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Abstract

The theory elaborated in ref. 1 and 2 is applied to the calculation of
the liquid water wide-band (0 < o/cm™1 < 1000) dielectric spectra. These
comprise the Debye relaxation region at the centimetre/millimetre wavelengths

and the two-humped absorption coefficient frequency dependence in the far

infrared (FIR) region.

It is supposed that a major part of Hp0 molecules, called [L]- particles
or [L]- molecules, are bonded by relatively strong H-bonds; [L] - molecules
perform librations of relatively small amplitude ( is about 200 ). The

remaining molecules called R -molecules have more rgtational / translational

mobility.

A new microscopic molecular confined rotator / doble well potential (CR DWP)

‘model of liquid water is developed. >
The contributions of [L]- and [R]- molecules to the complex permittivity e are

found on the basis of the confined rotator (CR) and the double well potential

. 2 . , . .
(DWP) models, with rectangular and cos®s intermolecular potential profiles,

respectively.

It is shown that the CR/DWP model gives a good description of



the Debye relaxation and a qualitative description of the FIR dielectric

spectra of water.

1. INTRODUCTION

As was shown previously [3,4,5], it is possible to use microscopic
models of molecular reorientations for the study of the dielectric relaxation
in liquids. In this approach the complex dielectric susceptibility x(») and
permittivity e(w) are described by simple analytical expressions. The main
suggestion of the above theory, namely, that stzong coddisions of molecules
are negarded as instantaneous, — seems to be more or less acceptable for the
gaseous state but its applicability is not quite evident for liquids.

Indeed it was shown by applying in ref.[6] memory function formalism to
the Gordon J-diffusion model that for liquids the codlision time 1, exceeds
the angular momenium coanelaiion time 1j, The result To> Ty was also
obtained in ref. 1 for the instantaneous collision approximation, if <.
denotes a mean half-period of a librational/rotational motion 1in a
conservative potential U, which describes an intermolecular interaction of a
given dipole with its neighbours. For a strongly absorbing liquid such as
CH3F the time t. was shown to be approximately twice the Tifetime t, where the
latter denotes a Tifetime of the environment of a given polar molecule. This
environment determines a steady-state law of motion and the potential U
itself.

Following the approach described in ref. 2 we envisage in this article
a more complex situation. We suppose that wo potentials Uy and Uy control

2

reorientations. Using the field model with a cos“e- potential profile, for



which the simplified description of the dielectric response was given in
ref. 1., we shall calculate the complex dielectric permittivity e(w)  and
absorption coefficient a(w) of Tiquid water.

Indeed according to ref. 4,7,8 it is reasonable to consider in water Zwo
kinds of ondentational motion with the corresponding respective potentials
Uy and Up. The first potential Uy describes the librational motion of a major
part of Ho0 [L]- molecules. These comprise a hydrogen-bonded net and they are
responsible for the main ("librational") absorption peak near 700 em ! . The
second potential U, is responsible for the "translational" absorption peak

1

near 200 cm~! and causes rotation of the remaining [R]- molecules having

greater rotational/translational mobility.

It should be noted that other conceptions also exist on the nature of
the translational absorption band [4] but unfortunately these do not give a
consistent description of the wide-band dielectric spectra e(w) and a(w) of
liquid water. Hence in the present investigation we suppose that all the wide-band
(0 < v/em™! < 1000) dielectric spectra in waten originate from libration/rotation
of polar molecudes.
The main purposes of the present study are:
i) to achieve a close agreement between thne calculated and
experimental spectra in the low-frequency region of the Debye relaxation;
ii1) to express the free parameters of a molecular model in terms of
molecular constants, parameters of the Debye relaxation and the frequencies

v and vg of translational and librational peaks in the FIR region?



_4_...

iiij to reduce, as fgor as possible the number Of the Iree
parametersq of our model: to simplify and formalize the procedure of
their svaluaiiong

iv) to compare the previous confined rotator/extended
diffusion (CR/ED) model (8] with the ccnfined rotator/double well
potential (CR/DWF) microsvopic model of water in order to evaluate
the wvalue of intermolecular fields which influence the dJdipolar
{R]l-partioles.

