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! ABSTRACT
lnareplylnmmmi:mshyﬂirchami'fammd{limfnrhnframdpeuksin
acetonitrile, it is argued that the 10 to 20 % uncertainty in the data obtained by these authors
is 100 high for any conclusion to be drawn, that the purported comparison with the data of G.
J. Evans {2-4} is spurious, and that Birch and Yarwood did not refer to a key theoretical
paper by Coffey et al. {5} which demonstrates analytically and numerically that far infra red
peaks are feasible and are a general feature of the liguid and liquid crystalline states of

matter. No reference was made {1} to the key experimental data of G. J. Evans {8}.

INTRODUCTION

Recently, G. J. Evans {2-4} has pioneered far infra-red power absorption spectra of
liguid crystals and molecular liquids in which underlying structure was resolved. These
spectra were obtained under a variety of conditions and were checked for reproducibility. For
example, aliasing was removed with careful use of filters, and the noise level in the power
absorption coefficient reduced to about +1%. These prominent features cannot therefore be
attributed to simple artifact. Repeated, careful, measurements over a period of some thirty six
man months, with several permutations of apparatus, demonstrated reproducibility and
repeatability. Shortly after this work appeared, the first complete theoretical explanation of
far infra red peaks was produced by Coffey, Corcoran and M. W. Evans {5} using the well
accepted itinerant oscillator model {6,7} of the liguid state of matter. The latter was re-
worked in terms of normal modes. The analytical theory was tractable when stochastic
torques are weak in comparison with their deterministic counterparts, and the analytical
ticory Tovealed & peak siructure in liquids in the far infia sed. This stractare consiskent of




several harmonic frequencies for the simplest type of itinerant oscillator, described by eqns
(1) and (2) of ref, {5}.inwhichtheremu;1'smlyonefundnmmlfmquency. it was found
numerically that the peak structure persists even when the stochastic friction is significant
{5}, i.e. under conditions normally associated with the liquid state. The results of the
calculation were presented {5} essentially in terms of complex dielectric loss, (Figs. (1) and
(2) of ref. {5}). Translated into power absorption coefficients, these theoretically produced
peaks dominate the spectral landscape. By varying the theoretical parameters {5} it was found
possible to broaden and sharpen the peak structure and to shift the relative positions of the far
infra red resonances and broad, lower frequency, dielectric loss.

The key experimental work of G. J. Evans, and theoretical work of Coffey et al.
show that a well resolved structure in the far infra red spectrum of molecular liquids can be
reproduced analytically or numerically. By developing the theoretical ideas for use with
cosine potentials {6}, or a more realistic representation of intermolecular potentials, it
becomes obvious that the far infra red spectrum of liguids is always made up of combination
of peak patterns. This conclusion follows straightforwardly from the anmalytical solution, egn.
(17), of the itinerant oscillator model used by Coffey et al. {5}.A'hmadhand'inﬁfar
infra red may be due to insufficent resolution, or to the fact that the overlapping peak
structure is so dense that many resonances occurring close together in frequency produce the
appearance of a broad band.

In a recent comment, Birch and Yarwood {1} claim to have repeated some
measurements by G. J. Evans {2-4} on liguid acetonitrile, but did not refer to the key paper
by Coffey et al. {5}. Nor did they refer to the experimental paper of G. J. Evans {8} in
which structure was clearly resolved in nematogenic liquid crystals, and the effect of



magnetic and electric fields on these nematogens carefully evaluated. The reproducibility of
the data by G. J. Evm{B}wmdemmsu;mdbymfmmasinglecrysmlofmm
{8}. The present paper is a reply to the comments made by Birch and Yarwood, comments
which were not communicated to the present authors in preprint or reprint form. This lack of
communication is surprising in view of the claim by Birch and Yarwood (p. 222 of ref. {1})

that their work was intended "as a check on earlier work"” of G, J, Evans {2-4}.

