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/Abstract: Molecular distortion of dynamic molecules gives
a clear signature in the vibrational spectra, which can be
modeled to give estimates of the energy barrier and the
sensitivity of the frequencies of the vibrational modes to the
reaction coordinate. The reaction coordinate method (RCM)
utilizes ab initio-calculated spectra of the molecule in its
ground and transition states together with their relative en-
ergies to predict the temperature dependence of the vibra-
tional spectra. DFT-calculated spectra of the eclipsed (Ds,)
and staggered (Ds,) forms of ferrocene (Fc), and its deuterat-
ed analogue, within RCM explain the IR spectra of Fc in gas
(350 K), solution (300 K), solid solution (7-300 K), and solid

\

(7-300 K) states. In each case the Dy, rotamer is lowest in
energy but with the barrier to interconversion between ro-
tamers higher for solution-phase samples (ca. 6 kJmol™)
than for the gas-phase species (1-3 kimol™"). The generality
of the approach is demonstrated with application to tricar-
bonyl(n*-norbornadiene)iron(0), Fe(NBD)(CO);. The tempera-
ture-dependent coalescence of the v(CO) bands of Fe(NBD)(-
CO), is well explained by the RCM without recourse to NMR-
like rapid exchange. The RCM establishes a clear link be-
tween the calculated ground and transition states of dynam-
ic molecules and the temperature-dependence of their vi-
brational spectra.
/

Introduction

The choreography of nuclear displacements associated with
progression along a reaction coordinate is the molecular ex-
pression of reaction chemistry. While the energetics of the pro-
cess is embodied in transition state theory, experimental eluci-
dation of the molecular details has typically been linked to de-
velopments in ultrafast spectroscopic techniques.” We present
a new approach which demonstrates that critical details of the
reaction path can be obtained more directly from analysis of
the temperature-dependent vibrational spectra of dynamic
molecules. In so doing we resolve long-standing questions re-
lating to the ground-state structure of ferrocene (Fc) in its dif-
ferent states of matter and show that the vibrational spectra of
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dynamic molecules more generally can be interpreted using
the concepts of transition state theory.

The ground-state structure of Fc has been the subject of
long and ongoing debate since the first publications,’” with an
early conclusion of a high-symmetry staggered (Ds,) conforma-
tion®™ revised in light of the crystallography of low-tempera-
ture phases™ and suggestions from electron diffraction® (ED)
for the eclipsed (Ds,) conformation; this revision finding sup-
port from calculation.™ However, the structural conclusions
based on crystalline diffraction of the high-temperature mono-
clinic and low-temperature triclinic structures are complicated
by the effects of static and dynamic disorder” and interpreta-
tion in terms of either limiting or an intermediate geometry™
is model-dependent. There is remarkably little direct experi-
mental evidence giving unambiguous assignment of the stable
rotameric form or, by extension, the dependence of the struc-
ture on the environment about the Fc molecule. Methods such
as NMR™ and inelastic neutron scattering (INS)” provide a mea-
sure of the dynamic character of Fc in the crystalline state, but
do not identify the geometry of the most stable form. Evi-
dence for a predominant Dy, conformation of Fc in the ab-
sence of the packing interactions of the low-temperature crys-
tal is primarily derived from limited gas-phase ED measure-
ments,” with recent XAFS measurements from frozen solutions
showing small statistical preference for the eclipsed rotamer."”
Surprisingly, prior to our recent suggestion that vibrational
spectroscopy may allow structural assignment,"" no spectro-
scopic diagnostic signature of the stereochemistry of Fc has
been reported.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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We present the IR spectra of Fc and and its deuteriated ana-
logue, Fc-d, in the gas (350 K), solution (300 K), frozen solution
(7-300 K), and microcrystalline solid (7-300 K) phases with the
aims of 1)identifying the spectroscopic signature of the
lowest-energy conformer and establishing whether a sample
of Fc is present as a mixture of conformers; 2) understanding
the impact of dynamic processes on the vibrational spectra
and developing a framework for spectral prediction; 3) extract-
ing the barrier for the dynamic process from the temperature-
dependent vibrational spectra; and 4) establishing the general-
ity of the approach by extension to the archetypal dynamic
molecule of vibrational spectroscopy: tricarbonyl(n*norborna-
diene)iron(0), Fe(NBD)(C0),.!"?

