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Thepapereportsresultsof the X-ray diffractionstructuraktudieof liquid 1-pherylnaphtha-
lene, CioH7 — CgH5 at 338 K, with the use of MoK, radiationof the wavelength\ =

0.071069 nm. The curwes of reducedradiationintensity were analysedby the reduction
methodof Blum and Narten. Experimentaldistributions of X-ray scatteredntensity were
comparedwith theoreticalresultspredictedby the proposedmodelof 1-phetylnaphthalene

molecule.Theelectron-densityadial-distritution functiondrr? Y K [px () — po] wascal-

Jk
culatedandsomeintra- andintermoleculadistancesn liquid 1-pherylnaphthalenaverede-
termined.

PACS: 61.25.Em

1 Intr oduction

X-ray diffraction is a very efficient methodof studyingthe structureof matterin both solid

andliquid phase[1l]. Recently[2,3] it hasbeenshownn that the X-ray diffraction methodon

liquid mediaallows notonly determinatiorof interatomicdistancesn amoleculebut alsobrings
informationonthekind of interactionamongthe moleculesanddegreeof theirordering.In view

of theabove,anattemptwasmadeat structuralanalysisof liquid 1-pherylnaphthaleneTheaim

of thestudywasto acquireexperimentablatafor structuralnalysisof intermoleculainteractions
in dilute binary solutionsof naphthalenaitroderiative-nitropteryl in pherylnaphthalenend
naphthalene.Resultsof the study concerningmolecularcorrelationsin liquid phasemay be

importantfor explanationof mechanismsf certainphysicalandchemicalprocessetakingplace
in suchsystemse.g.diffusionor thermalconductvity [4].

Naphthalenénasbeenstudiedin threephasesgas[5], liquid [6] andsolid [7,8]. The struc-
turesof 1,2,3,4-etrapheglnaphhalere[9] and Octapheglinaphthaleng10] have beenstudied
in thecrystalphase However, 1-pherylnaphthalen€;H; — CsHs (melting point 318K, boil-
ing point 598K) hasnot beenstudiedin theliquid phaseby diffractionmethodq11].
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This work reportsthe first studiesof liquid 1-pherylnaphthalengerformedby the counter
methodfor the rangeof the angularmeasurementmtensity extendedto the value of ¥=60°.
MonochromatiaadiationMoK ., enableda determinatiorof the scatteredadiationintensitybe-
tweenSy=9.25 nm* andSp,a, = 153.13 nm~ L.

The interpretationof the resultswas carriedout using the reductionmethod[12,13]. The
X-ray diffraction methodpermitteddeterminationof the meanstructuralparameterf liquid
1-pherylnaphthalenéthe intra- andintermoleculardistancesthe radii of coordinationspheres)
at338K. X-ray structuralanalysisvasappliedto determinghepackingcoeficient of 1-pheryl-
naphthalenenolecules Thevaluesof the structuralandphysicalparametersf liquid 1-pheryl-
naphthalenarecollectedin Tablel. Pherylnaphthalensamplesof 99% purity werepurchased
from Aldrich-Chemie(Germary).

Tablel. Physicalandstructuralparametersf liquid 1-pherylnaphthalend " Z; denoteshe sumof the
J

atomnumbersn onemolecule).

Mean Mean
effective | effective Macro- | Molecular| Mean
numberof | numberof scopic mass electron
electrons | electrons density density
per per
hydrogen | carbon
atomKy | atomKc | S K; | > Z; | [glem®] | [g/mol] | [el/nm?]
J J
0.650 6.335 108.000| 108 1.085 204.27 345.5

2 Experimental

The intensity of radiation scatteredby a layer of the studiedliquid was determinedby the
transmissiormethodusinga typical X-ray diffractometeradaptedor measurementsf liquids
[14]. Theangulardistribution of the X-ray scatteredntensitywasmeasuredy applyingMoK,
(A=0.071069m) radiationfor theangles6® < 2 < 120° atevery 0.2°, where2d is the scat-
tering angle. The radiationwas monochromatisedby reflectionfrom the (002) planesof flat
graphitewith theangleof monochromatisationf =600 [15]. The scatteredX-ray intensities
weremeasuredy a VA-G-120 proportionalcounter(madeby Otto Sctbn, Germary) andthe
resultswererecordedby a computer Deviationsin intensitydueto instability the diffractometer
work wereof about1%in thewholerangeconsidered.

