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At variance from what previously reported, Mn2(CO)10 does
not transform its conformation from staggered into eclipsed in
the high pressure crystal form. X-ray powder diffraction,
DFT calculations and Raman spectroscopy show that the
staggered conformation is retained. Instead, a rotation and a
translation of the Mn(CO)s pyramidal units produce an "off-
axis' and rather shorter Mn-Mn bond.

Investigating the high pressure forms of molecular crystals is a
relatively new field, as for many years the interest of solid state
chemists and physicists was focused only on harder inorganic
materials. Few studies are known before 1980,! whereas during
the past decade we could witness an increasing curiosity for soft
materials, in the range 0-10GPa, with the intent to produce new
polymorphs, to modify the material properties or the intra- and
intermolecular bonding. Some of these studies focused on
transition metal carbonyl compounds, such as M(CO)n
complexes? or poly-metal species Mm(CO)n.?

The current knowledge on transition metal dimers is that high
pressure should favour the smaller molecular volume (hence the
lower enthalpy) of an eclipsed conformation, in spite of the lower
electronic energy of the staggered one, which takes advantage of
smaller repulsion between the equatorial carbonyls. Adams et al.*
investigated the high pressure forms of transition metal carbonyl
dimers M2(CO)io (M = Mn, Re) with Raman and IR
spectroscopy. In Mn2(CO)io (1), they found a transition from
staggered to eclipsed conformation (Figure la, 1b) at 0.8 GPa,
mainly justified by the reduction of the Raman C-O stretching
frequencies due to the higher symmetry. Accurate crystal
structures or at least lattice parameters could not be obtained from
single crystal X-ray diffraction (XRSC), because of the very
fragile nature of the samples. XRSC studies and periodic density
functional theory (P-DFT) calculations on other dimers, like
Co2(CO)s(XPhs)2, (Ph = phenyl; X = P, As, 2a and 2b),’ revealed
a change from staggered to almost eclipsed conformation within
a similar pressure range, following a second order solid state
phase transition. The interpretation of Raman spectra of
Mz(CO)10,* instead, suggested a sudden transformation from Dad
to Dan molecular symmetry. Therefore, one would anticipate a
first order phase transition, implying discontinuous lattices.

At ambient pressure, 1 crystallizes in the monoclinic space group
type C2/c, (reported by many authors in the non-standard 12/a).
The molecular symmetry is just Cz, apparently close to the gas
phase Dis with a root mean square deviation of 0.19A. We
tentatively carried out X-ray diffraction on single crystals in a
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diamond anvil cell (DAC), but we could only confirm the
fragility of the samples. Nevertheless, two alternative
investigations could be carried out: a) P-DFT simulations using
the B3PW® functional, corrected for dispersion effects,” a 6-
21G(d) basis set for C and O, and a small core effective core
potential basis® for Mn; b) x-ray powder diffraction (XRPD) in a
gas membrane DAC, with synchrotron source at the powder
diffraction station of the Paul Scherer Institute.

P-DFT calculations were carried out using CRYSTALO09,’
optimizing the geometry up to 15 GPa, by enthalpy minimization.
Temperature effects were not included. In the range 0-3 GPa, we
started from larger unit cells and lower symmetry but the ambient
condition space group type was always calculated as the
thermodynamically stable form, of course with a smaller volume
produced by a rather anisotropic compression (Table 1 and
Supporting Information). Thus, a phase change is not predicted
by theory. Moreover, the staggered conformation is retained and
no stationary point could be located for the eclipsed geometry,
which rules out a conformational change without phase transition.

a b c

Figure 1. a) the stable gas phase staggered conformation of Mny(CO);o;
b) the gas phase eclipsed conformation (proposed for the high pressure
solid state form);4 c) off-axis conformation (Mn-Mn and Mn-C,. bonds
are not aligned) from P-DFT predictions and XRPD at high pressure.

Two interesting geometrical changes are however calculated. One
is a large contraction of the Mn-Mn bond. This is not surprising
given the small force constant of this bond, but it would not occur
in an eclipsed conformation because the repulsion between the
equatorial carbonyls would force the two metals further apart, as
it occurs in 2.°> The other feature is a small rotation of the
Mn(CO)s moieties about an axis perpendicular to Mn-Mn (and
parallel to the crystallographic twofold). This rotation is different
from that expected for a staggered — eclipsed transformation.
Thus, the Mn-Mn bond becomes "off-axis", i.e. no longer aligned
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with the main inertial axis of the molecule. This is not only due to
the external pressure, because the feature is already evident at
ambient pressure. In fact, while in the gas phase Daq structure,
Mn-Mn, Mn-Cax and Cax-Oax bonds are co-axial (Figure la), in
the crystal the molecule undergoes some necessary distortions,
given that Da4d is not a crystallographic symmetry. One of these
has not been commented so far, despite many studies on 1,
including electron density determinations:'? the Cax-Mn-Mn bond
angle is significantly different from 180° (see Table 2). Albeit
small, this feature is important and even enhanced at high
pressure: at 3 GPa, P-DFT predicts Cax-Mn-Mn = 170° and the
distortion is quite evident (Figure 1c). Above 5 GPa, the angle
returns larger (173°), but Mn-Mn still decreases. In M2(CO)n, M-
M and M-Cax bonds are rarely constrained on the same axis by
crystallographic symmetries, few exceptions are the K* salt of
[Cr2(CO)10]*, where O, C and Cr atoms lie on a twofold axis,'' or
the species 2 where they lie on a threefold axis. [FeCr(CO)9]*, in
its PPN" salt,'? is characterized by the most severe distortion (Fe-
Co-C~169°). In neutral molecules, the rotation is smaller (M-M-
C>175°) as for example in 1 (Table 2). Noteworthy, it is quite
temperature dependent: in fact, Cax-Mn-Mn constantly decreases
from 177.0(3)'% at 298K to 175.3(1) at 74 K.!%¢

