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Th e ai m of the study w as to exami ne the stru cture of li qui d
2-chlorona phthalene C1 0 H 7 À Cl at 353 K by the X - ray di˜ractio n metho d.

Mono chromatic radiation Mo K ˜ ; Ñ = 0 :7 10 69 ¡A w as used to determine the
scattered radiation intensity betw een S m i n = 4¤ sin # m in =Ñ = 0: 430 ¡A À 1 and
S m a x = 4¤ sin # m ax =Ñ = 14: 311 ¡A À 1 . T he cur ves of reduced intensity were

analysed by the reduction metho d of Blum and N arten. Exp erimental distri-
bution of X -ray scattered intensity w as compared w ith theoretical results pre-
dicted for a prop osed model of 2-chloronaphthalene molecule. The di˜eren-
tial radial distributi on function 4¤ r 2

P
n

j ; k
K j [ £ k ( r ) À £ 0 ] w as calculated and

some intra- and intermolecular distances in liqui d 2-chloronaphthalene were
determined. X -ray structural analysi s w as appli ed to determine the packin g
coe£cient of 2-chloronaphthalene molecules at 353 K . T he intermolecular
distance C l Â Â Â C l0 w as also determined as 7: 90 Ï 0: 15 ¡A . A simple model of

short- range arrangement of the molecules w as prop osed, w hich seems to b e
valid for other w eakly p olar monosubstituted naphthalene deriv atives in the
liqui d phase.

PAC S numb ers: 61.25.Em

1. I n t rod uct io n

The kno wl edge of ato m ic and molecular structure of l iquids and the m echa-
ni sm of the structura l pro cessesta ki ng pl ace in them is of funda menta l im porta nce
in com prehensive expl anati on of thei r physi cal and chemical pro perti es. The phys-
ical pro perti es of l iqui ds are not only related to the typ e of molecular distri buti on
but also to the character of m oti on and mutua l intera cti ons of ato ms and m olecules.
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These param eters can be determ ined by a m ethod based on the phenom enon of
X- ray di ˜ra cti on.

The m etho d appl ied for analysis of the experim enta l data is based on the use
of equati ons describi ng the di ˜ra cti on. As a result of subjecti ng them to the Fouri er
tra nsform we obta ined the di ˜erenti al radia l distri buti on functi on (D RD F). The
m etho d of determ inati on of intra - and interm olecular intera cti ons appl ied in thi s
wo rk is based on the use of the radial distri buti on functi on (R D F) and D RD F.
The m etho d has been used for the Ùrst ti m e for l iquid 2-chloronaphtha lene. It was
possible to Ùt the theoreti cal predi cti ons to the experim enta l data and propose the
m ost probabl e m odel of interm olecular intera cti ons and thus the m ost pro bable
structura l m odel of l iqui d 2-chloronaphtha lene.

The resul ts of the study of m olecul ar correl ati ons in l iqui d phase m ay be im -
porta nt for expl anati on of m echanisms of certa in physi cal and chemical pro cesses
ta ki ng place in sim ilar system s, e.g. therm al conducti vi ty or di ˜usi on.

The structures of 1,2-dichloronaphthal ene [1], 1,2,3,4,6,7-hexachloronaph-
tha lene [2], 2-phenyl naphtha lene [3], 1,2,3,4-tetra phenylna phtha lene [4], 1- and
2-methylna phtha lene [5] and octaphenyl naphtha lene [6] have been studi ed in the
crysta l pha se. On the basis of the kno wn liqui d structure s of 1-methyl naphtha l -
ene [7], 1-chloronaphtha lene [8], 1-phenyl naphtha lene [9, 10] and 1- and 2-meth yl -
naphtha lene [11, 12] we can predi ct the structure s of thei r weakl y polar derivati ves.
Ho wever, 2-chl oronaphtha lene has not been studi ed in the l iqui d phase by di ˜ra c-
ti on m etho ds [13].

The subj ect of the studi es reported in thi s work is 2-chl oronaphtha lene. For
the sake of com parison simi lar studi es were perf orm ed for naphtha lene. A compar-

T ABL E I
Physical and structural parameters of liquid naphthalene and 2-chloronaphthalene.

Parameters /liqui ds N aphthalene 2-chloronaphthalene

Mean e˜ective numb er of electrons per

hydrogen atom K H 0. 331 0.639

Mean e˜ective numb er of electrons per

carb on atom K C 6. 556 6.335

Mean e˜ective numb er of electrons per

chlorine atom K C l { 19.623

Total e˜ective numb er of electrons in

one molecule
P

j
K j 68.000 84.000

Total of atom numb ers in one molecule
P

j
Z j 68 84

Macroscopic density [g/cm 3 ] 0. 963 1.138

Molecular mass [g/mol] 128. 16 162.62

Mean electron density [el/ ¡A 3
] 0.3080 0.3540
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ison of the radial di stri buti on functi ons for these two liqui ds was m ade. Naphtha -
lene C1 0 H8 (m el ti ng point | 353 K, boil ing point | 491 K) has been studi ed in
gas [14], l iqui d [15], and crysta l l ine form [16].

