THE JOURNAL OF CHEMICAL PHYSICS 134, 204501 (2011)

First-principles calculations of the structural and dynamic properties,
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The structural and dynamical correlations, and the equation of state of crystalline 1,04, 1,05, and
1,04 are investigated by first-principles calculations based on the density functional theory (DFT).
The lattice dynamics results reveal distinctive features in the phonon density of states among the three
crystals. The frequencies of the stretch modes in 1,04 and 1,05 are clearly separated from those of the
other (e.g., bending) modes by a gap, with all stretch modes above the gap. In contrast, the gap in [,Og
separates the highest-frequency stretch modes with other stretch modes, and there is no gap between
the stretch and the other modes in I,0¢. The motion of iodine atoms is involved in all vibrational
modes in [,Os, but only in low-frequency lattice modes in I,Og. In 1,04, iodine atoms are involved
in modes with frequency below 700 cm~'. Van der Waals correction within our DFT calculations is
found to reduce the overestimation of the equilibrium volume, with its effect on structure similar to
the pressure effect. Namely, both effects significantly decrease the inter-molecular distances, while
slightly increasing the bond lengths within the molecules. This causes the frequencies of some vibra-
tional modes to decrease with pressure, resulting in negative “modes Griineisen parameters” for those
modes. Thermodynamic properties, derived from the equation of state, of crystalline 1,04, 1,05, and
I,0¢ are discussed within the quasi-harmonic approximation. © 2011 American Institute of Physics.

[doi:10.1063/1.3590278]

I. INTRODUCTION

Iodine oxides, 1,04, I,Os, and 1,04, are important inor-
ganic compounds for a number of scientific, technological,
and environmental issues, and they have been studied since
the early days of the chemistry. For example, they are involved
in ozone depletion and are used in the synthesis of various
compounds. Recently, formation of iodine-containing ultra-
fine particles with a composition of 1,05 (Ref. 1) has been
observed in costal marine environments,”~’ and their impacts
on the global climate have been widely discussed.”>” In ad-
dition, positive halogen compounds such as iodine oxides are
known to destroy chemical and biological agents efficiently,
with potential defense applications.® In such “agent defeat”
applications, the knowledge of thermo-mechanical properties
of iodine oxides at high temperatures and pressures is indis-
pensable for understanding the nature and fate of these oxi-
dants in explosion and combustion®™'! and for identifying the
active species formed under such conditions.

Although iodine oxides have been studied over 200
years, most investigations have focused on their non-solid
phases, and the knowledge about iodine oxide crystals is still
limited. Among all iodine oxides, 1,04, 1,05, and 1,04 can
exist in crystal forms. Their experimental crystal structures
including the atomic positions are available.!>!> Raman and
infrared experiments have been carried out to study the vi-
brational properties of 1,04 and 1,05 crystells.16‘20 But to the
best of our knowledge, vibrational properties of crystalline
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1,0 are not available in literature. Thermodynamic data such
as thermal expansion, heat capacity, and bulk modulus are
not known for all three crystals. Due to various difficulties
such as crystal preparation, experimental determination of
thermodynamic properties of the iodine oxide crystals is
a challenge, and thus it is important to determine them
theoretically.?!

Though gas-phase properties of iodine oxides have been
investigated using first principles methods,””° no den-
sity functional theory (DFT) calculation on their crystalline
phases has been reported. DFT calculation can provide vibra-
tional properties using the density functional perturbation the-
ory (DFPT),”” and can determine thermodynamic properties
within the quasi-harmonic approximation.”’->3 Here we use
DFT calculation to calculate structural, vibrational, and ther-
modynamic properties of the three iodine oxides 1,04, I,Os,
and I;Og, in their crystalline state. In our DFT calculations,
van der Waals (vdW) correction is included using an empiri-
cal method proposed by Grimme.3*3>

Il. METHOD

Computations are performed using the Quantum
ESPRESSO, a DFT software package based on the plane-
wave basis and pseudopotentials.’®* DFT, developed by
Hohenberg and Kohn?” and Kohn and Sham,?® is the most
popular first principle method on quantum mechanical
calculations. It is an exact theory of the ground state and
reduces the interacting many-electrons problem to a simple
single-electron problem. DFT states that the ground state
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total energy of a system is unique functional of the charge
density n(r)

Eln(®)] = Flnm)] + / Vion(On()dr. M)

Functional F[n] contains the electronic kinetic energy
and all the electron-electron interactions and is independent
of the external potential, which is usually the Coulomb po-
tential Vi,, due to ions (or nuclei) plus possible external
field. The minimum value of the total energy functional is
the ground state energy of the system at the ground state
density.

A key to the application of DFT in handling the inter-
acting electron gas was given by Kohn and Sham® by split-
ting up the kinetic energy of a system of interacting electrons
into the kinetic energy of non-interacting electrons plus some
remainder which can be conveniently incorporated into the
exchange-correlation energy. The functional F[n] can be writ-
ten as

Fln()] = T[n(®)] + Ex[n(m)] + Excln@)].  (2)

The explicit forms of kinetic energy, T, and Hartree en-
ergy, Ep, to the charge density are already known. The last
term, Exc, is the exchange-correlation energy and contains
all the many-body effects in an interacting system. However
the explicit forms for Ex¢ and charge density is unknown ex-
cept the simple case of the uniform electron gas. The charge
density in real materials is not uniform, so the exchange-
correlation functional cannot be calculated precisely. The
local density approximation (LDA) replaces the exchange-
correlation potential at each point r by that of a homoge-
neous electron gas with a density equal to the local den-
sity at point r. The LDA works remarkably well for most
of solid state materials but usually not well for molecules.
Attempts to improve LDA through consideration of nonlo-
cal corrections have met with some success. The general-
ized gradient approximation (GGA) is a marked improve-
ment over LDA in the case of molecules. In this calculation,
GGA with the Perdew-Burke-Ernzerhof (PBE)* scheme is
adopted.