Results and Discussion

The sensitivity of the DFT-calculated IR spectra in the 450-
500 cm™' region to the stereochemistry of Fc can be under-
stood in terms of the two normal modes occupying this
region. The Q, mode®” is calculated to be dominated by
a translation of the Fe atom along the 5-fold axis and is com-
paratively insensitive to the relative conformations of the cy-
clopentadienyl (Cp) rings, whereas the Qgy mode is dominated
by a rotation of the Cp ligands about axes in their respective
molecular planes (Figure 1) and will be subject to higher inter-
ligand repulsions when the Cp rings have an eclipsed confor-
mation. Consequently Av,go (Vgo—V,) is significantly different
for the Dy, (17.5cm™") and Ds; (—1.8cm™") rotamers." For
both rotamers the relative intensities of the bands due to the
Q; and Qgo modes are calculated to have an approximate 1:2
ratio and this provides a basis for assignment of the respective
modes. The relative wavenumbers of v, and vgy provide
a basis for identification of the stereochemistry of Fc.

The reliability of calculations of low-frequency, large ampli-
tude, normal modes such as Q, and Qgy will depend on the
quality of the potential energy (PE) surface for different short
and long-range interatomic interactions and would be expect-
ed to show basis-set and method dependence. The reliability
of structural assignment based on DFT-calculated spectra of
these modes is assessed with reference to the IR spectra of Fc
in its different states of matter (Figure 1). It is immediately ob-
vious that the spectra in this region have a band profile that is
sensitive to the state of matter and, therefore, to the intra-
and/or inter-molecular interactions. It is also obvious that for
gas and crystalline forms of Fc the DFT-calculated IR spectra of
the limiting conformers (computed for the gas-phase or solvat-
ed molecule at 0 K; Supporting Information, Table S1) bear no
clear relationship to the observed spectra in terms of peak sep-
aration or relative intensity. More seriously, for the gas-phase
species the relative intensities of the component bands appear
to be reversed for Fc and Fc-d and inconsistent with the solu-
tion spectra (Figure 1). In contrast, the solution spectra have
a band profile that could be interpreted as matching that cal-
culated for a predominant D, isomeric form. Further, the ob-
served and calculated ratio of v,/v, for the Q, (1.07,,, 1.06 )
and Qg (1.03,, 1.02 ) modes of CCl, solvated Fc indicate
that the calculated hydrogen atom displacement for the re-
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Figure 1. IR spectra of a) Fc and b) Fc-d. The DFT-calculated spectra are for
the CCl,-solvated molecule and are drawn with a symmetric band profile
with 6 cm™" FWHM. Experimental spectra were obtained at ca. 300 K (con-
densed phases) or 350 K (gas phase). Microcrystalline samples were pre-
pared as KBr discs. The Q; and Qgy modes are shown for Ds, Fc.

spective normal modes are in good agreement with experi-
ment.'"*"" However, deconvolution of band profile into sym-
metric functions require more than the two symmetric compo-
nents expected for a single rotameric form and the additional
bands do not give a self-consistent set of bands in the spec-
trum of Fc-d. The relationship between the band profile for
the Q, and Qgo modes and the stereochemistry of Fc in its dif-
ferent phases appears far more complex than can be obtained
through weighted summation of the spectra of the limiting D,
and D, rotamers, and far more complex than could be repre-
sented with any sum of two symmetric band profiles.

In contrast to the sensitivity of the spectra to the phase of
the sample, similar Q,, Qg band profiles are obtained for solu-
tions of Fc in CCl, and solvents with a wide range of polarity
(0 to 3.92 D) which suggests a similar rotameric form. Since
consideration of the motion associated with Qg4 lead to the ex-
pected order vgo (Dsy) >Vgo (Dsg), identification of the stable
form of Fc in solution can be established if the bands due to
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both limiting rotameric forms are assigned. This is most relia-
bly established with reference to spectra recorded at tempera-
tures sufficiently low as to only include the most stable form
of the complex. The low barrier for interconversion between
the rotameric forms of Fc®'¥ dictates that measurements be
conducted over a temperature range extending to 10 K and
necessarily require study of frozen solutions. At low concentra-
tion Fc dissolves in paraffin (MP 55 °C) to give samples that are
solid at RT but have IR spectra that closely match that of Fc
solutions in hexane (Supporting Information, Figure S1). More-
over, the IR spectra of solid solutions of Fc and Fc-d in paraffin
at 7 K (Figure 2) have Av,4, and the relative intensities of the
Q; and Qg bands in close agreement with that observed for
the low-temperature Ar matrix-isolated forms.'"

