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Evidence for surface effects on the intermolecular
interactions in Fe(II) spin crossover coordination
polymers†

Thilini K. Ekanayaka, *a Hannah Kurz, b Kayleigh A. McElveen, c

Guanhua Hao,ad Esha Mishra,a Alpha T. N’Diaye, d Rebecca Y. Lai, ce

Birgit Weber b and Peter A. Dowben a

From X-ray absorption spectroscopy (XAS) and X-ray photoemission spectroscopy (XPS), it is evident that

the spin state transition behavior of Fe(II) spin crossover coordination polymer crystallites at the surface

differs from the bulk. A comparison of four different coordination polymers reveals that the observed

surface properties may differ from bulk for a variety of reasons. There are Fe(II) spin crossover

coordination polymers with either almost complete switching of the spin state at the surface or no

switching at all. Oxidation, differences in surface packing, and changes in coordination could all contribute

to making the surface very different from the bulk. Some Fe(II) spin crossover coordination polymers may

be sufficiently photoactive so that X-ray spectroscopies cannot discern the spin state transition.

1. Introduction

Iron(II) spin crossover materials, which exhibit spin switching
between a low spin (LS, S = 0) and a high spin (HS, S = 2) state
upon an external stimulus often show cooperative effects, i.e.
mediated through intermolecular interactions. Such cooperative
effects are usually the reason for abrupt spin state transitions
and can result in the occurrence of hysteresis in the spin state
transition, with thermal cycling, thus bistability phenomena
with different transition temperatures in the heating and the
cooling mode.1–10 Furthermore, such intermolecular interaction
between the spin crossover molecules can also affect the spin
transition temperature.1,7,11–22 Therefore, the characteristic spin
state transition temperature and associated hysteresis of the
spin crossover complex at the surface of a crystallite may differ
from the bulk material because of the differences in the
environment.14,22–24 The effect of intermolecular packing can

also occur with spin crossover coordination polymers as well,
now shown for the coordination polymers [Fe(L1)(bipy)]n (where L1
is a N2O2 ligand bearing a phenazine fluorophore and bipy = 4,40-
bipyridine)24 and [Fe(Htrz)2(trz)](BF4),

25 although complex steric
effects tend to be more likely.7,13 Further cementing the role of
local coordination are a number of experiments that have shown
that the choice of solvent affects the spin state transition.26–36

The question as to whether changes in a surface-to-volume
ratio influence device performance becomes important now
that ultrathin film nonvolatile memory devices have been
fabricated from spin crossover complexes.37–39 If the surface
coordination perturbs the spin state transition, this could
influence the overall spin crossover, in the thin film
limit,22,24 because as film thickness decreases, the surface-to-
volume ratio increases. Such surface effects could have a
profound effect on molecular device performance.39 For spin
crossover coordination polymers, the necessary thin films for
scalable memory devices implicates thin film fabrication from
solution via drop casting, spin coating, or printing13,33,39–41 as
the most practical approach. In the thin film limit, however,
both surfaces and the choice of solvent may affect the spin
crossover characteristics. Yet a deep understanding of the
perturbations to the spin state occupancy with temperature,
as a result of the surface or choice of solvent, how it affects the
bistability remains far from understood for the spin crossover
coordination polymers, especially if different families of spin
crossover complexes are discussed. Here we compare the surface
properties of two 4,40-bipyridine (bipy) based and 1,2-bis(4-
pyridyl)ethylene (bpee) based Fe(II) spin crossover coordination
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polymers (polymers with Schiff base-like ligands) with the much
studied [Fe(Htrz)2(trz)](BF4) coordination polymer.

It has already been acknowledged that different measurements
of a transition in the spin state of Fe(II) molecular systems are very
dependent on the measurement technique.22,24,42 More recently,
an understanding has emerged that the surface of even a small
crystallite of a spin crossover complex can exhibit very different
properties from the bulk.

