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Abstract

The theory elaborated in ref. 1 and 2 is applied to the calculation of
the Tiquid 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 [Lj- particles

or [L]- molecules, are bonded by relatively strong H-bonds; [L] - molecules
perform librations of relatively small amplitude 13 ( is about 20 ). The

remaining molecules called R -molecules have more r¢tational / translational

mobility.

A new microscopic molecular confined rotator / dchle well notential (CR DWEP)

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

(DWP) models, with rectangular and cos“s intermclecular sotential profiles,
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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 strong codlisions of modecules
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 Te  exceeds
the angulan momentum coanelation time Tt ;, The result t. > 7, was also
obtained in ref. 1 for the instantaneous collision approximation, if <.
denotes a mean half-period of a librational/rotational motion in 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 lifetime r, where the
Tatter denotes a lifetime 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 potentiadls Uy and Uy control

reorientations. Using the field model with a cose- potential profile, for
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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 liquid water.

Indeed according to ref. 4,7,8 it is reasonable to consider in water two
kinds of onrlentational mozion with the corresponding respective potentials
Uy and Up. The first potential Uy describes the librational motion of a major
part of Hy0 [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/transiational mobility.

[t 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
Tiquid water. Hence in the present investigation we suppose that all the wide-band
(0 < v/em™! < 1000) dielectric spectra in water owiginate from {lbration/rotation
of podar molecules.
The main purposes of the present study are:
i) to achieve a close agreement between tie calculated and
experimental spectra in the low-frequency region of the Debye relaxation;
ii) to express the free parameters of a molecular model in terms of
molecular constants, parameters of the Debys relaxation and the frequencies

v and vp of translational and librational peaks in the FIR region:
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iii)} to reduce. as gfor as possivle <the numoer of the Iree
parameters-of our model; to simplify and formalize the procedure of
their evaluasiiong

iv) to compare the previocous confined rotator/extended
diffusion (CR/ED) model (8] with the occonZined rctator/double well
potential {(CR/DWP) microscvopic model of water in order to evaluate
the value of intermolecular fields which influence the dJdipolar
[R]-particles.

In the CR model [49 ] the [L]-molecules are regarded as
librating between two elastically reflecting walls d.uringi’\lifetime
Toe This time and the anguiar distance 2§ between walls (f is the
libration amplitude) are the free parameters of the CR model. Thus.
the CR model is ocharacterized by an infini{ely deep reoctangular
pctential well.

The simplified theory [1,10] of the DWP model with the U(#) =
UOU - cosaﬁ) profile is applied to [R]}-moliecules, ¥ being the
angle between the vector ﬁ of the dipole moment and the symmetry

axig Z of the potential U(®), which is supposed to exist during

b4

~ scme ifetime ) in a small local-order volume of a iigquiéd. This
potential profile comprises two wells with oppositely directed
statio fieids neartf%ottoms of the wells, which correspond %o the
angles % = O and % = ® .Thys we mean tnat th2 potential function
U(®) 1is characterized by the local ani=zotropy. The dielectric
response to reorientation of polar molecules is desoribed by the
complex susceptibility Y(w). For an isotropic medium (this is a
gituation of liquid water} w®e get the resultant value of (W)
after the averaging of the dieleotric response over all poseibls 2
directions is made.

Previously only the following limiting cases of this DWP model
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were used in the study of Tiquid 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 law 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 liquid water spectrum than
that in ref. 8, and may also provide some information about the intermolecular
field existing in water. Since the lifetime tg 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 padlonl 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:
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(ex - n2) (2e* + n2) = 12me*x* (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) + i (v, x(v) = x'(v) - dix"(v) ,

since
e*(v) = e'(v) + ie"(v), e(v) = €' (v) - ie"(v)

the refractive index n{w) is given by n(w) = Re [:}//F::TZH'j] and n_ is the
value of n(w) in the infrared region.

