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Abstract

Hydroxyapatite, which is the main mineral phase of mammalian bone, occurs

in the form of small bricks of colloidal size organized in a way that leaves

room to micro-and mesopores. These pores are filled with an electrolyte and

confined fluids are recognized for manifesting different dynamical and struc-

tural behaviors when compared to bulk fluids. Research on other nanoporous

materials reported that confinement may have repercussions on the effective

the thermal properties of these materials. Understanding the physical ori-

gin of thermal expansion and heat capacity as a function of the hydroxyap-

atite porosity is, therefore, crucial to predict the thermo-mechanical behav-

ior of bone. Molecular dynamics simulations of hydroxyapatite nanopores

(2 nm ≤ H ≤ 16 nm, where H is the size of the nanopore) in contact with liquid

water have been used to determine the effect nanoporosity and water confine-

ment on the heat capacity and thermal expansion of this important biomaterial.

At temperatures corresponding to in vivo conditions, the thermal expansion of

water confined in nanopores smaller than 6 nm was is solid-like but becomes

liquid-like in larger nanopores. The heat capacity of confined water exhibits a

maximum at pore sizes of approximately 7 nm. An up-scaling strategy taking
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into account the anomalous behaviour of nanoconfined water is then proposed

to determine the effective heat capacity and the effective heat of hydroxyapatite

expansion as a function of its porosity, and to predict regions of variability,

compared with the bulk, in the thermal properties of porous hydroxyapatite.

Keywords: Hydroxyapatite; Confined water; Thermal expansion; Specific

heat; Molecular dynamics; Homogenization.

1. Introduction

Properties such as thermal expansion and heat capacity characterize the

behavior of mammalian bone under varying temperature conditions. In fact,

despite it is often assumed that bone is subject to small temperature variations,

even subtle differences between the bone surface and deep-body zone tempera-5

tures might impact the local metabolism [1]. Moreover, orthopedic [2, 3, 4, 5]

and odontological [6] interventions can to produce significant thermal effects.

For instance, Jacobs et al. [6] observed temperature rises of at least 5◦C in

both graft bed and bone with dental burrs, and Krause et al. [3] reported

clinical tests during total joint replacement operations in which temperatures10

exceed 200◦C when irrigation was not used. Temperatures above 45◦C were re-

ported to cause thermal osteonecrosis [4, 5]. The recognition of the importance

of these thermal effects goes back to Hippocrates’ recommendation (500 BC)

of frequently plunging the tools into cold water when trephining discs of bone

from the skull to prevent the heating of the material [2, 7]. Healing following15

bone surgery may be delayed if the bone cells are injured by thermal effects [8].

From another perspective, thermal stimulation of tissues aiming at inducing lo-

calized necrosis has been proposed as a therapeutic tool [9]. However, relatively

few experimental and theoretical studies have been concerned with the thermal

properties of bone.20

As the main constituent inorganic phase of mineralized tissue found in mam-

malian bone, tooth enamel and dentin, Hydroxyapatite (HAP), Ca10(PO4)6(OH)2,

can be used as a proxy to study the thermal properties of bone. In these tissues,

2



HAP occurs in the form of small ‘bricks’ of colloidal size [10, 11] organized in

a way that leaves room to pores sizes ranging from 2 to 24 nm [12] in contact25

with body fluid. This was for example showed using high resolution transmission

electron microscopy (TEM) and electron diffraction as well as 3D stereoscopic

TEM [10], and further confirmed by atomic force microscopy [11]. Confined

water manifests different dynamical and structural behaviors when compared

to bulk fluids (e.g. [13]), and research on other porous materials showed that30

nanoconfinement may have repercussions on their effective thermal properties

[14, 15, 16, 17, 18, 19].

The molecular dynamics (MD) simulation technique is particularly suited to

assess the behavior of water confined in nanopores as it allows the quantification

of interatomic forces and atomistic phenomena responsible for the anomalous35

behaviour of water, which otherwise would be difficult to probe experimentally,

especially at the temperature and pressure corresponding to in vivo conditions

[20]. Recent works of the authors using MD revealed important aspects of the

structure and dynamics of water in HAP-water nanopores [21, 22, 23, 24], in-

cluding the mechanisms controlling the anisotropic diffusion of water molecules40

within nanopores [25].

