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2 Structure and pair correlations of a simple Coarse Grained model
5 " . .

6 for supercritical Carbon Dioxide
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14

15 A recently introduced coarse-grained pair potential for carbon dioxide molecules

16

17 is used to compute structural properties in the supercritical region near the critical

ig point, applying Monte Carlo simulations. In this model, molecules are described

32 as point particles, interacting with Lennard-Jones (LJ) forces and an (isotropically

5:23 averaged) quadrupole-quadrupole potential, the LJ parameters being chosen such

24 that gratifying agreement with the experimental phase diagram near the critical

25

26 point is obtained. It is shown that the model gives also a reasonable account of

27

28 the pair correlation function, although in the nearest neighbor shell some systematic

29

30 discrepancies between the model predictions and results from simulations of fully

g; atomistic models and experiments are found. By comparison with results from an

gi equivalent model but with the full angle-dependent quadrupolar interaction these

gg discrepancies are traced back to the effect of orientational correlations and of the in-

37 sufficient representation of molecular packing. Furthermore, the correlation length of

38

39 density fluctuations is obtained from Ornstein-Zernike plots of the inverse structure

40

41 factor, and shown to be in rough agreement with corresponding experimental results.

42

43 Finally possible refinements of this coarse-grained model are briefly discussed.

44

45
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48

49

50 I. INTRODUCTION

51

52 . . . . . . . .

53 From the point of view of modern chemical engineering and processing supercritical flu-
54 . . . . . . .
55 ids deserve a particular interest. Due to their peculiar properties [1] (e.g. strong density
gs fluctuations) they are frequently used as plasticizer, solvent for polymers, blowing agents
58 in foam forming etc. Among supercritical fluids, carbon dioxide (CO,) is particularly in-
59

60
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teresting because it is considered a green solvent [2] and its critical point (7, ~ 304 K)
is easily accessible. Its widespread use in the chemical industry is also a driving force for
theoretical efforts aiming at the understanding of structural and bulk properties of pure CO,
and mixtures containing it. Computer simulation techniques [3] such as the grand canonical
Monte Carlo method [4, 5] naturally offer themselves as tools to obtain quantitative infor-
mation in that direction. However, considering for instance the specific case of polymers
dissolved in CO,, severe practical difficulties appear related to the complicate topology of
the phase diagrams [6, 7], the large number of degrees of freedom to sample (as, e.g., in
an atomistic approach [8]), and the substantial number of control parameters (temperature,
pressure, solvent concentration and chain length). These difficulties clearly set limitations
in the practical determination of a precise mixture phase diagram which is required, e.g.,
in order to optimize the process of foam formation [9]. For this reason, the pursuit of a
coarse grained description of the system in terms of only a few degrees of freedom appears
to be an attractive way to proceed in the investigation of complex fluid mixtures [10, 11].
Coarse graining is well-established for polymers [11], naturally it should also be considered
for solvent particles.

Recently [12, 13] we have proposed such a simple coarse-grained model for quadrupolar
solvents (of which CO, is an example) which is able to reproduce nicely the corresponding
experimental phase diagrams, as has been shown in particular for COy and benzene (CgHg).
Within this approach, the solvent molecules are modelled as Lennard—Jones (LJ) particles
interacting with an additional electric quadrupole—quadrupole potential. The latter can
either be considered in its full anisotropic form or in a spherically averaged form (thus
adding a temperature—-dependent, isotropic part to the LJ potential). The model possesses
three parameters: the LJ particle radius, the LJ energy scale, and the quadrupole moment.
The latter can be taken directly from experiment whereas the LJ radius and energy scale
are determined by matching the critical point of the model to the experimental values of
the solvent under consideration. (Note that this is different from previous attempts to
fix the scale parameters in spherically averaged models [14].) Thus the model setup is
suitably general and can be applied with modest effort to other quadrupolar solvents. The
improvement with respect to previous attempts [15], which neglect explicit quadrupolar
interactions, is significant not only in the quality of the phase diagram of the pure solvent

but also in the calculation of the equation of state in mixtures with alkanes [16]. In the
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latter case, no expensive experimental data for the mixture are necessary to fix the model
since the polymer—solvent interaction parameters are determined by the Lorenz—Berthelot
rule [3, 17].