In the course of these investigations we consider the superpositional
caldculation scheme [2,7], 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; xy and xp 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 zegular ( periodic )
rotational motion of a dipole in a corresponding potentialvwe11. For the
Debyve collision model [2,4], where the induced distribution function F depends

explicitly  on the relaxation time Ty, the resultant susceptibility x is

given by [2]:

X*(x) = xf(x) + xg(x) , (2.3a)
TD.‘/T]

x{(x):ﬁr]L](z]) [1+m ) R (2.3b)
D1
02’ %2

X"’Z‘(X)‘—'GI‘ZLZ(ZZ) [] +m—g£ ] . {2.3¢)

Here G = uZN/ (3kBT), kg is the Boltzmann constant, u is a dipole moment of a
molecule 1in a, lTiquid, N 1is the concentration (number density) of polar
molecules, and T is the temperature we denote by Ny and Np the numbers of
LT and {R]- particles, respectively, so that

N-|+N2=N

and the ratio of the numbers of the two classes of particles is ry : ro, where
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r1 o= Ni/N L rp = Np/N.

It will be convenient to express rp as r, so that " is expressible as 1-r.
We denote by 03 and 02 relaxation times related to the subensembles
associated with the subscripts 1 and 2. Similarly we define the normalized
complex frequencies zy and Z, by

zy = x Hlyg, z, = x +iy,, X = N, Y1,2 * n/11,2, n = I/(ZkBT),
71 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 (Browndian)
rotational motion in liquid, just in the same way as this response appears in

the Debye theory [13] of the rotational diffusion.
For [L]-modecudes, i.e. for the conlined rotator model ([4] Table 4.1)

Ly(2) = n§ Saba(2)s Lolz) = 1 28exp(-22)E) (-22), (2.5)
where
kil
8f2 sin? [5 (n—f)] zf 28 o
-1
S, = Z2pn = — , f =— , E;lu) = [exp(-t)t 'dt.
" 2z 7T N

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

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

v ~ o]

Lo (zy) = 2lyp (25), LDWP(Z) = L(z) + L(z) + L(2), (2.6
where
Yoo explu) | 1-01+3u/2)e73%2, 1-(143u/2 + 9u2/8)e™3u/2 )
L(z) = o .

g/_?pIO(U) pl - z2 2p2(4p2 - z2) B
. 2exp(-u/2)(1-exp(-7u/6)) [ m (-1)n+]
L(z) = —+ 2ib 2 — ; (2.8)
/’TI3DIL\(U) b n=1¢ (n - 1ib)

: 2el w sCexp(-52)ds
L(z) = / P (2.9)

/71, (u) A3 st - 2
and w=p2/2; 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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3pcE in terms of the +heory, elaborated for planar motion [1,107].

The field parameter p is related to bthe potential well depth UO:
1/2 ‘

P =[./%T) | (2.10)

In this section we replace » by p2 and U° by U . It should be noted that

0%

(2.6) is applicable only if the lifetime 1:1 is sufficiently small or if the

—

normalized frequency y2 is sufficiently large, namely if . ’@0 !

Y,2(4p,) 7. (2.11)
In a partioular oase of free rotation during lifetime Ty, we
must put p = O, and the DWP model transforms to the extended
diffusion (ED) model. The exact (for nrotation in = space)
expression for L(Z) is given by\ref- 4, p.78, formula (T4.5), namely,

4 2 2 2
L,(z ) =1 + Zz7exp(-2 )E, (-27), (2.12)

3. EVALUATION OF A FREE PARAMETERS OF A MICROSCOPIC MODEL

Using formulae of Sec.2 , we have oaloulated dieleotfrio
speotra of liquid water at T = BOOKifthe results will be given in
Sec.4 . The dipole moment |4 ol a moleoule in a liquid was related
to that (uo) of an isolated moleoule by the equation [5]

b= uokp(ni+2)/3 , (3.1)
where the faobor RP is olose Lo unitby.

