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Abstract
Staggered decamethyl-ferrocene (*Fc) becomes the lower energy conformer at low temperature, whereas the eclipsed con-
former of ferrocene (Fc) is more stable. The powerful infrared (IR) spectroscopy which has remarkably provided signatures 
of ferrocene (Fc) in eclipsed and staggered conformers recently is employed to investigate methylation of Fc. The most 
significant consequences of the full methylation of Fc in the IR spectra are the blue shift of the band at ~ 800 cm−1 in Fc 
to ~ 1500 cm−1 in *Fc, and the enhancement of the C–H stretch band at ~ 3200 cm−1 region in *Fc. Further analysis reveals 
large impact of Fc methylation on core electron energies of the centre Fe atom (1s22s22p63s23p6). The Fe core electron energy 
changes can be as large as ~ 10 kcal mol−1 and are directional—the Fe 2pz and 3pz orbitals along the *Cp–Fe–*Cp axis 
(Cp centroids, vertical) change more strongly than other Fe core electrons in px and py orbitals. The directional inner shell 
energy changes are evidenced by larger inner shell reorganization energy. Energy decomposition analysis (EDA) indicates 
that methyl groups in *Fc apparently change the physical energy components with respect to Fc. The large steric energy of 
*Fc evidences that the closest hydrogens on adjacent methyl groups of the same *Cp ring in crystal structure are 0.2–0.4 Å 
closer than the hydrogens on nearest-neighbour methyl groups on opposing rings in *Fc. A significant increase in Pauli 
repulsive energy contributes to the large repulsive steric energy in *Fc.

Keywords  Decamethylferrocene (*Fc) · Ferrocene (Fc) · Fe · DFT calculations · IR spectrum · Excess orbital energy · 
Energy decomposition analysis (EDA)

1  Introduction

Contemporary organometallic chemistry was inaugurated by 
the discovery of ferrocene Fe(C5H5)2, i.e., dicyclopentadi-
enyl iron (FeCp2 or Fc). Since its discovery [1, 2], Fc opened 
up new areas of chemistry, deepened our understanding of 
structure, bonding, and reactivity, and hence paved the way 
for the burgeoning field of organometallic chemistry itself 

[3]. Fc has stimulated an immense number of studies on 
cyclopentadienyl (Cp) and other symmetrically delocal-
ized hydrocarbon metal complexes with a unique sandwich 
molecular structure, strong metal-ring π bonding, facile 
redox behaviour, and ease of derivatization [4]. It has wide 
applications including catalytic stereoselective and asym-
metric transformations, materials science, crystal engineer-
ing, bio-organometallic chemistry, electrochemistry espe-
cially in electron transfer processes, biochemistry, organic 
synthesis, polymer chemistry, fuel additives and drug design 
and development [3, 5]. As a result, Fc studies have contrib-
uted to the rapid growth and hence rapidly moving frontiers 
of this family of compounds during the past several decades 
[3].

Ferrocene and ferrocene-based molecules are not mere 
trophy molecules for the shelf [3]; they are also amongst 
the most difficult organometallic complexes in chemistry 
and materials science. From the beginning, the symmetry 
of ferrocene was a central issue in its structural exploration. 
Two main conformers were predicted: the eclipsed (D5h) and 
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staggered (D5d) Fc produced by the positions of the paral-
lel cyclopentadienyl rings, which has caused a significant 
challenge for the study of Fc since its discovery [1, 2]. The 
debate on the most stable conformer of Fc, whether it is the 
eclipsed (D5h) or the staggered (D5d), has been raised by a 
number of studies using combined DFT calculations and 
experimental measurements [6–10]. A new careful analysis 
of IR spectra has provided the strongest evidence so far of 
the stability of the eclipsed conformation at lower tempera-
tures for Fc [6, 12]. The studies reveal that the conforma-
tional interchange process from eclipsed Fc to staggered Fc 
involves a twist around the C5 rotation axis that changes the 
torsion angle connecting any carbon atom of one ring to the 
corresponding carbon atom of the second ring through the 
two ring centroids [11]. Kaspi-Kaneti and Tuvi-Arad fur-
ther indicated that the symmetry transition point cusp at 18° 
represents the point at which the molecular geometry has 
an equal distance from an eclipsed and staggered Fc [11]. 
These conclusions are confirmed by our most recent first 
principle molecular dynamics study [12] which also revealed 
that conformational changes of ferrocene with temperature 
and confirmed by the most recent study when Fc crystallised 
with hexafluorobenzene of Bear et al. [13].

The density functional theory (DFT) study [6] discovered 
that the infrared (IR) spectra of Fc contain the clearest signa-
tures of the Fc conformers. The earlier IR measurements of 
Fc of Lippincott and Nelson [14] achieved an amazing accu-
racy, decades before the synchrotron-based Fourier trans-
form FTIR technology became available. However, despite 
the accuracy in the IR measurements of Fc, the IR spectra of 
Fc were assigned to the staggered (D5d) Fc conformer [14] 
due in part to the lack of sufficiently accurate theoretical 
support. The IR signature of Fc has now been accurately 
determined and confirmed [7, 10].

Detailed structural understanding of the Fc complex is 
very important as its derivatives may inherit particular prop-
erties which only exist in a particular conformer [15]. For 
example, additional ligands coordinating to the metal and 
the Cp rings while maintaining certain symmetry can be a 
geometric requirement for the D5h conformer [15]. Design 
of synthesis pathways and understanding of the mechanics 
and reaction dynamics of the Fc derivatives require detailed 
information of the structure, symmetry and property of the 
Fc conformers. The stability of eclipsed and staggered con-
formers of Fc has been a challenge issue and was defined as 
either eclipsed or staggered in many textbooks [16]. Recent 
articles of Coriani et al. [17] Roy et al. [18], Gryaznova et al. 
[19] and Bean et al. [20] have well documented the history 
and earlier status of the Fc studies.