The values of the structura l and physi cal param eters determ ined for the l iq-
ui ds studi ed are col lected in T abl eI. The compounds to be studi ed (of 99% puri ty)
were purcha sed from Al dri ch-Chem ie (Germ any), Janssen Chi m ica (Bel gium ).

In the present paper new results obta ined by X- ray di ˜ra cti on studi es in
l iqui d 2-chl oronaphtha lene at 353 K are reported.

2. E x p er im ent a l an d t r eat m ent

X- ray scatteri ng in l iqui d 2-chloronaphtha lene C1 0 H7 À Cl (m elti ng point |
333 K, boi l ing point | 536 K), at a temperature of 353 K, was measured by
appl yi ng Mo K ˜ radi ati on, Ñ = 0 : 7 1 0 6 9 ¡A, monochro matized by a graphi te crysta l .
The scattered intensi ty di stri buti on was m easured for the angles 3 at
every , where is the scatteri ng angle. The X- ray di ˜ra cti on patterns were
recorded on an X- ray di ˜ra ctom eter equipped wi th a special cell for m easurem ents
of l iquids, described by No rth et al . [17] and D rozdowski [11].

The intensi ty of radi ati on scattered by a layer of the studi ed l iqui d was
determ ined by the tra nsmission metho d, Fi g. 1. Abso rpti on in the cuvette wi ndows
wa s neglected [18].



444 H . Drozdow ski

The experi menta l functi on of angular distri buti on of the scattered X- ray
intensi ty was correcte d for the background (a i r scatteri ng) and noise counter [19],
polari zati on [20], absorpti on by the sam ple [21], m ulti plescatteri ng [22], anom alous
di spersion [23], and then norm alized [24]. In pro cessing the data the com puter
pro cedure developed by Renninger and Ka plow [25] was used.

The di ˜erenti al radi al distri buti on functi on for l iqui d 2-chloronaphtha lene
wa s determ ined from the m odiÙed W arren{ Krutter{ Mo rni ngstar equati on [26] in
the fol lowing form :

4 ¤ r 2

nX

j ; k

K j [ £ k ( r )

Z

exp
À Â

sin d (1)

where is the distance from an ato m or molecule selected as a scatteri ng centre,
| the functi on of radial electron density , is the e˜ecti ve num ber

of electrons in the ato m , and
P

P (2)

is the m ean value of the ato m ic scatteri ng factor for a molecule per electron, |
the ato m ic scatteri ng factor of the -th ato m, | the ato mic num ber (T able I),
and exp is a converg ence factor.

The mean e˜ecti ve numb er of scatteri ng electrons wa sf ound from the integra l
average

Z

d (3)

where sin | the X-ray scatteri ng wa velength and | the
Bra gg angle. The calcul ati ons were perf orm ed for a Ùnite range of values f rom

¡A to . In Eq. (1) the functi on is deÙned as:
P

(4)

where is the experim enta l ly observed to ta l coherent intensi ty of scattered
radi ati on per one structura l uni t,

P
denotes the theo reti cal indep endent

scatteri ng on ato m s of one structura l uni t.
The mean electron density wa s found from the form ula [27]

X
(5)

where is the macro scopic density of the l iquid, | the
is the numb er of electro ns in the -th ato m and | (see T able I).

X- ray di ˜ra cti on study of liqui ds is based on the Fouri er analysis of the
reduced intensi ty f uncti on, deÙned [28] as:

(6)
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where i m ( S ) i s the m olecular structure functi on describi ng the scatteri ng by a sin-
gle m olecule and i d ( S ) i s the disti nct structure functi on pro vi ding the inf orm ati on
about interm olecul ar correl ati ons from the exp erimenta l data . In order to deter-
m ine i ( S f rom the experim enta l data, and must be given in
the sam e uni ts.

The l i tera ture values of the length of intera tom ic bonds of ten di ˜er f rom
the corresp onding values obta ined in experim ent for l iquid substances. Because
vari ati ons in the intera to m ic distancesreal ly do occur, and the adm issibledevi ati on
from the m ean values usual ly is ¡A to ¡A [29], in thi s paper were
considered di ˜erent bond lengths and di ˜erent v alues of the angles in 2-chl oro-
naphtha lene.

