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ABSTRACT: Change of the permanent molecular electric dipole moment, Δμ, in a
series of nominally centrosymmetric and noncentrosymmteric ferrocene-phenyl-
eneethynylene oligomers was estimated by measuring the two-photon absorption
cross-section spectra of the lower energy metal-to-ligand charge-transfer transitions
using femtosecond nonlinear transmission method and was found to vary in the range
up to 12 D, with the highest value corresponding to the most nonsymmetric system.
Calculations of the Δμ performed by the TD-DFT method show quantitative agreement
with the experimental values and reveal that facile rotation of the ferrocene moieties
relative to the organic ligand breaks the ground-state inversion symmetry in the
nominally symmetric structures.

Ferrocene-based complexes possess intriguing nonlinear
optical and charge-transport properties, which make them

subject to continuing research.1−4 A prominent feature of the
UV−vis absorption spectrum of the numerous organometallic
complexes of ferrocene (Fc) consists of a broad red-shifted
band (or bands) associated with metal-to-ligand charge-transfer
(MLCT) transitions,5−18 where a notable fraction of the
electron density shifts from the Fe atom(s) in the ground
electronic state toward the organic group(s) in an excited state.
MLCT transitions are associated with a large change of the
molecular permanent electric dipole moment, Δμ (up to 30
debye, D7), that, in turn, is instrumental for achieving high
second-order nonlinear susceptibility1,6,13,17 and also contrib-
utes to charge separation and charge-transport properties.19−23

Interestingly, prominent first hyperpolarizability is routinely
observed not only in noncentrosymmetric organometallic
structures but also in nominally centrosymmetric struc-
tures.12,17,24,25 Such obvious spontaneous symmetry breaking
was tentatively associated with steric distortions of the ground-
state molecular structure,24,26 even though quantitative
explanation has so far been lacking.
In this Letter, we shed light on the origin of the symmetry

breaking effect by experimentally evaluating the Δμ value in a
series of ferrocene-phenyleneethynylene oligomers in THF
solution comprising both nominally centrosymmetric as well as
noncentrosymmteric structures and by comparing the exper-

imental results with TD-DFT calculations that account for
possible facile rotations within the complex. Figure 1 shows the
chemical structures of 10 systems studied in this work including
the unmodified ferrocene 1, six noncentrosymmetric com-
pounds 2−7 carrying one ferrocene unit, and three nominally
centrosymmetric structures 8−10, where the two peripheral
ferrocene moieties are linked by a conjugated chain of a varying
length. The ferrocene moieties are acting as electron donors
(D), whereas 2,5-di(alkoxy)-benzeneethynylene(s) is used as a
π-conjugated linker (π) and benzyl benzoate or benzoic acid
acting as termini and electron attractor groups (A), thus
creating an intramolecular charge transfer (ICT) system
(D−π−A). Details of the oligomer 2−10 synthesis along with
a comprehensive chemical characterization of the compounds
are presented in the Supporting Information.
Because solvatochromic techniques27 commonly used for the

determination of Δμ rely on measuring the fluorescence
spectrum, and in view of the fact that the MLCT chromophores
lack appreciable fluorescence emission, accurate experimental
evaluation of the Δμ posed certain challenges. Probing the
solvent polarity dependence of the linear absorption spectra
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may give an estimate of the ground-state dipole moment but
does not reveal the amount of charge transferred in the vertical
transition. Electroabsorption spectroscopy (EAS), also called
Stark spectroscopy, allows the estimation of Δμ based on how
the linear absorption spectrum changes upon application of
external electric field (see, e.g., ref 28). However, if the MLCT
band contains multiple overlapping transitions,6−17,29 then
quantitative interpretations of such measurements may be less
than straightforward.30 Furthermore, EAS experiments are
typically carried out in a dielectric medium such as polymers
and glasses, where the actual (local) static electric field strength
acting on the chromophore differs from the externally applied
voltage by an inadequately specified correction factor,31 thus
increasing the uncertainty of the Δμ value.28