In the CR model [49 ] the [Ll-molecules are regarded as
librating between two elastically reflecting %alls during?,;lifetime
T This time and the angular distance 28 between walls (§ is the
iibration amplitude) are the free parameters of the CR model. Thus.
the OR model is oharacterized by an infinitely deep reotangular
pectential well.

The simplified theory [1,10] of the DWP model with the U(#) =
UO('I - cosaﬁ) profile is applied to [R}-moiescules, ¥ being the
angle between the vector )& of the dipole moment and ihe symmetiry
axis Z of the potential U(9), which is supposed to exist during
~ some lifetime T in a small local-order volume of a 1iquid. This
’potentia.l profile comprises two wells with oppositely directed
statioc fieids near%ﬁottoms of the wells, which correspond fo the
angles % = O and % = T .Thys we mean tnat the potential function

U(8) is characterized by the local anizotropy. The dielectric

4

response to reorientation of polar molscuies is desoribed by fthe
complex susceptibility Y(w). For an isotropic medium {(this is a
gituation of liquid water} we get the resultant value of (W)
after the averaging of the dieleotric response over all poseible Z

directions is made.

Previously only the following limiting cases of this DWP model



were used in the study of liquid water spectra:

a) the extended diffusion (ED) model for [R] - molecules, freely
rotating between strong collisions [4], and

b)  the elastic bond (EB) model for [L]- molecules which were supposed
[10,11] to librate in the parabolic potential U « 62 with constant angular
frequency.

In both approaches, a) and b), the nonlinear Tlaw of motion
contribution to the susceptibility x(w) is neglected. We may suppose that the
CR/DWP model may give a better description of the Tiquid water spectrum than
that in ref. 8, and may also provide some information about the intermolecular
field existing in water. Since the lifetime tp of [R] - molecules is rather
small, an approximation for DWP model, given in ref. 1, is applicable.

In Sec. 2 we summarize the results of the theory, which later are used
for the calculation of the dielectric spectra. In Sec. 3 a method to make an
a prioni estimate of some of the free parameters of a molecular model by
employing physical reasoning and experimental data is set forth. Some details
of these estimations are given in the Appendix A. In Sec. 4 and 5 we present
the results of our calculations. In Appendix B the empirical Liebe, Hufford,
Manabe (LHM) formula [12] is presented for the complex permittivity e(w) of
water. This formula is used in the present investigation in order to simplify

the comparison results of our theory with experiment and to evaluate some

molecular parameters of the CR/DWP model.
2. CONFINED ROTATOR/DOUBLE WELL POTENTIAL (CR/DWP) MODEL

As in ref. 1 and 5 the following formulae are used:

a(v) = nle) 4y Im [ e (w) } R (2.1)
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(c* - n2) (2e* +n2) = 12me*yx* (2.2)
where (2.1) relates the absorption coefficient a(v) to the complex
permittivity e (v} and (2.2) relates the latter to the complex susceptibility
x(v). Here the star denotes the complex conjugate:

x*(v) = x'(v) + ix"v), x(v) = x'(v) - ix"v) o,
since
ex(v) = e'(v) + ie"(v), e(v) = ' (v) - ie"(v) 3
the refractive index n(w) is given by n(w) = Re [;4/’ e*(w) t] and n_, is the
value of n(w) in the infrared region.

