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IT-IR and IT-Raman spectroscopic studies of the mesogens with the general molecular 
formula I -(p-n-alkyl phenyl) 3-@-n-alkyloxyphenyl) propane 1.3-diones having alkyl chain lengths 
C,", C , ,  and C12 are carried out. An analysis of the vibrational spectra of C,,, C,, and C 1 2  at room 
temperature strongly suggests that while C12 probably belongs to a highly ordered monoclinic or 
orthorhombic type of lattice, Cl, and C I  I belong to a hexagonal or triclinic unit cell, having lesser 
degree of lattice order. 

1. INTRODUCTION 

The structural features associated with the physical properties of liquid crystals 
have been an interesting topic of research for over three decades by now and con- 
siderable efforts have been underway to characterise the structural difference~l-~. 
Majority of the known mesogens possess both planar aromatic rings and long 
flexible alkyl chains. Vibrational spectroscopic structure determination methods 
provide almost independent experimental measures of both the ordering of the 
alkyl chains and the aromatic part of the molecule. Investigations of the disorder 
in the alkyl chains is mainly based on the extensive vibrational spectroscopic 
studies by and  coworker^^^-^^ on n-alkanes. Vibrational spectro- 
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20 P. RAVEENDRAN et al. 

scopic structural investigation of alkyl chain disorder is mainly based on the 
analysis of the conformational sensitive methylene group vibrations and the C-H 
stretching region of the spectra which undergo Fermi resonance interaction with 
the methylene bending modes. The intensity and splitting of these bands also 
depend on the packing of the chains in the lattice and thus provide information 
regarding the crystal structure differences in the various systems. 

Vibrational spectroscopic analysis of the mesogens with the general molecular 
formula 1-(p-n-alkyl phenyl) 3-(p-n-alkyloxyphenyI) propane 1,3-diones is very 
interesting. These molecules undergo keto-enol tautomerism (Fig. 1) as observed 
generally in the P - d i k e t o n e ~ ~ ~ , ~ ~  and primarily exist in the enol form. The forma- 
tion of mesophases in these systems is highly dependent on the length of the 
alkyl chain. The homologues with alkyl chain length upto C g  do not exhibit mes- 
ophases, and directly transform from the solid crystalline to the isotropic liquid 
phase. The higher homologues exhibit mes~morphism~~.  

FlGURE 1 Keto-enol tautomerism in the mesogens with the general molecular formula I -(p-n-alkyl 
phenyl) 3-(p-n-alkyl oxyphenyl) propane 1,3-diones 

In the present work, mesogens of the above-mentioned series of alkyl chain 
lengths 10,11, and 12, denoted as Clo, C I 1  and C12 respectively are chosen. The 
crystal structures of these mesogens are not reported so far. These investigations 
are aimed at the vibrational spectroscopic characterization of the crystal structure 
differences among the three homologues (in view of the lack of crystal structure 
of these systems), and the extent of alkyl chain disorder in these systems. 

2. SOME THEORETICAL ASPECTS 

The various vibrational modes of the methylene and methyl vibrational modes 
can be used to probe the alkyl chain disorder, in general. For alkyl chains with 'n' 
atoms per repeat unit and M repeat units, there are 3n modes of vibration, which 
occur in 3n frequency branches. Within each branch, the frequency of each of the 
M possible modes depends upon the relative phase of the nuclear displacements 
of the neighbouring units, each mode being characterised by a phase angle 
(pk = K dM, with K= 0, 1 ,  .. ... M-1. For an infinite polymer such as polyethylene 
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IT-IR AND FT-RAMAN SPECTROSCOPIC STUDIES 21 

only those modes with K=O are allowed both in the IR and Raman spectra (i.e. 
the vibration in each repeat unit are totally in phase). For segments of chains that 
are less than infinite in length, or disordered due to 'gauche' rotamer formation, 
the above selection rules are not vigorous, and the vibrations corresponding to 
other K-values also will become active. The frequency of certain vibrations with 
K=O will be a function of the all-trans segment length present in the CH2 oli- 
gomer, thus providing useful structural probes in systems with long alkyl chains. 