To alleviate the above listed complications, we use an
alternative experimental approach based on quantitative
measurement of the instantaneous two-photon absorption
(2PA) cross section, σ2PA. According to well-known two
essential states (2ES) approximation (also called two-level
model) of 2PA, the Δμ (in statcoulomb·cm) may be related to
the 2PA cross section of the same transition as follows (see the
Supporting Information)
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where σ2PA is the 2PA cross section (in cm4·s), c is the speed of
light (in cm·s−1), h is the Planck constant (in erg·s), f = (n2 +
2)/3 is the optical local field correction factor, ε is the molar
extinction coefficient (in M−1 cm−1), λ1PA is the 1PA transition
wavelength (in cm), and NA is the Avogadro constant. This
relation, if applied to the lowest energy transition in the case
where 1PA and 2PA profiles coincide, offers an estimate of Δμ
without the application of external electric field and was
recently implemented for the study of organic ICT
chromophores32 as well as some Pt−organic complexes.33,34

Here we use nonlinear transmission (NLT) method to
experimentally determine the σ2PA in the excitation wavelength

range λ2PA = 620−1050 nm (for details, see the Supporting
Information). By combining the 2PA data with the
corresponding one-photon absorption (1PA, or molar
extinction) spectrum in the range 310−525 nm, we determine
Δμ by applying the eq 1. Figure 2 shows the measured 2PA
spectra (black empty symbols, lower wavelength scale) in λ2PA
= 620−1050 nm range, along with the corresponding linear
molar extinction spectra (blue solid line, upper wavelength
scale) for compounds 1−10. Estimated experimental error of
the 2PA data is ∼30%.
The 1PA spectrum of unsubstituted ferrocene 1 displays two

lower energy bands spanning the λ1PA = 300−550 nm range
(Figure 2 a) with low peak values, εmax < 102 M−1 cm−1.
Previous studies assign the lowest energy band at 440 nm to a
d−d* transition, while MLCT is located at 325 nm.17,18 The
estimated σ2PA value was on the level of or below our detection
sensitivity, σ2PA < 0.1 GM, thus offering only an upper limit
estimate, Δμ < 10 D. Equation 1 provides us with an upper
limit estimate for the dipole moment change, Δμ < 10 D. To
our best knowledge, there are no previous reports on σ2PA or
Δμ values of the unsubstituted ferrocene. Linking ferrocene
with phenyl carboxylic acid (2) or benzyl benzoate (3) groups
significantly intensifies the low-energy part of the 1PA spectrum
(εmax ≈ (1 to 4) × 103 M−1 cm−1) while shifting the
corresponding absorption peaks slightly to the red (Figure
2b,c). Following Barlow et al.5 we call the two longest
wavelength bands LE1 and LE2 and the stronger (εmax ≈ (1.5
to 2) × 103 M−1 cm−1) band at higher energy (λ1PA = 270−320
nm) the HE band. The 2PA spectra of 2 and 3 both show two
distinct features, centered at 900−960 and 680−720 nm, with
the corresponding peak values, σ2PA ≈ 1 to 2 GM and 10−13
GM (LE1 and LE2, respectively). According to the 2ES model,
the shape of the 2PA spectrum should match that of the
corresponding 1PA transition spectrum.32

To confirm which part of the measured 2PA spectra
corresponds to particular MLCT transition in the 1PA spectra,
we evaluate eq 1 for the whole wavelength range. The results

Figure 1. Chemical structures of the studied ferrocene-phenyleneethynylene oligomers.
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are presented in Figure 2 as red dot symbols. The fact that the
Δμ profile is nearly constant for both LE1 and LE2 bands
(dashed horizontal lines) indicates that the 2ES model may be
applicable to both of these bands. Quantitatively, eq 1 yields for
the LE1 band of 2 and 3, respectively, Δμ ≈ 6 and 5 D, whereas
the LE2 band values are about twice as large, Δμ ≈ 11 and 12
D. In the case of the remaining four nonsymmetric compounds

4−7, the HE transitions in 1PA spectrum continue to gain
slightly in intensity and experience a further bathochromic shift
(Figure 2d−g), which is in accord with the previously noted
behavior of interligand charge transfer (ILCT) excitations upon
extension of π-conjugation.5,10,17 At the same time, the
relatively weak LE1 band shows no noticeable shift. This
leads to a substantial overlap between different spectral

