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ABSTRACT 

We have investigated the Ranian spectra of four nematic 

members of the homologous series 14,14'-bis (alkoxy) azoxy-

benzene in the solid, nematic, and liquid phases for a 

spectral range of 10 7 1900 cm. These spectra show great• 

similarity, as one would expect from the similarity of their 

molecular structure. A few Rajnan modes, particularly the 

intermolecular ones, exhibit quasi-discontinuous changes at 

the phase transitions. These.changes are qualitatively in-

terpreted as the result of modification of the interniblecular 

interaction induced by the phase transitions 
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I. INTRODUCTION 

In the early days, Raman spectroscopy was mainly restrIcted to 

the investigation of molecular vibrations of individual molecules. 

With the.invention of the laser, modern Raman specroscoy has acquired 

considerable improvement both in resolution and Sensitjvitr. It is now 

possible to investigate easily the effectof intermolecular inteacion 

on the vibrational spectra and to f011ow the change of spectrum during 

phase transition. 1  In a previous pape 2  we have used Raman scattering 

to probe the phase transitions of the nematic compound p-azoxydianjsoe 

(p). In order to gain a better understanding of the interaction 

between the molecules of this type of nematic compounds in their 

different phases, and to help in the assignment.of the observed Raman 

modes, we have extended our study to other nemätjc members of the 

homologous series of 4, 1 -bis (alkoxy) azoxybenzene. In this paper, we 

report our Raman results on the four nematic compounds: p-azoxydinjso1e 

(P ) , P -
azoxydiphenotole (PA), ,'-bis (pentloxy) azoxybezene (PAB), 

and ,'-bis (hexyloxy) azoxybenzene (HAB). These compounds have the 

chemical structure RO(C 6H) 	N 2 0. - (C6H) -OR, where R is the alkyl 

chain of different lengths for different compounds as shown in Table I. 

In the liquid phase; where the molecules rotate and translate rather 

freely, one expects 	
the Ramn spectra of the four compounds to be 

quite similar except for the modes associated with the alkyl chain. 

On the other hand, in the nematic and solid phases, the spectra Should c, 

reflect the effects of intermo1ecnjr interaction due to ordering of
,  

the molecules. 	 - 
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In Section II, we give a brief description of the exerimeital 

procedure and apparatus. In Section III, the Raman spectra of the 

four compounds in the three phases are presented. Phase transitions are 

monitored by the quasi-discontjnuus change in the spectra. The results 

are interpreted tlsing the known molecular structure of these compounds 

in different phases. Finally, in Section IV, the results are summarized 

and a few, general comments are made. 

II. EXPERIMENTAL TECHNIQUES 

The experimental setup3  consisted of a Spectra-Physics Model 125 

He-Ne laser, operated at 6328 A, serving as the exciting source. Light, 

scattered in a direction normal to the direction of the exciting beam, 

was collected and analyzed by a Spex Model lI.00 double monochromator. 

The slit widths were 2,3,2 	cm respectively. Detection was 

acconp1ished via a cooled photomultiplier operated in conjunction_with 

photon counting equipment. The spectrum was then stored ánddis1ayed 

on a multichannel analyzer. 

To insure close temperature control of the sample, a Cu block 

immersed in an oil bath was used. The bath was a double walled glass 

dewar fitted with the appropriate optical windows. Temperature cotitrol 

was performed with a Hallikainen Therniotrol unit, and the sample 

temperature was monitored with a calibrated thermistor and recorded 

Continuously. For a given run of two hours, fluctuations were less 

than 0.0350C. 

The four compounds inyestigated were obtained from. atman Organic 

Chemicals and were recrystallized three times to insure a higher degree 
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of purity. Ailsolid samples were investigated in the polycrystalline 

form. 

The vibrational frequencies were determined using the emission 

lines of a neon lamp as an absolute source for frequency calibration. 

In all four compounds, there is a Raman mode at 1095 cm. This mode 

shows no appreciable change ( 15%) in its integrated intensity as the 

compounds change phases; therefore, it was used as the internal cali-

bration line for our intensity measurements. The intensities reported 

below have an accuracy well within ± 20%. 

