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Abstract  Molecular dynamics simulations were performed to study the surface proper-
ties of water in a temperature range from 228 to 293 K by using the extended simple point 
charge (SPC/E) and four-site TIP4P potentials. The calculated surface tension increases 
with the decrease of temperature, and moreover the slopes of the surface ten-
sion-temperature curves show a weak rise below 273 K, whereas no obvious anomalies 
appear near 228 K, which accords with the previous experiments. Compared with the 
measured values, the SPC/E potential shows a good agreement, and the TIP4P potential 
underestimates the surface tension. The main reason for that may be the reasonable de-
scription of the surface structure of supercooled water for the SPC/E. When simulating the 
orientational distributions of water molecules near the surface, the SPC/E potential pro-
duces higher ordering and larger surface potentials than the TIP4P potential.  

Keywords: surface tension, supercooled water, molecular dynamics simulation. 

Liquid-vapor interface has aroused wide research interest in experimental and theo-
retical fields in recent several years because of its importance in physics, biology and 
environmental science[1―5]. As a transition phase between the two bulk systems, liq-
uid-vapor interface displays different physical and chemical properties. In particular, wa-
ter, the most popular liquid in nature, has especially large surface tension compared to 
some simple liquids owing to the hydrogen-bonding structure at the surface. Therefore, 
the better understanding of thermodynamic and dynamic properties associated with liq-
uid-vapor interface requires a molecular-level investigation of surface structure. 

Molecular dynamics (MD) simulation is one of the effective methods to study interfa-
cial phenomena in molecular level[6]. In the past decade, the surface properties of water 
have been subjected to extensive investigation by MD method using various interaction 
potentials[7―9]. Guissani and Guillot studied the liquid-vapor coexistence curve of SPC/E 
water and discussed the relationship between the structural change of water molecules 
and the slope of the liquid-vapor coexistence curve[7]. Wilson et al. simulated the surface 
tension and surface potential of water at 325 K for the TIP4P model[8]. The corrected 
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value of the surface tension is 59 mNm−1, which is 13% smaller than the experimental 
results. And the calculated surface potential has reasonable magnitude but opposite sign. 
Alejandre et al.[9] investigated the liquid-vapor equilibrium of water in the range of 316―
573 K by using the SPC/E model with the Ewald sum. The simulated surface tensions are 
in good agreement with the experimental results, which suggests that the SPC/E model is a 
more effective potential function for studying the liquid-vapor interface of water. 

It is noted that most studies on the surface properties of water concentrate on high 
temperature region, and less attention is paid to supercooled water. Although Matsumoto 
and Kataoka[10] studied the surface properties of water in a wide temperature range from 
250 to 400 K with MD method, including surface tension, surface excess energy and 
orientational structure near the surface, the simulated surface tensions are 50% smaller 
than the experimental values, and moreover, the specific surface entropy ss 
( s d d ,s Tγ= −  γ is the surface tension, T the temperature) diminishes monotonously 
with the decrease of temperature in the supercooled region, which is contradictory to the 
experimental results by Floriano et al.[11]. Floriano et al.[11] measured the surface tension 
of water using a small-sample capillary rise method down to 245.8 K and the results 
showed that ss is inclined to increase below 273 K. Therefore, it is necessary to investi-
gate the surface tension of supercooled water in detail. 

In this paper, we report a study on the surface properties of supercooled water down to 
228 K with a classical MD method, and the behaviors of the surface tension and surface 
structure in the supercooled region are discussed.  

1  Simulation method 

During the simulations, the SPC/E and 4-site TIP4P potential functions are utilized. 
The interaction between two water molecules is a combination of Lennard-Jones 6-12 
potential function and Coulomb potential: 

 
12 6

( ) 4 ij ij i j
ij ij

ij ij ij

q q
U r

r r r
σ σ

ε
⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥= − +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

, (1) 

where rij is the distance between atom i and j in two different molecules; qi and qj are the 
charges of atom i and j; εij and σij are Lennard-Jones parameters. The potential parame-
ters for the SPC/E and TIP4P models are given in Table 1. 