The problem with ascertaining the importance of the surface is
that surface sensitive spectroscopies, like X-ray absorption
spectroscopy in the total electron yield mode and X-ray photo-
emission, can perturb the spin state if the spin crossover molecule
is photoactive or easily perturbed by the secondary electron
current generated by the incident X-ray flux. Light and X-ray
induced spin state switching, known as light-induced excited
spin-state trapping (LIESST),43–51 and soft X-ray-induced excited
spin state trapping (SOXIESST)52,53 usually occurs well below the
transition temperature where the low spin (LS) state is dominant,
but not always so.43,44,54–58 Photochromic effects are known and
can occur in the vicinity of room temperature if there is a
photoactive ligand that can be switched by light.43,44,54–58 Hence,
there are spin crossover molecules switchable by light, which can
cause a mixed spin state or high spin state over a wide range of
temperatures. As we show here, the complication that optical and
X-ray characterization techniques can activate spin state switching
from the low spin (LS) state to high spin (HS) state needs to be
considered along with possible surface effects.

2. Experimental section

Schematic diagrams of [Fe(L1)(bipy)]n, [Fe(L2)(bipy)]n, [Fe(L3)(bpee)]n,
and [Fe(Htrz)2(trz)](BF4) are given in Fig. 1 and named as
molecule 1, 2, 3, and 4, respectively. The [Fe(L1)(bipy)]n polymer
was synthesized as described elsewhere.24,59 The [Fe(L2)(bipy)]n
was synthesized as described previously,60,61 while [Fe(L3)

(bpee)]n was synthesized as reported in Lochenie et al.62

[Fe(Htrz)2(trz)](BF4) was synthesized as described in Kroeber
et al.63 whereby a 3 M solution of 1,2,4-triazole (99%, Alfa Aesar,
Haverhill, MA) in anhydrous ethanol (200 proof, Aldrich, St.
Louis, MO) was added at 30 mL min�1 while stirring to a 0.5 M
solution of iron(II) tetrafluoroborate hexahydrate (Fe(BF4)2�
6H2O, 97%, Aldrich, St. Louis, MO) in anhydrous ethanol.
The resulting mixture was stirred for an additional hour and
then was left overnight. The supernatant was collected via
filtration and washed using ethanol three times. The resulting
[Fe(Htrz)2(trz)](BF4) was allowed to dry.

The X-ray absorption spectroscopy (XAS) measurements were
performed on coordination polymers 1, 2, 3, and 4 at the bending
magnet beamline 6.3.1, at Advanced Light Source at Lawrence
Berkley National Laboratory. The photon flux was in the region of
1.16 � 104 photons�s�1 mm�2 in the two-bunch mode. As in
previous studies, the total electron yield mode was used to
measure the absorption across the Fe 2p3/2 (L3) edge. The mag-
netic susceptibility measurements were taken for complex 1,
complex 2, and complex 3 using a Quantum Design MPMS-XL5
superconducting quantum interference device (SQUID) magnet-
ometer under an applied field of 0.5 T in the sweep mode in the
temperature range of 300 K to 400 K and 150 K to 300 K,
respectively, to confirm the expected spin crossover behavior for
the freshly prepared samples.64 Magnetometry data for complex 4
was collected using a Quantum Design VersaLab 3 Tesla cryogen-
free vibrating sample magnetometer (VSM) at an applied mag-
netic field of 1 T from 300 K to 400 K. For the XAS and X-ray
photoemission spectroscopy (XPS) measurements, for complex 1
and 4 the XAS and XPS measurements were taken from 300 K to
400 K, while for complexes 2 and 3, the measurements were done
between 150 K to 300 K. For XAS the samples were allowed to
equilibrate for 10 to 15 minutes while for XPS the samples were
allowed to equilibrate to the set temperature for 2 hours.

Temperature-dependent X-ray photoemission spectroscopy
(XPS) measurements were taken using non-monochromatized

