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A simple mr for defcrmination of lhc ~lilgill~ir orit:nl:lt ioll c)f ,,;<ltt~r nloleculc~ ill the 
t]r,,t coordnlation ~>phcrc l'ronl the r:ldlal distribution ttlllC!iOll,,4 it4 plopo,~,.:t}. A COlYip4r:lliVC 
ancll,,si.~ of Ihc ability of II,,e model polcniial~ of pair inlt_'raction Io lz~kc' hlto {}cCOllllI tile- t_'l}L'cis 
tit* I l l t l l lytaody iillt.:r.tlCliOl/S t~ l  [:lJ[ ) ',t,'ii~, pt-'rl 'orlncd. Tilt_' responses o f  I l le i l l t ldel p~llf po lc lH iab,  io  
the M BI el leelS ill the l"irsl l i l le  scCC, l ld t ;oordinai l iq~ spheres were  i;,)und to he.. poo r l y  co r ro la l cd  
w i th  e;!c:h otht.'r, h was r that it is nr 1o der i~e :l he,<,, ai141ylical t)'pt2 o1" 
po l c i l t i a l  t/.lllCliOll':, o f  p: l i r  i l l iL ' raet ion.  

Key ~ords :  i i l ler i l lo i t - 'ct i tai  inI,2r:lcliOli~, polt. ' t i l i ; i l  f t incl ion~, ~1 pair  i l i lo r : ic l io i l .  ('.:(dial 
di ' . , ! l- ibtit ion ll.lnclion,;, cotllpl.l lt. 'r s in l t l ln l ion  i i f  liquids 

In our  >,el,dims on ti le propci l ics o f  l iqu id \,<cilor and 
4qtir sott i t io l Is bY monlpul0r 'dnluIci l ion we pl:lced 
spcc zi emph:lsi.~ 011 I'~VO cixpeclS of  the problenl .  

I. The l i l t)St widely tined rJrocedtlre for checking the 
ad,,:quacy o[" the empir ical  potential energy l\ul,,;tions 
U(ri of  pair i n te rac t ion  botwcon molecules in vacl.ii.ull (r 
is Ihc distcnlc',2 between the ccnlers of` oxygen aloms) 
rising the rcsuhs o f  Ct/ l l lpt l tcr simul;.itiol' i involves a 
comp;lrison o f  the calculated radial dislzribution func- 
l ions I RDF)  o f  the oxygcn and hydrogen ntoi l ls  (gee(,'-} 
and th iN(r) ,  respect ively)  and ti le ;.,,oil(r) funct ions ~ i th  
tile R D F  ob ta ined  in X- ray.  neutron, and electron dit L 
l iact io l l  stt idics of` water.  I These l'Ullclions are cllso orlon 
fixed for tile p:.ir:.mlctrizzltion el" the expressions f`or the 
fuller(on /-,"lrl; howe,,cr ,  t i le restlhs obta ined in di f fcrcnt  
sludies differ apprt:ciahly. The dala i have )Oll g been 
considered as the most reliahlc. Ho~,cver, erie can intro- 
duce several cri teria lbr (he self-consistency of  data sets. 
which can hc used equal ly  lbr evaluation o f  the data on 
tile R D F  obta ined e i ther  experinlenlally or in compute r  
simulai iOl l .  

The s implest  parurnetr ic  cr i tor ion has a c lear  physical 
meaning :.llld C~.lll be expressed in the form 

el ~ Flmt)O -- #hno t l  -- ro l l "  

Hereafter, r~:n:i aild gkm denote the coordinntes  of` the 
kth re:Ix(mum o f  the corrcspondin~ parlial R D F .  k = I 
or 2; i , j  = O or H: and #'OH is the O - - H  bond length in 
the molecule  o f  liquid water. According to this criterion, 
a data set is self-consistent  if 61 < 0 and non-self-  

consistent i f  8 i > 0. For a molecu le  o f  l iqu id ~ater.  the 
r o t  t v ; l l t l c  111tlSl lie bctv,.ecn 0 . 0 5 7 2  -~ I I~)r :111 isoi ; . l lcd 
molec'ute in V:lCtltlril) ;.lild 1.01 .-~ ( lb r  ice). z He(tirol1 
scal ter ing sit.idles show,,:d 3 that r() H = 0.966 :~,. which 
differs f`rom the value 0.g~ .a, r coommel !ded  earlier. I 
Ca lcu l : l i ions  of" (tic el v:lll.lc usil"ig the exper imenta l  ro l l  
bond length (roH = 0.96() A 3) load to 8 i = 0.045, I 
-0 .077,  4 0.010, 5 -0.4<<40 6 l-tore, two  sots> o f  exper imen-  
tal dal:l ,tire non-self-consist(me. 