Jhws in the CR/IWP modsi we have 8 fiiting paramstsers:
Br Tys Ty Dys Tos Ty Ty and RP. (3.2)
Vv V
for [(Li-molacules Jor [R]-molecules

We find or evaluate these from the [ollowing sbtipulations:

a) Putting the frequenocy x = 0 in (2.2) and in (2.3), we may
relate some oombination of parameters (3.2) to the Kirkwood

oorrelation faotor &:



L
T 2
o] A . - - -
& = (1-—-7"»{1 +-_]T';(iu']' -9-/"[1 +?—]L;(7U;‘:, (3.3)
1 < 2 - -
where
(8 = nS)(28 + n%)
- s KX 3 w’ I~ 4 3
€= T2%E & Vo)

and g in the stafio 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 first- '
( Debye pelaxabion region  we may put formally Wy, ~® in q.(2.3) and

E’ - E_ in eq.(2.2). Henoe we get anobher equabion
T.

[+ 4]
De
83:' (7—7")141 "iyl’)+r[1 + *{.’—‘E-]La(fya), (3.5)
whers
(E,= Mig) (25,+ 715)
&, T (3.6)

o) Using the resulls of ref. [ 1] , where the time dependence
B(t) of the orientational auto:oor'relation funofion of wafer was
caloulated, and other physical reasoning we may regard the
relaxation time Tpy ©°f [Ll-moleccules %o be close %o the
experimental value Ty Thus, putting Tpy = Tpr We may rewrite

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

= (= 7mL Uy )8 - &) (3.7)
TDZ i -1

r= e - it || [P )Rt - By | Gee
2 ,

ond Y
Bquations (3.7),‘\{3.8) permitz to express the two free model

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

i Libration amplitude g and
absorption peak o tn CR model: |

f (3/?)’/2(47}0%)“‘ . (3.9)
- £ - -~ / “:\.-;_ P~ ~~
I 37 f3/233/2eAp(—3/2}G{ﬁon ) ’\1~P)ﬂua23\1—; VT 3.10)
L ‘ g : ‘ w
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. is the libraticn peak freguenoy.
Fleld parcmeter p, absorpticn peck G, anc bandwidth Gv, at the
level 1/2 in WP model:

-2 .1 z .
p o~ i@l -171"% =422 -, (3.11)
= 2
wnere I3 =7 EMCV,
a. ~» 2wt tenfr )7 (3.12)
aR =l O N , R
‘ y =1
Ovg » 2 Ty (3.13)

g a rougn approximation we may relate Jv_to the frequencies v
R R

and v(amin), the latter being the frequency of a minimum absorption
betwzen the two absorption peaks Q. and Q. in water:

-

SV - 2 143
R ¥ 2lvia ) - vel. , - (314

Finally, according to ref.7 we may accept the approximate relation

5@‘ ~ 1,18 (3.15)
for substitution into (3.1 ).

These estimations and equations (3.7),(3.8) greatelyv 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 1 , while the results of these calculations are summarized in Table 2

and Fig.I-5.
Bv employing a number of estimations (the soluticn of transcendental equations
(3.7) and (3.8) was obtained by an iteration procedure) we found that we actually ha

to fit only the three parameters T 5 P T of a CR/DWP model. These were
2 2 1 D2 men

fitted for good agreement of the theoretical and experiV tal spectra a(d) ) in the

far IR region. As a result it was shown that the lifetime t&'must be taken close tc¢



thw

life time Tl

- ™

, 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

Tﬁz

for

= 0 gives better agreement with experiment (curve 4) than does curve 2,

which
1;D$L

, ) .. the
# 0. Thus it would seem that/Gnly

one Debye

relaxation process exists in liquid water, and it is determined by '[LJ -molecules,