Ferrocene and derivatives have attracted extensive atten-
tion to their peculiar chemical structure and biological activ-
ities [5]. Full methylation of Fc by replacing all hydrogen 
atoms with methyls (–CH3) produces decamethyl-ferrocene 

(Fe(C5(CH3)5)2, *Fc), although the latter (*Fc) is produced 
on treating iron(II) chloride with Li[C5(CH3)55] [21]. There 
exists a large number of studies of the structure and spec-
troscopy of Fc and *Fc [8, 9, 19, 22–25], which reported that 
*Fc is more stable in staggered conformer in gas phase [9, 
10], in the frozen solutions [8] and in the crystal [24]. When 
applying high-accuracy X-ray absorption fine structure 
(XAFS) of Fc and *Fc, clear evidence for the eclipsed con-
formation for Fc and the staggered conformation for *Fc for 
frozen solutions at ca. 15 K [8]. The rotational barrier of *Fc 
conformers was further determined to be 4.2 (1.3) kJ mol−1 
in the crystal form by Freyberg et al. [24]. However, in terms 
of the structural parameters, Fc and *Fc are statistically very 
similar. In the present study, accurate DFT methods which 
have been validated with high-resolution FTIR experimental 
measurements [6, 7, 10] and XAS experimental measure-
ments [8, 9] are employed in the calculations.

2 � Computational methods

In order to reveal the differences between *Fc and Fc with 
minimum environmental impact, both Fc and *Fc com-
pounds are studied in isolation. The eclipsed and staggered 
conformer geometries of *Fc were optimized using the 
B3LYP/m6-31G(d) model, which is the same as the model 
previous employed to study Fc conformers in gas phase 
[6]. This m6-31G(d) basis set incorporates necessary dif-
fuse d-type functions for the Fe transition metal [26], so 
that it ensures a better performance than the conventional 
6-31G(d) basis set for the iron atom of Fc, by providing 
a more appropriate description for the important energy 
differences between the atomic 3dn4s1 and 3dn−14s2 con-
figurations [27]. The present IR spectral simulations of the 
Fc conformers use the same model of B3LYP/m6-31G(d) 
without any scaling. The calculated *Fc IR spectra using 
the same method applied scaling factors of 0.9539 (eclipsed) 
and 0.9491 (staggered) for IR frequencies above 1200 cm−1 
for the hydrocarbon vibration dominant motions.

The properties including the IR spectra, excess orbital 
energy spectrum (EOES) [28] and energy decomposition 
analysis (EDA) [29, 30] of *Fc and Fc conformers were 
also calculated in isolation. The former (EOES) uses the 
same B3LYP/m6-31G(d) model, but the latter (EDA) uses 
B3LYP/TZVP model. All calculations except for the EDA 
calculations are performed using the Gaussian16 compu-
tational chemistry package [31] and the EDA calculations 
are performed using Amsterdam Density Functional theory 
(ADF) [32].
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3 � Results and discussion

3.1 � Geometry and conformer stability 
from methylation

It is well known that both *Fc and Fc (Fig.  1) exhibit 
eclipsed and staggered conformers with small energy differ-
ences [8, 10, 24]. The stability of staggered and eclipsed Fc 
conformers has been subjected to debate since the discovery 

some seventy years ago until very recently [6–8, 10, 12], 
when a series of combined experiment and theoretical 
research has provided compelling evidences that the eclipsed 
Fc in very low temperatures (under 18 K) is the more stable 
conformer [7, 10, 12]. Fc does not become a mixture of both 
eclipsed and staggered conformers [11], nor does it become 
an orientation with a mean rotation angle along the reac-
tion coordinate. Instead, as the temperature is raised, higher 
vibrational states become populated along the reaction coor-
dinate [7, 10] to populate additional vibrational models such 
as tilt. Most recently, Wang and Vasilyev provided further 
evidence for the temperature dependency of Fc conformers 
and their properties including IR spectra using molecular 
dynamics (MD) studies [12]. It was revealed that at higher 
temperatures such as room temperature of 25 °C (298.15 K), 
the cyclopentadienyl rings (Cp) of Fc exhibit apparent tilting 
up to 6° (at 293 K) [12].

Although the H’s of cyclopentadienyl rings in Fc are 
replaced by methyl groups (–CH3) in *Cp, the symmetry 
distortion is unlikely due to methyl torsion in *Cp at very 
low temperature (near 0 K) [8, 24]. As found in a recent 
inelastic neutron scattering (INS) spectroscopic study, Zach-
ariou et al. [33] revealed that in gas phase, the methyl group 
of toluene undergoes almost free rotation, i.e., the rotational 
energy barrier is under 10 cm−1, which is not the case in 
*Fc [19, 24]. Table 1 compares selected geometric and elec-
tronic properties of eclipsed and staggered Fc and *Fc. In 
a similar fashion, the eclipsed and staggered conformers 
of *Fc also exhibit a small energy difference as indicated 

Fig. 1   Structures of eclipsed (a) and staggered (b) *Fc /Fc. In the 
case of *Fc, all carbons plus the centre Fe atom (no hydrogen) are 
presented dashed line the Cs bonded with Cp are methyl carbons, 
whereas in the case of Fc, all atoms, Hs and Cs and Fe are shown 
dashed line the atoms bonding with the pentagon Cp rings are hydro-
gens

Table 1   Comparison of 
optimized geometric and 
electronic properties of *Fc 
conformers with Fc and 
literature

a X-ray absorption fine structure (XAFS) [8, 9]
b Electron diffraction (ED) [23]
c X-ray crystallography (XC) [24]
d Total spatial extent < R2 > 
e α0 = (αxx + αyy + αzz)/3, approximate polarizability [36]

Parameter *Fc [6] Fc [6] Exp (*Fc)