Fig. 1 A schematic representation of spin crossover coordination polymers discussed in this work: 1 – [Fe(L1)(bipy)]n, 2 – [Fe(L2)(bipy)]n, 3 –
[Fe(L3)(bpee)]n, and 4 – [Fe(Htrz)2(trz)](BF4).
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Al Ka X-ray source, with photon energy of 1486.6 eV, and a SPECS
PHOIBOS 150 energy analyzer with 20 eV pass energy.24,65 The
samples were mounted on copper conducting tape compatible
with ultrahigh vacuum and the photoelectrons were collected
normal to the sample. For XAS the samples were mounted on
vacuum compatible carbon tape. Both the XAS and XPS mea-
surements shown here are reproducible, with the experiments
repeated several times on fresh samples (some of this data is
shown in the ESI,† as Fig. S1–S3). Sample degradation/damage of
organic molecules, due to X-ray influence is known, and here the
samples were only exposed to X-rays while taking data and the X-
ray influences reduced in some experimental trials, though at a
cost of signal to noise and resolution. Here, each measurement
has been done on fresh samples to avoid any complication that
could be caused by sample degradation and thermal training
effects. The reversibility of temperature dependent state transition
tends to exclude significant sample degradation for complexes 1,
2 and 3 during the course of these measurements.24 Surface
oxidation and photoexcitation processes as may occur for 3 and
4 could disguise X-ray or electron induced degradation (as
discussed below), but such effects have not been noted in the
many prior studies of [Fe(Htrz)2(trz)][(BF4)].

43,44

3. The coexistence of two spin states
at elevated temperatures in X-ray
absorption spectroscopy

The observed spin crossover behavior of iron(II) complexes, or
the coexistence of two spin states, may change depending on

the type of characterization techniques used.24,43,65 Magneto-
metry and XAS are the most frequently used characterization
techniques of the spin state of spin crossover
complexes,7,12–15,22,24,35,42,65–74 but the results do not always
show the same spin transition behavior. The spin transition
temperature obtained from X-ray absorption spectroscopy is
always lower than the transition temperature (T1/2) obtained
frommagnetometry measurements.24,42,44 X-ray photoemission
spectroscopy (XPS) has recently been used to probe the spin
transition temperature.24 This adds to the picture that the Fe 2p
core level spectra, taken by the X-ray core level photoemission,
is sensitive to the Fe2+ spin transition.24,54,75–78

Fig. 2 shows the Fe 2p (L-edge) X-ray absorption spectra
(XAS) of Fe2+ spin crossover coordination polymers of 1
(Fig. 2a), 2 (Fig. 2b), 3 (Fig. 2c), and 4 (Fig. 2d), respectively.
As XAS measures the transition of electrons from occupied Fe
2p orbitals to Fe 3d empty orbitals, the XAS spectra indicates
the Fe 3d weighted empty molecular orbitals. The ligand field
splits the Fe 3d orbitals into t2g and eg orbital levels which can
be seen in the XAS spectra. As is true for d6 spin crossover
systems, at low spin state (LS) the six 3d electrons occupy the t2g
orbitals in pairs leaving the eg orbitals empty, whereas in high
spin eg orbitals are partly filled leaving t2g subsequently partly
depopulated.79 As reported before,24 in the XAS spectra of
complex 1 at 300 K, which is the LS state indicated in blue,
the major eg peak is observed around 710 to 711 eV. By
changing the temperature from 300 K to 400 K, the XAS
spectrum shows a decrease of the peak intensity at 710 to
711 eV and an increase of the corresponding t2g peak at around
709 eV. Similar transitions have been observed in other spin

Fig. 2 The temperature-dependent X-ray absorption spectra of spin crossover coordination polymer (a) 1 – [Fe(L1)(bipy)]n, (b) 2 – [Fe(L2)(bipy)]n, (c) 3 –
[Fe(L3)(bpee)]n and (d) 4 – [Fe(Htrz)2(trz)](BF4) with increasing temperature. Blue indicates the Fe 2p3/2 – L3 edge spectrum of the nominally low spin (LS)
state and red indicates the spectrum of the high spin (HS) state, but only do the lower temperature spectra of [Fe(L1)(bipy)]n exhibit the XAS spectra of the
low spin state, without high spin state t2g contributions.
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crossover systems.22,24,37,42,65,69–71,74,80–86 At the lowest
temperature, the XAS spectra indicate that complex 1 is in the
low spin state, while there is some high spin state fraction
indicated in the XAS spectra of complex 2, 3 and 4, as indicated
in the comparison figure shown in the ESI† (Fig. S4). The
trend in the contribution of the high spin state fraction to the
XAS spectra of each compound nominally in the low spin state
goes as 4 4 3 4 2 4 1 as summarized in the ESI† and Fig. 4.