Table 1. Holecular constants and experimental data: liquid water

at T = 300K
Moleocular Parameters of Parameters
constants Debye relaxation of PIR spectra
(from [12]) in em™! (from [141)
I =1.483.107*°gcn® | g = 77.66 Vg = 200
-3
p=18cm £ = 5.211 = 1445
mo = 1.84.107'° ® *r
CGSZE units I = 7.88 ps V. = 670
(1.84 Debye) - - A
— - 20
ni = 1.7 Epe = 3.52 a. = 33C8
¥ =18 Tpp = C.2 P8 @, = 1311
v(amin)-- 280
AV, = 530
Table 2. Parameters of microscopic CR/DWP and CR/ED models.
Liquid water, T = 300 K
Variants Parameters CR/DW?P CR/ED
T,» D8 0.156 3.151
variant A T,. DS g.212 g.212
T F T
r, % £.19 8.24
p 1.45 -
variant B T, pPS Q.15 g.181
2= Y| r, % 5.76 8.34
D 1.57 -
¥ote: R, = 1.18, T, = T, = 7.38 ps, B = 20.64%, 1, = 0

r~




Thus we consider two calculational schemes:

scheme A: Ty E T lifetime T, iz determined from =2q.(3.7)end
(3.58; wnile the iifetime T, and thne field parameter D, are fisted.

Scheme B. T, = T, and p, calculated Ircm eq.(3. 5 %(3:0.

Prom Fig.1 it is seen that the values of the proporftion 7 and
iifetime T, . obtained rrom the soluzsion of the (3.7{2?%.8),
actually give the correct description of the Debye reiazation
gpectrum if we use (in obtaining this solution) fthe experimental
values of the parameters Ty ss and €. Here points represent
results of calculations ovased on the Liebe-Eufford-Manabe empirical

formula [12], see Aappendiz B. It is important that such a

ooincidence is obtained quite "automatically".

From Pig.2,3, whers the Ireguency dependencies of absorption
a(v), real and imaginary parts of the permittivity s*(v) are
depicted, we see that In FIR region of the apectrum the theory
glvea anly qualitative agreement with the experimental data
{14]. If the CR/DWP model is used, then the scheme A (with fitted
T, and pa) gives slightly vetter agreement with the experiment than
the scheme B (of. ourves 1 and 2 in Pig.2aj. But %he Llatter is
gsimpler, since all free parameters are calculated. The&ffiiéi:ii
model, applied to [R]-molecules, is closer to *he esxperiment tﬁ;n
the ED model with freely rotating molecules (2. curves 2 and 3 in
Pig.2v). Tns in disagreement between the theory and experiment is
seen in the infrared region near the translational absorption peak

(v = 40-200 cm~!

), see Pig.2 and 3. Prom Fig.3b it is evident that
the experimental 1lose ocurve €£° (V) falis Jjust between the two

thecretical ones { for DWP and ZD models). We may suppose that some


http:i3pectM.Jm

15 -

intermediate value of the intermolecular rield (befween 0=1.45 for
OWP model and t"}:‘.i:} 2P ZD mode) may provide better agreement with the experimer

In Tig.4 we oompare thelﬁheoretioal and experimental plots
g"{€ ) in the PIR spectral region. It is seen that if the DWP model
i3 appliied Zor [Rl-moiscules then the introduction of the second
Detye relaxation time Tz inoreases the dJdisagreement ovetwesen the
theoretical and experimentai plots €“{g ) {(c¢f. ourve 1 for rDazo
with curve 2 for T, #0, Pig.4a). On the other hand. the ED model,
applied to [R]-mcleculies, is markedly worse than DWP model (of.
curve 1 in Fig.4a with curve 1 in Fig.4b).

in Pig.5 w#e compare the contributions of [L]- and ([RI-

s

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

the latter contribute to the loss and absorption more than [L}~molecules only

. ~1
in a relatively narrow band near 200 cm .

5. CCNCLUSION

-

A micrcscopic molecular model , vased on an analytical

[

deseripiion of ftwo =inds of rotational motion of E,0 molecules, i

2laborated. The cennral idea of the suggest2d caloulaticn scheme is

that d-oonded (LI-molecules are regpondidie in liquid water Zor
“ almost all static susceptibility X, and for the main loss peak El.