(a) Fc/paraffin

Temp
7 K-
23 K-
80 K+
120 K+
1 __/\’/\_\___, 180 K
3
= 300 K+
£ [(b) Fe-d/paraffin
?
e}
< | Temp
— 7K
—24 K
—80 K
120 K
-180 KyM
1.300 K . . . .
520 500 480 460 440

-
Wavenumber/cm

Figure 2. Temperature-dependent IR spectra of a) Fc and b) Fc-d as dilute
frozen solutions in paraffin. The lower intensity, lower-wavenumber band is
assigned to Q, and the higher-wavenumber band assigned to Q.

The temperature-dependent IR spectra of frozen solutions of
Fc and Fc-d in paraffin near 480 cm™' show a more intense
higher-wavenumber band assigned to Qgy and a lower-wave-
number band assigned to Q; (Figure 2). At the lowest tempera-
tures the experimental value of Av,g, for Fc (7K, 18.8cm™) is
in good agreement with that calculated for the D, rotamer
(19.4 cm™' from DFT calculations of the CCl,-solvated mole-
cule), and for both Q, and Qg4 there is excellent agreement be-
tween the observed and calculated shifts on deuteration.
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The temperature dependence of the IR spectra appear to be
marked by a broadening of the Q, and Qg, bands without the
apparent growth of additional bands into the spectrum
(Figure 2). Interpretation of the spectra in terms of unresolved
bands due to a minority isomer is not straightforward, either
the DFT calculated band profile in the Q;, Qgo region provides
insufficient information to yield a reliable diagnostic signature
of the rotameric forms or the reaction coordinate does not in-
volve a well-defined intermediate. We now explore the second
of these alternatives.

Vibrational spectroscopy of molecules with a low-energy
barrier between isomeric forms: The reaction coordinate
method (RCM)

Interconversion between D, rotamers of Fc through a Ds, tran-
sition state would be described by transition state theory in
terms of a reaction coordinate corresponding to the relative
rotation of the Cp rings about the 5-fold axis, ¢ (Figure 3). The
force constant of the corresponding normal mode is related to
the shape of the PE surface at the equilibrium geometry, which
in turn is related to the barrier for reaction, AE, this being the
energy difference between the Dg, and D, forms of Fc. The
DFT-calculated lowest wavenumber vibrational mode of Fc (Q;)
has v;=173cm™' for D, gas-phase Fc and has calculated
atom displacements corresponding to the reaction coordinate.
For the Ds, rotamer the calculation converges to a transition
state 2.4 kkmol™' higher in energy with a single imaginary fre-
quency (—29.9 cm ). Taken together this allows construction
of a PE surface for interconversion between rotamers
(Figure 3). The shape of the PE surface is compatible with that

o
¢ =-36" —~ =N

{(Ne)ng, = (AE-v,/2) [ v;

Potential Energy —

= <Q1(n)2, o.36>

= =Q,n)

: |
-40 -20 0 20 40
Relative ring rotation, ¢ / °

Figure 3. Representation of the potential energy surface along the Q,
normal coordinate. Harmonic oscillator wavefunctions, their square, and
(Q;(n)%¢o_56) are shown for the lowest levels of Q;.
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obtained from single-point DFT calculations at points along
the reaction coordinate."” Since Q, has a much higher vibra-
tional wavenumber (167 cm™'), the temperature dependence
of the spectra can, in the absence of environmental effects, be
understood in terms of the thermal population of the vibra-
tional levels within the Q, manifold. The reaction coordinate
method (RCM) assumes that the temperature dependence of
the spectra can be interpreted in terms of population of the vi-
brational levels along the reaction coordinate.