3.1. Fi t of the int erf erence mol ecul ar funct ion t o t he exper imental f unct ion.
Adj ustment of the mol ecule model

An im porta nt step in inv estigati on of a l iquid structure is to assume a m odel
of the m olecule and to select tri al values for the internucl ear distances . On the
basis of the m odi Ùed D ebye equati on:

sin
(7)

we can calcul ate vari ous scatteri ng curves to compare them wi th the exp erimenta l
curve. In thi s equati on is the di stance between two atom s and (whi ch may
or may not be l inked by a chemical bond), and is an exponenti al term whi ch
al lows for the fact tha t the ato ms wi thi n the -ato m ic m olecule are not stri ctl y at

rest but are vi bra ti ng wi th respect to each other. has the form exp ,

where is the m ean-square vari atio n in the di stance between pai rs of ato m s.
From the best values of these dam ping factors the avera ge ampl i tudes of vi bra ti on
of the di ˜erent pai rs at ato m s m ay be obta ined. In Eq. (7) and are the ato m ic
scatteri ng facto rs for the -th and -th atom s. For calcul ati on of mean am pl i tudes
of vi brati ons of di ˜erent pai rs of atom s of a l iquid studi ed, the empiri cal
form ula of Ma stryuko v and Cyvi n was appl ied [30]

(8)

where is the internucl ear distance in the m olecule, and are consta nts
equal . Thi s form ul a was proposed
by Ma stryuko v and Cyvi n on the basis of a large body of data from electron
di ˜ra cti on studi es. The m olecular functi on of structure was calculated by
the form ul a (7) for the Bra gg angle varyi ng from to . In order to cho ose
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correct m olecular parameters r i j and dam ping factor value A i j the functi on i m ( S )

wa s Ùtted to the exp erimenta l functi on i ( S ) for S ¡A .
The calcul ated curve tha t gives the best Ùt to the exp erimenta l curve is

assumed to be the correct one, and the values of whi ch were used to obta in
thi s curve are ta ken as characteri sti c of the m olecule studi ed.

3.2. Fi t of t he model RDF t o t he experi mental funct ion

The RD F may be represented as a sum of the Gaussian functi ons [31]

exp (9)

where is the intera to m ic distance inside a m olecul e, and are the standard
devi ati ons of positi on ato m s, whi ch can be expressed as a functi on of the covalent
radi i of and ato m s. By changing the internucl ear distances we can get the
best Ùt of the m odel functi on (9) to the experim enta l functi on. Accura te determ i-
nati on of the intera to mic di stances and covalent radi i from such a Ùt was made
usi ng a hom e-made computer pro gram for m odel R D F calcul ati ons (unpubl ished).

3.3. Confor mat ional analysis of mol ecules of 2-chloronapht halene
by the mi nimi sation of the pot ential energy

The m ain probl em in the com puter experim ent was to assume the correct
m odel of forces acti ng between ato m s in the 2-chl oronaphtha lene molecule. Con-
sideri ng thi s m olecul e, we should deÙnitel y ta ke into regard: (1) the potenti al of
the intera cti ons between the nearest neighbours determ ini ng the centra l force be-
tween them and (2) the potenti al dependent on the angle between the chemical
bonds of the nearest neighb ours and the length of these bonds. The probl em was
to select such a potenti al f uncti on whi ch woul d correctl y describe the molecule ge-
om etry . The potenti al energy of the m olecule | can be expressed as a functi on
of bond- lengths, valency angles and the intera cti ons between the atom s not being
in a di rect conta ct, :

(10)

where wi th appro pri ate indi ces stands f or the force constants of bond deform a-
ti on ( ) and deform ati on angle ( is the ideal distance, whi le is the ideal
value of the valency angle. The carb on ato ms in the naphtha lene ri ng are tri gonal
( hybri di zati on) and for them . It was assumed tha t the energy of
non-covalent intera cti ons is described by the addi ti ve functi on of intera cti on of al l
ato m pai rs:
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U nb =
X

i >j

X
f i j ( r ) ; (11)

where f i j is the ato m{ ato m potenti al , is the di stance between the -th and -th
ato m s.

In the calcul ati ons of the conf orm ati on of 2-chl oronaphtha lenethe tw o-param-
eter Lenna rd{ Jones \ 6{ 12" potenti al of the form [32] was used:

(12)

where

2 (13)

where and are the polari zabi l i ti es of the -th and - th ato ms [33], and
are the numb ers of electrons in the externa l electron shell, are the Planck
constant , charge and mass of the electro n, respecti vely. The energy of the system
of many m olecules in general can be wri tten as a series:

X X X X X X
(14)

where is the one-m olecular functi on of energy of each m olecule, are the
correspondi ng functi ons of intera cti on of m olecular pai rs, are the potenti al
functi ons for three m olecules, etc. The energy described by the thi rd order term s
does not exceed 10{ 15% of the energy of intera cti on of m olecular pai rs [34] and
in the calcul ati ons of the conf orm ati on i t was assumed tha t the tota l energy of
intera cti on of a group of molecul es is equal to a sum of energies of intera cti ons of
pai rs of m olecules.