In the course of these investigations we consider the superpositional
calculation scheme [2,7]1, in which the susceptibility x*(v) is Lineardy
related to the susceptibilities XT(V) and x§(v) of the two-potential state
of a prescribed molecular model; X1 and X9 correspond to the potentials Uy
and U, and these are determined by the spectral functions Ly and lp of each
model. These represent the dielectric response to the rzegular ( periodic )
rotational motion of a dipole in a corresponding potential well. For the
Debye collision model [2,4], where the induced distribution function F depends
explicitly  on the relaxation time Tp, the resultant susceptibility x is

given by [2]:

x*(x) = xF(x) + x5(x) (2.3a)
T,/
p1" "]
1-iuwt
D1
02’2
XE(X):GFZLZ(ZZ) [] + W ) - (2.3C)

Here G = uzN/ (3kBT), Kg is the Boltzmann constant, u is a dipole moment of a
molecule in a liquid, N 1is the concentration (number density) of polar
molecules, and T is the temperature we denote by Ny and N2 the numbers of
[’L]— and {F]— particles, respectively, so that

N]+N2'—°N

and the ratio of the numbers of the two classes of particles is ry : rp, where
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ry = Ny/N -, ro o= No/N.
It will be convenient to express rp as r, so that " is expressible as 1-r.
We denote by 0] and 02 relaxation times related to the subensembles
associated with the subscripts 1 and 2. Similarly we define the normalized
complex frequencies z; and Z, by
zy = x +iy1, Zy = X + 1y2, X = nws ¥y oo = n/11’2, n = I/(ZkBT),
Ty and T, are lifetimes in states [L] and [R], respectively, and I is the
moment of inertia. It should be noted that the terms in brackets [..‘J in
(2.3b) and (2.3c) represent the dielectric response to the chaotic (Brownian)
rotationad motion in liquid, just in the same way as this response appears in
the Debye theory [13] of the rotational diffusion.
For [L]-modecules | i.,e. for the confined rotaton moded ([4] Table 4.71)

Ly(z) = ) E ]snLn(z), Ly(2) =1 + z%exp(-z%)E](-zg), (2.5)
where
™
8f2 sin2 [E-(n—f)] zf 28 ®
S. = Zn = — , f=—, E;(u) = exp(—t)t']dt.
n J“n s 3 1
22 (n2-£2)2 n m d

For R -molecwles, i.e. for the double well potential model the

following approximation for L(z) is valid [1]:

L2(22) = 2lpyp (22), LDWP(Z) = L(z) + L(z) + L(z), (2,6)
where
v explu) | 1-(143u/2)e W2, 1-(1+3u/2 + 9u2/8)e~3u/2
L(z) = ; (2.7)
EELINTY p2 - 22 2p2(4p2 - 22) B
. 2exp(-w/2) (1-exp(-7u/6)) [ . (-1
L(z) = —+2ib ; (2.8)
/W3NG“” b n=1( (n-1ib)
: 2ell - s%exp(-52)ds
() = o (2.9)

v/;ﬁo(u) 2043 s2 - 22
and w= p%/2; b = z/p. The multiplier 2, relating Ly and Lpyp, is

used in order to describe approximately the rotation/libration in
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Space in terms of the theory, elaboratfied for planar motion [1,107.

The field paranebter p is related fo the potential well depth UO:
1/2

2 =(UO/?BT] . | (2.10)

In this section we replace p by p2 and U“J by U . It should be noted that

02,
(2.6) is applicable only if the lifetime Tz is sufficiently small or if the
normalized frequency yZ is sufficiently large, namely if . EOZ
Y3 (4p,) 7 (2.11)

In a partioular oase of free rotation during lifetime Ty, we
musk put p = 0, and the DWP model transforms to the extended
diffusion (ED) model. The exaot (for rotation in . spaoce)
expression for L(zZ) is given byiref- 4, p.78, formula (T4.5), namely,

Lz ) =1+ z%exp(-z2)E, (-2°), (2.12)

3. EVALUATION OF A FREE PARAMETERS OF A MICROSCOPIC MODEL

Using formulae of Seo.2 , we have ocaloulated dieleoctrio
spectra of liguid water at T = SOOKA.the results will be given in
Sec.4 . The dipole moment | o! a moleoule in = liquid was related
to that (uo) of an isolated molecule by the equation [5]

b= }xokp(nie-e)/a , (3.1)
where the fachor RH is olose Lo unity.