We begin with some basic physics for any bound potential;
that is, the quantum harmonic oscillator. While the wavefunc-
tions for the vibrational levels within Q,, Q,(n), are symmetric
or antisymmetric in terms of ¢, the molecular distortion associ-
ated with the Q,(n) levels will depend on the unsigned dis-
placement of ¢ from zero. The time-averaged displacement for
the vibrational levels is given by the expectation value of
P(Q,(M)% (Q;(n)?), evaluated for ¢=0 to 36°. It is immediately
clear that (Q,(0)%¢,.s6) has a non-zero value of ¢, where con-
sideration of harmonic oscillator wavefunctions suggest
{Q;(0)% ¢ho_36) ~#2.8°, with this value increasing with higher vi-
brational levels (Figure 3). Similar considerations apply for the
vibrational level of Q, at the crossing of the PE surfaces, n. For
simplicity we idealize that the difference between (Q,(0)%¢o_s6)
and (Q;(n.)%¢os6) to be 75% of 36° (for a flat potential and
a uniform distribution the maximum possible is 50%) and ap-
proximate a linear interpolation of the (Q,(n)’ ¢y Vvalues
from n=0 to n. Neglecting anharmonicity, n., and (Q,(n)?
¢o-36) are given by:

Ne, :AE/V171/2 (1)

(Qi(n)%o36) = (Q1(0)%9_36) + N(AQ;) /N, (2)

where (Q,(0)%,¢,35) =2.8° and (AQ,) =27°.

The impact of population of the different vibrational levels
of Q; will be propagated into the higher-wavenumber normal
modes through the change in average value of ¢. The DFT cal-
culations provide the vibrational frequencies of the molecule
in the D, and D, forms; that is, for ¢ equal to 0° and 36°. If it
is assumed that there is a linear dependence of the wavenum-
ber of the normal mode and ¢ then the wavenumbers of the
normal modes for population of the different Q,(n) levels is
given by Eq. (3):

vy(n) = v,(Dsp) + (Q (n)*/0-36) -Av, /36 (3)

where Av,=v,(Dsq)—V,(Ds).

Two important consequences follow from these considera-
tions: first, that the wavenumbers of the vibrations at the equi-
librium Ds, geometry do not correspond to the expected
wavenumber of the normal modes, and more significantly, the
temperature dependence of the bands in the vibrational spec-
tra is directly interpretable in terms of the reaction coordinate.
Since Q; and Qg, of Fc have a significantly different sensitivity
to ¢, the band profile predictions will be strongly temperature-
dependent.
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The RCM-calculated spectra of Fc at any temperature can be
generated using the energy difference between the D, and
D., conformers, the calculated IR spectra (wavenumbers and
intensities), and, to minimize parameterization, a single band
profile for the individual Q,(n) components. The relative inten-
sities of the Q,(n) component bands is based on the Boltzmann
population of the Q,(n) levels.

Application of the RCM to the IR spectra of Fc

The RCM-calculated Q;, Qgo band profile for Fc and Fc-d for
the gas-phase species at 350 K are shown in Figure 4. The full
width at half maximum (FWHM) of the Gaussian/Lorentzian
band profile was set to 6 cm™' for both Fc and Fc-d, and calcu-
lated wavenumbers, intensities, and reaction coordinate are
obtained from the DFT calculations without scaling. Aside from
a modest 14 cm™ offset in the calculated band wavenumbers,
there is remarkable agreement between the calculated and ob-
served spectra, a conclusion obscured by consideration only of
the calculated spectra of the Dy, and Ds, forms (Figure 4a,b).

(a) Gas phase Fc (350 K)

RCM calc. (350 K)
AE

— 1.0kJmol”
— 2.4 kJ mol”"
— 3.0kJ mol”

>

(b) Gas phase Fc-d (350 K)

Intensity —

(c) Microcrystalline Fc-d in KBr
RCM calc.

