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was investigated.

The present study regarding the thermal behavior of some ferrocene derivatives with liquid crystal
properties is aimed at evaluating the relationship between structure-thermostability-degradation mech-
anism, leading to information about their applications, processing parameters and industrial waste
recycling procedures. The thermostability series of some ferrocene derivatives bearing the ferrocenyl
unit rigidly connected to the mesogen and of some analogous phenyl compounds were established; the
influence of the connecting groups, the ferrocene and the cholesterol units upon the thermal stability

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The physical and chemical properties of materials are mainly
determined by the functional unit combinations contained within
their structure. In organometallic molecules the most important
factor is the presence of the metal that contributes not only with
its own properties, but also brings molecular arrangements that are
not found in other organic derivatives [1-4]. The thermal stability of
anewly synthesized compound is an important feature affecting its
practical applications, especially in those fields in which high tem-
perature processing is required. One of the most desired properties
of the newly synthesized materials is their thermal stability. Due to
the fact that in thermotropic materials the liquid crystal ordering
occurs in a certain temperature range, it is obvious that their ther-
mal stability plays a crucial role. While the thermal stability of the
polymeric liquid crystals has been intensely studied [5-12], small
molecule liquid crystals on the other hand have been comparatively
less studied with respect to their thermostability [13-19]. Due to
their simpler molecular structure, they allow better understand-
ing of the degradation processes and their systematic study may
contribute important information [20-22].

With all the above considerations in mind, we set the main
objective of this work on elucidating the molecular structure influ-
ence upon the thermal stability of a series of ferrocene derivatives
with the ferrocene moiety rigidly connected to the mesogen unit
and also of some analogous phenyl derivatives. The thermal sta-
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bility study of these compounds is motivated by the presence of
high transition temperatures and even more by the fact that their
isotropic transition temperatures are situated above their thermal
stability range.

2. Experimental
2.1. Materials

Ferrocene derivatives containing cholesterol rigidly connected
to the mesogen unit were obtained either by esterification of the
ferrocene unit with the mesogen using DCC/DMAP, or by conden-
sation of ferrocene amines with cholesterol containing aldehydes
[23,24].

2.2. Equipment

Thermogravimetric measurements (TGA) were performed on a
Mettler Toledo TGA-SDTA851e derivatograph (thermogravimetric
analyzer) under a flow of nitrogen and air (20 ml/min), in the tem-
perature range 25-900°C, and a heating rate of 10 Kmin~! with
4-6mg of sample mass. The operational parameters were kept
constant for all samples in order to obtain comparable data.

Thermal degradation of some ferrocene liquid crystals and
evolved gas analyses were performed using a TG/FTIR/MS sys-
tem. The system is equipped with an apparatus of simultaneous
thermogravimetric spectrophotometer FTIR model Vertex-70
(Bruker-Germany) and mass spectrometer model QMS 403C Aéo-
los (Netzsch-Germany). Samples with weight ranging from 3 to
8 mg were heated from 25 to 600 °C, at a heating rate of 10 °C/min.
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Class B compounds

Scheme 1. The chemical structure of the ferrocene derivatives.
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Class D compounds

Scheme 1. ( Continued ).

The helium as carrier gas with flow rate of 50 ml/min and protec-
tive purge for thermobalance of 20 ml/min was used. The gases
released during thermal decomposition processes are transferred
by two isothermal transition lines to FTIR and mass spectrome-
ter. The gases are introduced in TGA-IR external modulus of FTIR

spectrophotometer, and FTIR spectra are recorded from 600 to
4000 cm~! with a resolution of 4cm~!. The transfer gases line to
mass spectrometer is manufactured from quartz. The mass spec-
tra were recorded under the electron impact ionization energy of
the 70eV. The acquisition of data was recorded with Aeolos® 7.0

Table 1
Thermogravimetric characteristics for A type compounds.
Sample Stage Nitrogen atmosphere Air
Tonset (°C) Tpeak (°Q) Tendset (°C) W7% Tonset (°C) Tpeak ()] Tendset (°C) W%

