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ARTICLE INFO ABSTRACT

Keywords: The signature of molecular vibrations and distortions in dynamic molecules gives a complex fingerprint which is

IR insightful and can substantiate (or otherwise) chemical hypotheses regarding molecular and conformer stability.

Stereochemical analysis Using high-accuracy experimental data of ferrocene (Fc) and deuterated ferrocene (dFc, Fc — d'°) at temperatures

Ferrocene from 7 K through to 388 K, we obtain complex spectral profiles which require an advanced reaction coordinate

High-resolution FTIR model to explain. We obtain compelling evidence that the single conformer model (staggered Ds, or eclipsed Dsy,)
used to interpret and explain many experimental results on ferrocene is invalid. However we also present com-
pelling evidence that mixed conformer models are invalid, where ferrocene is represented by an effective dihedral
angle between the cyclopentadienyl (Cp) rings; or by a mixture of Boltzmann populations of the two conformers.
We find no evidence for single or mixed conformer models despite covering almost all conclusions from past
literature for gas, solution or solid phase Fc. Some molecular dynamics computations have imputed free rotation at
liquid helium temperatures or at room temperature — we find no evidence for either of these hypotheses.

We measure and derive point-wise experimental uncertainty of the spectra, enabling quantitative assessment of
specific chemical and physical models about the origin of the spectral line-shapes. A new principle based on the
reaction coordinate is introduced. Advanced spectroscopy and modelling is introduced for hypothesis testing, to
articulate the nature of the potential surface, the reaction coordinate and subtle conformational changes in dilute
systems. Two expected spectral peaks appear inverted in the gas phase, but are explained by our Reaction Coordinate
Method (RCM) model. The non-uniform broadening of the singlet and doublet peaks with increasing temperature is
explained. Our experimental analysis shows that the lowest energy conformer is Ds;, for both Fc and dFc. We are able
to represent the reduced mass ratios of the lowest vibrational modes for Fc and dFc of 1.11 for v, for Fc to and of 1.10
for Fc to Fc — d'°. The measured barrier height for rotation is 7.4kJ mol~! and 6.3kJ mol~! for Fc and dFc
respectively, in comparison to numerous theoretical treatments and past experimental studies. For the first time, we
obtain agreement of the model with the complex spectral evolution of profiles. These new techniques are sensitive
discriminants of alternate models and chemical systems, which argues for wider application to other complex or
impenetrable problems across fields arising for numerous other solutions, frozen or at room temperature.

1. Motivation

Ferrocene (Fc, [Fe(CsHs),]) is the iconic molecule of organometallic
chemistry, where the ferrous sandwich structure exemplifies metal-aryl
bonding, yet is also one of the most subtle. A serendipitous discovery of
Fc more than sixty years ago, reported by two groups in late 1951 [4]
and early 1952 [5], ultimately proved to be a breakthrough introducing
a new era of organometallic chemistry. Wilkinson and coworkers pro-
posed the structure of Fc to be a sandwich compound (a metal atom
sandwiched between two cyclopentadienyl rings), possessing a
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symmetry point group of Ds; (staggered) [6]. Independently, Fischer
and co-workers proposed an iron (II) atom to be confined between
staggered cyclopentadienyl (Cp) rings in the ferrocene molecule [7].
Subsequent X-ray crystallography studies [8-10] confirmed the sand-
wich form of the structure. A recent Nature Chemistry commentary
[11] explained that key papers were insightful and generational
without providing high standards of analysis.

New development of the understanding of ferrocene is of very broad
interest and significance as it relates to the nature of the organometallic
bond and advanced quantum chemistry. Fc, extended structures and
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analogous compounds have been adopted for various applications in
catalysis [12], fuel additives and pharmaceuticals [13-16], and have
been the subject of much structural investigation. In particular, the
stability of these compounds and their catalytic activity are proposed to
be highly dependent on their local electronic structures and con-
formation.

Ferrocene has two limiting conformations, Ds, and Ds4, depending
on the relative orientation of the Cp rings (Fig.S9). Studies of deuter-
ated ferrocene, dFc, provide analogous yet distinct insight into the
dynamics of the Cp rings. Although long accepted that both Fc and dFc
possess dual pentagonal carbon rings with a staggered conformation
[6,7,17-20], angular separation between the Cp rings for crystalline Fc
has been reported to vary at different temperatures: 22+ 2° or 22(2)° at
173 K; 28(2)° at 298K [21], 9.9°, 9.2°, 8.9° at temperatures of 148 K,
123K, and 101 K respectively [22] (TableS3). Alternate experimental
techniques have suggested stability of eclipsed or Ds, symmetry with a
barrier height from almost zero [23] to 4-23kJ mol ! using NMR,
ADPs, QENS, XRD and electron scattering [24-26,22,27,28,23].

