Journal of Organometallic Chemistry 695 (2010) 177-182

Contents lists available at ScienceDirect

Organo
_metalhc
Chemistry

Journal of Organometallic Chemistry

journal homepage: www.elsevier.com/locate/jorganchem

Thermal release behavior of Fe*, CpFe™ and (Cp),Fe” ions from
the molecular aggregate of B-cyclodextrin with ferrocene

Le Xin Song®*, Peng Xu®, Zheng Dang?

2 Department of Chemistry, University of Science and Technology of China, Hefei, 230026 Anhui, China
Y National Center for Nanoscience and Technology, Beijing 100190, China

ARTICLE INFO ABSTRACT

Article history:

Received 28 July 2009

Received in revised form 3 October 2009
Accepted 13 October 2009

Available online 10 November 2009

The second-sphere interactions between ferrocene (Fc, guest) analogs and cyclodextrins (CD, host) have
attracted sufficient attention in the past decades. However, there are some unanswered questions related
with the interactions. For example, how such interactions are reflected by the thermal decomposition
process? The present report describes our efforts to elucidate the correlation between the destruction
of a second-sphere complex through the release of its members and the separate destruction of its mem-
bers by a direct sample introduction device with programmed temperature in a gas chromatography cou-
Ferrocene pled‘to time-of-flight mass spec.t.rometry. Differer.lt kinds of mass spectra are analyzed to elicit accurate
p-Cyclodextrin details about sample decomposition processes. It is found that on the one hand, the presence of Fc effec-
e tively delays the decomposition temperature of the complexed B-CD though a great part of Fc has been
released from the complex. On the other hand, the special molecular structure of B-CD has served to pre-
vent the sublimation of Fc to a certain degree. Furthermore, the thermal decomposition mode of the B-CD
molecules complexed by Fc is drastically changed compared with that of free B-CD. Also, this study pro-
vides a paradigm that ferrocene decomposes in the p-CD cavity through the release of a CpFe* moiety, and
the remaining Cp ring remains contained in the host.
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1. Introduction

B-Cyclodextrin (B-CD) is composed of seven oligosaccharides,
creating a rigid conical molecular structure with a hydrophobic
cavity [1,2]. This cavity can accommodate many kinds of guests
[3-7] and there are lots of reports about the application of the
complexes in improving the properties of organic guests, such as
stability, solubility, and controlled-releasing [8,9]. Ferrocene (Fc)
is an organometallic compound consisting of two planar and paral-
lel cyclopentadienyl rings and an iron atom. Fc and its various
derivatives have been applied in many fields such as synthetic or-
ganic chemistry, materials science and catalysis [10-12].

Harada and Takahashi prepared the inclusion complex of B-CD
with Fc in 1984 by stirring the mixed aqueous solution of Fc and
B-CD [13]. It is the first example on the inclusion phenomenon of
B-CD with an organometallic coordination compound. From then
on there have been many reports about the second-sphere coordi-
nation complexes between derivatives of CDs and organometallic
compounds [14-18] accompanying various strategies of character-
ization [19,20]. Among the characterization techniques, thermo-
gravimetry (TG) and differential scanning calorimetry (DSC)
analyses are used most frequently to measure the thermal proper-

* Corresponding author.
E-mail address: solexin@ustc.edu.cn (L.X. Song).

0022-328X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2009.10.014

ties of the complexes [21-25]. As a matter of course, they can re-
flect how the mass of samples or the energy of systems changes
with the increase of temperature. In recent papers, we found that
the thermal decomposition path of B-CD was altered by organic
guests included in the cavity of B-CD, and at the same time the
decomposition modes of the included guests themselves were also
affected because of the inclusion complexation [26]. However, such
phenomena were usually submerged during rapid mass loss stages
on the TG curves.

Differently from common organic guests, Fc as a coordination
complex containing organic ligands, also can interact with B-CD
[13]. Although Fc sublimates at about 373 K and the TG curve of
its inclusion complex Fc-B-CD presents a continuous mass lose
process below 673 K [27], it is difficult to extract the detailed infor-
mation about the release process of Fc—B-CD from either TG or DSC
curve. The information includes: (1) Can the special molecular
structure of B-CD prevent the sublimation and decomposition of
Fc? (2) What are the configurations of the decomposed products
of Fc-B-CD at higher temperature? (3) How Fc behaves during
the rapid mass loss stage of B-CD? That is to say, the construction
and characterization of a stable supramolecule are important, but
at the same time the disruption of it is even more significant, be-
cause the disruption is closely related with practical applications
that are ignored or underestimated. So far, there are very few
reports describing the relationship between the fragment
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composition and the temperature increase of solid supramolecule
especially second coordination sphere supramolecule. The present
report describes our efforts to elucidate the correlation between
the destruction of a second-sphere complex through the release
of its members and the separate destruction of its members. A di-
rect sample introduction device with programmed temperature
was applied in a gas chromatography coupled to time-of-flight
mass spectrometry (GC-TOF-MS). Different kinds of mass spectra
were analyzed to elicit more accurate details about sample decom-
position processes.