I 287 300 315 33.64 305 320 348 29.04

P 1 382 410 454 18.96 348 440 580 53.60
11 601 624 654 14.31 - - - -
Residue 33.09 17.36
I 306 317 365 18.97 335 377 405 32.68
1l 365 374 383 27.14 405 534 630 36.91

A2 il 420 443 466 21.60 715 770 895 18.47
I\Y% 647 654 704 16.51 - - - -
Residue 15.78 11.94
I 296 309 316 11.87 302 317 350 19.26
1 361 406 416 16.80 350 488 728 69.41

A3 11 434 444 480 10.63 - - - -
v 636 658 706 24.28 - - - -
Residue 36.42 11.33
I 315 344 374 47.07 272 379 405 33.35

na 1l 432 464 484 23.14 405 434 481 30.44
il 650 660 673 14.36 481 552 671 24.35
Residue 15.43 11.86
I 277 310 332 33.66 271 312 375 16.59
1l 368 396 404 15.11 455 500 580 41.42

A5 11 421 433 470 18.24 580 600 770 29.76
I\Y% 630 652 760 18.24 - - - -
Residue 14.75 12.23
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Table 2
Thermogravimetric characteristics for B type compounds.
Sample Stage Nitrogen atmosphere Air
Tonset (°C) Tpeak °Q) Tendset (°C) W7% Tonset (°C) Tpeak ()] Tendset (°C) W%

I 309 342 357 51.24 308 400 415 13.21
Il 418 455 479 14.49 445 485 517 41.40

Bl 111 610 640 734 15.17 517 544 708 29.52
Residue 19.10 15.87
I 123 170 208 5.13 120 263 303 15.58
Il 208 228 247 7.59 380 518 580 25.10
11 390 418 431 9.06 580 662 895 50.85

E2 v 460 475 534 7.22 - - - -
\% 679 738 758 16.81 - - - -
Residue 54.19 8.47
I 287 299 306 15.39 308 392 380 8.82
Il 373 437 449 6.11 440 558 590 30.72

B3 il 486 491 495 5.89 590 796 880 37.94
1\% 624 726 744 19.45 - - - -
Residue 53.16 22.52
I 316 325 343 13.38 334 374 430 13.72
Il 389 415 421 26.58 430 471 580 42.23

B4 111 421 456 486 21.99 580 670 760 29.03
I\ 619 627 751 17.13 = = = =
Residue 20.92 15.02
I 320 345 370 67.30 300 398 440 41.40
11 425 441 491 21.96 440 496 560 37.81

L il - - - - 560 784 900 2031
Residue 10.74 0.48
I 317 361 383 39.25 315 356 420 10.08
Il 432 467 484 24.81 420 443 580 45.69

B6 111 622 641 665 5.57 580 600 780 34.51
1\% 761 776 800 2.95 - - - -
Residue 27.42 9.72
I 274 287 327 22.37 300 325 370 11.31
Il 376 410 437 18.86 380 497 570 33.60

B7 111 451 462 483 14.18 570 610 773 42.58
v 629 711 770 22.56 - - - -
Residue 22.03 12.51

software, in spectrum scanning (SCAN) mode scan bar graph in the
range of m/z=1-300, measuring time was ca. 0.5 s for one channel,
resulting in time/cycle of approximately 150s.

3. Results and discussion

The chemical structures of the ferrocene derivatives for which
the thermal stability was analyzed are presented in Scheme 1. These
compounds contain both mesogen units connected by azo or imino-
aromatic groups and cholesteryl units. Each structural unit brings
its own contribution to the overall material properties: ferrocene —
allows formation of unique geometries, not found in other organic
compounds [25]; cholesterol - by its optical activity provides heli-

cal molecular arrangements; azo groups - allow photochemical
changes in the cholesteric step by trans—cis isomerisation. Due to
the important advantages induced by the presence of the chirality,
the ferrocene and the azo unit, it is obvious that these structures
may become suitable precursors for obtaining new materials that
respond to magnetic and electric field changes or to UV/vis radia-
tion.