-

The CR/DWP model gives a quantltatlve desoription cI the Debye

relaxation at miocrowaves and a qualitvative one in the FIR region (Vv
< 1000 cm“‘}. Some specfrral pecuiiaritiss in the Dedbye and PFPIR
regicns are related to the fitted parameters (3.2) oI the medel.

In our work the liZ=times T, and T, 0f both retaticnal ssates

2z

-

are =qual or nearly »=2qual. This means that bothﬁgocal ordar

- - -4 n 2 - - b 4 - 1
rFcIientials U, ana vy probatly change eimul.a"ﬁcus:.y cecause o2 the
1)
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Brownian motion.
T2 we use tne definition of a collision time Tc introduced in
ref. 1 , we find that
-1
T_=0/Yy_, whers y_(p)= %‘3/Eexp(p212)[za(p2/2}} (5.1)

-

For [R]-moleoules in the soheme A we have:
yc(1.45)=0.396, that is $0R=O.107 ps . TR. {5.2)
Using data of Appendix B we find for [Ll-molecules:
yc(4.384)=1'.376. that is T__=3.03 ps . 57.. (5.3)
Hence, the lifetime 1&1 is close to the collision time‘f& while the lifetime‘TL
H~bonded molecules is much longer than the ctllision time ’G: . On the contrary,

in simple (nonassociated) liquids, such as CH, F , the collision time is twice the

lifetime [ Il . So, we may conclude that librations in liquid water exist in

much more distinct form than in liquids without H-bonds.

The field DWP model with cosa’ﬁ—pctential prefiie gives the

4
d

setter description of +the [Ri-moiecuies dieiestiric respeonse %han

the ZD model. Tc the value p=1.45 of *%he Zisld parameter

It

vorresponds the potential well depth U_ = ERE'Z’. The ampliftude of

rotation, ﬁq. of [R}-molecules may be =2valuated 23 {10]

Y onpr
8 = (p) "V w2 or at p = 1.4

W
w
u
N
N
Q)
¢
.

Thus the rotational mooility in this sub-ensemble is approximately
twice that of the {L]l-mclecules.

In Sec.4 it was suggested thnat forsmgfls values o D (or of thne
intermoleoular potential UD) the ctheory may vetter agree with ine
experiment in the vicinity of the transiational peak . This idea
w23 confirmed on the exampie of d(V) Irequency dependence after
this work was finished. 3o it seems that Jor (Rj~molecules the

2rfeotive intermoleocular field U, may ve near AT or still less
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than Lhis value.
Toe OR wodel with bthe infinitely high reobangular npolentbial
well gives bthe bandwidbbh of the FIR librabional peak exoeeding the

A}

see Fig.2). On bhe obher hand, as [l may be

experimental one
shown, the broper (Al T - w) bandwidth of a simple oosaﬂ—pohenhial
well is Loo narrow for ligquid waberr and this ocannot be applied to
dedoribe the dieleotrio response of [Ll-moleocules. So there is a
need to elaborabte a new model for [I}-libr.-ator's with T{%) profile

whioh may be in some sense infiermediate between the %wo(mentioned

pofiential wells.

Appendix A. EVALUATICN COF THE FREBE MODEL PARAMETERS

In the vicinity of the fransiaticrnal absorption peaR we rehain
for simplioity only the susoeptibility Xz due to [R]-moleoules.’