When the electron wave function is expanded using the
plane wave basis, the pseudopotential method is required to
reduce the computation workload. The core states partici-
pate little in bonding but require much higher plane-wave
cutoff energy than valence states because of rapidly varying
charge density of the core states. In pseudopotential method,
the strong potential due to the nucleus and core electron is
replaced by a weaker, more slowly varying potential with
the same scattering properties (the pseudopotential). This ap-
proach speeds up calculations substantially because (1) only
valence electrons are treated explicitly and (2) the pseu-
docharge density and potential vary much more slowly in
space, which reduce the plane-wave cutoff energy signifi-
cantly. The pseudopotentials for iodine and oxygen are gen-
erated by the method of Troullier and Martins.*’ The plane-
wave cutoff energy is 70 Ry, and Brillouin-zone summations
over electronic states are performed over 4 x 4x 4 k mesh
with (1/2,1/2,1/2) shift.
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The conventional DFT method summarized above has
been found inadequate in treating vdW interactions between
molecules in various solids such as energetic molecular
crystals.’»3>4! Here, we use an empirical method proposed
by Grimme?**?° to incorporate the vdW correction. The em-
pirical dispersion correction is given by

Ci;
Edisp = —S¢ Z R_ﬁjfdamp(Rij)a (3)

i<j i

where C;; and R;; are the dispersion coefficient and inter-
atomic distance between the ith and jth atoms, and s¢ is a
global scaling factor. A damping function, fgamp, is introduced
to ensure that the dispersion correction is negligible at small
Rjj. All parameters except for s are taken from the original
literature.>*3 We have modified s¢ from the original value,
0.75, proposed by Grimme for GGA, so as to reproduce the
experimental equilibrium volume for crystalline iodine oxides
1,04, 1,05, and 1,04 at room temperature.

Structural optimization is achieved using the damped
variable-cell-shape molecular-dynamics method*> with and
without the vdW correction. For each fully optimized struc-
ture, dynamical matrices are computed ona 2 x 2 x 2 q mesh
using the DFPT,”’ further incorporating the vdW contribution,
which are then interpolated on a regular 6 x 6 x 6 q mesh to
obtain the vibrational density of state.

The vibrational modes are obtained by diagonalizing the
dynamical matrices. The type of each vibrational mode (e.g.,
stretching, bending, rocking, wagging, as well as lattice trans-
lation and libration) is identified by visualizing the motions
of one molecule in the crystalline unit cell. The motions of
the other molecules can be derived based on the crystal sym-
metry. The visualization was performed with the Molden-4.7
software.

The Helmholtz free energy in the quasi-harmonic approx-
imation is given by

1
F(V.T) = Uo(V) + 5 Zhwj(q, V) +ksT
q.]

x Y In{l — exp[—fiw;(q. V)/ksT1}. (4)

q.J

where the first, second, and third terms are the static inter-
nal energy, zero point energy, and vibrational energy contri-
butions, respectively. The summation is performed ona 6 x 6
x 6 regular q mesh in the first Brillouin zone. The calculated
Helmbholtz free energy versus volume is fitted by an isother-
mal third-order finite strain equation of state (EOS). The re-
sulting pressure-volume relation is described by a third-order
Birch-Murnaghan EOS.#

lll. RESULTS
A. Structure properties

1,04 and 1,05 crystals have the same monoclinic struc-
ture and space group P2, with four molecules in the unit
cell, whereas 1,0¢ crystal has the triclinic structure and be-
longs to space group P1 with two molecules in the unit cell.
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Crystalline iodine oxides 1,04, 1205, and 1,04

()

FIG. 1. The crystal structure of 104. (a) 104 molecules are connected by
weaker inter-molecular bonds, which are shown by broken lines, to form a
one-dimension chain. To clearly show the chain structure, we only show half
of the atoms per unit cell, namely, we omit the atoms with x > 0.5, where x
is coefficient for basic vector along [100]. (b) The crystal structure projected
along [010]. (c) 1,04 molecule with atom indices.

Figures 1-3 show the crystal structures of 1,04, 1,05, and
I, Og, respectively.

The values for the lattice constants and atomic posi-
tions of the three materials 1,04, 1,05, and 1,Oq4 are listed
in Tables I and II. For all the crystals, it is obvious that the
discrepancy between the experimental and calculated results
without vdW correction is prominent along some directions.
The anisotropy of vdW interaction is understood from the
crystal structure as follows: The molecules in 1,04 crystal
form a chain along the ¢ direction as shown in the Fig. 1.
These chains are stacked in parallel along the b direction,
which results in large vdW interaction in the b direction. The
molecules in I,0s crystal form a two-dimensional network
in the ab plane. We thus expect strong vdW interaction be-
tween different planes, i.e., along the ¢ direction, see Fig. 2.
Also, 1,05 molecules are aligned mainly along the a direc-
tion, which leads to anisotropic vdW interaction within the
ab plane. The molecules in I,Og crystal lie in the bc plane and
are close to each other, see Fig. 3. Therefore, vdW interaction
is small in the bc plane compared to the out-of-plane interac-
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FIG. 2. The crystal structure of 1,05 projected along [010] (a) and along
[001] (b). (c) [,O5 molecule with atom indices.

tions. Furthermore, since the molecules are aligned close to
the [011] direction, the vdW interaction is similar along the b
and c directions.

The equilibrium volumes calculated without vdW cor-
rection are far larger than the experimental volumes, i.e., by
7.9%, 9.9%, and 11.7%, respectively, for 1,04, 1,05, and
I,0¢. Such discrepancy in volume is common in molecular
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@01
@02
“ 03

04
@05
® 06

FIG. 3. The crystal structure of I;0¢ projected along [100] (a) and along
[011] (b). (c) Molecule 1401, with atom index.
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TABLE I. Lattice parameters and volume of crystalline 104, 1,05, 1,06 at 0 GPa. The lattice axes (a, b, c) of the crystalline unit cell and the angels between
them («, B, y) are defined in Fig. 1(a). The numbers in parentheses denote the deviation from the experimental data.