Theoretical studies for Fc suggest an eclipsed or Ds;, symmetry should
be more or less stable by up to 6kJ mol ! [29,30]. Such an alternate
conformer has not been verified experimentally in a robust definitive
manner, though some evidence has been presented using XAFS [31,32].
Density functional theory demonstrates that the predicted and observed
torsional and swing vibrations of ferrocene are emblematic of layered,
stacked, Cp rings rather than individual bonds [33-36]. Detailed studies
of Ds;, and Ds, of ferrocene are important as ferrocene derivatives inherit
particular properties which only exist in one conformer. [37]. TableS5
summarises the previous experimental data of IR spectra of Fc in the
400-500 cm™~! region. Band frequencies are presented in terms of two
band profiles instead of three as the doublet is almost degenerate. The
measured gas-phase IR spectra of Fc [18] shows inconsistency in terms of
energy shifts (ca. 7cm™') and frequency splitting (3cm~') when com-
pared with theory [2]. The IR band of Fc from monoclinic crystals claims
a frequency splitting of 14cm~![38], whilst the orthorhombic crystal
claims a frequency splitting of 19 cm~!. The IR spectra from the amor-
phous solid [39] and orthorhombic crystal provide the same band fre-
quencies, and the band frequencies with the triclinic Fc crystal and with
the Nujol solvent [17] appear consistent. Calculations by Gryaznova
et al. [34] are significantly discrepant in terms of energy-shift, intensity
and frequency splitting with other theory [2] and IR measurements
[39,38]. The only measured gas-phase IR spectra [18] of dFc also dis-
agrees with theoretical values [34,2] and raises major issues because of
the apparent discrepancies.

The first IR measurements of the vibrational spectra of Fc were
conducted by Lippincott and coworkers [17,18] more than 60 years
ago. They concluded that the conformer was staggered, Ds4, but per-
haps the key evidence must arise from the profile shape and asymmetry,
as we consider in this work. The Fc doublet band in the IR spectrum
appears to be weaker than the singlet in the vapour, and reversed in
solution [18]. Hence it appears to be inverted in theoretical predictions.
One of the features (around 675cm™!) in the Fc vapour spectra of
Lippincott et al. [18] is not predicted from theory and may originate
from experimental impurities, solvation or thermal effects
(Supplementary information Fig. S10). Recent advances in ab initio
calculations of molecular structure are now extremely useful for char-
acterizing the Fc conformation in experimental data. Key clues can be
obtained from deuterated Fc (dFc) measurements under cognate con-
ditions. Detailed understanding of the rotation dynamics of the Cp rings
requires a temperature series of measurements, because any Cp ring
rotation is highly temperature dependent [1].

Earlier survey work [1,2] represented a dramatic milestone in the
understanding of this complex dynamic quantum system, yet the esti-
mates had sufficiently large discrepancies across the temperature range
that possible conclusions invoked 30% population of off-axis rocking
modes; large anharmonicity with increasing temperature; and differ-
ences in the calculated wavenumbers and intensities of the modes. In
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Fig. 1. Overview of spectral data and comparison of the qualitative accuracy of
DFT computations across the IR spectral region for dFc, and similarly for Fc,
arguing for the good convergence and accuracy of the theoretical computations
for this analysis. The full IR spectral region contains one additional peak at
3257 cm ™ L. Vertical lines indicate typical offset of theoretical prediction from
experiment. Most importantly, the new theory is able to distinguish the sig-
natures of the key conformations in the critical spectral region. However, the
spectral profile below 500 cm ™" is complex and challenging.

principle, and quantitatively, these are now resolved. The measurement
of robust uncertainty permitted the beginning of advanced analysis and
experiment [3].

2. Profile variation from theory between the conformers

The conformers are remarkably similar and IR, XAFS and XRD ex-
perimental data are almost identical, with little ability to discriminate
between the Ds;, and Dsy4 conformations. Fortunately, recent advanced DFT
computation [2] has predicted a significant splitting of the IR spectrum
according to conformation and thereby enabled a critical probe of the
conformation. IR spectra of Fc were calculated by our group for the Ds,
and Ds; conformations in gas-phase in a broad spectral region
(400-3500 cm™!): six major peaks are apparent in the region for both
conformers (Fig. 1) [2]. Except for a small separation of ‘singlet’ and
‘doublet’ transitions of circa 17cm™! in the <500 cm~! region, the IR
spectra of the conformers are practically identical. However, the band
profiles in the 450-500 cm~! region are quite distinct between the Ds;, and
Ds4 conformations and provide a key signature to distinguish between the
conformations in experiment (Fig. S11). Except for our theoretical calcu-
lations [2], the available reported computations do not provide separated
bands for the doubly degenerate peak in the 400-500 cm~! region.

The stereochemistry of Fc due to the relative orientation of the Cp
rings can be understood in terms of two normal modes (Tables S4 and
S5): a singlet (v7, an A2” mode due to the Fe atom oscillation between
the rings) and a spectroscopic doublet (vg 9, two E’ modes due to the in-
phase tilting of rings), in the 450-500 cm~! region. Whilst the relative
intensity of the band due to the ‘doublet’ is predicted to be two times
larger than the band for the singlet, the corresponding band frequency
Vg9 due to the doublet is calculated to be much larger for the Ds, form
than the Ds4, and the band frequency v, for the singlet is conversely
larger for the Ds; form. The relative intensities and frequencies of the
bands therefore provide a means of identifying the stereochemistry of
Fc. There are a number of high quality DFT calculations [34,18] for
ferrocene IR spectra (TableS6). Our recent theoretical calculations [2]
are broadly consistent in the > 600 cm™! region with Gryaznova et al.
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Fig. 2. Gas-phase relative absorbance of IR spectra of Fc (black, top, offset) and
dFc (green, bottom), at 353 K, compared with DFT calculated IR spectra at 0K
[2] for Ds, (blue) and Dsy (red) in the gas-phase for Fc and Fc — d'°. Un-
certainties (standard deviations) oy = 0.0006, 0.0011 for the Fc and dFc spectra,
respectively. The IR spectra of dFc is closer to the Ds, form, but the IR spectra
look inconsistent with theory: the more intense band of Fc lies at lower wa-
venumber and the amplitudes appear different. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

[34]. However, significantly, the bands in the key region 450 cm~! are
inconsistent between computations where they are dominated by Fe-
related vibrations.