The studieswere carried out with a specialcuvette with exchangeablelatesand closed
with 0.01mm thick foil windows, constructedn our laboratory[16]. Absorptionin the cuvette
windowswasneglected[17].

The cuwette was connectedwith a flow-throughultrathermostatéJ-10. X-ray diffraction

investigationof liquid 1-pherylnaphthalenevas performedat 338 K. Temperaturenside the
cuvettewasmeasuredby a probemadeby TestotermGmbH&Lenzkirch,Germary.
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3 Calculations

The scatteredX-radiationwas normalizedto electronunits [e.u.] accordingto the Krogh-Moe
[18] andNorman[19] method.This normalizatiorwasperformedby approximatinghe experi-
n

mentalcurve I(S) for largevaluesof S to thetheoreticakurve givenby theexpression z; f;,
wherez; is the concentratiorof atomsof species and f; is therespectie atomicfact(z)r,lreCUF
ring to the circumstancehatfor large anglesy interatomicandintermoleculatinterferencecan
be neglected. Oscillationsof the experimentalcurve 1(.S) neednot be takeninto accountthen,
andthe experimentalintensitydistribution curve coincideswith thetheoreticalone. Normaliza-
tion of the experimentalcurve of intensitydistribution is performedby taking into accountthe
correctiondor uncoherentadiation[20].

Normalizationwasalsoperformedon the basisof a comparisorbetweerthe areaunderthe
experimentakturve givenasafunctionof 7(.5)S? with theareaunderthetheoreticacurve given

by: (Z T1f1> S?, whereS = 4 sin/\. For theliquid studiedthe following normalization
i=1
relationshipwasobtained:

o0

2 _ i 2 2
Cn/I(S)S ds = Zlo/f (8)52ds8, (1)

0

in which C,, is a normalizationcoeficient and f;(S) standsfor atomic scatteringfactorsex-
pressedn electronunits[21].

Beforenormalizatiorof theintensitycurve,correctiongor thebackgroundair scatteringand
noisecounter)[22], polarisationof the X-ray beamreflectedby the sampleandmonochromator
[23], absorptiorby a sample[24], multiple scattering25] andanomalouslispersion26] were
applied.

For agivenatomiccompositionof a scatteringstructuralunit, the curve of intensityof inde-
pendentscatteringcanbe obtainedfrom tatulatedatomicscatteringfactors[27]. The shapeof
thiscurvedepend®nagivenscatteringtructuralunit. In thecaseof liquid 1-pherylnaphthalene,
thedefinition of a structuralunit canbe muchsimplified[28].

The experimentalaluesof scatteredadiationintensitywerecorrectedoy the computerpro-
gram[29] accordingto the scheme:

] — (Iexp _ IINC _ II\’IULT _ T) PA (2)

where I°*P is the experimentallyobtainedintensity of scatteredradiation, I'™NC - intensity of
incoherentradiation, IMUYLT - intensity of multiple scattering,7” - apparatusbackgroundand
noiseof the analysingsystem,P - polarisingfactotr and A - absorptiorfactot

The interpretatiorof the experimentalkresultswas performedby the methodof the electron-
densityradial-distritution function (EDRDF) calculatedrom the equation30]:

E Kjdmr?pi(r) = E K;dmr? po + il / S i(S) exp(—a?S5?)sin(Sr)dS. (3)
7r
j=1k=1 j=1 A
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In Eq.(3)thefunctioni(.S) is definedas:

Leu(S)/N — %;ff(b’)
9%(S) ’ ®

i(S) =

where ., (S)/N is the experimentallyobsened total coherentintensity of scatteredtadiation
peronestructuralunit, fo(S) denoteghetheoreticaindependenscatteringon atomsof one

uc

structuralunit, g(.5) is asharpenindactor, oftenwrittenin theform: >~ f; or > f;/ >~ Z; and
uc

uc uc

exp(—a?S?) is a corvergencefactor, with coeficienta = 0.06. The meannumberof electrons
in aunit volume(1 nm?) is givenby theformula[31]:

po=dAN4107>" Y " 7Z; /M, (5)
j

whered is the macroscopidensityof theliquid, N4 - the Avogadro constant, Z; is the number

of electronsn the j-th atomand M - molar mass (seeTablel). Thesummationin Eq. (3) runs

over all atomsof themolecule: )" K; = nc K¢ + nuKy wherenc andny arethe numbers
J

of carbonandhydrogenatoms respectiely, in onemolecule K ¢ and Ky arethe averageeffec-
tive numbersof electrongn the atomsof carbonandhydrogen.The meaneffective numberof
diffractingelectronsasfoundfrom theintegral average:

Smax
_ 1
Ki=—— | K;
’ Smax - SO / ]dS’ (6)
So

whereS = 4rsind/ )\, 29 the angleof scatteringand \ the X-ray scatteringwavelength. The
calculationshave beenperformedfor afinite rangeof S valuesfrom Sy =9.25 Nm™~! t0 Syyax =
153.13 nm™ 1.

The leastmeanintermoleculadistancesverefound from the VoigtlaendefTetznerformula
[32]:

R =7.73/Smax — 0.03 [nm]. 7)

The correctingfactor”0.03 [nm]” for molecularliquids hasbeenfound empirically [32]. The
maximumexperimentakerrorin determinatiorof EDRDFwasestimatedo be+ 3%. Themean
leastinter- andintramoleculadistancesveredeterminedvith thefollowing accurag: for 0.1 <

7 < 0.2 nm: A7 = £0.001 nm, for 0.2 < 7 < 0.3 nm: A7 = £0.005 nm, for 7 > 0.3 nm:

A7 ==40.010 nm[33]. Computertechniquesvereusedto minimisethe effectsof experimental
errors,uncertaintiesn the scatteringactors,andterminationerrors. X-ray diffractiondataof the
studiedliquid wasanalyzedy RenningerKaplow programpackagg29].

4 Results

Thenormalizedangulardistribution function I(.S) (whereS =47 sin ¥/ \) of 1-pherylnaphtha-
lene(Fig. 1) is characterizedby two generaimaximawhich arecorrespondingo intermolecular
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interaction.Thefirstmaximum,at.S; =12.0040.10 nm~1, lessintensejs relatedto thedistance
of R; =0.62+0.01 nm, betweermoleculesandthenext oneS, =13.30+0.10 nm~" is relatedto

thedistanceof R, =0.551 + 0.01 nm. The positionsof the S; andS; maximawerefoundusing
the Lagrangepolynomialsmethod.Small-anglescatteringesult(0° < ¥ < 3°) wasextrapolated
to theorigin of the coordinatesystemusinga second-ordefunction[29].

T 600

1(S) 500 - 11.3 0

[e.u.]

| 400
300
200

100

80  100—S[nm]+ 140

Fig. 1. (a) normalized,experimentalcurve of angulardistribution of X-ray scatteredntensity (b) total
independenscatteringcurve in liquid 1-phetylnaphthalene.