The X-ray absorption spectroscopies of 2 (Fig. 2b) show a clear
spin transition in the temperature region of 180 K to 260 K. The eg
peak and the t2g peak are observed in the same region as for 1,
which is in line with the very similar ligand system. For 3 and 4,
which have different bridging ligands than 1 and 2, the two
prominent XAS peaks are shifted to lower energy photon energies.
This indicates that the position of the XAS peaks is strongly
influenced by the bridging (axial) ligands, as the equatorial ligand
of 1, 2, and 3 is very similar. Here, changes in the ligand backbone
apparently do not influence the positions of the XAS features. This
is in line with results from DFT calculations that also indicate a
minor impact of the Schiff base-like ligand backbone on the
energies of the d orbitals.87,88 According to magnetic measure-
ments, at the lowest measurement temperature, all complexes
should be almost completely in the LS state. In comparison with

1, however, 2 (Fig. 2c), 3 (10% HS expected at 180 K according to
SQUID measurement) (Fig. 2c), and 4 (Fig. 2d) are not completely
in the LS state. As described above, there is a signature of the
partially occupied high spin t2g orbitals in the Fe L3 XAS spectra
evident in some t2g intensity at around 704 eV. The spin transition
of the system will occur with increasing temperature, and this can
be elucidated from the XAS spectra as the peak intensity of eg
decreases and the t2g peak intensity around 704 eV increases. This
spin crossover system obtains complete HS occupancy at higher
temperatures. A clear spin transition is also seen for complex 2
(Fig. S2, ESI†) and 3 (Fig. S3, ESI†) with decreasing temperature.

It is also important to note that there are differences
between the XAS spectra taken with increasing and decreasing
temperature, even at an identical temperature. As seen in the
ESI† (Fig. S5, ESI†) XAS spectra do not overlay perfectly as a
result of hysteresis in the spin state occupancy.

Clearly, while the high spin state spectra of 1 (Fig. 2a), 2,
(Fig. 2b), 3 (Fig. 2c) and 4 (Fig. 2d) are very similar, the
nominally low spin state spectra (blue) are not. So while the
XAS spectra indicate that the high spin state occupancy is close
to zero for molecule 1, below the transition (300 K) there is
about 20% high spin state occupancy for 2 but more than 60%
high spin state occupancy for 3 and 4.

Fig. 3 Temperature-dependent X-ray photoemission spectra of (a) 1 – [Fe(L1) (bipy)]n, (b) 2 – [Fe(L2)(bipy)]n, and (c) 3 – [Fe(L3)(bpee)]n. The spectrum in
red is representative of the high spin state while the spectrum in blue is representative of the low spin state.
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Surface effects have been implicated for molecule 1,24 and
such surface effects do much to explain the differences between
magnetometry and X-ray absorption regarding the temperature
dependence of the HS state and LS state spin state occupancy
for 1. Surface oxidation is not implicated here or in the prior
studies of 1,24 because of spin state reversibility with temperature
and because the Fe 2p core level binding energies, discussed
below, do not indicate molecular decomposition nor oxidation of
the Fe2+ core in 1. Because at low temperatures, the X-ray
absorption spectra of 2, (Fig. 2b), 3 (Fig. 2c) and 4 (Fig. 2d) are
not characteristic of the low spin state (i.e. not similar to the blue
spectrum in Fig. 1a), there is every indication of a mixed spin state
or high spin state in the X-ray absorption, even at the lowest
temperatures for 2, 3, and 4. While this can also be the result of
surface effects, implicated in the case of 1, surface oxidation and
photochromic effects must be considered as well.

4. X-ray photoemission spectroscopy
and surface oxidation

The temperature dependent X-ray photoemission spectroscopy
measurements of 1, 2, and 3 are shown in Fig. 3(a), (b) and (c)
respectively. The Fe 2p3/2 core level binding energy is around
709.5 eV for 1, 708 eV for 2 and 711 eV for 3. Studies done on these
different spin crossover systems are generally consistent with the Fe
2p3/2 core level binding energy values obtained for these spin
crossover systems.24,44,53,65,75–79,89–91 Binding energies of 709.5 eV
for [Fe(L1)(bipy)]n,

24 709.3 eV for [Fe(H2B(pz)2)2(phen*)] (where
(phen*) = a diarylethene-functionalized phenanthroline ligand),77