The elementa ry condi ti on for obta ining the correct structura l inf orm ati on
for l iquid is to kno w the experim ental f uncti on for a wi de range of values
(Fi g. 2). The experim ental curve , m arked in Fi g. 2 by the sol id l ine, is a
structura l ly sensiti ve part of the to ta l exp erimenta l coherent intensi ty
per m olecule, and represents the so-cal led to tal functi on of structure, because i t
inv olvesboth intra - and interm olecular scatteri ng e˜ects. A compari son of the mea-
sured di ˜ra cti on pattern wi th the model calcula ti ons of the interf erence functi on
gives a ful l agreement in the range of wave vecto r values from ¡A to the end
of the range studi ed. The agreement proves tha t the assumed intera to mic di stances
in the m olecule are correct. The values of from Fi g. 2 have been calcul ated
usi ng form ula (7) f or the proposed model of 2-chl oronaphtha lene, whi ch is shown in
Fi g. 3. The calculated m ean am pl i tudes of vi bra ti on for 2-chloronaphtha lene
are shown in T able II. The numb ering of ato m s fol lows com mon nota ti on in organic



448 H . Drozdow ski

Fig. 2. C urve A (continuous line ), the experimental structure function

S i ( S ) exp ( À ˜
2
S

2
) . Curve B (dashed line), the molecular structure function S i m ( S ) cal-

culated according to Debye. C urve C (dotted line), subtraction of the calculated curve B

f rom the curve A ; S [i ( S ) exp( À ˜ 2 S 2 ) À i m ( S )] .

Fig. 3. A model of 2-chloronaphthalene C 10 H 7 À C l molecule structure.

chemistry . Mo lecular param eters r i j and the coe£ ci ents h u i j i (the m ean-square
vari ati on of the di stance between the pai r of ato ms (T able I I) ha ve been Ùtted
by a testi ng metho d [35] assuming tha t for values of ¡A ).
Fi gure 2 also includes the so-cal led di stinct structure functi on
| the dotted l ine , whi ch pro vi des the inf orm atio n about interm olecul ar cor-
relati ons and does not a˜ect the hi gh-angle scatteri ng. Fi gure 4a presents the
R DF calcul ated for l iqui d naphtha lene wi th separated m axim a correspondi ng to
di ˜erent ato m ic positi ons [31]. W e assume tha t the shape of a maximum corre-
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T ABLE I I

The values of parameters of 2-chloronaphtha- lene molecule model applied in
Debye formula Eq. (6). A tom notation the same as in Fig. 3, h u ij i denotes the
root- mean- square variation at the distance r ij betw een pairs of atoms [30] .

Typ e of intramolecular I ntramolecular distances Mean amplitud e

interactions r ij [ ¡A ] h u ij i [ ¡A ]

C {H 1.09 0. 077

C1 À C2 1.36 0. 046

C2 À C3 1.41 0. 061

C1 À C9 1.42 0. 047

C 2 À C l 1.71 0. 056

C 1 . . . C3 2.43 0. 062

C 3 . . . Cl 2.73 0. 077

C 1 . . . C4 2.80 0. 056

C 1 . . . C5 3.70 0. 068

C 4 . . . Cl 4.16 0. 109

C 1 . . . C6 4.22 0. 067

C 2 . . . C7 4.85 0. 057

C 2 . . . C6 5.05 0. 068

C 8 . . . Cl 5.17 0. 122

C 5 . . . Cl 6.03 0. 149

C 6 . . . Cl 6.81 0. 163

Fig. 4. T he experimental RDF (dot- dot- dashed line) of naphthalene (a) decomp osed

into its atomic peaks (continuous line) and of 2-chloronaphthalene C 10 H 7 À C l (b) de-

comp osed into its atomic p eaks (continuous line). Dashed line represents the sum of

intramolecula r contributions to RDF.
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spondi ng to an ato mic positi on is described by Eq. (9). The decompositi on into
Gaussian m axim a was perf orm ed by subsequent i tera ti ons on self-consistent de-
compositi on, so by a repeated Ùt of the Ùrst peak after elim inatio n of the Ùtted
second peak, then the repeated Ùt of the Ùrst and second after elim inatio n of the
thi rd and so on, unti l getti ng a self -consistent system . The parti al distri buti ons of
the Ùrst and second m aximum of the radia l functi on

