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Abstract. The quantum mechanical splitting of states by interaction of a magnetic moment with an external magnetic field
is well known, e.g., as Zeeman effect in optical transitions, and is also often seen in magnetic neutron scattering. We
report excitations observed in inelastic neutron spectroscopy on the redox-responsive polymer poly(vinylferrocene). They are
interpreted as splitting of the electronic ground state in the organometallic ferrocene units attached to the polymer chain where a
magnetic moment is created by oxidation. In a second experiment using high resolution neutron backscattering spectroscopy we
observe the hyperfine splitting, i.e., interaction of nuclear magnetic moments with external magnetic fields leading to sub-µeV
excitations observable in incoherent neutron spin-flip scattering on hydrogen and vanadium nuclei.

1. Introduction
The experiments presented in this paper were performed
in the framework of our project to investigate the ring
rotation dynamics of ferrocene containing polymers.
These materials belong to the class of stimuli-responsive
polymers, which, under the influence of external triggers,
are in general able to change their solubility or
conformation, or can form and break covalent bonds [1].
In contrast to light, temperature or pH, the redox-stimulus
is one of the less studied triggers [2, 3]. Redox-responsive
polymers can be attained, e.g., by incorporating the redoxactive metal-organic ferrocene sandwich complex into a
polymer structure [4]. These polymers have been used,
amongst other examples, in self-healing materials [5],
for switching surface wettability [6], or ion-selective
membrane gating [7].
Incoherent quasielastic neutron scattering is the ideal
experimental technique to study the reorientational ring
rotation dynamics of the cyclopentadienyl rings of the
ferrocene molecule [8, 9]. We have performed such
experiments to compare the ring rotation dynamics in ferrocene and ferrocenium triiodide with oxidized ferrocene
complexes, as well as to redox-active poly(vinylferrocene)
in oxidized and non-oxidized form. The publication of
these experiments is currently in progress.
In this paper we present the results of inelastic neutron
scattering experiments on oxidized poly(vinylferrocene)
under external magnetic fields. While ferrocene itself is
diamagnetic, paramagnetic and even ferromagnetic susceptibilities have been reported for ferrocene containing
polymers [10, 11]. In the case presented here, the oxidation
a

e-mail: appel@ill.eu

with iodine causes one unpaired electron leading to a
magnetic moment on the ferrocene complex. A description
of the electronic ground state of ferrocenium cations can
be obtained from molecular orbital theory [12]. In our
experiments, the quasielastic scattering originating from
the ring rotation dynamics proved to be insensitive to
the external magnetic field up to 2.5 T, but an inelastic
excitation was observed in oxidized poly(vinylferrocene)
which we interpret as Zeeman splitting of the electronic
magnetic moment.
Likewise, high resolution neutron backscattering
experiments under external magnetic fields did not
reveal a magnetic field dependence of the quasielastic
scattering. However, with the high energy resolution the
hyperfine splitting of hydrogen is resolvable and leads
to significant broadening of the effective instrumental
resolution function. While we are not aware of comparable
measurements in external magnetic fields, hyperfine
splitting is commonly used to probe the strong internal
field in ferromagnetic materials [13, 14].

2. Experimental
FcI3 was obtained by stoichiometric mixing of ferrocene
(Alfa Aesar, purity 99%) and iodine in dichloromethane
and subsequent evaporation of the solvent yielding a
black powder. PVFc (20 kg mole−1 ) was synthesized by
anionic polymerization according to procedures described
in literature [15]. Oxidation of PVFc was obtained by
adding iodine to a solution of PVFc in THF in a 1:1 molar
ratio of I2 to Fc units, subsequent precipitation in diethyl
ether and drying in vacuo. As the distribution and character
of iodine counterions (e.g., I− or I−
3 ) was not investigated
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Figure 1. a) Inelastic neutron time of flight (IN5) scattering intensity on PVFcIx at T = 80 K under external magnetic fields B. The
inelastic contribution is attributed to electron Zeeman splitting of the oxidized ferrocene complex. Curves are vertically shifted for
clarity. b) Model fit to data at B = 2.5 T with a quasielastic and an inelastic contribution.

