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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 < -J/cm- l < 1000) dielectric spectra. These 

comprise the Oebye 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 H20 molecules, called [LJ- particles 

or [LJ- molecules, are bonded by relatively strong H-bonds; [LJ - molecules 
amplitude P (f is aboutperform librations of relatively small 20° ). The 

remaining molecules called ~-molecules have more r0tatlonal / translational 

mobility. 

A new microscopic molecular confined rotator / ddSle ~ell ~otential (CR 0~P) 

model of liquid ~ater is developed. , 
-The contributions of [LJ- and [RJ- molecules to the complex permittivity E are 

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

2(OWP) models, with rectangular and cos e intermolecular potential profiles, 

respectively. 

It is shown that the CR/DWP model gives a good 
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the Debye relaxation and a qualitative description of the FIR dielectric 

spectra of water. 

1. INTRODUCTION 

As was shown previously [3,4,5J, 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(w) and 

permittivity e: (w) are described by simple analytical expressions. The main 

suggestion of the above theory, namely, that /j;Uz.onf/- coLli-1.Lon/j of. moJ..ecule-1 

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 l..iqui~ ~~e coLli-1.Lon time tc excee~ 

the Gn[fUJ..QA momentum cO/1Jl.eJ..at.Lon time t J. The result lC > lJ was also 

obtained in ref. 1 for the instantaneous collision approximation, if lC 

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 lC was shown to be a~proximately twice the lifetime l, where the 

latter 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 two potent.La-L/J Ul and U2 control 

reorientations. Using the field model with a cos2e- 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 

kin~j ot o~~entat~onal mot~on with the corresponding respective potentials 

Ul and U2. The first potential Ul describes the librational motion of a major 

part of H20 [L]- molecules. These comprise a hydrogen-bonded net and they are 

responsible for the main ("librational") absorption peak near 700 cm- l . The 

second potential U2 is responsible for the "translational!! absorption peak 

lnear 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 ~uppo~e that all the w~de-band 

l(0 < v / cm- < 1000) ~electAi,c1pect,'l.a m watM olJ...f)inate {jlOm li!J~atJ...on/~otation 

ot pol~ molecule~. 

The main purposes of the present study are: 

i) to achieve a close af)Aeement between the calculated and 

experimental spectra in the low-frequency region of the Oebye relaxation; 

ii) to express the free parameters of a molecular model in terms of 

molecular constants, parameters of the Oebye relaxation and the frequencies 

VL and vR of translational and librational peaks in the FIR region; 
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iiij to reduce. as far as .poesible _ the number ot the tree 

p~....mete~ of our model; to simplify ~d formalize the ;roced.ure of 

their evaluation; 

iv) to compare the previoU5 contL11.ed rotator/extended 

di!!UBion (CRIED) model (8J with the ocnti.lleti rotator/double well 

potential (CRlDWP) mioroeoopio model of water in order to evaluate 

the value ot intermoleoular fields which i.n!luenoe the dipolar 

(RJ-partioles. 

In the CR model [i1)cJ J tr"e (L1-mole'Jules are regarded as 

librating between two elastically re!leotir~ ~allB during~litetfme 

~_. This t~e and the angular distanoe 2~ between walls (~ is the 
..L" 

libration amplitude) are the free parameters of the' OR model. Thus: 

the OR model is oharaoterized by an irt...!initely deep reotangular 

potential well. 

The s~pli!ied theory [1.10] ot the DWP model with the U(~) = 
2U (1o - cos ."(}) profile is applied to [i1.)-moleoules, '"d' being the 

angle between the veotor a ot the dipole moment and the symmetry 

axis Z of the potential U(~)t which is supposed to exist r.]l~ing 

some "T ." .po. 
_~.... e u:.me ,.,."'R ~In a , .,.sma.... .!. local-order 70lume ot a liqui~. This 

potential profile oompris~ two welle with oppositely direoted 

statio fields near~ottoma of the wells, whi'1h ,)o~spond to the 

angles "f} = a and -1'} = 1t • Th14S we mean that the potential funotion 

U('6) is oha..-aoterized by the looal ani30tr')PY. The dieleotrio 

re3ponae to reorientation of polar molecules is described by the 

complex suaceptibility X(w). For an isotropic medium tthis is a 

situation of liquid water) we get 1;he NSul tant value ot 'X (w) 

after the averaging of the dieleotric response over all p')seible Z 

direotions is made. 