We anticipate that nanoporosity could also have a significant effect on the

thermal properties HAP, but despite its importance in biomechanic applications,

to the best of the authors’ knowledge, no experimental or theoretical data is

available regarding the role of nanoporosity on the thermal expansion and heat45

capacity. In this work, the MD technique has been applied to compute the

thermal expansion and heat capacity of bulk HAP and HAP-water nanopores

with pore sizes ranging from 2 to 16 nm, and to quantify the effect of water

nanoconfinement on the thermal properties of hydroxyapatite. An upscaling

strategy based on homogeneization techniques is then used to link the anomalous50

thermal behaviour in HAP-water nanopores to the effective thermal expansion

and effective heat capacity of HAP, as a function of its porosity.
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2. Methods

2.1. Heat capacity and thermal expansion from molecular dynamics simulations

At the nanoscopic level, the heat capacity of a material is related to the

vibrational modes of atoms (phonons) and the thermal expansion to the anhar-

monicity of the lattice interaction potential [26]. The heat capacity at constant

strain Cε quantifies how the internal energy U changes with temperature T :

Cε =

(
∂U

∂T

)
εij

, (1)

where εij are the components of the second-order Lagrangian deformation tensor

ε which is symmetric and associated with a reference volume V0. In this paper,

we adopt the convention that the subscripts as i, j and k, which vary from 1 to

3, correspond to the Cartesian coordinates x,y and z, respectively (see Fig. 1).

So, the indices 1, 2 and 3 map to x,y and z respectively. For a unit cell, the

deformation tensor is defined by:

ε =
1

2

[
h−T

0 hThh−1
0 − I

]
, (2)

where h0 and h are two tensors associated with the metric of the reference and55

deformed unit cell, respectively, I is the unit tensor, and the superscript [?]T

denotes the transpose operator. Note that the unit cell is periodically repeated

to fill all space whose the form and the volume are completely arbitrary but

described by the 3 vectors a,b and c that span the edges of the unit cell. This

description can be obtained by arranging the vectors as {a,b, c} to form a (3,3)60

matrix h whose the columns are the components of a,b and c (see Fig. 1) in

this order.

The heat capacity at constant stress Cσ quantifies how the enthalpy changes

with the temperature:

Cσ =

(
∂H

∂T

)
σij

=

(
∂(U + V0Tr(σε))

∂T

)
σij

, (3)

where σ is the second-order Cauchy stress tensor which is symmetric and whose65

the components are denoted by σij [27, 28, 29, 30] and Tr denotes the trace
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operator of a tensor. The second-order thermal expansion tensor α, which

is symmetric and defined by these components αij , quantifies how the strain

changes with the temperature under a constant stress:

αij =

(
∂εij
∂T

)
σij

. (4)

The heat capacities Cσ and Cε, and the elements of the thermal expansion70

tensor are related by the following expression [31]:

Cσ − Cε = V0TCijklαijαkl, (5)

where Cijkl is the fourth-order elastic stiffness tensor which is symmetric. In this

paper, the Einstein summation convention is used which implies a summation

over a set of indexed terms in a formula.

The heat capacities and the thermal expansion tensor have been computed75

from MD simulations using the fluctuation-dissipation formula. The fluctuation

of two dynamical variables A and B is given by 〈δA × δB〉ens = 〈AB〉ens −

〈A〉ens〈B〉ens, where the operator 〈δ?〉ens denotes an ensemble average. In the

isotension-isothermal (NσT) ensemble, the constant stress heat capacity can be

computed from the fluctuations of the enthalpy H [32]:80

Cσ =
〈δH2〉NσT

kT 2
, (6)

where k is the Boltzmann constant. In the isotension-isothermal (NσT) en-

semble, the thermal expansion tensor can then be computed from the cross

fluctuations of the strain and the enthalpy [27, 28, 30]:

αij =
〈δεij × δH〉NσT

kT 2
. (7)

The heat capacity at constant strain Cε can then be computed using Eq. (5).