709.5 eV for [Fe(HB(trz)3)2] (where HB(trz)3 = tris(1H-1,2,4-triazol-1-
yl)borohydride),53 709.9 eV for [Fe(phen)2(NCS)2] powder,90 and
709.3 eV for [Fe(phen)2(NCS)2] films89 have been observed.
Accordingly, the higher binding energies for molecule 3 (roughly
711 eV) may be indicative of surface oxidation. Surface oxidation
could also affect the XAS spectra, so that the apparent incomplete
SCO in XAS is a result of surface oxidation and could explain why
the peak energies are shifted in XAS for 3 (Fig. 2c). Because the Fe
2p3/2 core level binding energy values obtained for these spin
crossover systems 1 and 2 are in line with expectations, for these
systems, surface oxidation is unlikely to be the origin for the
difference between X-ray absorption and magnetometry, as plotted
in Fig. 4a and b. It should be noted that the surface oxidation will
add significant uncertainty to the estimates of the high spin state
fraction determined from XAS and could obscure evidence of
degradation due to the X-ray or photoelectron fluence because of
the possibly heterogeneous Fe–O bonding. If the oxidation is not
homogeneous, as seems likely, the XPS will be complicated by
overlapping multiplet and satellite components in the Fe 2p
spectra.89,92–94

5. X-ray photoemission spectroscopy
and Fe 2p multiplets

The Fe 2p3/2 of the XPS spectra has a broad core level line width
in both systems which indicate that multiplet splitting exists in

the Fe 2p3/2 core level peak. Multiplet splitting is common for
most of the transition metal ions yet changes in the intensities of
the multiplets is a good indicator of changes in the spin state of
spin crossover molecular complexes.24,54,65,75–78 The multiplet
splitting in the Fe 2p3/2 core level XPS is significant when there
are unpaired Fe spins therefore, in the HS state, the multiplet
intensities will be more pronounced.24,54,58,65,74–77,89–95 In the LS
state there will be no unpaired spins, hence multiplet splitting
will not be pronounced in LS state.

Multiplet splitting, for the Fe 2p3/2 core level, was observed
for the low spin state of 1, 2, and 3 at 300 K, 150 K, and 180 K,
respectively. In both complexes, with increasing temperature
the Fe 2p3/2 peak broadens towards the higher binding energy
while changing the multiplet peak intensities, that is to say
with the higher spin state, the satellite multiplet intensities
increase. The relative intensities become redistributed among the
multiplets, with changing spin configurations. Similar changes in
the satellite Fe 2p3/2 core level feature intensities have been
reported for other spin crossover complexes,24,54,65,75–78 as noted

Fig. 4 The molecular magnetic susceptibility (black curve) and the high
spin fraction obtained from XAS spectroscopy measurements (red curve)
compared with occupancy of the high spin state derived peak ratio (P1/
P2 + P3 + P4) of XPS multiplets (blue curve) with respect to temperature
for (a) 1 – [Fe(L1)(bipy)]n, (b) 2 – [Fe(L2)(bipy)]n, and (c) 3 – [Fe(L3)(bpee)]n.
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above. The change in the intensities of the multiplets can be
compared by taking the peak ratio of the first peak in the low
binding energy region to the other three components. That is
Peak 1 to the sum (Peak 2 + Peak 3 + Peak 4). The Fe 2p3/2 peak
ratios, indicating the change in spin state as extracted from the
XPS spectra, are plotted with respect to temperature together with
the high spin fraction, as obtained from the XAS spectra, and with
magnetic susceptibility data for the spin crossover complexes 1, 2,
and 3 (Fig. 4a–c).

For XPS, it is difficult to be certain what the electron mean
free path is in our samples as these are metal organics and not
pure organic films, but the value should be close to what is seen
in organic films, or about 4 nm.96 Given the small kinetic
energies the probing depth of XAS will be less,97 as noted
elsewhere.24 XAS is dominated by secondary electron emission,
much of which is peaked at about 50 eV kinetic energy, or
the minimum of the electron mean free path.98–100 Both
XAS and XPS are more surface sensitive than magnetometry
as schematically shown in Fig. 5. This does much to
explain the differences between magnetometry, and the results
from XAS and XPS for molecules 1 and 2, as summarized in
Fig. 3.

