Downloaded by Universidade de Coimbra on 06 December 2011
Published on 01 January 1994 on http://pubs.rsc.org | doi:10.1039/FT9949002953

J. CHEM. SOC. FARADAY TRANS,, 1994, 90(19), 2953-2960

View Online / Journal Homepage / Table of Contents for thisissue

2953

Investigation of the Structure of the Columnar Liquid-crystalline

Phase of Copper(ll) Carboxylates
An FTIR Spectroscopic Study

Maria F. Ramos Moita and Maria Leonor T. S. Duarte
Departamento de Quimica, Universidade de Lisboa, P-1700 Lisboa, Portugal

Rui Fausto*

Departamento de Quimica, Universidade de Coimbra, P-3049 Coimbra, Portugal

The FTIR spectra of a series of anhydrous copper(i) carboxylates of general formula Cu,[CH;(CH,),CO,],
(n = 4-8, 10, 12, 14 and 16) have been studied as a function of temperature. The spectra show notable changes
associated with the phase transition from the crystalline to the columnar liquid-crystalline phase which indicate
that the coordination of the carboxylate groups to the bimetallic centre changes from bridging bidentate to
chelating bidentate. The observed change in the type of coordination is induced by the conformational dis-
ordering to the carbon chains and does not affect strongly the chemical environment around the copper atoms
(in particular the Cu—Cu and Cu—O distances), in agreement with previous Cu-Ka EXAFS spectroscopic

results.

Carboxylate complexes of transition metals [in particular
those of copper(i)] have been the subject of many studies.!~*
Indeed, besides their practical importance in industry,®®
these compounds present very interesting physicochemical
properties®” which also make them a challenge to fundamen-
tal investigation.

The crystal structure of some copper(ir) carboxylates [for
example, copper(n) butyrate, octanoate and decanoate] at
room temperature has been determined by X-ray crystal-
lography®1° and it was shown that these compounds exhibit
a tetrakis(carboxylate)dimetal (bridging bidentate) coordi-
nation in the crystalline lamellar phase (Fig. 1), in which
planes of polar copper carboxylate groups are separated by a

Fig. 1 Schematic representation of the lamellar phase (crystal) of
copper carboxylates

double layer of aliphatic chains.!!'!? It was also found that
two of the carbon chains adopt an all-trans structure, while
the remaining two present a gauche conformation near the
metal centre, in order to facilitate the crystal packing.8-'3

Upon heating, the copper(n) carboxylates that have a
carbon chain with at least five carbon atoms exhibit liquid-
crystalline mesophases.”'!12 Above ca. 120°C, a columnar
liquid-crystalline phase is formed, consisting of columns of
carboxylate polar groups surrounded by disordered aliphatic
chains forming a two-dimensional hexagonal lattice.”-!':!?
From Cu-Ka EXAFS spectroscopic studies,>!* it was found
that the local environment of the copper atoms in this meso-
phase is similar to that found in the crystalline phase. In par-
ticular, the number of oxygen atoms around each copper
atom is the same and the Cu—O bond lengths do not change
appreciably. In addition, only a very slight increase in the
Cu—Cu bond length seems to occur at the phase transition.
On the other hand, magnetic susceptibility
measurements'4!3 indicated that a sharp drop of the suscep-
tibility occurs near the solid —» mesophase transition-
temperature. This feature was assigned to a structural
modification of the polar core of the molecules at the phase
transition which affects mainly the bond angles near the
bimetallic centre.*

Though some important features of the structure of this
mesophase have already been established,3-11:!1%14-16 jtg
precise characterization at a molecular level had not yet been
established. In particular, as referred to above, the rearrange-
ment associated with the solid — mesophase transition had
not yet been clearly elucidated. In the present study, FTIR
spectroscopy is used to monitor the solid — mesophase tran-
sition in a series of anhydrous copper(i) carboxylates
{Cu,[CH,4(CH,),CO0],; n =4-8, 10, 12, 14 and 16, abre-
viated CuC, ,} and to shed light on the associated structural
changes.

