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ABSTRACT

We ‘have investigeted'the Raman spectra of feur nematic
members of the homologous series k4 h'—bls (alkoxy) aeoxy—

_ benzene in the solid, nematlc, and liquid phases for a
spectral range of lO - 1900 cm l. These spectra‘show great
vsimilafity, as one woﬁld expect from.the similarity of their
molecular structure. A few Raman modes, particularly the-
intermolecular ones, exhibit qua51—dlscont1nuous changes at
the'phase transitions. These changes are qualltatlvely 1n—
terpreted as the result of modlflcatlon of the 1ntermolecular

1nteractlon 1nduced by the phase trans1tlons.
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I. INTRODUCTION -

In the early days Raman spectroscopy was mainly restrlcted to

the 1nvest1gatlon of molecular vibrations of individual molecules

- With the invention of the laser modern Reaman spectroscopy has acqulred

considerable 1mprovement both in resolutlon and sen51t1v1ty. It is now
poss1ble to 1nvest1gate ea81ly the effect of 1ntermolecular 1nteractlonv
on the v1bratlonal spectra and to follow the change of spectrum during
phase tran81tlon.l In a prev1ous paper2 we have used Raman scatterlng
to probe the phase transitions of the nematic compound p-azoxydlanlsole
(PAA) In order to gain a better understandlng of the 1nteract10n
between the molecules of this type of nematic compounds in their
dlfferent phases, and to help in the a551gnment -of the observed Raman
modes, we have extended our study to other nematic members of the

homologous serles of 4 h'—bls (alkoxy) azoxybenzene In this paper, we

- report our Raman results on the four nematlc compounds p-azoXydianisole

(PAA), p—azoxydlphenotole (PAD), 4 h'-bls (pentyloxy) azoxybenzene (PAB),

and 4,4'-pig (hexyloxy) azoxybenzene (HAB). These compounds have the

chemical structure RO- (C_H, ) - N 0 - (C ) -;OR Where R is the alkyl
67k

6™y

~chain of dlfferent lengths for dlfferent compounds as shown in Table I.

In_the llquld phase, where the molecules'rotate and translate rather
freely,fone expects  the Raman spectra of the four compounds to be
quite similar except for the modes assoc1ated W1th the alkyl -.chain.

On the other hand, 1n the nematic and solid phases the spectra should
reflect the effects of 1ntermolecular 1nteractlon due to orderlng of

the’ molecules.
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In Sectlon II we glve a brlef descrlptlon of the experlmental
procedure and apparatus. In Sectlon 111, the Raman spectra of the
four compounds in the'three phases are’presented Phase transitions are
monitored by the quasi-discontinuous change in the spectra The resulte
_ are 1nterpreted using the known molecular structure of these compounds
in dlfferent phases. Flnally, in Sectlon IV the results are summarlzed
and a few general comments are made. |
II. EXPERIMENTAL TECHNIQUES
The experimental setup3 consisted of a Spectra—Phy81cs Model 125
He-Ne laser, operated at 6328 A, serving as the excltlng source. Light,
scattered in a dlrectlon normal to the direction of the exc1t1ng beam,
- was collected and analyzed by‘a Spex Model lhOO double monochromator.
The slit w1dths were 2,3,2 cm—l respectlvely. Detection was .

_._accomplished via a cooled photomultlpller operated in conjunction w1th

photon counting equlpment. The spectrum was then stored and dlsplayed

on a multichannel analyzer.

To insure close temperature control of the sample a Cu block

"1mmersed in an 011 bath was used. ' The bath was a double walled glass

dewar fitted with the approprlate optical w1ndows Temperature control

- contlnuously. . For a-given-run,Of two hours, fluctuations were less

than 0.035°C

. The four compounds 1nvest1gated were obtalned from Eastman Organlc

- Chemicals and were recrystallized three times to 1nsure 8 hlgher degree
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of purity. Allsolid samples were investigated in the.polycrystalline
form.