a(d) b(A) c(A) a B % V(A3)
1,04 8.600 (1.3%) 7.059 (5.4%) 8.214 (1.4%) 122.63 (—1.7%) 419.97 (7.9%) No vdW
8.369 (—1.3%)  6.790 (1.4%) 8.108 (—2.7%) 123.79 (—0.7%) 382.88 (—1.6%) s¢ = 0.752
8.483 6.696 8.33 124.69 389.15 Exp.b
1,05 11.116 (0.7%) 5.265 (4.0%) 8.525 (4.8%) 106.93 (—0.2%) 477.3 (9.9%) No vdW
10.962 (—0.7%) 5.075 (0.2%) 8.131 (0.0%) 107.70 (0.5%) 430.92 (—0.8%) s¢ = 0.752
10937 (—=0.9%) 5.052 (—0.2%) 8.100 (—0.4%) 107.75 (0.5%) 426.3 (—1.9%) s¢ = 1.0*
11.036 5.063 8.135 107.18 434.4 Exp.©
1,0¢ 5.402 (7.3%) 6.910 (2.5%) 6.863 (1%) 98.96 (1.7) 95.16 (—1.3%) 105.01 (—=0.3%) 242.1 (11.7%) No vdW
5.064 (1.2%) 6.894 (2.3%) 6.846 (0.7%) 97.79 (0.5%) 96.56 (0.1%) 105.40 (0.0%) 225.4 (4.0%) s¢ = 0.75%
4.883 (—2.3%) 6.840 (1.5%) 6.798 (0%) 97.179 (—0.1%) 98.23 (1.8%) 105.07 (—=0.3%) 213.8 (—1.4%) s6 = 2.0%
5.006 6.741 6.795 97.31 96.45 105.36 216.8 Exp.d

With van der Waals correction. The value of s, global scaling factor, in Eq. (3) is suggested to be 0.75 for GGA by Grimme.

YReference 12.
“Reference 14.
dReference 13.

crystals, and has been attributed to the inadequacy of the
exchange-correlation functional in dealing with the vdW in-
teraction. The vdW correction greatly reduces the volume
difference between the experimental and calculated values to
—1.6%, —0.8%, and 4.0%, respectively, for 1,04, 1,05, and
1,0g.

Noting that the vibrational contribution to the volume
usually increases the volume by about 2% (Refs. 29-32) at
room temperature, the volume difference between calculation

and experiment at ambient condition is still large for I,0¢. In
order to obtain a good equation-of-state for crystalline 1,0y,
1,0s, and 1,04, we modify the s¢ in Eq. (3) so as to repro-
duce the experimental equilibrium volume at room temper-
ature. The corresponding s¢ values for the three crystals are
listed in Table I. For 1,04, we do not need to modify the orig-
inal sg, since the calculated volume including the vdW cor-
rection and vibrational contribution agrees quite well with the
experimental volume to within 0.3%. For I,Os, we increase s¢

TABLE II. Atomic positional parameters of crystalline 1,04 1,05 1,06 at 0 GPa.

1,04 1,05 1,06
X Y 7 X Y V4 X Y zZ
Iy Static® .694 242 .340 1271 .1140 2232 17845 .33596 22279
vdwb .672 240 322 1257 1260 2118 21015 .34945 21904
Exp.© .684 245 327 .1260 1143 2136 20299 .34045 22480
1) Static 139 377 325 3732 .6683 1655 99763 .82672 .32636
vdW 137 .360 327 3738 .6571 1505 99716 .82977 .32768
Exp. 145 372 328 .3730 .6825 1597 99639 .82980 .32908
Oy Static 302 .045 738 .0082 .8529 1585 .8424 2946 1546
vdW 314 .057 751 .0108 .8377 1487 8315 .3036 1368
Exp. 297 .046 739 .015 .850 254 .8448 3033 1461
O Static .306 .039 .092 1967 .0381 4399 7949 6310 4767
vdW 313 .054 104 .1956 .0304 4416 7867 .6249 4750
Exp. 283 .053 .082 .193 .041 434 7856 .6360 4835
Og) Static .690 153 .549 .4920 .8435 3374 2488 2952 .8957
vdW .673 147 .538 4974 .8306 .3453 2827 2991 9042
Exp. .667 145 527 486 .862 333 2617 2887 .8894
Ow) Static 952 245 964 .3045 4864 .2996 .2439 .6820 .2900
vdW 944 247 959 .3050 4825 2992 2717 .6858 .2985
Exp. 913 224 993 .309 492 .300 2506 .6878 .2990
Os) Static 2503 .9609 1225 .1982 .0408 1967
vdW 2527 9744 1152 2138 .0441 .1963
Exp. 250 968 116 2017 .0462 .1995
Oe) Static 7888 0177 4168
vdW 7593 .0167 4085
Exp. 7791 .0180 4165

4Static calculation without the van der Waals correction.

bStatic calculations with the van der Waals correction. The value of global scaling factor s¢ is the same as in Table 1.

¢Experimental data from Ref. 12 for I,O4, Ref. 18 for 1,05, and Ref. 13 for I,O¢.
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TABLE III. Important interatomic distances in crystalline IO4. The sub-
script of the atom distinguishes symmetrically nonequivalent atoms, see
Table II.

Interatomic distances (A)

0 GPa 2 GPa

No vdW With vdW Exp.(300K) With vdW

Intra-molecular  1(1)-O@3)  1.840 1.852 1.776(7) 1.859
I)-O4y  1.875 1.901 1.846(7) 1.914

12)-Oay  1.973 1.978 1.924(9) 1.988

I2)-O¢)  1.964 1.967 1.934(5) 1.970

Inter-molecular  I1)-O) 2.132 2.120 2.054(6) 2.094
I()-O)  2.170 2.20 2.150(5) 2.201

I()-O@y 2491 2.437 2.607(7) 2.387

I)-O)  2.997 2.797 2.884(6) 2.673

I2-O@4)  2.548 2.490 2.598(6) 2.417

I2)-O@)  2.673 2.598 2.691(6) 2.552

Iy-Oy  3.364 3.047 3.136(7) 2.951

I1y)-I2) 3.553 3.578 3.465(7) 3.566

I2)-Ow  3.368 3.351 3.226(6) 3.399

Om-O@y  2.775 2.753 2.675(5) 2.699

slightly (from 0.75 to 1.0). For 1,0, we need a large modifi-
cation of the s¢ (to 2.0) to reproduce the experimental volume
at room temperature.