Jhus in the CR/IWP model we have 8 fiiting parameisers:

¥

Ba Tys Tpys Doy Tos T Tpp and RH. (3.2)
4 V
for [Li-molecules for [RI-molecules

We rind or evaluabe these from the following sbipulations:
a) Putting the frequenoy x = 0 in (2.2) and in (2.3), we may
relate some oombination of parameters (3.2) to +the Kirkwood

oorrelation faotor g:
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g = (1—?»[1 + = T, (1) *7*[1 +E—-—}T,;n’f,tj;), (3.3)

;- 2 - -
whers
(g — nS) (28 + n%)
E— — 8 m 8 w' -~ 4
g = G (3.4)

and Eq is the statioc permittivity.
b) In the Debye relaxation region the frequencies are comparatively low and we

may put x = 0 in the argument of the spectral functions.Then in the end of

the f;EEE>

{Debye relaxabion region  we may put formally Wiy, - in

E' = B in eq.(2.2). Henoe we get anohher equation

"Dz )
g, = <1fr>111(i3,11,,+r[1 i ]La(iya), (3.5)
whers

‘= 21 taa e

(Ee nm)(25w+ uw) (2 69
& ToRE 7 (3.6)

[+ 9]
¢) Using the resulls of ref. 4 , where the time dependenoce

B(t) of the orientational auto:oom"elation funotion of waler was
oaloulated, and other physical reasoning we may regard the
relaxation time Ty of [L.]-moleccules %o be close %Ho the
experimental value T. Thus, pulting Ty = Tps We may rewrite

equations (3.3) and (3.5) intte form:
-1

T1= (1- T‘)L; (fy;>TD(g - g;) 3 (3.7
“Da ) -
5 ‘

and s
Equabkions (3-7)7‘\(3.8} permit , o express the two free model

parameters through ofher (experimental or molecular) known
quantities. A number of other estimates may be made frmn from physical

considerations (see Appendix A),

| Tibration amplitude § and
absorption peak o In CR model: “

B ow (3/2)1 /% (anov )" . 3.9)
' - (4 a2 ,
A 32 (3/2)°/PeRp(-3/2)G(1A7,) T(1-meosp i), (3.10)
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wnere V_ is the libraticn peak frequency.
?leld porameter p, abaorptlon peck G anc bandwidih Sv, at the
level 1/2 tn WP model:

o ~ il - 1VE =YL -, (5.11)

¢ 2
where I_ = T 2TCV

R R
" -1
a = amreT, (entr )T (3.12)
. y Lrrf ‘1—1
GVR 5 2 {MCTEJ . (3.13)

As a rough approximation we may relate GvRto the frequencies v

and v(amin}, the latter being the frequency of 2 minimum absorption

netween the Ltwo absorption peaks o and @. in water:

amd

\DQR;: 2 (via 7ﬂ} - v ]. ‘ ' (3.14)

Finally, according to ref. 7 we may accept the apprOleate relatlon

1.18 (3.15)

Vol

for substitution into (3.1 ).

These estimations and equations (3.7),(3.8) greately simplify the determination

of the fitting constants (/.2) of our molecular model.

4, RESULTS OF CALCULATION

Experimental data and molecular constanrs used in our calculations are presented

in Table 4 , while the results of these calculations are summarized in Table 2
and Fig.I-5.

By emploving a number of estimations (the solution of transcendental equations
(3.7) and (3.8) was obtained by an iteration procedure) we found that we actually ha
of a CR/DWP model. These were

T
s Py D2 men

to fit only the three parameters T
2 ‘ ' 1
cement of the theoretical and experil tal spectra a(¢) ) in the

fitted for good agr

far IR region. As a result it was shown that the lifetime {E'must be taken close to



-t‘g——
thw life time U , that is, lifetimes of both kinds of rotational motion are equal o
nearly equal. We see from Fig.4 that the curve labelled I, which corresponds to

¢C§2 = 0 gives better agreement with experiment (curve 4) than does curve 2,
. — ) ___the
for which ‘LJ)Q. # 0. Thus it would seem that/only one Debye

relaxation process exists in liquid water, and it is determined by [IJ -molecules.