2. Experimental
2.1. Materials

B-CD was purchased from Shanghai Chemical Reagent Company
and recrystallized twice from deionized water. Fc was purchased
from Shanghai Chemical Reagent Company and used without fur-
ther purification. All other reagents are of analytical-reagent grade,
unless stated otherwise

2.2. Preparation of the inclusion complex Fc-p-CD

The solid complex was prepared with the initial molar ratio of
4:1 (Fc:p-CD) and purified according to the reported method
[13]. The host—guest stoichiometric ratio in the solid complex
was determined to be 1:1 based on elemental analyses, Anal. Calcd.
for Cs,HgpO35Fe-3H,0: C, 45.38; H, 6.25. Found: C, 45.55; H, 6.34%.

2.3. Measurements

Elemental analyses were carried out on an Elementar Vario EL
Il elemental analyzer. TG measurements were performed on Shi-
madzu TGA-50 thermogravimetric analyzer at the heating rate of
10.0 Kmin~' under a nitrogen atmosphere. GC-TOF-MS experi-
ments were carried out on a Micromass GCT-MS spectrometer
using a direct insertion probe for solid samples, with an increasing
temperature. Measurement conditions are summarized in Table 1.
Three types of diagrams are collected: (1) the variation of total ion
current (TIC) as a function of heating time, (2) the variation of ion
current for a selected individual as a function of heating time, and
(3) mass spectra at specific time points according to the appointed
heating program (see Table 1). Computer analysis allows the
extraction of fragment signals of interest.

3. Results and discussion
3.1. TG and DTG analyses

Residual mass (RM) and mass loss rate (MLR) as the functions of
temperature are presented as TG and differential thermogravime-
try (DTG) profiles of Fc-B-CD in Fig. 1. Except for the release of
water below 390 K, both of the two curves present obvious mass
loss stages in the temperature ranges 393-563 K (Stage A) and

Table 1
Appointed heating program for the samples.

Step Temperature range Heating rate Retained time

(K) (K min~1) (min)
1 303 0 3
2 473 80 5
3 673 10 3
4 873 80 10
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Fig. 1. TG (Curve I), DTG (Curve II) profiles of Fc-p-CD, and TG (Curve III) profile of
free Fc.

570—620 K (Stage B), and the fastest mass loss points in Curve II
are at 558.7 K (Peak a) for Stage A and 587.1 K (Peak b) for Stage B.

As can be seen, before Stage A in Curve I, there is a stage corre-
sponding to the water release. Furthermore, after Stage B, Fc-B-CD
experiences a process of carbonization and incineration. Also, it is
interesting that near the center of the process there is an inflection
point p, after which the release rate changes in response to tem-
perature change. The mass loss of 9.61% in Stage A is apparently
lower than the Fc content of 13.53% in the 1:1 inclusion complex
Fc-B-CD based on the elemental analysis result. That is to say,
the release of some Fc molecules after inclusion has been delayed
to the next period, i.e., Stage B. At the same time Curve III displays
that the mass loss for free Fc is higher than 98% in the temperature
range from 373 to 460 K. From the difference of the release tem-
perature, it is clear that the sublimation and release of the com-
plexed Fc molecules have been protected by the B-CD cavities to
a great extent. Also, the decomposition temperature of the com-
plexed B-CD at about 587 K is higher than that of free B-CD [28].
Consequently, it is rather interesting to investigate the protection
behavior of B-CD to the sublimation of Fc as well as the influence
of the Fc on the complexed B-CD.

3.2. An analysis on the thermal decomposition of free Fc

First of all, the TIC curves for free Fc, B-CD and Fc-B-CD are
shown in Fig. 2. The detected ion current signal in Curve B has be-
come the baseline at about 3.10 min, below 313 K according to the
temperature program. It means free Fc has been completely gasi-
fied at such a low temperature.