further, we refer to the oxidized compound as PVFcIx .
Powder samples were filled in hollow cylinder aluminum
sample holders of 14 mm diameter and ca. 0.5 mm wall
thickness.
Neutron spectroscopy was carried out on two
different spectrometers at the Institut Laue-Langevin
(ILL) in Grenoble, France. With the same incident
wavelength of 6.3 Å the energy resolution at the
elastic line was 40 µeV FWHM for the time of
flight spectrometer IN5 and 0.8 µeV FWHM for the
backscattering spectrometer IN16. The sample was placed
in an ILL standard superconducting cryomagnet on both
instruments, allowing for vertical magnetic fields of up to
2.5 T to be applied at the sample position at temperatures
from 2 K to 300 K. The available vertical opening
of + −5◦ restricted the scattering plane of observed
scattered neutrons to be approximately perpendicular to
the magnetic field. On IN16 therefore only about a quarter
of the analyzer height was usable. In addition the large
diameter of the sample environment made the use of
the standard IN16 multidetector impossible. Instead, three
single detectors were positioned to measure the scattered
and energy analyzed neutron intensity for magnitudes
−1
−1
of the scattering vector Q of 0.85 Å , 1.26 Å and
−1
1.6 Å . Our experiment was the first and only cryomagnet
experiment on IN16 ever.
The recorded data was treated by standard methods,
subtracting empty cell scattering and correcting for angular
dependent sample self absorption.

3. Results and discussion
3.1. Zeeman splitting of electronic ground state
The neutron time of flight spectra on PVFcIx under
magnetic fields revealed a very weak inelastic peak,
four orders of magnitude less intense than the elastic
peak. A shift of its position with changing field strength
was observed as shown in Fig. 1a for T = 80 K. The
peak position appears to be independent of temperature
between 2 K to 140 K and even up to 300 K, but
increasing quasielastic scattering from the ferrocene ring
rotation is superimposed at 300 K complicating a reliable
interpretation.

The neutron energy gain side of the spectra summed
over all detectors was analyzed with a simple model
function accounting for a delta-shaped elastic, Lorentzian
quasielastic and Gaussian inelastic contribution. The
sum is convoluted with the experimentally determined
resolution function and a constant background is added:
ω

S(ω) = s0 [A0 δ(ω) + A1 e 2kBT L(γ , ω)
+ CG(σ, ω + ω0 )] ⊗ R(ω) + bkg

(1)

where A0 , A1 , C are the intensities of each contribution,
s0 an overall scaling factor, the exponential factor is the
detailed balance, L a normalized Lorentzian of HWHM γ ,
G a normalized Gaussian of standard deviation σ , and
R the experimentally determined instrumental resolution
function. An exemplary fit is shown in Fig. 1b at T = 80 K
and B = 2.5 T.
In contrast to the inelastic scattering, the quasielastic
contribution was, within its uncertainty, independent of the
applied field. Thus the Lorentzian width was fixed to the
value obtained without external field in order to extract
parameters of the inelastic contribution more reliably. The
field dependency of the inelastic peak position E 0 = ω0
is found to be linear as shown in top of Fig. 2. We assume
that this peak arises from transitions between Zeeman
split electronic ground state levels in the external field B
caused by an unpaired electron in the oxidized ferrocene
complex. The Zeeman splitting is known to depend on B
according to
E 0 = ω0 = gµ B B
(2)
with the Bohr magneton µ B and the Landé factor g. The
slope of the linear fit in top Fig. 2 is 0.1185(8) meV T − 1,
corresponding to g = 2.05(1). This value is only slightly
larger than the spin-only value. Moreover, it differs
significantly from the anisotropic g-factors of g =
4.35(5) and g⊥ = 1.26(6) obtained from electron spin
resonance for ferrocenium ions in solution [12, 16], but
these experiments also found decrease of the g-factor
anisotropy for substituted ferrocenes. In fact, the excitation
observed here is broader than the instrumental resolution,
and the deconvoluted width σ shows the tendency to
increase with increasing field as shown in Fig. 2. This
could mean that the obtained value of g = 2.05(1) is the
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Figure 3. Broadening of the elastic peak in neutron backscattering spectroscopy (IN16) observed on PVFcIx at T = 2 K under
external magnetic fields B. The data was analyzed with a model
accounting for hydrogen nuclear Zeeman splitting of non spinflip
(↑↑+↓↓) and spinflip scattering (↓↑ and ↑↓).
Figure 2. Obtained parameter values for energy E 0 , unconvoluted
width σ and averaged magnetic form factor F(Q) of the inelastic
excitation in PVFcIx as function of applied magnetic field B.