Table 1  Molecular potential parameters for the SPC/E and TIP4P potential functions[12,13] 

 SPC/E TIP4P 
rO-H (Å) 1.0 0.9572 
∠HOH (deg) 109.47 104.52 
σ (Å) 3.166 3.154 
ε (kJ·mol−1) 0.6502 0.6481 
qO (e) −0.8746 0 
qH (e) 0.4238 0.52 
qM (e) 0 −1.04 
rO-M (Å) 0 0.15 
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The simulation domain is schematically shown in Fig. 1. Periodical boundary condi-
tions are applied in the three coordinate directions. The simulation system consists of 512 
water molecules. The simulation is performed with a time step of 2.5 fs, and the simula-
tion temperature ranges from 228 to 293 K. The short-range potential cutoff is 9.8 Å. At 
each temperature, the bulk water system without liquid-vapor interface is equilibrated at 
first and then the z dimension of the simulation cell is increased to 100 Å in order to form 
two liquid-vapor interfaces. The new system is equilibrated in a NVT ensemble ranging 
from 105 to 5×105 time steps with the decrease of simulation temperature. The production 
runs of 105 time steps are required to calculate the surface properties accurately. All of 
the codes run in HP-rx2600 system at Center for High Performance Computation of 
NPU.  

 
Fig. 1.  Simulation cell. Lz = 100 Å for N = 512. The middle part is liquid water and vapor phase is fixed in each 
side. 

In the MD simulations of dipolar fluids such as water, the long-range electrostatic in-
teractions play an important role and cannot be neglected. Therefore, the Coulomb poten-
tial consists of two parts: short-range and long-range forces. The Ewald sum is an effec-
tive way to calculate the ionic interaction and it can embody the long-range force in a 
simulation with periodic boundaries[14]. By means of the Ewald sum, the total Coulomb 
potential UCoul is given by 
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where V is the volume of simulation cell, h the reciprocal lattice vector, κ (= 5.6/Lx) the 
convergence factor, erfc(x) the complementary error function, ( ) exp( )ia ia

i a
S h q ih r= ⋅∑∑  

and iajb ia jbr r r= − . In the simulations, a cutoff is also imposed on the h-space, and the 

maximum reciprocal lattice vectors are given by max max| | | | 5x yh h= = . Because the size of 



A molecular dynamics study on surface properties of supercooled water 619 

 

simulation cell in the z-direction is lengthened, the maximum of max| |zh  should be in-
creased accordingly and is equal to 15 in this work. 

2  Results and discussion 

2.1  Density profiles 

In order to observe the formation of liquid-vapor interface, the distribution of number  
density along z coordinate is calculated. The simulation cell is divided into slabs with  
0.25 Å thickness, and molecule number is statistically averaged in each slab. The density  
profiles at 233 and 293 K for the SPC/E and TIP4P potentials are shown in Fig. 2(a) and  
(b) respectively. There exists obviously a continuous density drop between the bulk liq- 
uid and vapor phases, indicating that the liquid-vapor interface forms. The density pro- 
files at every temperature are found to fluctuate around the bulk density. The amplitude  
of this fluctuation reaches a maximum at the liquid/vapor interface and then falls into  
oscillations with a weak decay in liquid region. Moreover, the fluctuation becomes more  
and more pronounced with the decrease of temperature, as shown in the insets of Fig. 2.  
The oscillatory density profile is a result of surface layering structure which is often ob- 
served in some liquids with low melting point and regarded as a simple geometrical re- 