1. REPLY TO EXPERIMENTAL COMMENTS.

The data on acetonitrile produced by Birch and Yarwood {1} have a quoted
uncertainty of 10 to 20 wavenumbers. Presumably this means that the uncertainty in the
measured power absorption coefficient was up to +20 neper cm_ |, It was claimed that the
measured absorption spectrum was in good agreement with “the indirect measurements of the
same study”™, presumably refractive indices {1}. It appears therefore that the uncertainty in
the latter was equivalent. On the basis of these data it is asserted {1} that if discrete features
were present in the far infra red spectrum of liquid acetonitrile "they must be less intense
than the levels implied by the random uncertainties in the measurements”. It is claimed,
finally, that these random uncertainties were less than the levels in the earlier studies,
presumably those of G. J. Evans {2-4}. Apparently, these comments are meant as scientific
criticisms, although there has been no direct communication with the present authors. The
latter reply as follows.

1) The structure obtained by G. J. Evans {2} in liquid acetonitrile was not random but

reproducible and repeatable. The data in which peak structure was most prominent were not




obtained in acetonitrile, but in liquid crystals subjected to electric and magnetic fields { g}
Birch and Yarwood {1} do not refer to this work.

2) The large uncertainty of up to ¥20 neper cm_  in the data of ref. {1} means that no
comlusimaﬂbedmvn.Thuwﬁmmmhummimyismmmmindwworkof
G. J. Evans {2-4) is unfounded and incorrect.

Referring to Fig. (2) of ref. {2} by G. J. Evans it is immediately obvious that the
noise level is less than that published in Fig. (5.3.12) of ref. {1}. This makes nonsense of
any claim to the contrary in ref. {1}. It is mentioned in ref, {2} that "Yarwood et al. do not
appear to resolve the same detail, which could be the consequence of their averaging
procedure in obtaining the spectrum, and any consequent data reduction.” The key feature
reported in ref. {2;ismmuwwacm'fmmmofwhicnisimwwm
independent measurements with a submillimetre laser, and by interferometric data {2}. The
Mo S el st 90 waper- 4 0. £ Bvans) aml 330 soper con (ROMG. Thoss wewe
obtained with independent apparatus and by different scientists, working independently. Both
points are well below the level obtained by Ohba et al. {9}, and quoted in ref. {1}. The
ramile of Dibe ot 4. {9, Rowwww, was abisiaad ot Delow 100 o . wikovens thoms i
Evans’ paper {2} were at 103 cm-‘.'rhwedmilsareigmredby Yarwood and Birch {1},
who also fail to meation that the peak structure just described in pure acetonitrile disappears
in solutions of thereof, as demonstrated by the very high quality of the data by G. J. Evans in
hésmpapu‘{Z}.Axa'check'mr:f{Z},rcf. {1} is worthless, because the noise level in
ref. {1} is higher than that in ref. {2}.

Furthermore, Yarwood and Birch {1} do not refer at all to the paper by G. J. Evans

{8} in which peaks were observed unequivocally in nematogens. Yarwood and Birch are not



objective therefore in their scholarship, they do not take account of data which do not support
theh'puimnfview.Thelnnm’appearsmb;hmedmasuh}mﬁv:amﬁmﬂmmmm
exist in the far infra red. In ref. {8}, G. J. Evans demonstrates reproducibility with reference
to the far infra red power absorption of a single crystal of anthracene (his Figure 7). The
paper demonstrates reproducible and repeatable peak structure in nematogens, structure
induced by magnetic and electric fields and by dipolar solutes. These new modes are assigned
uneguivocally and distinguished from phonon modes. The peak detail is well resolved
throughout the spectral range. The intensity and frequency of the new modes were controlled
by magnetic and electric fields.

2. THEORETICAL REPLY.

Although available in the literature for four years prior to their publication, Yarwood
and Birch {1} do not refer to the key paper by Coffey et al. {5} which shows analytically and
numerically that peak structure in the far infra red emerges from the simple itinerant
oscillator model {7}. For reference, the most important features of the theory are given in
this reply. The original work also discussed conditions under which the peaks ar expected: a)
to be prominent; b) to be resolved; c) to be unresolved.