The main investigation in [12, 13, 16, 18] was devoted to the equation of state of pure
solvents and mixtures and shows that a good description of the phase diagram is achieved
with a simple, single-bead representation of the solvent molecule. Considering the crude
nature of this approximation (see Fig. 1), this is indeed surprising and may be viewed
as the manifestation of a generalized “rule of corresponding states”. However, away from
coexistence, for high densities, deviations between the model and experimental equation of
state for CO5 could be observed [13] and can be related to an oversimplified treatment of the
packing of the solvent molecules which is governed by the repulsive core of the intermolecular
potential. In order to understand further the inevitable limitations of our modeling but also
to obtain more insight as to the high quality of the equation of state near coexistence, we
investigate in this work pair correlation functions and structure factors in the supercritical
region. A second motivation is the already mentioned property of supercritical CO5 as being
a good solvent for other substances. This is related to strong density fluctuations, leading
to cluster formation and encapsulation of solute molecules. Partly due to this engineering
interest, there are a number of experimental and atomistic simulation studies available which
offer rich possibilities for comparison.

We briefly outline the content of this work: In Sec. II we introduce the coarse—grained
model and recall its equation of state. In Sec. IIl we present our main results for the
structure in the supercritical region, using the spherically averaged model. This section is
divided into two parts. In the first part the correlation length (governing the long-range
behavior of the correlation functions) is discussed by comparing experimental data with
a scaling analysis and simulations. In the second part, site-site and neutron—-weighted
correlation functions are compared to experiment and atomistic simulations. In Sec. IV
we investigate the orientational correlations using the coarse-grained model with explicit

quadrupolar interactions. Finally, in Sec. V we present our conclusions.
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FIG. 1: (Color online) Schematic representation of the CO2 molecule in the present coarse-grained
model (left) and in a (still very simple) atomistic model (EPM (rescaled) [28], right). All spheres
represent LJ beads, with diameter 0 = 3.784 A (left) vs. 0. = 2.757 A (carbon,right) and
o, = 3.033 A (oxygen, right). Our coarse—grained model assumes a pointlike quadrupole with
moment @ = 4.29 DA at the center whereas the EPM (rescaled) model assigns partial charges

gc = 0.651 e to the carbon center and g, = —q./2 to each of the oxygen centers.

II. THE COARSE-GRAINED MODEL

In Refs. [12, 13] we introduced the coarse-grained model with either explicit (point)
quadrupolar interactions or spherically averaged quadrupolar interactions. With explicit

quadrupolar interactions, the model pair potential between two CO, molecules is given by

el e e o

Q2
qr = s ) (2)

99 = 1 —5cos’0; — 5cos? 0, + 17 cos? ©; cos? ©,+2 sin? ©, sin? O, cos? (®; — D)

— 16sin ©; cos O; sin O; cos O; cos(P; — D) ) (3)

In Eq. (1), the first contribution represents a cut—off and shifted LJ potential with re, =
6\/270p ~ 2.240p and S° = 127/16384 is chosen so that the LJ potential is zero at this
distance. The second part characterizes the quadrupolar interaction, the angular dependence
is given by f9¢ in Eq. (3) where (0, ®;) are the polar angles characterizing the orientation of
the uniaxial molecule relative to the axis connecting the sites 7;, 7’; of the two particles. The
(physical) quadrupole moment ) (in CGS units) is connected to a dimensionless quadrupole
moment ¢p via Eq. (2). The peculiar form of the cut—off dependence of the quadrupolar

part facilitates the spherical average SV = — In{exp(—3V " ))e, s, The leading term in its
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FIG. 2: (Color online) Phase diagram of CO; [coexistence densities (a) and pressure (b)] as ob-
tained in Ref. [13]. The dashed line corresponds to experimental results according to the NIST
parametrization [20]. Stars give the results for the spherically averaged model (Eq. (4)), squares
correspond to the EPM (rescaled) model as introduced in Ref. [28], and triangles correspond to a

pure LJ fluid [15].
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high temperature expansion results in an attractive contribution oc r=1% (see also [14, 19]).

