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This paper describes detailed studies of the phase transitions and other physical 
properties of the series of 4-n-alkylbenzoic acids (CH,(CH,),C,H,COOH) with alkyl 
groups ranging from propyl to heptyl. 

INTRODUCTION 

Measurements of the melting and isotropization points for a series of 
4-n-alkylbenzoic acids (hereafter referred to as ABA) of general 
formula CH,(CH,),C,H,COOH, with n = 3 - 9, were reported as 
early as 1940,'although detailed thermal data for these acids were not 
obtained. We also are not aware of papers concerned with X-ray 
analysis and I R  vibration spectroscopy of ABA. Since these sub- 
stances exhibit liquid-crystalline behavior and find wide practical 
application, it seemed worthwhile to carry out detailed studies of their 
phase transitions and physical properties in a broad temperature 
range. 

289 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
50

 2
0 

Fe
br

ua
ry

 2
01

3 
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EXPERIMENTAL 

We studied ABA materials with n = 2-6 by differential calorimetry 
and ZR spectroscopy with the aim of establishing a relationship 
between molecular structure and polymorphic transitions. 

Thermal analysis 

The specific heat in the temperature range 130-450 K was measured 
with the aid of a differential calorimeter on a diathermal shell at a 
heating rate about 2 K/min. We studied original (org) powdery 
samples after preliminary compacting in a calorimeter cell, and 
quenched (qnc) samples obtained by an instant quench in liquid 
nitrogen of the melt heated to 430-450 K. Transition temperatures 
were measured to within 1 K; heats (AH) and entropies (AS)  of 
separate transitions, and the integral entropies of all phase transitions 
(CAS) were determined with a relative error about 3% (see Table I). 

IR spectroscopy 

Absorption IR spectra were obtained with the aid of a spectropho- 
tometer, model UR-20 (slit programs 2 and 4) in the wavenumber 
range from 4OOO to 400 cm-' and in the temperature interval from 
100 to 450 K. Oriented films of ABA were prepared between carefully 
polished, plates of KBr and NaC1, one-dimensionally rubbed with 
chamois leather, by slow cooling of the melt and by the thermal 
gradient method. Sample thickness varied within the range 20 to 40 
microns; its quality was monitored with the aid of a polarizing 
microscope, model MIN-8. Temperature-dependent measurements 
were made according to a procedure already de~cr ibed .~  

RESULTS AND DISCUSSION 

Thermal analysis 

Heating thermograms of the samples (fig. 1) exhibit several endother- 
mic effects, that with maximum intensity giving a peak at  a tempera- 
ture T,,, corresponding to melting of a solid crystalline (SC) phase. In 
the temperature interval above T,,, for butyl-ABA and higher mem- 
bers, one observes a transition to the nematic liquid crystalline (LC) 
phase accompanied by an enthalpy change of 1.6 +_ 0.4 kJ/mol; the 
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200 240 280 320 360 400 440 
T, K 

FIGURE 1 
samples of ABA. 

Heating thermograms of original (full lines) and quenched (broken lines) 

temperature interval of existence of the mesophase broader for ABA 
materials with even values of n. 

The existence of either one or several peaks on the thermograms 
below T, suggests the presence of a set of crystalline, polymorphic 
modifications in our ABA’s. However, judging by the relatively low 
absolute values of the corresponding AH and A S  data, the thermody- 
namic stability of these structures is rather similar. Obviously, the 
presence of flexible aliphatic chains with “intrinsic” conformational 
degrees of freedom predetermines the possibility of formation of a set 
of nearly equi-energetic crystalline forms in our ABA’s. 

As might have been expected, temperatures and heats of transition 
depend on the thermal prehistory of the sample. For example, in 
some cases an instant quench of the melt resulted in formation of 
crystalline modifications with transition temperatures and heats dif- 
ferent from those for the original samples (cf. fig. 1). 

The dependence of the integral entropy of the transitions (CAS) on 
the length of the alkyl chain shows a complex pattern (fig. 2). As is 
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2 4 6 8 10 t 2 4 4 n  

FIGURE 2 Dependence of the integral entropy of transitions on alkyl chain length 
for cholesteric esters (- x -)* and alkylbenzoic acids (-0-). 

the case with other LC substances, this pattern is determined by the 
relative sizes of the alkyl “tail” and the stiff “nucleus” of the mole- 
cule. The slopes of dependences of ZAS on n are approximately the 
same for cholesteric esters, 4-n-alkoxybenzoic acids and ABA, which 
is suggestive of rather similar values of the entropy increment per 
methylenic group (13.5 f 0.5,* 10 k l4  and 1 1  k 1 J/mol * K, respec- 
tively). In other words, interactions between atoms of alkyl chains 
have a dominating influence on the molecular packing in various 
series commencing with a certain value of n (e.g., 8 for cholesteric 
esters and 4 for ABA). 

Spectroscopic data 

IR absorption spectra for the different phases of heptyl-ABA are 
shown in fig. 3. Assignment of the main IR bands observed at 100 K 
(Table 11) was made on the basis of published data on benzoic  acid^,^,^ 
n-alkanoic acids’ and n-paraffins.’ 