Oellcr:.flly, positive 61 values preclude a reliable de- 
te rminat ion  o f  the mutual or ienta t ion o f  two neighbor- 
ing molecules  of  liquid, while negative ~i values give no 
in ibrmat ion  oil the accuracy of  the coordinates  of  the 
R D F  cxi rema Ibund in the experiments .  Analysis of  the 
results o | a  recent neutron diffraction study '7 of" ,,~:lter 
suggests that  ta) the d i s t a n c e  /"lm(.)o is shorter than (hr.1( 
reported earlier,  I and, therelore,  the 61 vzlltle we calcu- 
lated from the published d'lta I is in fact smaller or oven 
equals zero (unfbrtunalcly, only small-scale  plots rather 
than tabulated data for the R D F  have been roporledPJ; 
(b) the e r ror  of  determinzltion of,~d'mfi is 14%; to) gimoO 
equals -2 .3  instead of  3.09 (see Ref. I): (d) positions of  
the maxinla o f  the functions <gOH(#') alld gFil.l{r) qrc ClOSe 
(o tllosC reported earlieri; and (el the estimatc<~ of 
tllc ra t ios  o f  lhc maxima [.,'lmott/g2mot 4 < I 311d 
glmHHLg2mHH > I arc valid. Thus,  the fulfilment of  
condi t ion  to) and sintullaneous observat ion of  tile sec- 
ond m a x i m u m  of  tile function goo(r} at -4.5 A should 
be considered as a necessary, but not suflicionl condi-  
tion when assessing the adequacy o f  the function /....'Ix-). 
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I;'il. ~, I .  M t l t l l a l  o r i c l l l a l Jo l l  o1" l h c  Mo l t . ' c t i l cs  i l l  the / / 'aHs-di l l l t . ' r  
o f  wah. ' r  tgl) :  the po l c i i l L I I  i l l i / r  o f  p:lir h t l c ra r  t)t ' l '~mcil 
wdit . ' r  i l lo l r  hi ~:ict l t l t l l .  ,#J(v. 0.  ",el. l),)r Illm wanx-dimcr t',( 
waler ( ] l  {llltJl the .Ti),)lr) RDF l ' t t l '  l iquid Wcilcr (2} I/'s). 

The  cxperimei~,lal data set r epo r t ed  in ROlL 4 dec,; not 
meet those col]dilioils comple l c ly :  however.  SiltCC ill this 
cclse ~1 < O. ',ve used lhcsc data  tb r  detcrtllillLttiOll Of the 
mutual or ientat ion e l  two Molcct i les oi" l iquid water. The 
notations o f  ang.les arc given in Fi,g. 1. a. The plane of 
Ihc i'hsl molecule is perpendicuktr to the dravvim- plane, 
which simultancously is the symrnetw plane of  tills 
molecule ;  the  second nlOleCulc lies in the drawing plane. 
Using a graphica l  proccdtlrc desc r ibed  below, we found 
that e = 61", 7 = -23-5~ and  u , ( H - - O - - H )  - 110.SL 
Taking  in to  :.tccoutlt :he r o u g h n e s s  ot" the graphical  
c o n s t r u c t i o n  and  the errors of expe r imen ta l  duta. 4 our  
rcsuhs :ire in fitirly L-,,ood a g r e e m e n t  with the x.alucs 
0 = 78 ~  and  a t ( H - O - H )  = 102.6 ~3 found from tile 
f~eutron d i f f rac t ion  exper iments .  T h e  use of  non-se l f -  
cons i s ten t  da ta  I-5 leads to the  (a l lowing values of  tile 
:.ingles 0, 7- and o. ( I ' I - -O--H):  43: - -62  ~ 8.6"-'. arid 96.5: 
and 70.5 ~ 4.3 <', and 96 <, tor the data sets rcponcd in the 
former and in the latter study, respectively. 

