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The molecular structures of the monomers and dimers of all iron trihalides, FeFs, FeCls, FeBrs, and Fels, were
determined by computations, and the structure of iron trichloride monomers and dimers was determined also by gas-
phase electron diffraction. The thermal-average bond length, r,, of FeCls is 2.136(5) A, and the estimated equilibrium
bond length from experiment, 2.122(6) A, is in excellent agreement with the computed value. Vibrational and
thermodynamic properties have also been calculated for all species. The stability of iron trihalides decreases toward
the iodide; neither the bromide nor the iodide can be evaporated without decomposition. The structures of isomers of
trimers and tetramers for iron trichloride have also been calculated. The connection between the gas-phase and
crystal-phase structures and the exceptional stability of the dimer is discussed.

Introduction

Among the halides of iron, oxidation states +2 and +3 are
the most common, with the trihalides becoming less and less
stable than the dihalides with increasing halogen size. In this
paper, the structural and thermodynamic properties of all
iron trihalides are discussed based on high-level computa-
tions, and in the case of FeCls, in addition, on high-tempera-
ture gas-phase electron diffraction (ED). From the point of
view of applications, iron trichloride is the most important in
the group; it is used extensively for wastewater treatment,
purification of drinking water, and in catalytic processes.
Iron trichloride was the first inorganic contrast agent used in
a human in magnetic resonance imaging; it was administered
orally for gastrointestinal tract imaging.' FeBrs is a Lewis
acid, and it is applied as catalyst in the halogenation of
aromatic compounds.

FeF; evaporates at high temperature as a monomeric
molecule, and its structure has been determined by gas-phase
ED.?"*In contrast, iron trichloride evaporates at relatively low
temperature as a dimer as witnessed by mass spectrometric™®
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and ED’ studies. It is only at higher temperatures that the iron
trichloride monomers appear in the vapor; and upon further
heating, they decompose into the dichloride.® Iron tribromide
cannot be sublimed unless a larger than 1 atm pressure of
bromine is applied.” Ferric iodide cannot be evaporated
without decomposition; it was isolated in the solid state
for the first time just in 1988.'" The crystals of FeF have a
rhombohedral structure that is intermediate between hexa-
gonal closest packing and cubic closest packing,''™"* while
those of iron trichloride'*~'® and tribromide'” are hexagonal
layer structures; the iron coordination is octahedral in
all of them. Dimeric units are present in the melts of iron
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trichloride, according to neutron diffraction,'® Raman spec-
troscopy,'”** and computer simulation.' =

Prior computational studies of iron trihalides include the
recent studies of iron trifluoride*** and the earlier calcula-
tions of iron trichloride monomer” and the iron trichloride
dimer.”” We are not aware of a complete computational
study of the whole iron trihalide series. Experimental vibrational
spectroscopic studies have appeared on iron trifluoride®®*’
by matrix isolation infrared (IR) spectroscorp3y and on iron
trichloride by gas-phase IR*® and Raman,*"? matrix IR*
and Raman®* spectroscopy, see also ref 35.

We did an ED study of iron trichloride 30 years ago at a
nozzle temperature of about 460 K at which the vapor
consisted of only dimeric molecules.” In the present work,
we report the high-temperature ED study of iron trichloride
with the aim of determining the structure of its monomer.
Since at the time of the earlier study the possible anharmo-
nicity of the stretching vibrations was not considered in the
analysis, we reanalyzed the earlier data set for the dimer as
well. We have also computed the structure of all four iron
trihalide monomers and dimers. Vibrational frequencies for
all species were also calculated and NBO analyses were
carried out to see the occupation of the 3d orbitals and the
extent and effect of covalent bonding.

The primary purpose of this investigation was, beyond
providing reliable information on the individual structures,
to see whether, and what kind of|, trends could be observed in
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the structural variations in this important group of sub-
stances.