Previously only the !ollowing l~iting cases of this DWP model 
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were used in the study of liquid water spectra: 

a ) the extended diffus ion (ED) model for [R] - mo 1ecu 1 e s , f re ely 

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 a 6 
2 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 TR 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 p/l.J..O/l.J.. 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: 

WE 
II 

= 4lT'V Im E * (w) (2. 1 ) 
cn{w) .[J ] 
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(e:* - n2) (2e:* + n2) = 121Te:*x* (2.2) 
CD CD 

where (2. 1) re 1ates the absorpt ion coeffi ci ent a ( v) to the comp 1 ex 

permittivity e:(v~ and (2.2) relates the latter to the complex susceptibility 

x(v). Here the star denotes the complex conjugate: 

x*(\)) = Xl(V) + ixll(v), x( v) = XI (v) - i x II (v ) 
since 

E*(V) = E'(\)} + ie:"(\)}, E(v) = e:I(v) - ie:"(\)} 

the refractive index n(w) is given by n(w) = Re [/ <*(w) J and n~ is the 

value of n(w} in the infrared region. 

In the course of these investigations we consider the ~up~po~~onal 

(2,7), in which the susceptibility x*(v) is LUteaAl.!J 

related to the susceptibilities xi(\)} and x2(v) of the two-potential state 

of a prescri bed mo 1 ecu 1ar mode1 ; x1 and x 2 correspond to the potent i a 1 s U1 

and U2 and these are determi ned by the ~pec.t.A.al f-un.ctJ...o~ L1 and l£ of each 

mode 1 • These represent the di e 1 ectri c response to the l'I..eg.u)..aA (peAi...odic) 

rotational motion of a dipole in a corresponding potential well. For the 

Oebye collision model (2,4), where the induced distribution function F depends 

expliuil.y on the relaxation time 1'0' the resultant susceptibility x is 

gi ven by (2): 

x*(x} = xi(x} + x2(x} (2.3a) 

1'01/1'1 
x*1(x}:::6r l Ll (zl) O1 + --- (2.3b)

\.. l-iw1'
01 

l' 11' 

x*2(x):Gr L (z2} 1 + 
02 2 

(2.3c)
2 2 ( l-iw1'02 J 

Here G = ~2NI (3k BT), kB is the Boltzmann constant, ~ is a dipole moment of a 

molecule in c.. liquid, N is the concentration (number density) of polar 

molp.cules, and T is the temperature we denote by Nl and N2 the numbers of 

[Lj- and [RJ- particles, respectively, so that .... 

Nl + N2 = N 

and the ratio of the numbers of the two classes of particles is rl r2' where 

http:pec.t.A.al
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It will be convenient to express r2 as 

We denote by TDl and T02 relaxation 

associated with the subscripts 1 and 

complex frequencies zl and z2 by 

z, = x +iy" z2 =x + iY2' x 

r, so that is expressible as l-r.r l 

times related to the subensembles 

2. Similarly we define the normalized 

="w, Y',2 = 01",2' 0 =/ I/(2kBT), 

Tl and T2 are 1 i fet i mes instates [L] and [R], respect i ve1 y, and lis 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 chao~c (B~ownian) 

~ota~onal motion in liquid, just in the same way as this response appears in 

the Oebye theory [13] of the rotational diffusion. 

For [L]- moleculeA, 	i. e. for the con/.ined ~otato~ model ([ 4] Tab 1 e 4. 1 ) 

L (z) = 1 + z2exp (-z2)E l (-z2) (2.5)n n n n ' 

where 

zf 	 ex) 

, f IT ' E1 ( .... ) = Jexp (-t ) t -1 dt. 
n 

For R -mol..eCJ.J..leA, i.e. for the duuble weJ..l potential model the 

following approximation for L(z) is valid [1]: 
'V - 0 

L2 (z2) = 2LOWp (z2)' LOWp (z) = L ( z) + L (z) + L ( z ) , (2.6) 

where 

3U/2
v exp(u) [1-(1+3U/2)e- + 1-(1+3u/2 + 9u2/8)e-3U/2l
L(z) = ---- (2.7) 

Y;plo(U) p2 - z2 2p2(4p2 - z2) _ 

G 	
-, 

~ 	
ex) 

(-1 )n+ 12exp(-uJ2)(1-exp(-7u/6)) 
LL(z) = + 2ib 	 (2.8) 

n = (n - ib)2 JHplr,(U)
'-' 

co.. 2e u. 	 S2exp(-S2)dS
l(z) = J (2.9) 