2. It is knovm (see, e.g., Rct~. 8, 9) tllat the use of  
strongly dif'fcrellt analytical funct ions U(r) ( including 
those o b t a i n e d  in the ab initio ca lcu la t ions )  der ived t ~ bc 
tiscd in var ious  models o1" the  v, a te r  molecule  for tile 
desc r ip t ion  of  the propert ies  o1" a fluid, which is of ten  
called c o m p u t e r  water, leads to surpr is ingly  qual i tal ivcly 
s imilar  rcstllts. A formal e x p l a n a t i o n  is almost trivial and 
lies in the  fact that  after a ce r t a in  pa rame t r i za t i on  of  the 
functiorl  U(r) in order to r e p r o d u c e  par t icular  physical 
proper t ies  of  water the U(r) f unc t i ons  ob ta incd  work 
fairly well  in approx imat ing  an  exac t  func t ion ,  which  is 

known to be doric in a vir tual ly u n c o u n t a b l e  n u m b e r  o f  
ways. Physically, this can  be rationcllizcd I~ b~ tak ing  
into accotmi  tile m a n y b o d y  in te rac t ions  which c h a n g e  
the orientation (/I" a set o f  three arbi l rar i ty chosell water 
molecules, duc to the ac t ion  of  the  pair potcmial Ls(#'). 

,. 2 rn t lear g OO. Simultaneously. .  the absence  of corrckl t ion  
between the g, lm(-F,) and g2moo VLIlUeS has beer, t-;howll. I ! 
In this v<ork, wc ,,',ill consider how the oricntation of  the 
molecules in the first coord inat ion sphere depends on 
the type of the tLmction Ufr). 

The conl igurat ion o f  a water direct, (H20)2, in 
vactium is usually found from tile results of min imiza-  
t ion of the func t ion  U(r) using the dis tance  r o o a n d  the  
angles O, u and ~.~ (see Fig. I, a) as h tdcpendcn t  var i -  
abte~. By synmle to /  of  tile po ten t i a l  funct ions for any  
~rig d, flcxibtc, polar izable ,  and  flexible and polar izable)  
models  of  the water  molecu le  and  ucr  to ab in~tin 
cLllctllatiOils, tile global poten t ia l  c n c r g )  mJllinlull l cor -  
responds  {o %u = O, whi le other paranlciers depend on 
tile model used and  vary be tween  - l O  ~ alld ~ I(}'-" t~)r ;.%. 

_,. ) .& for r,n, 20 ~ and 60 ~ for 0,n, 2.7 and  "~ e and - 4 . 5  and  
- 7 . 5  kcal reel - i  lbr U,,, {scc, e.,,,., RclX. 4, t(l: L",,: and  r m 
are tile coordinates of  the l l l i t l i l l l l l l l l  o f  the U(r) funct ion 
(Fig. l. h)/. Therefore. the tra#rv-cOllt]gtlralion of  the 
v,atcr d imcr  (see F ig  I. ~z) is tile lilt)st energet ical ly  
:-,Libtc. 

\Vhcl/ tishlg tile, [t l l tClion U(r) ill conlputcr simulatJolt 
o f  the propert ies  of  l iquid wate r  by the Molectllar d ) -  
II;.lllllCS, MOllie Carlo, or hl iegral equations methods, the 
nlanybc~dy cfl'ccts (e i lv j ro l ln lcn t )  will challgC the mCltttat 
orientat ion of  two neighboring water nlc)lecules, so that 
the e and y values wil t  di f fer from em and Ym. For 
di f lcrcnt ftnactioils U{r). the difl;,:rcnces O - O m and 
Y - Ym wil l  also be dif ferent; hence they can ser',c :is 
elTcctivc characteristics o[spcci f ic  behavior of these func- 
tions. Ccmlputer s imulat ion tl l lows dcternl inal ion o f  the 
ailgies 0 and 7 il l a difl 'crenl mal l l lcr ;  however, studies oi l  
this aSl)CCt arc scarce.  S ince  c o m p a r i s o n  of the p roper -  
tics of  the t 'ullctiotts L'fr) requires  a large set of co r r e -  
spond ing  funct iol ls  IO be processed  using Ihc same c o m -  
pu ta t iona l  p rocedure ,  it is app ropr i a t e  io use lhc R D F  
repor ted in the vast ma.iority of  sttldics. 