Table 1. Molecular constants and experimental data: liquid water

at T = 300K
Mcolecular Parameters of Parameters
conetants Debye relaxation of FIR spectra
V {(from [12]) ﬁlmf1(ﬁbm[1ﬂ)
I=1.483.10"*g.ca® | g = 77.66 v, = 200
-3
p=18gcm € = 5.211 = 1445
L= 1.84.107'8 ® "
°  GGSE units T, = 7.88 ps v, = 670
(1.84 Debye) “ - = A
— 2 ) — 20
= PF
AV = B30

Table 2. Parameters of microscopic CR/DWP and CR/ED models.
Liguid waier, T = 300 K

Variants Parameters CR/DWP CR/ED
T+ P3 0.156 3.151
variant 4 o, ps 0.212 0.212
fxod 4 T
27 g 5.19 8.24
P 1.45 -
variant B| T, ps .1858 0.1581
2= Y or, o3 5.75 8.34 i
p 1.87 - i
_ j
Note: R, = 1.18, T, = T = 7.38 p3, § = 20.64°%, T, = O |
| 1 1 i & i
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Thus we consider two calculational schemes:

Schems 4: Ty £ Ty lifetime T, iz determined from =q.(3.7)e
(3.8; wnile the iifetime T, and the field paramester D, aTe fitted.

Scheme B. T, = T, and o saloulated from =q.(3, 5 IXENDF

Prom Fig.1 it is seen that the values of the proporfion 7 and
iifetime T1 . obtainsd ZIrom the solution oI the (3.752?%.5),
actually give the correct deacription oF the Debye relazation
gpectrum if we use (in obtaining this solution) the experimental
values of the parameters Ty £ and €. Here points represent
results of calculations based on the Liebe-Eufford-¥anabe empirical
formula (12], see Appendizx B. T+t is important that such a

soincidence is obtained quite "a tomatically”.

From Fig.2,3, whers fhes Ireguency dependencies of absorption
a(v), real and imaginary parts of the permittivity 8*(v) are
dspicted, we see that in FIR reglon of the a3apectrum the theory
glvea onzy qualitative agreement with the experimental data
[14]. If the COR/DWP model is used, then the scheme A (with fitted
T, and pa) gives slightly oetter agreement with the experiment fthan
the scheme B (of. ocurves 1 and 2 in Fig.Za). Dut the 1latter is
simpler, sinoce all free parameters are salculated. Th&&fffigiiié
model, applied to.iR}—molecules, is closer to tﬁe experiment tﬁén
the ED model with freely rotating molecuies (sf. curves 2 and 3 in
Fig.2b). Tne main disagreement petween the thneory and experiment is
seen in the infrared region near the translational absorption peak
(v = 40-200 cm™'), see Fig.2 and 3. From Fig.3b it is evident that

the experimental Iloss ourve g (v) falis Just between the Iwo

theoretical ones { for DWP and ED models). ¥e may sSuppose that some
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intermediate value of the intermolecular rfield (betwesn D=

D%P model and p=J ICT ED mode) may provide better agreement with the experimen

In Fig.4 we )
£"{g" ) in the PIR speciral region.
iz appiied o
Devye relazation time Tz
theoretical and experimentai plots E“(£ ) (¢
with curve 2 for
applied to [Rl-mclecuies,
ourve 1 in Fig.d4a with curve 1 in Fig.4b).

-

in Fig.5 we compare the

inoreages the disagresment bvetween

is markedly worse

contributions of

.45 for

oompare the theoreiical and experimental plotis
It is seen that if the DWP model

[Rl-moiscules then the introduction of the second

the

:f. ourve 1 for T O

1,70, Fig.4a). On the other bqnc{ the ED mod.el,

than DWP model {(of.