Computational Details

Most of the computations were carried out using the
unrestricted mPWIPW91 DFT method,?® that appears to
provide geometrical data for metal halides in good agreement
with experiments. All computations were performed using
the Gaussian03 program package.®’ For checking the possi-
bility of antiferromagnetic coupling in the dimers, MRCI
calculations were also carried out for Fe,Clg; for these the
MOLPRO program was used.*®

The iron atom was described by a relativistic effective core
potential®®* (MDF ECP, describing 10 electrons) and its
associated valence basis set (8s7p6d2f1g)/[6s5p3d2f1g].***°
The two smaller halogen atoms were described by Dunning
type all-electron cc-pVQZ (F*' and CI*?) basis sets and the
two larger ones with a relativistic MDF-ECP and the corre-
sponding cc-pVQZ-PP (Br*® and recalculated 1**) basis sets.
These provided balanced basis sets for the one used for iron.

Beside the DFT method, we also carried out MP2 level
calculations® for FeCls, Fe>Clg, and Fesl4. For iron trichlor-
ide, comparison with the experimental results and the ones
available in the literature warranted these calculations. For
the iron triiodide dimer, the DFT method yielded a C;,-
symmetry puckered structure; hence, we found it necessary
to calculate the structure with another method as well. In the
MP2 calculations we used the ReadWindow (RW) suboption
with 20,0 and 39,0 orders for iron trichloride and a 63,0 order
foriron triiodide, respectively, to ensure that only the valence
shell is taken into consideration in the calculation.

The potential energy surface for the ring puckering vibra-
tion of Fe,Clg was also calculated to aid the dynamic ED
analysis of this molecule (vide infra). For this, the structure of
the dimer was calculated in the puckering-angle range be-
tween 0 and 40 degrees at 5 degree intervals, and their
contributions to the scattering were included according to
their Boltzmann-distribution at 460 and 900 K, respectively.

For the iron trichloride dimers both high-spin (l Big) and
low-spin (lBlg) electronic states were calculated at the DFT
(MmPW1PW91) and the MRCI levels of theory, resulting in
rather different energies (vide infra). To find connection
between the gas-phase and crystal-phase structures of iron
trihalides, we also calculated the structures of some iron
trichloride trimers and tetramers. Their Cartesian coordi-
nates are given in Supporting Information, Table S1. The
stability of all structures was verified by frequency calcula-
tions (MPW1PWOI1 level); the frequencies of the monomers
and dimers of all trihalides are given in Supporting Informa-
tion, Tables S2 and S3, respectively, together with the available
experimental frequencies from the literature. The agreement
between experiment and computation is satisfactory, with
differences not larger than between the sometimes rather
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Figure 1. ED molecular intensities (E, experimental; T, theoretical) and their differences (A) for iron trichloride at the two experimental temperatures.
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Figure 2. Radial distributions (E, experimental; T, theoretical) and their differences (A) for iron trichloride at the two experimental temperatures. The

contribution of different distances is indicated by vertical bars.

scattered experimental values. Natural Bond Orbital (NBO)*¢
and Wiberg bond index analyses*’ were carried out for
all molecules. Some thermodynamic parameters were also
calculated.

ED Experiment and Structure Analysis

The ED patterns of the FeCl; sample were recorded with
the combined ED—quadrupole mass-spectrometric experi-
ment developed in the Budapest laboratory,*®*° with a mod-
ified EG-100A apparatus and a double-oven nozzle system.>°
The acceleration voltage was 60 kV. The sample of iron-
trichloride was a 99.99+% purity Aldrich product. The
nozzle material was stainless steel covered with platinum foil,
and the nozzle system was passivated with chlorine gas before
the experiment. The nozzle temperature was 900(50) K. The
AG values of the dimerization of FeCls in Supporting Informa-
tion, Table S4 indicate that at 900 K the dissociation is favored.
Six photographic plates were used in the analysis at both
camera ranges. The data intervals were 1.875—13.625 Q‘fl
(with 0.125 A™! steps) and 9.25—36.00 A~" (with 0.25 A™"
steps) at 50 and 19 cm camera ranges, respectively. The details
of the low-temperature experiment are given in ref 7. Experi-
mental ED molecular intensities are available in Supporting
Information, Table S5. The molecular intensities for both low-
and high-temperature experiments are given in Figure 1 with
the corresponding radial distributions in Figure 2. Normal
coordinate analyses were performed using the program
ASYM20°! for both monomeric and dimeric iron trichloride.
Vibrational amplitudes were calculated from the computed
harmonic vibrational frequencies and force fields and were
used as starting parameters in the ED analysis. For the mono-
mer molecule, the amplitudes were also calculated from the
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experimental vibrational frequencies;’! there was good agree-
ment with the computed ones.