Nearly all of the proposed compounds show mesomorphic
properties as a consequence of the pro-mesogenic character of
the cholesteryl unit [26,27]. Since this group determines com-
pact molecular packing in solid state by strong intermolecular
interactions, the melting point increases significantly, sometimes
beyond the thermal stability range [28]. Due to the fact that most

Table 3
Thermogravimetric characteristics for C type compounds.
Sample Stage Nitrogen atmosphere Air
Tonset (CC) Tpeak (CC) Tendset (CC) Wi Tonset (OC) Tpeak (OC) Tendset (DC) W%
[ 319 375 394 45.50 340 371 401 14.61
Il 410 462 486 19.65 440 480 566 39.78
C1 11 649 655 708 8.56 566 656 765 35.81
\Y% 844 853 900 8.85 - - - -
Residue 17.44 9.80
I 320 358 374 63.00 365 446 480 52.06
c2 Il 374 450 516 10.77 480 630 700 23.47
Residue 26.23 24.47
I 309 417 433 91.71 400 473 520 51.57
Cc3 Il 647 652 730 5.79 520 604 760 32.13
Residue 2.50 16.30
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Table 4
Thermogravimetric characteristics for D type compounds.
Sample Stage Nitrogen atmosphere Air
Tonset (('C) Tpeak (DC) Tendset (CC) W% Tonset (nc) Tpeak (OC) Tendset (CC) W%
[ 273 298 361 39.58 340 363 380 11.87
D1 11 397 434 479 24.03 405 503 595 44.40
111 661 689 748 15.25 600 717 775 39.53
Residue 21.14 4.20
I 325 342 365 24.29 350 370 403 21.16
11 365 381 393 20.38 403 440 480 37.19
D2 111 426 460 479 13.70 480 595 760 25.89
v 634 649 760 22.01 - - - -
Residue 19.62 15.76
of the analyzed compounds show isotropisation points located - In air

over their thermal stability limit, high exothermic peaks are evi-
denced in the DSC curves, corresponding to high degradation
temperatures for the samples. As a result of the thermal decom-
position process, the characteristic peaks for the transition from
liquid to liquid crystal state, are almost impossible to detect upon
cooling. This is due to the low enthalpy of the transition to lig-
uid crystal state, but also to the fact that the initiation of the
degradation process, that is exothermic, masks the endothermic
effect.

As aresult of systematically modifying the chemical structure, it
is possible to elucidate the influence of various structural factors by
performing thermal stability comparative analysis on the investi-
gated compounds. The effects of the bonding groups, the ferrocene
and the cholesterol units were explored.

The influence of the bonding groups was investigated by com-
paring the thermal stability of the ferrocene derivatives having
similar length of the mesogenic block, but different ester or imine
groups that connect it to the ferrocenyl or cholesteryl unit. For elu-
cidating the influence of the ferrocene unit the thermal stability of
compounds with similar length mesogenic groups but containing
no ferrocene were compared (B6 with B5 or C1 with C2). The anal-
ysis of the cholesterol presence may be performed by comparing
the thermostability of the following pairs: A1 with A2; A3 with A4;
or B3 with B4.

The thermogravimetric curves indicate a complex degradation
mechanism which takes place in 2-5 stages, depending on the
chemical structure of the analyzed compounds and on the atmo-
sphere in which the process proceeds. For all samples complete
degradation was not observed; the amount of residue being up to
54% of the sample both in air and in nitrogen. The lowest residue
amount, below 5% of the sample weight, was recorded for sample
B5 in air and C3 in nitrogen.

The thermogravimetric characteristics: Topset — the temperature
at which the thermal degradation begins, Tpe, — the temperature
at which the thermal degradation is maximum, Tepgset — the tem-
perature at which the process is complete and W% - the weight
percentage loss recorded in each stage are presented in Tables 1-4
and refers to the four classes of derivatives that contain ferrocene
rigidly connected to the mesogenic unit.