 
Fig. 2.  Density profiles at 293 K (open circles) and 233 K (dots) for the SPC/E and TIP4P potentials. The solid 
lines are the fitting results according to the hyperbolic tangent function. The insets show the enlargement of liquid 
density profiles. 
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sponse to a sharp interface with a short-range correlation. At the free liquid surface, the  
capillary wave associated with the long-range correlation often suppresses the inho- 
mogeneity of density profile and damps the oscillation. Its effect on the surface layering  
depends on the transverse size. In simulations, the transverse size of the simulation cell is  
very small and the effect of capillary waves is often ignored. In fact, according to the  
analyses of Tarazona et al.[15] the layering structure is independent of temperature, and  
the temperature dependence of the oscillatory density profiles shown in this simulation is  
caused by the capillary wave essentially. The effect of temperature on the oscillatory am- 
plitude Am is described by means of the transverse size Lx: ( , )

m ~ T
xA L η γ−  (η is the decay  

exponent, a function of temperature and surface tension). Therefore, the increase of the  
interface area (Lx×Ly) can damp the density oscillation to a certain extent, but it may not  
be pronounced in view of the limitation of the typical scope in the present simulations. 

The density profiles are fitted by a hyperbolic tangent function:  

 L V L V 0
1 1( ) ( ) ( ) tanh[( ) / ]
2 2

z z z dρ ρ ρ ρ ρ= + − − − , (3) 

where ρL and ρV are bulk densities of liquid and vapor phase, z0 is the position of the 
Gibbs surface, and d is a parameter of surface thickness. The fitted ρ (z) is shown as solid 
lines in Fig. 2. 

The surface thickness t, defined as the “10―90 thickness”, is a function of d, t = 
2.1972d. For both the SPC/E and TIP4P potentials, the surface thickness decreases with 
the decrease of temperature as shown in Fig. 3. Moreover, in the simulation temperature 
range, the surface thickness for the TIP4P is about 5% larger than the SPC/E potential. 
According to Schwartz’s measurements[16], the surface thickness of water reaches 7.2 Å 
at 293 K, much larger than the values of 2.3 and 2.4 Å obtained in this work. The differ-
ence between the simulations and experiments is attributed to the surface capillary waves 
involved in the experimental measurements. The present results for the SPC/E model is 
also smaller than that of Matsumoto et al. for the CC potential[10], which may relate to the 
molecular structures defined by these potential functions. The CC and TIP4P potentials  

 
Fig. 3.  “10―90 thickness” as a function of temperature for the SPC/E and TIP4P potential functions. 
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yield weaker interaction force, smaller liquid densities and higher vapor densities, result-
ing in the larger surface thickness. 

2.2  Surface tension 

Surface tension is one of the important parameters to characterize the surface structure 
and chemical activity and associates closely with some surface anomalies. In order to 
understand quantitatively the surface properties of water in the supercooled region, we 
simulated the surface tension of water as a function of temperature from 228 to 293 K. 

The surface tension can be obtained by calculating the components of the pressure 
tensor[17]: 

 1 ( )
2 2 xx yy zz
A P P Pγ = + − , (4) 

where Pxx, Pyy and Pzz are the X, Y and Z element of the pressure tensor, and A = LxLy is 
surface area. The element of the molecular pressure tensor is 
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where N is the number of molecules; mi, vi are the molecular mass and the velocity of the 
center of mass; u the number of sites in a water molecule; rij the distance between the 
molecules i and j; and f the force between atom a in molecule i and atom b in molecule j. 
The electrostatic long range interactions make an important contribution to the surface 
tension and are involved by using the Ewald sum in the simulations based on eq. (2). The 
tail correction to the surface tension is also performed. 