\Flo (u) 2p//3 S2 - z2 

and ",,= p2/2; b = zip_ The multiplier 2, relating L2 and LOWp, ;s 

used in order to describe approximately the rotation/libration in 
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afA'JJ"Je in terms of tht::::t theoT"'Y'. elaot")ra.ted for planar motion (1,10]. 

depth U: 
o 

(2. 10) 

In this section we replace p by P and UA by U . It should be noted that
2. .,. 0'1 

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

normalized frequency y is sufficiently large, namely if Ira i 
~ ... ­

71~~(~n_)-! (,2.11)
wt!. "t!.' . 

In a par·tioular oase of free rotat!on during lifetime 't2 , we 

must put p = 0, and the DWP model trans1'onns to the extended 

diffusion (ED) model. The exaot (for rotation in spaoe) 

expression for L(z) is given by ref. 4, p. 78, formula (T4. 5), namely, 

L
2 

(Z ) = 1 + Z2exp (-Z2)E, (_Z2), (2.12) 

3. EVALUATION OF It. FREE PARAII15't15RS OF A MICROSCOPIC MODEL 

Using fonnulae or 5eo.2 we have oaloulated dieleotrio 
~ 

speotra ot liquid water at T = 300K,l.' the resul ts will be given in 

5eo.4 • The dipole moment p. 0:( a moleoule in a liquid was related 

to that (p, ) of an isolated moleoule by the equation (5)
o 

~ = P'oR~ (77.;4-2 )/3 , (3. 1 ) 

wh...re the f'aotor 'k, is 0108e to unity •.. 
· th f""!:J "~~ m-..-::1.-." 1 t""I .. I ....... ~ n';:r '7"V"Y.,.....,.",.ot -.,..~ •
Jh L.t.5 l.n e '...ICV urr r 4l.JU1:7 I., we 18ve 0 .J I, ~ ~ /"."0 tJI.M CM'&CI t:t CI. 

p , rtl' l'i,D 1 ; andRe (3.2 ) 

----v 
~ 

v~-----

tor [LJ-mn!ecu!e.9 lor [RJ-m,o!e(jule8 

We find or evaluate these [rom the following 8tipulations'. 

a) Putting the frequenoy x = 0 in (2.2) and in (2.), we may 

relate some oombination of 'parameters ().2) to the Kirkwood 

oorrelation faotor g: 



- 9 ­

~J 
;;; = (1 -I' ) (1 + r;:-- 1T, (f.1i ) 
- " II J ' v I'1 ., 

,- _2, 
I,I':'••~ nI '00 

2 
I
) t, '~ _I':. - S .,. . I/. I 

g = w' 

i 211;;sO 


~nu .; 18 the statio pt3C'rnittivity ..s 

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":..::....::..-­
(lfAl)ye p~l8.xatton p~eion w,.., m~y .!:Jut fnl"nally wtj,'D'~ :in e'1. (2 .. 3) aniJ. 

s' - s in eq. (2.2). Henoe we get anothel' equ::1.tion
00 

'T.'D2 

g 1= (1 -7" ) L1 (f.VI) +7" (1 +1; 2 ) L2 ( f.Y2 ) , (3 • :; ) 

(3.6 ) 

0) Using the reBul &S o[ ret .. [ 1] ' wheL'e the time dependenoe 


~(t) of the orientational autooorrelation funotion of' water was 

' ­

oaloulated, and other physioal reasoning we may regard the 


relaxation time ~D1 of [L]-molecculee to be oloee to the 


experimental value ~. Thus, putting = ttD, we may rewrite
'tD1 


equations (3.3) and (3.5) in th€ rorm: 


~ 

( ..... ,.."

_"). ( .I 

(3.8) 

Equa t ion8 (3 · 7 ) f\/ :, .8 ) the two free model 

parameters through other (experimentAl. or molecular) known 

quantities. A number of other estimates may be made frmn from physical 

considerations (see Appendix A) . 