Usingthe experimentalaluesof 1(.S), presentedh Fig. 1 andEq. (2), thevaluesof i(S), so
thetotal functionof thestructurewerecalculated By thereductionmethod12,13],thefunction
1(.5) whichis animportantcomponenbf the Fourierintegral in Eq. (3) canbe separatedrom
thetotal valueof intensity I, (S)/N. In orderto employ thereductionmethod thefunctioni(.S)
which is now referredto asthe total structurefunction mustbe redefinedand expressedasthe
sum:

i() = im(5) +ia(9), (8)

wherei,(S) is the molecularstructurefunction describingthe scatteringby a single molecule
andiq(S) is thedistinctstructurefunctionproviding theinformationaboutintermolecularcorre-
lationsfrom the experimentaldata. The molecularstructurefunctioni,, (S) calculatedrom the
equation34]:

im(S) = % |:ZZfifj exp (—A;;5%) w . 9)
o (55 J
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In Eq. (9) the symbolsi andj denotesummationover stoichiometricunit; A;; = %uij, Uj =

0.5
<(Arij )2> denotingtheroot-mean-squareariationin thedistancer;; betweerpairsof atoms

[35]. The calculatedneanamplitudesof vibration (u;;) for 1-pherylnaphthalenereshavn in
Tablell. Thenumberingof atomsfollows commonusagen organicchemistry
Atomic scatteringactorsfc, fu, fcu werecalculatedaccordingo theformula[27]:

. 4 22
sin 9 b; sin® ¢
f ( S > = ;:1 a; exp (— 2 ) +C (20)

usingthea;, b; andC valuesdeterminedy Narten[28].
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Fig. 2. Curwe A (continuoudine), the experimentalstructurefunction S i(.S). Curve B (brokenline), the
molecularstructurefunction S i, (S) calculatedaccordingto Debye.Curve C (dottedline), subtractiorof
thecalculateccurve B from thecune A, S [i(.S) —im (5)].
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The valuesof i,,(S) from Fig. 1 have beencalculatedrom the Debyeformula (9) for the
proposednodelof 1-pherylnaphthalenewhich is shovn in Fig. 3. Molecular parameters:;;
(Tablell) have beenfitted by the Nartens method[28], assuminghati(S) ~ i,,(S) for S > 50
nm—1,

Table Il. The valuesof parameterof 1-pherylnaphthalenemoleculemodel appliedin Debye formula
Eq. (9). Atomsnotationthe sameasin Fig. 3 (u;; denoteghe root-mean-squareariationin the distance
ri; betweerpairsatoms[35]).

Typeof intramolecular| Intramolecular Mean
interactions distances amplitude
C—CandC---C | r;; x 1073 [nm] | u;; x 1072 [nm]
C,—H 110 7.7
Ci—GC 136 4.6
C.—Cs 141 6.1
Ci—GCy 142 4.7
Ci—Cn 154 4.8
Cy---Cyy 230 6.7
Ci---Cs 243 6.2
Ci---Ci2 254 7.3
Ci---Cy 280 5.6
Cs---Cqp 290 8.0
Cy---Ci2 325 8.8
Cs---Ci2 340 9.2
Ci---GCs 370 5.8
Cs---Cpy 375 10.0
Ci---Cis 384 10.6
C---Cs 422 6.3
Ci---Cu 434 11.3
Cr---Ciy 435 11.3
Cs - Cia 446 11.6
Cy---Cpy 450 11.7
Cy---Cis 451 11.7
Cs---Ci2 465 12.3
Cr---Ci2 480 12.5
Cy---Cy 483 5.7
Co---Cq 503 6.1
Cs---Cpp 506 12.8
Cs---Cuy 510 12.9
Cy---Cuy 516 13.1
Cs---Cin 525 13.3
Cy---Ci2 535 13.5
Cs - Ci2 574 14.3
Cr---Cis 576 14.4

(continued)
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Typeof intramolecular| Intramolecular Mean

interactions distances amplitude
C—CandC---C | r;; x 1073 [nm] | w;; x 1072 [nm]

Cs - Ci2 585 14.6
Cs---Ci3 594 14.8
Cr---Cus 635 15.6
Cs---Cua 656 16.2
Cy---Ci3 670 16.4
Cs---Ci3 690 16.8
Cs---Ci3 698 171
Cy---Cuy 730 17.6
Cs---Cus 755 18.2
Cs---Cuy 776 18.7

The molecularfunction of structurei,, (S) wascalculatedby the Debyeformula (9) for the
Braggangled varyingfrom 0° to 60°. The coursef thedependencieqS), i,,(S) andiq(S)
areshowvnin Fig. 2.