The calculations overestimate bond lengths in I,04, I,Os,
and [,0¢ molecules in the three crystals (see Tables III-V).
In most cases, overestimations are about 2-3% but in some
cases they are as large as 5%. Although the vdW correction
decreases the overall crystalline volume as shown in Table I,
its effect on the bond lengths is nontrivial. The vdW correc-
tion in fact increases the bond lengths slightly in 1,04 with
the largest increase about 1.3% in bond I()-Ow) (The sub-
script distinguishes the nonequivalent atom in the primitive
cell, see Table II). For 1,05, the lengths of all bonds except
for I1)-O¢s) increase by vdW correction. The change in bond

TABLE IV. Important interatomic distances in crystalline 1,0s. The sub-
script of the atom distinguishes symmetrically nonequivalent atom, see
Table II.

Interatomic distances (A)

0 GPa 2 GPa

No vdW  With vdW Exp. (300K) With vdW

Intra-molecular I)-O(y  1.875 1.889 1.78(3) 1.921
I)-Op) 1.828 1.847 1.77(3) 1.879
I1)-Oiy)  1.987 1.947 1.92(2) 1.945
I2)-0)  1.902 1.946 1.83(3) 1.981
I-Ow) 1.821 1.830 1.793) 1.851
I2)-O;y  2.020 2.042 1.95(3) 2.056
Inter-molecular I1)-O¢y  2.397 2.383 2.45(3) 2.374
Ih-Oqy 3.167 2.852 2.94(3) 2.749
I1)-Op) 3.298 3.067 3.12(3) 2,978
[1)-Owy 2.727 2.597 2.72(3) 2.546
I2)-O@) 2.555 2.356 2.54(3) 2.307
I2)-03) 2279 2.162 2.23(3) 2.138
I2)-0) 3424 3.160 3.26(2) 3.068
I2)-Owy 3.497 3.267 3.25(3) 3.196
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TABLE V. Important interatomic distance in crystalline I, Og. The subscript
of the atom distinguishes symmetrically nonequivalent atom, see Table II.

Interatomic distances (A)

0 GPa 2 GPa

No vdW  With vdW Exp. (300K) With vdW
Intra-molecular  I1)-O¢y  1.770 1.785 1.754(9) 1.785
I1)-O@)  2.027 2.062 1.962(7) 2.064
I)-Osy  2.051 2.079 1.967(8) 2.075
I2)-0) 1.998 1.980 1.946(8) 1.972
12)-O@)  1.876 1.881 1.798(8) 1.879
I2)-Ow  1.883 1.876 1.798(9) 1.871
I2)-O;)y  1.986 1.964 1.922(7) 1.954
I2)-O@) 2.011 2.000 1.951(8) 1.995
I2)-Oe) 2.023 2.016 1.957(8) 2.010
Inter-molecular I)-Ogy  2.297 2.219 2.324(8) 2.196
I1)-Ow)  2.290 2.227 2.274(8) 2.208

length caused by vdW correction is mostly less than 1% ex-
cept for I(1y-Osy and I(2)-Os), for which the bond length is de-
creased and increased, respectively, about 2%. For 1,0¢, the
effect of vdW correction on the bond length depends on the
iodine atom involved in the bond. The bond lengths involving
Iy atom increase, while those involving I,y decrease, due to
the vdW correction. The change of the bond lengths is usually
small in I;Og.

Regarding inter-molecular distances, the calculations
without vdW correction overestimate most of them but also
underestimate some of them. The vdW correction always de-
creases inter-molecular distances. In general, however, the
vdW correction improves the agreement of the calculated
inter-molecular distances with the experimental values (see
Tables IT1I-V).

We have found that the effect of vdW correction on struc-
ture is similar to the pressure effect. To show this, inter-
atomic distances under a pressure of 2 GPa for the three
crystals are also listed in Tables III-V. When a bond length
increases/decreases with the vdW correction, it further in-
creases/decreases with the pressure. As with vdW correction,
(1) all bond lengths in 1,04 crystal increase slightly, (2) all
bond lengths in 1,05 except for I()-O¢s) increase, and (3) the
bond lengths involving I(;, atom increase and those involv-
ing I(») decrease with the pressure in I,0g, with the pressure.
Furthermore, the effects of vdW correction and the pressure
are similar even in detail. For example, the length of I(;)-O
bond changes more than the other bond lengths in I,O4 due to
both vdW correction and pressure.

B. Vibrational properties

The 1,04 and 1,05 crystals, with space group P2, have
four molecules per unit cell. Therefore, there are 48 inter-
nal and 21 lattice modes for 1,04 crystal, whereas there
are 60 internal and 21 lattice modes for 1,05 crystal. In a
pure lattice mode, single molecule moves as a whole like a
point; the vibration mainly results from the relative move-
ment of molecules. Without inter-molecular interaction, the
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internal modes should be four-folds degenerate. As listed in
Tables III and IV, however, both crystals have some inter-
molecular distances that are comparable to the bond lengths,
implying strong inter-molecular interaction. The strong
molecular interaction causes the mixture of internal modes
and lattice modes. For 1,0q crystal, the basic molecular unit
is actually 14O (see Fig. 3), and each unit cell has one IO,
molecule. There are three lattice modes, all of which are li-
bration modes, and 42 internal modes.

The calculated vibrational frequencies of the 1,0y,
1,05, and 1,04 crystals with vdW correction are listed in
Tables VI-VIIL. The tables also list the “modes Griineisen pa-
rameter,” which is defined as y; = —d Lnw; /d LnV and de-
scribes the volume (V) dependence of the frequency w; of
the ith vibrational mode. For 1,04 crystal, the vibrational
modes are divided into three groups: stretching modes with
the highest frequencies, lattice modes with the lowest fre-
quencies, and bending modes in the middle. The frequencies
of the stretching modes are known to be sensitive to the bond
length. As shown in Tables III-V, the calculation overesti-
mates the bond length, which leads to overall underestimation

TABLE VI. Raman and infrared spectra for crystalline 1,04.

J. Chem. Phys. 134, 204501 (2011)

of the stretching frequencies. In contrast, the calculated fre-
quencies agree well with the experiment values in general for
bending and lattice modes. In 1,0y, the stretching and bend-
ing modes are clearly separated. The lowest frequency of the
stretching modes is larger than the highest frequency of the
bending modes by 80 cm™!. Accordingly, the phonon den-
sity of states (PDOS) of 1,04 in Fig. 4 shows a clear gap be-
tween 425 and 488 cm~!. Above the gap are the stretching
modes. Since our calculation underestimates the frequencies
of the stretching modes, we expect the real gap of [,O4 to be
larger, and there should be no stretching modes with the fre-
quency below 488 cm™!. Consequently, the modes with the
frequencies between 365-422 cm™!, interpreted as stretch-
ing modes in the paper by Ellestad et al.'® should be bending
modes.