Lt'brat t on ampIttu.de ~ and 

0080rpt ton peaR ~ t;;, CR mo"ie l : 

p ~ (3/2) r /2. ( J.l1cV_ ) - 1 • (3.9) 
L 

~~ "~/~).3/2 --r ~ '~'''''''''''''''n )-1'1 r),",--21l'~ ~,-~(1... "" .:Ji!' '.,.)1 ~, . -eA.l) ,-.:" t: ,Hr l, 'f'..1 '\oU' \ - ,\.&)i'j tJ~ 1-,1 .J , (3. 1n) 
l.i 



- 10 ­

where v_ is the libration peak frequenoy • 
..;.., 

level 112 !n DWP modeL: 

..,..--2 ,1 /2 /-.2 '.::r 

p ~ -11 (21tCV;) ¥2 J = "XR, y; (3.11 ) 

where 

(3.12) 

As a l".)~;" a.pproximation we may relate OVato the frequenci~s Va 

and v(amL~)' the latter being the frequency of a minimum absorption 

between the two absorption peaks ~ and ~ in water: 

<;?;~R ~ 2(V(a - V;:t]. C3.14)m1n , 
Finally, according to ref.7 we may accept the ap?roximate relation 

~ ~ I.I8 (3.{5) 

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 CALCULATIO~ 

Experimental data and molecular constanrs used in our calculations are presented 

in Table { , while the results of these calculations are summarized in Table 2 

and Fig.i-5. 

By employing a number of estimations (the solution of transcendental equations 

(3.7) and (3.8) was obtained by an iteration procedure) we round that we actually ha 

to fit only the three parameters 7: of a cR/m-IF model. These weret"2 , P2. , :])2 men 
fitted for good agreement of the theoretical and experiV tal spectra a(W ) in the 

far I~ region. As a result it was sho-c;.ffi that the 1 i f e t Lr.le 'L mu s t be taken close tc 
2. 
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thw life time II ' that is, lifetimes of both kinds of rotational motion are equal c 

nearly equal. We see from Fig.4 that the curve labelled !, which corresponds to 

~)2 = 0 gives better agreement with experi~ent (curve 4) than does curve 2, 

the 
for which·r.J).,. :f O. Thus it would seem thatfority one Debv.e 

relaxation process exists in liquid water, and it is determined by rLJ -r.lOlecules. 

Table 1. Molecular constants and experimental data: liquid water 


at T ;;; 300K 


Moleoular Parameters ot Parameters I 
conetants Debye relaxation ot FIR speotra. I 

-1 	 ,(from [12] ) in em (trom (14] ) 

I = 1 .483, 10-40g , cm2 

p = 1 g,cm-3 

1 .84. i 0- 1SiJto = 
CaSE units 
(1.84 Debye) 

2 = 1.7noo 

!I. = 18 

e = 77.66 s 
c: 5.211-00 = 
If"

"n = 7.88 ps 

3.52s~ = 

(i ? ps= '-J • c...'t'D2 

= 200 IvR 
I 

= 1445 I~ 
I 
I 

= 670vT 	 I. ­

= 3308~ 	 I 
1 

= 1311°min 	 I 
IV(Omin)= 260 ! 
I 
I 

6.1.1_ = 530 I 
l.. 	 ! 

I 

Table 2. Parameters 	 ot microscopic CR/DWP and CRIED models. 
L1~d water. T =300 K 

I
Varianta Parameters CRlDWP 

! 

I 

I CRIED 

. 

varia.'lt A 

't2 'F tt1 

7aria.-,.t B 
IT"' If" 

"'2 = "1 

't
1 

, ps 

'1:2 ' ps 

r', % 

P 

If" ps", 

r', .% 
p 

0.156 

0.212 

5.19 

1 .45 

0.155 

5.76 
1 .57 

I, 

I 
I 
I 
j 

0.151 

0.212 

8.34 

-

II of t.:;1 
'-'. ! ..., • 

a.3d. 

-

~Io te: R.t-!­ = 1. 18, 'tn, = 'r.n = 7.88 ps. t3 = 20.640 
, '1:1)2 = a 



Thus 	we consider two calculational schemes: 

S!JnETflE A: '1: f:. '1;1' lifetime tt1 i!! determined from eq. (3. 7 )<""~2 
(3.8) 	whila the li!ettme ~2 &~d the fiel~ pa.~eter Pz are fitted. 

SchEme B. ~2 = 't 1 and ;';2 calculated tram eq. (~. 5 ),( ~. II) . 