Using this result, the pair potential of the spherically averaged model is given by:

v (0 () e (O ()

Q4
dc = m ) (5)

The central idea in our approach is to fix the free parameters of the two models defined above
by the experimental values of the critical point of COy (7, = 304.13 K, p. = 10.62 mol//¢)
[12, 13]. For a given value of the quadrupole moment @ (fixed by experiment), this results
in different values for the energy and length scales e, op (model with explicit quadrupolar
interactions) and €4, 04 (spherically averaged model). Explictly, we obtain for @) = 4.292
DA (experimental value Q@ = 4.3 0.4 DA [20]) the following set of parameters for the
explicit quadrupolar model defined by Eq. (3)

er = 3.598 x 1072 ] op = 3.760 A qr = 0.689 . (6)
Using the same value for @), we obtain for the spherically averaged model defined by Eq. (4)
€4 =13.494 x 10721 ] o4 =3.784A g =0.385 . (7)

(For the non—trivial numerical procedure to fix these parameters, see Refs. [12, 13].)

In Fig. 2 we recall results for the phase diagram of CO, [13]. The binodal of the spherically
averaged model is almost indistinguishable from the experimental one. The binodal of a
particular example of an atomistic model (EPM rescaled, see Ref. [28] and Fig. 1) is of
similar quality, however, the coexistence pressure is slightly less well described by the latter.
For comparison, we also show the binodal of a pure L.J model with energy and length scale
again adjusted to the critical point of COy (epy = 4.206 x 1072' J, o5 = 3.695 A [15]) which
clearly deviates from the experimental curve. Since all models whose binodals are shown
here have been adjusted to the experimental critical point, one can draw the conclusion that
for a correct description of phase coexistence the use of a spherically averaged model with a
temperature dependent part (corresponding to the physical quadrupole) in the effective two—
particle potential is sufficient. It does not seem to be necessary to insist on atomistic details,
note furthermore that such a temperature dependent interaction would also be obtained if

one averages over the pair potential of the atomistic model. Note that due to the presence of
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explicit (partial) charges in the atomistic model, the use of the latter would be inconvenient
for a study of the critical behavior (see Sec. III) or when one considers the phase behavior

of mixture of CO, with alkanes (see Ref. [16]).

III. CO; IN THE SUPERCRITICAL REGION

In this section we investigate the correlation length and site—site pair correlation functions
of carbon dioxide in the supercritical region. We will compare to experimental data for the
correlation length [21, 22] obtained for supercritical temperatures in the range 7/, — 1 =
2.3-1073...3.7- 1072 (Subsec. IIT A). Experimental and atomistic simulation data for the
site-site correlation functions have been obtained in Refs. [23, 24] for two temperatures
T = 307 K (T/T. = 1.01) and T" = 310 K (T/T. = 1.02) and several densities. The

corresponding comparison with our model will be discussed in Subsec. I1I B.

A. Correlation length

The correlation length £ reflects the range of the asymptotic decay of the pair correlation
function g(r). For a fluid with short-ranged interactions, its practical determination is
almost exclusively facilitated through the analysis of the small-¢ behaviour of the structure
factor (Ornstein—Zernike plots):

5(0)

q—=0

S(g)=1+p / arexp(ira) [g(r) ~ 1] (8)

This assumed form of S(g) corresponds to a long-ranged decay of the pair correlation func-
tion g(r) — 1+exp(—r/&)/r [25]. Although the critical behaviour of the Ising model (defin-
ing the universality class under which also fluids with short-ranged interactions are assumed
to fall) is slightly different (g(r) — 1+ exp(—7/&)/r'™ with n =~ 0.036), the deviations of
the corresponding S(q) from the form in Eq. (8) are small for practical purposes.

First we consider the results presented in Ref. [21], where experimental results for the
structure factor, obtained using small-angle neutron scattering (SANS), have been given
for five supercritical states very near the critical point (7'/7, — 1 = 0.0023...0.0033). In
Ref. [21] a reverse Monte Carlo method was used to fit SANS intensities, from which the
correlation length & was obtained using Eq. (8).

URL: http://mc.manuscriptcentral.com/tandf/tmph
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FIG. 3: (Color online) Pair correlation functions g(r) and inverse structure factors S(¢?)~! at low

¢* (in 0% unit) for the five state points Al...A5 investigated in Ref. [21], see also Table I.