Elastic scattering of light tends to deteriorate the quality of 

the spectrum near the laser line,. In nrr t 

background from such scattering, we made use of the iodine filter 

technique in recording the Raman spectrum between 0 and 100 cm'. The 

5145 A line from an Ar laser of Coherent Radiation Model 52, operated 

in single mode was used as the exciting light source. A glass cell 

15 cm long, filled with iodine vapor andmaintained at 95 °C was inserted 

between the sample and the entrance slit of the double monochroinator. 

The sharp and strong absorption of 12 at 5145 A enabled us to obtain 

Raman.spectra, even of the polycrystanine solids,to within 10 cm 

of the laser line without any appreciable background. 

III. RESULTS AND DISCUSSION 

For each compound, a spectral range of ±1900 cm 1 ,.about the 

exciting frequency, was investigated in the solid, neniatic, and liquid• 

phases. Figs. 14 are traces of the complete Ramanspectra,on the 

Stokes side, of these compounds They are characterized by the 
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existence of several intense and sharp modes (of the same brder as 

the 992 cm line of pure benzene). In addition, each spectrum ha 

a number of broad and weaker bands. As the compounds change from 

solidto nematic and then to the liquid phase, a few modes disappear 

while most of them decrease in intensity and become broader. Generally, 

very little difference is observed between the spectra of the nematic 

and isotropic, states, with the exception of the persistence of two 

modes at 40 and 52 cm in the nematic phase of FAA; they b'oth dis-

appear in the isotropic liquid. This indicates that the effect of 

intermolecular interaction on internal vibrational modes is weak, and/or 

the ordering in the molecular struptureof the nematic phase does not 

change appreciably the intermolecular interaction. The low-frequency 

modes which disappear in the liquid phase are presumably the intei- 
0 

molecular modes or the lattice modes. They provide a measure of the 

strength of intermolecular interaction in the substance. 

The spectra of the isotropic phase of the four compounds, 

FAA, FA, PAB, and HAB, should reflect the effects of the' alkyl chain 

on the vibrational modes of the indivival molecules. As shown in 

Figs. la.. 1 a, the spectra of the four compounds are very similar. 

Small differences, mainly in the form of changes in the relative 

intensities and small frequency shifts of the corresponding modes, are 

evident. Some weak modes which appear in one compound may be too weak 

to be detectable in the others, but all the stronger ones, except the 

l one near 1140 cm-  , do have a one-to-one corre$pondene in all the 

compounds. These results indicate that the coupling between the end 

(SQ 
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groups and the rest of the molecule is iather weak, so that the 

addition of methylene groups to both ends of the mQlecule does not 

affect the vibrational spectrum of the molecule appreciably. 

In the solid phase (Figs. 1C - )4C), the spectra], lines are 

considerably sharper, as a result of the molecules losing their rotational 

and translational freedom. More detailed structure of the spectra can 

now be seen and the effect of intermolecu],ar interaction on certain 

vibrational, modes is readily detectable. The spectral data are 

summarized in Table II, where we list the Raman frequencies of the 

four compounds in the solid state. The integrated intensity of 

various lines is given in arbitrary units normalized against the 
lO95 cm' 

mode. We have also listed the lB data arfa assignments of Maier and 

Englert. 57 
 It is interesting to note that most of the lB modes have 

their counterpart in the Raman spectra. This is not unexpected s'ince 

these molecules possess low symmetry. '  We have also reproduced the 

Raman data of Freymann and Servant 8  and Zhdanova et al. 9  for FAA. 

Thanks to the recently developed techniques for Raman spectroscopy3"3 

our spectra are of much bett'er quality than those reported previously. 8 ' 

To our knowledge, no Raman study of PM, P-AB, and HAB has ever been 

reported. 

The spectral rane shown in Figs. 1-4, can be divided into five 

regions of interest: 0 - 100 cm, 100 - 1100 cm, 1100 1225 cm
1 , 

1225 - 1300 cm', and 1300 - 1625 cm. This division is based on the 

response of these spectral regions to the change in phase and to the 

change in the composition of the end group.. No Raman line appears 
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between 1625, cm and 1900 cma. 

For the spectral region between 1300. and 1625. cm , the spectra 

of all the four compounds show no change with temperature in going 

from liquid to nematic and then to solid, except for a narrowing of 

the lines. There is also a close similarity in the spectra of the  

four compounds. The relative intensities of several modes do change 

from one compound to the next, but the frequency shifts of the correspond-

ing modes are very small. These modes clearly do not belong to the 

methylene group in the alkyl chain. Their assignment, as suggested by 

6 i Maier and Englert s given in Table TI. 