For comparing the thermostability of the analyzed compounds,
the temperature at which the thermal degradation begins (Tonset)
was considered.

Taking into account the Typser temperature, the following ther-
mal stability series were established:

- In inert atmosphere (N;)
o A5<A1<A3<A2<A4
o B2<B7<B3<B1<B4=B6<B5
o C3<C1=C2
o D1<D2

o A5=A4<A3<A1<A2

o B2<B7=B5<B3=B1 «B6<B4
o C1<C2<C3

o D1<D2

These results show inversions in the thermostability series
depending on the atmosphere in which the thermal degradation
of the ferrocene derivatives took place, in compounds belonging to
classes A, B and C.

The thermostability change as a function of the thermal degra-
dation atmosphere depends on the mode of connecting the ester
group to the ferrocene and on the number of linking groups. While
in the class A and B compounds the differences are small, they
become significant in the class C compounds.

Given the importance of the cholesterol in inducing the liquid
crystal properties, but also due to the strong interactions between
cholesteryl residues that leads to compact packing patterns and
high melting points, a further study of selected compounds by
TG-MS-FTIR analysis was performed on compounds: A4, B4 and
A3, B3.These compounds have comparable structures, the only dif-
ference being the presence or absence of the cholesteryl unit. The
thermogravimetric curves were recorded in helium and the ther-
mal characteristics are presented in Table 5. The DTG curves are
shown in Figs. 1-4, by comparison with the ones obtained in air
and nitrogen, respectively, in order to evidence the influence of the
atmosphere in which the decomposition took place. Although the
same decomposition stage sequence was obtained in helium as in
nitrogen, the processes are better delimited in helium. For example,
insample A3, in the temperature range of 430-480°C the decompo-
sition in helium tends to show two separate processes, compared to
a single one in nitrogen. The differences are more significant when

Table 5
Thermogravimetric characteristics for the compounds analyzed in helium: A3, A4,
B3 and B4.

Sample Stage Tonset (°C) Tpeak (°C) Tendset (°C) W%
I 283 305 319 27.45
8 1l 371 397 426 7.86
il 438 443 489 14.94
Residue 49.75
I 306 328 394 55.43
A4 1l 436 459 486 16.71
Residue 27.86
I 285 301 322 24.63
e 1l 322 361 404 4.20
il 404 451 486 7.71
Residue 63.46
I 295 317 334 41.38
A Il 390 397 433 4,71
il 433 440 498 12.82
Residue 41.09
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Fig. 1. DTG curves obtained for sample A4.
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Fig. 2. DTG curves obtained for sample A3.

the decomposition is performed in air. The residue left at 600 °C is
a few percentage points less in air compared to inert gases, which
is proof that the thermo oxidation is favored by the presence of
oxygen in air.

The recorded MS curves allowed ionic fragment identification
in the temperature range of 30-600 °C. Partial results obtained for
sample A3 are presented in Fig. 5.

0,
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Fig. 3. DTG curves obtained for sample B4.
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Fig. 4. DTG curves obtained for sample B3.

The MS results show that the thermal degradation seems to be
initiated on the cyclopentadienyl groups belonging to ferrocene. In
the first degradation stage (Fig. 5) of sample A3 in the tempera-
ture range of 280-320°C, a maximum ion beam is obtained for the
fragments with the mass to charge ratios m/z=65 and m/z=66. The

ADETT | e ——— +100
9.0E-13 |
190
8.0E-13
180
7.0E-13
< 170
£ BOE-13;
o —
5 X
3  50E-13- 60 =
c 2
S
4.0E-13
L 50
3.0E-13
140
2.0E-13
130
1.0E-13 {
0.0E+00 ; ; ; ; . 20
0 100 200 300 400 500 800
T.°C

Fig. 5. TG and MS comparative results for sample A3.
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Stage | Stage Il Stage I
2 Hp@ —» |, — |, —® Residue
Fe OON
~
A3
Stage Il and Stage Il
Stage | Mass/Charge 3
Mass/Charge Species e Sg;cies
miz 44 2
65 CsHs" 28 HCNH*
66 C’SHG+ 78 CSH6+