At the five thermodynamic points reported in Ref. [21], we have performed massive NVT
Monte Carlo Simulations [4] of the spherically averaged model (Eq. (4)). We use cubic
boxes of size (121~A)3 with the number of particles being between 6,780 and 15,673. Monte
Carlo moves consist in simple local rearrangement of particle positions, and near criticality
“critical slowing down” limits the accuracy that can be reached. In a run equivalent of
4,800 h per AMD Opteron DualCore 2.6 GHz processor, and estimating the autocorrelation
length using the binning methods, we are confident, however, that a reasonable number of
uncorrelated configurations have been generated. Results for the pair correlation functions
g(r) and inverse structure factors S(¢?)~! at low ¢? for the five points investigated in Ref. [21]
are shown in Fig. 3. As can be seen, our data for S(q?)~! can be fit very well with a straight

line, permitting the extraction of the correlation length &. The results for £ in comparison
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State T [K] p [bar]  p[g/cm?] ¢ [A]
critical point  304.25 [304.128] 73.8 0.468 -

Al 305.25 79.7 0.645 12.9 [9.5(1)]

A2 305.05 77.6 0.620 16.2 [13.4(4)]

A3 305.15 75.7 0.538 42.1 [25(2)]

A4 304.95 74.6 0.362 205 [22.9(5)]

A5 305.05 72.4 0.279 11.1 [9.6(3)]

TABLE I: Equation of state and correlation length for the equilibrium states reported in [21].
In square brackets we report results of the present work obtained fitting results of Fig. 4 for
(q-04)? < 0.25. In bracket we report statistical error which amounts to almost 6%. On the other
hand repeating the fits for ¢> < 0.5 we observe systematic discrepancies up to 12%. For this reason
we estimate that our results should be trusted within 15% errorbars. We note that the critical

point which we use is 0.04% below the measured one in [21].

to the experimental data is given in Table I. Simulations and experimental results are in
qualitative agreement, however, some quantitative disagreements for densities p > p. are
present. There the correlation length from simulations appears to be systematically lower.
In order to gain a better understanding of the global behavior of &(T, p) and of possible
sources of error we have performed a phenomenological scaling analysis, using non—universal
critical amplitudes for COy [26] coupled with universal ratios [27] (see App. A). The data
of Ref. [21], our simulation results and the results of the scaling analysis are compared in
Fig. 4(a). Our simulation results appear to be consistent with the scaling analysis, except
for the point with reduced density 0.15. For this point, systematic errors in the Monte—Carlo
results, related to finite size effects, become more and more important while error-bars take
into account only statistical fluctuations (see the discussion in Table I). For p > p,., the
finding of an experimental £ which is higher than that of the scaling analysis seems to be
persistent also for a different set of experimental data [22], see Fig. 4(b). It is difficult to give
a final conclusion in view of the unknown experimental uncertainties in determining densities
and temperatures, but it appears possible that for p > p. sizeable non-universal corrections
are present. Note that there are no predictions of £ near criticality from simulations of the

atomistic EPM model to compare with, since such simulations would require quite large
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FIG. 4: (Color online) (a) Experimental results for £ [21] compared with our simulations and
the scaling analysis of App. A Simulations and experiments have been done at the same physical
temperature 7. However, Ref. [21] uses a critical temperature which is slightly different from
the value which we use. Therefore, broken (7. = 304.128 from our simulation) and full lines
(T, = 304.25 K from experiment) [21]) give results according to the scaling analysis with ¢ =
(T — T.)/T. calculated accordingly. The MC errorbars reported are statistical ones, while we
expect (as discussed in Table I) systematic error which validate our results within a 15% level
of confidence. (b) Experimental results for ¢ according to Ref. [22] compared with the scaling

analysis.
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B1| B2 |B3|| C1 C2 C3 | C4 | D1 | D2 | D3

T [K] ||307| 307 |307|| 310 310 310 | 310 | 313 | 373 | 373

p [g/cm3](0.210.468]0.6||0.15912|0.36036|0.5616{0.702|1.023|0.943|0.833

TABLE II: State points investigated in Ref. [24] (for T=307 K, named B1-B3), in Ref. [23] (for
T=310 K, named C1-C4) and in Ref. [30] (D1-D3).

computational efforts.