Eclipsed Staggered Eclipsed (D5h) Staggered (D5d) XAFSa EDb XCc

Fe–Cp (Å) 1.677 1.676 1.677 1.676 1.655 1.662 1.657
Fe–C (Å) 2.075 2.074 2.075 2.074 2.055 2.064 2.050
C–C, ring (Å) 1.435 1.435 1.435 1.435 1.431 1.439 1.419
C–C, (C–CH3) (Å) 1.503 1.503 1.503 1.503 1.520 1.503 1.502
––H (Å) 1.096 1.096 1.096 1.096 1.115
∡Cp–H (°) 4.690 4.030 4.690 4.030 3.450
 < R2 > (a.u.)d 4994.88 4978.32 1358.84 1361.78
αxx (10–24 ESU) 368.8 368.6 175.4 176.2
αyy (10–24 ESU) 335.3 335.4 175.4 176.2
αzz (10–24 ESU) 335.3 335.3 203.7 203.7
αxy (10–24 ESU) 0.0 − 0.14 0.0 0.0
αxz (10–24 ESU) 0.0 − 0.12 0.0 0.0
αyz (10–24 ESU) 0.05 − 0.03 0.0 0.0
α0 (10–24 ESU)e 346.5 346.4 184.8 185.4
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by experiments [8, 24]. However, several differences exist 
between the geometric parameters of the Fc conformer and 
the *Fc conformer. First, at very low temperatures, Fc is 
dominant by the eclipsed conformer with a point group 
symmetry of D5h [6, 7, 10, 12]. Thermodynamics calcula-
tions with free energy correction at room temperature of 
298.15 K do not change the energy order—the eclipsed Fc 
conformer exhibits a lower total energy, although vibrational 
levels along the reaction coordinate towards the staggered 
Fc conformer populate towards room temperature [10, 34]. 
Conversely, the staggered conformer of *Fc is more stable 
at low temperatures than the eclipsed counterparts [7, 8] but 
does not exhibit the exact D5d and D5h point group symmetry 
like unsubstituted Fc. The calculated energy difference in 
*Fc is very small (0.33 kcal mol−1), in comparison with the 
ED measurement (1.03 kcal mol−1) [35].

Table 1 compares the optimized geometric and electronic 
properties of *Fc conformers with Fc and with selected lit-
erature. There are no apparent differences in most geometric 
properties between the eclipsed and staggered Fc and *Fc in 
the calculations. For example, the Fe–Cp and Fe–C distances 
of the Fc and *Fc conformers are predicted to be 1.677 Å 
and 2.074 Å, respectively, in both cases. However, the C–C 
bond lengths in Cp ring of Fc conformers are most identi-
cal, whereas the same C–C bonds in the *Cp ring of *Fc 
exhibit small but apparent differences, leading to small dif-
ferences in the ring perimeter [37] of *Cp ring for 7.178 Å 
and 7.177 Å, respectively, for eclipsed and staggered *Fc. 
The ring perimeters of *Fc are slightly expanded from the 
Fc conformers of 7.175 Å, in agreement with previous stud-
ies [8, 17, 20].

Our quantum mechanical calculations reveal that both Cp 
and *Cp are not perfect pentagons as their C–C bonds exhibit 
small discrepancies in the fourth significant figure. Small dif-
ferences in C–C bond lengths in the CpH ring (C2v point group 
symmetry) were hypothesised by low-temperature X-ray struc-
tural data [38] and suggested in our recent molecular dynamics 
(MD) study of Fc [12]. Experimental measurements are aver-
aged over time under the conditions and the dynamics of Fc is 
temperature dependent. When methyl (–CH3) substitutes the 
hydrogens in Fc, the *Fc conformers slightly distort from the 
high symmetry of Fc, leading to the C–CH3 and C–H bond 
length and *Cp angles being distorted from D5 point group. 
The symmetry of the pentamethylcyclopentadiene (*CpH) 
reduces to C2v point symmetry (twofold rotational disorder). 
It is then possible that not all C–C bonds in the *Cp ring are 
equivalent. The C–C and C=C bonds exhibiting sp3 and sp2 
hybridizations are claimed by a recent crystal structure deter-
mination (*CpH) [39]. In low-temperature phase (296 K), the 
crystal structure of *Fc was ordered with the staggered con-
formation, using single-crystal X-ray diffraction [24] which 
was confirmed by single-crystal neutron diffraction techniques 
(100 K) by Sanjuan-Szklarz et al. [40]. In the latter technique 

(neutron diffraction), the H-atom positions and their displace-
ment parameters can be determined more accurately than 
from single-crystal X-ray radiation. Malischewski et al. [41] 
discovered that the Cp planes tilt in the eclipsed *Fc salts, in 
consonance with MD studies of Fc [12].

The bond lengths such as Fe–Cp (centroid), Fe–C, C–C 
and C–H and bond angles such as ∡Cp–H of Fc and *Fc 
are virtually indistinguishable. However, some electronic 
properties such as the volumes and static polarizabilities 
of the *Fc conformers are significantly different from the 
Fc counterparts. For example, the electronic spatial extent 
(< R2 >) is a measure of spread of electron density over the 
molecule, which is directly proportional to the electronic 
volume of the molecule [42]. Table 1 exhibits the calculated 
electronic spatial extent < R2 > of *Fc is nearly four times 
over that of Fc, 4993.38 a.u. versus 1358.84 a.u. (eclipsed). 
The volume expansion of *Fc due to the ten methyl groups 
is estimated approximately the volume of 3634.54 a.u. over 
ten methyls which is more than twice as large as ten times 
a single methyl group of approximately 1600 a.u. [43, 44]. 
Such significant volume differences between *Fc and Fc 
impact the nonlinear properties such as polarizability which 
is related to the volume [42].