3. Experimental data

The experimental gas-phase deuterated ferrocene spectra (Fig. 2)
show two clearly separated peaks in the band which roughly line up
with the Ds; conformation, but with quite different separation of
components and quite different broadening. Whilst the frequency
splitting of two broad bands in the 450-500 cm™! region is clear for Fc,
the more intense band lies at the low wavenumber, which is predicted
for the Ds; rotamer but with very narrow separation of components.
Neither Ds, nor Ds; gas-phase predictions conform to the experimental
observations. Similarly, the Ds, nor Ds; predictions are unable to ex-
plain the spectral variation with temperature of the dilute data (Fig. 3).
Given the resolution and accuracy of our new data, interesting
anomalies in the profiles include:

1. the gas phase profile appears to be inverted for the Fc singlet and
doublet [18] (Fig. 3) - the intensities of the peaks are reversed;

2. the temperature series data (Fig. 3) show a complex profile
structure and variation with temperature. These new experimental
data sets are in more complex disagreement with a simple prediction
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of theory, quite separately and inconsistently for the gas-phase data,
the dilute system in wax, high temperatures and low temperatures
for both Fc and dFc.

3. relative intensities appear quite different from theoretical ex-
pectations, whether for Fc or dFc, eclipsed or staggered, vapour or
solution (Fig. 3 - i.e. the oscillator strengths of the peaks are
anomalous, even for T = 7 K;

4. theoretically predicted profiles for the Ds, and Ds4 conformations
are offset in frequency compared with experimental profiles. These
shifts might correspond to convergence and accuracy limits of DFT
predictions. These complex variations show a pattern which can
reveal the theory, quantum chemistry, structure and dynamics.

4. The ability to resolve hypotheses

This high quality data demonstrates the power of advanced infrared
spectroscopy to probe the structure of disordered systems. Using
goodness-of-fit ( sz analysis) with established uncertainty estimates and
advanced hypotheses, we can investigate and explicitly discriminate
between hypotheses:

e A Single Conformer Model (Hypothesis A) assumes that the sample
can be well-modelled either as a purely eclipsed or as a purely
staggered conformer. This has been the conclusion from many
sources in the literature [6,7,17-19,24,20,38,25,26,22,27,40,29,
30,33].
A Mixed Conformer Model (Hypothesis B) assumes that the sample
can be well-modelled by a mean dihedral angle between Dy, (0°)
and Dsy (36°) [22,27,41,21]. Or preferably, as a mixture of ‘fully-
eclipsed’ and ‘fully-staggered’ species [42,21]. This latter option
might be used and extended to consider a Boltzmann factor between
the two rotamers [1,43]. An extreme limit of this option would
suggest free rotation of the Cp rings with no barrier, yielding an
effective 50:50 mixture. Such a free rotation has been claimed in
experiment and molecular dynamics simulations [44,24,40,29] at
300K, but also that free rotation begins at liquid helium tempera-
tures [45]. This hypothesis allows for frequency offsets for the
eclipsed and staggered DFT predictions. These two hypotheses (A
and B) cover almost all hypotheses and conclusions from past lit-
erature.
An RCM Model (Hypothesis C) assumes the validity of the latest DFT
predictions and introduces the concept of a potential energy surface
between rotamers, with N vibrational levels between 0° and 36°.
Populations of each vibrational level are given by assuming a
Boltzmann distribution for the sample at temperature T, beginning
an investigation into the Reaction Coordinate Method (RCM).
e The Advanced RCM Model (Hypothesis D) allows the key para-
metrisation to vary from predictions. This model allows optimisa-
tion of the IR relative peak amplitudes (oscillator strengths) at the
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Fig. 3. Experimental IR spectra of Fc and dFc in solid (frozen) solutions over temperatures from room temperature down to 7 K, background-corrected. The complex
temperature dependence of peak energy, centroid, band location, amplitude and area, and asymmetric broadening require advanced physical models and advanced
theory. Standard deviation uncertainties are functions of the data repetition and variance. Typical values for dilute dFc in frozen paraffin wax solution for T = 7K,
24K, 80K, 120K, 180K, 300K are g,y = 0.0015, 0.0025, 0.0026, 0.0031, 0.0025, 0.0022.
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lowest temperature investigated, T = 7 K, first, closest to matching
the theoretical calculations.

5. Eclipsed or staggered? A Single Conformer Model

The simplest model of Fc would be: (i) that the Fc or dFc system is
either purely eclipsed (Ec) Dsj, or purely staggered (St) Dsg; and (ii) that
the theoretical models exactly represent this ideal. In other words, the
first model (Hypothesis A) represents the spectrum of Absorbance A
versus v (wavenumber in cm™), as Egs. (1) or (2) (see Supp. material).
The locations and offsets of the IR spectra are approximately aligned
with the experimental data across the IR spectral range
(400-1200 cm ™~ ') with modest 25 cm™! offsets (Fig. 1). Theory has not
been scaled nor offset to this point.

It is clear that neither the Ds, nor Ds; conformation theoretical band
structure is able to represent the Fc spectra (Figs. 2 and 3), even in-
cluding an energy offset. To model the band profiles of the conforma-
tions for both Fc — d'° and Fc — d° compounds in terms of their isotopic
composition, the fitting model needs to include additional Voigts to
model the 10% contribution from Fc¢ — d° in the sample (Table S6). The
D54 conformers (Fc — d'° or Fe — d°) possess a single broadened peak
within experimental resolution. A pure Ds;, conformation predicts the
dominance of the first peak modestly, but the spectra are unable to
match in terms of frequency offset, relative intensity and broadening.
The spectra change dramatically with temperature and cannot match
any model with a fixed ideal conformer (Fig. 3). Hence any Single
Conformer Model is disproven for both Fc and dFc in the gas phase or
frozen solution.