The spectral region from 1225 to 1300 cm shows a rather drastic 

change as the substances change from the solid to the nematic phase. 

No further change is observed in the nematic-to-liquid phase transition. 

While the solid spectra of the four compounds in this region aie 

fairly different, their nematic and isotropic spectra are still quite 

similar. They are characterized by two broad bands with the weaker one 

at lower frequency. In FAA, FAB, and HAB, the strong band is at 

1275 cm and the weak one at 12 1 6 cm, and in 	the' former shifts 

to 1270 crn. The detailed spectra in this region for the four com-

pounds in the three phases are reproduced in Figs. 5-8. For solid 

PAA, the composite spectrum can be decomposed into four modes at 

126, 1252, 1261, and 1276 cm with the relative inteisities being 

As we reported, earlier, 2 .  the three modes at lover frequencies 

decrease quasicontinuously at the solid-to-nematic phase transition. 

10 All the lines broaden and finally merge into two broad bands. 
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However, the integrated intensity of the 127 cm line does not seem 

to change, but the linewidth increases quasidiscontinuously at the 

transition. The above description also applies to the spectra of the 

other compounds in this region. The weaker one of the two broad bands 

in the nematic phase inceases inintenity at the nematic-to.so1id 

transition. The stronger one sets sharpened distorted, or even split 

in going to the solid phase, but its integrated intensity remains 

essentially unchanged. 

The above results indicate that the modes in this spectral region 

are strongly influenced by intermolecular interaction. The qua1itativ 

feature can be understood from the molecular structure of the cothpounds 

in different phases. The crystal structure of FAA and PA has been 

studied by Brnaj and Crawfoot 11  and more recently by Krigbaurn et al. 12  

The molecules RO-(C6H1) - N 
2  0 - (C6H)) - RO are fixed in regular 

positions with the long axes aligned approximately perpendicula to the 

(ioo) plane. They form an imbricated structure with the benzene rings 
of the two neighboring molecules either facing, 11  or perpendicular to,' 2  

each other. The RO groups should then be in close contact with the 

N20 groups. There are altogether four molecules in each unit cell. 

We expect that the se structie also describes the crystalline phase 

of PAB and HAB. In the nematic phase, the molecules are no longer 

rigidly fixed in position. They are still well aligned, but they can 

rotate more or less freely about their omlong axes. 13  Because of the 

permanent dipole attached to the RO group, we expect that the ed groups 

of a given molecule interact more strongly with neighboring molecules 
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and therefore canflot rotate.aS freely as the rest of the molecule. In 

the liquid phase, all long-range ordering breaks don, including order- 

ing in the molecular alignment. 

According to Maier and Eng1ert,'6 the modes between 1225 and 

1300 cm should correspond to the internal vibrational modes (w 3  and w)4 ) 

of the phenyl rings From the crystal structure of the nematic compounds, 

we realize that these modes are likely to be affected by intermolecular 

intraction between the highly polarizable phenyl rings of the.neighboring 

nolecules. Such interaction decreases sharply in transitiofl to the 

nernatic phase as th& molecules acquire freedom to translate and to rotate. 

As a result, the intensities of those modes which are affeted by the 

interaction may change suddenly as we have observed. Furthermore, the 

onset of the rotational freedom in the phase transition gives rise to 

the sudden broadening of all the modes. 

The spectral region between 1100 - 1225 cm 1  also shows pronounce.d 

•change in some of the modes during the solid-nematic phase transition. 

In particular, the mode around 1141 Cm shows significant changes. It 

grows from virtual non-existence in PAA into a weak line in PA and 

PAB, and finally, into a strong line in HAB. This mode should therefore 

belong to the end groups of the molecules, and is probably the twisting 

6  
mode T(CH2 ) of the alkyl chain, as suggested by Maier and Englert. 

Then, we would expect from the crystal structure of these compounds that 

this mode also should be susceptible to change of phases through the 

intermolecular interaction between RO andN0NgrouPS of neighboring 

molecules. This is indeed the case and is most clearly observed in HAB. 