The various vibrational modes of the hydrocarbon chain are designated accord- 
ing to Snyder'' as follows: d+ and d- are the symmetric and antisymmetric C-H 
stretching modes of the methylene symmetric group respectively, r+ and r- are the 
symmetric and asymmetric (degenerate) methyl C-H stretching, 6 is the HCH 
bending mode and P denotes the methyl rocking mode. In an ordered infinite 
chain, methylene modes exist for all values of the phase angle (4). For these 
modes to appear in the spectra, the value of 4 must be 0 or n. Thus d+(O) and 6(0) 
are the Raman active fundamentals and d*(n) and 6(n) are the IR active 
 fundamental^'^. It is found that the C-H stretching modes as well as the HCH 
bending modes of the methylene group have nearly similar dispersion in the liq- 
uid and in the crystal. 

TABLE I Assignment of the various vibrational nodes of the alkyl chain 

Frequency of IR active Modes (cm-') Frequency of Raman active Modes (Em-') 

Mode C,O C11 Clz Assignment Mode CIO CII  Clz Assignment 

d-(n)  2920 2920 2923 Antisym. C-H d-(O) 2882 2882 2882 Antisym.C-H 
stretch (CH,) stretch (CH,) 

r+ 2860 2860 2860 Sym.C-H r+ 2860 2860 2860 Sym.C-H 
stretch (CH3) stretch (CH,) 

d+(n)  2850 2850 2850 Sym.C-H re 2956 29.58 2960 Antisym.C-H 
stretch (CH,) stretch (CH3) 

r' 2956 29.55 2954 Asym.C-H d+(O) 2848 2848 2848 Sym. C-H 
stretch (CH3) stretch (CH,) 

6(n) 1468 1468 1471, CH2bending 6(0) 1454 1454 1454 CH, bending 
1463 

719 
P 738 735 729 CH2rock 

C-H Stretching Modes 

The symmetric and anti-symmetric methylene C-H stretch modes of a polymeth- 
ylene in the Raman spectrum appear around 2850 cm-I and 2880 
cm-I respectively. On the other hand, the corresponding methylene bands in IR 
appear around 2850 cm-I and 2920 cm-' respectively. The CH, symmetric 
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22 P. RAVEENDRAN et al. 

stretch mode(r+) appear in both IR and Raman at around 2870 cm-I, where as the 
in-plane (ra-) and out of plane (rb-) asymmetric stretch modes appear at around 
2962 cm-' and 2950 cm-l respectively. This region is usually the strongest fea- 
ture in both the IR and Raman spectra of compounds containing long alkyl 
chains. The tentative assignment of the vibrational modes is presented in table I 
and 11. 

TABLE I1 Assignment of the various other vibrational modes of the IT-IR and IT-Raman spectra of 
CIO. CIO and c12 

ClO CII c12 Assignment 

IR Raman IR Raman IR Raman 

3062 3071 3062 3068 3070 3073 Aromatic C - H stretch 
3028(vw) 