—— AE =5.4 kJmol

—— AE =11 kJmol”"

onoclinic

a

120 K

orthorhombic
[triclinic

500 480 460 440 420

-1
Wavenumber/cm

520 500 480 460 440

Figure 4. Experimental and calculated IR spectra of gas-phase spectra of

a) Fc and b) Fc-d and c) microcrystalline Fc-d in KBr. RCM-calculated spectra
were obtained using the DFT calculated values of v, and v;, I(Q;), Vg, and
1(Qgg) of Ds, and v, and vg4 of Dy, gas-phase Fc/Fc-d (shown). For gas-phase
spectra, a FWHM of 6 cm™' was used for all component bands. For the mi-
crocrystalline sample the FWHM of v, and vg, were set to 2.5 and 5 cm ™, re-

spectively. Other parameters (temperature, AE) are as indicated.
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Even without addressing the simplifications made to facilitate
implementation of the RCM it is clear that 1) the D, conformer
of Fc is lowest in energy and this conclusion is based both on
the calculated band wavenumbers and the sensitivity of the
normal modes to distortion along the reaction coordinate; and
2) the D5, rotamer is either a transition state or lies in a shallow
well along the reaction coordinate. The available spectra are
consistent with a AE value in the range 1-3 kJmol™' (Fig-
ure 4a,b). There are deviations between the observed and cal-
culated spectra, most evident in the profile of the Qg band of
Fc-d. Deviations of this sort may be expected and may reflect:
1) significant (ca. 30%) population of Q,(1) at 350 K, an out of
phase rocking mode of the Cp rings; 2) anharmonicity associat-
ed with the levels close to Q,(n); and 3) differences in the cal-
culated wavenumbers and intensities of the normal modes of
the Dy, and Ds, rotamers of Fc.

The Q,, Qgy band profile for the different polymorphs of
crystalline Fc has recently been modeled empirically using cal-
culated spectra of Fc with an arbitrary range of ¢ values.'*
However, this approach does not take into account the dynam-
ics of the system so neither allows prediction of temperature
dependence of the spectra nor distinguishes between static
and dynamic disorder. An independent estimate of the barrier
for Cp ring rotation of Fc is available from the interpreted re-
sults of the T, relaxation times for the 'H resonances of the
solid-state NMR spectra of the high-temperature monoclinic (>
169 K, AE=5.4 kJmol™) and low-temperature phase (<169 K,
AE=11 kJmol™, triclinic and ca. 25 kJmol™' orthorhombic)
phases.®” INS, incoherent quasi-elastic neutron scattering
(IQENS) measurements provide mixed supporting evidence of
the barriers deduced from NMR measurements and report an
estimate of v, for the low-temperature, triclinic phase of Fc
(ca. 25 cm™").%¥ The temperature dependence of the vibration-
al spectra of microcrystalline Fc-d at temperatures just above
and below the monoclinic to triclinic phase transition are
shown in Figure 4c together with the RCM-calculated spectra
with AE values of 5.4 and 11 kJmol™'. The corresponding spec-
tra of Fc are given in the Supporting Information, Figure S2. At
temperatures just above the monoclinic/triclinic phase transi-
tion (ca. 160 K) the band profile in the Q,, Qgo region match
the RCM calculations with AE set to 5.4 kJmol™'. Below the
phase transition a barrier of 11 kJmol™', or higher, give a closer
representation of the spectra (Figure 4c) and one fully consis-
tent with the interpretation of the dynamic behavior of Fc de-
duced by NMR and INS measurements. It is surprising that the
dynamic behavior of Fc has a greater impact on the vibrational
spectra of crystalline Fc than the effects of a change in site
group symmetry and factor group coupling and presents new
opportunities for the identification and study of dynamic pro-
cesses in crystalline environments.

Consideration of the Q, Qg band profile for solutions/
frozen solutions of Fc at 300 K suggests a value of AE higher
than that of the monoclinic phase (Figure 1 and Figure 2). An
increase of AE to 6 kJmol™ ' with v, set to the value used for
crystalline Fc, 25 cm™', and band parameters for Q, and Qg
from the gas-phase calculations yields calculated band profiles
of Fc and Fc-d for solutions and frozen solutions qualitatively
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in good agreement with experiment (Figure 1, Figure 2, and
Figure 5). The spectra for Fc-d were calculated by applying the
calculated isotopic shifts to the respective vibrational frequen-
cies. At temperatures below that needed to give significant
population of Q,(1) (7-180 K), the asymmetry of the band pro-
file of the experimental spectra is remarkably well-matched by
the RCM calculation (Figure 2 and Figure 5). This indicates that
the calculations accurately reproduce the sensitivity of the Q,
and Qgy modes to the reaction coordinate and, since the calcu-
lated profile depends on both vgs (Ds) and vgg (Dsy), provides
unambiguous assignment of the stereochemistry of Fc in solu-
tion, an estimation of the barrier to rotation of the Cp ring, AE,
and the impact of solvation on AE.