6. Mixed conformer model? Hypothesis B

Fitting a mixture of the D5, and Ds; theoretical gas phase DFT
computations at a given temperature would reveal the relative con-
tributions of the conformations in this experimental observation. This
allows an investigation beyond the facile Single Conformer Model and
permits the investigation of the dependence of changes of conforma-
tion. This might give information on the energy difference between two
stable minima on a potential surface. Hence the simplest Hypothesis B
is (i) that the system is a mixture of purely Dsj, and purely Ds, Fc or dFc;
and (ii) that the theoretical models exactly represent this ideal, with
likely frequency offsets required for comparison with DFT gas-phase
theory (see Supp. material).

This series of possible models suggest that Fc is a two-component
mixture; or similarly that the angle between the two parallel Cp rings is
neither 0° nor 36° but some angle in between. Crystallographic studies
primarily observe lattice positions in a regular crystal, and by extension
predict regular space-group symmetry, bond lengths and bond angles,
naturally affected by crystal packing. In the presence of significant
disorder, these can be interpreted as average site occupations and bond
lengths in a static rather than dynamic sense. The idea of a two-com-
ponent mixture might naturally lend itself to an interpretation of a
mean dihedral rotation angle between the Cp rings, so that if a mixture
reported 80% Ds, and 20% Dsy, this might correspond to an average
rotation angle of 36°x 20% = 7.2°. Crystal disorder might affect this
interpretation; or the minimum potential could correspond to a 7.2°
rotation angle. This directly implicates dominance of a particular con-
former. Results claim to span the full range from 0°(Dsy) to 36°(Dsq)
(Table S3).

6.1. Mixed conformer model for gas phase

The theoretical convergence for one conformation (Ds;) may be
different from that for the other conformation (Ds;). Having in-
dependent frequency offsets dvg, and dv, for the eclipsed and staggered
conformers respectively between the gas-phase DFT and the experi-
mental spectra is necessary to fit the Fc gas phase spectra well. This is
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reflected by a significant improvement in the standard goodness-of-fit
parameter from statistical analysis, x> ~ 17.9 (Fig. S12).

In the case of dFc (Fig. 2), fitting a frequency offset for each com-
ponent improves the fit somewhat, but remains a very poor fit
( sz ~ 194) and does not change the fraction of the Ds; conformation,
which remains minor. The inconsistency between the 50% mix for the
gas phase Fc data and the 95% value for dFc, and the inequivalence of
the relative frequency offsets, argues for the inadequacy of the model.
In other words, Fc and dFc should fit with similar percentages of each
conformer at gas phase temperatures.

6.2. Mixed conformer model for temperature series

For a single frequency offset between theory and experiment for the
dilute Fc spectra in wax, the fitted profiles do not agree with experi-
mental data. When each conformer is given an independent offset, the
Ds;, conformer appears dominant and predicts the correct relative in-
tensity of the peaks across the measured temperature range (Fig. S13).
The fits are in quite good agreement with x> of 9.0-11.9 for each
temperature. The small Ds; fraction appears to have a uniform offset
from theory but quite high at 20.5 (2)-21.6 (4) cm~!; while the domi-
nant Ds; conformer has a fitted offset from theory which varies with
temperature from 11.8(3)cm™ for T=7K to 4.6(4)cm™! for
T = 300 K. The percentage Ds, varies from 20% at lowest temperature
to about 35% at T = 300 K. Variation of these parameters with tem-
perature is an exploration of the limitations of the model and of the
required components of an improved model. In other words, physical
parameters such as the offset between experiment and theory should be
a constant rather than a function of temperature.

The same Mixed Conformer Model is applied to the D5, and Dsy
conformations in the IR spectra of Fc — d'* using Eq. (4) (Supp. mate-
rial). For the dFc temperature series of data, the theoretical Ds4 profile
cannot fit the data at all (Fig. S14), with imputed contributions of 0% at
low temperature and up to 14% for T = 300K. y? =147 for T= 7K
data set, not much improved for T = 300 K with y? = 56. The relative
intensities do not agree and do not match for any temperature.

We observe significant discrepancy at T = 7K where the con-
formation might be unique and is predicted and observed to be mainly
Ds;,. Therefore, the theoretically calculated relative intensities (Table
S6) for the gas-phase spectra were further investigated by fitting the
lowest temperature (7 K) IR spectra using band frequencies only for the
Ds, conformations (i.e. Iy 7x = 0). A correction factor of 1.37 +0.02
was fitted for the singlet intensity of the Ds, dFc, and propagated the
correction to fit the spectra at all temperatures. It was necessary to fit a
correction scaling factor of 1.81 + 0.02 to the intensity for the singlet
for Fc. This intensity correction factor was used to fit the spectra at all
temperatures. The correction of the intensity is insufficient to obtain
satisfactory agreement at 120 K and 300 K (x? of 53 and 123 for Fc and
dFc for example) and further improvement of the modelling is required.
The evidence presented herein demonstrates that these models (Single
Conformer Models and Mixed Conformer Models, Hypotheses A and B)
are invalid despite covering almost all conclusions from past literature.