Fluctuation-dissipation formula are particularly advantageous if one is inter-85

ested in compute various properties or tensorial properties from a single simu-

lation.
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Figure 1: Snapshot of configuration of bulk HAP and HAP-water systems with H = 2 nm

and H = 6 nm. For reference, the Cartesian coordinates (x,y, z) and crystallographic (a,b, c)

frames are also shown.

2.2. Simulation details

The atomic structure of HAP was obtained from the hexagonal with P63/m

space group cell parameters of Sudarsanan and Young [33]. The simulation box90

is generated by stacking this unit cell 3 times in each in-plane direction and 4

times in out-of-plane direction (see Fig. 1), which results in a total number of

atoms in the HAP solid layer of NHAP = 1584 atoms.

For simulation of nanoporous HAP-water systems, HAP platelets were stacked

with a surface-to-surface spacing along c-direction varying from 2 to 16 nm. The95

{0001} surface of HAP, which is the dominant surface in the thermodynamically-

stable morphology [34], was considered as the basal plane. The slit pore was

filled with water molecules at an experimental density of 1 g.cm−3, which is

close to the density of SPC/E water at ambient conditions.

The interatomic potential proposed by de Leeuw and co-workers [35, 36] to100

model crystalline apatite was used for HAP. In this force field, non-bonded inter-

actions are described by Buckingham potentials, phosphate and hydroxyl group

bonds as the sum of a Morse and a Coulombic potential, and phosphate bond
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angles by a harmonic potential. The polarizability of oxygen anion in the phos-

phate and hydroxyl groups is described by a core-shell model. In HAP-water105

systems, water were modeled using the extended single-point charge (SPC/E)

water model [37], and HAP-water interactions were described using non-bonded

potentials derived in previous MD studies [38, 39].

MD simulations were performed using DL POLY 4.05.1 code [40]. The sys-

tems were first equilibrated in the microcanonical (NVE) ensemble for 1 ns.110

Then, a first isotension-isothermal (NσT) run during 1ns was performed to equi-

librate the system under a pressure of 1 atm and at a fixed temperature (from

290 to 330 K). The Nosé-Hoover thermostat and barostat, at relaxation time

500 fs for both, were used. Smoothed Particle Mesh Ewald (SPME) method with

the acceptable relative error of 10−6 were employed to compute the long-range115

electrostatic interactions.

In order to verify the convergence of the estimations of the heat capacity

and coefficients of thermal expansion, in the production phase the system was

sampled for 2 ns in NσT ensemble (timestep of 1 fs). Figure 2 displays the

fluctuations of the enthalpy, volume and deformations according to the in- and120

out-of-plane directions. To compute the deformations, the reference cell pa-

rameters defined via h0 (see Eq. (1)) were determined from the average at zero

tension in NσT ensemble (i.e. in a state in which the deformation vanishes [41]).

After approximately 1 ns the fluctuations yield smooth Gaussian distributions

as shown in Fig. 2. From the estimations of the heat capacity, the isother-125

mal compressibility and the coefficients of thermal expansion, we assume that

a simulation run of 1 ns in isotension-isothermal ensemble captures the normal

distribution of the thermodynamic quantities (a)-(c) and is enough to converge

the results of the computed properties (d)-(f).

In this study, the pore size H is defined as the projection of c vector on130

the z-direction minus the effective thickness hHAP of the solid HAP [21]. Fol-

lowing the definition of effective thickness and pore size used for other layered

materials [42], hHAP is defined as the distance between the center of the out-

most oxygen (the out-most species in HAP surface) in each exposed HAP sur-

7



Table 1: Details of HAP-water systems. The number of atoms in HAP solid layer is NHAP

= 1584.

H (nm) 〈H〉 (nm) Nw

2 1.86 455

3 2.98 682

4 3.83 910

6 6.11 1363

8 7.97 1823

10 10.09 2276

12 12.16 2732

16 16.73 3650

face projected on z-direction plus twice the van der Waals radius of oxygen135

(rO =0.152 nm). Correspondingly, the average pore size 〈H〉NσT is computed

by: 〈H〉 = 〈c.z〉NσT − 〈hHAP 〉NσT . Table 1 displays the number of water

molecules Nw for each target pore size H.