Fc sublimates at about 373 K under a general condition. Here
the vacuum condition must be the reason for the earlier release

21.85
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Fig. 2. TIC curves of free B-CD (A), Fc (B) and Fc-B-CD (C).
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Fig. 3. Mass spectrum of free Fc at 1.55 min and the inset is the RA values of the two
major fragments at 0.20, 1.55 and 2.85 min, respectively.

of free Fc. The phenomenon that Fc sublimates completely at lower
temperature easily is consistent with the observation of Curve Il in
Fig. 1.

Next, Fig. 3 illustrates the mass spectrum of free Fc at 1.55 min
as well as the relative abundance (RA) change of two main frag-
ments (55.93 and 120.97) at 0.20, 1.55 and 2.85 min.

It is important to note that the mass spectra of free Fc from the
beginning to 3.10 min are all very similar to Fig. 3, only showing
three major fragment peaks at m/z 186.01 (RA, 100%), 120.97
(13.20%) and 55.93 (40.33%). They correspond to the molecule-
ions: CjoHjoFe”, CsHsFe™ and Fe*, respectively. The signal of m/z
186.01 is the strongest all the time and the RA values of the other
two peaks are always lower than 50%. And the change of the abso-
lute values of RA seems to be irregular, but the relative RA values of
120.97-55.93 exhibit a decreased tendency from 2.43 to 1.54.
These results not only are in accordance with the stability order
of these ions: C;oH oFe” > CsHsFe®™ > Fe*, but also suggest that the
formation of CsHsFe* and Fe* under GC-MS conditions is feasible.

3.3. An analysis on the graphical tracking curve of complexed Fc

Thermal release behavior of guests from supramolecule is one
of the important application fields of host—guest chemistry
[29,30], and the release process can also be used to evaluate the
intermolecular interactions between host and guest. The signifi-
cant differences in TIC profiles between free Fc and complexed Fc
remind us that the interaction between Fc and B-CD is responsible
for the change of the thermal behavior of Fc. Therefore, it is possi-
ble that thermal trace curve of the fragment at m/z 186.01 is used
to provide a detailed insight into the release behavior of the com-
plexed Fc.

In multiple ion detection mode (MID), the ion current belonging
to the complexed Fc in Fc-B-CD is detected, and the relationship
between the values of RA and heating time is depicted in Fig. 4.

As seen from Fig. 1, a part of Fc may be released together with
the main decomposition process of the complexed B-CD. In Fig. 4,
there are three stages for the release process of Fc. The first release
stage occurs below 480 K. This is explained by the sublimation of
some Fc molecules at lower temperature. Such a kind of Fc is re-
leased before the decomposition of B-CD and should have less
influence on the thermal behavior of the complexed B-CD.

Continuing to increase the temperature leads to the second re-
lease of the remaining Fc in the inclusion complex in the time
range from 17 to 21 min, corresponding to the temperature range
from 543 to 580 K. Finally, a small quantity of Fc is detected at
about 673 K in the third stage. In comparison with the release
behavior of free Fc (Fig. 2B), the position of these peaks in MID
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Fig. 4. MID curve of Fc from Fc-p-CD.

curve strongly implies that the thermal release of the complexed
Fc is deferred to a great extent. Assuredly, the MID curve of the
Fc in the inclusion complex provides a convincing evidence for dif-
ferent release modes of Fc. It should be noted that the observation
cannot be seen directly from the TG curves in Fig. 1.

3.4. An analysis on the mass spectrum of complexed Fc at 18.99 min

The decomposition details of the complexed Fc at 18.99 min in
our experiments are presented in Fig. 5.

Fig. 5 is a reflection of the main release and decomposition pro-
cess of the complexed Fc at about 553 K. The fragment of m/z
120.97 is generated after an Fc molecule loses a cyclopentadienyl
(Cp) ring. When the two Cp rings in an Fc molecule are lost simul-
taneously, the fragment of m/z 55.93 is produced. This means that
the coordination bonds between Cp rings and Fe atom are broken
at the moment.