I605 
1585 
I545 
1 504 
1468 
- 

1393 
1377 
1304 
- 

1258 
1228 
1178 
1122 
I089 
- 

I047 
1017 
990 
889 

842 (Sh) 
780 
738 
719 

3028 
1609 
- 

1545 
1515 
I454 
1436 
- 

- 

- 

I289 
- 
- 

1180 
1129 
I089 
I062 
- 

1020 
974 
895 
838 
783 
74 1 
- 

3027 - 

1605 1609 
1585 - 
1547 1547 
1503 1511 

1468 1554 
- 1436 

1393 - 
1377 - 
1305 - 

- 1280 
1257 - 

1228 - 

1178 1182 
1121 1122 
1090 - 

- 1063 
1051 - 

1021 - 

984 - 

889 - 

843 - 

782 783 
735 - 

719 - 

3028 
1605 
1587 
1547 
1513 
1471 
- 

1393 
- 

I309 
- 

1254 
1226 
I175 
1117 
- 
- 

I034 
I020 
1005 
890 
849 
- 

729 
719 

- 

1609 
- 

1530 
1508 
- 

I443 
1394 
1362 
- 

1295 
1261 
I229 
1178 
1121 
1094 
1061 
- 

I020 
1006 
890 
850 
79 1 

746 
- 

C - H [ (CO-CH2-CO) region] 
Phenyl ring stretch 

Chelate ring modes 

CH2 bend 
19b (benzene ring) 
(CH,) wag progression 
CH, wag progression 

Q4 (C - C) of the COCH2CO region 
CH2 wag progression 
Aryl C-0  stretch 
9 - 0 - C  stretch 
C-C stretch 

C (alkyl) - 0 stretch 
4 -ring breathing modes 
CH3 rock 
O-CH2 rock 
CH3 CH, -rock, $-C-H deformation(?) 
CH2 rock 

649 644,650(Sh) 648 650 655 655 Ringin-planedef. 
633 636 m (Sh) 633 636 m (Sh) 633 633 m (Sh) Ring out-of-plane def. 
600 600 600 600 600 - Ring in-planedef. 
506 511 506 506 506 504 Ring in-planedef. 
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Fl-IR AND Fl-RAMAN SPECTROSCOPIC STUDIES 23 

Although the C-H stretching modes are considered to be highly localised and 
relatively insensitive to molecular conformation and intermolecular packing in 
comparison with the methylene bending and rocking modes, Snyder and others25 
established a strong correlation between the relative intensity values of the vari- 
ous bands in this region to the intermolecular and intramolecular order in the 
alkyl chains. This correlation primarily emerges from the Fermi resonance inter- 
action between the C - H stretch modes and the overtones of the methylene scis- 
soring modes of the polymethylene chains. The methylene bending modes 
involved in the resonance interaction are sensitive to both molecular conforma- 
tion and lateral inter-chain interactions. Moreover, it is known that unlike the 
C-H stretches, the bending modes tend to undergo significant intermolecular 
coupling. One can distinguish two levels of Fermi resonance interaction. The 
first one involves the dispersion of bending modes parallel to the chain axis. This 
interaction occurs in the completely isolated chains. The second, whose effects 
are similar to the first but distinguishable, is the intermolecular interaction and 
involves the perpendicular dispersion of the bending modes. Thus, both the dis- 
order in the isolated chains as well as the lateral interactions can be investigated. 
Parameters which are generally used to probe the structure and phase transition 
in a number of systems containing long n-alkyl chains such as lipid bio-mem- 
branes, polymethylene chains as well as mesogens, is the peak intensity ratio of 
meaningful pairs of C-H stretching bands. 

Although such Fermi resonance may affect the distribution of intensity in dra- 
matic ways, it is not expected to significantly affect the total integrated intensity 
of the  fundamental^^^. The ratio 1285d128S0 is dependent on the lateral order of 
extended chains. It's use as a measure of lateral disorder is appropriate only in the 
absence of significant conformational disorder. The value of the ratio is depend- 
ent on a number of different factors according to whether or not the chain is 
extended. In the case of extended chain 12880 consists of approximately equal 
contribution from d-(o) and d+(o). 

Vibrational Modes of the Chelate Ring 

If we consider only the benzene rings attached to the chelate ring in Fig. I as an 
approximation similar to the case of Dibenzoylmethane26, the molecule can be 
assigned to have C2,, symmetry implying a single minimum potential. The differ- 
ent internal modes associated with the chelate ring, corresponding to both the 
CZv and C, configurations26 are represented in Fig. 2. In the case of a symmetric 
single minimum potential, a complete delocalisation of the n-electrons of the 
chelate ring will be expected. As the enolic proton moves away from the C2 axis 
towards the oxygen atoms, delocalisation of the n-electrons will be curtailed 
leading to the formation of double and single bonds. 
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24 P. RAVEENDRAN ef al. 