To prove the correctness of the theoretical predictions, we carried
out high pressure powder diffraction on 1. The species undergoes
a relatively rapid decomposition under the high flux of X-ray
photons, necessary to obtain significant diffraction from the very
few particles loaded in the DAC. At 17 KeV a sample could not
survive more than 20 minutes of X-ray dose, sufficient to collect
a few pressure points. At higher energy, the radiation damage was
smaller. The data acquisition was quite rapid thanks to the
Mythen detector.'® Three sets of XRPD patterns were collected:
1) 17 KeV, 0-3.5 GPa, NaCl as pressure calibrant and 4:1
methanol/ethanol as pressure transmission medium (PTM); 2) 20
KeV, 0-7.0 GPa, quartz as calibrant, 4:1 methanol/ethanol as
PTM; 3) 28 KeV, 0-3.5 GPa quartz as calibrant and Daphne oil'#
as PTM. After the experiments, we observed sample darkening,
as previously reported,* likely due to partial decomposition. The
unit cells predicted by P-DFT were used to initially index the
peaks, although theoretical cells are systematically smaller
because carried out at 0 K. In facts, at ambient pressure a rather
large volume contraction (ca. 9%) is observed when cooling from
298 K to 77 K (Table 1), thus the predicted unit cell is closer to
the experimental cell at low T. The agreement between theory
and experiment is better at high pressure, where the temperature
has smaller influence (see S. I.). Anyway, no phase transition was
observed in all data collected, proved by the 12/a phase well
explaining the positions of the observed peaks. Rietveld
refinements'> were carried out using TOPAS'S. The Mn(CO)s
unit was treated as a rigid body, allowing the rotation about the
three inertial axes and translation. The results confirmed the
predictions: the molecule does not modify its conformation about
the Mn-Mn bond, but a substantial Mn-Mn-Cax bending occurs,
as the refined angle at 3.25 GPa drops to ca. 170° and the basal
planes of the two pyramidal Mn(CO)s moieties are quite inclined
(e values in Table 2) whereas they are parallel by symmetry in the
gas phase Dud structure. Tentative refinements starting from the
eclipsed conformer always converged to the staggered one.
Although the accuracy of the refinements in DAC is small, the

trend appears clear and in agreement with the calculations.

s Because of the discrepancy with respect to previous results, we
collected new Raman spectra on a powder sample, up to 3.0 GPa.
The ambient pressure spectrum is quite similar to that previously
reported by Adams et al., but above 0.7 GPa there is a huge
difference in the carbonyl region (1950-2050 cm™). In particular,

s no reduction of the number of bands is observed. This is in
agreement with an unmodified, low molecular symmetry, in
keeping with the P-DFT predicted spectra, after re-scaling the
frequencies to account for anharmonic terms (see Supporting
Information). The discrepancy with Adams et al.* could be

70 justified by the scarce resolution of their spectra or a non-
hydrostatic pressure inside the DAC that caused rather broad
peaks in the region 1975-2030 cm!. In fact, at 2.6-2.7 GPa the
FWHM is above 10 cm™ in ref. 4c, but much smaller in our
spectra (< 5 cm™). On the other hand, there is a perfect agreement

ss for the highest energy vibration, which is quite pressure
dependent and isolated (therefore easily identified): this A1z mode
occurs at 2115 cm™! at ambient condition and at 2125 cm™ at 2.6
GPa, confirming a gradient Av/AP ~ 4 cm™'/GPa4 (or 3 cm™'/GPa
from P-DFT calculations).