First we reanalyzed our earlier low-temperature (460 K)
ED data.” We wanted to see how the possible anharmonicity
of the stretching vibrations, not accounted for in the earlier
study, influences the results for the bond lengths. In this
analysis we used the new electron scattering factors (the same
as for the new high-temperature experiment).>> We also
wanted to aid the structure analysis of the new high-tempera-
ture experimental data and have a consistent analysis scheme
for the two sets of data so that the temperature effect on the
structure of the dimer could be observed. To avoid high
correlation among the parameters, a dynamic analysis was
performed for the dimer, based on the computed puckering
potential of the four-member ring of the dimer (see Compu-
tational Section). The geometries of the differently puckered
models were calculated based on the computed parameter
differences relative to the D,;,-symmetry model. The indepen-
dent parameters refined during the structure analysis were the
following, all referring to the D,,-symmetry molecule: the
average of the terminal and bridging bond lengths, their
difference, and the terminal and bridging bond angle. At
the beginning of the structure analysis the average and the
difference of bond lengths were refined one after the other.
However, at later stages, all independent parameters were
refined simultaneously. The vibrational amplitudes of all
distances were refined in groups, and the asymmetry para-
meters of the bond lengths were also refined together.

In the analysis of the high-temperature experimental data,
the presence of dimeric molecules had to be taken into
account beside the possible presence of the decomposition
product, FeCl,. The latter could be ruled out during the
refinement (in fact, the radial distribution curve exhibits no
contribution around 4.2 A, where the Cl- - - Cl distance of the
FeCl, molecule should appear). The dimers were treated with
a dynamic model, similar to the case of the low-temperature
experiment, but the distribution of the puckered structures
was recalculated for the higher temperature. The initial values

(52) Ross, A. W.; Fink, M.; Hilderbrandt, R.; Wang, J.; Smith Jr., V. H.
In International Tables for Crystallography Vol. C; Wilson, A. J. C., Ed.;
Kluwer: Dordrecht, 1995; pp 245—338.
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Table 1. Computed Bond Lengths of FeX; (°A;") Monomer Molecules (., in A)

this work literature values

method MP2 DFT“ ED (exp) for method, see footnote

F 1741 1.750(4)°  1.737¢, 1.745¢

Cl 2118 2,122 2.122(6)°  2.144/,2.139%,2.144" 2.144", 2.105"
Br 2.265

I 2.468

“mPWI1PWI91/ECP10MDF/cc-pVQZ(-PP). b Estimated experimen-
tal equilibrium bond length, r2’; calculated from the thermal-average
parameters from refs 2 and 4. “ Estimated for CBS limit at CCSD(T) level
of theory ref 24. ¢Estimated for CBS-DK limit at CCSD(T) level of
theory ref 25. ¢ Estimated experimental equilibrium bond length, r; this
work, from the thermal-average bond length, see Table 3. ’HF/WD95*
from ref 27. *B3LYP/6-31G* from ref 20. "B3LYP, QCISD, and MP2;
double-£ + polarization for each method, respectively, ref 26.