x Q\ X 
z 

X g\ X 
2 

z 

X Qx 
z 

X Q x  
Z 

X GX 
z 
CS 

Q 1  X X 
z 

z 

Q 2  X ox 
z 

z 

W 

W 

X Qx 
Z 

X 4A 
Z 

C 2 "  
FIGURE 2 A representation of the different internal modes associated with the chelate ring corre- 
sponding to both C?" and C, configurations 

In the case of a double minimum potential with a high barrier, the proton tun- 
neling frequency (v,) is approximately equal to zero and the behaviour of the 
internal modes of the chelate ring will be the same as in the case of an asymmet- 
ric potential. By decreasing the barrier height and allowing the proton to tunnel, 
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IT-IR AND IT-RAMAN SPECTROSCOPIC STUDIES 25 

the bands corresponding to these internal modes are expected to split, or more 
likely produce broadening. When the barrier height is further decreased, the 
splitting in the bands are expected to increase, with the result that the single and 
double bond stretching modes approach their corresponding pure stretching 
modes. The IR and Raman spectra clearly establish the formation of this chelate 
ring, facilitated by resonance stabilization as evidenced by the absence of any 
bands in the 1650-1800 cm-l corresponding to the free carbonyl modes. 

3. EXPERIMENTAL 

The methods of preparation of these compounds and the characterisation of their 
mesophases have been reported by Veena Prasad and S a d a ~ h i v a ~ ~ .  For FT-IR 
measurements, the sample pellets were prepared by dispersing them in a KBr 
matrix (1 :30). FT Raman measurements were carried out on pure samples filled 
in small capillary tubes. For FT-IR measurements, a resolution of 1 cm-l and for 
FT-Raman, an instrument resolution of 2 cm-' are employed. 

4. RESULTS AND DISCUSSION 

Due to the delocalisation of the n-electrons in the chelate ring26 and the reso- 
nance stabilization thereby, this molecule would prefer the enol form (the vibra- 
tional spectra strongly support this and will be discussed later). Because of the 
planarity of the diketo region of the molecule, the core of this molecule is some- 
what rigid about the C a - position. However, the benzene rings attached to the 
chelate ring have a rotational degree of freedom about the chelate ring plane 
along their bonding axis. Because of this, in addition to the conformational 
changes in the alkyl chains one can expect disorder in the aromatic core of the 
molecule. 

The vibrational spectra of these systems are highly complex due to a large 
number of fundamentals of the aromatic core, chelate ring and the methylene 
band progressions. However, most of the specific bands were characterised in 
comparison with the model compounds like n-alkanes, dibenzoylmethane etc., as 
reported in literature4,' 1-15718-20,23325-27. In addition, it is observed that the 
vibrational spectra of C12 is significantly different from those of Clo and C l 1  by 
the presence of a number of additional bands and splitting. 

The C-H stretch regions of the FT-IR and FT-Raman spectra of Clo, C I I  and 
C12 at room temperature are presented in Fig. 3. An assignment of the alkyl 
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26 P. RAVEENDRAN et al. 

3 

Wavenumber (cm-1) 

3200 3100 3000 2900 2800 
Wovenumber(cm-1 ) 

FIGURE 3 The C-H stretch region of (a)The FT-IR spectra and (b)The FT-Raman spectra of C,,,, C, I 
and CI2 at room temperature 
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Fl-IR AND Fl-RAMAN SPECTROSCOPIC STUDIES 21 

1500 1 L75 1G50 1QS l a 0  
Wavenumber (cm-1 I 

1500 1675 1G50 1L25 1L00 
Wavenumber (crn-1) 

FIGURE 4 (a)The IT-IR spectra and (b)The IT-Raman spectra of CIO, C I I  and Clz in the rnethylene 
bending region at room temperature 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