Calculation procedure 

The c:lh:uiatmn procedure proposed m this work is ,,cry 
simple and can as approprkilely be used with ihc experimental 
I 2,DF a> ~;J[h thoxc obtained ill corllptltcr s.itTiuI;llioll. I-lowovcl, 
in the former case the procedure always> is more lab(~r-collstnll- 
ing <dnce it requires the dctcrminalion of flmr par:lnlclcr,~ (the 
angles O and 2, lhc bond length m ihc water molecule rot I, and 
the bond angle H--O--H} ,  ,.~,hcrca:~ in the laiter case the 
distaucc rot I alld t]lC angle H--O--H lot rigid Illodr arc 
p;.ll~llllclcr~> Of 111r knc,~,L.'ll poicntiaI fl.lnction of pair i l l tcract iol l .  
1-he procedl.irc involves determination of Ihe coordinatc-~ of the 
points shared by two arcs (cJrcumJercllccs) by solvillg a corrc- 
spoudmg %yMem of cqu;itions. Tile order of operations is 
insignificaut; however, dittL~rent versions of' lhc procedure take 
dit|L'rcllf tim~:s and gi',c rexuhs of dittcrcnt accuracy. 
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Fig. 2. Scheme o f  g ruph ica l  const ruc l ion used f~}r dc te rmu la -  
t ioi l  o f  tilt., ailglc,4 ot" the  nlutua l  or ie l l ta t io l i  el + Walcr lllolcciJtc.,, 
ill tilt.' l ] lsl coo rd i i i a l i o l ]  sphere LIIIC! t.,slablisll l i lcllt o f  the ",igll o f  
lhc ant ic  7 

Fi,=,urc 2 illtlP, lrat,.:s p i le  o f  lhc IllOSt CllllVClliCnt ~.,chcrllcs l~t,r 
81 < I). r h c  ab,otUlC vclltte o f  Ihc 1171e 7 is i n lmedk i t c l y  
calculalcd: 

ill : / ")F 1.I ~i cosy :: J l ro l l )  2 -r ( r  I 4)+))- - Irm~l)l l l2{, l -  IJl IJ l)) ,  

btll dclcrl l l i l iHl iOll  o f  its sign requires xOliir add i f io i la l  ~)pcl:i- 
lip}Is. 1"o make the' ca ic t lh i lums Ic'>,s labor-col ls t l r l l l r ig,  pi le 
should l'u'~i ob la i l l  tl gr ; lphical  stflttllOil o f  Ihe prohlo l l l  I:~cc' 
Fi$. 2). which aliow,~ rc iec l io l l  olo11r mlcrscc i io i l  pclini l~ll r 
pair o f  circunl lL 'rcl ices, except  tor  the pair c5 - c  2. 

(-h'aphical co l l , , t r t ie t i t ) l l  i l l ld corrt-'~,polidhlg cai,ciJiciliOll,, ;Jr(2 
taN'it 'd Out its fol lo~%. 

I. Cil 'CUmscrihc a circtlm(Cl-Cl]cc c I o f  radJt,s R i = r l m o o  
v, ith its center al an a rb i t ra ry  poml  0 ] .  which coincides ~ i i h  lily' 
cenlcr  o f  the 0 a l o m  o f  l l lok.,culc I. 

2 (:hooxc a po in t  O, oll tilt: circun~fc'rencc c I which 
coincide,, ~,.iih thct c e n t e r  o f  the O :llom of molecule =," and 
ehctul iscr ibc ,i c irct lnl [q2rcl lcc C-, o f  radius R-, = ro i  I wi th it:-: 
COllier al pohlt O-,. 

3, Circulti,,crihc a ch'cumlOrcllce c'~ o f  r,ldius R: equal to the 
proi,.'ction o f r o i  ~ ou thc dr - lwmg plane in wh ich  molccuh." 2 c,,. 

/?~ = rO l lCOs l~z (H- - ( ) - - t ! l / 21 ,  

witl~ its comer at poim O;. 
4 Circumscribe a circumti2rence c 4 of  radius Ra equal to the 

proJect}oil o(  r2mOl I o11 the same pkulc, 

R 4 :: {D2mOii)"  -- {roHsinlc<lH--O--tl)/21171 j/.'-', 

with its ccnlor ill point O,. 
The eircul} l [crcl lce'. ;  {'4 al ld t'; i l l lerscct el! a pohl l  ,'I. which 

fixes tile coord inates o f  the projecl ions o r  the ; l to[ l ls H(3)  al Id 
HI'4) Oll the drawh~g ptanc.  