From Fig.1 it is seen that the values of the proportion ~ and 
~ 

lifettme tt1 t obtained trom the solution ')t the (3.7),,(3.8), 

aotually give the correct descrtpt ton 01 the Debye re1.axat ton 

speC!M.J111 if we use (in obta.inir~ this 6olution) the experimenta.l 

values of the parameters reD' 5 and Soo. Here points represent
s 

results ot oalculations based on the Liebe-Euttord.-lianabe empirica..e 

formula (12], see Appendix B. It is important that suoh a 

t.)oinoidenoe is obtained quite "automaticallyn . 

~rom Fig.2,3, where the tre~uency dependenoies of absorption 

a(v) , real and imagia.~ary partes of the permittivity e'* (v) are 

depioted, we see that tn FIR r-egton Of the i3pectM.Jm the the071l 

gtves on!y qual!tattve agreement with the experimental data 

(14]. It the CRlDWP model is used, then the soheme A (with fitted 

't2 and P2,) givee slightly better agreement '1rlth the experiment than 

the soheme B (ot. ourves 1 and 2 in Fig.2a). But ~b.e latter is 

simpler, sinoe all tree parameters are oalculated. The~ 

model. applied to (R]-moleoules, is oloser to the experiment than 

the ED model with freely rotating moleoules (:)f. Cl~e5 2 9.n~i 3 in 

Pig.2b). ·rne main rllsagreement between the theory and experiment is 

seen in the infrared region near the tranelational absorption peak 

(V :: 40-200 cm- 1 
), see Fig.2 and 3. From Pig.3b it is evident that 

the experimental 10S6 ourve 6" (v) falls just between ti1.e two 

theoretioalones ( for DWP and ED models). We may suppose tr~t some 

http:i3pectM.Jm
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intermediate value ot the L~termolecular tield (between O=t .4S for 
• 

DWP model and p=u tor ED mode) may provide better agreement with the experi:net 

Zn Fig.4- we I)Qmpare the theoreti",al 2...'1.(1 dXlJdri.rnental plote 

S" (8') in the FIR spe'~tral region. It i6 :3een that it the DWP model 

is applied ;ox· (R]-moleculee then the introduction ot the second 

Debye relaxation time 't
D2 

inoreasee the disagreement oetween the 

theoretical and experimental plots e'" (05') (~t. curve 1 tor 't'D2=O 

with curve 2 tor 'iD2;:Q, Fig.4a). On the other hQnd, the ED model. 

applied to (R]-moleoules, i6 markedly worse tr.an DWP model (of. 

ourve 1 in i? i.g. 4a wi th c~ve 1 in Fig. 4b ) • 

In Fig.5 'Re oompare the 00ntributions ot [LJ- and (R]­

molecules to the complex susoeptibility and absorption. As is seen. 

the latter contribute to the loss and absorption ~ore than [L]-molecules only 
-.{

in a relatively narrow band near 200 em . 

5. CONCLUSION 

A microsoopic moleoular model based on an analytical 

'ieBcrip·~io.t1 or two "8rtndB Of rotot tonal mot ion o! E:
2

0 molecules. is 

elaborated. The oentl~l idea ot the suggested {~alculatiQn scheme is 

tllat H-bonded [Ll-mo7.ecu7.es are resporf.8t.bZe in liquid water tor 

t~ aLmost all static susceptibility Xs and tor the main loss peak sn. 
The CR;DWP model gives a quantttattue deeoription ot the Debye 

relaxation a.t microwaves and a. qualttottve one in the FIR region (v 

( 1000 cm- i ). Some spec tral peculiari t iea l..."l the Debye and FIR 

~egionB are related to the !itted parameters (3.2) of the model. 

In our work the litetimes '1:'1 and '1: of both ractational s~ate8
2 


are equal ()r nearly equal. T11..is mear..s that 


pc"Cen"Cials U. 
I 

http:Ll-mo7.ecu7.es
http:ieBcrip�~io.t1
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Browni.a:n mo1:'1on. 

:t we use the t1etL'1.i tion o! a colli.sion tirn.~ 'tc;: introduced in 

ret. 1 J we rind that 

[T • 
_-3/2_ (2 d'\' ,-2/1"'),1-­

'1:'0 =11I !10 ' h '(P)= ":" ~xp PIc..) .1..0 \ f:J /':"').1 oJw ere :;0 


For [R]-moleoules in the soheme A we have: 


yo(1.45)=O.396. that is ~CR=O.107 ps 


Using data ot Appendix B we find tor [L]-molecules: 


Ny (4.384)=1.376. that is ~ ~=O.03 ps 5~T. (5.3)
C c..... ~ 

Hence, the lifetime 'Cit ~s close to the collision time -tfc while the lifetime'rL; 

H-bonded molecules is much longer than the ctllision time tc . On the contrary, 

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

lifetime L1J . So, we may conclude that librations in liquid water exist in 

much more distinct form than in liquids \Vithout H-bonds. 