The'vibrational freouencies were determined using the emission
lines of a neon lamp as an abSolute source for freduency calibration.
In all four compounds, there 1s a Raman mode at 1095 em l., This mode
‘shows no apprec1able change (<'157) in its 1ntegrated 1nten51ty as the
compounds change phases therefore, it was used as the internal cali-
bration line for our intensity measurements. " The 1nten51t1es reported
below have an accuracy well within + 20%. |

Elastic scattering of llght tends to deteriorate the quality of
the spectrum near'the laser line. In order to minimize the noise

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

‘ L4
‘technique in recordlng the Raman spectrum between 0 and 100 cm l. The

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

in single mode was used as the exc1t1ng light source. A glass cell

.15 em long, filled with iodine vapor and maintained at 95°C was inserted

between the sample and the entrance slit ofvthe double monochromator.'
The sharp and strong absorption of I2 at 5145 A enabled us to obtain
Raman spectra, even of the polycrystalline solids, to within 10 cm l
of the laser line without any appreciable background..
| | IiI. RESULTS AND DISCUSSION

For each compound, a spectral range of 1900 cm-l,:about the.
exciting frequency, was'investigated in the’solid knematic, and'liquid'
phases. 'Figs 1-4 are traces of the complete Raman . spectra, on the f

Stokes s1de, of these compounds.: They are characterized by the "
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‘existence of several intense and sharp modes (of the same order as
the 992 cm -1 llne of pure benzene). In addition, each SpectrUm'has
a number of broad and weaker bandsr As the‘compounds change from,
solid to nematlc and then to the liguid phase, a few modes disappear
~while most of them decrease in 1nten51ty and become broader Generally,
very llttle dlfference is observed between the spectra of the nematic
and 1sotrop1c states, with the exceptlon of the pers1stence of two
modes at hO'and 52 cm ; in the nematic phase of PAA' they«both dis-
appear in the isotropic liquid. This 1nd1cates that the effect of
1ntermolecular interaction on internal v1brat10nal modes is weak, and/or
the orderlng in the molecular structure of the nematic phase does not
change apprec1ably the intermolecular interaction. The low-frequency
modes Wthh dlsappear in the llquld phase are presumably the inter-
molecular modes or the- lattlce modes. They prov1de a measure of the
strength of 1ntermolecular 1nteractlon in the substance.

The spectra of the isotropic phase of the four compounds,
PAA, PA®, PAB, and HAB, should reflect the effects of the'alkyl chain
ori the vibrational modes of the 1nd1v1dual molecules As shown in
Flgs. la ~ La, the spectra of the four compounds are very slmllar.
Small differences, Amalnly in the.form of changes in the relative
intensities and small frequency shifts of the correspondlng modes, are
ev1dent 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
one near llhO cm ;, do have a one-to-one correspondenCe in all the

‘compounds. These results 1ndlcate that the coupling between the end
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groups ahd:the rest of .the molecule is rather weak, S0 thafvthe
addition of methylene groups to both ends of the molecule does not
affect theivihrational spectrum of the‘molecule appreciably.

In the solid phase (Figs. 1C -‘hC)‘ the spectral lines are
con51derably sharper as a result of the molecules los1ng their rotatlonal_
and translastional freedom. More detalled structure of the spectra can
now be seen and the effect of 1ntermolecular 1nteractlon on certaln
vibrational modes is readlly detectable. The spectral dats are
sumharlzed in Table II, where we list the Raman frequenc1es of the’
four compounds in the soliq state. The lntegrated 1nten31ty of
varlous lines is glven in arbitrary units normalized against the 1055 cm -1
mode we have also llsted the IR data any a331gnments of Maier and
Englert, 5 =7 It is 1nterest1ng to note that most of the IR modes have
thelr counterpart in the Raman spectra. This is not unexpected since .
these molecules possess low symmetry. We have also reproducedvthe ’

Raﬁan data of Freymann and Servant8 and Zhdanova et a1.9 for PAA.

Thanks to the recently'developed techniques for Raman spectroscopyl’3

our spectra are of much better quality than those reported prev1ously 29
To our knowledge no Raman study of PA®, PAB, and HAB has ever been |
‘"reported.

The spectral ranée shown'in Figsf‘l-h, can be divided intorfivé
regions of interest: 0 - 100 em™, 100 - 1100 cm—l,'llOO - 1225 en™?,
1225 —’l3OO.cm-1, and 1300 - l625vcm-l. This division is based on the

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

change in the compos1t10n of the end groups No Raman line appears .
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between“1625fcm-l and 1900 cm™. »
For the spectral region between 1300.end'1625.Cm*1, the spectra

of all the four compoﬁnds show no change with temperature'in going

from iiquid to nematic and then to solid; ekcept for a narrowing of

the lines. There is also a close similarity 1n the spectra of the

four compounds. The relatlve 1nten51t1es 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 chaln Thelr assignment, as suggested by
Maier and Englert6 is given in Table IT.
The spectral'region from 1225 to 1300 cm_l shows a rather drastic

change asvthe substences cﬁenge from the solid‘to the nematic phase.