The symmetry of the *Fc conformers distorts from the 
high symmetry of Fc. The Fc conformers take D5h for 
eclipsed conformation and D5d for staggered conformation 
in which the Cps are in an ideal pentagonal structure. The 
*Fc conformers distort from the exact D5h and D5d point 
group symmetry with approximately eclipsed and stag-
gered structures, in agreement with experiments [8, 24]. 
The dipole moments of Fc conformers are zero, but a very 
small residual is presented for *Fc. The dipole moment is a 
simple global measure of the accuracy of electron density 
in a polar molecule, yet contains no information about the 
response of the ground state wave function to the electric 
field, since it can be computed from the zero-field density 
alone [36]. As a result, the infrared (IR) spectra of Fc can be 
very “clean” with only a few IR signals from induced dipole 
moments during vibration [6, 7, 10, 14]. The static polariz-
abilities, which are the first response of the electron density 
to electric fields, are also quite different between *Fc and Fc. 
It is not surprising that the total polarizability, α0, of *Fc is 
significantly larger than Fc, as the *Fc with larger volumes 
(< R2 >) are more polarizable than smaller Fc. The nonzero 
off-diagonal polarizability residuals αij of the *Fc conform-
ers in Table 1 indicate that the *Fc and Fc respond differ-
ently with respect to the application of an external field.

3.2 � IR spectral response to methylation of the Cp 
rings 

Far-IR spectra present the clearest signature of eclipsed and 
staggered conformations of Fc [6, 7, 10, 12]. The major 
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factors influencing the IR spectrum of a molecule include 
chemical bonds, atoms forming the bonds in the molecule 
and the three-dimensional (3D) structure of the compound. 
The greater the masses of the atoms involved in a bond, the 
lower the IR frequency at which the bond will absorb. As a 
result, it is expected that the replacement of the cyclopenta-
dienyl rings (Cp) in Fc by the pentamethylcyclopentadienyl 
rings in *Cp will affect the IR spectrum of *Fc. The addi-
tional C–CH3 bonds in *Fc which are not part of the *Cp 
rings contribute to the IR spectral signals of *Fc. Table 2 
compares the calculated IR frequencies of the *Fc conform-
ers with respect to IR frequency measurements in the solid 
state (in a pellet of a KBr disk) under low temperatures of 
20 K [45] and 150 K [46].

There is a good agreement of the calculated IR frequen-
cies (gas phase, 0 K) of *Fc with the IR spectrum of *Fc 
measured in crystal structure (150 K) [47, 48]. As pointed 
out by Arrais et al. [47], the measurement at 150 K does not 
show apparent differences from the IR spectrum measured 
in very low temperature of Duggan et al. [12]. Figure 2a, 
b compares the calculated IR spectra of Fc and *Fc in the 
eclipsed and staggered conformer forms, respectively, using 

the same DFT methods. Four apparent IR spectral bands (A, 
B, C and D) appear in *Fc at Band A with 400–500 cm−1, 
Band B for < 1000 cm−1, Band C for 1430–1550 cm−1 and 
Band D for 3000–3200 cm−1 regions. Relative intensities 
are presented in Fig. 2. The calculated IR bands of the *Fc 
conformers agree well with the measurements [12, 47, 48]. 
The comparison of calculated major IR transitions of *Fc 
conformers with the literature is provided in Table S3 in the 
Supplementary Material.

Excellent agreement of *Fc IR frequencies in Table 2 
is achieved between the present study and previously cal-
culated (staggered *Fc) [19] and measured [45, 46]. This 
is particularly the case in the low-frequency IR region of 
Bands A (*A) and B (*B) for ν < 1200 cm−1. The larger IR 
vibrational frequencies in the regions related to Bands C 
(*C) and D (*D) of ν > 1200 cm−1, are dominated by the 
organic moiety (*Cp) of *Fc where the scaling factors of 
0.9539 and 0.9491 are applied for the eclipsed and staggered 
*Fc, respectively. As indicated by Gryaznova et al. [19], the 
vibrations above 1200 cm−1 are dominated by the methyl 
or methyl-Cp motion without significant centre metal Fe 
related motion. The basis set, m6-31G*, modifies the basis 

Table 2   Comparison of 
major IR frequencies of *Fc 
conformers with measured 
FT-IR (cm−1)*

The experimental measurements were in solid state (KBr pellet disk). The full calculated IR spectra of the 
*Fc and Fc conformers are given in Table S2 of the Supplementary Material
*The DFT calculations (gas phase) include no scaling
a Applied a scaling factor of 0.9539 (υ > 1200 cm−1)
b Applied a scaling factor of 0.9491 (υ > 1200 cm−1)

ν (cm−1)* B3LYP/m6-31G(d) Exp [45] (20 K) Exp [46] (150 K)

Eclipsed Staggered

νa (cm−1) scaling ν (cm−1)* νb (cm−1) scaling

200 202 200 200 (mw)
266 265 256 256 (mw)
386 389 375 (m) 381 (mw)
454 438 455 (s) 453 (s)
507 500 515 (mw) 515 (mw)
595 595 595 (w) 587 (mw)
1073 1073 1032 (ms) 1029 (m)
1106 1107 1075 (mw) 1070 (w)
1438 1362 1356 (w)

1446 1372 1373 (s)
1465 1398 1466 1391 1378 (s) 1377 (s)
1526 1456 1485 1409 1428 (m) 1426 (m)

1535 1456 1452 (m) 1449 (m)
1538 1459

1542 1471 1478 (m) 1473 (m)
2713 (w)
2854 (w)

3033 2893 3032 2878 2910 (vs) 2896 (s)
3096 2953 3095 2937 2960 (s) 2945 (w)
3124 2980 3123 2964 2980 (s) 2964 (m)
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set of the centre metal Fe, so that in the IR region of above 
1200 cm−1, the m6-31G* basis set reduces to 6-31G* for H 
and C atoms and therefore, the calculated IR frequencies 
need scaling [19].