[L]- and (R]-

molecules to the complex susceptibiiity and absorption. As is seen,

the latter contribute to the loss and absorption more than [L]Jnolecules only

-1

in a relatively narrow band near 200 cm

5. CONCLUSION

A micrcscopic molsoular model ,

description of two Rinds oj

zlaborated.

that H-vonded (LI-molecules are respondlbis

almost all static susceptibility X and for the main loss peak ED

The censral idea of the suggesi:z2d

pased on an analytical

.

rotational motion of g, O molecules, is

caloulation scheme is

in liquid water Zfor

L4

The CR/DWP model gives a quantifatlve desoription cf the Debye

relaxation at microwaves and a qualltat{ve one in the FIR region (v

. - -1 . s .
£ 1000 cm” ). Some specftiral peculiaritie

icns are related to the fitted parameters

in our work the i1iZetimes T, and T, nf

are =gqual or nearly =qual. This mezns that

- -
i

r\o?oni--fa(o i 7
y LY IS R R e e L]

in the Debye and FIR
{3.2) of the model.

both rotaticnal states
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Brownian motlion.
T7 we use tns definition orf a eollision time TQ introduced in
ref. 1 , we find that

-3

A 2 ! - -~ 4
T_=WY,, Where Y (D)= % /aezp(p“/Z)[IO\p 2y (5.1)

For [R]-molenules in the scheme A we nave:
Y

y,(1.45)=0.396, that is 7 _p=0.107 ps . To. (5.2)

Using data of Appendix B we find for (L]1-molecules:

i

-=0.03 p8 . STL. (5.3)

e

y_(4.384)=1.376, that is T_

Hence, the lifetime T;L is close to the collision time Q:: while the 1ifetime’IL
H-bonded molecules is much longer than the céllision time ’E: . On the contrary,
in simple (nonassociated) liquids, such as CH3 F , the collision time is twice the

lifetime E IJ . So, we may conclude that librations in liquid water exist in

much more distinct form than in liquids wi{thout H-bonds.

petter description of +he [Ri-meolecuies dielectiric response tnan
the ED model. To the valus D=1.45 of <he fisld parameter

1

sorresponds the potential well depth U_ = E“BT‘ The ampliftude of

'

rotation, @q, of [R]-molecules may be evaluated as {[10]

s =1/ A 5
= (p} ¥ ®W/2 or at D = 1.42 B =507,

o

R
Thus = the rotational mobility in this sub-ensemble is approximately
twice that of the (Ll-mclecules.

In Sec.4 it was suggested that for smallpr vaiues ¢ P (or of the
intermolecular potential UD) the theory may better agree wilth the
experiment in the vicinity of the transiational peak . This idea
#as confirmed on the example of d(V) ZIrequency dependence after

this work was finished. So 1t seems that Zor [R]-moleocules the

effeotive intermolecular field Uo may be near RET or still less
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than this value.

The OR model wibth bthe infinitely high reofangular polential
well gives the bandwidbh of bhe FTIR librabional peak exoseding bhe
experimental one {see Fig.2). On bthe obher hand, as il may bve
shown, the proper (ah T - w) bandwidth of a simple oosaﬁ—pobential
well is Loo narrow Tor liguid water and this ocannob be applied fo
desorive the dielesotric response of [L]-molecules. So there is a
need to elaborabte a new model for}i}libvators withh (%) profile
whioh may be in some sense infermediate befween the %wo{ﬁentioned

pohential wells.

Appendix A. EVALUATICW OF THE FREE MODEL PARAMEIERS

In the vicinity of the transilational absorption pedk we rehain
for simplioity only the susoceptibility Xz due to [R]-moleoules.’