3. Results140

3.1. Bulk HAP

Table 2 reports the heat capacity Cσ, the coefficients of the thermal expan-

sion tensor αii, and the isothermal compressibility κ of bulk HAP computed

from MD simulations at 300 K and compared to theoretical and experimental

values reported in the literature. To obtain further validation of our atomistic

model, we also computed the components of elastic stiffness tensor using the

Parinello-Rahman fluctuation equation [43]:

Cijkl =
kT

〈V 〉NσT
[〈δεij × δεkl〉NσT ]

−1
.

The representation adopted in this paper is called the Voigt’s representation

in which the new indexes I et J vary in the set {1, ..., 6} such as I = (i, j) and
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Figure 2: Convergence of thermodynamic quantities in bulk HAP at 310 K and under 1 atm.

At left, the fluctuations of the (a) enthalpy, (b) volume, and (c) deformation along the x

(11) and z (33) directions. At right, the variation of the (d) heat capacity, (e) isothermal

compressibility (obtained from the fluations of the volume by [32]: κ =
〈V 2〉NσT
kTV

), and (f)

coefficients of thermal expansion. For the latter, all components of the tensor α, computed

from the fluctuations of the deformations with Eq. (7)) as well as its trace are reported shown.
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Table 2: Heat capacity Cσ , coefficients of the tensor of thermal expansion αii and isothermal

compressibility κ, and components of stiffness tensor C11, C22 and C33 (Voigt notation) of

bulk HAP at 300 K and under 1 atm. For comparison, results from the literature concerning,

except otherwise indicated, experimental evaluation of hexagonal HAP at 300 K are provided.

This work Other works

Cσ (J.kg−1.K−1) 875±72 768 [44]; 765 (298 K) [45]

690 (MD 298 K) [46]

632 (MD monoclinic 298 K) [46]

α11 (×10−5 K−1) 0.68±0.50 0.39 [47]

α22 (×10−5 K−1) 1.38±0.81 -

α33 (×10−5 K−1) 1.31±0.32 1.86 [47]

(1/3)× Tr(α) (×10−5 K−1) 1.13±1.01 1.82 (monoclinic 298 K) [48]

C11 (GPa) 97 140.0 [49] (ab initio); 117.1 [50]; 166.7 [51]; 115 [52]; 135 [53]

C22 (GPa) 93 134.8 [49] (ab initio)

C33 (GPa) 120 174.8 [49] (ab initio); 231.8 [50]; 139.6 [51]; 125 [52]; 172 [53]

κ (GPa−1) 0.013±0.004 0.0118 [49] (ab initio); 0.012 [50]; 0.016 [52]; 0.011 [53]

J = (k, l) where the indices i, j, k and l vary in the set {1, ..., 3}. The relation

between these indices is the following 1 = (1, 1), 2 = (2, 2), 3 = (3, 3), 4 =145

(2, 3), 5 = (1, 3) and 6 = (1, 2).

There is a general good agreement between the properties obtained from our

simulations and the experimental values, which corroborates the transferability

of the empirical force fields for HAP proposed by de Leeuw and co-workers

[35, 36] for the computation of thermal properties.150

Figure 3 shows the temperature dependence of the heat capacity at constant

stress Cσ, isothermal compressibility κ, and elastic stiffness constants C11, C22

and C33 (Voigt notation) of bulk HAP under 1 atm. In the range of temperature

considered (290 up to 330 K), which correspond to in vivo conditions, these

properties can be treated as constant.155

On the other hand, in the same temperature range the diagonal elements

of thermal expansion tensor, αii, display a significant temperature dependence,
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Figure 3: Temperature dependence of (a) the heat capacity at constant stress Cσ , (b) the

isothermal compressibility κ and (c) the elastic constants C11, C22 and C33 (Voigt notation)

under 1 atm.