P
i ; j

K j 4 ¤ r 2 £ k ( r ) (Fi g. 4a),
have conÙrm ed the co-planar arra ngement of the carbon and hydro gen ato ms
in the molecule of naphtha lene, at an avera ge di stance C{ C = 1.40 ¡A (shared
¤ -electrons) to the accuracy of Ï ¡A. The Ùrst maxi mum of thi s functi on for

¡A has been assigned to the intera cti ons between carbon and hydro gen
ato m s C{ H = 1.09 ¡A and between the neighbouri ng carbon ato ms in the naphtha -
lene ri ng: C C 1 36 ¡A C C 1 41 ¡A C C 1 42 ¡A. Kno wi ng the scat-
teri ng powers of carb on ato m s 6 556 el and hydro gen ato m s 0 331 el,
we could calcul ate the areas correspondi ng to parti cul ar intera tom ic di stances in
the molecule and com pare them wi th the areas determ ined from the RD Fs. The
best Ùt of the m odel functi on to the experim enta l to tal radial di stri buti on functi on
wa s obta ined for the intera tom ic di stances given in T abl eI I Ia. The areas under the
m axi m a determ ined theo reti cal ly and experi menta l ly agree wi th accuracy of 1%.

T ABLE I I Ia

P

P

The second maxi mum of thi s f uncti on for ¡A, is assigned to sub-
sequent intera to mic distances inside the naphtha lene ring: C H 2 16 ¡A
C C 2 43 ¡A C H 2 66 ¡A C C 2 80 ¡A. The parti al m axim a
sum up to give the theo reti cal radial distri buti on functi on fol lowi ng closely the
exp erimenta l functi on in the range up to ¡A. On the basis of the agree-
m ent we assumed the above distances are accurate appro xi mati ons of the real
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intera to mic distances. The distances are in agreement wi th the data obta ined by
other autho rs [36].

The pro posed model of the l iqui d 2-chl oronaphtha lene m olecul e was con-
structed assuming rigidi ty of the naphtha lene ri ng and no deform ing e˜ect of the
chl ori ne ato m on thi s ring (Fi g. 4b, Table I I Ib).

TABLE I I Ib

Exp erimental Q D and theoretical Q T areas of the discrete maxima and corresp ond-
ing intramolecular interactions for liquid 2-chloronaphthalen e C10 H 7 À Cl.

Maximum [¡A ] Intramolecular T heoretical areas Exp erimental areas

distances [¡A ] Q T = 2 Â n Â K j Â K k [el2 ] Q D [el2 ]

C1 {H 1 = 1 : 09 2 Â 7 Â K C Â K H = 30: 38

C1 {C 2 = 1 : 36 2 Â 4 Â K C Â K C = 343 : 85

1.48 C2 À C3 = 1: 41 2 Â 4 Â K C Â K C = 343 : 85

C1 {C 9 = 1 : 42 2 Â 3 Â K C Â K C = 257 : 89

C 2 {C l = 1.71 2 Â 1 Â K C Â K C l = 257 : 30
P

= 1233 : 27 1245.56

C 2 . . . H 1 = 2 :16 2 Â 14 Â K C Â K H = 60: 76

C 1 . . . C 3 = 2: 43 2 Â 14 Â K C Â K C = 1203: 47

2.63 C 1 . . . H 8 = 2 :66 2 Â 4 Â K C Â K H = 17: 36

C 3 . . . Cl = 2 :73 2 Â 2 Â K C Â K C l = 514 : 60

C 1 . . . C 4 = 2: 80 2 Â 6 Â K C Â K C = 515 : 77
P

= 2311 : 96 2294.27

The appl icati on of Fouri er tra nsform to the curve i ( S ) gave the DR D F di s-
pl ayed in Fi g. 5. The di ˜erenti al radial distri buti on functi on 4

P

determ ined by the integra l ,
R

exp
À Â

sin d was calcu-

lated by the num erical Simpson metho d for ¡A at a step of ¡A.
The distri buti on of random uncerta inty on D RD F, caused by standard devi -
ati ons of the exp erimenta l f uncti on was calcul ated on the basis of
the data of Konnert and Ka rl e [37] from the fol lowi ng form ula:

X
sin exp

À Â
(15)

where and is the standard devi ati on of the ex-
perim ental f uncti on of intensi ty distri buti on. The m axi mum experim ental uncer-
ta inty of the pai red f uncti ons was estimated as %. The m arg ins of errors of the
m ean distances determ ined are given in Table IV. The random error of the radial
di stri buti on functi on does not exceed 3%.