The field DWP model with 0062~-potential profile gives the 

better desoription or the (:a]-molectiles rlidle~trio r-eepcnae than 

the ED model. the value p=1.45 of ~he field parameter 

t)orreeponds the potentia.l well depth U'':J :: 2P"3T .. ~e amplitude of 

rotation, ~R' ot [R]-molecules may be e7a:'uated. 3.S ['fO] 

.~ I -1_~/ p ­... .... ., .f !:~a = ,-p) ,,1t G Or a. t• - f"--:"J 

Thus the rota.tiOllal mobility in this Bub-er~emble is approx~~tely 

twice that of the [L]-molecules. 

L~ Sec.4 it was suggested that tors~f~rvalue8 of p {or ot the 

intermoleoular pot~ntial U ) the theo~J m&7 bet~er agree ~th the o 

experiment in the vicinity ot the translational peak • This idea 

was cOr'..iL-med on the example of a.(V) frequ.ency dependenoe atter 

this work wa.s finished. 50 it seems tr~t tor [R] - moleoules tile 

tetteotive intermoleoular field U 
I
) may be near ~T or still less 



th~ non-resonant ten" 
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w~11 givefo') t.[lt~ h;:;sndwidth n L the FIR 1. jln'a r, -i.onaJ pe~k ~X'(\eedine r.h~ 

expeeimt::tntal nne (~~t1 Fi~ .. ~). On the othet' ha.ncJ, ~8 iii ma.y ue 

shown, t.he pt"J!1to::#.l' (~f; 7. - 00) bandwidth 0"( a. simple oos21}-potential 

we11 is f;oo nal'r-c)w fot" 1 iquicI wa tIel' and thl~ oanno Ii hf'1 appl ied to 

c1ef:iOl'ibe the dieleotrio response of [L]-moleoules. So there is a 

need &0 ~labor-ate a. new model fop [I}-libt'atol--6 with lJ(r{}) pt'o!ile 

whioh may be in some BenBe ini;el'ln8diate between thet.(-mentioned 

potenti'iLl wellR. 

Appendix A. EVALUATICfl OF THE FREE MODEL PARAJiETERS 

In the vioinity of the trC"ut,8!attDilJJ,7. rJlj8orpt!()n perlR, we retain 

for simplioity only the susoeptibility X2 due to (R]-moleoule.0 

( To a first approximation we may write : 

ws' 4'ltWX2 (w)
d(v)=- = , 

en. en
IX) IX) 

1 
+ -). 

p +z 

This [ullotion or X reaohes its maximum value (2Y2)-~ a.t I=J:'R wheret 

XR=2'JtT}C'lJR=!P2+U~ . ThUB, 

Omitting 

the ab801·p t ion 0081' r in len t: 

4?i:Gr (.X) _ 47r.Gr<p (.1:") • 
o.(X)= -- Tm - ,

CTln\l) p2_Z2 c1inw 
CfJ2 (I) = 

, (A2 ) = 

""I 

t-il/T. ,~\ I'. J\ . J'p = !~-
c­



The lJanc1widt.h OL ~h~ funotion \'P~(I) un t.lh~ l~vel 1/2 is ft.)und from 

the t},)UcLi. t ion 

Ax .... 1 
(P .T + -- J --- henn~ :7:_+
2'[ 2 - 4V2 ' tt 

l1~r'R= 2'1t"YlCAV
R = I ~+!J~ = 4!J2 = 411/1:2 • (AS) 

Thus, we have eot ~8i;.tmat:ionB (3.11)-(3.14). 

Tn the vioini ty of' a lihr-a.tional peak 'VI.. we retain only Xl (..7:) 

term in. (2 .. 380 ) : 

u),S' 4:;r~; (,x) 

<l(v)=-- = 


en,,,, en n 
1'0 I 

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

sum in (2.5). Since :1: 1 =-f'X ,He have 

XX7(X)= GrlX1ImlRl [1+iieAp(-.~H:l (-~-!O)J}. 