as shown in Fig. 4 (a). The inset in Fig. 4 (a) shows the principal directions

of the tensor of thermal expansion computed from the eigenvalues of α. In a

comparison with the values of the coefficients of thermal expansion in the x160

(11), y (22) and z (33) directions, it can inferred that these are the principal

directions, as expected for a crystal with hexagonal symmetry. This observa-

tion is corroborated by Fig. 2 (f), where the off-diagonal terms of the thermal

expansion tensor fluctuate around zero after approximately 1 ns, i.e. when the

simulation converges.165

We observe thermal contraction for temperatures exceeding approximately

315 K. The origin of this thermal contraction can be attributed to specific

vibration modes observed in layered crystals. The Grüneisen parameter γG,ij

quantifies the anharmonicity of the interactions in crystals and can be computed

from the heat capacity, Cσ, the thermal expansion, αij , and the elastic stiffness170

constants, C11, C22 and C33 (Voigt notation) [54]:

γG,ij =
V

Cσ
Cijklαkl. (8)

For hexagonal crystals, there are only two independent Grüneisen parame-

ters [55]: the in-plane γG,11 = γG,22 and the out-of-plane γG,33 parameters (the
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basal plane is defined with respect to the {0001} surface). In fact, the results

in Fig. 4 (b) shows that the in-plane Grüneisen parameter are approximately175

equal. On the other hand, the out-of-plane γG,33 parameter is larger between

290 and 300 K, where there is greater anharmonicity in the z-direction than

in-plane directions. At 310 K, the anharmonicity in all direction are similar and

between 320 and 330 K the in-plane direction displays greater anharmonicity

than the out-of-plane direction. In Fig. 5, the pair distribution functions of180

HAP computed at 290 and 300 K suggest that the thermal contraction in bulk

HAP is associated with a slightly increase of the inter-atomic distances between

the hydroxyl oxygens (c), and between the phosphate oxygens (d).

Negative Grüneisen parameters have been observed in layered crystals, due

to membrane effects [56], and in amorphous minerals [57], and they can be185

attributed to a lateral compression following a strong expansion in the nor-

mal direction; this corresponds to Poisson’s compression [58]. Non-monotonous

thermal expansion coefficients of HAP-β-tricalcium phosphate ceramics have

also been reported in experiments [47].

3.2. HAP-water nanopores190

Figure 6 reports the heat capacities at constant stress, Cσ, of nanoporous

HAP-water systems as a function of the pore size H, computed at conditions

of 310 K and 1 atm. The continuous red line corresponds to results obtained

using the mixture rule:

Cσ = fHAPCσ,HAP + (1− fHAP )Cσ,W ,

where Cσ,HAP = 906 J.kg−1.K−1 (see Tab. 2) and Cσ,SPC/E = 4513 J.kg−1.K−1

[59] are the bulk values of bulk HAP and SPC/E water (dashed line) at 310 K,

respectively, and fHAP is the volume fraction of solid HAP computed from the

average pore size (see Section 2.2):

fHAP = 1− φ = 1− 〈H〉
|| c ||

,

where is φ the porosity.
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Figure 4: Temperature dependence of (a) the coefficients of thermal expansion and (b) the

Grüneisen parameters of bulk HAP under 1 atm. The inset shows the principal values

αp,11, αp,22 and αp,33 of the coefficient of thermal expansion.

The heat capacity of nanoporous HAP computed from the MD simulations,

CMD
σ , is larger than the values estimated from the mixture rule with heat ca-

pacity of bulk HAP and SPC/E water. Consequently, confinement significantly

alters the heat capacity of water.195

Using the CMD
σ values computed from MD simulations, we estimated the

heat capacity of confined water Cσ,conf using the mixture rule

Cwσ,conf =

(
CMD
σ − fHAPCσ,HAP

)
(1− fHAP )

, (9)

(dotted blue line in Fig. 6). The heat capacity of confined water reaches a

maximum for the pore size of 6 nm. This non-monotonous variation is closed

to the to value of 7 nm measured experimentally in nanoporous silica [14, 15]200

and, according to Etzler and co-workers [16], is due to the bimodal distribution

of single molecules enthalpies in liquid water [14, 15].