The D RD F of l iqui d 2-chl oronaphtha lene has 13 m axim a in the range of
¡A. Thei r positi ons corresp ond to the m ost probable intera to mic and
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Fig. 5. T he di˜erential radial distribu tion function 4¤ r
2

P
n

j ;k
K j [ £ k ( r ) À £ 0 ] for liqui d

2-chloronaphthalene.

T ABLE IV

A ccuracy interv als of the structural parameters determined.

A ccuracy interv als of the structural A ccuracy of

parameters r [ ¡A ] measurement Ï Â r [ ¡A ]

1 < r ç 2 Ï 0: 01

2 < r ç 3 Ï 0: 02

3 < r ç 4 Ï 0: 05

4 < r ç 5 Ï 0: 10

r > 5 Ï 0: 15

T ABLE V
T he range of coordina-

tion spheres for the studied
2-chloronaphthalene.

Sphere Range [¡A ]

1 st 3.05{10. 45

2 nd 10.45{15. 60

3 rd 15.60{19. 05

interm olecul ar di stances in the l iqui d studi ed, whi ch are considered in deta i l below.
On the basis of the D RD F (Fi g. 5), the spheres of interm olecular orderi ng [38] were
di stinguished. Subsequentl y, the ranges of the spheres (T able V) were determ ined.
Co ordi nati on shells are delim ited by the D R DF minim a. The D RD F is charged
wi th a certa in error fol lowing from the appl icati on of the integra l Fouri er f orm ula
deri ved for inÙni te l imits of integrati on to an exp erimenta l situa ti on in whi ch
m easurements are conducted in a Ùnite range of argum ent values.
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Fig. 6. T he model of probable conf ormation of molecules in liqui d 2-chloronaphthalene

C 10 H 7 {C l. T he arrangement of molecules corresp ondi ng to the maxima in the

DRDF (a) ; the potential energy curve describin g the interaction of tw o molecules of

2-chloronaphthalene (b).

A sim ple m odel of short- range arra ngement of the m olecul es in l iqui d
2-chloronaphtha lene was proposed as shown in Fi g. 6. The sam e param eters r i j

were determ ined by the Ùt of the theo reti cal curve B (Fi g. 2) to the exp erimenta l
curve A in high S region. In the calcul ati ons we opti m ised seven param eters of the
2-chloronaphtha lene m olecule: the length of the bonds C{ C, C{ H, C{ Cl , and the
angle C{ C{ C. The fol lowing ini ti al values were assumed for the above param eters
[39]: C1À C2 = 1:36 ¡A C C 1 41 ¡A C C 1 42 ¡A C Cl 1 71 ¡A,
C H 1 09 ¡A, anglesC C C 119 90 C C C 121 02 . The mean
di stances between pai rs of di ˜erent ato m s belonging to neighbouri ng m olecules of
2-chloronaphtha lene are given in T able VI. The num bering of the ato ms is consis-
tent wi th the notati on assumed in Fi g. 6a.

T ABLE VI

T he mean distances and mean amplitude betw een pairs
of atoms in liquid 2-chloronaphthalen e.

Distances betw een Distances determined Mean amplitude

pairs of atoms from the DRDF [¡A ] [¡A ]

C C 3.80 0. 126

C C 4.15 0. 167

C C 5.38 0. 267

C C 7.20 0. 167

C l Cl 7.90 0. 183
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5. D iscu ssio n

The experim enta l i ( S ) data S i ( S ) exp ( À ˜ 2 S (Fi g. 2, curve ) were Ùtted
for ¡A wi th the theo reti cal data for the curve (Fi g. 2, curve )
to value equal to 14 ¡A . The obta ined coinci dence of the high region of
these two curves proves tha t the pro posed m odel of 2-chl oronaphtha lenem olecule,
Fi g. 3 and in parti cul ar the intera to m ic distances in the m olecule, are correct. A
deta i led analysis of the resul ts obta ined pro ved tha t a Ùt between the theoreti cal
and exp erim ental curves is possible for and for va lues ranging f rom
5 ¡A to 14 ¡A . The integ ra l of from zero to inÙni ty is zero, and for
hi gh valuesof (ta ki ng into regard the temperature f actor) subsequent oscil lati ons
bri ng decreasing contri buti on to thi s integ ral . Thi s procedure is the basis of the
m etho d of norm al isati on presented in the work of Kro gh-Mo e and No rm an [24].
The assignm ent of intra molecular di stances to the maxim a (Fi gs. 4a, b, and 5),
has been perform ed assuming tha t the chl ori ne ato m does not have a signi Ùcant
inÛuence on the ri gidi ty and intera to mic di stances in the naphtha lene ring. Thi s
assumpti on fol lows from the results of the theoreti cal study on the ring deform a-
ti ons under the e˜ect of m onosubsti tuti ons. The quantum -chemical calcul ati ons
perform ed by Scharf enberg [40] for 22 m onosubsti tuted benzene deri vati ves have
shown tha t the greatest changes between the carbon ato m s in the ring are of an
order of 0.01 ¡A.