Modes Griineisen parameters are usually positive. But
for stretching modes in 1,04, modes Griineisen parameters
take small negative values. Namely, the frequencies of stretch-
ing modes decrease slightly with pressure. This is because
the bond lengths of 1,04 increase with pressure as shown in
Table III. Modes Griineisen parameters are positive for

Raman Infrared
This study Exp.? This study Exp.2
Freq. Sym. y© Freq. Freq. Sym. Y Freq. Assignmentb
749.4 B, —0.11 830 749.1 Ay —-0.17 825 12-04 st
654.2 Aq —0.08 775 643.4 By —-0.21 779 04-12-03 sym. st+02-11-O1 sym. st
627.3 Ay —-0.17 741 628.2 By —-0.52 750 12-04 st4+-02-11-0O1 sym. st
600.5 B, —045 714 610.3 Ay —0.40 12-03 st + 11-02 st
562.1 A —0.23 637 563.6 By —0.35 668 O1-11-02 sym. st + 04-12-O3 asym.st
559.6 By —-0.21 617 02-11-0O1 sym. st
559.6 Ay —0.31 662 11-01 st
532.1 B, —-0.29 540 O1-11-02 asym st + 12-O3 st
542.3 Ay —0.26 623 12-03 st +11-02 st
489.8 Ag —0.14 490 513.0 B, 0.0 576 O1-11-02 asym st
388.9 By 0.77 401 11-O2 wagging + 103 bend
392.7 By 0.52 413 O1-11-02 rock (out of the plane)+103 bend
372.9 B, 0.74 361 01-11-02 bend+ 103 bend
369.6 A 0.82 350 ? 11-O2 wagging+ 103 bend
376.7 Ay 0.74 375 11-O2 wagging+ 103 bend
353.3 Ay 0.81 11-02 wagging+ 103 bend
350.9 By 0.61 3327 103 bend+02-11-O1 rock (out of the plane)
343.0 By 0.63 02-11-01 rock (in plane)+ IOz bend
334.4 Ag 0.71 103 bend+-02-11-O1 bend
330.3 By 0.65 02-11-01 rock(in plane)+ 103 bend
314.4 A 0.39 103 bend+02-11-O1 bend
325.8 Ay 0.66 326 103 bend+02-11-O1 rock
313.0 Ag 0.31 02-11-01 bend+ 103 bend
302.2 B, 0.28 305 02-11-01 + 103 bend
286.4 B, 0.55 285.5 B, 0.36 02-11-O1 bend+I03 bend
277.5 Ay 0.52 275 02-11-O1 bend+I03 bend
264.7 A 0.36 262 103 rock+02-11-01 rock
251.9 B, 0.28 250 103 bend+-02-11-O1 rock
254.0 By 0.99 103 bend +02-11-0O1 rock
230.4 Ay 0.59 103 rock+02-11-O1 bend
226.4 B, 1.25 02-11-01 rock (in plane)+I103 rock
225.6 By 0.63 226 103 bend+02-11-O1 bend
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TABLE VI. (Continued).

J. Chem. Phys. 134, 204501 (2011)

Raman Infrared
This study Exp.? This study Exp.?
Freq. Sym. y© Freq. Freq. Sym. y Freq. Assignment®
220.9 A 0.62 230 103 bend+02-11-O1 bend
220.3 Ay 0.09 210 02-11-01 rock(in plane)+ 103 bend
194.8 Ay 1.23 191 103 rock
194.8 By 1.48 203 02-11-01 bend+I103 rock
168.1 Bg 0.48 180 103 rock O2-11-O1 bend
178.6 By 0.83 02-11-01 rock (in plane)+ 103 bend
151.0 B, 0.87 161 103 rock+02-11 wagging
178.5 Ay 1.04 103 rock
144.7 Ay 1.16 154 02-11-01 rock (in plane)+I03 bend
157.5 By 1.30 167 02-11-01 bend+ 103 bend
131.8 Bg 0.65 138
141.9 Ay 0.88 144 103 bend
131.3 A, 0.80 128 02-11-0O1 rock (in plane) +lattice
133.6 By 1.35 134 02-11-01 rock (in plane)+lattice
126.1 A,y 0.78 128 02-11-01 rock (in plane)+ 103 rock
124.5 Ay 0.65 Lattice mode libration
103.9 B, 1.68 Lattice mode translation
110.1 Ay 2.24 107 103 rock + lattice
104.0 A 1.24 100 O1-11 wagging +lattice
102.3 By 1.29 83 02-11-01 rock (out of the plane) + lattice
86.6 B, 0.91 83.1 Ay 0.99 78 Lattice mode libration
85.2 A 1.12 82 76.1 By 1.70 69 Lattice mode libration
74.4 B, 1.27 74 Lattice mode translation
55.1 Ay 0.6 62 Lattice mode libration
69.9 By 2.07 Lattice mode translation
68.5 Ay 1.07 58 Lattice mode libration
42.8 Ag 1.62 Lattice mode translation

4Reference 18.

®The modes are assigned according to the movement of one molecule, whereas the movement of the other molecules in the unit cell are found from symmetry. The atom index in the
molecule is defined in Fig. 1(b). St stands for stretch, sym. st for symmetric stretch, and asym. st for antisymmetric stretch.
“Modes Griineisen parameter, defined as y; = —d Lnw; /d LnV, describes the volume dependence of the ith frequency mode.

all other modes, and are usually smaller than unity for
the bending modes and larger than unity for the lattice
modes.