( 7o a first approximation we may write :
We” 4y (W)

e (V)=n, + 4WX§(V); a{v)= = s
Cr cn
53] 0
1 1 1 1
o= Gl (2,), L, (z,)= - ( + )-
2 2 A - = -
D -2 ch o = D +Z
Omitting bthe non-pesonant term (p-‘rz)—1 we: derive the formmula for
the absorption ooefficient:
ATGT X ATGrp(T) 2z
a(Z)=——r Im[ 5 2 ]: P 9, (2) = = 5 =5 - (A1)
cnn, -2 e, DI+ +ATTYS

This funchion of I reaches ibs maximun value (zyz)" at I=I,, whers
T =2Tnev=vD +y5 . Thus,
2MrG 2MrGT,

= — (A2)
CT L cnon

b

o
]
N
< h
I
ew}
\\
..-.‘
[NV
)
s
‘ol
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The bandwidth of the funobion @;(r) on the level 1/2 is found from

the oondibion

A;Z',Rr— 2TNCAY >
Thus, we have got estimations (3.11 y=(3.14).
Tn the vicinity of a librabional peak Vo we retain only XT(J}
terin in (2.3a):.
we”  4mTyy (T)

aAvi= = —.
- en,, cnmo
For simplicity we examine the limit y =0 and retain only the first term of the
sum in (2.5). Since I, =4.X , we have
*,\_ n_o—1. . _.’\1—1 =
Ty, (T)= GJ $1Im{81[1+x§exp( 'I?“ﬂ( r? 720)]}.
Since E, (-t-10) = im - EL1(%), we obbain for y=0:
# LN =1 — . , - 3 =
Y (z) = ®wf G(1 :”)81(131 (“(1.’)’ P, (-Tj,_} = ZQ_EFP& .Zil -
The ¢, (T function goes through ibs maximum
2p
wax{o, (1)}= (3/2) Pexp(=3/2) ab o= ¥ 3/2 = fI_=— ZTNCVL.(AB)
1Mk m L L

This estimation gives the relation (3.3) of § %o V..

The bandwidth Aziof the librational peak ‘s found from fhe

equation

®1EI 7 ] = — (3/2)"" “exp(-3/2), ‘
mo2 2

that is . -1

) ,ﬁ'_‘/ ~0 36 un
fA.I_ s 1__ . 4 = 5 A"UL o (AT)
b 2re A

For the chosen value of ]3 the bandwidth -- AQL defined in (A7) is
greater than experimental value =~ 570 cm_I . 2

Y ! . - ~ - -~ 2 . T e
Noting that 3,/7 = [0//717‘;_}nin t—"z—— ﬁ}ﬁ - fC} s
we obtain the eshimabion (3.10) for lhe peak absorphion:

AG 8 - ~ -~ —2 —\/? \
a= (1-r) —o0s"p | 1- f‘] (3/2)° “exp(~3/2). (48)
G’F[ﬂ.w 7
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To esbimate the statio (at 7=0) value of the speofral function,

we write :

2
€0 ‘ [09]
: : 3in §
b ,"2 2 ™ 2 2 N — - { 2 L
L,(ty,) = > 8n[1 -y exp(y,) E, (Un)] and (4] ) 8, =1 ———ﬁa . <{c- o0
n =1 n =1 )
At small p and y - O the sum reduoss to (2/3)U2, BO
] 2 p2 ,
I, t1y,) ~5 8% | (49)

Now we apply for example bhese formulas bo liguid wafter ab
T=300K.Tsing the data from Table 1, we caloulate the time socale T
and a number of dimenéionless paramsters:

N=0.0423 ps, G=1.938, g=2.11, g,=0.112, Ip=1.594.

From (3.9) we find: {=0.36, 1i.e. f=20.6". Sinoe GUR =120
Cm", we may eshimale T, and 7 from (3.14) and (3.12): TE=O.177 D&
and 7=0.047. Thus, D = = 1.5%2. We may take T, = 7, = 0.2

The self-consistency of these estimations 1is evidenﬁif we calculate the peak

-t :
absorption (3.10): 'QL = {442 cm , which is close to the experimental value

.
N

] 445 Cﬂf7 . On the other hand, the values of 1:1 and T?, found from the more
accurate equations(3.7), (3.8) and the fitted value of p also agree with the above
estimated quantities.
Appendix B. THE EMPIRICAL LIEBE-HUFFORD-MANABE (LIDM) FORMULA FOR THE
COMPLEX PERMITTIVITY OF LIQUID WATER
An analytical empirical description of Gféd) applicable to liquid water over

yide range of frquencies and temperature has been suggested by L ebe, Hufford and
Manabe 7 I2) . Their LHM formula comprises two

o

Debye (relaxational) terms and two resonance (Lorentz) ones:
_ _ 4 4
88 8001 88 8w2 3 3