However, there exists an interesting phenomenon that the frag-
ment signal of the Cp rings (m/z 65.04) possesses a rather lower RA
value of 1.06% at the same time. Even if all the possible rupture
modes of a Cp ring are taken into consideration, including the
smaller fragments of C,H3, C3H3, CsH¢ and so on, the total de-
tected RA value does not reach 4%. Combined with the structure
of Fc-B-CD [13], it now follows that during the release process of
the complexed Fc some Cp rings might continue to be kept in the
cavities of B-CD molecules. This phenomenon is ascribed to a
strong interaction between the cavity of B-CD and the Cp ring. In
our opinion, one of the two Cp rings in this cavity is likely to be sur-
rounded by a plane ring consisting of seven glycosidic oxygen
atoms of B-CD, and the van der Waals interaction between the
Cp ring and the oxygen atoms may play a significant role in making
one Cp ring invulnerable to thermal disturbance, since the interac-
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Fig. 5. Mass spectrum of Fc-B-CD at 18.99 min.
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Fig. 6. Two proposed release modes of Fc in Fc-B-CD.

tion does not only make the Cp ring remained in the cavity, but
also prevent it from cracking to some extent. The fact that at this
temperature the RA values of the characteristic fragments of m/z
60.02 and 43.02 belonging to the cleavage of B-CD skeleton [26]
are only 2.37% and 3.18%, respectively, reflects that most of the
complexed B-CD molecules are still stable at this moment. Fig. 6
describes two proposed release modes of the bound Fc from its
complex of B-CD.

3.5. The difference between the TIC profiles of free f-CD and Fc-p-CD

The plots of TIC versus heating time of free B-CD and Fc-B-CD
are shown in Fig. 2. The selected heating rate is 10 Kmin~! from
473 to 673 K with the aim of investigating the release difference
of the two samples during their decomposition process. Actually,
large differences are observed between them.

First, there is an obvious small peak at 5.15 min due to the frag-
ment release of Fc in Curve C below 480 K, which does not appear
in Curve A.

Subsequently, the initial point of the major peak in Curve C
(about 550 K) is lower than that in Curve A (about 560 K). What
needs to be pointed out here is that there exists a predecomposi-
tion stage in Curve C, forming some fragments with lower RA val-
ues. And the temperature of this stage is approximately consistent
with that of the first rapid mass loss peak (Peak a) of the DTG curve
in Fig. 1. At the same time, Fig. 5 just explains the predecomposi-
tion stage at 18.99 min as the release and decomposition of Fc in
Fc-p-CD.

Finally, at 21.85 min (about 583 K) in Curve C, there is a sudden
increase in the amount of fragments, strongly implying the effect
of the presence of Fc on the thermal decomposition behavior of
B-CD.

3.6. Thermal trace curves for the key fragment of m/z 60.02

The fragment of m/z 60.02 is one of the most important signals
involving in the rupture of both C—C and C-O bonds in «-1,4-p-
glucopyranosyl units of B-CD during the thermal decomposition
process [26,31], and its MID curves in both free B-CD and Fc-B-
CD are given in Fig. 7.

The peak shapes of the MID curves of the fragment of m/z 60.02
are considerably similar to those of the TIC curves of corresponding
samples. It can be considered as the signal for the collapse of glu-
copyranose ring in free B-CD and Fc-B-CD. However, it is interest-
ing to find that the initial temperature for the release process of the
fragment in free B-CD (Curve A, about 553 K) is lower than that in
Fc-B-CD (Curve B, about 568 K). This order is reverse to that of the
decomposition of whole samples as previously described on the
basis of results in TIC curves, which suggests again that the prede-
composition stage in Fc—B-CD (Curve C, see Fig. 2) is caused by the
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Fig. 7. MID curves of the fragment of m/z 60.02 from free p-CD (A) and Fc-B-CD (B).

release of Fc. Further, the delayed release of the fragment of m/z
60.02 indicates the positive influence of Fc on stabilizing the mac-
rocyclic conformation of B-CD.

3.7. The decomposition process of the complexed p-CD in Fc-p-CD

First, when the sample is heated to 573 K and above, more small
fragments with m/z values less than 200 are observed in Fig. 8.

According to Fig. 8A, the fragments of m/z 43.02 (RA, 9.10%),
60.02 (23.76%) and 73.03 (12.11%) are C,H30%, CH,0; and
C3H50;, respectively, which all come from B-CD [26,31]. And their
RA values are gradually increased with the increasing temperature.
For example, the RA value for the fragment of m/z 43.02 is in-
creased from 9.10% at 20.54 min to 48.95% at 22.72 min while
the strongest peak is the fragment signal of Fc™ (m/z 186.01) all
the time. It is known that the relative mass content of Fc is much
lower than that of B-CD in its inclusion complex. Theoretically,
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Fig. 8. Mass spectra of Fc—B-CD at 20.54 (A), 22.72 (B), 27.64 (C) and 31.42 min (D).
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those fragment peaks resulting from the Fc should be very weak
relative to those of B-CD if a great number of B-CD molecules are
already decomposed into fragments.