7. RCM model: Hypothesis C

If we consider the potential surface of the rotation around the Cp
ring between conformations, we should expect a periodic potential with
either two stable conformations or a stable conformation and a transi-
tion state conformation (Fig. 4). A key parameter from literature — the
barrier height AE to the internal rotation of the Cp rings — has been
investigated using different techniques and media.

The electron scattering technique was applied to gaseous Fc at high
temperatures 673K [46], and 413K [24] to investigate the energy
barrier to internal rotation of the Cp rings. The scattering pattern from
the gas at 673K found no rotational barrier [46]; however, Fc
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Fig. 4. Schematic of the possible relative energy change as one Cp ring rotating
by a dihedral angle ¢ with respect to the absorber axis (connecting the centres
of two Cp rings) in the periodic formation process of two conformations
(eclipsed and staggered) of ferrocene. Due to the pentagon structure of the Cp
rings, every 36° rotation of the dihedral angle rotates from one conformation to
the other.

decomposes around this temperature. An electron scattering study of
gaseous Fc at 413 K[24] found a barrier of 3.8 +1.3kJ mol ! to the
internal rotation. Although the refinement of the experimental intensity
curves weakly supported the Ds;, conformation, the imputed barrier was
low and with large uncertainty (34%). It has been suggested that the
value of AE is much larger for the orthorhombic phase though with a
large 48% uncertainty (33+16kJ mol ™) [23] and with strong dis-
agreement with measurements using NMR [47]. The barrier is reported
to be relatively small in triclinic (T < 164K) and smaller still in
monoclinic phases (T > 164 K), but this casts doubt on the orthor-
hombic result and structure. If the orthorhombic estimate of 10.1 kJ
mol ™! from XRD is accurate, then there is perhaps no change of barrier
height in the phase transition from orthorhombic to triclinic. Con-
versely, if the ADP estimate for triclinic and monoclinic is accurate,
then there may be no change of barrier height in the phase transition
from triclinic to monoclinic.

For different DFT functionals, the energy of the rotational barrier
varies significantly [29]. The dynamics are temperature dependent, so
understanding the rotation dynamics requires measurements across a
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series of temperatures. If either model in Fig. 4 for Fc and dFc is valid,
then the potential appears like a simple harmonic oscillator for most
rotation angles. The evidence of the spectra so far presented implies
that at low temperature the Ds;, conformer is predominant.

The profiles along the potential surfaces between the conformers
can be obtained using the difference Av; = v;5; — vj g between the Ds,
and Dsy calculated band frequencies v, the number of vibrational levels
N and the rotation angle ¢ from 0° — 36° for the interconversion be-
tween the rotamers. The intensities for the corresponding component
profiles can be derived by implementing the probability of a Boltzmann
distribution with a transition state (see Supp. material).

The lowest wavenumber vibrational mode for the Ds, form of Fc is
calculated to be v; = 17.26 cm~!, whilst the Ds; form in the transition
state higher by a predicted 2.53kJ mol ! provided an imaginary fre-
quency of v; = —29.9cm~!. This provides a prescription for a hy-
pothesised potential energy surface for the interconversion between the
rotamers [1]. Table 1 summarises required parameters from DFT to fit
the observed IR spectra of Fc and dFc.

For the dilute Fc and the dilute dFc temperature series, this RCM
Model (Hypothesis C) using theoretical DFT parameters is well-formed
but leads to a poor fit with sz ~ 200, because of limitations of the DFT
prediction and computation of the frequencies. The data require offsets
for the eclipsed conformation for the singlet and doublet frequencies
and for the hypothesised transition state staggered conformation, as
revealed by the low-temperature experimental data. An overall scale is
necessary to relate the theoretical intensities from km mol ! to absor-
bance, assuming that the spectrum lies in the linear regime and avoids
saturation. Whilst the model is persuasive, this compelling evidence
requires a novel model to explain the dynamics of ferrocene.

8. Advanced RCM Model in solution: Hypothesis D

This model hypothesis allows parameters to vary from the DFT
predictions, especially because of the theoretical uncertainty and con-
vergence limitations. For the very lowest temperatures (7 K), only the
lowest occupied mode, the ground state Ds, mode, will contribute.
Hence several critical parameters are found or fitted best in the lowest
temperature data, yet should be consistent and stable for all tempera-
tures, viz.  v;vgve(Dsp), Inlglo(Dsy).  Conversely,  parameters
V79859 (Dsq), Iilg;lo(Dsq), v1, and the barrier height AE or Av = )N,
cannot be determined from the lowest temperature data set because
only the lowest ground state mode is occupied at 7 K. For deuterated
ferrocene, both d'° and d° forms must be included in approximately the
ratio given by the experimental sample preparation specification 9:1. As
with the two-component model, especially for the lowest temperature

Table 1

DFT predictions and literature values of chemically significant parameters.+
Band frequencies Dsp Dsq

v V7 Vg V9 7 V7 Vg vy

Fc, gas-phase DFT, v (em™1) 17.27 471.2278 488.7036 488.7156 -29.88 461.2664 459.5262 459.5285
Intensities, I (km/mol) 17.7516 22.2985 22.2904 17.3881 25.5412 25.5403
AEprr 211.1em~!, 2.527 kJ mol !
# of bound vibrational levels N=12
Fe — d°, gas-phase DFT, » (cm ™) 15.57 443.1440 477.1403 477.1522 -26.95 435.7617 449.8169 449.8191
Intensities, I (km/mol) 23.6745 23.2981 23.2906 22.7629 26.2227 26.2219
AEprr 216.4 cm™!, 2.590 kJ mol ™!
# of bound vibrational levels N =14
Fc — d°, gas-phase DFT, v (em™ Y 15.72 445.5237 477.9126 478.4622 -27.21 437.9741 450.4575 451.0659
Intensities, I (km/mol) 23.1164 23.1919 23.1248 22.2765 26.128 26.1
AEppr 215.7 cm™!, 2.582kJ mol !
# of bound vibrational levels N =14