The surface tensions of supercooled water as a function of temperature for the SPC/E 
and TIP4P models are shown in Fig. 4. The open circles are the measured values by 
Floriano et al.[11]; and the solid lines are the best fit for the simulated results. The ex-
perimental data above 273 K have been measured extensively and can be accurately fit-
ted by Vargaftik equation[18]: 
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where Tc = 647.15 K, B = 0.2358 mNm−1, λ = 1.256 and b = −0.625. In general, the sur-
face tension in the supercooled region is obtained approximately from the extrapolation 
of eq. (6), shown as the dashed line in Fig. 4. It can be seen that the absolute values of the 
slope of temperature-surface tension curve diminish as the temperature decreases. How-
ever, the experimental data given by Floriano display that the temperature dependence of 
the surface tension begins to increase below 273 K. For the present simulated results, the 
surface tensions are in good agreement with the measured values in the supercooled state 
for the SPC/E potential, and are somewhat smaller while T > 273 K. Once the tempera-
ture decreases below 273 K, the temperature dependence of the surface tension starts to 
slowly rise and the specific surface entropy, ss, correspondingly increases with the de-
crease of temperature, as plotted in Fig. 4, which is more evident for the TIP4P potential. 
This change tendency agrees qualitatively with the experimental results and is contrary to 
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Matsumoto and Kataoka’s results. It is suggested that there may be a second inflection 
point in the surface tension-temperature curve in the low temperature region as the first 
one at about 200℃[19]. Although the present results show that the temperature depend-
ence of the surface tension is strengthened below 273 K, the increase appears so slow 
that we cannot confirm the location of the inflection point from the relatively smaller 
simulation data. And the more extensive simulations in a wide temperature range, espe-
cially at larger surpercooling, are required. 

 
Fig. 4.  Surface tension of supercooled water. The solid diamonds and open triangles are calculated values with the 
SPC/E and TIP4P potentials, respectively. The open circles are measured results in ref. [11]. The solid curves are the 
best fit to the simulated results. The dash line is the prediction of Vargaftik equation. 
 

In addition, no anomalous behavior of the surface tension like some bulk properties of 
supercooled water appears when the temperature approaches 228 K[20]. Floriano[11] ex-
plained that the divergence of the surface free energy per mole, 2 /3

mVγ , at 228 K is 

mainly caused by the mole volume Vm, independent of γ. However, it is near 228 K that 
the anomalous behavior of 2 /3

mVγ  appears, and if the behavior of the surface tension is 
unknown at 228 K, the above interpretation looks inadequate. The present simulations 
provide a complete picture of the surface tension near 228 K and can more rigorously 
elucidate this question. 

The comparison of the surface tension between the SPC/E and TIP4P potentials dem-
onstrates that the SPC/E potential is a better model for reproducing the surface character-
istics of water in the supercooled state. Considering a good agreement with the experi-
mental values in Alejandre’s simulation[9] up to the triple point, the SPC/E potential can 
quantitatively represent the surface tension of water over a wide temperature range. 

2.3  Orientational structure and surface potential 

The orientation of water molecules is determined by two angles θ and φ according to 
the definition of Matsumoto et al.[10]. θ is the angle between the surface normal vector nz 
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and molecular dipole, and φ is the rotational angle around the molecular dipole. It is 
found that there are preferential orientation angles for SPC/E and TIP4P water molecules 
near the surface. The statistical averages of the two angles in the liquid side, <θ> and 
<φ>, are 103° and 62° at 293 K for the SPC/E potential. In the vapor side, <θ> and <φ> 
are 75° and 37° respectively. It can be seen that the dipole of water molecules in the liq-
uid side points to the bulk liquid and one hydrogen atom of the molecule projects to-
wards the liquid phase. On the other hand, the molecular dipole in the vapor side prefers 
to point to the bulk vapor, and one hydrogen atom projects towards the vapor phase. 
Moreover, these angles are independent of temperature in the simulations. For the TIP4P 
potential, the values of <θ> and <φ> are smaller than that for the SPC/E potential, 95° 
and 54° in the liquid side, 84° and 38° in the vapor side respectively. Clearly, the degree 
of orientation ordering of SPC/E water molecules near the surface is higher, which de-
termines stronger surface polarity of water.  