No further change is observed in the nematic—to-liquidvphase transition.
While the solid spectra of .the four compounds in this regiom are-
fairly different, their nematic and isotropic spectra are still qulte
similar. They are characterlzed by two broad bands ‘with the Weaker one
at lower frequency. In PAA, PAB, and HAB the strong band is at

1275 cm_l and,the weak one at 1246 cmql, and in PA®, thenformer shifts
to 1270 cm_l. AThe detailed spectra in this region for the four com-
pounds im the three phases are reproduced'in‘Figs 5i8 For solid’

PAA, the compos1te spectrum can be decomposed into four modes at

1246, 1252, 1261, and 1276 cm - with the relative intensities being
L:1:4:6, As we repo'rt_edvearlier,2 fhe three modes at lower frequencies
decrease quasicontinuously at the solid-to—nematic phase transition.

All the lines broaden and finally merge into two broad'bends.;o

<
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However, the integrated‘intenSity‘of the 1276 cm llne does not seem
to change but the llnew1dth 1ncreases quas1dlscont1nuously at the
tran51tlon. The above descrlptlon also applles to the spectra of the
other compounds in this region. | The weaker one of the two broad bands
in the nematic phase inereases in- 1nten51ty at the nematlc-to—solld
transition. The stronger one gets sharpened distorted, or even spllt
in going to the solid phase, but its integrated 1nten51ty remains
essentlally unchanged.

The above results indicate that the‘modes 1n thls spectral region

are strongly 1nfluenced by 1ntermolecular 1nteractlon. The_qualitativé

- feature can be understood from the molecular'structure‘of the compounds:

in different phases. The crystal structure of PAA and PA® has been
studied by Bérnal and Crawfootll and more recently by Krigbaum et al 12

The molecules RO~ (C6H ) - N 0 - (C6Hh) - RO are fixed in’ regular

positions with the long axes allgned approximately Perpendicular to the
(100) plane. They form an imbricated structure with the benzene rings

of the two neighboring molecules wither facing,ll 12

or perpendicular to,
each other. The RO’ groups should then be in close contact with the
NQO groups. There are altogether four molecules in each unit cell.

We expect that the same structure also describes the crystalllne phase

of PAB and HAB. 1In the nematlc phase the molecules are no longer

rigidly fixed in position. They are stlll well allgned but they can
rotate more or less Ireely about thelr own long axes. 13 Because of the
bermanent. dipole attached to the RO group, we expect that the end_groups

of a given molecule interact more strongly with neighboring molecules
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and therefore cannot rotate.as freely as the rest of the molecule. In
tne llquld phase, all long-range ordering_breaks‘down; includingforder—
ing in the molecular allgnment. ‘ |

According to Maier and Englert“5’6 the modes hetween 1225 and

13oo_cﬁ‘l should correspond to the internal vibrational modes (w3 and wh)'

‘ of the phenyl rlng‘ From the crystal structure of the nematlc compounds,

we reallze that these modes are likely to be affected by 1ntermolecular
1nteractlon between the hlghly polarlzable phenyl rlngs of the. nelghborlng

molecules. Such 1nteract10n decreases sharply in transition to the

nematlc phase as the molecules acquire freedom to translate and to rotate.
5 & result, the 1nten31t1es of those modes which are affected 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 broadenlng of all the modes .

The spectral region between llOO - 1225 cm -1 also shows’pronounced

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

In particular,'the mode around 1141 em™ L shows significant.changes. It

grows from virtual non—ex1stence in PAA into a weak line in PA® and
PAB and flnally, into a strong line in HAB. This mode should therefore

belong to the end groups of the molecules, .and is probably the tw1st1ng

mode T(CH ) 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 susceptlble to change of phases through the
1ntermolecular 1nteract10n between RO and NON ~groups -of neighboring

molecules. ThlS is indeed the case and is most clearly observed in HAB
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As HAB changes from solid to nematic the integrated 1nten51ty of thev
mode decreases by about 507 and the 11ne broadens. thtle change is
observed as the compound becomes 1sotrop1c liquid. 1In Fig. 9, w
present the line intensity as a function of temperature. Emphasis‘is
around the‘phase transitions. We notice that the curve exhlblts =
'characterlstlc qua51—dlscont1nu1ty at the solid-nematic transitlon.