In the range of the argum ent below 1 ¡A, the values of the radial distri buti on
functi on m aki ng the interpreta ti on di£ cul t or even im possible (f or exam ple, the
negati ve ones) are not uncom mon. They seem to be due to some appro xi matio ns
assumed in the metho d [27]. The m axi ma on the D R DF in the range of ¡A
are attri buted to intra m olecular intera cti ons. The three m axim a corresp ondi ng to
the C{ C distances appear at 1.42 ¡A, 2.43 ¡A, and 2.80 ¡A for the m olecule studi ed.
These di stancescorrespond to tho se between the carb on ato m s in the ,
and positi ons in the naphtha lene ri ng. The m aximum assigned to the C{ H
bond corresp onds to the di stance of 1.10 ¡A wi thi n the ring. The m axi ma on the
D RD F (Fi g. 5) in the range of ¡A have been ascribed to the fol lowi ng
pai rs of ato m s: C H 1 10 ¡A C C 1 42 ¡A C Cl 1 71 ¡A C C
2 43 ¡A C Cl 2 62 ¡A C C 2 80 ¡A C C 3 80 ¡A. The m axim a
in the range of ¡A, are interpreted as due to intra - and interm olecul ar
di ˜ra cti on, whereas tho se for ¡A are due to interm olecul ar di ˜ra cti on.

The packi ng coe£ cient, deÙned by Ki ta igorodsky [41] as the rati o of the
speciÙc volum e of the m olecule to the vo lume per a m olecule in a given l iqui d,
ta kes a value of 0.57. Thi s value f al ls wi thi n the range determ ined for the l iqui d
phase | from 0.51 to 0.68. A molecul e of 2-chl oronaphtha lene occupi es the aver-
age volume ¡A , wherea s an increm ent of the m olecule volum e [41] is

135 2 ¡A .
The experim ental functi on RD F was determ ined by the X-ray scatteri ng f rom

a l iquid sam ple and compared wi th the correspondi ng theoreti cal functi on calcu-
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lated for the most probable assumed m odel of the structure of 2-chl oronaphtha lene.
The m odel wa s deÙned as an avera ge structura l uni t whi ch coherentl y scatters
X- rays. The m ost probable sim ple conÙgurati ons of neighbouri ng m olecules in the
l iqui d in question can be examined by Ùtti ng the positi ons of the m axi ma of the
D RD F to the distances between the centres of the neighbours, resulti ng from thei r
van der Waals m odels. Such m odels can be constructed on the basis of the bond
lengths wi thi n the m olecule and the van der Waals radi i of C, Cl , and H ato m s.
The shape, positi ons and am pl i tude of the m axi ma app eari ng in the range of
r 2 h 3 : 0 5 Ë 10 : 4 5 i ¡A (Fi g. 5) al low us to concl ude about the occurrence of intera c-
ti ons am ong parti cul ar ato m s belonging to neighbouri ng molecules. The calcula-
ti ons perf orm ed by the metho d of mini mi sati on of the potenti al energy [39] of the
structure of 2-chl oronaphtha lene, suggested the binary arra ngement of m olecules
(Fi g. 6a), whi ch can be expl ained by the presence of the Lenna rd À Jones poten-
ti al mini mum \ 6{ 12" , Fi g. 6b. Because of the perm anent dipole mom ent of the
2-chloronaphtha lene m olecule ñ = 1 D [42], the neighb ouri ng m olecules are ar-
ranged so tha t thei r dipolar m oments are anti para l lel. Thi s ori enta ti on is conÙrm ed
by the peaks on the DR DF appeari ng at: C C 3 80 0 05 ¡A C C
4 15 0 10 ¡A C C 5 38 0 15 ¡A C C 7 20 0 15 ¡A, and Cl Cl
7 90 0 15 ¡A. Fi gure 6a, b presents the two molecules of 2-chl oronaphtha lene in
the most energeti cal ly f avoura ble mutua l arra ngement. The intera cti ons between
two molecules of 2-chl oronaphtha lene lead to the form ati on of compl exes. The val -
ues of the most probable energies of intera cti ons and di stances between the two
m olecules are characteri stic of a given interm olecular com plex. The maxi ma of thi s
functi on at ¡A and ¡A bri ng inf orm ati on about the di ˜erence
between the observed and the avera ge di stri buti on of electron densi ty .