The surface potential χ is defined as the difference of the electrostatic potential be-
tween the bulk liquid and vapor phases. It is calculated according to the following rela-
tion: 

 
0

d ( ) cos ,z zμχ ρ θ
ε

∞
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where μ is the dipole moment of water molecules, equal to 2.351D for SPC/E and 
2.180D for the TIP4P potential (1D = 3.335×10−30 Cm); ε0 is the dielectric constant of the 
vacuum. The calculated results are shown in Fig. 5. The surface potentials for the SPC/E 
and TIP4P models are −0.58 V and −0.39 V at 293 K, respectively. Compared with the 
value of −0.55 V reported by Zakharov et al.[5] at 300 K using the TIP4P, the present 
TIP4P results are large, which is relevant to the definition of surface potential. In Zak-
harov et al.’s simulation[5], the surface potential consists of dipolar and quadrupolar con-
tributions, whereas only dipolar contribution is taken into account in this work. The ab-
solute values of the surface potential show an increasing tendency with the decrease of 
temperature. If the surface potential is regarded as a linear function of temperature in the 
simulation temperature range, its temperature coefficients (dχ/dT) are equal to 13 and 12 
mV/K for the SPC/E and TIP4P potentials respectively. The values have opposite sign to 
Schiffrin’s measurement[21]. In fact, the surface potential has great uncertainty in experi-
ments and simulations, and even the results vary signs, which is induced by the measure 
method, potential function and calculation technique. As few experimental results can be 
obtained in the supercooled region to test the simulations, our aim is only to provide cal-
culated values to predict the surface potential of supercooled water. In addition, the sur-
face potential-temperature curves display a flat near 273 K as illustrated in Fig. 5. 
Whether this behavior corresponds to a transition of molecular structure near surface or is 
relevant to the second inflection point of the surface tension is still not clear. The abso-
lute values of the surface potential for the SPC/E model are always larger than that for 
the TIP4P, which is consistent with the above analyses about orientation distribution of 
surface molecules and the result of the molecular structure determined by potential models. 
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Fig. 5.  Surface potentials of supercooled water as a function of temperature. The triangles and squares are results 
for the SPC/E and TIP4P potentials respectively. 

3  Conclusions 

MD simulations are accomplished to study the surface properties of supercooled water 
from 228 to 293 K. For the SPC/E potential, the simulated surface tension agrees well 
with the experimental results. Moreover, the temperature dependence of the surface ten-
sion for both the SPC/E and TIP4P potentials tends to increase in the supercooled region, 
which is consistent with the experiments. The simulated orientational structure of water 
molecules indicates that there exists the orientational ordering near the surface. The cal-
culated surface potential displays negative value and positive temperature coefficient. 
Combined with the above results, the SPC/E potential reproduces accurately the surface 
tension, causes stronger orientational ordering of water molecules near the surface, and 
gives a better description of the surface properties of supercooled water. 

Acknowledgements  This work is financially supported by the National Natural Science Founda-
tion of China (Grant Nos. 50121101, 50395105 and 50271058), and the Doctorate Foundation of 
Northwestern Polytechnical University. The authors would like to thank the Center for High Per-
formance Computation of Northwestern Polytechnical University. 

References 

1 Basu J K, Hazra S, Sanyal M K. Growth mechanism of Langmuir-Blodgett films. Phys Rev Lett, 1999, 82: 
4675―4678[DOI] 

2 Taylor R S, Shields R L. Molecular-dynamics simulations of the ethanol liquid-vapor interface. J Chem Phys, 
2003, 119: 12569―12576[DOI] 

3 Velev O D, Gurkov T D, Ivanov I B, et al. Abnormal thickness and stability of nonequilibrium liquid films. 
Phys Rev Lett, 1995, 75: 264―267[DOI] 

4 Weng J G, Park S, Lukes J R, et al. Molecular dynamics investigation of thickness effect on liquid films. J 
Chem Phys, 2000, 113: 5917―5923[DOI] 

5 Zakharov V V, Brodskaya E N, Laaksonen A. Surface tension of water droplets: A molecular dynamics study of 
model and size dependencies. J Chem Phys, 1997, 107: 10675―10683[DOI] 

http://dx.doi.org/10.1103/PhysRevLett.82.4675
http://dx.doi.org/10.1063/1.1625643
http://dx.doi.org/10.1103/PhysRevLett.75.264
http://dx.doi.org/10.1063/1.1290698
http://dx.doi.org/10.1063/1.474184