- - 	 - 
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As HAB changes from solid to nematie,.the integrated intensity of the 

mode decreases by about 50%, and the line broaden. Little change is 

observed as the compound becomes isotropic liquid. In Fig. 9, we 

present the line intensity as a function of temperature. Enhasis is 

around the phase transitions. We notice that the curve exhibits a 

characteristic quasi_discontinuity at the solid-nematic transition. 

• 	Another mode of interest In this region appears at 1171 cm 1  in 

the nematic and liquid phases of all four compounds. This mode is 

fairly strong and has been assigned as the y(CH3 ) mode of the alkyl 

6  chain. When the compounds undergo transition to the solid phase, 

this mode remains unshifted in frequency in FAA; but in PAand PAB, 

it shifts quasi_discontinuously to 1178 cm , and in HAB, to 1176 cm 

The integrated line intensity however remains the same in the transition. 

In Fig. 10, we show, asan example, the temperatire dependence of 

the shift for the mode in PA. The strong inte±'molecular interaction 

between RO and NON of neighboring molecules in the solid phase Is 

clearly responsible for the observed shift. However, it is somewhat 

surprising that the same mode does not show observable shift in FAA. 

Intuitively, we would expect the intermolecular interaction to loosen 

the internal mode and therefore decrease its vibrational frequency, as 

is usually the case. However, this may not be true in general and our 

results here show just the opposite. 

-1 	
i The 1188 cm mode of HAB n the nematic or liquid phase also 

shifts to 1192 cm in transition to the solid phase. The cbrreponding 

mode at 118 cm in FAA and at 1188 cm in PAB remains, however, 
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unshifted, and in PA, it is below our signal level. 

The modes in the spectral region between 100 and 1100 cm show 

no observable change in either line intensities or frequencies as a 

function of temperature or phase, although they do get rotational 

broadening in the solid-to-nematjc transitIon. All these modes are 

relatively weak, except the ones at 911 cm and 1095 cm. Some of 

them do not show up in the higher members of the homologous series 

presumably because they are below our detection level. Maier and 

Englert6  have assigned the modes above 650 cm in this region 

(Table II), but the available tables on molecular vibrations 14. show 

that no mode attached to any molecular group in the nematic molecules 

would have a frequency lower than 60 cm. We believe that the modes 

below 600. cm are probably combination modes since the.ir frequencies 

agree to within a few cm with the difference frequencies of the 

observed strong lines in the region of 900 - 1600 cm. The weak modes 

between 600 cm and 900 cm can also be the combination modes arising 

from the anharmonic interaction of modes at higher frequencies, 

which we have not investigated. 

Finally, the spectral region between 0 and 100 cm is of great 

interest. In solid FAA, we previously, reported the observation of three 

Raman modes at 40, 52, and 72 cm. 2  With the 12 filter tehniques, 

we were able to detect an additional sharp mode at 21 cm 1 . All the 

four modes remain unchanged both in frequency and in intensity, as the. 

temperature increases from 20 °C up to ll) °C (about 2.5 0C below the 

solid-nematic transition temperature). In undergoing transition from 
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solid to:.nematic, the intensities of thesemodes change quasi-

discontinuously, but their frequencies remain unshifted within our 

resolution limit (< 2cm 1 ). The 21. cm 1  and 72 cm' modes disappear 

in the nematic phase, but the 40 cm and the 52 cm modes prsist. 

Then, the latter two modes also disappear quasi-discontinuously at the 

nematic-to-liquid transition. From these results, we conclude that 

these low-frequency modes are most likely the intermolecular modes 

between the CH3O_(C6H))_N20 groups of neighboring molecules,aid should 

be affected primarily by short-range ordering. 2  Recently, Bulkin and 

Prochaska15  have reported the Raman spectra of a FAA single, crystal 

in the same spectral region. The spectrum is better resolved and 

clearly indicates the presence of a few other modes. Their spectrum 

of polycrystalline FAA also shows only four modes, but their results 

of spectral change as a function of temperature is different from 

ours. Consequently, their interpretation of the low-frequency modes 

is also different from ours. In particular, we see no evidence of 

the existence of soft modes shifting towards zero frequency in 

approaching the solid-nematic transition. We believe that near phase 

transitions, temperature stability of the sample is of prime importance 

for obtaining reproducible spectra. . That we can control our sample-

temperature to within ± 0.03 °C makes us confident in our results. 