Experimental

Anhydrous copper(i1) carboxylates were synthesised by two
slightly different methods, depending on the size of their
carbon chain. The smaller compounds (CuCy—CuC,) were
obtained from equal volumes of 0.5 mol dm™~3 hot aqueous
solutions of the corresponding carboxylic acid and copper(11)
acetate. The two solutions were mixed under vigorous stir-
ring conditions and, after completion of the reaction, the
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copper carboxylate precipitate was washed with Millipore
water and ethanol, and then dried by gentle heating (60 °C)
under vacuum for 48 h. The synthesis and purification pro-
cedures used for preparation of the longer-chain carboxylates
(CuC,,—CuC,5) were similar to those used for the prep-
aration of the shorter-chain complexes, but because of the
reduced solubility of the corresponding carboxylic acids in
water, these were initially dissolved in ethanol. All of the
reagents used were commercial grade purity. The copper
complexes have all been characterized by clemental analysis
(C, H) and the results are reported in Table 1. In addition,
X-ray diffraction studies of powder samples at room tem-
perature, as well as temperature-variable polarized-light
optical microscopy and differential scanning calorimetry
studies were carried out on all compounds either to evaluate
their degree of crystallinity or to confirm their purity using
the crystal-mesophase transition-temperatures previously
reported!!*2 (see Table 1).

IR spectra of the copper complexes in the crystalline state
as KBr pellets were obtained on a Perkin Elmer 1760 FTIR
spectrometer, equipped with a KBr beam splitter and a
DTGS detector with Csl windows, over the wavenumber
range 4000-400 cm~!, with 32 scans and a spectral
resolution of 2 cm™ !, at room temperature. IR spectra at ele-
vated temperatures (mesophases) were recorded on a Nicolet
FTIR 800 system (32 scans; spectral resolution 2 cm™%),
equipped for the 4000-400 cm™! region with a germanium
on CslI beam splitter and a DTGS detector with Csl
windows, using a specially designed transmittance high-
temperature cell with KBr windows, linked to a VENTA-
CON (Winchester) model CAL 9000 temperature controller.

Molecular modelling was performed using the MOLECU-
LAR EDITOR program,!” running on a Macintosh com-
puter.

Results and Discussion

The IR spectra of all studied compounds, although showing
marked differences when going from the crystalline to the
liquid-crystalline columnar phase, show very similar profiles
within each phase. Thus, in Fig. 2 only the spectra of the
compounds CuCg, CuC;, and CuC;g are presented. A
general assignment of the main features observed in the
spectra of these compounds, as well as in those of the remain-
ing molecules studied, is presented in Table 2. Note that the
vibrational assignments are in consonance with those we
have reported previously for a typical long-chain copper(i)
carboxylate in the crystalline phase'® and are supported by
detailed analyses of the IR spectra of a series of copper(i)
short-chain carboxylates (acetate, propionate, butyrate!®19).
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The main spectral differences observed in going from the
crystalline phase to the columnar mesophase occur in two
spectral regions (1600-1400 and 800-600 cm ™ ') and the dis-
cussion that follows centres on the analysis of these regions.

1600-1400 cm~ ' Region

It is well known that both vy stretching modes (symmetric
and antisymmetric) give rise to bands in this region. In the
crystal, the antisymmetric mode gives rise to the very intense
IR band near 1585 ¢cm™! (sometimes exhibiting complex
structure due to crystal-field splitting effects), while the sym-
metric vibration originates the considerably less intense band
at ca. 1425 cm ™! (ca. 1416 cm ™, in the smaller compounds)
which usually partially overlaps the bands due to the poly-
methylene Scy, scissoring vibrations.'®=2° Several authors
have proposed>®~2* that the relative position of these two
bands (Aveoo = Veoo, s — Yeoo, s) can be used to shed light on
the type of carboxylate-to-metal complexation structure
present in a given metal carboxylate. In particular, it has
been established that if, as in the studied molecules, both
Ycoo,as aNd Veoo, s frequencies are shifted in the same direc-
tion with respect to those observed for the free carboxylate
ion (ca. 1565 and 1410 cm™1,'%25 respectively), the coordi-
nation is either bridging bidentate (structure I, Fig. 3) or che-
lating bidentate (structure II, Fig. 3).2° This may be easily
understood as it is expected that in these two types of coordi-
nation the bond orders of both CO bonds would change by
nearly the same amount with respect to those of the free ion
(indeed, this is only strictly true for symmetric coordinating
structures; non-symmetric coordination may lead to different,
though comparable, shifts). In addition, it was also found that
a Avgoo of ca. 150-170 ¢cm™! correlates with a bridging
bidentate mode of coordination, while chelating bidentate
structures usually give rise to Avgpo & 100 cm™ 11924 Note
that all the studied copper(11) carboxylates, in the crystalline
state, have Avego ~ 160-170 cm ™' (Table 3), in agreement
with their known bridging bidentate coordination structure
in this phase.