mean value of a remaining, unresolved g-factor anisotropy.
This anisotropy would be, however, less pronounced than
in the ferrocenium ion, which could be explained by
further delocalization of the electron through the attached
polymer chain.
In order to estimate the intensity of the magnetic
scattering, we calculated the double differential cross
section for an uncorrelated spin- 12 system in an external
magnetic field from ref. [17, Eq. (7.27)]. Adding coherent
and incoherent nuclear scattering the result helps to
identify the contributions in Eq. (1) to
σcoh
σinc inc
σmag
S(Q) +
A0 (Q) +
4π
4π
4π


σinc
A1 =
1 − Ainc
0 (Q)
4π



ω0 −1
σmag
C=
1 + exp
4π
kB T

(4)

2
σmag
1 g
= r02
F(Q)
4π
4
2

(6)

A0 =

with

the values between ca. 0.6 to 0.8 could indicate that the
electron is more delocalized than expected for a Fe 3d
shell (circa 0.92 [19], dashed line in Fig. 2). This is
in qualitative agreement with studies of the electronic
structure of ferrocene concluding that the highest occupied
e2 orbital consists of the Fe dx 2 −y 2 or dx y shell mixed with a
small contribution of the π orbitals of the cyclopentadienyl
ligands [20]. Moreover, it would agree with the possible
explanation of further electron delocalization caused by the
polymer chain leading to the reduced g-factor anisotropy.
However, these results should be interpreted with great
care as our evaluation of the magnetic scattering intensity
is sensitive to the fraction of oxidized ferrocene units. They
are expected to lie close to unity, but remain effectively
unknown for our sample.

(3)

(5)

where r02 = (γ e2 /m e c2 )2 = 0.29 barn, S(Q) and Ainc
0 (Q)
are the static and elastic incoherent structure factor
averaged over the probed Q-range respectively, and σinc
and σcoh are the nuclear incoherent and coherent scattering
cross sections per formula unit. The intensity of the
inelastic excitation originating from scattering of neutrons
on magnetic moments is described by the magnetic
scattering cross section in Eq. (6) and the thermal
population factor in Eq. (5).
By using S(Q) = 1.45 obtained from a separate polarized neutron diffraction experiment [18], we calculated
the magnetic form factor F(Q) of the oxidized ferrocene
−1
units averaged over the probed Q-range from 0.6 Å to
−1
1.7 Å . The resulting values are shown in bottom Fig. 2.
Unfortunately they are plagued by large uncertainties, but

3.2. Nuclear hyperfine splitting in the
external field
In high resolution neutron backscattering spectroscopy, a
significant broadening of the elastic line was observed
under external magnetic fields. Figure 3 shows data
obtained for PVFcIx at T = 2 K at different external
field strengths. We believe that the observed broadening
of the elastic line is caused by an unresolved splitting
due to hyperfine splitting of the nuclear ground state of
hydrogen in the external magnetic field. An incoherent
scattering process with spin flip of the neutron changes
the orientation of the hydrogen spin relative to the
quantization axis by m I = ±1, thus changing its energy
by a magnitude of
E 0 = ω0 = g I µ N B.

(7)

The double differential scattering cross section can be
written in the form as derived by Heidemann [13]
d2 σ
= s0 ·
d dω
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σinc
3
3

1
+ δ(ω + ω0 ) ⊗ R(ω) + bkg
(8)
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Table 1. Resulting Landé factors of nuclear magnetic moment gI
and values used as average structure factor S(Q).
sample
PVFcIx
PVFcIx
PVFcIx
FcI3
Fc
Reference value for 1 H:
Vanadium
Reference value for 51 V:
a
From Ref. [21].

T /K
2
20
40
10
2

S(Q)
1.52
1.52
1.52
1.6
1.81

2

0

gI
5.81(4)
5.74(5)
5.60(5)
5.05(8)
5.96(8)
5.58a
1.1(5)
1.47a

where the analysis showed consistency with the nuclear
gI -factors for hydrogen and vanadium.
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