Similar to the case of 1,04, the stretching and bend-
ing modes are separated in I,Os crystal. However, the gap
between them, which is located between 425 and 439 cm™!
(see Fig. 5), is far smaller than that in [,04. The calculation
also underestimates the frequencies of the stretching modes
in [,0Os. For the lattice and bending modes, the calculation
generally agrees with experiment. In Table VII, the sym-
metric and asymmetric stretching modes are also separated.
The symmetric stretching modes have frequencies larger than
690 cm~!, while the asymmetric stretching modes have fre-
quencies smaller than 640 cm~!. At 700 cm™!, the phonon
density of states of I,Os is considerably small (see Fig. 5). Our
calculation shows that the phonon density of states above this
frequency comes from symmetric stretching modes and that
between 439 and 700 cm~! comes from asymmetric stretch-
ing modes. The modes Griineisen parameters of the stretching
modes are small and most (but not all) of them are negative.
In contrast to [,04, where all bond lengths increase with pres-

sure, some bond lengths decrease with pressure in I,0s. This
explains why modes Griineisen parameters of some stretching
modes are still positive. As in the case of 1,04 crystal, the lat-
tice modes of 1,05 have significantly larger modes Griineisen
parameters than other modes, which reflects the fact that
inter-molecular distances are greatly reduced by pressure (see
Tables III-V).

For crystalline 1,0¢, no experimental Raman or infrared
spectra are available to the best of our knowledge. How-
ever, since the calculation overestimates the bond lengths,
we believe that the frequencies of stretching modes should
be underestimated in our calculation. Our calculations pre-
dict that crystalline I,Og has vastly different vibrational prop-
erties compared to 1,04 and I,Os crystals. For example, the
stretching modes are not separated from other kinds of modes.
Furthermore, two of the stretching modes have frequencies
far larger than the other modes, creating a large gap in the
phonon density of states (see Fig. 6). Also, the two highest-
frequency stretching modes are the only two modes with
small negative modes Griineisen parameters. As in the case
of 104 and I,0s, the modes Griineisen parameters of the
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TABLE VII. Raman and infrared spectra for crystalline 1,0s.

Raman Infrared
This study Exp.? This study Exp.?
Freq. Sym. y© Freq. Freq. Sym. y? Freq. Assignment®
765.6 A, 0.04 834 03-11-02 st 4+ 04-12-03 st
757.9 B, —0.11 831 757.5 Ay —0.05 835 12-04 st
757.1 By —0.15 820 103 st
734.8 B, 0.20 810 O1-11-02 st
728.2 Ay —0.25 800 11-02 st
705.0 Ay —0.08 748 11-02 st + 12-04 st
705.6 By —0.09 755 O1-11-02 st + 12-04 st
641.7 B, —-0.24 724 03-11-01 st 4+ 103 (12) asym. st
694.5 By —0.22 720 11-01 4 12-05 st
606.4 A, 0.06 693 103 (I1) asym.st + 12-O3 st
592.2 By 0.18 670 03-12-05 st 4+ 02-11-03 asym. st
583.7 B, —0.04 607 103 asym.st 4+ O3-12-O5 st
590.4 Ay 0.13 01-11-03 asym.st + 12-03 st
578.2 Ay —0.07 568.9 Ay —0.12 587 03-11-01 st 4 05-12-03 asym st
468.9 Ay 0.44 535 483.8 Ay 0.02 510 12-05 st
436.6 B, 0.57 433 03-12-05 asym. St + O3-I1st
429.5 B. 0.61 03-12-05 asym. St 4+ O3-11-O1 asym. st
414.4 B, 0.44 412 398.7 B, 0.35 415 05-12-04 bend
388.8 A, 0.32 401 392.5 Ay 0.37 103 bend
383.0 B, 0.38 377 379.3 By 0.29 103 bend
361.6 B, 0.38 361 350.0 Ay 0.57 357 103 bend
353.3 A, 0.58 329.9 Bu 0.85 340 103 bend
337.8 Ay 0.69 314.9 Ay 0.66 327 103 bend
314.2 Ay 0.24 323 304.0 B, 0.37 305 103 bend
312.1 B, 0.59 298.6 Ay 0.55 103 bend
286.2 B, 0.78 300 287.9 By 0.76 103 bend
280.7 Ag 0.44 280.7 Ay 0.44 276 103 bend
265.0 B, 0.40 259.4 Bu 0.63 103 bend
256.7 Ag 0.67 263 255.2 Ay 0.63 103 bend
250.3 B, 0.68 252.8 B, 0.62 103 bend (I1) 4103 rock (12)
213.7 B, 0.68 217.5 Ay 0.06 222 103 bend (11) 4 103 rock (I12)
213.8 Ag 0.50 214.6 By 0.61 103 bend
199.0 Ay 0.73 202 200.0 Ay 0.53 205 103 bend
191.4 B, 0.59 193 103 rock
181.2 A 0.61 174.5 Ay 0.73 180 103 bend (12) 4 103 rock (I1)
171.0 B, 0.82 176 169.4 By 0.89 103 rock
156.9 A, 0.65 148.7 By 1.42 103 rock
149.0 Ay 1.02 153 103 rock (I1)+I03 bend (12)
150.3 B, 0.44 146 Lattice libration
140.0 A, 0.83 103 rock (I1)+I03 bend (12)
132.8 By 1.20 103 rock (12)+I03 bend (11)
122.5 A 1.22 128.0 Ay 1.31 103 rock
122.3 Ay 0.68 122 Lattice libration
110.6 B, 0.81 109 112.7 By 0.91 Lattice libration
105.4 A 0.69 Lattice translation
103.4 By 0.34 97 107.6 Ay 1.04 109 Lattice translation
90.2 Ay 1.17 Lattice libration
81.3 B, 1.21 89.5 By 1.07 87 Lattice libration
81.1 A, 1.34 80 76.2 Bu 1.35 81 Lattice libration
62.3 By 1.60 65 Lattice translation
62.2 Ay 1.34 Lattice libration
58.9 Ag 1.41 59 Lattice translation
49.0 Ag 1.26 Lattice translation
41.1 B, 1.28 47 Lattice libration

#Reference 18.

®The modes are assigned according to the movement of one molecule, whereas the movement of the other molecules in the unit cell are found from symmetry. The atom index in the
molecule is defined in Fig. 1(b). St stands for stretch, sym. st for symmetry stretch, and asym. st for antisymmetry stretch.

“Modes Griineisen parameter, defined as y; = —d Inw; /d InV, describes the volume dependence of the ith frequency mode.
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Crystalline iodine oxides 1,04, 1205, and 150g

TABLE VIII. Raman and infrared spectra for I,Og crystal.