The spectra of the columnar mesophases differ consider-
ably in this spectral region from those corresponding to the
crystalline phase (Fig. 4). In particular, (i) a new band is
observed at ca. 1540 cm ™! (in general showing a shoulder at
ca. 1530 cm™1), (ii) the band at ca. 1585 cm™! (vego 5 in the
crystal) is considerably reduced in intensity, (iii) the band
ascribed to the vego,, mode splits, giving rise to a pair of
overlapped bands at ca. 1425 and 1417 cm ™! and (iv) the
bands observed in the 1450-1400 cm™! region due to the
dcu, Scissoring and ¢y, antisymmetric bending modes are
considerably broadened.

Table 1 Elemental analysis® (C, H) and crystal — mesophase transition temperatures of the copper carboxylates

C(%) H(%)
transition
compound calc. exp. exp. calc. exp. exp. temperature®/°C
CuCq 49.05 48.58 48.81 7.49 7.56 7.57 95
CuC, 52.24 51.89 51.86 8.08 8.19 8.21 92
CuCy 5491 54.89 54.84 8.57 8.73 8.78 85
CuC, 57.19 56.84 56.74 8.99 9.17 9.16 99
CuC,, 59.16 58.00 57.90 9.43 9.38 941 105
CuC,, 62.37 60.43 60.36 10.03 10.00 9.99 107
CuC,, 64.89 62.92 63.05 10.50 1048 10.51 116
CuC,, 66.92 63.73 63.75 10.88 10.66 10.67 116
CuC,q 68.58 65.45 65.46 11.10 10.98 1097 116

2 Two sets of experimental data are presented. ® Results obtained by differential scanning calorimetry and corresponding to the onset of the

phase transition upon heating.
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Fig. 2 FTIR spectra of A, crystalline (room temperature) and B, columnar liquid-crystalline (T ~ 150 °C) phases of copper(i1) carboxylates: (a)

CuCq, (b) CuC,, and (c) CuC, 4

The observed broadening of the bands due to the CH
bending modes can be easily attributed to the increased
number of methylene carbon chain gauche arrangements and,
thus, is a direct consequence of the increased conformational

0O—M (e}
R— . R— C. M
0—M \‘o/

Fig. 3 Schematic representation of the carboxylate-metal bridging
(I) and chelating (II) types of coordination

disorder of the system in the mesophase. Furthermore, this
interpretation is reinforced by considering the observed sys-
tematic increase in the peak intensity ratio I's9,0/I2850 (Vou,, as
stretching/vey, , stretching) in going from the crystal to the
mesophase in the various molecules studied (Table 3). Indeed,
it has been shown by several authors that the above-
mentioned intensity ratio is a good measure of the conforma-
tional disorder and lateral packing of a polymethylene
chain,2%-28 increasing with the number of gauche arrange-
ments. Thus, it can be concluded that the onset of the confor-
mational disordering of the carbon chains plays a decisive
role in determining, at a molecular level, the formation of the
mesophases in the studied compounds. Furthermore, this
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Table 3 Aveoo(Veoo, as — Vooo, s) @0d I2950/1 2550 fOr copper carboxylates®
Avcoo I5520/I2850
mesophase
compound crystal mesophase® crystal’ T ~ 125 T ~ 135 T ~ 150
CuCq 172 121 1.67 1.25 1.30 1.30
CuC, 172 119 1.54 1.64 1.67 1.75
CuCq 172 119 1.54 1.27 1.30 1.32
CuC, 172 120 1.28 148 1.52 1.54
CuC,, 162 119 1.43 145 1.57 1.68
CuC,, 163 121 1.04 1.14 1.17 1.30
CuC,, 163 119 1.15 1.24 1.35 1.73
CuC,¢ 163 118 1.05 1.06 1.09 1.63
CuC,q 164 120 1.12 1.24 1.37 1.47

@ Wavenumbers in cm~!; temperatures in °C. ® In the mesophase, those molecules exhibiting a chelating type coordination give rise to a
doublet ascribable to vggg, 4 (Se€ text) and, thus, Avee values were calculated using the average frequency for this mode and that of the lower
component of the pair of bands due to the vcoo,, mode. ¢ Note that the compounds having shorter carbon chains present values for I59,0/1 2550
in the crystal and in the mesophase which do not obey the general trend found for all the remaining molecules (though they follow the general
pattern in the mesophase at different temperatures). This is certainly connected with the greater importance of the interactions involving the

headgroups in these compounds.

result is in consonance with the absence of such kind of
mesophases for the smaller members of the copper(m) carbox-
ylates family (CuC,~CuC,'?) and also agrees with data
obtained by different methods (e.g. X-ray diffraction’!-!2).