As we learned from IR spectral signatures of the Fc con-
formers [6, 7, 10], the small IR region (Bands A and B) is 
dominated by the vibrations related to the centre metal Fe 
where the modified m6-31G* basis set [26, 27] plays an 
important role. This modified 6-31G(d) basis set incorpo-
rates necessary diffuse d-type functions for Fe, exhibiting a 
better performance than the conventional 6-31G(d) basis set 
for the Fe atom in ferrocene by providing a more appropriate 
description for the important energy difference between the 
Fe atomic 3dn4s1 and 3dn−14s2 configurations. The stand-
ard 6-31G(d) basis set is employed for other atoms such as 
carbons and hydrogens [27] in *Fc. The Bands *C and *D 
of ν > 1200 cm−1 of *Fc, on the other hand, dominate by 
vibrations relating to the organic pentamethylcyclopentadi-
enyl (*Cp) rings. The B3LYP/m6-31G(d) model for the *Cp 
moiety is ultimately the B3LYP/6-31G(d) model, and the 
scaling factors given in Table 2 are in vicinity of the same 
model for small organic molecules [48].

It is not surprising that the IR spectra of *Fc and Fc are 
different. However, the changes in IR spectra of the *Fc 
from Fc are not trivial—it is even more significant than the 
IR spectral differences between the eclipsed Fc and the stag-
gered Fc [6]. Investigation of the IR spectra variation of 

*Fc with respect to Fc helps one to understand the property 
change related to the methylation of Fc. The calculated IR 
spectra of the *Fc conformers in Fig. 2 share some similari-
ties with respect to the Fc conformers. The frequencies of 
the IR spectra in Fig. 2 are given in Table 2 without scaling. 
Both Fc and *Fc exhibit four major bands in their IR spectra, 
regardless of the conformers. The IR spectra of the eclipsed 
and staggered Fc are almost identical, except for the signa-
ture region of Band A 400–500 cm−1 [6, 7, 10]. Figure 2 
shows that the IR spectral signature region of 400–500 cm−1 
which is unique to Fc does not differentiate easily between 
the *Fc conformers because the IR spectral band splits in 
both eclipsed and staggered *Fc (Table 2). The IR spectra of 
the eclipsed and staggered *Fc exhibit only small differences 
in the entire IR region of 400–4000 cm−1 (see Figure S1 of 
the Supplementary Material). The largest shift is 16 cm−1 
with accompanying change of oscillator strength for the 
band around 450 cm−1; the next largest is a possible splitting 
around 1520–1540 cm−1 but with small changes in the oscil-
lator strength. The IR spectra of Fc eclipsed and staggered 
conformers [6] are also provided in Figure S1 for reference. 
The calculated IR frequencies of *Fc conformers and the Fc 
conformers are provided in Table S3 in the Supplementary 
Material. Because the IR spectra of *Fc conformers are vir-
tually indistinguishable at this time from the experimental 
evidence, the following discussion will focus on comparison 
of the staggered *Fc and Fc conformers (Fig. 2b).

Fig. 2   Comparison of the calculated IR spectra of *Fc (orange) with respect to Fc (blue). a The eclipsed conformers. b The staggered conform-
ers. Note in *Fc the staggered conformer is more stable but in Fc the eclipsed is more stable at low temperature
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In addition to the apparent differences between Fc and 
*Fc indicated above, several other differences between 
*Fc and Fc are observed from Fig. 2 and Table 2. First, 
the IR spectrum of *Fc is nearly seven times (Band *D) 
more intense than the IR spectrum of Fc. This is due to the 
small residual dipole moment in the *Fc caused by the sym-
metry distortion of the methyl groups, whereas the Fc are 
highly symmetric without permanent dipole moment. The 
IR absorption of Fc is due to the instantaneous transition 
dipole from asymmetric vibrations only, so that all vibration 
signals in the IR spectrum of Fc are relatively weak vibra-
tions with similar intensities. By contrast, the most intense 
IR spectral band of *Fc is Band *D at ν ~ 3000 cm−1 in the 
high-frequency region, due to the stretching vibrations of 
the methyl C–H bonds.

Second, the IR active spectral bands of *Fc and Fc exhibit 
different patterns which are unique to their structures. Only 
three of the four IR bands of *Fc and Fc are correlated—A 
and *A, C and *B, D and *D. The most intensive IR Band B 
in Fc (~ 850–880 cm−1) is not active in *Fc, and the IR Band 
*C in *Fc is not active in Fc. This Band B in Fc consists 
of three nonzero vibrations with a signal at 848.07 cm−1 
(D = 286.22 (10–40 esu2 cm2)) and a doubly degenerated 
signal at 871.11 cm−1 (D = 8.80 (10–40 esu2 cm2)) of the 
staggered Fc. The former is due to the vibrations that the 
Cp C–H bonds symmetrically wave up-down in the same 
direction, but the latter is due to the vibrations where the 
corresponding Cp C–H bonds wave asymmetrically up-down 
in opposite directions.

This Band B in Fc does not exist in *Fc, as there are 
no such C–H bonds where the carbons are part of the Cp 
ring in *Fc. One almost invisible “band” of Fc at approxi-
mately ~ 1440–1490 cm−1 of the in-plane C–H bond waving 
becomes significant in the IR spectrum of *Fc as Band *C, 
representing methyl (-CH3) breathing vibrations. The band 
indicates that the role of pentamethylcyclopentadienyl rings 
(*Cp) in *Fc is not just a shift of the IR spectral bands of Fc 
but of significant structure-related changes. Band *C around 
1530 cm−1 for the *Fc conformers, 1535 cm−1 (1527 cm−1 
for eclipsed *Fc refer to Table 2) is dominated by the methyl 
in-plane bending/waving vibrations of the pentamethylcy-
clopentadieny rings of *Fc. The methyl groups do not exist 
in Fc conformers, as a result, this IR spectral band (*C) 
does not exist in the IR spectra of Fc conformers. Band C 
of Fc locates in the same region of Band *B of *Fc but 
splits into two well-separated peaks at ca 1035 cm−1 and 
1141 cm−1, respectively. The former (1035 cm−1) for the 
Cp in-plane stretching turtle swimming [12]) and the lat-
ter (1141 cm−1) for the opposite Cp ring breathing (small-
large). The IR spectral band with largest frequency at around 
3100–3200 cm−1, refers to vibrations of the C–H stretches of 
the molecules. This band, Band *D of *Fc, refers to multiple 
methyl C–H stretch vibrations which are intense. In the same 

region, the Band D for the C–H stretch vibrations of Fc are 
degenerate due to the high symmetry.