$vy, barrier height from DFT, AEppr = Est — Ege, N = Int (%El), this work[2,48]; Ref. [1] estimated v;~ 25 cm ™! and AE~ 6kJ mol ™V

5
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Fig. 5. IR spectra of dilute Fc in wax measured, and using the Advanced RCM Model (Hypothesis D). Outstanding quantitative agreement is found with RCM and
advanced DFT, with an excellent fit at low temperatures with a sz of 9.4 at 7K, 12.2 at 23K, 7.3 at 80K, 10.6 at 120K, 4.7 at 180K, and even 3.5 at 300 K.
Data = squares. RCM result = red line. Spectral components in colours. Residual in lower figure with +1 standard error dashed line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

data set for dFc, but also for Fc, this requires a parameter I o/I;. Neither
Iy o/l nor an offset vg g — v; were investigated earlier [1]; investigation
of these permits quantitative agreement of theory and experiment. The
data requires a parameter to measure the ratio of I9/I 0. Freeing each
of these assumptions led to continuously improved fits and structural
agreement.

Apart from the broadening, the advanced reaction coordinate ap-
proach has all parameters consistent for all temperatures (Figs. 5, 6,
Table 2) although there is a small variation of frequency with increasing
temperature: Fc: dvg.: 12.20(2) cm ™! decreases by circa 6.2 cm ™! with
increasing temperature across the series and dFc: dvg.: 8.64(5) em ™!
decreases by circa 3.47(8) cm ~ ! with increasing temperature across the
series. This variation is observed experimentally in nearly spectral lines
and is likely indicative of thermal expansion. Compared with any al-
ternate approach or hypothesis, the improved and quantitative agree-
ment is remarkable. The tabulated parameters are sparse and tightly
linked to the predicted advanced theory from DFT.

The stereochemistry associated with the Cp rings for Fc and dFc is
expected to be the same, and the ordering of the energies of the vibra-
tional modes of Fc should be compatible with that for dFc, following the
expected reduced mass dependencies. A satisfactory interpretation of the
spectra can be made by constraining v; in the fitted models for Fc and
dFc corresponding to the amplitude of harmonic motion for a given
normal mode. Theory calculates v; = 17.27 cm ™~ for Fc, v; = 15.57 cm ™!
for Fc —d* and v, =1572cm™! for Fc — d° with the calculated

reduced mass dependency already incorporated. Chhor et al. [40] sug-
gest that theoretical isotopic ratios of the lowest vibrational frequency
between Fc and dFc might be 1.11. Lippincott et al. [18] noted different
values for asymmetric ring metal stretch 1.04 (the singlet) or asymmetric
ring tilt (1.01-1.09). The model is able to successful maintain the DFT
values and ratios, though the data do not clearly discriminate between
different values. In fact, results are mainly sensitive to the barrier height
or equivalently to the number of vibrational levels N below the barrier
height. The data suggests AE and hence N significantly larger than some
DFT theory [29,30,48,39] and some results interpreted from experiment
[24,23,49,28] but well within the range interpreted from different ex-
perimental techniques [50,42,27,51,47,23,28]. The estimated barrier
height for the molecules for Fc is 7.4kJ.mol~!, and for Fc — d' is
6.3kJ.mol !, and for Fc — d? is 6.4 kJ.mol ~'. Hence N was optimised to
be 36 for Fc and 34 for Fc — d'°. N and the barrier height are not tightly
tied down by theory or experiment.

9. Advanced RCM IR gas-phase spectra: Hypothesis D

Whilst this agreement in solution is compelling for the Advanced
RCM Model, the gas-phase spectra represent an even more difficult
challenge. This is a different quantum chemistry system, where the
molecule is not relatively isolated in a frozen solvent but is isolated in a
gas-phase system at high temperatures T = 388 K. Statistics, adsorption
and background subtraction can be more challenging. The model for
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Fig. 6. IR spectra of dilute dFc in wax measured, and using the Advanced RCM Model (Hypothesis D). Outstanding quantitative agreement is found with RCM and
advanced DFT, with an excellent fit at low temperatures with a ){,2 of 14.6 at 7K, 6.8 at 24K, 13.6 at 80K, 6.1 at 120K, 10.5 at 180K, and even 6.7 at 300 K.

solution may not agree for high temperature gas phase for a range of
reasons — anharmonicity, multiple modes; and phase. Whilst the key
DFT computations were for an isolated gas, they were also intended for
T = 0K; so some details of the model might be required to change.
The spectra are fitted quantitatively, extremely well, with the same
vibrational level spacing Av = v; = 17.27cm ™! as for the Fc tempera-
ture series in solvent, the same barrier height and the same number of
possible vibrational levels below the barrier, N = 36 for Fc (Fig. 7). The
theoretical offset for the frequency for the eclipsed conformer
SVeere = 9.60(2) cm™! also lies inside the range observed for the tem-
perature series for the wax solvent. As expected, the line broadening is
greater for the gas phase, with the Lorentzian broadening width wy ill-
defined at 9.0cm™! and the Gaussian width wg well-defined as

2.4(6) cm ™. The singlet-to-doublet scaling is a bit higher than for the
solvent, I3 o/I; = 2.39(8) and the offset between the doublet frequency
and the singlet frequency is again small §vg, 597 = —2.8(2) cm™.