When compared with the bulk, the excess of the heat capacity of confined

water is on the order of 1000 J.kg−1.K−1. The effects of confinement on the
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tion of the pore size H within in vivo (310 K and 1 atm) conditions. Full lines display

the results of a mixture rule with the bulk values of the heat capacity of HAP at 310K of

Cσ,HAP =906 J.kg−1.K−1 and SPC/E water (dashed line) of Cσ,SPC/E=4513 J.kg−1.K−1

[59]. The dotted line display the estimations of the heat capacity of confined water Cσ,conf

computed from the mixture rule: Cσ,conf =
(
Cσ − fHAPCσ,HAP

)
/(1 − fHAP ).

heat capacity of water in nanoporous HAP are not negligible and, therefore, are205

critical in relevant upscaling modeling approaches.

The coefficients of thermal expansion of HAP-water systems computed at the

conditions of 310 K and 1 atm are presented in Fig. 7 as a function of the pore

size H. As observed in nanoporous silica [17], the thermal expansion of confined

water also depends on the pore size. Here, we also observe that the thermal210

expansion in the out-of-plane direction is close to the thermal expansion of bulk

HAP to pore sizes H up to 6 nm. In this case, nanoporous HAP exhibits a out-
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Figure 7: Coefficients of thermal expansion of nanoporous HAP-water systems as a function

of the pore size H within in vivo (310 K and 1 atm) conditions.

of-plan thermal expansion typical of a solid close to 10−5 K−1. On the other

hand, larger pores exhibit the thermal expansion in the out-of-plane direction

governed by the thermal expansion of water. In this case, nanoporous HAP215

exhibits a out-of-plan thermal expansion typical of a liquid like water close to

10−4 K−1. This dependence of the thermal expansion on the pore size is likely

to impact the macroscopic (effective) thermal expansion of HAP-rich materials

and may be used to explain non-linearities in the thermal expansion observed

experimentally in porous HAP [60].220
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3.3. Upscaling the Heat Capacity and Thermal Expansion of HAP

In this section, we present an upscaling strategy to determine the effective

heat capacity and effective thermal expansion of porous HAP using as input

parameters the heat capacities and the thermal expansion coefficients obtained

using MD simulations of HAP-water nanopores.225

The heat capacity can be extrapolated from other water contents by a rule

of mixture because volume (or mass for specific heat capacities) and energy are

extensive thermodynamic quantities. However, the significant dependence of the

heat capacity on the pore size raises the issues of which value should be adopted

in the upscaling procedure. Figure 8 (a) shows the domain of variability of the230

effective heat capacity of porous hydroxyapatite as a function of the porosity at

310 K and under 1 atm. The the heat capacities of bulk water and of confined

water within the 6 nm HAP nanopore were used to define the lower- and upper

limits of this domain.

Up-scaling the coefficient of thermal expansion is more complicated than a235

simple rule of mixture due to the tensorial nature of this property and the de-

pendence on the microstructure. Analytical homogenization techniques present

a consistent framework to upscale various intensive quantities and transforma-

tion fields resulting of temperature changes [61]. Here, we adopt the simple

Voigt (αeffV ) and Reuss (αeffR ) formulas to estimate the effective coefficient of240

thermal expansion [62]:

αeffV =

〈
1

9KV
Cp,iiklαp,kl

〉
Σ

,where KV =

〈
1

9
Ciijj

〉
Σ

, (10)

αeffR =

〈
1

3
Tr(αp)

〉
Σ

, (11)

where the subscript p stands for a phase in the composite and the operator

〈?〉Σ stands for a volume average over the representative elementary volume Σ.

Voigt and Reuss estimations assume constant strains and constant stresses, re-

spectively. These estimates correspond to the bounds of the effective properties245

17



0 

10 

20 

30 

40 

50 

60 

0 0.2 0.4 0.6 0.8 1 

 E
ff

ec
tiv

e 
C

oe
ff

. o
f t

he
rm

al
 e

xp
an

si
on

 (1
0-5

 K
-1

) 

Porosity (-) 

Voigt 

Reuss 

VRH approx. 