In solid FA and PAB, we have observed one broadband at 54 cm 1  

and at 37 cm respectively. This low-frequency mode disappears 

quasi-discontinuously, without detectable frequency shift at the 

solid-to-nematic transition. In HAB, no low-frequency mode was detected. 
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These results are consistent with the assertion that the low-frequency 

modes are the intermolecular modes connected with the end groups. A 

longer alkyl chain in the end group means a lexger molecular weight 

for the end group, and hence a smaller frequency for the intermolecular 

vibrational mode. 

In analyzing our data, we have also sought to verify the recent 

suggestion by Callender  andPershanl6 that the rotational side bands 

of a sharp Haitian mode may be observable for compounds in the nematic 

phase. Our results indicate a clear onset of rotational broadening 

of all sharp lines at the sQlid-to-nthatjc transition; however, no 

discrete rotational side bands were detected. This is, in fact, what 

one would expect from the usually strong lifetime broadening of 

vibrational modes in condensed matter. 

IV. CONCLUSION 

We have shown the similarity, in the Raman spectra, of the ±iematic 

members of the homologous series of 4 9 1 -bis (alkoxy) azoxybenzene. 

The results help us in making assignments of the observed lines to the 

various intra- and inter-molecular vibrational modes. We have also 

shown the effects of phase transitions on the Haitian spectra. They 

can be qualitatively interpreted in terms of the change in the inter-

molecular interaction from the known modes of molecular structure of 

the nematic compounds in different phases 

The spectral change shows the characteristicquasi_discontinjty 

at the phase transitions (ee Figs. 9 and 10). In principle, it can 

be used to investigate the nature of the phase transitions. For a 
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quantitative interpretation, statistical calculations, based on some 

model of order-disorder phenómen, '  should be carried out. Since 

the Raman spectra here are primarily affected by short-range ordering, 

a calculation taking into account only thenearest_nejghbor interaction 

would probably be sufficient. 
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Table I. Chemical Structure, Abreviations, and Nematic Temperature 

range for the Compounds Studied. 

Table II. Frequencies, Intensities, and Assignments of the Compounds 

Studied. 
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Tablel 

Chemical Structure, Abreviations, and Nematic 

Temperature Range for the Compounds Studied 

H 	H 

R 

 0 N N 

	

R 

H 	H 

R 	 Name 	 Abreviation nematic 
range ( ° C) 

CH 3 	4.4' azoxydianisole 	 PAA 	116-134 
C2 H 5 	4,4'-azoxydiphenotole 	 PA(D 	136-168 
C5 H 11 	4,4'-bis (pentyloxy)a zoxybenzene 	PAB 	78-123 
C6 H 1 3 	44' bis(hexyloxy)azoxybenzene 	HAB 	84-127 

XBL 714-772 
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Ta1e II. Freuencies ,t Intensities, and Assignments of the Studied Compounds. 

PAA PM' PP.B RAB Assinzgent 

This 
Ref. 8 Ref. 9 Ref. 6 Ref. 6 Ref. 6 ThIS 	Ref. 6 (Ref. 	6) 

work 

21 (6) 
37B 6)  . . . 

14o(7) 
514B(1J4) 

52 (9) 

72(18) 
 

210B(,) 213 

317 (5) 313 31(6) 31(7) 

360B(,) 365 

1417 	(5)  

14714 	(') 
1467B(14) 

14914 	() 
. 14914B(19) 

536 (2) 5143 

611B(2?) 618 . 

629B(3) 637 
628B (6)  628B (7)  629B (7)  

670 (6) 678 667 669 
671B(3) 665 663 

.717 718 718sh 718 
r3 

725 (5) 733 723 	. 7214(?) 726 714B3 7214 

813 
. 

731 728 	. p(CH2 ) 

753 

sh 778 

753 

756sh 
770 787 788 p(Cd2 ) 

797 	(14) 806 805 800 799 

sh• 
837 . 810 807. 

832(5) 836 81414 833B(2) 831 835 y 

8143 

8148B (6)  850B2 
853 - 
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Table II (cont.) 