The magnetometry of 1 gives a 54 K wide hysteresis loop
with spin transition temperatures (T1/2) on heating and cooling
at 378 K and 324 K, respectively.24 The XPS peak ratio follows
the magnetic susceptibility curve, but with a narrower hyster-
esis and spin transition temperatures (TXPS) for heating and
cooling at 373 K and 335 K. The spin transition temperature
obtained from XAS (TXAS) for increasing temperature was at 367
K, a lower temperature compared to both the spin transition
temperature obtained from magnetometry and XPS, i.e. T1/2
and TXPS respectively. This change in the hysteresis for 1 has
been suggested to be the result of the surface sensitivity of XPS
compared to the bulk magnetometry measurement.24 The
shifts seen with XAS derived high spin state fraction with
increasing temperature are expected as XAS in the TEY mode
is even more surface sensitive than XPS.24 At the surface there is
lower coordination or lower intermolecular interaction
compared to the bulk, so the cooperative effects likely differ.
With lower coordination, the decrease in cooperative effects
should decrease the hysteresis.

For spin crossover complex 2, the magnetometry shows
some hysteresis in the spin state transition, with transitions
at 222 K and 240 K on heating and cooling respectively, i.e. the
hysteresis is 18 K wide. The XPS peak ratio shows hysteresis and
follows the magnetic susceptibility data of 2 but there are
differences, nonetheless. The XPS peak ratio indicates lower
spin state transition temperatures than are evident in magnetic
susceptibility data for both heating and cooling. While the
transition temperatures seen in XPS have been shifted to lower
temperature compared to magnetometry measurements, there
is, similarly shaped hysteresis. That the hysteresis temperature
width is largely preserved in comparing magnetometry and XPS
(in spite of a shift in the transition temperature), with 2 is
significantly different than the behavior seen with the very
similar spin crossover polymer 1. High spin occupancy fraction
of 2, determined from the XAS spectra, also shows a hysteresis
and is similar to the magnetometry, but the lowest temperature
XAS spectra are more characteristic of a mixed spin state with
some high spin state fraction. Furthermore, the hysteresis for 2,
determined from the even more surface sensitive XAS, may be
smaller than indicated by XPS. The influence of the surface
could affect temperature dependence of the spin state, thus
influencing the X-ray absorption and X-ray photoemission
measurements of 2 as well as 1. We can infer from the overall
spin state transition temperature that 2 has a lower spin
state change activation energy than 1 yet spin state transition
activation energy DH at the surface of 2 must be lower still. The
differences in the transition temperature obtained from these
different techniques may be due to the difference in the
cooperative effects at the surface and bulk for 2, as is the case
for 1. As noted above, we consider surface oxidation as unlikely
to be the origin of these effects and while not excluded, 2 is not
yet known for strong photochromic effects well above the
LIESST temperature (roughly 50 K).50

As the thermal SCO temperature is much lower for 2
compared to 1, photochromic effects above the LIESST
temperature are one possible explanation for the measurement
results. Another more likely explanation of the measurement
dependent hysteresis data provided is, however, that the
surface coordination of 2 differs from 1. This means that the
polymer strands of 1 could be arranged parallel to the particle
surface leading to a complete spin crossover, but with
differences in the hysteresis width and transition temperatures.
In contrast to the situation with 1, in the case of 2 the polymer
strands could be aligned vertical to the particle surface leading
to chain ends that are not spin crossover active. These
differences between the surface and bulk contributions to
XAS and XPS versus magnetometry do not apply to 3 and 4.

For 3, the magnetometry shows some hysteresis in the spin
state transition, with transitions at 217 K and 250 K, but the
hysteresis is much diminished in XPS and XAS, even with the
consideration that both XAS and XPS indicate a significant high
spin state population, even at the lowest temperatures. Among
the explanations as to the differences in the spin state
transition as seen in XAS and XPS versus magnetometry for 3
are that the HS dominates at the surface, to which XAS and XPS