B. Site—site correlation functions

In a second comparison, we will focus on the short-ranged correlations as seen in the
peak structure of site—site correlation functions [where the sites can be either carbon (C) or
oxygen (O)]. We consider the results reported in [23, 24] for two isotherms (see Table II).
In [24] neutron weighted radial distribution functions and corresponding molecular dynamic
simulations (using the EPM (rescaled) model [28]) of three state points (B1...B3 in Table
IT) have been reported. In ref. [23] neutron weight radial distribution functions are also
given (for the four states C1...C4 in Table II) along with simulations results obtained using
the model of Murthy et al. [29]. In both cases, the atomistic models gave a good account of
the experimentally determined neutron weighted g(r).

For the states investigated in [23, 24|, we have done NVT simulations using the averaged
model (4). In Fig. 5 (full lines) we report pair correlation function g(r) of the spherically
averaged model (4) compared with (dot lines) C—-C pair correlation functions numerically
obtained in [24] (state points B1...B3 , T=307 K) and [23] (state points C1...C4 , T=310
K). Compared to the atomistic models, we find that the position of the first and the (weak)
second peak are reproduced whereas the first peak is too narrow and high in our averaged
model. Here, the assumption of a single LJ bead of the averaged model is too rigid and
does not account properly for the side-to—side configuration of two COy molecules. The
inadequacy of the repulsive part of the single-bead LJ potential can also be seen if one
does a spherical average of the atomistic potential of the EPM (rescaled) model (for its
definition, see Fig. 1). Whereas the potential minimum coincides with the one in our model,
the repulsive part of the EPM (rescaled) averaged potential is much softer.

In [23], atomistic simulation results for the carbon-oxygen [goo(r)] and oxygen-oxygen

URL: http://mc.manuscriptcentral.com/tandf/tmph
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FIG. 5: (Color online) Full lines: pair correlation functions of the model investigated in this paper,
for the two isotherm of Table II. Dotted lines: results for the carbon-carbon correlation functions
for the two isotherms of the Table II obtained in [23, 24] (see the text for more detail). Curves

with higher first peak correspond to states with lower density.

[g00(7)] correlation functions have also been reported (dotted lines in Fig. 6). Of course the
latter cannot be measured in our simple model which neglects all atomistic details. However,
a simple reconstruction procedure for these correlation functions is suggested as follows.
Compared to goc (Fig. 5), we can observe that goo(r) and goo(r) exhibit the same position
for the peaks which are however less prominent and more dispersed. This spatial dispersion
is due to the spatial fluctuations of the oxygen atoms near the carbon center of mass. We
assume a rigid, linear model for the CO5 molecule, with the distance between carbon and
oxygen atoms given by the experimental value dco = 1.19A. Correspondingly, the distance
between the two oxygen atoms is given by dpo = 2dco. Furthermore, we identify goc(r) with

our g(r) and obtain goo(r) and goo(r) by averaging over the orientations of the molecules,
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FIG. 6: (Color online) a) Full lines: carbon-oxygen pair correlation functions of the model investi-
gated in this paper, for the two isotherms of Table II. Dotted lines: results for the carbon-oxygen
correlation functions for the T' = 310 K isotherm obtained in [23]. Curves with higher first peak cor-
respond to states with lower density. b) The same as in Fig. 6b) for the oxygen-oxygen correlation

functions.

weighted properly by g(r):

goo(r) :/ goo(r) :/

In Eq. (9), wy and wy are the unit vectors pointing from C to O on each molecule, d¢,0,

dw;dwsdr’
47r?

dw;dwsdr’
47r?

g(r"o(de,0, — 1) g(r')o(do,0, — ) -

(9)

is the distance between the carbon atom of the first molecule and one oxygen atom of the
second molecule which can be obtained as a function of w;, r’ (the distance between the
carbon atoms) and dgo using simple trigonometric relations. dp,o, is the distance between
two oxygen atoms on different molecules and is computed similar to de,0,. W1 and wo are
sampled uniformly (and independently) on the unit spheres.