(To a first approximation we may write :
we” 4%wxé(w)

£ (V)= Ny + 4myL(¥);  dlv)=— = —2
L'n'oo an
1 1 1 1
o= GL,(2,), Iy (25)=——= ( + -
p-z 2D D -Z D +2
Omitting btne non-resonant term (p+z)“‘ we devive the formula o
the absorpbion voeffioient:
AT I 4TGarp(T) 2zy
o (z)= Im[ 5 3 ]= P 0,00 = s - (A1)
cnn, nm-z enn,, D —I‘+Ua* LY

This funohion of T reaches itis maximuwn value (Zya)—‘ A%t I=I,, where
Tp=2Tnevo=vD®+y5 . Thus,

2T G 2%rGI2

= —
CN Y on©m

[w
i
“:\\
= f\l
|
s
\\
.i
XV
IR
}.
)
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The bandwidih of the funotion \'p;(l.'} on bhe level 1/2 is found from

the oondition

‘PZ {J- ¥ > J= 4.7]2 s henoe I‘R* -2-—- = I * y2 F 2;2 ;s  (Ad)
big= 2TNoAvL= ¥ T4y .y_ = 4n/7,. (45)
Thus, we have #ob estimatio (3.11)=(3.14).

In the vieinity of a librabional peak v, we retain only X ()

tern in (2.3a): -
we’  dwmryl (T)
Avy=— = ——.
cn,, CTl.m“Q :

For simplicity we examine the limit y » O and retain only the first term of the

sum in (2.5). Since U, =f-X , we have

x ~o— h\’n
Y, (Z)= G ’r Im{s [1*xae“p zf)m1(—xf-10)l}.

Since E,‘ -10) = Im - EL1{7), we obtain for y=0:
L4 -~ 1 rd AY
Y] (Z) = G(1-r)s q.')1 (IL ; (P.I {.I'z = IAB_EW\-Ii) .

The @, () funotion goss through its maximum

2p
3/2 4 - -~ AP } ~,
) expi(-3/2) at Tz 3/2 = Jz_= ETNCV, .« (AB)

This eshimation gives the relation (3.9) of § to Vs -
The bandwidth ix.rL«).f the J1ibrational peak s found from bhhe

equation
ﬂ AT

1
® [ “] = — (3/2
! 2 2

exp(-3/2),

that is ,
AX, 3 -
~ cm
JAT_w 1__462- , Avo ow - C 6 (AT)
2re f
For the chosen value of p the bandwidth .- ADL defined in (A7) is
greater than experimental value ~ 570 cm“1
. - 2
Noting Lhat 8,/7 = [8]’/11‘2_]:»11’1 t" ﬁ] [1 ,
wer obtalin the estimalion (3.10) for Lhe peak abaot'pt,}.x)n:
lif;‘ 8 - - "2 -~ ).
a = m-r)—-.cos‘p-[ 1- f‘] (3/2)7 Paxp(~3/2).  (48)


http:3.11)-(3.14
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To estimate the statio (at I=0) valne of the speotral function,

we write

2
€0 o«
. 3in 8
3 ,.2 2 ki 2 \ - -
Lty =) sn[1 -2 e (2) m,(yn)] and [4] Y, =1 e
n =1 n =1
At small § and [y = O the sum reduoess to (g/})ya, 8O
. 2 a2 .

Now we apply for example Lhese formulas bto liguid wafer atb
T=300K.MTsing the data from Table 1, we oaloulate the time scale 7
and a nunber of dimensionless naramehers:

N=0.0423 ps, G=1.538, g=2.11, £,=0.112, Iﬁ=1.594.

From (3.9) we find: $3=0.36, i.e. ﬁ=20.6°. Sinoe OvR =12

-~
\

cm", we may estimale T, and 7 from (3.14) and (3.12): T2=O.177 pe

and 7=0.047. Thus, p = P, = 1.552. We may fake T, = T, = 0.2 ps.