The IR spectral differences between the eclipsed and stag-
gered *Fc conformers are even less apparent than their Fc 
counterparts—the signature IR band between the eclipsed 
and staggered Fc [6, 7, 10], that is, the IR spectral splitting 
in the 400–500 cm−1 does not exist in the *Fc conformers 
anymore, as the IR spectra of both *Fc conformers splitting 
in this region. Interestingly, the calculated IR spectral split-
ting of the staggered *Fc of 62 cm−1 is larger than eclipsed 
*Fc of 53 cm−1, in agreement with measured such splitting 
of 60–62 cm−1 [45–47]. This trend of IR spectral splitting is 
opposite to the Fc conformers where the eclipsed Fc IR band 
splitting apparently and such splitting of the staggered Fc is 
negligible. However, the IR spectral differences between the 
*Fc conformers need accurate experimental data with smart 
and novel design to serve as conformer signature. This IR 
spectral signature in Band A is unique to Fc.

3.3 � Excess Fe‑dominant orbital energies and EDA 
analysis 

Other properties also experience changes to response meth-
ylation of the C–H bonds in Fc. One of such properties is 
measured using the excess orbital energy spectrum (EOES), 
which adequately reflects corresponding orbital energy vari-
ation between the eclipsed and staggered Fc ferrocene con-
formers [28]. It was found that the energies of the molecular 
orbitals (MOs) which are dominantly occupied by the 18 
core electrons of Fe atom (1s22s22p63s23p6) in Fc exhibit 
most significant changes in the inner electron shell between 
the Fc eclipsed and staggered conformers [28]. With respect 
to the conformational changes of Fc (where the Fe core elec-
tron dominant MOs of Fc), the Fe–2pz (3a) and Fe–3pz (16a) 
electrons along z-axis experience relatively small variations 
in their energies, comparing to other electrons in the same 
shell such as (2s) 2px and 2py and (3s) 3px and 3py [28] 
(Fig. 3).

Figure 4 reports the excess core/orbital electron energy 
spectrum (EOES) for the nine Fe core electron dominant 
MOs of *Fc with respect to Fc (i.e., Δεi = εi (*Fc) ˗ εi(Fc)). 
The EOES in Fig. 4 was applied to measure the methylation 
impact of *Fc from Fc (blue and orange bars) as well as 
the conformational changes of *Fc (green bars). Obviously, 
the methylation changes to the Fe core electrons are signifi-
cant, it is over ten times with respect to the conformational 
changes of *Fc. The methylation changes (*Fc vs Fc) matter 
more in the z-axis (Cp–Fe–Cp axis) and the staggered con-
former (orange bars in Fig. 4) changes slightly more than the 
eclipsed conformers (the blue bars in Fig. 4), particularly in 
the inner most core (1s2s2p) electrons. The 2pz and 3pz core 
electron energies of Fe change apparently larger than other 
Fe core electrons in the same shells in *Fc, which exhibits a 



	 Theoretical Chemistry Accounts          (2023) 142:13 

1 3

   13   Page 8 of 13

very different trend with respect to conformational changes 
which prefer the xy-plane.

Methylation of the C–H bonds in Fc impacts on the core 
electrons of Fe apparently. The methylation of Fc leads 
larger energy variation of outer Fe core electrons (3s23p6) 
than the inner core electrons (1s22s22p6) for both conform-
ers. For example, Δε3δ > Δε2δ > Δε1s (here δ = s, px, py and 
pz) and the energy changes in Fe 1s orbital (Δε1s) is as large 
as 10 kcal mol−1 (i.e., Δε3s > Δε2s > Δε1s and Δε3pz > Δε2pz) 
as shown in Fig. 4. Moreover, the staggered *Fc and Fc 
experience larger orbital energy variations than the eclipsed 
counterparts, which is particularly obvious in the inner most 
shell of Fe (1s22s22p6). For example, the orange bars (stag-
gered) are slightly larger than the blue bars (eclipsed) in 
the inner most region of Fe electrons (1s22s22p6) in Fig. 4. 

Finally, the Fe electrons along the z-axis experience the 
largest energy changes in response to methylation of the 
C–H bonds, Δεnpz > Δεnpx, Δεnpy, (n = 2 and 3). Therefore, 
although any such changes impact on all Fe core electrons 
of Fc and *Fc, methylation of Fc is along the z-axis whereas 
conformational changes (the green bars in Fig. 4) of *Fc 
happens in the xy-plane, i.e., Δεnpz < Δεnpx, Δεnpy (n = 2 and 
3). The calculated inner shell reorganization energies (λin) of 
Fc and *Fc are given by 16 meV and 42 meV, respectively 
[49], also support the difference in the inner shells. The large 
Fe core electron energy change regarding methylation of Fc 
has been also revealed by the X-ray mass absorption coef-
ficient of the materials (μ/ρ) in our previous fluorescence 
X-ray absorption fine structure (XAFS) measurements of 
Fc and *Fc [50]. Note that the absolute values [μ/ρ] for Fc 

Fig. 3   Graphical presentation of the calculated vibrational modes of staggered ferrocene Band B (staggered)

Fig. 4   Comparison of the 
Fe core electron response to 
methylation of Fc (Δεi = εi

*Fc ˗ 
εi

Fc) in kcal/mol. The two units 
of (Fe–ns, Fe–npz, Fe–npx, 
Fe–npy), where n = 2, 3 have the 
pattern
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are larger than those of *Fc due to the larger percentage of 
Fe (~ 30%) in Fc than in *Fc (~ 17%).