In Fig. 6 we report our approximation for gco and goc (full lines), compared with the
results of ref. [23] (dotted lines). The qualitative shape of the results of the atomistic
simulations [23] is reproduced (such as the height of the peaks), but rather big discrepancies
in goo remain. At short distances, in the case of goo(r), the results from the atomistic
simulations go to zero faster than our predictions, oppositely to what happens in gco (5).
For this reason we argue that the rather good agreement in goo(r) is merely a fortunate

cancellation of errors. For goo(r) (Fig. 6b), the atomistic models predict a double peak

structure that our approach ignores. This effect is due to orientational correlations which
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FIG. 7: (Color online) Dotted line: experimental neutron weighted pair correlation functions of refs.
[23, 24], for the seven thermodynamic states reported in Table II. Full lines: simulation estimate
of the neutron weighted pair correlation function using formula (10) (see ref. [30]). Curves with

higher first peak (i.e. from the top to bottom) correspond to states with lower density.

are neglected in our approach. The orientational correlations imply that COy molecules
at small distances (in the first solvation shell) prefer to stay in a T-shape configuration
(i.e. with the two molecules axes orthogonal w; - wy=0), which minimizes the quadrupolar
quadrupolar interaction (1). If we put two molecules in a T-shape configuration with the
distance between carbon atoms equal to 5A (as suggested by the position of the first peak
in Fig. 5) and we measure the two intermolecular distances between oxygen atoms we obtain
3A, and 6A corresponding approximately to the position of the two peaks in Fig. 6.
Finally we can compare our results with correlation functions obtained using neutron
weighted experiments. For such a comparison, the neutron weighted pair correlation function

must be compared with the following combination of atomistic pair correlation function [30]

gnw = 0.133gcc + 0.464gc0 + 0.403go0 . (10)
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Using our results (Figs. 5, 6) (keeping in mind the limitation of our approach that we have
just pointed out), the results for g,,, together with the experimental results reported in Refs.
23, 24] is shown in Fig. 10. We observe that the simulation results (full lines) systematically
overestimate the experimental peak, due to the overestimated peak in goc(r) = g(r). We
observe also that the core region is reached more steeply in the experimental results than
in our simulation data. This is related to the deficiencies of our goo(r) for 1.5A< r §4A,
which has been discussed before. Our results imply that an excellent fit of the equation of
state, as achieved by our model potential [12, 13|, does not guarantee a similarly accurate

prediction of the local structure of the fluid.

IV. ORIENTATIONAL STRUCTURE

In the previous section we have pointed out the importance of considering orientational
correlations in describing the structure of carbon dioxide at small distances (r < TA).
These were for instance responsible for the double peak structure in the oxygen-oxygen pair
correlation function (Fig. 6) which was not properly reproduced by the averaged model
VA (Eq. (4)). In this section we present results for the model with explicit quadrupolar
interactions [Eq. (1)] with parameters given in Eq. (6). This model with explicit angular
dependency was already considered in Ref. [13] where, among other things, we compared
the phase diagram of CO, as obtained using V¥ or V4. Both phase diagrams turned out
to be very similar, with the spherically averaged model showing even better agreement with
experiment than the explicit model.

Lennard-Jones potentials plus point-like quadrupolar interactions have been a long-time
subject of investigation (see eg. [31]), both by simulation and using equation of states. In
such investigations the full (angular-dependent) pair correlation function g(r, wy, ws) (where
r is the intermolecular vector, w; and wy are the orientations of the linear molecules) is
projected onto spherical harmonics in a proper reference systems (usually the laboratory
frame or the molecular frame in which the orientation of a molecule is fixed). Following

Ref. [31], in the laboratory reference frame (i.e. with the orientations of the two molecules
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FIG. 8: (Color online) (a) Pair correlation functions using the averaged V4 (full lines) and the
full V¥ (broken lines) model for the state points D1, D2 and D3 (see Table II). In the statistical
errors the two models predict the same results. (b) Harmonic decomposition of the pair correlation
function for the full model V¥ in the laboratory reference frame [see Eq. (11)]. Angular correlations
are well visible in the first and second solvation shell [see Fig. 8(a)], while for r > 8A g(ly,12,1;7)

is almost zero.