RCM allows self-consistent interpretation of the tempera-
ture-dependent gas, solution, frozen solution and solid-state
spectra of Fc and Fc-d in the Q,, Qg region (Figure 4 and
Figure 5). In essence, the normal modes sensitive to distortion
of the molecule along the reaction coordinate will have a tem-
perature dependent band profile where population of higher
vibrational levels of the reaction coordinate result in an aver-

(a) Fc RCM calculated

Temp
7 K

23 K

80 K

120 K+

180 K

iid

300 K-
(b) Fc-d RCM calculated

Temp
7 K4

24 K+

80 K-

120 K+
180 K+

%%

300 K+
420

1 1 1
500 480 460 440
Wavenumbers/cm’’

Figure 5. Temperature dependence of the RCM-calculated IR spectra of a) Fc
and b) Fc-d using the gas-phase DFT calculated wavenumbers and intensi-
ties of Q; and Qg of the D5, and Ds, forms of Fc. Spectra of Fc-d were calcu-
lated by applying the v,/v; calculated for the respective normal modes.
Values of AE and v, were set to 6 kJmol~' and 25 cm ™', respectively.
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aged geometry increasingly distorted toward the transition
state. For Fc the effect of this distortion can be deduced from
the DFT calculated vibrational spectra of the D, and Ds, rotam-
ers. These investigations demonstrate that the implementation
of the concepts of transition state theory, within RCM, is critical
to the calculation of the temperature dependence of the vibra-
tional spectra of dynamic molecules.

Dynamic vibrational spectroscopy and relationship to the
RCM

The vibrational spectroscopy of dynamic molecules has largely
been developed with reference to the temperature-dependent
coalescence of the lower-wavenumber pair of v(CO) bands in
the IR and Raman spectra of Fe(NBD)(CO),.'” The temperature
dependence of the spectra has been modeled within a formal-
ism based on NMR-like rapid exchange between the normal
modes, where there is a different rate of exchange between
the three carbonyl normal modes yielding estimates for the re-
spective rate constants."® While the physical interpretation
of the calculations is called into question by recent 2D-IR stud-
ies of related complexes,"” the approach provides a means of
investigating solvation effects on the molecular dynamics™®
and the measurement of the rates of electron-transfer pro-
cesses.”””

The barrier for the turnstile CO rotation of Fe(NBD)(CO); is
estimated to be ca. 6 kJmol™",?" similar to that for rotation of
the Cp ring of F¢, and the framework for interpretation of the
impact of the dynamic behavior on the vibrational spectra
should be consistent for both molecules. However, explanation
of the dynamic spectroscopy of Fe(NBD)(CO); in terms of ther-
mal population of vibrational levels of the normal mode corre-
sponding to the turnstile CO rotation® was dismissed on the
basis that DFT calculations “proved” that the v(CO) modes are
not sensitive to displacements corresponding to the turnstile
CO rotation.” Such an argument would apply to the RCM. A
critical point, previously overlooked, is that the similarity of the
v(CO) bands calculated for the ground and transition states of
Fe(NBD)(CO); does not require that the v(CO) spectra are in-
sensitive to progress of the turnstiles rotation. Indeed, both
the general sensitivity of the v(CO) spectra of Fe(CO), com-
plexes with related diene ligands to the orientation of the
vinyl bonds and the difference in the calculated M—C and CO
bond lengths for the CO ligands approximately oblique and
parallel to the C=C bonds of the NBD ligand®® argue for a sen-
sitivity of the FeCO bonding to the orientation of the NBD
ligand. This is reflected by the sensitivity of the d-orbital ener-
gies to the rotation angle of the Fe(CO); fragment as can be
shown by ligand-field calculations (Supporting Information,
Figure S3). If the Fe—CO interactions of the three CO groups
depend on the orientation of the NBD ligand then at orienta-
tions where the three Fe—CO interactions are similar, the
Fe(CO), fragment will have approximate C;, symmetry and an
A+E pair of v(CO) bands is expected. Orientations where the
Fe—CO interactions are most different will give a splitting of
the doubly-degenerate E mode. It would appear as though the
ground and transition state correspond to a case where there
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is a similar difference in the Fe—CO interaction for the three
carbonyl ligands. These considerations suggest that the calcu-
lated bands at 1971 and 1982cm™' move to 1981 and
1971 cm™, respectively, on progression from the ground to
the transition state. That is, there is an effective changeover in
the order of the two lowest-wavenumber v(CO) modes.