PAA 'PAO PAB - KAB Assignment 

ThiS Ref. 8 Ref. 9 Ref. 6 
work 

Ref. 6 This 
Ref. 6 Ref. 6 

work 
(Ref. 	6). 

work 

892 897 p(CH3 )? 

911(20) 914 908 
911B(8) 

914 910(7) 910 910(11) 	910 

922 942 

943 938 948 935 

959 966 958 7 

978 

988 

1006 1008 . 	 1008 

- 

00  

1007" 
 

1013 . 	 . . . 

1020 . 1017 

1028 
. 1028 

1045 

1058 

1060 1068 

1078 .- . . 

- iO88' 

W95(36) 1094 1103 1091 1095(27) 1099 1095(17) 1097 1095(31) 1096 
A 

. 1109sh 1110sh 
 

114 1112 1122 1115 
1114B (11)11.22  15B(1) 

1118 
1113B(2) 1li8 

1143 . 1142B(14)1129 	
. 1141(100)1129 T(CH2) 
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Table II (cont.) 

PAL PA$ PAB HAB Azignment 

This 
Ref. 8 Ref. 9 Ref. 6 

This 
Ref. 6 Ref. 6 k.  Ref. 6 (Ret 	6) 

work 

1157(6) 1154 13.598(14) 1160 11598(2) 1157 1156(3) 1157 63  

1165 1167 

1171(148) 1114 1180 1181 1178(18) 
117sh 

1178(18) 11T1' 1176(25) 2 T(CH3 )? 

1186(14) 1195 1188(2) 1192(25) i203 

1203 

1220'(11) 1225 
1218sh 

1220(4) 1217 1221(4) 1216 3.2198 (2) 1221? 

12146(85) 12147 1253 1250 1246(32) • 1253 1246(47) 12518 

1252(19) 1260 1253(7?) 12588 .1261(19?) 
*sh 

1261(67) 1262(8?) - 1260(28) 1268(75) 

1271(14) 

1276(100) 1276 1284 1277 1280(82) 1278 
1271(100)12703h 

1218(50) 1281 
sh 

1281(11) 
. . . y(C2) 

1301(5) 1308 - 1300 1300(T) 1300 1300(2) 1302 130012) 

131AUsl 1328 1311 l3198) 1320 1320TA 1320 1320(41) 1318 
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FIGURE CAPTIONS 

Fig. 1. Complete Raman spectra of FAA in the thrèehaés: (a) liquid 

phase at T = 136.7 0C; (b) nematic phase at T 116.8°c; (c) soiid 

phase at T = 113.9 0 C. 

Fig. 2. Complete Raman spectra of PA in the three phases: (a) liquid 

phase at T = 110.2 0C; (b) nematic phase at T 136.9°C; (c) solid 

phase at T = 13 14.2 ° C. 

Fig. 3. Complete Raman spectra of PAB in the three phases (a) liquid 

phase at T = 125.1 °C; (b) nematic phase at T = 19.1 °C; (c) solid 

phase at T = 76.6 0 c. 

Fig. 4. Complete Ranan spectra of HAB in the three phases: (a) liquid 

phase at T = 129.3 °C; (b) neniatic phase at T = 86.1 0 c; (c) solid 

phase at T = 82.1 ° C. 

Fig. 5. Detailed Raman spectra of FAA in the spectral region of 

1225-1300 cm: (a) solid phase at 113.9 °C; (b) nematic phase at 

116.8 0 c; (c) liquid phase at 13 )4.8° C. 

Fig. 6. Detailed Raman spectra of PkD in the spectral region of 

1225-1300 cm': (a) solid phase at 13)4.2 °C; (b) nematic phase at 

136.9 ° C; (c) liquid phase at 170.2 ° C. 

Fig. 7. Detailed Raman spectra of PAD in the spectral region of 

1225-1300 cm: (a) solid phase at 76.6 0 c; (b) nematic phase 

at 79.1 °C; (c) liquid phase at 125.1 °C. 

Fig. 8. Detailed Raman spectra of HAB in the spectral region of 

1225-1300 cm: (a) solid phase at 82.1 °C; (b) nematic phase at 

86 1 °C, (c) liquid phase at 129 3°C 
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Fig. 9. Normalized integrated intensity of the 1141 cm. mode of 

HAB as a function of temperature. 

Fig. 10. Temperature dependence of the 1178 cm shift in PA. 
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