Scheme 2. Identified fragments during the thermal degradation of A3 (TG-MS
investigations).

identified fragments, appearing during the thermal degradation of
sample A3 (TG-MS investigations) are shown in Scheme 2. Fig. 6
presents FTIR spectra at different temperatures based on the cor-
responding maxima on Gram Schmidt graph (Fig. 7). The bands at
2361 cm~! and 2342 cm™!, respectively are characteristic for CO,
[28], while the band located at 662 cm~! can be assigned to the
vibration of the cyclopentadienyl ion [29]. While the temperature
increases and the degradation proceeds to stages Il and III, the signal
characteristic to CO, intensifies (fragment 44 on the MS spectrum)
while the 662 cm~! peak characteristic to the cyclopentadienyl ion
disappears.

Partial MS results for sample A4 are presented in Fig. 8. The
thermal degradation is initiated on the cyclopentadienyl groups
belonging to the ferrocene as well, but the process occurs at higher
temperature. The degradation continues with the split of the con-
necting groups and the aromatic rings evidenced by the presence
of the ionic fragments with ratios m/z=39 and m/z=40. In the sec-
ond step the terminal groups belonging to cholesteryl are also split
resulting in MS peaks with ratios of m/z=41, 42 and 43, respec-
tively. The identified fragments, appearing during the thermal
degradation of sample A4 (TG-MS investigations) are presented
in Scheme 3. In the FTIR spectra corresponding to the tempera-
tures at which maxima of the Gram Schmidt graph are detected
(Fig. 7), bands characteristic to vibration of bonds CO,, -CH, =CH,

Transmittance (%)

104

55

103 ]|——315°C
——398°C
——454°C

101—-_5

102 4

100 -}
99
98
97 4
96
95
94
93
92
91
90
89

3253 2913 i'CeFl::h
O-H 3101 o
stretch =CH akpn
stretch

arom

Co2
stretch

2361

662

T
4000

0.030
0.025
0.020

0.015

Gram Schmidt

0.010

0.005

0.000

| L D LA T |, L
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm ™)

Fig. 6. FTIR spectrum of sample A3.
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Fig. 8. TG and MS comparative results for sample A4.
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Fig. 9. FTIR spectrum of sample A4.

are detected, also in addition to the vibration of the cyclopentadi-
enyl ion (Fig. 9).

The analysis of the MS curves for compound B3 obtained by
esterification of acids with ferrocene containing azo-phenol and

0
N‘@ Stagel Stagell
2 ava i,
|
B3

that does not contain cholesterol, indicated that the initiation of the
thermal degradation takes place at the -N=N- group and contin-
ues with aromatic and other connecting group splitting. TG curve
and MS spectra obtained for fragments with ratios m/z=28 and
respectively m/z=44 are presented as an example in Fig. 10.

The identified fragments, appearing during the thermal degra-
dation of sample B3 (TG-MS investigations) is indicated in
Scheme 4. The FTIR spectra for the temperatures that correspond
to maxima on the Gram Schmidt graph (Fig. 11), in the 300-440°C
range, are presented in Fig. 12, confirming that the thermal degra-
dation process occurs according to Scheme 4.

The thermal degradation of sample B4 in helium begins at 295 °C
with CO, emission, followed by aromatic residue splitting. The
degradation process continues with N, emission and then, in the
following stages, the terminal groups belonging to cholesteryl are
split, resulting in MS peaks at ratios m/z=41,42 and 43, respectively
(Fig. 13). The identified fragments, appearing during the thermal
degradation of sample B4 (TG-MS investigations) are presented in
Scheme 5.

FTIR spectra for sample B4 at the two temperature values that
show maxima on the Gram Schmidt graph (Fig. 11) are presented
in Fig. 14. Characteristic bands for vibration mode of the bonds CO,,
O-H, -CH, are observed.