free) g(ly,ls, ;) are defined in the following manner

g(r,wi, w2) = 29(117127127") Z C(l, Iz, l;my, ma, m) (11)

11151 mimam

}/217m1(wl>}/227m2(w2) le(W> ) (12>

where C(ly,l3,l;my, ma, m) are Clebsch-Gordan coefficients, r = rw, and Y;,,(w) spheri-
cal harmonics. For isotropic potentials (like V4), g(ly, 1o, ;1) are strictly zero apart from

9(0,0,0;7) which corresponds to the standard pair correlation function (up to a normaliza-

URL: http://mc.manuscriptcentral.com/tandf/tmph



Page 17 of 24

©CoO~NOUTA,WNPE

Molecular Physics

17

tion factor related to the chosen reference frame).

Monte Carlo results for the model with explicit quadrupolar interactions have been ob-
tained for the three state points D1...D3 (see Table II) which have been investigated in
Ref. [30] experimentally and by atomistic simulations using an EPM-like model. In Fig.
8(b) we report several g(ly,1ls,l;r) for the state point D1 for which 7'~ T, and p =~ 2.2p.
We can see that orientational correlations are well visible at this rather high density, espe-
cially in the first solvation shell (while they are much weaker in the second shell). On the
other hand it is interesting to observe how concerning the pair correlation function [Fig.
8(a)] the full model (1) and the averaged model (4) predict almost the same results for
all the three state points D1...D3. Incidentally, the same result holds for state points at
coexistence. Indeed we have verified that the pair correlation functions in the coexistence
liquid branch are almost equal for the explicit (V) and averaged (V) model (in this case
minimal differences are visible only in the height of the first peak).

Angular anisotropies in the pair correlation function can be conveniently monitored using

the partially averaged pair correlation function

9(7“> 9) :/dW29(T,W1,W2)

where cos @ = w-wjy. It describes the probability to find a second molecule at distance r» and
angle # with the z—axis provided the first molecule is fixed at the origin with orientation along
the z—axis. For the state point D; our result for g(r, ) is shown in Fig. 9 and clearly shows
the presence of angular anisotropies (preferential arrangement of the second molecule near
the “poles” and the “equator” of the sphere defined by wy). Thus we reproduce qualitatively
the same phenomena observed in atomistic models (see also Refs. [32, 33]). Quantitative
differences remain however: the atomistic simulation in Ref. [30] (see Fig. 6(a) in the third
work) predict a more pronounced peak around the equator (cosf = 0), similar to other
investigations [32, 33]. At this point we should also mention that at high pressure and high
density (as considered in states D in Table II), the deficiency of our coarse—grained models
related to the inadequate repulsive part of the potential reaches up to 5% in the equation of
state. Further systematic improvements of our coarse—grained model aiming at quantitative
reproduction of anisotropic structure data should therefore include a more systematic partial

angular averaging of more realistic, atomistic potentials.
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FIG. 9: (Color online) Pair correlation function g(r, #) as a function of the intermolecular distance
r and the angle 6 between the molecular axis and the intermolecular direction (cosf = w - wy).

The plot refers to state D1 of Table II.

V. CONCLUSION

In this paper we have investigated the correlation length and correlation functions
(site-site and angular-resolved) of carbon dioxide (COs) in the supercritical region for
an efficient coarse—grained model defined by single Lennard-Jones beads with additional
point quadrupolar interactions (taken into account explicit or spherically averaged). This
model gives good results for pure component phase diagrams (e.g. COy and CgHg) [12]
and in the phase diagrams of mixture with alkanes [16]. Its performance for structural
properties gives a more differentiated picture. At small distances (r < SA) the pair