Even more impressive is the spectral modelling of the gas-phase dFc.
The earlier RCM Model (Hypothesis C; Fig. S15) using advanced DFT
theoretical predictions including frequency corrections for offset and
scale yielded a much better agreement with experiment than the Mixed
Conformer Model (Hypothesis B). However, Advanced RCM improves
upon this dramatically to yield y ~ 24 (Fig. 8), disproving these earlier
and popular hypotheses. v; and N and barrier height are able to be
consistent with the low temperature series results for dFc. (Ref. [1]
estimated AE~ 1-3kJ mol ! for gas spectra versus AE~ 6 kJ mol ! for
lower temperature solution spectra).
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Table 2
Modelled experimental frequencies, relative intensities, uncertainties of chemically significant parameters.:
Band frequencies Dsp, Dsq
71 V7 V8 V9 V7 V8 Vg
Fc, gas-phase fitted data, v (cmfl) 17.27f 482.04(4) 500.90(2) 500.92(2) 485.04(30) 489.83(20) 489.83(20)
Intensities, I (km/mol) 32.13(30)7 22.2985 22.2904
AEExperiment 7.44 kJ mol~! N =36
Fc — d9, gas-phase fitted data, v (em™ Y 15.57f 449.87(9) 485.78(5) 488.30(9) 448.41(40) 463.92(30) 466.43(30)
Intensities, I (km/mol) 31.72(20)1 23.2981 23.2906
AEExperiment 6.34 kJ mol™! N=34
Fe — d°, gas-phase fitted data, » (cm ™) 15.72f 453.87(20) 479.29(20) 482.35(20) 468.09(200) 477.30(100) 480.42(100)
Intensities, I (km/mol) 46.2(30) 34.6(20) 34.6(20)
AEExperiment 6.40 kJ mol™! N=34

4: Barrier height AE = Eg; — Eg., N = Int (:—i). f: fixed, T: relative intensity ratio, N: number of bound vibrational levels.
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Fig. 7. Left: The Advanced RCM Model is extremely successful for the high-temperature gas-phase data for ferrocene for T = 388 K with ¢t = 18.8. Right: Inset of model
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Fig. 8. Left: dFc gas phase modelling for T = 388 K using the Advanced RCM Model, Hypothesis D, allowing experiment to drive the understanding of DFT theoretical
predictions. The improvement in agreement, with y? ~ 24, is a major success of RCM. Right: Inset of model components.

Offsets of frequencies for Ds; and Ds, conformers are similar,
broadening as expected is a little larger, and scaling is broadly con-
sistent. There is a significant change in the singlet-doublet frequency
offset, the separation of the doublet, and the Fc — d° offset, each about
10 cm~!; as might be expected due to the different quantum system and
environment.

10. Results and discussion

The first question of our inquiry was whether we could tell between
the eclipsed and staggered conformers. We conclude that the lowest-

temperature IR spectra of dilute Fc is dominated by the Dy, eclipsed
conformation. As the temperature increases, we predict and observe an
increasing population of occupied modes along the reaction coordinate
towards the Ds,4 frequencies. In order to fit the Fc and dFc spectra across
the temperature series we must allow:

(i) An energy offset (10-30cm™!) from DFT theory for each of the
Ds;, and Ds4 conformers. This is required and expected (Fig. 1) as an
indication and level of convergence of theory. The Ds; offset(s) in-
dicate the main peak location at low temperature; and the Ds; offset
(s) indicate the developing asymmetry of the profile as the
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temperature increases and more modes are occupied.

(ii) The Ds), singlet intensity compared with the doublet intensity is
much higher than predicted (a factor of ~1.81 for Fc and 1.34 for
dFc), optimised (fitted) to the lowest temperature data (7 K). This is
similar for both experimental data sets at T = 7K and is an in-
dication of the convergence of the oscillator strengths from theory.
This ratio is consistent (a common parameter) for all temperature
data.

(iii) Refinement (fitting) of the percentage of the Fc — d° to Fc — d*°
in the dFc sample from the specification of 1:9. The factor correction
of 1.49 suggests that the sample was not quite so well deuterated as
claimed but within the uncertainty of the isotopic purification.

(iv) A small offset (1.4 cm™! for Fc or 1.8 cm™~! for dFc) between the
singlet and doublet, optimised (fitted) to the lowest temperature
data available (7K). This is well within the convergence un-
certainty, across the 20-30cm™' spectral range of the profile.
Similarly, small relative frequency offsets are required for the Ds4
conformer DFT predictions fitted from the higher temperature
series.

(v) For dFc, separate offsets and scaling factors are required for
Fc — d° and Fc — d'°. This model predicts or allows frequencies
following exactly the isotopic ratios predicted by DFT. Whilst the
Fc — d° component is relatively minor, and the corresponding off-
sets appear quite small, the offsets are essential for convergence of
experiment with theory.

(vi) Modest Gaussian and Lorentzian widths wg ~ 3 — 5.7 cm~! and
wy ~ 2 — 53cm™! for component Voigt profiles, with broadening
increasing with temperature as expected.

(vii) The mode separation v; currently appears well defended by
DFT theory, although the barrier height between Ds, and Ds4
AE ~ Nv; appears to be more than double that theoretically pre-
dicted by some advanced DFT and less than a variety of other
measurements. The uncertainty of »; and N is significant given these
data sets. The more robust parameter experimentally is AE. The
remarkable new consistency of the predicted and experimental
spectra for Fc and dFc, for temperature series in solution and for the
high-temperature gas-phase measurements, argues strongly for the
success of the Advanced RCM model and analysis. A careful reader
will note that x? is not unity; so indeed the estimated uncertainties
suggest more physical understanding of the quantum chemistry
might continue to be rewarding; yet it is orders of magnitude im-
proved over past work and it is robust and well-defined.