of the dimer vibrational amplitudes were assumed based on
their values in the low-temperature experiment, taking into
account the temperature increase by adjusting them accord-
ing to the ratios of the calculated amplitudes for the two
different temperatures. The independent parameters refined
during the structure analysis were the average of the mono-
mer and the dimer terminal bond lengths, their difference, the
difference of the two dimer bond lengths, the monomer
Cl- - -Cl non-bonded distance, the two bond angles of the
dimer, and the monomer/dimer ratio. On the basis of our
computation, initially the difference of the monomer and the
dimer terminal bond lengths was assumed to be zero; at later
stages we attempted to refine it but that turned out to be
impossible. Therefore, we checked how small changes in this
parameter affected the results and took this into account in
the estimation of the uncertainties. The two monomer vibra-
tional amplitudes, together with most vibrational amplitudes
of the dimer, were refined in groups. The asymmetry para-
meters of the monomer bond length and the two dimer bond
lengths were also refined in a group. During the structure
analysis it became clear that the terminal bond angle of the
dimer cannot be refined; therefore, we accepted the value of
this angle from the low-temperature experiment. By using
different values for this bond angle in a rather wide range, we
determined the influence of this constraint on the other para-
meters, and this was taken into account in the error estimation.
About one-quarter of all molecules were dimers in the vapor,
amounting to a little more than half of the scattering power of
the sample. However, its impact on the determination of the
monomer geometry was much diminished because most of the
dimer contribution soon disappeared beyond the small-angle
region in the molecular intensities (see the Supporting Infor-
mation, Figure S1). A so-called “static analysis” was also
performed to see whether the different refinement methods
influence the results—they did not.

Computational Results

Monomer. Table 1 presents the computed monomer
bond lengths, together with other computational results
from the literature and the available experimental data.
For FeF;, two high-level computations are available, in
which the complete basis set limit (CBS) was estimated;
our DFT calculation falls between the two CCSD(T)
values, and their agreement can be considered satis-
factory, considering the large difference in the com-
putational level. The estimated experimental equili-
brium_bond length, 1.750(4) A is a few thousands
of an A larger than the computed values, but considering
the about 1300 K experimental temperature and the

Varga et al.

Table 2. Computed Geometrical Parameters of the Fe,Xq (”Blg) Dimers (Bond
Length, r., in A, Angles in deg)*

X method Fe—X, Fe—X, Xi—Fe—X; Xp—Fe—X, puck

F DFT 1735 1934 119.7 79.5 0.0

Cl DFT 2122 2336 117.3 91.7 0.0
MP2 2115 2327 119.5 91.1 0.0
Lit” 2135  2.384 120.0 85.0 0.0
ED¢  2.122(6) 2.317(13)

Br DFT 2268  2.484 116.6 94.5 0.0

1 DFT 2477  2.685 115.4 96.8 15.2
MP2¢ 2516  2.875 159.4 91.0 23.0

“This work unless indicated otherwise. For details of applied meth-
ods, see Computational section. X, refers to the terminal; Xy, to the
bridging halogen atoms; puck is the puckering angle of the central
four-member ring of the dimer along the Xy - - - X, axis.  The highest
level calculation from ref 27. “Estimated experimental equilibrium
bond length, r}; from the thermal-average bond length at 900 K,
see Table 3. “For discussion of this very different structure, see the
Discussion.

approximate character of the estimation, the agreement
is good.

For FeCls, several computational results with varying
levels of methods and basis sets are available in the
literature with a wide range of computed bond lengths
(see Table 1). The MP2 calculation of ref 26 gave a much
too short bond. Our MP2 bond is also somewhat short, in
accordance with earlier experience with the MP2 method
for metal halides.> > The other Fe—Cl bond lengths
from the literature are around 2.14 A, about 0.02 A larger
than our DFT value; possibly because of the lower quality
of the basis sets (mostly of double-{ quality) applied in
these studies; apparently, they were not satisfactory for
this system.

Dimer. Table 2 displays the computed geometrical para-
meters of all four iron trihalide dimers (high-spin struc-
tures, ”Blg electronic state). They all have a structure with
two halogen bridges but of different symmetry. In each
case, the terminal bond length of the dimer is about the
same as that of the monomer; their difference is never larger
than 0.01 A. The difference between the two dimer bond
lengths is about 0.2 A, according to the general experience
with such halogen-bridged molecules.*>>°

The bridging bond angle increases appreciably in going
from the fluoride toward the iodide; from about 80° in the
trifluoride to about 97° in the triiodide. This is easily
explained by the stress within the four-member ring
because of the closeness of the gradually larger and larger
halogen atoms. For the rather small, about 80° bond
angle in Fe,Fg repulsion between the iron atoms in the
ring might also be responsible. The terminal bond angle
decreases, but only slightly, from the fluoride (119.7°)
toward the iodide (115.4°), according to our DFT studies.
Some peculiarities of the computed Fe,lg structure will be
mentioned in the Discussion.
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Table 3. Geometrical Parameters of FeCl; and Fe,Cls from ED*