0 

1000 

2000 

3000 

4000 

5000 

6000 

7000 

0 0.2 0.4 0.6 0.8 1 

 E
ff

ec
tiv

e 
H

ea
t C

ap
ac

ity
 C
σ (

J.
kg

-1
.K

-1
) 

Porosity (-) 

Bulk SPC/E 

Bulk HAP Tr(α)/3 

Bulk SPC/E 

Bulk HAP Tr(α)/3 

According to the 
anomalous heat capacity 

of confined water 
(4 ≤H ≤ 8) 

According to 
the bulk heat 
capacity of 

water 

According to 
liquid water 

According to ice-
like water 

αV
eff +αR

eff( ) / 2

Figure 8: Estimations of the effective (a) heat capacity at constant stress and (b) the coeffi-

cients of thermal expansion of saturated HAP-water systems as a function of the porosity at

T = 310 K and P = 1 atm conditions.

of composites. Figure 8 (b) displays the domain of variability of the effec-

tive coefficients of thermal expansion as a function of the porosity according to

these limities, and the particularities of the thermal expansion of confined water

within in vivo conditions.

4. Discussion250

Capturing the physical origin of the heat capacity and thermal expansion of

bulk HAP. The heat capacities computed from MD simulation and fluctuation

formulas are in agreement with experimental values reported for solid HAP.

This corroborates the transferability of HAP empirical force fields proposed by

de Leeuw and co-workers [35, 36] to compute the thermal properties of this255

material. The anisotropic nature of the thermal expansion of bulk HAP was

quantified at temperatures corresponding to in vivo conditions, and negative

(principal) coefficients of thermal expansion of bulk HAP were observed for

temperature exceeding 310 K. This represents the first observation of thermal
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contraction of HAP at temperatures relevant to in vivo conditions.260

Nanoconfinement affects the heat capacity and thermal expansion of HAP-water.

HAP-water nanoporous systems have an effective heat capacity that exceeds the

estimates obtained using the heat capacity of bulk water. Our predictions show

a non-monotonous behavior for the heat capacity of confined water with a max-

imum value for a pore of approximately 7 nm, which is in agreement with the265

heat capacities obtained for other nanoporous materials [16]. The differences

between the heat capacities of bulk water and of water confined in the 7 nm

nanopore is very large (1000 J.kg−1.K−1) and could be the origin of the variabil-

ity of macroscopic heat capacity observed experimentally in HAP-rich materials.

Similarly, the thermal expansion of confined water exhibited a dependence on270

the confinement. The coefficients associated with the thermal expansion of

HAP-water nanoporous system in the out-of-plane direction are close to the

thermal expansion of bulk HAP (close to 10−5 K−1) up to nanopores of 6 nm;

for larger pores the out-of-plane thermal expansion coefficients corresponds to

the the thermal expansion of bulk water (close to 10−4 K−1). This dependence275

on the confinement is expected to impact the macroscopic (effective) thermal

expansion of HAP-rich materials.

Nanoscale origin of the variability of thermal properties in porous HAP. Homog-

enization techniques were used to upscale the heat capacity and the coefficients

of thermal expansion of HAP-water nanoporous. The anomalous behavior of280

confined water leads to significant variability at the macroscopic scale in the

thermal properties of HAP materials. This finding indicates that nanoscale

processes such as the confinement dependency of water properties are crucial

to understand and quantify the variability of properties observed in HAP-rich

materials as well as other nanoporous materials. Further, since the confined285

water properties are pore-size related, experimental measurements of heat ca-

pacity and coefficient of thermal expansion provide information on the micro-

and mesopore size distributions in HAP.
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5. Conclusion

The heat capacity and thermal expansion of bulk HAP and HAP-water290

nanoporous systems have been computed by means of MD simulations. These

thermal properties are crucial to predict the thermo-mechanical behavior of

bones and other HAP-rich materials. The simulations were used to assess the

effects of temperature in bulk HAP and of confinement in HAP-water thermal

properties. This work contributes towards a better understanding of the fac-295

tors affecting the thermo-mechanical behavior of bones. The identification of

nanoscale phenomenon related to the confinement of water as a source of the

property variability can be transferred to the study of other nanoporous ad-

sorbing materials. As body fluid and natural water is rich in ions, further work

will consider the role of dissolved ions in confined water and their effect on the300

macroscopic thermal properties of HAP-electrolyte systems.
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