The published DFT-calculated v(CO) wavenumbers of
Fe(NBD)(CO); in its ground and transition state™ together
with the experimental estimate of the barrier height, AE,
(6 kJmol™")2'>2% allow calculation of the temperature depend-
ence of the profile of the v(CO) bands in the IR spectrum
(Figure 6). The FWHM and intensity of the CO bands matches
the lowest wavenumber spectra. Whilst a single FWHM was
sufficient for modeling the temperature dependence of the
broader Q, and Qg, bands of Fc, it was necessary to increase
the FWHM of the component bands for the higher tempera-
ture spectra. Since population of vibrational levels of other low

(a) Experiment

123 K
Xe

213 K M
iCeHis

243 K

iCeHis

293 K

-CeHy,

375K

s.c. Xe

(b) RCM-Calculated

AE =6 kJ mol”"
v,= 1971 cm”' - 1981 cm’”
v,= 1982 cm'— 1971 cm”’
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293 K
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375K
|\ o N\
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V= 2026 cm’”
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Figure 6. a) Experimental and b) RCM-Calculated IR spectra of Fe(NBD)(CO)s.
The calculated spectra use the DFT-calculated spectra for the ground and
transition states from Ref. [23] and the experimental spectra are redrawn
from the spectra presented by Turner et al.'”*' and Giodarno and Lear'®"!
and were obtained either as matrix-isolated samples in Xe or as solutions in
2-methylpentane (i-C¢H,,) or supercritical Xe.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

wavenumber normal modes increasingly impact upon the
spectra, the interpretation of the high-temperature spectra re-
quires more detailed analysis.

In the range where the temperature dependence of the
spectra are dominated by population of the vibrational levels
within Q, (below ca. 250°C), the RCM using unmodified calcu-
lated v(CO) band wavenumbers and experimental value of AE
reproduce the main features of the temperature dependence
of the vibrational spectra of Fe(NBD)(CO), (Figure 6). Ironically,
the calculations of Buihl and Thiel,”® rather than dismissing
Strauss’ explanation® of the IR spectrum of Fe(NBD)(CO)s,
identify the conditions where NMR-like lifetime broadening cal-
culations can give a deceptively good representation of the
band profile; that is, in cases where there is a crossover in the
order of the relative wavenumbers of modes sensitive to the
reaction coordinate. In contrast to NMR-like lifetime broaden-
ing, the RCM can be related directly to transition state theory
in @ manner consistent with conclusions drawn from 2D-IR
measurements of ultrafast relaxation of Fe(cyclooctadiene)(-
CO)3.“9J

Conclusion

Detailed consideration of the temperature dependence of the
Q; and Qg, modes of Fc demonstrate clearly that the calculat-
ed vibrational spectra of dynamic molecules must take into ac-
count the ground and transition states and the energy differ-
ence between these forms. Simple approximations of the
impact of displacements along the reaction coordinate allow
implementation of the RCM and are shown to predict the tem-
perature dependence of the spectra in remarkably close quali-
tative agreement with experiment. The temperature-depen-
dent spectra of gas, solution, frozen solution, and crystalline
solid forms of Fc can be explained within a self-consistent
framework using the RCM. In all cases the D, rotamer is the
most stable form, where assignment of the ground state struc-
ture is based on the calculated spectra of both the Dy, and Dy
forms of Fc; that is, the sensitivity of the higher wavenumber
modes to distortion of the molecule along the reaction coordi-
nate. In fact, this provides the strongest experimental evidence
for the ground state conformation of Fc.