T = 460K T = 900K

earlier analysis’  present work  present work

Monomer
ro(Fe—Cl) 2.136(5)
rM(Fe—Cl) 2.122(6)
[(Fe—Cl) 0.068(2)
k(Fe—Cl) x 107° 2.0(3)
ro(Cl- - -Cl) 3.642(13)
I(Cl-+-Cl) 0.200(7)
Z Cl—Fe—Cl)” 116.6(6)
% (monomer) 79(3)

Dimer

ro{Fe—CI) 2.227(4) 2.229(4)
Ar(Fe—Cly)—(Fe—Cly)? 0.199(3)¢ 0.202(3)¢ 0.212(10)
Ar(Fe—Cl)y—(Fe—ClY [0.000]
ro(Fe—Cly) 2.129(4) 2.129(4) 2.136(5)
[(Fe—Cl) 0.059(1) 0.059(2) 0.067(3)¢
k(Fe—Cl) x 107° 0 0.2(2)" 1.93)"
ro(Fe—Cly) 2.329(5) 2.333(8) 2.350(12)
[(Fe—Cly) 0.084(2) 0.084(2) 0.103(9)
k(Fe—Cly) x 107° 0 2.002)" 10.9(3)"
Z (Cl,—Fe—Cl,) 124.3(7) 123.5(6) [123.5)
Z (Cl,—Fe—Cly) 90.7(4) 90.6(3) 93.5(9)
R(%) 5.0 4.7 4.0

“Bond lengths in A; vibrational dmphtudes (H)in A bond asymmetry
parameters (k) in A% angles (£,) in degrees; r, is the operational
parameter in the ED molecular intensity equation, r, is the thermal
average bond length, r2 is the estimated experimental equilibrium bond
length derived from the thermal average bond length by Morse-type
anharmonic corrections; Cl, refers to terminal and Cl, to bridging
chlorines in the dimer. The geometrical parameters of the present study
are weighted averages of the respective parameters of the models in the
dyndmlc analysis. The thermal average r, parameters of the earlier
study’ were calculated from the published r, parameters. Error limits
are estimated total errors, including systematic errors, and the effects of
constraints (the latter only for the high-temperature experiment): o, =
(ors” + (cp)* + A?)'2, where oy g is the standard deviation of the least-
squares refinement, p is the parameter, ¢ is 0.002 for distances and 0.02
for amplitudes, and A is the variation of the parameter upon reasonable
changes of the constrained parameters. ” Thermal average bond angle at
the experimental temperature; corresponding to a planar equilibrium
structure. ¢ Average of the terminal and bridging bond lengths of the
dimer in r, representation. “Difference of the terminal and bridging
bond lengths in the dimer. ¢ Applying our usual procedure for calculat-
ing the total errors of this parameter, we get a very small value; therefore,
we checked how changing the value of this parameter affected the others.
Even very small changes of this parameter, such as a few thousandths of
an angstrom, resulted in unacceptable worsening of the goodness-of-fit.
It must also be noted that all systematic errors cancel for the differences
of bond lengths. Nonetheless, as the total uncertainty of 0.001 A seems
to be unrealistically small, we increased it 3-fold. / Difference of the
monomer bond length and the terminal bond length of the dimer,
constrained at the computed value. € Refined together with the corre-
sponding monomer parameter. ” Refined in group. "Constrained at the
value determined in the low-temperature experiment.’ Goodness of fit.

ED Results

Results of the ED analyses are given in Table 3. The
experimental thermal average bond length of monomeric
FeCl; from our high-temperature expenment is 2.136(5) A.
Although numerically this value is hardly distinguishable
from some of the prior computed r, values (Table 1), such a
coincidence does not mean true agreement because of the

(57) Hargittai, M.; Hargittai, 1. | [ S 1992, 44, 1057
1067.
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different physical meanings of the thermal average and
equilibrium bond lengths.>” In the present work, we
estimated the experimental equilibrium bond length by
anharmonic vibrational corrections from the r, parameter;
and obtained 2.122(6) A. The difference of 0.014 A between
our r, and r, values is reasonable both in sign and magnitude
between these two representations. Note that our computa-
tions applied larger basis sets than the ones used previously in
the literature.