Fig. 5 A schemiatic to indicate the probing depth of XAS is more surface
sensitive than XPS. Both XAS and XPS are surface sensitive tecniques while
magnetometry is a bulk technique.
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are more sensitive,24 as noted above, and does so more than for
1 and 2. This is consistent with the SQUID magnetometry
measurements. The SQUID magnetometry measurements, for
3 shows an incomplete SCO with 5–10% high spin fraction at
low temperatures, whereas for 1 and 2, magnetometry shows
the material to be more completely in the low state at low
temperatures (Fig. 4). As noted above, it is quite possible that
the surface of 3 is oxidized as is suggested by the much higher
Fe 2p3/2 core level binding energy seen for 3 than for 1 or 2.
Thus the differences between X-ray photoemission, X-ray
absorption and magnetometry for 3 could well be a surface
effect, but in the case of 3, the influence of the surface on the
X-ray photoemission, X-ray absorption results is due to surface
oxidation, not differences in surface coordination.

6. Photochromic effects in X-ray
absorption and X-ray photoemission

The high spin fraction, determined from XAS, for 4 does not
follow the magnetometry data (Fig. 6), as noted in detail above.
As is clear from the XAS spectra for the 4, overall these results
indicate that the spin crossover transition and the bistability of
a spin crossover system can be altered by the characterization
techniques, especially for a photoactive species like 4.43,44 As
noted above and elsewhere, XPS and XAS (in the TEY mode) are
surface sensitive techniques24 due to the limited electron mean
free paths in X-ray photoemission, X-ray absorption, while
magnetometry is a bulk measurement.

In the case of 4, it has been well established that this spin
crossover polymer is photoactive and thus susceptible to
excitations to the high spin state.43,44 This is a photoactive
response in the vicinity room temperature well above the light-
induced excited spin-state trapping (LIESST),43–56 which is
typically suppressed above 50 K. To see any changes in the
XAS spectra of 4, as a function of temperature, is actually
surprising given the propensity of X-rays to excite 4 into the
high spin state43,44 over a broad range of temperatures

including in the vicinity of room temperature and above, and
at temperatures far above where the LIESST effect is seen for 2.51

Photochromic effects are known and can occur in the vicinity of
room temperature if there is a photoactive ligand that can be
switched by light43,44,54–58 and the incident X-rays can suppress
identification of a spin state change, even in X-ray diffraction.101

Photochromic effects are not excluded as influencing the X-ray
photoemission and X-ray absorption results for 1, 2, and 3,
although we note that strong photochromic effects have not
been reported, outside of LIESST effects, for 1, 2, and 3.
Photochromic effects are unlikely to be a strong influencing on
the X-ray photoemission and X-ray absorption in the temperature
range of 300 K to 400 K for 1 because the spin state change is not
shifted to lower temperatures with decreasing temperature.

Conclusions

In summary, both the surface and likely changes to the packing,
resulting from the choice of solvents affect the cooperativity and
hence the temperature characteristics of the spin state transition
seen for Fe2+ spin crossover polymers as now seen here. The
influence of the surface could affect temperature dependence of
the spin state, thus influencing the X-ray absorption and X-ray
photoemission measurements of 2 as well as 1, as seen here.
In the case of 2, photochromic effects are not entirely excluded
on the basis, although, outside of LIESST effects, photochromic
effects have not been reported for 1, 2, and 3.

Surface effects in the form of end groups, packing and
molecular coordination but less compelling as origins for
influencing the X-ray absorption and X-ray photoemission
measurements for 3 and 4. The large core level binding
energies suggest that the X-ray absorption and X-ray photo-
emission measurements are influenced by surface oxidation of 3.
The X-ray absorption and X-ray photoemissionmeasurements of 4
are very likely affected by the incident X-ray fluence or secondary
electron flux generated, but surface effects are not excluded from
influence the XAS and XPS measurements of 3 and 4.

The data provided here suggests that both coordination and
packing affect the cooperativity of the spin state change in
polymers, but surface contamination and surface oxidation
cannot be excluded as a source of a surface perturbation in
the case of some Fe(II) spin crossover coordination polymers.
Photochromic effects are also possible and indeed we note that
photochromic effects may differ at the surface and the bulk.
This means that the critical temperatures measured for a spin
state transition may depend upon the choice of spectroscopy
and the manner of sample preparation, not just the molecular
spin crossover complex alone. These issues are now seen to
apply to SCO polymers as well and thus while surface effects
can affect the measured spin state transition, the measurements
themselves may perturb the spin state.
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