The temperature dependence of the vibrational spectra of
dynamic molecules provides experimental evidence for key pa-
rameters defining the reaction coordinate. This presents a criti-
cal test of the accuracy of ab initio calculations of transition-
state energy and geometry, including solvation. The DFT calcu-
lations presented in this study for the gas-phase species con-
verged to give values of AE and v, in excellent agreement
with experiment. Extension of the calculations to include mod-
eling the effects of solvation gives unreliable results for the
low wavenumber, high amplitude vibrations, and AE. The com-
parative insensitivity of AE for Fc to the polarity of the solvent,
for example, provides a new benchmark for assessing the pre-
dictive power of computational models of solvation.

The RCM outlined herein can be applied generally to mole-
cules with low-energy dynamic processes, for example,
Fe(NBD)(CO),;, which previously were explained in terms of
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non-physical NMR-like dynamic exchange of bands (modes) in
the vibrational spectra. Moreover, the interpretative framework
of the RCM sits comfortably with ultrafast intramolecular vibra-
tional redistribution measured by 2D IR spectroscopy."” Any
description of dynamic effects in the vibrational spectra must
take into account the spectra of the molecule in its ground
and transition states and the barrier for the dynamic process.
RCM can provide the interpretative framework for testing and
refinement of ab initio methods for the calculation of ground
and transition-state geometry and, importantly, establishing ex-
perimental methods for charting the reaction coordinate.

Experimental Section

Commercial samples of Fc (Aldrich) and Fc-d (98.9 atom% D, CDN
Isotopes) and solvents and paraffin (55°C MP, CHEM-SUPPLY) were
used as received. The sample of Fc-d has 98.9 atom % D, this corre-
sponds to a 90:10 mixture of Fc-d,, and Fc-d,. IR spectra were ob-
tained using either a Bruker Vertex 60 FTIR (room-temperature
samples) or a Bruker IFS 125/HR interferometer FTIR coupled to the
THz/Far-IR beamline at the Australian Synchrotron. Gas-phase spec-
tra were obtained using a 60 cm multipass gas cell heated to ca.
80°C with either a Si bolometer, Si:B photodetector, or narrow-
band MCT detector. Low-temperature measurements employed
a 6 K closed-loop pulse tube cryostat from Cryo Industries of Amer-
ica with a Lakeshore Model 336 temperature controller. Solid solu-
tions of Fc in paraffin were prepared by dissolving a 1% mixture of
the sample in paraffin at 70-80°C in a covered watch glass. The so-
lution was cooled and ca. 60 mg of Fc:paraffin transferred to
a 13 mm press. Teflon spacers were used to facilitate separation of
the paraffin from the die pellets. For measurements having low
concentrations of Fc (gas-phase and solid solutions in paraffin) the
subtraction of background effects is complicated by periodic oscil-
lations due to multiple-reflection from optical components and the
sample. The periodic oscillations in the background were fitted in
spectral regions close to the bands of interest and the correction
applied over the full spectrum.

The density functional theory (DFT) based B3LYP functional is em-
ployed in the calculations for the eclipsed and staggered Fc, along
with the recently developed basis set m6-31G(d) basis set® for
the transition metal Fe. All quantum mechanical calculations were
performed using the Gaussian 09 computational chemistry pack-
age.”

RCM band profiles were calculated by summing the Q,(n) contribu-
tions for the normal modes. The relative intensities of the compo-
nents was obtained using a Boltzmann population and the v,(n)
values were obtained using equations 1-3 and, unless otherwise
stated, a Gaussian:Lorentzian function with a single FWHM, typical-
ly 6 cm™', was used for all component bands. IR spectra of Fc-d
were calculated as a 90:10 mixture of Fc-d,, and Fc-dy so as to
match the isotopic composition of the experimental sample. The
vy/Vp values and relative intensities for the different normal modes
were obtained from DFT calculation of the relevant isotopic spe-
cies.
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