Another mode of interest in thls region appears at 1171 cm = in
the nematlc and liquid phases of all four compounds. This mode is
fairly strong and has been assigned as the Y(CH ) mode of the alkyl
'chaln.6 When the compounds undergo trans1t10n to the solid phase,
this mode remalns unshifted in frequency in PAA; but in PA® and PAB,
it shifts quas1-dlscont1nuously to 1178 cm l, and 1n ‘HAB, to 1176 cm l.
The 1ntegrated line 1nten31ty however remains the same in the tran81tlon.
In Flg lO we show, as an example, the temperature dependence of
the shlft for the mode in PA®. The strong intermolecular interaction»
between RO and NON ofvneighboring 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 PAA;
lIntuitively; wé ﬁould erpect the intermolecular interaction to loosen
the internal mode and therefore decrease its v1bratlonal frequency, as
is usually the case. However, this may not be true 1n»general and our
results here show Jjust the oppos1te.~

The 1188 em -1 ‘mode’ of HAB in the nematic or liquid phase also
shifts to 1192 enm -1 in tran31t10n to the solid phase. The cbrresponding

mode at 1186 cm - in PAA and at 1188 cm_l in PAB remains, however,
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unshifted, and in PA@;.it is below our signal leyel.

The modes in the spectral region betiveen 1booand_1100_cm'; show
no observable change in either line intehsities or frequencies as g
function of temperature or phase, although they 'do get rotational
broadenlng in the solld-to-nematlc tran31tlon. All these modes are
relatlvely weak, except the ones at 911 cm -1 and 1095 cm_l. Some of
them do not show up in the hlgher members of the homologous series

presumably because they are below our detection level. Maier»and

’Englert6 have assigned the modes‘above 650 cm-l in this region

(Table’iI), but the available tables on molecular vibretionslh'show
that no mode attached to any molecular group in the nematic molecules
would have a frequency lower tﬁan 650 cm_l. We believe that the modes
below 600_cm_l are probably combination modes since their frequencies
agree to within a few cm—l with the aifference frequencies of the
observed strong lines in the.fegioo of:900 - 1600 cm_l. The wesk modes
between 600 cm—l and 900 cm_1 can also be the combination modes-arising

from the anharmonic interaction of modes at higher frequencies,

which we have not investigated-

Flnally, the spectral reglon between 0 and 100 cm -1 is of great
interest.‘ In solid PAA, we prev1ously reported the observatlon of three
Raman modes at hO 52, and 72 cm 1.2 With the 12 filter tec‘hnlques,h
we were able to detect an addltional sharp mode at 21 cm l. All*the‘
four modes remaln unchanged both in frequency and‘in_intensity as the.

temperature increases from 20°C up to 114°C (about'2;5°C below the’

-solid-nematic transition temperature). 1In undefgoing transition from
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solid to' nematic, the intensities of these modes change quasi-
discontinuously, but their frequencies remain unshiftedfwithih our
resolution limit_(<'25cm—l),’ The 21 cm ™~ and 72 cm T modes disappear

in the nematic phase, but the 40 emt

and thé 52 cm-'l modés'persist.
Thén; thé’lattér two modés'also disappéar quasi-discontinuousiy atvthe
hematic—to—liqﬁid transition. From these résﬁlts, ve conclude that .
thése low«fréqﬁéncy modes are most likely the intermoleéuiar modes

between the CH3O-(C6Hh)-N2O groups of neighboring molecules, and should

be affected,priﬁarily by short-range ord_ering.2 Recently, Bulkin and

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

in the same spectral region.’bThe spectrum is better resolved and

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

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

of spectral change as a function of temperature is different from

oufs. Consequently, ﬁheir intefpretation of the low-frequency modes

is also different from ours. In particular, we see no e?idence'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 reprcducible spectra. . That we can control ou? sample -
temperature to within ivb.03°C makes us confident in our results.

| | In solid PA@ and PAB, we ha?e observed one broad bana'at 5k cm_l

and at 37'cm_l 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 cons1stent with the assertion that the low-frequency
modes are the 1ntermolecular modes connected w1th the end groups. A
longer alkyl chain in the end group.means a larger molecular weight
for the end group; and hence a smaller frequency for the intermolecular
v1bratlonal mode.

In analyzlné our. data; we have also sought to verlf& the recent
suggestlon by Callender and- Pershan16 that the rotational side bands
.of a sharp Raman mode may be observable for compounds in the nematic
phase._ Our results indicate.a clear onset of rotational brOadening
of all sharp llnes at the solid-to-nématic ' tran51tlon hOWever _no
discrete rotational side bands were detected. This 1s,'1n fact what

one would expect from the usually strong lifetime broadenlng of

“vibrational modes in condensed matter.

IV. CONCLUSION
We have shown the similarity, in the Raman spectra, of the nematlc o

members of the. homologous series of 4,L'-bis (alkoxy) azoxybenzene.