Results of the reanalysis of the earlier low-temperature
experiment can be compared with the original one in Table 3.
The two sets of results differ very little because the effect of
the stretching anharmonicity at this relatively low tempera-
ture is modest. Its effect is more noticeable at the higher
temperature as can be seen from the dimer results of the high-
temperature analysis; the asymmetry parameter (describing
the stretching anharmonicity) is an order of magnitude larger
at 900 K than at 460 K.

The geometrical parameters of Fe,Clg could also be
determined from the new experiment, and this made it
possible to see the effect of temperature on the thermal
average bond lengths. The terminal bond of the dimer
lengthens about 0.007 A, while the bridging bond about
0.017 A. This is expected, considering the much weaker
nature of the bridging bond compared with the terminal one.

It is worthwhile to comment on the rather large difference
between the low-temperature experimental value of the
terminal bond angle (123.5°) and the calculated one for Fe,Clg
(117°). The refinement always gave an about 124° angle,
irrespective of the initial parameters or refinement schemes.
Fixing this angle to the computed value gave unacceptably
bad agreement. Therefore, we tried to estimate the reliability
of this computed value. We optimized the Fe,Clg structure
with constraining the terminal bond angle at 120 and 123.5
degrees, respectively. The energies of these structures differed
amere 0.05(120°) and 2.6 (123.5)° kJ /mol from the optimized
structure with a 117° angle. Apparently, the potential energy
does not much depend on the X,—Fe—X, angle.

Discussion

The thermal-average bond length of iron trichloride,
2.136(5) A, was determined from high-temperature gas-phase
ED. Its experimental equilibrium bond length, 2.122(6) A,
was also estimated by applying Morse-type anharmonic
corrections; agreeing well with the computational result,
2.122 A; of course, the numerical coincidence is only acci-
dental. This agreement between experiment and computa-
tion, together with the similarly good agreement for FeFj,
gives us confidence about the applied methods and basis sets
and thus in the computed geometrical parameters of the two
heavier iron trihalides, for which experimental bond lengths
are not available because of their instability in the gas phase.

The results of the NBO analysis of the monomers are given
in Table 4. The 3d orbital occupation of FeF; is 5.7, that is,
0.7e larger than what we would expect for a trivalent iron ion.
There is further increase with the size of halogens (6.0, 6.2,
and 6.3, for Cl, Br, and I, respectively). The increasing 3d
orbital occupation toward the iodide is not surprising as the
covalent character of the bond always increases in this
direction (see Wiberg bond indices). Nevertheless, the more
than six d electrons on iron in the larger trihalides suggests a
divalent rather than a trivalent metal. Indeed, the crystals of
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Table 4. NBO Charges, Wiberg Bond Indices, and Natural Electron Configura-
tions of the Metal Atoms at mPWIPW9I Level of Theory

charges Wiberg indices

Fe X, X, Fe—X, Fe—X, NEC (Fe)*

Monomer, FeX3

F 2.048 —0.683 0.34 4s(0.18)3d(5.72)4p(0.03)

Cl 1472 —0.491 0.52 4s(0.39)3d(6.03)4p(0.05)

Br 1.268 —0.423 0.58 4s(0.47)3d(6.15)4p(0.07)

I 0977 —-0.326 0.64 45(0.57)3d(6.31)4p(0.09)
Dimer, Fe,X¢

F 2.067 —-0.659 —0.750 035 0.15
Cl 1.376 —0.438 —0.501 0.56  0.28
Br 1.119 —0.356 —0.407 0.62  0.32
I’ 0767 —0.249 —0.269 0.69  0.37

45(0.19)3d(5.71)4p(0.01)
43(0.43)3d(6.11)4p(0.05)
45(0.50)3d(6.24)4p(0.06)
45(0.59)3d(6.45)4p(0.08)

“The 4d NEC is between 0.02—0.05 and 0.02—0.11 for the monomers
and dimers, respectively. ® Fe,I in C>, point group.

iron tribromide and triiodide lose halogens already at mode-
rate temperatures and decay to dihalides.® The strong oxidizing
power of the tribromide is also in accord with this observation.