J. Chem. Phys. 134, 204501 (2011)

Raman Infrared
This study Exp. This study
Freq. yb Freq. Freq. yb Assignment®
845.5 —0.11 893.2 846.4 —0.11 1-O st (I1-02, 12-011)
670.4 0.78 779.8 653.5 0.89 10¢ st
598.4 0.77 716.3 617.7 0.58 10¢ st
593.2 0.74 654.5 10; sci (08-13-05, 018-14-019)
561.0 0.81 10; rock (08-13-05, 018-14-019)
493.7 1.11 570.3 10, asy st (06-13-03, 07-14-010)
515.7 0.64 10; asy st (06-13-03, 07-14-010)+10; bend (O8-13-05, 08-14-05)
484.6 0.87 482.5 10; asy st (09-13-012, 04-14-01)
499.8 0.89 10, asy st (09-13-012, 04-14-O1)+10, bend (08-13-05, 08-14-05)
471.6 0.67 10; rock (0O8-13-05, 018-14-019)
458.2 0.95 10, asy st (03-13-012, 010-14-O1)+10, bend (08-13-05, 08-14-05)
4339 0.65 10, rock (O1-11-03, 010-12-012)+10, rock (O8-I13-05, 08-14-05)
444.0 0.42 10, sci (0O1-11-03, 010-12-012)+10; bend (08-13-05, 08-14-05)
433.0 0.26 404.9 10; sci (O1-11-03, 010-12-012),
401.1 0.5 10, rock (O1-11-03, 010-12-012),
370.0 0.68 375.8 103 rock (I1,I12)410; sci (O7-14-04,09-13-06)
366.8 0.71 Ring bend (13-08-14-O5){folding }
3422 0.85 359.6 Ring rock (I3-08-14-05)+103 bend (11,12),
352.3 0.41 103 rock (I1,I12)410; sci (O7-14-04,09-13-06)
336.1 0.54 312.9 103 rock (11,12),
313.3 0.74 Ring (I3-08-14-05) bend {folding }+103 bend (I1,12)
285.4 1.09 279.9 103 st (I1,12), 10, rock (O7-14-04,09-13-06) {out of 1,04 plane}
285.0 0.83 103 bend (11,12) 4 10, rock (07-14-04,09-13-06) {in 1,04 plane}
278.0 0.79 262.4 10, rock (07-14-04,09-13-06) {in 10, plane} + 10, rock (I1-O3- O1, 12-010-012)
259.0 0.70 10; rock (07-14-04,09-13-06){out of 10; plane} + 10; rock(I1-03-01, 12-010-012)
255.4 0.83 240.9 Ring rock (13-08-14-05), 103 bend
230.6 0.03 10, rock (I1-03-01, 12-010-012)+10; sci (07-14-04,09-13-06)
213.4 0.71 222.9 Wagging (12-011, 11-02)
205.6 1.47 103 bend
204.7 1.12 201.2 103 rock
195.4 0.31 Wagging (12-011, 11-02)
195.1 0.44 Wagging (12-O11, 11-02)
189.3 0.51 Ring bend (I3-08-14-05) {folding}, 10, rock (02-11-03, O11-12-010)
190.9 0.98 103 bend
167.2 0.63 103 rock
179.9 0.46 10, rock (07-14-04,09-13-06) {in 1,04 plane}
148.3 0.77 103 rock
130.4 0.65 143.7 10, bend (11-03-01, 12-010-012)
138.7 0.71 103 rock
126.7 1.26 114.1 Lattice modes
99.5 0.97 101.6 Lattice modes
79.5 1.28 81.3 Lattice modes

2The atom index is shown in Fig. 3(b). St stands for stretch, asy st for antisymmetry stretch, and sci for scissor.
YModes Griineisen parameter, defined as y; = —d Inw; /d InV, describes the volume dependence of the ith frequency mode.

lattice modes are usually larger than those of most other
modes.

We have also found that partial iodine and oxygen con-
tributions to the phonon density of states are significantly
different in 1,04, 1,05, and 1,0¢ as shown, respectively, in
Figs. 4(b), 5(b), and 6(b). The partial iodine and oxygen
phonon density of states exhibit almost the same pattern
in [,O4 and 1,05 except that the partial phonon density
of states of Iodine is much smaller than that of Oxygen,
mainly because the number of I atoms are smaller than that

of O atoms. These partial contributions indicate that the vi-
brational modes in [,05 always involve noticeable move-
ments of both I and O atoms. This is also true for 1,04
for the modes with frequencies less than 700 cm~'. But for
modes with frequencies above 700 cm~!, T atoms have much
smaller contribution to the phonon density of states. In I,Og,
I atoms contribute to the phonon density of states only for
low-frequency modes. For all modes with frequencies above
300 cm™!, T atoms are not contributing to the vibrational
modes.
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FIG. 4. (a) Phonon density of states and (b) partial phonon density of states
of I,04 crystal at 0 GPa with vdW correction.

C. Thermodynamic properties

The equation of state of the three crystals, 1,04, 1,05, and
I,0¢, are shown in Fig. 7. As has been discussed in Sec. III,
the calculation without vdW correction overestimates the vol-
ume significantly. However, at high pressures, the vdW cor-
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FIG. 5. (a) Phonon density of states and (b) partial phonon density of states
of 1,05 crystal at 0 GPa with vdW correction.
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FIG. 6. (a) Phonon density of states and (b) partial phonon density of states
of I,Og at 0 GPa with vdW correction.

rection has less effect on volume for all three crystals. Vol-
ume difference at 0 GPa between calculations with and with-
out vdW correction is 9.6%, 12.0%, and 13.2%, respectively,
for 1,04, 1,05, and 1,0¢. At 5 GPa, the difference decreases
to 3.1%, 4.5%, and 5.7%, respectively, for 1,04, 1,05, and
1,06.

Fig. 7 also shows that the vibrational contribution no-
ticeably increases the equilibrium volume. The effect of zero-
point motion and room temperature shifts the equilibrium vol-
ume by 1.3%, 2.2%, and 0.9%, respectively, for 1,04, 1,0s,
and I,O¢. Interestingly, these values are very similar to those
in materials such as MgO and Mg,Si04,2°=3? although the
bulk moduli of MgO and Mg,SiO4 (about 170 GPa) are far
larger than those of iodine-oxide crystals (about 30 GPa). As
mentioned in Sec. II, we modify the s¢ value in the vdW cor-
rection, Eq. (3), to reproduce the experimental equilibrium
volume at room temperature. Therefore resulting EOS should
be quite accurate at low pressures, and is expected to provide
a reasonable prediction of the volume at high pressures and
temperatures.