0.36 nm _

Fig. 3. A modelof 1-phelrylnaphthaleneC;oH7 — CsHs moleculestructure.

Fourier analysisof the function S i(.S) yielded the function of radial distribution of elec-
tron densityshown in Fig. 4. Their positionscorrespondo the mostprobableinteratomicand
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intermoleculadistancesn the liquid studied. Thesefunction bring the information aboutthe
differencebetweerthe obsenedandthe averagedistribution of electrondensity[1].
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Fig. 4. The electron-densityradial-distritution function 4712 Y~ K [px () — po] for liquid 1-pheryl-

75

o

naphthalene.

In liquid 1-pherylnaphthalenehe presenceof the coordinationspheresof intermolecular
ordering[36] wasestablishedSubsequentlytherangeof thespheresndcoordinatiomumbers
(Tablelll) weredeterminedCoordinatiornshellsaredelimitedby minimaof EDRDF[37].

Tablelll. The rangeof coordinationspheresand the meannumberof moleculesin eachspherefor the
studiedl-phetylnaphthalene.

Sphere| Rangegnm] Numberof molecules
1st | 0.305—0.735 8.1
2nd | 0.735—1.160 27.2
3rd | 1.160— 1.630 54.7
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5 Discussion

In this work the experimentaldataS i(S) (Fig. 2, curve A) werecomplementedvith theoret-

ical dataof the curve i, (S) (Fig. 2, curve B) to the Sy, valueequalto 140nm~1. The ob-

tainedcoincidenceof thesetwo curvesprovesthatthe proposednodelof 1-pherylnaphthalene

molecule andin particulartheinteratomicdistancesn themolecule,is correct.In this situation

the EDRDF (Fig. 4) wascalculated. The function of the radial distribution of electrondensity
n

472> K;lpk(r) — po) is, accordingto Eq. (3), determinedy theintegral,
7,k

2 o0
% /Si(S) exp(—a?$?)sin(Sr)dS
0

calculatedoy the numericalSimpsonmethodfor 0 <7 <2 nmatastepof 0.005nm.

The EDRDF is chagedwith a certainerror following from the applicationof the integral
Fourier formula derived for infinite limits of integrationto an experimentalsituationin which
measurementare conductedn a finite rangeof argumentvalues. Replacementf the Fourier
transformfrom Eq. (3) by the properintegral in Eq. (6) implies the appearancef additional
oscillationsfor 0 < 7 < 0.1 nm. Thesemaximahave no physicalmeaningandareonly a mathe-
maticaleffect, a consequencef theapproximationspplied.

Thesizeof a 1-pherylnaphthalenenoleculeis 0.94nm (length) x 0.36 nm (width) x 1.18
nm (height). On the average,it takes a volume of V/=0.3126nm?, whereasan incrementof
the moleculevolume[38] is V=0.2098nm?. The packingcoeficient of moleculesn liquid 1-
pherylnaphthalenés k=67%. Dueto thesizeof the 1-pherylnaphthalenenolecule Fig. 3 which
canbeevaluatedrom thevanderWaalsradii of carbonandhydrogeratoms thefirst six maxima
of theEDRDF, Fig. 4, shouldbeascribedo theinterferenceinsidearespectie singlemolecule.
Themaximafall within therange0.1 < 7 < 0.4 nmandtheir positionscorrespondo thedistances
betweerthe following atomicpairs: C; — H =0.110nm,C; — Cg = 0.142nm,C; — Cy; =
0.154nm,C; --- C3=0.243nm,C; - -- C4 =0.280nmandC; - -- C5 =0.370nm.