Figure 2. Two-photon absorption (2PA) and one-photon absorption (1PA) spectra of compounds 1−10 (a−k). Left vertical axes (scaled in
Goeppert Mayer, GM) represent 2PA cross sections, σ2PA (black empty symbols), and right vertical axes (scaled in M−1 cm−1 units) show the
corresponding extinction coefficients, ε (blue solid line). Lower (upper) horizontal scales correspond to the two-photon, λ2PA (one-photon, λ1PA),
excitation wavelengths. The horizontal axes are scaled identically on all graphs. Gaussian fits for the lower energy (LE1 and where it is possible LE2)
1PA bands are shown by dashed green lines. Change of permanent dipole moments between the ground and first excited states, Δμ, evaluated from
eq 1 for each wavelength (a profile) is shown by red dots (not to scale); averaged over LE band wavelength ranges (the regions showed by red
dashed lines) Δμ values are indicated in debye, D, units (red numbers).
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components, rendering the LE1 transition to appear merely as a
broad shoulder on the red side of a much stronger band, while
HE and LE2 bands practically overlap. In an effort to retrieve
the shape of the LE1 components, we fitted the long-
wavelength shoulder of the 1PA spectrum with a Gaussian
(green dashed lines on Figure 2) and used these fits to
determine the corresponding peak wavelengths and the εmax
value for the LE1 transitions. The corresponding Δμ values
vary in the range 7−10 D (Table 1). Among the three

nominally centrosymmetric compounds, 9 and 10 show linear
absorption spectra in the long wavelength range (Figure 2i,k)
that closely resemble the nonsymmetric chromophores 6 and 7.
Using eq 1, we arrive at a quantitatively similar large Δμ ≈ 7 D
for the LE1 band. The ligand of compound 8 has the shortest
conjugation pattern among the nominally symmetric structures.
Accordingly, here the LE1 band is still well separated from the
rest of the spectrum (Figure 2 h), yielding Δμ ≈ 3 D. All values
are summarized in Table 1.
At this point one might question the applicability of eq 1 to

nominally symmetric systems. To clarify this issue, let us
consider 1D particle-in-a-box model with infinite walls. If the
bottom of the potential is flat, then all even-numbered energy
eigenstates, starting with the ground state, are gerade, while all
odd-numbered states starting with the first excited state are
ungerade. One-photon electric dipole transitions between any
pair of opposite parity levels is allowed, while corresponding
two-photon transition is strictly forbidden. Note that this
exclusion applies equally to all terms in the sum-over-states
(SOS) expression of the 2PA cross section. Indeed, the two-
level term vanishes because permanent dipoles are zero, and all
three-level terms vanish because one of the transitions
connected to the intermediate level is zero. If we would
slightly disturb the inversion symmetry, for example, by tilting
the bottom potential, then the formally forbidden two-photon
transition between opposite parity states becomes partially

allowed, while, at same time, the corresponding one-photon
transition undergoes no significant change. To the best of our
knowledge, there is currently no mathematical formalism that
would predict which of the two alternative two-photon paths
makes the largest contribution. Our above use of eq 1 in 8−10
relates to the previous studies showing that two-level system
(2LS) contribution prevails for the 0−0 transition in nominally
symmetric Pt-acetylides.33,34

Our TD-DFT calculations performed on the ferrocene-
phenyleneethynylene oligomers (see Supporting Information
for details) reproduced well the main feature of the 1PA spectra
and confirmed the MLCT origin of the LE1 bands being
affiliated with S0−S2 and S0−S1 transitions in the case of
compounds 2, 3, and 8, and 4−7, 9, and 10, respectively, and
the ILCT type transitions associated with the HE bands. At the
same time, intermediate bands LE2 are formed as either MLCT
(compounds 2 and 3) or some combination of both MLCT
and ILCT transitions (compounds 4−10). The simulations also
revealed an excellent correlation with the experimental Δμ
values in the case of noncentrosymmetric compounds 2−7
(Table 1). For oligomers 2 and 3, the calculated Δμ values for
both LE1 and LE2 bands are in quantitative agreement with the
experiment. We can say the same about the LE1 transitions in
the case of compounds 4−7. A similar comparison for the
higher energy transitions indicates that Δμ may reach even
higher values up to 19 D (see Supporting Information). It is
reasonable to assume that the nonvanishing Δμ in 8−10 is
most likely due to spontaneous lowering of the symmetry.35