2150 2100 2050 2000 1950

20 frequencies (cm )
Figure 2 Raman spectra at 0.0001 (top), 1.6 (centre) and 2.6 GPa
(bottom). In Fig. 2 of ref. 4c, only three broad peaks are visible above 1
GPa in the region 1950-2050 c¢cm™. Notably, the number of predicted
bands in the region 1950-2050 is even larger (see S.I.).

ss Table 1 Unit cell parameters of 1 at variable P,T conditions. More data
points in S.I. For experimental data, esd's are smaller than the last digit.
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T(K) P(GPa) a(A) bA) cA) BC) VA Ref.
208 10* 14129 7.102 14.625 10519 1417 XRPD
208 10* 14121 7.100 14619 10518 1414 XRPD
298 155 13816 6.647 13.735 10500 1218 XRPD
208 325 13528 6452 13293 10484 1121 XRPD
298 6.60 13.140 6269 12.889 10450 1028 XRPD'
0 10* 14063 6.654 13908 108.78 1232 P-DFT
0 1.0 13864 6623 13344 109.04 1158 P-DFT
0 30 13338 6493 13.016 10697 1078 P-DFT
0 50 13.037 6375 12802 10598 1023 P-DFT
0 100 12382 6219 12496 103.54 935 P-DFT
208 10* 1416 7.1 1467 1050 1426 XRSCI0®
298 10 14135 7.010 14.628 1052 1416 XRSCIO®
1200 10* 14110 6.898 14326 104.99 1347 XRSCIO0®
100 10* 14126 6.880 14312 105.08 1343 XRSCIO¢
74 10 14088 6.850 14.242 105.08 1327 XRSCIO®

a) glass capillary 17KeV radiation; b) gas membrane DAC 20 keV,
methanol/ethanol as PTM; ¢) transformed in 12/a from the original data.

These results prove that pressure produces two alternative effects
90 in M2(CO)n species: 1) a staggered — eclipsed transformation:
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the smaller molecular volume compensates the repulsion between
carbonyls and the consequently longer M-M distance (it occurs in
2, with 6 equatorial carbonyls); 2) an approach and a slide of the
M(CO)n pyramids along a OC-M-CO basal bisection together

s with a rotation of M(CO)x units about an axis perpendicular to M-
M (it occurs in 1, where 8 equatorial carbonyls hamper the
eclipsing mechanism).

Table 2 Relevant geometrical parameters of Mny(CO); at different P, T
after refinements or PDFT optimizations. Distances are in A; angles and
o torsions in °. esd's are smaller than the last digit.

T(K) P(GPa) Mn-Mn Mn-Mn-C,; C-Mn-Mn-C?* o Ref.
298 104 2.92 178 38 0.8 XRPD"
298 155 272 168 31 14 XRPD'
298 325 279 170 37 7.8  XRPD’
208 660  2.71 166 36 12.6 XRPDP

0 10*  2.856 173.8 38.1 73  P-DFT

0 1.0 2.824 170.4 36.7 8.8 P-DFT

0 3.0 2776 170.3 36.3 82  P-DFT

0 50 2755 170.4 36.3 82  P-DFT

0 100  2.702 173.0 36.6 73  P-DFT
298 10* 2.92 177 38.9 na. XRSC!%
298 0% 2.904 177.0 38.9 3.3  XRSclo
120 10*  2.904 175.9 37.6 4.6 XRSC!0e
100 10*  2.903 175.6 37.5 49 XRsC!o
74 10*  2.895 1753 37.3 5.0 XRSC!0

a) smallest torsion angle; b) DAC, 20 keV radiation, methanol/ethanol
transmission medium; c¢) angle between the basal planes of the two
Mn(CO)s pyramidal moieties (r.m.s. planes of the equatorial Oxygens).

s To complete our study, we investigated the chemical bonding in 1
as a function of the pressure, using the Interacting Quantum
Atom'7® analysis. The M-M interaction is associated with a small
destabilization,'™ a balance between a stabilizing exchange
interaction (the covalent bond) and a destabilizing Coulomb
interaction (the repulsion between metals that, although formally
zerovalent, are positively charged due to n-back donation). Upon
compression, the exchange is stronger, the electron delocalization
between the metals raises and the metal charges are smaller. This
explains the significant Mn-Mn shortening. As known,'® even for
unsupported M-M bonds the equatorial carbonyls are necessary to
bind the two M(CO). moieties through 1,3-M---CO interactions.
In 1, the equatorial carbonyls are more asymmetric at high
pressure and one of the 1,3-M---CO interactions is particularly
stabilizing. An eclipsed conformation would not take advantage
of these two favourable effects (stronger 1,3-M---CO stabilization
and smaller M-M destabilization) while having more
unfavourable CO---CO contacts compared to M2(CO)s species.
We have reported on a comprehensive structural study of the high
pressure form of Mn2(CO)10, known for more than 50 years, but
still attracting interest for its intriguing bonding features.
Contrary to previously published,* an eclipsing of the equatorial
carbonyls was not observed. Instead, a translation of the
Mn(CO)s squared pyramids occurs coupled with a rotation about
a direction perpendicular to Mn-Mn bond, producing a shorter
and “off-axis” Mn-Mn bond. The bonding analysis confirms that
this mechanism is convenient because of a better stabilization of
the Mn-Mn bond and a smaller repulsion of the equatorial
carbonyls compared to the eclipsed conformation.

The results stimulate a re-investigation'® of Re2(CO)10, for which
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staggered — eclipsed and eclipsed — staggered transformations
were anticipated from vibrational spectroscopy at high pressure.*
We thank the Swiss National Science Foundation (project
144534) and PSI for financial support. Ms. A. Lanza and Dr. M.
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