The peaks emerge from the double transcendental form of the orientational
correlation function of the itinerant oscillator expressed in terms of Dirac delta functions
premultiplied by modified Bessel functions, which determine their amplitudes. mwe\km
functions represent frequencies in the far infra red spectrum of liquids around which resolved

peaksmaybeobservahleundaqﬁmummndiﬁom.mﬂnﬁmplesttypenfm




oscillator, there is one such fundamental frequency and a theoretically infinite number of
higher harmonics, afwhi{:hafewm::lem:ly resolved {5}. In terms of power absorption
coefficient, the resolved fundamental and harmonics dominate the spectrum under the
optimum physical conditions, and are clearly seen {5} even in terms of dielectric loss.
(Usually, {7}, the far infra red region in terms of dielectric loss is observable as a small high
frequency adjunct to the Debye type bell shaped curve at microwave and lower frequencies.)
In itinerant oscillator theory, therefore, far infra red peaks are fundamental to any
appreciation of molecular dynamics, because they represent the librational motion of
molecules in a cage of neighbours. Whether or not these peaks are resolved depends entirely
on the physical conditions. In liquid crystals, it is likely that they are resolved, because the

structure seen by G. J. Evans {2-4} is prominent in the far infra red.

DISCUSSION

The putative criticisms of Yarwood and Birch {1} appear to rely on spectra that are
unceminmthewmgebymnpmabWIiwmcm in power absorption. These spectra
are reported in their figure (5.3.12). However, the figure caption attributes this work to Ohba
et al. {9}, apparently in error. It appears that the laser points are by Ohba et al. {9}, and the
interferometric data by colleagues of Yarwood and Birch {1, 10}, The spectrum shown by
Yarwood and Birch {1} is apparently one unaveraged run, but this is not clear. It is,
newover. sidlily stroctared with pesks sapecially i the 1201 150 cm Sagion, wikere fhay
appear to be regularly spaced as in the theoretical spectra of Coffey et al {5}. The amplitude
of some individual peaks, furthermore, is, on the average, much higher than the quoted

- | '
uncertainty of 10 to 20 neper cm . The peak structure also appears in the refractive index
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data {1} presented by Birch and Yarwood. This figure shows five points obtained by laser
1 wndes -1
spectroscopy, with uncertainty bars. The uncertainty in the point at just ewes 100 cm is about
-1 .
100 neper cm . The authors claim that their data, which qualitatively confirm the peak

structure observed by G. J. Evans {2-4} must be random noise. There is no further discussion
of why this conclusion should have been reached. The laser points are spaced apart by as
muchui!ﬂcm.l‘andchmiyunnotbemedeimﬁmcmﬁmordlspmvemeeximof
peaks.

Birch and Yarwood {1} claim that the data of Ohba et al. {9} amount to a "further
independent confirmation of the absence of discrete features” in the far infra red spectrum of
liquid acetonitrile. However, in the very next sentence {1} it is revealed that Ohba et al { § }
obtained only six frequency points. It is sbsurd to claim that these six points confirm the
absencemmofpeaksmmn,bmmscmm&unkfumlw.m_%nimsby
Ohba et al {9} are presented in Figure (5.3.12) as being in "excellent agreement”™ with those
of Birch et al. {1,10}. The large uncertainties from both sets of measurements preclude the
description "excellent agreement”. A key laser point (near lmvcm-;obuined by Ohba et al.
{9} has a published uncertainty of over loonepercm—‘.mmnunccrtnimybyﬂircﬁﬂﬂ.
1,10} is published as about 10 10 20 neper cm

The well resolved peak structure given by Birch and Yarwood {1} in the 130 to
130 co sogieet of ekt A (5:3.12) I Hguid aceissiinil demmrvas some chieciive
interpretation. There is no a priori evidence from this Figure that these regularly spaced
peuksmmndom.ThutmfmﬁvercgnMyspwedpuks, b i T B,
The sample thickness is not reported by the authors {1}, but for such a heavily absorbing

sample it cannot be greater than about 0.1 mm. If these regularly spaced peaks were due to



interference patterns {11} set up by the windows of the cell, they would be spaced by about
the inverse of the sample thickness, i.c.nt;tl&ssm!nlmcm’.lmpukscammn'f:ﬁu
be attributed to this cause, and are evidently not random in nature. If they were random they
would not be regularly spaced. Furthermore, the same type of regularity appears on this high
frequency shoulder in the refractive index spectrum of Fig. (5.3.12). Finally, the theoretical
{5} peak structure also appears on the high frequency side of the fundamental frequency,
because the higher frequency peaks are higher harmonics. An objective analysis leads away
from the assertion that the structure in the spectra obtained by Birch and Yarwood is random.