Since EI (-t-tO) = irn: - E1(t), we obta.in fOl" y=O: 

'" (\ ...- 1 ~ ( l' () ( 1.1 -3 1.-2 \.:rX 1 ,X,I = re, lr -7')81<1'1 Xl:; (P1 ,Xl. = ~i.e~I,-~) .. 

Th~ {P, (..;;~ f'uno t ion eO€:8 tlu"'f)ugh i t8 maximum 

2(}
( .~ (T.)" , .... 1'" )1/2 ., ..... ,..... )ma.x ~(P, ".! 1= 1...) ~ ~ ex.p I, - ..)1 ~ at .X..; 13/? = /I_ = - 2'1t11C1)L. (A6)I 

L TC 

This estimation gives the relatlon (3 .. 9) of ~ to v_.
L 

The b80nrlwiJth /lx_of. the l.ilH-"a.tional peak ;8 found fI-om th«: 
1..1 

equation 

.... ,,..


Ifl roT ./',\XL) = ~ \I.... 
~.., 1,,..t!. ) - e xp (.... '2 ) , .., I c.. -.J I 


1 l III 2 2 


that 18 -1 

/ 11.1:_ ~ i ' .1 b Q. , AI) ~ 
e/71 

( A~( ),
l.J L 2][(' 1 

For the chosen value of J3 the bandwidth . L1 0 in CA7) ~sdefined
La 

rgreater than experimental value ~ 570 cm- . 
-;J r: -2 

rio1. Lng Lha t l3 1 /1 = [ 81/:;r,2-J a1nl 
[ t- - ~J · Ll - f J ' 

WH ob t(::f.j n Lh~ '-H:i t twa. t ion (3. 10) for' Ijh~ peak abtsorp t ion: 

J.r;. a _ _ -~ .... /,..
d_ ' 1 .,..) c ~ (4 ..I'I!!) r .... ,,.. ) ")1 ~ .... )I ,,..--r..= --I, -,,-I~08 p' I-J ,Jl~,~ exp\-jlc.. .• (AS) 

(}11{n t 
00 " 

http:3.11)-(3.14


- 1 ~-

TI) estimate tIl,,=, statio (at X=O) vallle or the 8peotr;a.l funotion, 

we wr-i te 

2 


\X) 00 sin p 
f.c.'~f_y2. exp (y2) Et(Y!)] and (4] = 1­L1 (!lll) = l ·'3n [1 n n 1: 8 ,n ~2 \ ' 

n = 1 n = 1 


At smA-II p a.nd y - 0 the 81Jln reduoes to (2/3 )1l2, 60 


2 ~2 

~~t" •) 

i~ow we J::lpply .rOT' example ~he8e formula.e to 1 iquid wa tel" at 

T=300K .. TTHing t.he datt"l rrorn Tahlf!1 1, Wt"J naloulate the time 80ale 11 

a.nd a. number- of dimeusionless pat....ameteps: 

11=0.0423 PH, G=1.938, g=2.11, 8 , =0.112, 

PI-om (3 • 9 ) we rind: p=o. 36 , i . I':t • Sinoe =120 

cm- 1
, we may estimate IT,2 and ." from (3.14) anci (3.12): 1'1;2=0.177 p8 

and.r=O.047. Thus, p = P2 = 1.592. We may take ttl = rr.2 ;: 0.2 ps. 

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

-'l 
absorption (3.10): ..:)L -::. '~42 cm , \<7hich 1S close to the experimental value 

-1 cm On the other hand, the values of '"C and l' found from the more"- 445 1 
accurate equations(3.7), (3.8) and the fitted value of p also agree ~ith the above 

estimated quantities. 

Append ix B. THE E:-fPI~ICAL LIEBE- HUFFORD-~L.;')JABE (Lle!) FOR:nJLA FO~ THE 

CO:!1PLEX PER:-fITTIVITY OF LIQUI9 ~{;'TER 

'*An analytical empirical description of € (ul) applicable to liquid water over 

wide range of frequencies and temperature has been suggested by L ebe, Hufford and 
\1:anabe :"!.2 ~ • Their LI:-r-'~ formula comprises t<;<l0 

Debye (reIaxational) terms and two resonanoe (Lorentz) ones: 
A A 

s*= oS -!( Sa-Sool + Sa-Soo2) + L (_ j _ -j ) (Bi) 

s !71+! t f2 +! j=1.2 ~ - ~- t~! ~ 

where !=w1 (2'1t:)=VC is the frequenoy in Hz (thi8 should no t be confused 



""..., I t..~ ""'R 1" ,•with the no['malized lihr~tion arnplitutle .=~PI'1[f In l.llH:~ I, rnf)CJ:~l), 