Because both 1PA and 2PA are instantaneous vertical excitation
processes, any possible lowering of symmetry associated with
excited-state relaxation may be excluded.36 Thus we conclude
that the symmetry must be broken in the equilibrium ground
state.
Recently, Cooper et al. showed that some nominally nearly

symmetric linear Pt-acetylides possess large Δμ up to 25 D due
to twisting of the ligands.33 Kaur et al. developed a similar
model to explain origin of nonzero Δμ in symmetric ferrocene-
diketopyrrolopyrrole triads due to distortions of the ferrocene
units, but no quantitative match with the experiment was
found.24 To elucidate the origin of the symmetry breaking, we
calculated the dependence of ground state energy and Δμ on
some asymmetric conformation changes most likely to occur in
THF. Figure 3 presents the calculated ground state energy of 9
for different rotation angles of one of the two ferrocene
moieties relative to the rest of the structure (θ = 0° corresponds

Table 1. Summary of Two-Photon Absorption (2PA) and
One-Photon Absorption (1PA) Properties of the Studied
Compounds: Measured σ2PA and Δμ Values Obtained from
Equation 1, Δμexp, and Derived from the TD-DFT
Calculations, Δμcalc, Corresponding to the MLCT
Transitions in LE Bands (LE1 and LE2) at λ1PA Wavelengths

compound band λ1PA (nm) σ2PA (GM) Δμexp (D) Δμcalc (D)

1 LE1 441 <0.1 <10
Nonsymmetric

2 LE1 450 2 6 6.2a

LE2 360 10 12 12.8a

3 LE1 450 1 5 5.7a

LE2 360 13 12 13.0a

4 LE1 450 6 10 9.0a

5 LE1 450 4 7 8.1a

6 LE1 450 9 8 9.5a

7 LE1 450 7 7 8.7a

Centrosymmetric
8 LE1 450 1 3 0.3b

9 LE1 450 13 7 7.4b

10 LE1 450 17 7 2.7b

aCalculated for the global minima energy configuration. bCalculated
for rotamers representing local minimum within 0.4 kT above the
global energy minima (θ = 16, 95, and 89° rotations from the
centrosymmetric positions for compounds 8, 9, and 10, respectively).

Figure 3. Rotational distortions in compound 9 that result in the
appearance of Δμ in the ground state. Upper panel defines the
rotational angle θ. Lower panel shows the angular dependence of the
Δμ (right vertical axis scaled in D) and energy barriers E for the
conformers relative to the global minimum (left vertical axis scaled in
kJ mol−1).
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to the centrosymmetric conformation shown in Figure 1). The
different ground-state rotational conformations occur with a
low energetic cost less than ∼0.4 kT (1 kJ mol−1), giving rise to
surprising large Δμ values. The maximum Δμ = 7.4 D is
achieved at θ = 95°, which is in excellent agreement with the
experiment (Table 1). A comparable behavior was observed for
the compounds 8 and 10, comprising, respectively, a reduced
and extended conjugated chain length: Appreciable Δμ is
induced by the rotation of the ferrocene units with low
energetic cost (Table 1 and the Supporting Information).
Tables S19 and S20 in the Supporting Information