As a result, unlike ferrocene (C10H10Fe), conformers of 
decamethylferrocene (C20H30Fe) do not possess exactly D5h 
(eclipsed) and D5d (staggered) point group symmetry. The 
*Fc is not a simple replacement of all hydrogens in Fc with 
ten methyl (-CH3), but changes in *Fc include symmetry 
distortion such as unequal C–C bond lengths in the penta-
methyl-cyclopentadienyls (*Cp), leading to small residual 
dipole moments, off-diagonal polarizabilities and more sig-
nificantly, reversal of the conformer stability.

The interaction energy responses to the methylation of Fc 
are further explored using energy decomposition analysis 
(EDA). The EDA method, which is based on Morokuma [51] 
and the extended transition state (ETS) of Ziegler and Rauk 
[52], is the same as our previous study for EDA of Fc [30], 
which indicated that EDA energy components are dependent 
on the fragmentation schemes. In other words, EDA energy 
components are not uniquely defined quantities and are path 
functions [53]. Nevertheless, EDA is useful tool to com-
pare the nature of bonds in closely related structures such 
as Fc. Table 3 reports the calculated energy components 
of the *Fc conformers together with the calculated energy 
components for the Fc conformers [30] for comparison. As 
pointed out in the EDA study of Fc [30] that the energy 
components obtained using the EDA depend on a number 
of factors including the fragmentation channels, the DFT 
functionals and the basis sets. In order to make a compari-
son, we employ the same method of Fc in the present study. 
That is, atomic fragment and B3LYP/TZ2P + methods [30].

Table 3 reveals that the energy components of the *Fc 
conformers with respect to previously obtained energies 
of the Fc conform using the same method, while the inde-
pendent energy components of electrostatic energy, Pauli 
energy and orbital energy, that is, Δ(ΔEestat), Δ(ΔEPauli) and 
Δ(ΔEorb) of *Fc and Fc, exhibit the same attractive nature 
for the electrostatic and orbital energies, and repulsive nature 
of the Pauli energy. Contributions (percentages) to the total 
interaction energies with small differences, however, oppo-
site signs, indicating that the more stable conformer of Fc 

and *Fc are not the same. For example, the total interac-
tion energy Δ(ΔEint) of the *Fc conformer pair is negative 
(− 0.4 kcal mol−1), indicating staggered *Fc is the more 
stable conformer, whereas this energy the Fc conformer pair 
is positive (0.1 kcal mol−1), suggesting that eclipsed Fc is 
the more stable conformer [30].

One of the most significant differences between the *Fc 
and Fc conformers is the nature of steric energies of the *Fc 
and Fc complexes which contribute to the reverse of the pre-
ferred conformer of the complexes at low temperature. In Fc, 
the steric energies of both eclipsed and staggered conformers 
are attractive (negative), indicating that the steric energy 
contribute to stabilize the Fc conformers [30]. This energy 
in *Fc, however, becomes very repulsive (positive), indicat-
ing that the methylated *Cp rings in *Fc leads to repulsive 
steric energy. As a result, the steric energy contributes to 
destabilise the *Fc complexes and makes the staggered *Fc 
the more stable conformer.

Steric energy is the sum of electrostatic energy (ΔEestat) 
and quantum mechanical Pauli repulsive energy (ΔEPauli.) 
of a compound. It is not a surprising that *Fc is responsible 
to larger steric repulsive energy due to the *Cp pairs. It is, 
however, still hardly to guess that how the large steric energy 
in *Fc changes in the electrostatic energy (ΔEestat) and the 
quantum mechanical Pauli repulsive energy (ΔEPauli). The 
usually attractive ΔEestat term corresponds to the classical 
electrostatic interaction between the unperturbed charge dis-
tributions of the prepared atoms. The Pauli repulsion ΔEPauli 
is the energy change associated with the transformation from 
the superposition of the unperturbed wave functions of the 
isolated atoms to the wave function, which properly obeys 
the Pauli principle through explicit antisymmetrization and 
renormalization of the product wave function [50]. It com-
prises the destabilizing interactions between electrons of the 
same spin on either atom. For example, while the electro-
static energy of *Fc is more attractive comparing to the same 
energy in Fc, as it is nearly doubled from that of Fc; the 
quantum mechanical Pauli energy of *Fc is approximately 
70 times more repulsive in *Fc than in Fc.

Table 3   Comparison of energy 
terms for the eclipsed and 
staggered *Fc with respect to 
Fc.a

a The BP86/TZ2P + model The same as the model used for Fc [30]
b ΔEint = ΔEestat + ΔEPauli + ΔEorb
c ΔEster = ΔEestat + ΔEPauli

kcal mol−1 *Fc Fc

*Ec *St Δ*(ΔEi) Ec St Δ(ΔEi)

ΔEestat − 5310.1 − 5309.8 0.3 − 2793.1 − 2787.9 5.3
ΔEPauli 15,344.9 15,340.5 − 4.4 222.4 208.7 − 13.7
ΔEorb − 15,799.1 − 15,795.4 3.7 − 13,630.9 − 13,622.4 8.5
ΔEint

b − 5764.3 − 5764.7 − 0.4 − 16,201.6 − 16,201.5 0.1
ΔEster

c 10,034.8 10,030.7 − 4.1 − 2570.7 − 2579.12 − 8.4



	 Theoretical Chemistry Accounts          (2023) 142:13 

1 3

   13   Page 10 of 13

Figure 5 reports the decomposed energy contribution to 
the *Fc and Fc conformers. The attractive electrostatic ener-
gies of the *Fc conformers are not very different from the 
Fc conformers, whereas the contributions of the attractive 
orbital energies in *Fc conformer are apparently smaller the 
Fc counterparts. The most significant difference in energy 
contribution is the repulsive Pauli energies of *Fc which 
is some seventy times more than the Fc conformers. As a 
result, a large repulsive steric energy contribution destabi-
lizes the methylated Fc. Hence, EDA might be a useful tool 
to compare the nature of bonds in closely related structures 
such as *Fc and Fc.