The use of short- wa ve radiati on from an X- ray tub e wi th a molyb denum
anode al lowed determ inati on of the m ean structura l param eters (the inter- and
intra m olecular distances, the radi i of coordi nati on spheres) and local orderi ng of
the molecul es in the l iquid 2-chl oronaphtha lene. The appearance of clear m axim a
on the functi ons of angular-di stri buti on of X- ray radiati on and D RD F indi cates the
presence of short- range orderi ng in l iqui d 2-chloronaphtha lene up to the di stance
of about 20 ¡A.

The m ost pro babl e model of the short- range order structure was obta ined us-
ing the m etho d of exact analysis of the distri buti on curve in term s of DR DF. From
the shape of the radial distri buti on functi ons and in parti cul ar from the positi ons
of thei r m axi ma, we can concl ude about the most probable mutua l conÙgura ti ons
of m olecules of a given l iqui d. The structure of l iqui d 2-chl oronaphtha lene is de-
term ined by the presence of the naphtha lene ri ng. The presence of clear m axim a
in the range of ¡A of the RD F (Fi g. 4a, b) and D RD F (Fi g. 5) func-
ti ons conÙrm tha t the chlorine ato m does not have deform ing inÛuence on the
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structure of naphtha lene ri ng. A real isti c estimati on of the uncerta inti es of inter-
ato m ic distances ( Â r = 0 : 0 1 Ë 0 :0 2 ) ¡A determ ined in the range of 1 < r ç 3 ¡A
justi Ùesputti ng forwa rd a hyp othesis tha t the m etho d of X- ray di ˜ra cti on in l iq-
ui ds does not al low determ inati on of possibl e deform ati ons in the naphtha lene ring
(0 ¡A. The values of , 4.15, 5.38, 7.20, and 7.90 ¡A determ ined
pro vi de the inf orm ati on about interm olecular spati al conÙgura ti ons in the l iqui d
studi ed. The proposed appro xi m ate binary m odel of intera cti ons is related to the
m utua l anti paral lel orienta ti on of chl ori ne ato m s from the neighbouri ng m olecules.
The analysis of the angul ar and radial f uncti ons has conÙrm ed the anti para llel ori -
enta ti on of the dipole mom ents and the f act tha t the naphtha leneri ngs are stacked
one over the other.

The packing coe£ cient of m olecules in l iquid 2-chl oronaphtha lene is appro x-
im atel y constant in al l coordi nati on spheres and equals to 0.57. Thi s value fal ls
wi thi n the range of values accepta ble for the l iqui d phase substa nces. These re-
sul ts are also consistent wi th the values presum ed in the conform ati onal structure
inv estigati on of 2-chl oronaphthal ene perform ed by empiri cal and semi-empiri cal
MO- LCAO calcul ati ons [43].

As the m olecules of 2-chl oronaphtha lene have perm anent electri c m om ent in
l iqui d they shoul d assumesuch an ori entati on tha t thei r dipolar mom ents woul d be
anti para l lel. Such an ori enta ti on is conÙrmed by the occurrence of interm olecul ar
intera cti ons suggested in the model of the m olecule. The resul ts can be interpreted
on the basis of sim ple m odels of local orderi ng of m olecules.

As indi cated by the conf orm ati onal analysis of the l iqui d studi ed, results of
the potenti al energy m inimi zati on and the value of the perm anent dipol m oment of
the 2-chloronaphtha lene molecule, the opti m um arra ngement of these m olecules is
anti para l lel planar, one on to p of the other. Onl y in such an arra ngement the di s-
ta nce between the centres of the two chl ori ne ato m s of the neighbouri ng m olecules
is: Cl Cl 7 90 0 15 ¡A, whi ch leads to the mean distance between the pai r of
C ato m s of the neighbouri ng m olecules equal to C C 7 20 0 15 ¡A.

The results of thi s paper perm i t the fol lowing concl usions to be drawn:
1. A sati sfacto ry Ùt can be obta ined between the theoreti cal ly calcul ated ra-

di al di stri buti on functi on for the chosen simpl iÙed m odel of interm olecul ar
intera cti ons and the experim enta lly obta ined radi al distri buti on functi on.

2. The D RD F maxi m a at 3.80, 4.15, 5.38, 7.20, and 7.90 ¡A correspond to the
interm olecul ar C C C C C C C C , and Cl Cl , inter-
acti ons. The attra cti ve dipole intera cti on between neighbouri ng m olecules
can f avour the pl ane arrangement of m olecules one over another (i .e. the
anti para l lel one), maki ng such a conÙgurati on relati vely m ore stable.

3. The appro ach pro posed in thi s paper gives a good descripti on of interm olec-
ul ar intera cti ons in l iqui d 2-chloronaphtha lene and is a useful X- ray metho d
for thei r analysis.
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