summarize the 2PA strengths calculated using the DALTON
program package. Comparing these values to our experimental
findings in Table 1 reveals that in 9 the 2PA in the MLCT
transition of a distorted conformation with 90° rotated
ferrocene unit is close to 100%, determined by the Δμ
parameter. The low-energy region comprises at least four
transitions about 20 nm apart, with the lowest energy one
contributing the most both to 1-photon oscillator strength and
2PA probability. In the conformer of 10 with the rotated Fc
group, there are five transitions within the 50 nm range, with
the lowest energy component containing ∼32% of the 2PA
transition probability, whereas the nearby 1-photon-prohibited
but 2-photon-allowed transition carries twice as much of 2PA
strength (64%). The calculation places this transition at about
40 nm shorter wavelength, which is comparable to or even less
than average observed bandwidth. On the contrary, the
experimentally determined ratio between 2PA and 1PA spectra
(Figure 2) stays more or less constant in the 850−1050 nm
range, which could indicate that the SOS-allowed band in
question may, in fact, be located at even shorter wavelengths.
Because of these two potential contributions, the actual Δμ
may be smaller than the value estimated from eq 1, 7 D. In case
of 8 the calculation showed four transitions in narrow 8 nm
range, none of which possess appreciable 1-photon oscillator
strength, independent of the conformation. Here the 2-photon
transition probability is almost entirely due to SOS-type
contributions, none of the excited states showing appreciable
Δμ value. This could represent a situation where eq 1 is not
applicable. However, it remains puzzling why the 2-photon
spectrum still follows closely the linear absorption profile. It is
possible that due to close proximity on the energy scale, the
excited states are actually acting as a superposition state, thus
further complicating theoretical analysis. To account for this
newly revealed uncertainty, we call the experimental Δμ the
maximum estimated value. The fact that in 10 the calculated
Δμ is a factor of ∼2 lower than the observed experimental value
could be also related to additional degrees of flexibility
associated with benzeneethynylene ring rotations37−42 (see
the Supporting Information). It is worth noting that a recent
computational study of nominally symmetric polymethine dyes
revealed the dependence of ground-state symmetry breaking on
bond-length alternation and conjugated chain length.43 Even
though lowering of symmetry in ferrocene oligomers also
correlates with the conjugation length, our systems carry no
ground-state charge and exhibit no resonating structures.
Still another way to verify our finding is to note that

experimental literature already offers a trove of second- and
third-order nonlinear optical (NLO) properties of a variety of
organometallic systems measured by z-scan12,25,43 and hyper-
Rayleigh scattering (HRS)7,11,15,16 methods. It presents interest
to recast the previous experimental results to reveal the
underlying Δμ values in a similar manner as was presented

above regarding our NLT measurements. Table S22 in the
Supporting Information summarizes the Δμ that we derived
using the previously published NLO data. In a good agreement
with our current findings, the values reach 20 D for nominally
centrosymmetric systems and 30 D for nonsymmetric systems
(see the Supporting Information for details). For example, in
ferrocene-α-cyanostilbene that is structurally related to our
compound 9, we estimate based on the second-order nonlinear
polarizability value determined by Dhoun et al.,44 Δμ = 4.5 D.
Our calculations give Δμ = 7.5 to 9.2 D depending on the
rotation angle, thus lending support to the notion of
rotationally deformed ground state (see Table S21 in the
Supporting Information for details). In the case of nominally
symmetric ferrocene-diketopyrrolopyrrole dyads studied by
Kaur et al.,24 our calculations also lead to remarkable increase in
Δμ with increasing rotational distortions; however, more
accurate quantitative comparison was hindered due to a
substantial overlap between the MLCT bands and the red-
shifted ILCT transitions.
In summary, we measured experimentally and calculated

theoretically the change of electric dipole moment in low-
energy transitions of a series of new symmetric and
nonsymmetric ferrocene-phenyleneethynylene oligomers. On
the basis of good agreement between the calculated and
experimental values, we conclude that rotational distortions can
break the ground-state symmetry in the formally symmetric
compounds, thus leading to large Δμ values. To our best
knowledge, this is the first time that the physical origin of
nonvanishing dipole moment in MLCT transitions of
symmetric organometallic complexes has been quantitatively
characterized. Our results improve basic understanding of the
MLCT process and can facilitate the development of new
organometallic systems with augmented NLO and charge-
transport properties. Our results also validate using 2PA as an
alternative to the traditional methods of measuring molecular
dipole moments in condensed environments.
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