Thermodynamic properties of the three materials,
including thermal expansion, heat capacity, adiabatic bulk
modulus, and thermal Griineisen parameter, are shown in
Figs. 8-10. The thermodynamic data at ambient
condition are listed in Table IX. Thermal expan-
sion coefficient increases rapidly as a function of
temperature up to about 250 K, and then increases
slightly with temperature at higher temperatures. This is
because the thermal expansion is proportional to the heat
capacity at constant volume. The thermal expansion is
reflecting the behavior of heat capacity as a function of
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FIG. 7. Equation of state of (a) 1,04, (b) I,0s, and (c) I0¢. Experimental
data are from Ref. 8 for I,04, Ref. 10 for 1,05, and Ref. 9 for I,O¢.

temperature, which shows saturation as a function of tem-
perature. The bulk modulus decreases almost linearly with
temperature. The bulk modulus of 1,05 is the smallest among
the three crystals. [O¢ has much larger bulk modulus than
1,04 and I,0s5. The densities of the three materials follow
the sequence, pro0, < pPr,0, < PLOe, Which is opposite to the
bulk-modulus sequence. Namely, for normal crystals the
denser is the crystal, the larger is the bulk modulus. In
contrast, the thermal expansivity, «, for the three materials
follows the counter intuitive behavior as expected from the
bulk modulus, i.e., oo, > a0, > ano,. This is because
the three crystals have similar thermal pressure gradients
about 0.0017 GPa/K, and the thermal pressure gradient is
the product of the bulk modulus and thermal expansivity,
aKr =(@P/aT)y.

The thermal Griineisen parameter, which is defined as
vin = aKrV/Cy, is the weighted average of the modes
Griineisen parameters. At low temperatures, the thermal
Griineisen parameter is determined mostly by low-frequency
modes. As shown in Tables III-V, low-frequency modes
(which are lattice modes) have larger modes Griineisen pa-
rameters than other modes. This is why the thermal Griineisen

J. Chem. Phys. 134, 204501 (2011)
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FIG. 8. Thermodynamic properties of 104 as a function of temperature.
(a) thermal expansion, (b) heat capacity at constant volume Cy and pressure
Cp, (c) adiabatic bulk modulus, and (d) thermal Griineisen parameter.

parameter decreases with temperature as shown in Figs. 8-10.
At increased temperatures, all the modes tend to contribute
equally, and hence the thermal Griineisen parameter becomes
close to the average value of the modes Griineisen parame-
ters. Consequently, the thermal Griineisen parameter becomes
almost temperature independent at sufficiently high tempera-
tures.

The heat capacities at constant pressure, Cp, and constant
volume, Cy, are related by Cp = (1 + ay;;, T)Cy . Heat capac-
ity increases rapidly below about the 250 K and saturates at
high temperatures. Since the quasi-harmonic approximation
is used in the calculation, Cy is subjected to the law of Du-
long and Petit. However, Cp can be significantly larger than
the Dulong-Petit limit.
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TABLE IX. Thermodynamic data at ambient condition.
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(a) Thermal expansion, (b) heat capacity at constant volume Cy and pressure
Cp, (c) adiabatic bulk modulus, and (d) thermal Griineisen parameter.

Pressure Thermal
Bulk modulus derivative of bulk expansion «  Heat capacity Cp  Griineisen
Volume (A3/cell) K7 (GPa) modulus K’ (1073/K) (J/mol/K) parameter y
1,04 387.86 354 6.19 4.78 124.9 0.8
1,05 436.05 21.3 9.78 5.65 141.7 0.7
1,06 215.83 71.1 6.22 2.57 154.9 0.8
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IV. CONCLUSION

The van de Waals correction in DFT within GGA is im-
portant in first principles investigation of molecular crystals
such as iodine oxides. The volume calculated without vdW
correction is larger than experimental equilibrium volume by
7.9%, 9.9%, and 11.7%, respectively, for 1,04, 1,05, and
1,0g. With the vdW correction, the calculated volumes for
the three systems agree well with the experimental volumes.
The effect of the vdW correction on lattice constant has been
found to be highly anisotropic reflecting the crystal structures.
For example, 1,04 crystal can approximately be viewed as
one-dimension solid, comprising infinite eee-I-O-10,-O-eee
chains along the ¢ direction. Accordingly, the vdW correction
on lattice constant in the ¢ direction is much smaller compared
with the other directions. We have also found the vdW effect
on crystalline structure is very similar to the pressure effect.
Both decrease the inter-molecular distances but can slightly
increase some bond lengths. This unusual feature results in
the decrease of frequencies of some stretching modes with
pressure, i.e., some stretching modes have negative “modes
Griineisen parameters.”

All three iodine oxide crystals have a gap in the phonon
density of states but with different characteristics. The gap
in [,O4 is much larger than that of [,0s, which separate the
stretching modes from the other modes. Namely, all vibra-
tional modes are stretching modes above the gap. In 1,05, the
symmetric and asymmetric stretching modes are further sep-
arated at frequencies about 700 cm™!, at which the phonon
density of states is considerably small. For 1,0, the gap lies
within the frequency range of the stretching modes. Above
the gap are two highest frequency stretching modes with neg-
ative modes Griineisen parameters. In contrast, all modes be-
low the gap have positive modes Griineisen parameters. In
all three crystals, lattice modes have in general larger modes
Griineisen parameters than other modes, which reflect the
fact that inter-molecular distances are greatly reduced by
pressure.

The vibrational contribution noticeably increases the
equilibrium volume at the room temperature. The effect of
zero-point motion and room temperature increase the equilib-
rium volume by 1~2%. This shift is similar to those of MgO
and Mg, SiOy, although they have the bulk modulus far larger
than the iodine oxide crystals. The 1,04, 1,05, and 1,04 have
distinct thermodynamic properties. The bulk modulus of I,0¢
is far larger than those of 1,04 and 1,05, whereas the ther-
mal expansion of I,0g is much smaller than those of ,04 and
1,0s. Nevertheless, the product of bulk modulus and thermal
expansion, i.e., thermal pressure gradient, is nearly the same
for the three materials.
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