- --- --- 

HA-PAA-VPC 5.543 3.999 --- --- --- 0.203 --- 

HA-PAA-VBD 5.577 3.987 --- --- --- --- 0.208 
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Additional TEM Images 
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