On the other hand, the changes, associated with the phase
transition, observed in the intensities and frequencies of the
bands due to the vcgo stretching modes, in particular the
appearance of new bands, cannot be explained by taking into

I 5
VCoo as (b”dgmg)—| e
S , ['VCOOS (bridging)
CHaas —]
(a) 8CH‘,‘as -I
I-SCH2
(DCFE
SCHds
W =
1720 1540 1360 1180
wavenumber/cm~’

consideration only the above-mentioned increase in the
carbon-chain conformational disorder. Though conforma-
tional disorder may indirectly provide the driving force
leading to the structural modifications responsible for these
changes, the observed spectral modifications must be due to
an alteration of the coordination type. Thus, the bands near
1540 and 1417 cm ™! may be ascribed, respectively, to the
Y00, s ANd Veoo, s Vibrations of those molecules exhibiting a

Vcoo as (bridging)

(b) Vcoo as (chelating)
8CHaas o
+ Vcoo s (bridging)
8cH,
[~ Vcoo s (chelating)
8CHaas,
I
5CH;, s
(l)cp.E
twep,
L] ™ T ]
1720 1540 1360 1180

wavenumber/cm-1

Fig. 4 Typical FTIR spectra profile of the copper(i1) carboxylates, in the 1600-1400 cm ™! region, showing relevant band assignments: (a)

crystal (room temperature); (b) columnar mesophase (T & 150 °C)
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different type of coordination from the bridging bidentate
structure found in the crystals. In particular, considering the
Avgoo values associated with these new bands (ca. 120 cm™!;
see Table 3) it can be proposed that the new type of coordi-
nation should correspond to the chelating bidentate structure
(structure II, Fig. 3), which is also found, for example, in zinc
and cadmium long-chain carboxylates at room tem-
perature.?® Note that the proposed global arrangement of the
chelating bidentate carboxylates around the copper atoms
(Fig. 5) is consistent with the data previously obtained by
EXAFS,** which allowed to conclude that, though a struc-
tural modification around the binuclear copper core occurs
at the phase transition, the number of oxygen atoms around
each copper atom is the same, the Cu—O bond lengths do
not change appreciably and only a very slight increase in the
Cu—Cu bond length seems to occur. In addition, besides
being geometrically possible, the bridging bidentate — chelat-
ing bidentate modification is also possible in mechanistic
terms. In fact, the chelating bidentate structure may be
obtained from the bridging bidentate structure by means of a
ca. 90° concerted rotation of the four carboxylate groups,
implying only minor changes in both the O—C—O and
O—Cu—O angles (which have to increase and decrease
slightly, respectively) and a small lengthening of the C—O
bonds (Fig. 5).

Note that the geometrically required changes in the
O—C—0 and O—Cu—0O angles discussed above are also in
consonance with the EXAFS studies,>!'* from which it was
concluded that the structural changes associated with the
phase transition should involve mainly angular distortions.

@

®)

chelating bidentate coordination

Fig. 5 Carboxylate-metal coordination structures of copper (1) car-
boxylates in (a) the crystalline (bridging bidentate coordination) and
(b) the columnar liquid-crystalline (chelating bidentate coordination).
The indicated geometric parameters (in units of pm or degrees) for
the crystal were typical values taken from available X-ray or EXAFS
data;>#-1014 those presented for the mesophase were obtained in
this study by molecular modelling.
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In turn, the required lengthening of the C—O bonds agrees
with the observed frequency red shift found for the vcgo
stretching modes (in particular for vego, ,) Which gives rise to
new bands. It is also interesting to note that the slight
lengthening of the Cu—Cu distance, observed by EXAFS,
upon phase transition®!* is also consistent with the proposed
change in the type of coordination, as the presence of the
bridging carboxylates in the crystal certainly tends to force
the copper atoms to approach each other.