5.  C i r c t u l - i s c r i b c  a circlii l l l(:lOl~Cc c 5 o f  Ridiu~ ~'~ = r im( i l l  
v.ith its terrier at poiill O I. t h e  circumfi:rcnces ,;'4 and c, 
intersect at points  D aud  D ' ,  one of which cor responds  to the 
(ICttiat posit ion o f  File H(  I ) a tom (see Fig. I ,  u). 

6. Ch'cunlscr ibe a circ:unif 'ercnce c6 o f  radius 771, = /2mOil 
with its center at point 0 I, ~llieh illicrsects the circumfercllce 
c, ;it point B. This  nltov, s dc tc rm ina l i on  o f  the siLal~ o f  the angle 
"/" tiSillg the H - - O - - - H  allglC kllowll I'rolll the nlodizl. 

7. "to check the scl l -consis tency o f  file data  obtained in 
co mp u te r  s imula t ion ,  let tls c i rcumscr ibe a circumtL'rence c7 of 
rudius R7 equal 1o the projection o f  rln'llll on  the drawing 
pkll le, 

7? 7 -- i f  f l in t } i t )2  - i r t l l i s in l c~ ( i I - -O- -H) ! ' 21 }7 } l .  2 

wi th its CCillr al po i i l l  O I. 
l dca l l ) ,  the chcumlc lcucc , ,  c, al id {~ should  iillelSCCi al 

point  /). Ac tua l l y ,  Ihey intuisr162 at po in l  /-)l, whicl~ al lows 
JllllodllcliOll Of the scr ',;t21f-cOIlhJStellCy paranle tcr .  ~5- Hhc 
angle cq D- -  O~-- l- I i  )). 

N. C i rcun lsc r ibc  :l c i rcumference c<~ o f  n ld ius R,, equal I0 tile' 
pro.lectiOll o f  12mlll l  ('ill the dr:_iwing plai lc, 

R x :: {(#2n'l lt l  }2 - I rou. , in lcdH_O_H)/21}2} i ,2 

with its collier :it poilll /3 The circumti2reitcc <'s illicit, eels the 
c;ircumi(:rcncc c 3 ill point ,4 i. which allows Jlatrodttclioll o(  yet 
:lllolhcr ~,ell-COllsiMcncx pur:ullcler. .~ Ilhc ailglc ct, I A - - O  I --,4 i 11, 
since, Mcally, po in ts  A and .,t I ~,houtd coincide.  

Hie par;.lnlclers 6> aild i).i are used ill assessing the :iceurar 
o f  de tc r in ina t ion  o f  the allglcs v ;ll ld 0: 

-{ = I [l i { OI - -  0 2 -  DI + [~,2~ 0i  -- 02 - -  Di ) i /2 + 62/ 2, 

o-:  ~ -  IP~O_>--O~-.-I) ~ PdO:--O;-a,)l12• 

11"8 i = (), wc imlncdiatc l?  -%el 7 = O. whi le  o t he r  operat ion> 
rt.'nlaiil {he same as Iho%' described above, t - {owcvcr,  i f  61 ;' O. 
WL' C;.IilI1DI detcrnl ine  the posit ioi l  of point  1) i,  since it} this c;~t,t-" 
the c i rcu l l l l c rc i l ccs  c~ and (', shclrr l ip poilltS. 

Results and Discussion 

The ca lcu la ted  values of  the non- sc l f - cons i s l ency  
parameters  of  R D F .  the angtcs Ym and O m, as ',,,ell as 
the i r  d i f ferences  7 - Y,n and 0 - 0 m for several  model  pair 
potent ia ls  are listed in Table t ( for the s t anda rd  nota- 
tions of  the potential fttnctiow,; and their parameters, see 
Refs. 8--11) .  It is now required to ascertain whether the 
values found in this work correlalc with other parameters 
obtained in computer  simulation.  First o f  all, let us 
elucidate the ell'eel o f  changes in the mutual  orientation 
e l t h e  nearest  molecules ,  which are duc to the  t ransfer  of 
t w o  w a t c r  m o l e c u l e s  f r o m  the  g a s  to c o n d e n s e d  p h a s e  

and responsible  for the nonzero  d i f ferences  g - Y,, and 
0 - 0,n. on the dis tance ( r i o  between the  first and the 
third molecule ,  the latter being in the second coordina- 
tion sphere o f  the former. I~ In computer  s imulation,  
t'13 becomes  r2'"oo alld 0 m becomes  0. As call be seen in 
Fig. 3, there  is no corre la t ion  be tween  the  differences 
r-~moo - rl3 and  0 - 0,,~.. This  con f i rms  Ihe conclus ion  
drawn ear l ier  I~ that  the compos i t i ons  o f  the first and 
s e c o n d  c o o r d h l a t i o n  s p h e r e s  Call be Iv  s o m e  exlell l  

different from each  other.  That  b, why the  values glmoo 
and g2moo for different models  of  wa te r  (a total o[ 
31 models  were cons idered)  do not cor re la te .  It which 
seems IO be qui te  surprising at first glance.  