Early research of IR spectra claimed that Fc was dominated by the
Ds4 conformation, but the present analysis of gas-phase, and tempera-
ture dependent IR spectra of Fc and dFc conclude that the spectra is
contributed by vibrational excitations along the reaction coordinate
and not by any mixture of conformers, using high quality DFT calcu-
lations. The IR spectra of Fc from the gas-phase measurements have
different profiles from calculated or observed spectra in solutions of
differing polarity, but the frequency splitting is clear (blue line; Fig. 2),
and in agreement with eclipsed ferrocene.

The analysis of the temperature-dependent IR spectra indicates that
low temperature (<80 K) IR spectra of Fc and dFc are dominated by the
Ds, conformer in the ground vibrational state, while vibrational occu-
pation along the reaction coordinate to Ds,; effectively contributes in-
creasingly via higher modes above 80 K. The spectral shifts Av of the
key profiles determined from the fits are in agreement with the theo-
retically calculated spectral shift for the eclipsed conformations. Whilst
anharmonicity is expected at some level at higher temperatures, this is
minor or negligible across the full range of temperatures investigated
herein, possibly because of the symmetry and stability of the Cp rings.
Some small discrepancies can be seen in individual profiles. At higher
temperatures we might expect possible off-axis excitation modes be-
ginning with v, 3 ~ 167 cm™~! a near-doublet. Most molecules will ex-
hibit anharmonicity from the oscillator potential well, or indeed from
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the cyclic and near-sinusoidal nature of the ring potential. The model
does not observe a second minimum in the reaction coordinate and
theory does not predict it either, yet experimentally this is not yet ruled
out. At high energies continuum occupied levels may permit free ro-
tation. We do not observe evidence for these in the current spectra and
modelling, but we do not rule out the possibility that these might play a
role in the understanding of these complex systems.

The Advanced Reaction Coordinate Method (RCM) for the transition
(vibrational level) model has significant advantages over any Mixed
Conformer Model, including a natural constraint to follow a Boltzmann
population for excited energy levels. We have determined plausible
error bars and we test hypotheses using least-squares minimisation and
x7 as a goodness-of-fit. This is a new methodology for analysis of these
spectra [3]. The quality of the data down to 7 K, the nature of the pre-
processing, the use of wax as a solid solution solvent, and the approach
to understanding the temperature series are novel. Individual DFT
predictions cannot explain the experimental spectra, even at the lowest
temperature in a qualitative sense; at higher temperatures it becomes
clear that the observed conformer and structure is dynamic. The de-
velopment of RCM can achieve remarkable consistency in the ex-
planation across a full range of temperature.

11. Conclusions

Our high quality FTIR experimental data with uncertainty across a
wide temperature series allows quantitative investigation of the
quantum chemistry, reaction surface and dynamics of Fc and dFc. The
Reaction Coordinate Method and the developed model, presented
herein, predicts the detailed spectrum and spectral changes across a
wide range of energy including the highest temperatures, and even for a
different phase, consistently. Compared with qualitative fits or direct
DFT fits the model is extremely persuasive.

Conclusions from the literature that Fc is purely eclipsed Ds, or
purely staggered Ds; (Hypothesis A) are proven invalid from the data.
Conclusions (at least for non-crystalline Fc) of a mean angle between Cp
rings; or a mixture of Ds;, and Dsg4, even with a temperature-dependence
and possibly from a direct application of a Boltzmann factor,
(Hypothesis B) is disproven by the data. Hence we are forced to a model
of vibrational levels, the Reaction Coordinate Method, in a (repeating)
simple harmonic oscillator potential well.

We explain the inversion of the ordering of the gas phase Fc spectra
compared to DFT eclipsed theory; the large discrepancy of doublet and
singlet intensities measured compared with DFT predictions by factors
of 1.34(1) and 1.81(2) for Fc and dFc; and measure and determine the
specific frequency offsets from DFT required to explain the spectra. We
observe and explain non-uniform broadening of singlet and doublet
profiles with increasing temperature, and are able to represent the re-
duced mass ratios of the lowest vibrational modes for Fc and dFc of 1.11
for v, for Fc to Fc — d° and of 1.10 for Fc to Fc — d'°. For dFc, we
measure the purity of deuteration of the sample to be 98.5% with a
model-based uncertainty of about 0.1%, rather than the supplier value
98.9% based on NMR, illustrating the sensitivity of an independent
quantified diagnostic for the purity of deuteration. There is remarkable
agreement for a model of Ds;, minimum, vibrationally occupied levels,
and a transition Ds4 state with the data. We estimate AE is perhaps 7.4
and 6.3 kJ.mol ™! for Fc and Fc — d'° respectively, double the estimates
from some theory [2]. There is also a question of DFT convergence of
such energy differences. Hence the result obtained is consistent with the
variation reported. For dFc, we measure the purity of deuteration of the
sample to be 98.5% rather than the supplier value 98.9%, illustrating
the sensitivity of an independent quantified diagnostic for the purity of
deuteration. These new techniques are sensitive discriminants of al-
ternate models and chemical systems, which argues for wider applica-
tion to other complex or impenetrable problems across fields arising for
numerous other solutions, frozen or at room temperature.
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