The theory of the itinerant oscillator allows peak structure, made up of a
fundamental frequency and higher harmonics. When there is more than one fundamental
frequency there is more than one set of higher harmonics, so that a realistic model of the
liquid} state would produce a large number of peaks, closely spaced in frequency. Insufficient
insﬂummmlrmuluﬁonwmldnmnﬂwmwcmbemsohed.mpuﬁmhr.kisabm}m
claim that six laser points, macadhyasmuchaswcm—:aﬂwamoﬂhemﬁtylfuinﬁa
red peaks. The data actually presented by Birch and Yarwood {1} confirm the presence of
farinﬁamdpuks,bNMcmnsmey&aMmhtm,m\mblybmagem
are not reproducible. From the single sample spectrum presented by Birch and Yarwood, it is
not possible to see whether their spectra are or are not reproducible. The data presented by
G. J. Evans {2-4} on the other hand, are reproducible and repeatable on the apparatus used
by him. Theory {5} shows the presence of peaks {5}, and these are fundamental to the nature
of the itinerant oscillator model of the liquid state.

In Fig (5.4.11) of the same article {1}, Birch and Yarwood present a smoothed far

infra red spectrum of liquid acetonitrile, together with theoretical analysis taken from the



work of M. W. Evans et al. {11a, Fig. (6.3.2.14), 12}. The caption of this Figure, however,
attributed the work to Yarwood {13},md‘neitherd_0ﬁthismiclej_}1:}the caption itself refer
to the earlier work of M. W. Evans et al. {11a, Fig. (6.3.2.14), 12} from which the Figure
was prepared. This smoothed, broad band, spectrum is typical of the way such data were
presented before the work of G. ). Evans {2-4} concentrated attention on the underlying peak
structure. The smooth appearance of such a spectrum is the result of a subjective curve
drawing exercise. The actual data are discrete points, obtained from Fourier transform
interferometry, by digital computation from an observed interferogram. The data presented by
Birch and Yarwood {1}, and referenced to Yarwood {13}, originate in the work of M. W.
Evans et al. {11a, Fig. (6.3.2.14), 12}. The theoretical curves in this Figure were computed
originally by M. W. Evans and were published in refs. {11a} and {12}. It is surprising
therefore that Birch and Yarwood {1} appear to be using data from the same laboratory (that
of M. W. and G. J. Evans) as they are criticizing in another part of their article.

There are several other inaccuracies in the article by Birch and Yarwood {1} which in
relation to the interpretation of the far infra red spectrum of acetonitrile. For example the
three variables of Mori theory {11a} are referred to as "disposable parameters” whereas they
are well defined in ref. {11a} in terms of molecular parameters such as mean square torque.
The assertion (p. 260 of ref. {1}) that their physical meaning is "less than obvious” is not
mcmfmemect.mmudelsufuwdwhyﬂmmmmﬂymmmm
understanding the far infra red, which is now routinely modelled by computer simulation
{14}. These misunderstandings underline a lack of comprehension which runs throughout the
description of far infra red theory {11a} by these authors. There are basic inconsistencies, for

example, on page 263, Fig. (5.4.13) is referred to {1} as describing a "number of solutions
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of acetonitrile”, but the Figure (on page 264) contains only two curves, described in the
capﬁonas'ubmadmdﬁmd“farinﬁal:ednbsmpﬁonsofmhylindide. The caption does
not make clear which is the observed curve. If this is the solid curve, it is richly structured
with peaks. According to standard theory {5} this is plausible.

Recently, Ohba and Ikawa {15} have published a far infra red spectrum of liquid
acetonitrile based on a synchrotron radiation source. Fig. (1) of Ohba and Ikawa {15} shows
2 raguiar pek sismctuss in e sngion etk shant 10 o 1200 e, buk witich doun ot
extend throughout the spectrum to higher frequencies. Nmmtyummpuhum:mcm“
80cm IIDcm-tandnthHOc—}Tbeoneatllﬂcm_\appeustoooincidewiﬁlmat
reported by G. J. Evans {2}. The regularity is reminiscent of the harmonic structure reported
in ref {5} using the itinerant oscillator {5}. The reported uncertainty {15} is far smaller
than the peak amplitudes. Unfortunately, these features are ascribed by Ohba and lkawa
{15} to interference within the 50 micron liquid layer. The basis for such a conclusion is not
given, and it is not known whether or not these authors systematically attempted its removal
by wedging the windows {15}, a standard far infra red technique reported in an early Thesis
such as that of G. W. F. Pardoe {referred to in ref. (11) for example}. In Pardoe's Thesis,
these interference peaks are separated by about the inverse of the path length. For 50
m,mmmz,mm"|mqmmmmmmmm
mmgnmmemum,mmemmmbyommmm{ls}d&mm
ahovelﬂ}cm-':Ohbamdlhwa{IS}assmﬂmmeymdmwunifmmityofangleof
incidence, "having not been reported 30 far t0 our knowledge". Presumably, this meat that
their origin is unknown, The analytical relation between this and the peak structure is not