The trend in the dimer molecules is similar, except that the
metals have a slightly more ionic nature in Fe,F¢ than in
FeF5. The other dimers, on the other hand, are more covalent
than the corresponding monomers, increasingly so from the
chloride toward the iodide. The bridging halogens in the
dimer are always more negative than the terminal halogens
and this is most pronounced for the fluoride (—0.75¢ vs
—0.66e for the bridging and terminal fluoride, respectively).
The enhanced ionic character of the bridging halogens
compared with the terminal ones indicates that the dimeriza-
tion is driven, at least in part, by electrostatic forces and this
explains why dimerization is less and less favored as we go
toward the triiodides.

The symmetry of the dimer structures is of interest. While
the first three trihalides have the expected D,;, symmetry, for
Fe,l our computations (see Table 2), both at the DFT and at
the MP2 levels, produced a C,,-symmetry, puckered struc-
ture. Our earlier calculation of the AlI4 structure gave
similar results,”® although in that case only the MP2 calcula-
tions gave puckered structures, while the DFT methods
resulted in D,;-symmetry. The DFT calculation of the D,-
symmetry structure of Fe,ls resulted in one imaginary
frequency, and the structure lies 4.2 kJ/mol (MP2: 4.1 kJ/
mol) higher in energy than the C, ground-state structure.

We note that the MP2 structure of Fe,lg (Table 2) has
peculiar features. The bridging Fe—I bonds are much longer
than usual; instead of the 0.2 A difference compared to the
terminal bond, here this difference is over 0.3 A. Another
noteworthy aspect of this structure is the very large terminal
bond angle, 159.4° as compared with the DFT value of 115.4°.
Both NBO charges and Wiberg indices indicate weak inter-
actions between the atoms; for example, the bond index of
Fe—1,, is only 0.15, which is less than half of the DFT value
(0.37). It appears as if this method predicts a rather unstable
species for Fe,l4 that is approximating the dissociation of the
molecule into two Fel, molecules and two iodine atoms.

The possibility of a low-spin electronic structure for the
dimer was examined for iron trichloride. This structure (lBlg)

(58) Hargittai, M.; Refty, B.; Kolonits, M. jiniiniiimmi 2006, //0,
3770-37717.
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Table 5. Calculated and Experimental Standard Formation Enthalpies (kJ/mol)
and Entropies (J/mol-K) for All Iron Trihalide Monomers and Dimers and
Sublimation Enthalpies (kJ/mol), Entropies (J/mol.K), and Free Energies (kJ/
mol) for Iron Trifluoride and Trichloride at the mPWI1PW91 Level”

F Cl Br I
calc exp” calc exp’ calc calc

FeX3

AH® —694.6 —820.9 —249.7 -253.1 —139.0 —22.3

5’5 3126 304.1 344.8 3442 3802 4059

A H° 347.2 146.4

AgpS° 214.3 202.6

Ay G° 283.3 85.9

F62X6

A —1561.6 —650.3 —6544 —311.5 —1555

S6 463.3 528.8 536.9 6085  668.0

AgpH® 522.0 141.7

AgpS° 266.7 244 .4

Ay G° 4425 68.9

“The atomic data of ref 62 were used for the calculation. Crystal
formation enthalpy (FeF5: —1041.8 and) and entropies (FeF;: 98.3 and
FeCls: 142.2 J/mol.K) are from ref 60, and formation enthalpy of FeCls
(—396.0 kJ/mol) is from ref 61. * Ref 60.

lies about 380 kJ/mol higher in energy than the high-spin
state from the Gaussian03 calculation. An MRCI test calcu-
lation with MOLPRO predicted an even higher energy
difference (625 kJ/mol) between this state and the high-spin
ground state. This energy difference is in agreement with the
magnetic properties of the crystals, where the magnetic
moments are oriented in an opposite way in adjacent layers.>

Thermodynamic data for the monomers and dimers were
also calculated. Table 5 shows the standard formation
enthalpies of all iron trihalides, together with the available
(only for FeF3, FeCls, and Fe,Clg) experimental data from
the JANAF tables.®” For iron trichloride the agreement is
good, while thereis a large (126.2 kJ /mol) difference for FeFs;.
The decreasing enthalpy of formation toward the iodides
corresponds to the decreasing stability of these halides in the
series.