Even a very s imple  analysis of  the values o f  the angles 
O end y leads to intriguing conclusior~s. First of  all, 
noleworthy is that these values do not correlate (the plot 
is not shown) .  On the other hand, an increase in 0 leads 
to an increase in the Coulomb repulsion between the 
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T a b l e  I.  Par; lmclcrs  6 i-&~ of  the non-sclf-corlsistcr~c:~, t~l R D F ,  flw equ i l ib r ium values of  the anglos Y:n a n d  0,,, (see Fig. I, c,)+ and 
iheir ch-ingcs ,[ - Ym alld O -- 0 m dtir to II'lLlilybody CI[CclS 

Model Rcii:runcc Oi /,-k 6, ~5; Tn, - "An 0 m 0 - (4 m 

dug 

SRWK2 10 -0.1)042 2.5 - 10 I S 0  3 1 91.0 -21.9 
] IP3P 10 -0 .1320 14.7 -5.1 - 4 0  II.7 213) 4,1.3 
SPC2 Ill -0.0330 ,'1.4 -3 .9  - 2 . 0  14.2 23.0 366 
~'a t t~  4 -(t.04(}0 15.5 - I I. 7 - 3 . 2  -- 16.6 19.7 47. I 
RWK I 4 -0.0272 1.0 42  4.0 I I. I 67.4 2.7 
RWK2 4 -0.0072 10.3 - 15.5 2.4 3.4 52.6 ,)8 
I~NS 4 -0.0(HJ(t 7.9 - 12.3 0.0 16.0 55.0 -2 .5  

�9 " l q  , RWL 4 -0 .0300 10.0 - 1 6 6  2.5 q 0 __.g 35.6 
ST2 4 -tLt)400 4.3 1.4 - t .0 f4.1 52.0 n -) 
IIF: 4 -'0.+)470 7.6 -- 12.S 5.5 20 3 49.4 15.5 
MCY 4 -0.0572 4.1 - 2 5 4  4.{1 123 37.1 20 5 
TIP41' 12 -0.2t70 8.9 -21.I  I.{} 340 4S.I) 5.3 
TI PS2 12 --,1.1049 22 - 10.9 1.0 21 I 47/) 9.8 
BF 12 +--il. 1247 (>.4 -2!).t1 2.(1 21 9 -" ~_.(i 12.3  

] I P S P  12 - 0  1 1 3 2  ,1.6 - 3 . 5  - 4 . 0  27 ii 2 1 , 0  4 5  I 
SI)(  ~- I 2 --I).(101~)0 4.g --3.('1 - ] . 0  F, I 21.0 38.6 
ST2 12 --0.0295 5. I -4.4 - f.(I 12 3 521) 12.3 
ST2 13 -0.0600 4.2 - t . 4  - I  o 112 52.0 14.2 
DM 13 00701) 19 4 0.0 ~ ~ ' - -  __.x 55.0 20.3 
M I-' 13 ~l).060tl 1.3 ---5.4 - 2 . 0  13,5 2 4 0  34 1 
MCY 13 -0.0272 7.4 --14.9 4.1) 7. I 37. I 20.5 
ST4 14 -0.l)05 9.0 - 5  q 0.0 t 5.6 66.t) 6.9 
Vvali l 5 +,-ll, 12:(I g.i) --,";.3 - 4 . 0  26 6 22 ) 37.8 