- 3 ,.. ......... ,.. .... 8- ......... '",..1~
- ,..,,.., 6'" "r"i ......... e ~\..U2.= .. ?~..,. ( .?~ ,
/":', ={{. 0- I U.:> • .:> , e =u.uO{ /ja'
W1a 

" =(20.2+1A6.48+316S2)o109, l'2 =39 •81" 1 ' 1I' ' 


1 =18.2 0 1012 
,
11=5.11\li012, 2 ($1.) 

12r =4.46 u10 ,
1

2.d. A2=282 • 4 Q 102 .d. ,A
1
=25.03 010 , - {

300 300 l' 0 '~ l = ..-"7-:V-6'-1..- )
9=1- - =----- ,

T i 
'r-J)2 

I t to11ow8 frow (B1) tha t a. t T=300'K (or 6=0) 

times of the fir·8t (ma.in) and the s800nd (if this exists) Dehye 

regions and the oorr.esponding values S001 and S~ are, reespeotively: 

't = 7.88 ps, and ~D2 = 0.2 ps,
D1 

On the other hand, in the Lorentz line apPPQximation, rOl" 

whioh IF(p2 - Z2), we may estimate , using the empiri(JO.{paI-ameters 

(B2), Borne the field papameters of our DWP model: 

= 21ti1/1, - ..(~ /4 = 1 .. 22PR 

At the (requenoy 'VR of a r,r'anslational ab~or-pbion peak we may 

pu t 811!n-oxima tely A1 = 41lt;r/ (21r.'f() 2 ., from which we estimate t.he 

proportJion T' of [R]-p~n't,iole8: r = 0.073. 

For the librationa1 band (in terms or 'LRii we use RubsOl'ipl; 2 

in this oase) 'similar estimations give: 

PI, = 2:;r:r(~ - ~/4 = 4.384; ~L= /'IT./2 p~1 = 0 .. 286 

These eR t iml1. t ions agr~e wi th tha t , given in Sel). 3 a.nd in the 

Appendix A, a1 though they ~pe independent of bhe lat tel", Thus, w~ 

may pela te some of the paI"ame ters 0 l (Bi) approxima tionto a number­

01 th~ pi1.ysioal IJharaoteristios' or a moleoular model. 

T t 8ilolllJ b.., no f,efl tha t ttl St'10. 4 we U8~ the no ta t ion 1._ 
u 

http:A1=25.03
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CAPTIor~s FO~ FrGUR~ 

p"/I (1)) (h).. Calou.la t.ion~ for flh;;: CR/DWP trlodel (solid lint:f6 1) and 

Curve 3 - experiment rI~. 

F1g.2. Absorption ooef!ioient (I(v) frequenoy dependeno~: fot"' 

the CR/DWP tnod~l (a.) and the OR/ED model (h). 

Curves 1 a.nd 2 - OR/DWF model fOI" 80hemeB A a.nd 0; points 3 ­

exp.., t'irnen t (1 4]; ourve 4 - OR/ED mode). fo'(- soheme A. 

r1g.3. oS' (v) (:1,) and F5,/I (1) (b) plotB in 8ubmillim.=tfier ~d FIR 

regions. All notation. a8 in Fig.2. 

Fig.4. 15'" (s') plot for the CR/DWP model (a) and the ORJED 

model (b). Curves 1 and 2 - the resul te of 0810u18 tion [01' the 

relaxation time ~D2 equal to zero (1) and to 0.2 pe (2). Pointa 3 

- tor experimental data (14]. Curves 4 - tor the LHM empirio(l. 

formula [12 J. The two marks in the absoiss8 axis s' oorrespond to 

the values (12 J Soo and S2Q) of the main and the aeoond Debye 

regions. 

1P1g.5. Contl"ibutions ot (L]- and [R]- moleoules to the rea.l 
t() --ti1 e... 

part of the 8U8oeptibili ty X' (X), tv 1f.u. 1088 X/I (X) (a.;b ) and "normalized 

absorption XX'" (x) (c). Curves 1', l' and 1 for (L]-moleoules; 

ourves 2' ,2/1 and 2· for (RJ- mo1eoult1s. Soheme A. 

http:Calou.la
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