If the deviation of the alkyl groups from the ring plane 
is considered as a result of steric effects, it is probably due 
to steric interactions of methyl groups within each *Cp 
in *Fc. Increasing number of methyl substituents in the 
cyclopentadienyl rings of Fc results in the reverse of the 
eclipsed conformation to the staggered forms [49]. This con-
formational trend can be understood by their steric energy. 
The intra-Cp H⋅⋅⋅H (within a Cp) distances are ca. 2.70 Å 
for both eclipsed and staggered Fc, whereas the inter-Cp 
ring H⋅⋅⋅H’ (between Cp and Cp’) distances are 3.32 and 
3.61 Å for eclipsed and staggered Fc, respectively. The lat-
ter, however, does not reverse the steric energy of the Fc 
conformers so that eclipsed conformer is the Fc preferred. 
In decamethylferrocene *Fc, the intra- and inter-ring repul-
sions are increased when methyl groups are introduced in 
the cyclopentadienyl rings. For a single *Cp(H)—ring, the 
crystal structure of an expected methyl orientation can be a 
“gear mesh” configuration in which one H of each methyl 
group is coplanar with the ring and equidistant from two 
of the hydrogens on an adjacent group [39, 54]. In *Fc, the 
adjacent methyl groups within one *Cp ring range are ca 
2.28 Å (2.15 Å to 2.66 Å (average = 2.4 Å) in crystal) [54]. 
Between *Cp rings, the closest H⋅⋅⋅H’ distances in *Fc range 
is ca 2.60 Å (2.49 Å to 3.41 Å (average = 2.6 Å) in crystal 

[54]). Thus, the H⋅⋅⋅H and H⋅⋅⋅H’ distances *Fc conformers 
are apparently shorter than Fc conformers so that *Fc results 
in larger repulsive steric energy, reverses the stability of *Fc 
conformation.

Hydrogens on adjacent methyl groups of the same ring 
are ca. 0.3 Å closer than hydrogens on nearest-neighbour 
methyl groups on opposing rings in *Fc. As a result, the 
methyl groups in the *Cps of *Fc are not really “free rota-
tions” but oriented to reduce the steric energy. It is found that 
the methyl orientations which minimize inter-ring methyl 
interactions (maximize the H⋅⋅⋅H’ distances) will allow free 
rotation of methyl groups. However, the methyl orientations 
which minimize intra-ring methyl interactions (maximize 
the H⋅⋅⋅H distances) will allow free rotation of the *Cp rings 
[24]. The calculated H⋅⋅⋅H’ and H⋅⋅⋅H for staggered *Fc are 
2.594 Å and 2.284 Å, respectively, whereas for the eclipsed 
*Fc are 2.605 Å and 2.288 Å, respectively. Therefore, the 
methyl groups of *Fc do not subject to free rotation but take 
the same positions in both staggered and eclipsed *Fc in the 
present study as shown in Fig. 6 and the staggered *Fc with 
less steric repulsion is more stable conformer.

4 � Conclusions

The present study reveals that methylation of Fc causes 
changes in the geometry, symmetry, IR spectrum and 
other electronic properties. These changes are rooted in 
the inner shell electrons dominated by the centre Fe atom, 
which is often beyond many measurables in *Fc and Fc. 
The present study reveals that the eclipsed and staggered 
conformers of *Fc experience symmetry distortion from 
strict high symmetry of exact D5h (eclipsed) and D5d 
(staggered) of Fc. Moreover, the C–C bond lengths of the 
pentacyclopentadienyl (*Cp) are not exactly the same, as 
supported by previous measurements [9, 41, 47, 55] and 

Fig. 5   Comparison of contribu-
tions of decomposed energies to 
the total energy in percentages 
of *Fc and Fc conformers. The 
data are based on Table 3
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recent molecular dynamic simulation (MD) in higher tem-
peratures of Fc [12]. Methylation of Fc leads to a stabilised 
staggered *Fc at low temperatures, in agreement with pre-
vious studies [8, 47].

Unlike for Fc, however, the IR spectrum does not pro-
vide a clear signature for *Fc, as it currently appears 
unable to differentiate staggered and eclipsed conform-
ers of *Fc conclusively. Instead, the XAFS studies also 
using DFT have been shown to observe a difference in 
signature [9]. The IR spectra of *Fc and Fc are very dif-
ferent, the band at ~ 800 cm−1 of Fc due to the C–H vibra-
tions of Cp disappears in *Fc, instead, a new IR band 
at ~ 1500 cm−1 due to C–CH3 vibrations appears in *Fc. 
The most apparent enhancement of the IR spectral band 
in the ~ 3000 cm−1 region is due to the C–H methyl stretch 
vibrations in *Fc. Further analysis on the Fe core electrons 
(1s22s22p6) using excess orbital energy spectrum (EOES) 
indicates that methylation of Fc causes approximately 
10 eV energy changes with respect to their Fc counter-
parts. The large Fe core electronic structure changes in 
*Fc were seen in previous fluorescence X-ray absorption 
fine structure (XAFS) measurements of Fc and *Fc [9]. 
Moreover, the methylation impact on the Fe core electrons 
is directional—the Fe core electron energies of the Fe pz 
orbitals along the *Cp–Fe–*Cp axis change more signifi-
cantly than other Fe electrons in the same shell. Finally, 
the energy decomposition analysis (EDA) reveals that the 
significant increase (absolute value) of Pauli energy in *Fc 
contributes to the large repulsive steric energy in *Fc with 
respect to Fc counterparts. The present study provides a 

new direction of study ferrocene derivatives and other 
metallocenes.
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