H atoillS ow i l l g  to shortening o f  the correspoi ldJng inter- 
a tomic  dis iancc.  This can be compci ls4 ted by all increase 
in ihc cil~gle 7 in lhc pomi  where a decrease in ihc 
O( I ) . . .H(1 )  Cc)ulornb a t t r ac t i on  c:.lll he cot l lpens : , l t ed  by 
nil i nc r e a se  in the  H13) . . .O(2)  a n d  H ( 4 ) . . . O ( 2 )  C o u l o m b  
a t t r a c t i o n  (see  Fig. 1, a). A d d i t i o n a l l y .  in c o m p u t e r  
sin+ulation for  the  mode l s  c o n s i d e r e d  the  m a x i m u m  p r o b -  
abil i ty o f  f i nd ing  the  neares t  n e i g h b o r  c o r r e s p o n d s  to a 
d i s t a n c e  r l m o o  stich that  r l m o o  > r m (.see Fig. 1, b). 
H e n c e .  in the  c o n d e n s e d  p h a s e  the  global  po ten t i a l  
cne rgy  m i n i m u n l  is sh i f ted  a l o n g  the  r axis  wi th  rcspcc t  
to the c o r r e s p o n d i n g  t t l i i l imt tm iil tl+e gas pilasc trm).  
P robab ly ,  t he  value % c o r r e s p o n d i n g  to U(r) = 0 i,-, also 

j2:n O 0  - -  r :  . . . . .  ; / . ; {  0 - %v/dc ' . z  

16 

1.2 I 

0.8 �9 

(1.4 

0 

6/ 
5(I 

�9 �9 "0 

-- 50 

b 
-100  

�9 -150 
1 2 3 4 5 6 7 # 9 If) II  12 I3 14 

Fig. 3. Changen in d'lc difllarcnccs 0 - 0:, (a) along the nlonotonic 
seqLlencc iO'li of  changes  ill the diflercllces r2moo - r13 (b) for 
different model potentials: t)M ( / ) ,  SRWK2 (2), Ev (31. Wall 
(41, RWKI (5), TIPS2 (61, BNS t7). TIP4P (8). 51"C2 (9). MF' 
{ lO), ST2 ( t i ) .  TtP3P l l2) .  SPC (l,?). and S [ 4  114L 

shif lcd reward  tongcr disLmces. Th i s  ~ccms m bc the  
reason  wily g e e ( r )  -=- 0 a l ready  at  r > % (see Fig. I, b). 
All t h e s e  c h a n g e s  arc duc to m a n y b o d ~  i l l t c rac tkms  in 
tile l iqu id  phase ;  it s e e m s  tha t  we  are the first w h o  
s u c c e e d e d  in rc, ,caling the i r  ro le  at a m i c r o s c o p i c  level 
using Hie ang le s  O and  "1. 

D e s p i t e  the  filet th4 |  Hlerc is n o  co r r e l a t i on  b m w c c n  
elm()() and g2mo().It o110 c;.In assunlc thai lhc SlFtlCILlro 

and  d y n a m i c s  o f  the  m o l e c u l e s  in the  first and  s e c o n d  
c o o r d i n a t i o n  sphe re s  arc r e l a t e d ,  t h o u g h  m a c o m p l e x  
manner .  O n  rile one  h a n d .  t h e  va lues  glmo0 do riot 
co r re l a t e  wilh the angles B referring to tile firsl coordina- 
tion sphere; ell the other hand, there ix a correlation 
bct,accn tile ~ and g2moo values, which characterize the 
sccond coordination sphere (Fig. 4, the c()rrelalion coef- 
ficient is 0.62). From physical considerations it is clear 
that the probabilities of finding neighbors O( I )...(.)(2) and 
O ( I ) . . . H ( I ) ,  O ( 1 ) . . H ( 2 ) ,  O(2 ) , . .H (3" ) ,  and O ( 2 ) , , . H ( 4 )  
(see Fig. I .  a) are c losdy related w i t h  one another. It is 
c o n v e n i e n t  to use Hie ratio Of t h e  f i rs t  and s e c o n d  peak  

he igh t s  for  the  R D F  goH(r) ,  gt2 =- glmoII/g2mOH �9 as a 
g e n e r a l i z e d  charac te r i s t i c  o f  t h e s e  p robab i l i t i e s .  We f o u n d  

,,Ira the  p a r a n l e l c r  .-,1_ I[1Llt s imi l a r l y  lo o o o  ~-~ co r r e l a t e s  
n e i t h e r  w i th  ~ no r  with y, w h i c h  i n d i c a t e s  its " insens i t iv -  
ity" to t i le mutual  or ic~l lat ion o f  t i le  molccl i les in t i le 
first coo rd ina t i on  sphcro. At tt~e san-it t i inc,  a cor re la t ion 
b e t w e e n  g i m o o  and  g12 does  ex is t  (F ig .  5. the c o r r e l a t i o n  
c o e f f i c i e n t  is 0.93).  