} The results help us in maklng ass1gnments of the obserwed llnes to the

various intra- and inter-molecular vibrational modes Wevhave also
shown the effects of phase transitions on the Raman spectra. They
can be qualltatlvely interpreted in terms of the change in the inter-
molecular interaction from the known modes of molecular structure of

.

The spectral change shows the characteristlc qua51—discontindity_

-

at the phase trans1tlons (see Figs. 9 and 10). 1In principle,‘it can

be used to investigate the nature of the phase transitions. For a



1l " . ' UCRL-2056)

quentitative interpretation, statistical calculations,'based on‘séme'
model of order-disorder phehbmena,17 should be carried out. Since

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

a calculation taking into account only the'nearest—néighbor interaction

would probably be sufficient.
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TABLE CAPTIONS -
Table I. Chemical Structure; AbreViations, and Nematic Temperature
‘range for the Compounds Studied.
. + co o :
Table II. Frequencies , Intensities, and Assignments of the Compounds

Studied.
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Table |

Chem_idal Structure, Abréviations, and Nematic
Temperature_ Range for the Compounds Studied:

Name

4.4 azoxydianisole

4,4’-azoxydiphenotole
4,4’-bis (pentyloxy)azoxybenzene
4,4'-bis(hexyloxy)azoxybenzene

Abreviation

PAA
PA®
PAB

" HAB

UCRL-20564

ne_matic‘
range (°C)
116—-134 .
. 136—168
. 78-123
- 84-127

XBL 714-772



Table II. - Frequencies,*

This
work

21 (6)"

Lo (T)
52 (9)
72 (18)

2103(1)

23uB(2)

317 (5)
~ 360%(2)
k17 (5)
w7k (2)
Lok (5)
536 (2)

6113(2?)

- 629°(3)
670 (6)

725 (5)

797 (1)
8325(5)

 8usP(6)

PAA

213

. 313

365

543
618

637
6718

733

806

Ref. 8  Ref. 9 Ref. 6

667

T

723

153

756°"
805 -

836

PA®
This
work

suB(1L)

- 3188(6)

467(1)

628?(5)

T24(7)

- 837

Ref. 6

669
718
726
813

770

aul

This
work

C7213(3) 72k

o

PAB

O

3178(7)

By

6283(7)
6715(3) €65
7185E

7313

778sh
787
800

810

833°(2) 831

850°(2) 853

Ref. 6

~ UCRL-2056k4

Intensities, and Assignments of the Studied Compounds .

HAB

This
‘work

629°(7)

" Ref. 6

663

_718'

728

53

Assignment

(Ref. 65

o(CH,) W
w4 p(CH,)
Y
’ e
Y
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Table II (cont.)
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FIGURE CAPTIOQNS

1. Complete Raman spectra of PAA in the three phases: (a) liguid

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

i

phasé at T = 113.9°cC.

2. Compiete>Raman spectra of PA® in thé three phases: (a) liquia
phase at T = 170.2°C; (b) neﬁatic phase at Ti= 136.9°C; (c) solid
phase athv=‘l3h}2°C. | |

3. Compiete'Raman spectra of PAB in the three phases (a) liquid
phase at T = 125.1°C; (b)‘nematic phaéé'at T =L79.l°C; (¢) solia
ﬁhasé at T = 76.6°C.

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

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

82.1°c.

phase at T
5. Detailed Raman spectra of PAA in the spectral region of

l225—1300.cm_l: (a)-solidiphase at’ll3.9°C; (b) nematic phase at

© 116.8°C; (c) liquid phase at 134.8°C.

Fig.

. 1225-1300 cm "

‘Fig.

Fig.

6. Detailed Raman spectra of PA® in the spectral‘region of
1. (a) solia phase at 134.2°C; (b) nematic phase at
136.9°C; (c) liquid phasé at.170.2°C.

T.. Defailed Raman spectra of PAB in the speqtral fegion-of
1225-1300 em™t: (a) solid phésé at 76.6°C; (b) nematic phase

at 79.1°C; (c) liquidvphase at'125.l°C. 7

8. Detailed Raman spectra of HAB in the spectfﬁi region of |
1225—1300 em™t: (a) solid phase a£ 82.1°C; (b) nematic_phasg at

86.1°C; (c) liquid phase at 129.3°C.
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Fig. 9. Normalized integrated intensity of the 114l cm-.l mode of

HAB as é function of‘temperature.'

Fig. 10. Temperature dependence of ‘the 1178 cm—l shift in PA®.
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