45
 1

6 
A

ug
us

t 2
01

2 



28 P. RAVEENDRAN et al. 

chain modes of Clo, CI1  and C12 is provided in Table I. While both the IR and 
Raman spectra of Clo and CI1 exhibit gross similarities, they differ significantly 
with the spectra of CI2.  These differences are more striking in the Raman spectra 
of these systems. This is because of the difference in the Fermi resonance inter- 
action of the overtones of the methylene bending modes with the methylene C-H 
stretch modes and must be originating from the differences in the methylene 
bending mode frequencies. Such differences in the spectra of these systems must 
be either due to a prominent change in the conformation of the alkyl chain or a 
large difference in the degree of intermolecular coupling. Since at low tempera- 
tures, all-trans or fully extended conformations are preferred, the drastic change 
in the Raman spectrum of C12 from those of CIo and C l l  arises out of a different 
degree of lateral interaction of the alkyl chains in these systems and possibly C I 2  
belongs to a different crystal structure. Though such interactions are present in 
the IR spectra also, they are more prominent in the Raman spectra for the reasons 
discussed 

The bands around 2850 cm-' and 2880 cm-I in the Raman spectra are assigned 
to the d'(0) and d-(O) modes re~pectively'~. Generally, the d- mode is not 
expected to show a large degree of Fermi resonance enhancement. The large 
intensity of the d- mode indicates a close crystal packing and possibly a break 
down of the selection rules though inter-chain coupling. The intensity ratios 
I28442880 for Clo, C I 1  and C I 2  are 0.83, 0.90 and 0.57 respectively indicating a 
much higher order in CI2. 

CH2 bending modes 

As discussed earlier, the methylene bending modes are highly sensitive to the 
intermolecular interactions and conformational changes. Earlier studies2' in 
n-alkanes and related systems reveal a large degree of splitting in the CH2 bend- 
ing and rocking modes when the chains are packed in the orthorhombic or mono- 
clinic cell. In the hexagonal subcell on the other hand both the symmetry 
considerations and the inter-chain distances are practically close to that in the liq- 
uid and thus rule out splitting. In the triclinic arrangement also only a single 
component of every fundamental is expected. 

The FT-IR and FT-Raman spectra respectively of Clo, C l l  and CI2  in the meth- 
ylene bending region are presented in Fig 4. The IR spectrum of Clo has a strong, 
broad band at 1468 cm-l and two weak shoulders on either side at 1473 and 1460 
cm-'. The spectrum of CI1  is almost similar to that of CIo, but for the relative 
intensities of the shoulders. The relative intensity of the 1473 cm-I band with 
reference to the 1468 cm-' band is more in the spectrum of C I 1  compared to that 
in the spectrum of Clo.  In addition, the shoulder at 1460 cm-I is negligibly weak 
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IT-IR AND FT-RAMAN SPECTROSCOPIC STUDIES 29 

I I I I I I I I I 

Wovenumber cm-1 

FIGURE 5 The CH? rocking region of the FT-IR spectra of Clo, C , ,  and C , l  

in the spectrum of C,  ,. However, the spectrum of C12 is very distinct. I t  is seen 
that the CH2 bending modes are split into two sharp bands of nearly equal inten- 
sity appearing at 1471 cm-' and 1464 cm-I. This splitting of the CH, bending 
modes indicates that the crystal structure of C I 2  belongs to the monoclinic or 
orthorhombic unit cells while those of Clo and C I l  belong to the hexagonal or 
triclinic packing3'. 
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30 P. RAVEENDRAN et al. 

Wave number (cm") 

FIGURE 6 The FT-IR spectra of C,O, C,  I and CI2  in the region 400 - 1700 cm-' 

The FT-Raman spectrum of CI2  also differs largely from those of Clo  and C I  I 
in the methylene bending region. It is observed that the 6(0) mode is split giving 
rise to two bands at 1442 and 1415 cm-I. The spectrum of C I 2  also shows the 
presence of two weaker bands at 1456 cm-I and 1468 cm-I. The two broad 
bands at 1435 cm-I and 1454 cm-I in the Raman spectrum of Clo are of nearly 
equal intensity. On the other hand, the relative intensity of the bands in the CI  I 
spectrum in this region are slightly different from that of C l o  indicating a differ- 
ence in the degree of lateral interaction. 