A molecular dynamics study on surface properties of supercooled water 625 

 

6 Wang J Z, Chen M, Guo Z Y. A two-dimensional molecular dynamics simulation of liquid-vapor nucleation. 
Chin Sci Bull, 2003, 48(7): 623―626 

7 Guissani Y, Guillot B. A computer simulation study of the liquid-vapor coexistence curve of water. J Chem 
Phys, 1993, 98: 8221―8235[DOI] 

8 Wilson M A, Pohorille A, Pratt L R. Surface potential of the water liquid-vapor interface. J Chem Phys, 1988, 
88: 3281―3285[DOI] 

9 Alejandre J, Tildesley D J, Chapela G A. Molecular dynamics simulation of the orthobaric densities and surface 
tension of water. J Chem Phys, 1995, 102: 4574―4583[DOI] 

10 Matsumoto M, Kataoka Y. Study on liquid-vapor interface of water (I): Simulational results of thermodynamic 
properties and orientational structure. J Chem Phys, 1988, 88: 3233―3245[DOI] 

11 Floriano M A, Angell C A. Surface tension and molar surface free energy and entropy of water to −27.2℃. J 
Phys Chem, 1990, 94: 4199―4202[DOI] 

12 Jorgensen W L, Chandrasekhar J, Madura J D. Comparison of simple potential functions for simulating liquid 
water. J Chem Phys, 1993, 79: 926―935[DOI] 

13 Berendsen H J C, Grigera J R, Straatsma T P. The missing term in effective pair potentials. J Phys Chem, 1987, 
91: 6269―6271[DOI] 

14 Arbuckle B W, Clancy P. Effects of the Ewald sum on the free energy of the extended simple point charge 
model for water. J Chem Phys, 2002, 116: 5090―5098[DOI] 

15 Tarazona P, Chacon E, Reinaldo-Falagan M, et al. Layering structures at free liquid surfaces: The 
Fisher-Widom line and the capillary waves. J Chem Phys, 2002, 117: 3941―3950[DOI] 

16 Schwartz D K, Scholssman E K, Kellogg G J, et al. Thermal diffuse X-ray-scattering studies of the water-vapor 
interface. Phys Rev A, 1990, 41: 5687―5690[DOI] 

17 Nijmeijer N J P, Bakker A F, Bruin C, et al. A molecular dynamics simulation of the Lennard-Jones liq-
uid-vapor interface. J Chem Phys, 1988, 89: 3789―3792[DOI] 

18 Vargaftik N B, Volkov B N, Voljak L D. International tables of the surface tension of water. J Phys Chem Ref 
Data, 1983, 12: 817―820 

19 Pellicer J, Garcia-Morales V, Guanter L, et al. On the experimental values of the water surface tension used in 
some textbook. Am J Phys, 2002, 79: 705―709[DOI] 

20 Leyendekkers J V, Hunter R J. Thermodynamic properties of water in the subcooled region. J Chem Phys, 1982, 
82: 1447―1453[DOI] 

21 Schiffrin D J. Real standard entropy of ions in water. Trans Faraday Soc, 1970, 66: 2464―2468 
 

http://dx.doi.org/10.1063/1.464527
http://dx.doi.org/10.1063/1.453923
http://dx.doi.org/10.1063/1.469505
http://dx.doi.org/10.1063/1.453919
http://dx.doi.org/10.1021/j100373a059
http://dx.doi.org/10.1063/1.445869
http://dx.doi.org/10.1021/j100308a038
http://dx.doi.org/10.1063/1.1451245
http://dx.doi.org/10.1063/1.1495840
http://dx.doi.org/10.1103/PhysRevA.41.5687
http://dx.doi.org/10.1063/1.454902
http://dx.doi.org/10.1119/1.1477431
http://dx.doi.org/10.1063/1.448418


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