The subsequenmaximaof the EDRDF correspondo the meanintermoleculardistancesn
the liquid studied. The positionsof the maximaof this function (Fig. 4) correspondindo the
meanleastintermoleculardistancesare directly relatedto the main maximaat the function of
intensity distribution. Accordingto the datafrom Fig. 1 and Table I, the intensity distribu-
tion for liquid 1-pherylnaphthaleneshavs two maximacorrespondingo intermoleculaiinter-
actions. Thefirst of them,for S; = 12.00 nm~!, correspondso the intermoleculadistanceof
Ry =0.614 £ 0.010 nm, calculated32] from Eq. (7). The secondmaximumon the intensity
distribution curve at S, = 13.30 nm~!, correspond$o R, = 0.551 + 0.010 nm. This maximum
shouldbe attributedto intermoleculatinteractionsconsideringts high intensityandthe fact of
theoccurrencef EDRDF maximumfor 77 =0.550 nm (Fig. 4). In therange~ 0.4 <7 < 2.0 nm,
the function canbe divided into threeregionscorrespondingo threespheref intermolecular
ordering.

Themostprobablesimpleconfigurationf neighbouringnoleculesn theliquid in question
canbe examinedby fitting the positionsof the maximaof the EDRDFto the distancedbetween
the centresof the neighboursresultingfrom their van der Waalsmodels. Suchmodelscanbe
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constructedn the basisof the bondlengthswithin the moleculeandthe vander Waalsradii of
C andH atoms.

6 Conclusions

The appliedmethodsof measurementand calculationspermitteda determinatiorof the mean
structuralparametergthe inter- andintramoleculadistancesthe radii of coordinationspheres,
thecoordinatiommumberspandlocal orderingof themoleculesn theliquid 1-pherylnaphthalene.
The useof short-wave radiationfrom an X-ray tubewith a molybdenumanodepermitteddeter
minationof the 3 sphere®f intermoleculardering,thatis the supermoleculastructurein the
liquid studied.

Theappearancef distinctmaximain theangulardistribution functionof X-ray scattereda-
diationandelectron-densityadial-distrilutionfunctionobtainedor liquid 1-pherylnaphthalene,
indicateshe presencef theshort-rangerderingin liquid 1-pherylnaphthaleneip to adistance
of about2.0 nm. In this rangethreesphereof intermolecularorderingweredistinguished The
maximaon the EDRDF in the range0.1 < 7 < 0.4 nm areattributedto intramoleculaiinterac-
tions. The threemaximacorrespondindgo the C — C distancesappearat 0.142nm, 0.243nm
and0.280nm for the moleculestudied.Thesedistancesorrespondo thosebetweerthe carbon
atomsin the ortho, meta andpara positionsin the naphthaleneing. The maximumassignedo
the C — H bondcorrespondso thedistanced.110nm within thering. The maximain therange
0.4 <7< 0.6 nm, areinterpretedasdueto intra- andintermoleculadiffraction, whereaghose
for 7 > 0.6 nm aredueto intermoleculadiffraction. Theseresultscanbeinterpretedn termsof
asimplemodelof local arrangementf moleculeswhich probablycanbevalid for alargerclass
of moleculariquids, i.e.weaklypolarmonosubstitutederivativesof naphthalene.

The valuesof #=0.550nm and7g=0.620nm determinedprovide the informationaboutin-
termolecularspatialconfigurationgn the liquid studied. The maximaof EDRDF at 79=0.930
nm and 71,=1.420 nm bring the information aboutthe differencebetweenthe obsened and
the averagedistribution of electrondensity The packingcoeficient of moleculesin liquid 1-
pherylnaphthalenés approximatelyconstanin all coordinationsphereandequalto 67%. This
valuefalls within therangeof k valuesacceptabldor theliquid phasesubstancesTheseresults
are also consistentwith the valuespresumedn the conformationalstructureinvestigationof
1-pherylnaphthalen@erformedby empiricalandsemi-empiricaMO-LCAO calculationg39].

The approaclproposedn this papergivesa gooddescriptionof intermoleculaiinteractions
in liquids andis a usefulX-ray methodfor theiranalysis.
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