CH2 rocking Modes 

The methylene rocking modes are also sensitive to the crystal structure differ- 
ences in a similar way as the bending modes. The CH2 rocking region of the 
FT-IR spectra of C,,, C l l  and C I 2  are presented in Fig. 5. The spectra of C lo  and 
Cl I resemble each other while the spectrum of C12 is markedly different from the 
other two. The spectrum of Clo shows a strong band at 719 cm-' with a shoulder 
at 723 cm-'. There are two more weak bands at 728 and 738 cm-I in the spec- 
trum of ClO. The shoulder at 723 cm-' present in the Clo  spectrum is almost 
absent in the C1 I spectrum. In addition, there is only a single, weak, broad band 
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h 

* .- c 
3 n 
I. 

4 

6'1 d 

Wave number (em-') 

FIGURE 7 The FT-Raman spectra of Clo,  C I I  and Cl, in the region 400 - 1700 cm-l 

in the spectrum of C I I around 730 cm-' other than the 7 19 cm-I band. However, 
the spectrum of C12 presents strong splitting of the CH2 rock modes and two 
sharp bands of nearly equal intensity are observed at 719 cm-' and 728 cm-I 
apart from a relatively weaker sharp band at 734 cm-'. The splitting of these 
bands also strongly supports the supposition that CI2  belongs to a crystal struc- 
ture different from the other two. 

Thus an analysis of the C - H stretch, CH, bend and CH2 rock regions of the 
IR and Raman spectra indicate that the crystal structure of C12 is different from 
those of C l o  and C l l  and possibly belongs to an orthorhombic or monoclinic 
packing. On the other hand, the CIo and C I I  may belong to a hexagonal packing. 
A closer look at the spectra of Clo  and C l l  reveals that although these two com- 
pounds probably belong to the same crystal structure, there is definitely a differ- 
ence in the inter-chain order present in these systems. If 1288&2850 can be taken 
as a measure of the lateral order as discussed earlier, the lateral order in C1, 
appears to be lower than that in Clo. The spectral features of these systems also 
seem to support this view. 

The FT-IR and FT-Raman spectra of Clo, C1 I and C12 in the region 400 - 1700 
cm-I are given in Fig. 6 and Fig. 7. A tentative assignment of the various bands 
is presented in Table 11. While the spectra of Clo  and CI1 closely resemble each 
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FIGURE 8 The FT-Raman spectra of Clo. CIl and C12 in the region 50-400 cm-l 

other, that of C I 2  presents significant differences. The bands in the IR spectrum 
of C I 2  are sharper and split when compared to those in the spectra of C lo  and 
C1 1. The relative intensities of the various bands in the spectrum of C I 2  are also 
different from the spectra of Clo and C l l .  The Raman spectrum of C I 2  is strik- 
ingly different from those of Clo and C I 1  by the presence of a number of addi- 
tional bands present in it. The presence of these additional bands and the splitting 
of the bands in both the IR and Raman spectra of C I 2  strongly suggest that C12 
belongs to a highly ordered lattice compared to C1o and C I  I .  

As discussed earlier, free carbonyl groups are not present in the system as evi- 
denced from the absence of the corresponding bands confirming the formation of 
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the chelate ring. The band appearing at 1605 cm-' in the IR spectrum corre- 
sponds to the benzene ring symmetric stretch vibration and the shoulder at 1595 
cm-l correspond to the asymmetric ring vibration. 

Low Frequency Region 

The Raman spectra of Clo, C, I and C l 2  in the 50-400 cm-l region are presented 
in Fig. 8. The spectra of C10 and C11 are almost identical with a strong band at 
108 cm-l and two weak bands at 224 cm-' and 300 cm-l . The spectrum of C I is 
clearly distinct from those of C,O and C, Three strong bands are present at 92 
cm-l, 108 and 136 cm-' in the room temperature spectrum of Cl2 .  These bands 
may be due to the internal torsional modes of the alkyl chains and lattice 
vibrations4. The CI2 spectrum also has a few weak bands at 177, 204, 312 and 
339 cm-I. Though an assignment of these bands is not attempted presently, they 
support the view that the crystal structure of CI2  is different from those of C10  

and C l l .  
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