The enthalpy of sublimation can be calculated as the
difference of the enthalpies of formation of the gas-phase
iron trichloride dimer and the iron trichloride crystal,®' these
are also given in Table 5. While the enthalpy of sublimation
for the monomer FeCls, 146.4 kJ/mol, is only slightly higher
than that for the dimer, 141.7 kJ/mol, the free energies of
sublimation (FeCls: 85.9 and Fe,Clg: 68.9 kJ/mol) already
suggest larger vapor pressure for the dimer, indicating
that this is mostly an entropy effect. For iron trifluoride,
both the sublimation enthalpies and the free energies favor
the monomer.

We also calculated the structure of other small oligomers of
FeCls, to see whether a connection with the crystal structure
emerges or not. For the trimer, three isomers, shown in
Figure 3, were calculated. The ground state structure has
two four-member rings connected, and the ninth chlorine is
bonded to the central iron atom. The other two structures are
much higher in energy; with the third one being only a
transition state. In contrast, for the tetramer, the three low-
est-energy structures, all consisting of connected four-member

(59) Cable, J. W.; Wilkinson, M. K.; Wollan, E. O.; Koehler, W. C. Phys.
Rev. 1962, 83, 35-41.

(60) Chase, M. W., Jr. NIST-JANAF Thermochemical Tables, 4th ed.;
American Chemical Society: Washington, DC, 1998.

(61) Blairs, S. . 2000, 38, 1484-1488.
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Figure 3. Molecular structure of iron trichloride trimers and tetramers (with their relative energies in kJ/mol), and the crystal structure in two
representations. Some tetramers and a dimer in the crystal structure are highlighted to indicate their relationship to the crystal structure.

rings, are very close in energy, as shown in Figure 3. In the
ground-state structure of the tetramer, the fourth monomer
unit attaches to the central iron atom of a trimer, thus
providing six-coordination to the central metal atom. The
other two low-energy excited-state molecules have a chain
structure.

Comparison of the structures of the same substance in
different phases may be instructive in learning about inter-
molecular and interionic interactions.®> For metal halides,
because of the ionic nature of the crystals and the different
coordination numbers of the metals in different phases, the
structure of the free molecule is usually too different from the
crystal to find any obvious correlation. If the structural unit
of a gas-phase species, for example, a dimer, can be “recog-
nized” in the crystal, the chance of finding these species in
the vapor is enhanced.**** This happens in iron trichloride,
whose crystals consist of octahedra sharing edges (Figure 3).
For iron trifluoride, its crystal consists of octahedra sharing
vertices; its vapors do not contain dimers.

The dimer of iron trichloride seems to be a very stable unit;
from the melt to relatively high temperature gases (it is even
present in the hot gas at 900 K). It can also be “recognized” in

(62) Burcat, A.; Ruscic, B. Third Millennium Ideal Gas and Condensed
Phase Thermochemical Database for Combustion with Updates from Active
Thermochemical Tables; Argonne National Laboratory: Argonne, Illinois, 2005.

(63) Hargittai, M.; Hargittai, I.m413425.

(64) Hargittai, M.; Jancso, G. . 1993, 48,

1000-1004.

the crystal as highlighted in Figure 3. Figure 3 illustrates that
all three low-energy tetramers can be “recognized” in the
crystal structure, so they might be candidates for the first
steps toward crystallization. In this respect, although the
ground-state tetramer structure shows six-coordination
around iron, it is not a good candidate for crystallization;
this structure cannot be formed easily from two dimers. For
this, the slightly higher-energy cis or trans structures are
better candidates. Of course, the process of crystallization is a
complex matter, but the fact that the dimers and tetramers
are “recognizable” in the crystal suggests that there may be
no need for extensive rearrangement.
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