Structural modifications of the analyzed compounds allowed
complete evaluation of the influence of various factors such as: the
connecting groups, the ferrocene and the cholesterol units upon
the thermal stability.
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Mass/Charge
miz

Species
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N2+
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39

CaH3"
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Scheme 4. Identified fragments during the thermal degradation of B3 (TG-MS investigations).
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Fig. 10. TG and MS comparative results (ion current 10-'2) for sample B3.

3.1. The influence of the connecting groups

The ferrocene derivatives that contain an ester group with
electron attracting effect immediately adjacent to the ferrocenyl
unit A2, A3 and A4 display a lower thermostability than the azo-
derivative B4 or the Schiff bases, C3, B6 and C1, in which the
ferrocene has an aromatic ring attached to it. A possible explana-
tion might be the fact that such a group in conjugation with the
cyclopentadienyl ring belonging to the ferrocene, induces a desta-
bilization of the retroactive 7 bond located between the iron atom
and the two ferrocene rings, thus resulting in a decrease of the
thermostability. The destabilization effect of the ferrocenyl group
is confirmed by the mass spectrometry analysis performed on the
compounds containing a carboxyl function adjacent to the ferro-
cenyl (i.e. A3 and A4) by comparison with the compounds that
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Fig. 11. Gram Schmidt graph for samples B3 and B4.

contain a phenyl group adjacent to the ferrocenyl (i.e. B3 and B4).
The fragments with masses 65 and 66, respectively characteristic
to the pentadienyl group were detected in the first degradation
stage of samples A3 and A4, but were missing in samples B3
and B4.

3.2. The influence of the ferrocene

By comparing the characteristic temperatures for the com-
pounds containing ferrocene B6, C1 with the homologous
derivatives that do not contain this group B5, C2 the fact
that they have comparable thermostabilities becomes notice-
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Fig. 12. FTIR spectrum for sample B3.
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Fig. 13. TG and MS comparative results for sample B4.

able. This is probably due to the fact that the thermal
degradation is initiated by the -N=CH- groups which are
present in both structures, whether they contain ferrocene or
not.

3.3. The influence of the cholesterol

The presence of the cholesterol leads in most cases to a slight
increase in thermostability. By comparing the characteristic tem-

peratures of the compounds without cholesterol A2, A4, B4, C1 with
the homologous derivatives that contain this unit A2, A4, B4, C1,
the fact that the thermostability is about 10°C higher in the lat-
ter becomes obvious. When estimating the thermal stability, it is
important to consider not a single molecule, but its neighbors as
well because the intermolecular forces also contribute to the ther-
mal stability. These interactions can affect the melting points and
therefore state of matter of a certain material at a given temperature
[27].
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Scheme 5. Identified fragments during the thermal degradation of B4 (TG-MS investigations).
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Fig. 14. FTIR spectrum of sample B4.

4. Conclusions

The observations regarding the correlation
structure-thermostability-degradation mechanism and the
influence of the atmosphere in which the thermal degradation
takes place indicate the possibility of directing the synthesis
towards certain routes for obtaining compounds with liquid
crystal properties. The thermostability series were determined
for the four classes of analyzed compounds. The influence of
the connecting groups, the ferrocene and the cholesterol units
upon the thermal stability was also elucidated. The results of the
TG-MS-FTIR analyses show that when the compounds contain an
ester group with electron attracting effect immediately adjacent
to the ferrocenyl unit, their thermostability is reduced compared
to the compounds in which the phenyl group is attached to the
ferrocenyl unit. This finding may be explained by the fact that
such a group that is in conjugation with the cyclopentadienyl
ring belonging to the ferrocene induces a destabilization of the
retroactive 7 bond established between the iron atom and the two
pentadienyl groups of the ferrocene, thus initiating thermal degra-
dation on these pentadienyl groups. In compounds containing
the phenyl group directly attached to the ferrocenyl the initiation
of the thermal degradation takes place at the connecting groups
between the aromatic rings. The presence of the cholesterol leads

in most cases to a slight increase in thermostability due to compact
molecular packing in solid state caused by strong interactions
between the cholesteryl units.
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