It follows from comparative analyses of spectra for different phases 
that the degree of molecular ordering in the LC phase is not much 
higher than that in an isotropic liquid (IL) since the respective spectra 
have much in common. During phase transitions, the most significant 
changes are observed for those absorption bands which refer to 
vibrations of bonds and valence angles common to benzene rings, 
carboxyl groups and alkyl chains. This observation is suggestive of the 
possibility of a variation of an angle between these molecular frag- 
ments on internal rotation around single C-C bonds. 
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TABLE 11 

Interpretation of IR spectra of 4-n-alkylbenzoic acids at 100 KO 

Frequency, cm- ’ Assignment Frequency, cm- ’ Assignment 

435 2 5 W 

465 W 

525 m 
550 m 
640 m 
700 m 
725 m 
760 S 

780 m 
835 m 
860 m 
890 m 
940 S 

1020 m 
1030 W 

1060 W. 

1080 W 

1125 m 
1180- 1350 

y (C-c-C) 
y(C-c-C) 
y(C-c-C) 
Y (OCC) 
Y (OCO) 

PCH, 
y(C = CH) 

y(C = CH) 
6(C = CH) 
6(C = CH) 
Y(C = CHI 
PCH, 
Y(OW 
6(C = CH) 
6(C = CH) 
6(C = CH) 
6(C - CH) 

oCH, + yCH, 
Vm(C-C) 

12902 5 vs 
1375 W 

1410 S 

1420 S 

1450 m 
1460 S 
1510 W 

I575 m 
1610 S 

1690 vs 
2570 m 
2600 m 
2680 m 
2900 S 

2855 vs 
2880 vs 
2925 vs 
2960 vs 
3080 S 

u(C-0) 
W H 3  
cp”(CaH,) 

VCH, 
u(C = C )  
v(C = C) 
u(C = C) 
V,(C = 0) 
Fermi resonance 
Fermi resonance 
Fermi resonance 

S(C0H) 
6mCH1 

4OH)  
vsCH2 

pasCH2 
vasCH1 
vCH 

“w-weak; m-medium; +-strong: vs-very strong (band intensities); P and 6(q,  
p, y ,  o)-corresponding stretching and bending (scissoring, rocking, twisting and 
wagging) vibrations. 

Bands at about 2900, 1692 and 940 cm-’ observed in the IR 
spectra of all phases may be explained by association of ABA 
molecules into cyclic dimers (CD) by means of hydrogen bonds. We 
estimated the energy of H-bonds in different phases by the Iogansen 
m e t h ~ d . ~  Vibration frequencies of yOH monomer were determined 
from IR spectra of ABA in the gaseous state at 540-550 K, and in 
CCl, solution. For all ABA’s studied, these frequencies were approxi- 
mately the same, 612 cm-’. The H-bond energy in the SC phase at 
100 K is about 36 2 1 kJ/mol (34k 1 kJ/mol at 300 K), and this 
decreases at the phase transitions, SC + LC + IL. 

Concomitant to the phase transition, SC + LC, we observed the 
appearance and a gradual rise in intensity with increasing tempera- 
ture of bands at 3300 (vOH), 1703 (vC = 0), 3555 (vOH), 1740 
(vC = 0), 1090 (vC-0) and 612 (yOH) cm-l, of which the first pair 
was attributed to an opened dimer (OD), and the remainder to 
monomer. Moreover, the band at 940 cm-’ starts to diminish and 
shift to the low-frequency side. All these changes indicate that appear- 
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296 PRIVALKO ef al. 

ance of OD and monomers proceeds simultaneously with dissociation 
of CD. According to our estimates, the energy of the H-bonds in OD 
is nearly 4.5 kJ/mol lower than that in CD. 

CD, O D  and monomers also coexist in the liquid phase, while in 
the gaseous phase above 550 K the molecules of these ABA are likely 
to exist primarily in monomeric form. 

When the molten acid is rapidly cooled, one observes the formation 
of a metastable solid modification (qnc samples in Table I). IR 
spectra of this modification suggest the presence of C D  as well as OD 
and monomers; hence, in quenched samples the dimerization of ABA 
molecules is by no means complete. As evidenced by the gradual 
intensity fall of a band at 3550 cm-', a stable crystalline modification 
is slowly restored during a substantially long period of time (of the 
order of several days). 

Analysis of the IR spectra shows, further, that quenched samples of 
all studied ABA undergo low-temperature phase transitions in the 
temperature interval from 300 to 100 K. It follows, therefore, that it is 
the low-temperature phase which is the most ordered, since all bands 
are narrow and sharp. Moreover, we observed Davydov splitting of 
CH, rocking vibrations at  720 cm-'  in heptyl-ABA at 100 K, con- 
comitant to the increase of H-bond energy by approximately 2 
kJ/mol as compared to this value at room temperature. We recall 
that such splitting is characteristic of the densely packed, fully ex- 
tended methylene chains in a crystal, in the unit cell of which there 
are at least two translationally non-equivalent units. 

CONCLUSIONS 

The polymorphic transitions and molecular structures of a series of 
4-n-alkylbenzoic acids (CH,(CH,),C,H,COOH, with n = 2-6) have 
been studied by differential calorimetry and IR absorption spectros- 
copy in the temperature interval 100-450 K; temperatures, enthalpies, 
and entropies of phase transitions have been determined. The diver- 
sity of observed polymorphic structures is shown to reflect the possi- 
bility of formation of various conformers due to the presence of 
flexible, mobile alkyl chains in the molecules. The acids studied have 
been proved to exist in the form of cyclic and opened dimers formed 
by means of hydrogen bonds; energies of the latter bonds have been 
estimated for the different phases. Davydov splitting of rocking 
vibrations of the methylenic chain in crystalline heptylbenzoic acid 
(n = 6) at 100 K suggests that the packing pattern and intermolecular 
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interactions in this phase are determined primarily by densely packed, 
fully extended alkyl chains. 
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