Still the strongest peak in the spectrum of Fig. 8B is due to the
fragment of m/z 186.01 at about 595 K, but the RA value of the typ-
ical fragment of m/z 60.02 has been increased to 75.26%. This phe-
nomenon clearly reveals that before 22.42 min the decomposition
of the sample is dominated by the complexed Fc, and this decom-
position at around 22.42 min can be regarded as the beginning of
the thermal decomposition stage for the complexed B-CD.

When the temperature is raised, clearly the decomposition of
the complexed B-CD plays the leading role as seen in Fig. 8C and
D. The RA values of the fragments from the complexed Fc are grad-
ually decreased. For instance, the fragment of m/z 186.01 does not
become the strongest one at 31.42 min. As a matter of fact, the in-
crease of temperature also has a large influence on the decomposi-
tion behavior of the complexed B-CD in the light of the main
fragment distribution in the figures. For example, the fragment sig-
nal of m/z 43.02 becomes the strongest peak at a higher tempera-
ture rather than the fragment of m/z 60.02. Besides, the first three
strongest peaks in Fig. 8C: m/z 60.02 (RA, 100%), 73.03 (81.71%) and
57.03 (64.50%) are distinct from those in Fig. 8D: m/z 43.02 (RA,
100%), 60.02 (78.59%) and 31.02 (76.21%). This difference also oc-
curred in our previous study [26], and is most likely due to the ef-
fect of temperature changes on the thermal decomposition modes
of the complexed B-CD.

Two mass spectra of free -CD at rapid decomposition stage are
shown in Fig. 9. We find that the thermal decomposition process of
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Fig. 9. Mass spectra of free p-CD at 19.60 (A) and 27.40 min (B).

OH
0 yAN
(0] —1
OH OH 7

the complexed £-CD

Mode I

free B-CD seems to occur in a major path. The mass spectra of free
B-CD at different temperatures are all similar to each other during
the heating process. For example, the fragments of m/z 60.02, 73.03
and 57.03 for free B-CD always indicate very strong signals in each
case.

The decomposition mode of free B-CD is in approximately
accordance with the initial decomposition stage of the complexed
B-CD in Fc-B-CD. After compared the mass spectra of free B-CD at
19.60 with those of Fc—B-CD at 18.99 and 20.54 min, we find that
the existence of Fc makes the decomposition process of the com-
plexed B-CD quite slow in terms of the number and intensity of sig-
nals. According to the data of mass spectra, we think that the
thermal decomposition mode of the complexed B-CD is completely
different from what have existed in the past [26]. Two proposed
possible decomposition modes of the complexed B-CD in Fc-B-CD
are illustrated in Fig. 10.

The fragments of m/z 60.02 and 73.03 are the two key ones in
mass spectra below 553 K. With the temperature enhancement,
the formation of a smaller fragment C,H30" (m/z 43.02) has the
advantage on intensity variations from Fig. 8A-D. Interestingly,
the fragment of CO; (m/z 43.99) appears only with a rather low
RA value (<4.70%), which is greatly different from the previous
observation [26]. Thus the destruction of the C-O bonds in «-1,4
linkages should be one of the major rupture forms during the heat-
ing process. From both the MID curve of the complexed Fc released
from Fc-B-CD and the detailed data from the mass spectra of Fc-B-
CD itself, we infer that the decomposition process of the com-
plexed B-CD is accompanied with the release of Fc. This finding is
significantly different from the prevailing opinion that an included
guest by CD is released ahead of the decomposition of the CD
molecules.

4. Conclusions

The present work provides an example depicting the relation-
ship between heating temperatures and fragment compositions
of a second-sphere coordination compound. It is found that the re-
lease of Fc is efficiently protected by the cavity of B-CD, and at the
same time the decomposition modes of the complexed B-CD are
greatly changed due to the interaction with Fc. Further, this study
provides a paradigm that ferrocene decomposes in the B-CD cavity
through the release of a CpFe* moiety, and the remaining Cp ring
remains contained in the host. We believe that this work is impor-
tant and significant to understand the nature of molecular aggre-
gates of coordination compounds, as well as the decomposition

in Fc-3-CD
CsHs0, 73 a C2H40,
CH30 31 d CoH30

60 b
43 ¢

Fig. 10. Proposed decomposition modes of the complexed B-CD in Fc-B-CD.
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and release behaviors of transition metal coordination compounds
in molecular aggregates.
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