Finally, the simultaneous presence of the two types of
coordinating structures (bridging and chelating) in the meso-
phase can also be inferred from the IR spectroscopic results,
since, besides the new vcoo bands due to the chelating car-
boxylates, the vcoo bands assigned to bridging carboxylates
also appear in the IR spectra of the mesophase at frequencies
similar to those found in the crystal (this is particularly
evident for veoe, 4., OWing to the higher intensity of the bands
ascribed to this mode, see Fig. 4). In the mesophase, the rela-
tive intensities of the bands ascribed to the chelating (ca. 1540
cm~!) and bridging (ca. 1585 cm~') carboxylates
(Iys40/I15s5) do not change appreciably with temperature.
However, for the longer-chain carboxylates studied
(CuC,,—CuC,5) the I,s40/l,555 intensity ratio decreases
slightly with increasing temperature. While the increase in the
conformational disorder that occurs upon raising the tem-
perature (Table 3) can, in principle, be directly responsible for
the observed changes in I,540/I,5s5, these changes are most
probably due to an effective change in the relative population
of the two types of coordination, the bridging structure having
an increase in relative population with temperature. Thus,
considering that in the mesophase an equilibrium exists
between the two types of coordination, the results point to a
bridging structure with a higher energy in this phase than the
chelating coordination, as might be expected. However, the
energy difference between the two types of coordination
appears to decrease when the carbon chain becomes smaller,
as no significant changes were observed in I,5,0/I,5gs for the
smaller compounds studied. Thus, these results reinforce our
previous conclusion that carbon-chain conformational dis-
ordering plays a very important role in determining the struc-
tural changes, including the change in the coordination type,
occurring at the phase transition. In addition, they are also
consistent with the observed correlation between the carbon-
chain size of the carboxylates and the crystal-to-mesophase
transition temperatures.'?

800-600 cm ~* Region

In this spectral region, the most prominent bands are due to
the ycp, rocking (ca. 720 cm ™ ') and oo scissoring modes. In
the crystalline state, the scissoring mode gives rise to a single
band, which appears at ca. 685 cm™! for the longer-chain
compounds and at ca. 669 cm~! for the smaller compounds
(CuCg—CuCy). In the mesophase, the band ascribed to the
Ycu, rocking broadens, and a pair of bands of nearly equal
intensities are ascribed to the Jcoo scissoring vibration
(Fig. 6).

The observed broadening may be ascribed, at least in part,
to the increase in the conformational disorder in the carbon
chains, while the splitting of the band ascribed to the dgoo
scissoring mode is most probably due to the change in the
type of coordination associated with the phase transition.
The higher-frequency component of the doublet due to the
dcoo Scissoring vibration is ascribed to the bridging carbox-
ylates, while the lower-frequency component is assigned to
the chelating carboxylates. In fact, it was shown previously!3?
that a red shift in the frequency of the d¢qq scissoring mode is
expected when the O—C—O angle increases (this may be
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Fig. 6 Typical FTIR spectra profile of the studied copper(11) carbox-
ylates, in the 800-600 cm ™! region, showing relevant band assign-
ments: {a) crystal (room temperature), (b) columnar mesophase
(T = 150°C)

easily understood if one considers that if the angle is forced
to assume a value larger than in its non-stressed equilibrium
geometry then the effective force constant associated with the
dcoo scissoring mode must decrease). Thus, remembering
that, as mentioned above, the bridging — chelating change in
coordination requires an opening of the O—C—O angles, the
proposed assignments may be easily justified and further
reinforce the conclusions obtained by analysis of the v¢go-
stretching spectral region.

Conclusion

IR spectroscopy has been shown to be a suitable method for
following thermotropic phase transitions in copper(i1) carbox-
ylates and, in particular, has provided the key to the under-
standing of the structural reorganization processes that are
associated  with  the  crystalline —» columnar  liquid-
crystalline-phase transition. Above the transition tem-
perature, the spectra show notable changes associated with
both the increase in the conformational disorder of the
carbon chains and the change in the coordination of the car-
boxylate groups to the bimetallic centre from bridging biden-
tate to chelating bidenate type. The data available on the
studied componds (including that previously obtained'! for
the smaller molecules of the series, CuC,—CuC,, which do
not present the columnar mesophase) indicate that the
change in the type of coordination is most probably induced
by the conformation disorder in the carbon chains. The pro-
posed global arrangement of the chelating bidentate carbox-
ylates around the copper atoms is both geometrically and
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mechanistically consistent with the data previously obtained
by EXAFS.314
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