correlations of COy are mainly given by packing effects. These are not correctly taken
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into account by our coarse-grained model which neglects atomistic details and maps the
CO, molecule insufficiently onto a spherically symmetric, single bead. Indeed looking at
the first solvation shell of the center of mass pair correlation function (see Fig. 5), our
model predicts a too narrow and too high peak in comparison with the predictions of
atomistic models [23, 24|, while the position of the peak is properly reproduced. On the
other hand in the long distances regime (and near the critical point) physics is driven by
long range fluctuations which happen at the scale of the correlation length £. Using an
Ornstein-Zernike fit, we have computed the correlation length for several states near the
critical point. Results are in qualitative agreement with experiment and scaling predictions
(see App. A). Possible explanations of quantitative discrepancies have been discussed. Note
that correlation lengths near criticality are notoriously difficult to estimate by simulations,
and no such simulation estimates from more realistic atomistic models of CO4 are available.
We have also investigated explicit angular correlations in the coarse-grained model. For
the phase diagram, there is substantial agreement between the spherically symmetric
model and the model with explicit quadrupolar interactions [13]. This agreement is
also reflected in the pair correlation functions: ¢(r) from the spherically averaged model
and the isotropic component of g(r,w;, ws) from the model with explicit quadrupolar
interactions are the same within statistical errors for the state points investigated here..
We have found that the explicit model is able to qualitatively reproduce anisotropies in the

first solvation shell which are usually discussed in the literature employing atomistic models.
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APPENDIX A: SCALING PREDICTION FOR THE CORRELATION LENGTH
IN THE SUPERCRITICAL REGION

In this appendix we report the procedure that has been used to obtain the scaling pre-
dictions for the correlation length £ near the critical point. Renormalization group theories
[34] predict that the scaling laws of thermodynamic quantities (specific heats, correlation
length, etc.) do not depend on atomistic details of the system but are the same within
certain universality classes (the Ising one for the gas-liquid transition) [35]. We define the
reduced density p and temperature ¢ [35]

p— pa(t) I—-1.
Pe T. ’

p= (A1)

where pq is the coexistence diameter py(t) = (pf+p5)/2 (pf and p liquid and gas coexistence
densities) extrapolated also into the supercritical region. Standard scaling relations are

written as (for p = 0)

{=fet™" (t—07) (A2)
§=[f-(=t)" (t—=07) (A3)
//O\l/g = iB(_t)B (A4)
and (for t = 0)
£ = &lal™ (45)
il = De|pl’ (A6)
§=&DTpTE (A7)

where (A7) has been obtained using Eqs. (A5) and (A6) and known relations on critical
exponents [27], while 1 is the reduced chemical potential. In Eqs. (A2)-(A7) the exponents
are universal quantities, proper of the Ising universality class, while the amplitudes are
system dependent. On the other hand renormalization group also predicts that certain
adimensional ratios of amplitudes are also universal. This is a big simplification because it
reduces the set of experimental input required for the scaling analysis. Ref. [27] reports the

following best estimates for critical exponents

§=4.789(2) 15 =00364(5) [B=03265(3) v=0.6301(4) |, (A8)
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FIG. 10: (Color online) Lines at constant correlation length (from 10A to 50A) in the reduced
density-temperature planes. The broken line is the coexistence diameter (extrapolated into the

supercritical region)

while for the universal amplitudes in the present investigation we use [27]

U = ?i —1.95(2)  [36] (A9)
Q = (%)2_77% —1.17(2)  [37] (A10)
R, = D.I'B' =1.7(3) [38] (A11)

1 = I6D; (A12)

where “capital gammas” (e.g. I') are amplitudes related to the specific heat.

Using the relations introduced above we want to compute the correlation length for carbon
dioxide along the coexistence diameter p; = 0 (¢ > 0), along the critical isotherm ¢ = 0, and
along coexistence states p,/;. Ref. [26] provides the experimental values for B = 1.59(3) and
f+ = 1.50(9)A. The last allows —using Eq. (A2)- to compute the correlation length along
the supercritical coexistence diameter within a 6% errorbar. Using the universal amplitudes
and the experimental values of f, and B, we can easily compute also the correlation length
at coexistence . and along the critical isotherm &g

) = 588 ) Go= 1 ()BT . (A1
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Notice that at fixed p the ratio between the correlation length along1 the critical isotherm
and along the coexistence states is universal and given by U (c%—i) > X 0.73.

Using Eq. (A13) and (A2) in Fig. 10 we sketch lines at constant correlation length.
Starting from previous obtained results along the coexistence diameter, the critical isotherm
and the coexistence densities we interpolate these points using simple quadratic functions
(hyperbola). This is an approximation, indeed the correct way to proceed would require the

knowledge of an universal crossover function f¢(z) which interpolates the correlation length

in the full (p,¢) plane [27].
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