The self-consistency of these estimations is evidentif we calculate the peak
absorption (3.10); ‘QL < {442 cm-’lL , which 1is close\to the experimental wvalue
| 445 cmff . 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-ANABE (Lilf) FORMULA FOR THE

COMPLEX PERMITTIVITY OF LIQUID WATER

k3
An analytical empirical description of € (W) applicable to liquid water over

wide range of frequencies and temperature has been suggested by L ebe, Hufford and
fanabe ~I2 ' . Their LHM formula comprises two

Debye (relaxational) terms and two resonance {(Lorentz) ones:
4 4

g -E g -E 3 3

g*e Ss_f[ s o s m2}+ 2: { _ _ }
f’71+f t f2+f j=1,2 f? - fa" “;f ij

where f=0/(2T)=vCc is the frequency in HZ (this should nof be Confused

(o))
—h
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with the normalized libration amplitude F=2p/T in bthe COR model),

as=77.66-—103.36, g, =0.06T1E_, 5“2=3,5g+7,523,
¥,=(20.2+146.46+3165°) 2107, 1273987,
f,=5.11o10‘2, : jé=18.2°1012, (B2)
I =4.46010'2, | r,=15.410'2,
Al=25.oso102‘, A2=282.4o10“,i
e=1-320 _ 300 o G = 37y,
273.15+TC° T, = 2;-( ]
- 2

It follows frow (B1) that at T=300K (or 6=0) the relaxalbion
times of the [irst (main) and the seocond (if this exists) Debye
regions and the corresponding values £, and 5, are, respeotively:

=7 E = 3 i = - s = 3.5
T = 7.88 ps, €01 5.21 and To, 0.2 ps, Epa= D 52

On the other hand, in the TLorenfz line approximation, for

whioch Lé(pa - za), we may eshbimate , using fHhe empiri&dparameters
(B2), some Lthe field parameters of our DWF model:

Py = 2md7S - /4 =122 .

At the frequenoy Y of a hranslational absorphion peak we may
put approximately A, = 4EGP/(2WW)2 , from which we egstimate the
proporhtion m of [R]l-partioles: » = 0.073.

For the librational band (in terms of TAM we use subsoriph 2
in this onase) 'similar estimations give:

P = 2TV7Z - 1o/4 = 4.384; B_= V72 pI' = 0.286  (P.=16.47).
These esilimations agree with fthat, given in Seo.3 and in the
Appendix A, although they are independent of the latber. Thus, we
may relahbe some of the paramebters of (B1) approximation to a number
of the physioal oharaoteristios of a moleocular model.

It should be noled thab in Seo.4 we use Lhe notation 7.
I

And 8 inshtead ‘ £ £
@ nsgtead of tD! and & | .

wl
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Fig.1. Dielectric spectra of liquid waber in Lhe velaxalion

rerion: real pavrh of the peremithivihy 27 {¥) {4) and fhe loss ourve

“(v) (b). Caloulations for the CR/DWF wodel {(solid lines 1) and

.

M

OR/ED model (dashed lines 2). Curve 3 - experiment |14}

-

Fig.2. Absorption ooceffioient &(v) frequenoy dependsnoe: for
the CR/DWF model (a) and the CR/ED model (b).

-~

DWF model for sohemes A and B; poinfes 3 -

~ 4

Curves 1 and 2 - CR/
experiment [14]; ourve 4 — OR/ED model for soheme A.

Fig.3. 2/ {v) {(a) and £"(v) {(b) plots in submillimeler and FIR
regions. All notation as in Fig.2.

Fig.4. & (8’) plot for the CR/DWP model (a) and the CR/ED
model (b). Curves 1 and 2 - the results of oaloulation for the
relaxation time Tha aqual to zero (1) and to 0.2 ps (2). Points 3
- for experimental data [14)]. Curves 4 - for the LAM empirieca.
formula [12]. The two markes in the absoissa axis & oorrespond o

the values [12] g, and & of the main and the second Deby=

20
regions.

Fig.5. Contributions of [L]- and [R]- moleoules to ila.?e real
part of the susceptibility Y’ (x)}{;olﬁg loss %° (J:)(a}b) andzr?om:lized
absorption Zx*(r) (¢). Curvese 1°,1° and 1 for [Ll-mmoleoules;

ourves 2’,2° and 2 - for [R]- moleoules. Soheme A.
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