8*=s—f + + { — - ]
ol AP A A ) jZ;,Z s A

where f=0/(2m)=vc is the frequency in Hz (this should nol be confused

(B1)
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. - & N f i 1. . E A
with the normalized libration amplitude f=23/T in the CR model),

as=77.66—103.38, Ew1=0.067188, Ee™ .52+7.528,
Tj=(20.2+146.48+31682)0109, 7,=35.87, »
7,=5.11010'%, . 7,=18.2010'%, (Ba)
P1=4.46o1012, T,=15.4¢10'%,
4,=25.03010°", A2=282.4o102‘*,i
9=1—300 _ 300 o Gy = Za g, /

27 ° L

273.15+TC T, = e )
Tt follows Trom (B1) that at T=300K (or 6=0) fthe relaxalion

times of the first (main) and the second (if this exisfs) Debye

regions and the corresponding values E o
TD1= 7.88 ps, 8w1=5‘21 and TDE = 0.2 ps, Ewpa= O+
On the obther hand, in the Lorentz line approximation, for

whioh Lé(pa - Za}, we may esbimate , using the empiri&ﬂparameters

(B2), some the field parameters of our DWF model:

Py = 2TS - /4 = 1.22 .

At the frequenoy (29 of a fhranslational absorphion peak we may
put approximately A, = 4%6?/(2ﬂﬂ)2 , from which we egtimate the
proporhtion ™ of [Rl-partiocles: m» = 0.073.

For the librational band (in fterms of TAM we use subsoriph 2
in this ecase) similar estimations gives:

P, = 2W[S - Yo/4 = 4.384; Bo= /m/2 po' = 0.286 (B.=16.4°).

These estimafions agree wifth that, given in 5e0.3 and in the

n

Appendix A, alfthough fthey are independent of the latbenr. Thus, we
may relate some of the parameters of {Bi) approximabtion to a number
of the physiocal oharaohteristiocs of a moleocular model.

It should be noled thal in Seo.d4 we use Lhe notation T

and § instead « S g . .
i g 0 1ns ad of TU[ and €1
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CAFTICNS F ORFIGURES

Fig.1. Dielectric speclra of 1ligquid water in Lhe velaxalion

‘{u) {a) and fhe loss ourve

region: peal parb of fhe permibhivity &
£7(¥) (b). Caloulations for bhe CR/DWE wodel {(solid lines 1) and

CR/ED model (dashed lines 2). Curve 3 - experiment [1‘3-

g

Fig.2. Absorpfhion soeffinient &(v) frequenoy dependence: for
the CR/TWP modei (a) and the CR/ED model (b).

Ourves 1 and 2 — CR/DWF model for sohemes A and B; points 3 -
experiment [1471; ourve 4 — OR/ED model for soheme A.

Fig.3. 2 {v¥) (a) and 8" (V) () plots in submillimeler and FIR
regions. All notation as in Fig.2.

Fig.4. £°(g’) plot for the OR/DWF model (a) and the CR/ED
model (b). Curves 1 and 2 - the resulis of oaloulatioﬁ for the
relaxation time The equal to zero (1) and fo 0.2 ps (2). Points 3
- for experimental data [14]. Curves 4 - for the IAM empiriocas
formula [12]. The iwo marks in the absocissa axis &' oorrespond to
the values [12] g, and Eopo of the main and the second Debye
regions.

Fig.5. Contributions of [L]- and [R]- molecules Lo the real
part of the susceptibility x’ﬁz%%cﬁ%,loss x”(zﬂ@gb) and:?;rmgiized
absorption IY*(xr) (¢). OCurves 1,1* and 1 = for [Ll-moleoules;

ourves 2°',2° and 2 - for [R]- moleoules. Scheme A.
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