given. Significantly, these authors mention on page 991 {15} that the silicon discs used as
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windows were slightly wedged. If this is the case, an analysis such as that of Pardoe {11}
wmmmmtmmmﬁmmﬁm“;mddhewed.Agmdexpeﬁmmmmple
and thorough discussion of this artifact is given by Baise {16}.

The interpretation of the spectrum by Ohba and lkawa {15} is based on a seven
parameter fit of Mori type. There is, not surprisingly, a good agreement with data, but with
seven parameters they could hardly fail. In an accompanying paper, Ohba et al. {17} report a
computer simulation of liquid acetonitrile which is in good agreement with previous
simulations, including one by M. W. Evans {18}, which was initially meant to check on the
work of G. J. Evans {2}, It is significant that a series of recent computer simulations using
the ficld applied molecular dynamics method {19} has revealed a richly structured spectrum
of peaks in the far infra red region for molecular liquids subjected to torques, for example
electric, magnetic and electromagnetic. This structure appears through rotational velocity
autocorrelation functions in the picosecond time window,

Rodriguez and McHole {20} have recently obtained novel far infra red spectra of
liquids in which the work of G. J. Evans {2} is referred to objectively. Polimeno and Freed
{21} have referred objectively to the work of Coffey et al. {5} and have developed a
multidimensional Fokker Planck Kramers theory for rotational relaxation of imall solutes in
complex liquids in which the collective effects described by G. J. Evans {2-4 8} are explicitly
represented by rotating torques and stochastic fields. The algorithm of Polimeno and Freed is
Wchsmbkofgmaﬁnghhf;;mdpmksm&imwayasﬂmMCuﬁbyﬁﬂ.
{5}, but this should be checked.




CONCLUSIONS

The work of Birch and Yarwood {1}, not communicated to the present authors, is
worthless as a check on the work of G. J. Evans {2-4,8). The most significant data of G. J.
Evans {8} are not considered at all, and Birch and Yarwood also ignore the key theoretical
work of Coffey et al. {5}, and of Polimeno and Freed {22}, The laser spectroscopic data
reported in ref. {2} was compared {1} with the laser work of Ohba et al. {9}, but the most
padovant loner point sepaned by thans mfluss: was seuerials tu-mese tion, 100 seper o . The
latest synchrotron data of Ohba et al. {17} show clearly the presence of far infrared peaks in
pure liquid acetonitrile, The spectrum presented by Birch and Yarwood is also rich in peak
structure {1}, but the latter is asserted by these authors to be noise. If the structure seen by
Birch and Yarwood {1} is real, then the findings of G. J. Evans {2-4, 8} are confirmed
qualitatively, if the structure is indeed noise, then the spectra obtained by Birch and Yarwood
are more noisy by far than those obtained by G. J. Evans {2-4, 8}, and the "check” by Birch
and Yarwood is worthless.

The theory of Coffey et al. {5}, which confirmed the plausibility of peak structure in
the far infra red, was not referred to by Birch and Yarwood {1}, and neither was the theory
of Polimeno and Freed {22}. Birch and Yarwood {1} have not to date proposed an alternative
theory of their own, but rely on models (and diagrams) by other workers {1}. Finally, no
attempt was made by Yarwood or Birch to communicate with the present authors during this
"check”, and the present authors were not aware that the "check"” was taking place. The
editors of ref. {1}, Steele and Yarwood, did not invite the present authors to reply to the

comments made in ref, (l}byBimhdearwood.andmpmprimofﬂnﬁecnmﬁunswas




forwarded to any of the present authors. The present article is a considered reply to the
assertions of Birch and Yarwood {1}.
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