T h e  c a l c u l a t e d  values o f  t h e  a n g l e s  0 and V are the  
most  p r o b a b l c  t i m e - a v e r a g e  (or> by  e rgod ic i ty  o f  t he  
sy s t em,  e n s e m b l e - a v e r a g e )  va lues .  F o r  a given pair  o f  
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I; ig. 5. (,. 'orfcl;l! iOi/ hclwt.'Cil "7tnIoo :lilt] ,~12 (the2 Ct)l'r~2lalion 
cot. ' l ] icicl l l  is 0,931 io r  dit ' l 'crt: l l l  mode l  poic l l t ia ls :  DM i l ) ,  13 
I(\VI, 12), 4 l i p  1.3), 4 MCY (4). 13 MCY (59. 4 RWK2 161. 4 [}l: 
17), Iz BNS t.'r 'l I-IP31 j !0). Iz SPC 110), i2 I-IP4P i t l ) .  iz 5:;]-4 
(12).  14 S l 2  ( 1.~!. 4 5"1-2 (14 i .  13 ST2 (15). 4 IIPS2 (H~). Iz W:.lll 
t t7 i .  Is SRWK2 (lh'). v~ SPC2 ( t v )  I~ TIP3P (2#:., I~ Vvaus 
t21). 4 I{\VKI q221. 4 and MP t23). i3 

molecules they arc re ta ined ove r  the tour<it o f  the mean  
l i fe t ime o f  the h~drogon bond  ( - 10  psi. Oeviat io i ;s  f r om  
those ~alucs arc duo to  s iml. ihai ieot is changes ii] the 
thrc0 angles 0, 7, aud ~ (se',." Pig. I, a) al id the d is tance 
O( I ) . . .O(2 )  ( t ra i ls la l ion, i t  v i b r a l i o n  v:) .  Per a water  d i r ec t  
in the gag phase, the f requenc ies  o f  these v ibra t ions  can 
bc assessed reliably, to Vve calcula ted  all four frcqucncieg 
(v 2. ,%, v. r and v,r and ascer ta ined thai there is no 
correlation between ally oF them and mOllOlOlliC se- 
quences o r ( i )  the d i f ferences  0 -- O m and y - 7m and (it) 
the v,'lhlCS g l m o o  and g2moo.  On the o ther  haud.  the 
assumpl ion ih0.l the d y n a m i c  behav io r  o f  molecules in a 
local ',Olklllle under  cons ide ra t ion  ling no elleel on the 
slate of molecules in the nearest  local volume casts somc  
doubl.  We believe that the search tbr vibrational modes  
corresponding to l a rge -ampl i tude  motions instead o f  the 
calculated v, modes,  which  cor respond  to smal l -ampl i -  
tude motion.,,, provides s o m e  wuy out. Such "large- 

amplitude" modcs  can be associated with the preparat ion 
of  molecule 2 for cscape ffOlll t he  nearest envi romllcnt  
o f  molecule I. 

This work is the last in a series ofs l t ld ies  ~  devoted 
to dcrivaticm e t a  nov, paramctr izat ion o f  the polential  
ftiilctioils o f  pair illlcractionl. Sunlmillg tip. two major  
coltclttsions can be drawn,  whicia urc significant  for the 
next step o(  investigations.  

It is impossible to judge lhe e l l l c iency  o f  the time- 
lions U(r) from the absolute values of  the differences 
0 - 0 m mid r2moo - 1"13. It iy. of  IlltlCll grea ter  impor-  
tance to modit~ the analytical form of  the funct ion U(r~ 

in order  to get a co t t e r !  response to the manybody 
effects; rather than to "guesF' it in order  to obiz~in zero 
differences. It is this approach that can provide agrcc- 
rnent between the results o f  compute r  simulLltion aud 
those obtained it] physical experiments .  

Weak correla t ion bctwcevl the cvcl~ts in the lirst and 
scr coord ipa t ion  spheres  also requires modif ica t ion 
o f  the :i l l :. l lytical f o rm  o f  the ft i l lCt ion U(/') i l l  o rder  it) 
correct ilg behav io r  ell d is lanccs r 2"> r m :is c o m p a r e d  to 
that of  the funct ions  shown in Fig. I. b. 

This ~o r k  was lhumcia l l ) ,  supported by the Russian 
FOtllld;.lti~,ln for Basic Research (Pr(tiect No. 99-03-32064). 
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