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Thenuclearquadrupoleresonance(NQR)duetoCl,Br,

127209
I,andBiwereobservedinbismuthtrihalides.TheNQR

Zeemaneffectonbismuthtrichloridewasmeasuredatroom

temperatureusxngthesxnglecrystal.Thebondanglesof

bismuthtrichloridewerefoundtobe85.5,92.3,and92.3

Theasymmetryparametersofthefieldgradientswerecalculated

tobe0.431and0.178fortwonon-equivalentchlorineatoms.

Ontheotherhand,threeBrNQRfrequenciesofbismuthtri-

bromxdewerenew⊥yobservedandtheZeemaneffectwasexamined

IoneachresonanceIxne:thequadrupolecouplingconstantsand

asymmetryparameterswere205.01氾Hzand0.077,225.39MHz

and0.424,and240.17MHzand0.152respectively,andthe

crystalhadamonoclinicsymmetry.Adifferentspectrumof

209Bxfromthatreport2
edpreviouslywasobserved:eQq/h=

266.6愉zand『=0.822.TwoNQRfrequenciesduetoI

inbismuthtriiodidewereingoodagreementwiththeliterature

values.TheNQRpararoetersobtainedwerediscussedinterms

oxthebondnatureofintra-andintermolecularbondsbetween

thebxsmuthandhalogenatomsonthebasisoftheTownes-

Daxleヅtheory.
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三七wouldbeofinteresttostudythenuclearquadrupole

resonanceくNQIOofbismuthtrihalidesexceptbismuthtri-

fユuorxdesincethehalogenandbismuthatomshavenuclear

quadrupolemoment(eQ)andprovideinformationsonthecrystal

andmolecularsiこructuresaswellasthebondcharacterbythe

NQRmeasurement王3onbothnuclei.However,theNQRstudieson

bismuthtrihalidesarenotseensofrequentlyascomparedwith

thoseonthetr五halidesoftheotherGroupVAelements.The

crystalstructuresofbismuthtrihalidesa工enotthesame:the

chlorxdehasbeenshowntoformthemolecularcrystalbyx-ray

diffraction'andtheiodidetoformthelayerlat隼2)

ThxsmakesadirectcomparisonoftheNQIミparametersofthe

halxdesmeaningless.

RobinsonhasreportedtheNQRfrequenciesofCland

209-,..-.
Bxxnbxsmuthtrichloride;tworesonancefrequenciesdue

toClandasetoffourresonancefrequenciesduetoBi.3'

however,hedxdnotdiscussabouttheresultsindetail,be-

causetheasymmetryparametersofthefieldgradientsofthe

chlorxneatoraswerenotdeterminedandthecrystalstructure

oxthxscompoundwasnotavailableatthattxme.Itwas

decided,therefore,tomeasuretheNQRfrequenciesofel

209
andBi,andthetemperaturedependenceofeachresonance

frequencyofbismuthtrichloride.Furthermore,theNQR

Z(≧emanexfectonitssinglecrystalwasmeasuredatroom

temperature.

ontheotherhand,forbismuthtribromideonlytheBi

NQRfre甲encieshavebeenreported。4)
'ThebromineNQRfre-

quencxeshavenotbeengivenuntilthepresentexperimentt
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asfarasweknow.ThreeユBrNQiくfrequencieswerefoundfor

+JL一gfirsttimeandwereassignedtothenon-equivalentbromine

atomsxnitscrystal.The209rNQRspectrumooservedinthe

presentexperimentwasdifferentfromthatreportedpreviously,

andthequadrupolecouplingconstantandtheasymmetrypara-

meterwerederxvedfromfourallowedtransitionfrequencies

209
forBinucleus.

Crystal Structure

J.he crystal structure of bismuth trichloride by means of

x-ray diffraction has been recently published by Nyburg, ozinl

and Szymanski. ' Figure 1 shoivs the projection along the c

axis of the crystal lattice. The space group is an ortho-

rhombic Pn2 a with four molecules in a unit cell, the diraen-

sions of which are

a=7.641, b=9.172, and c-6.291宜.

It is confirmed that the bismuth trichloride crystal is

made up of discrete, distorted pyramidal molecules, although

xn gaseous state it has a complete与3V.syjumet The Bi-Cl

bond distances are 2.518, 2.513, and 2.舶8 A, among which

those for Clv'l) and Cl(1)I atoms in Fig. 1 are nearly equal,

ihere are shorter intermolecular distances between bismuth

and chlorine atoms than the sum of the van der waals radii

of relevant atoms. Accordingly, the bismuth atom is sur-

rounded by five neighboring chlorine atoms besides three intr争一

molecular chlorine atoms. These 'intermolecular Bi-cl

dis七arises are 3.22 and 3.45宜for the Cl(l) atom, 」26 and
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3.40兄for the Cl(l)1 atom, an。3.22 X.for the Cl(2) atom.

The unit cell dimension becomes smaller than that of ar-txmony

trichloride, whxch also suggests that there are strong inter-

molecular bondzngs between the bismuth and chlorine atoms

The crystal structure of bxsnmth tribronxde has been

little known so far.　Accordxng to the information obtained

by X一fay diffraction analysis the bismuth tribroraide crystal-

1izes into the P2-3 lattice isoraorphous with incorrect bismuth

trichloride structure.5)

Bismuth triiodide has a hexagonal layer lattice, in

which all the iodine atoms occupy the equivalent sitqs and

have bridge structures between two bismuth atoms. ' The
J

distance oCtween the bismuth and iodine atoms is 3*1宜in

every site.

Expc∋ rxmen tal

Mat`∋rxal.　　Commercial bismuth trichloride, of如hich

it is impossible to detect any NQK absorption line due -to

either chlorine蝣or bx甲uth atom, was purified by normal

freezing method. After the central parts of several ampoules

ox bxsmuth trxchloride were collected, the single crystal was

prepared by means of the Bridgman-Stockbarger method-　エt

was succeeded to detect the resonance absorptions and to

examxne the NQR Zeeman effect.

Bisrauth tribromide was parchased from the same origin as

bismuth trichlori由　of which no NQR absorption was able to be

detected. We purxfxed the compound and obtained its single
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crystaj-　oy the same procedure as above.

Bismuth triiodiくIe from commercial orユgxn was purified

by removal ox excess iodine under redubed pressure and subjected

to the N〔2王? measurements.

Apparatus.　　The NQR spectrometer used in these

experiments was a self-quenching super-regenerative oscillator

with frequency modulation, and absorption lines were displayed

on an oscilloscope. Resonance frequencies were measured with

a standard signal generator and a universal fごequency counter

by matching a zero-beat on the oscilloscope. A Zeeman

magnetic field of about 200 G was applied to the sample by a

Helmholtz coil. The crystal was rotated about the sample axis

(管) and th'Helmholtz coil was rotated in the plane parallel

to the sample似is (Oy)サ　For the measurements of the temperature

dependence of the resonance frequency the temperature was

controlled by sending a cold stream of nitrogen gas from

liquid nitrogen and its value was determined using

Copper-constant&n thermocouple.

Results

BxsmuthTrichloride.TheNQRfrequency,メfora

nucleushavinganuclearspinofエこ3/2as35Cland8ユBris

gzvenasthefollowingequation:ら)

ギ=C等Qqzz/2h(1tヰ之/3)車(1)

.-wheree等Qqzノhisaquaclrupolecouplingconstant。ftheatdm

undo言onsiderationanふ^xsanasymmetryparameterofthe

xxeldgradientsdefinedas芋(eq準一-e<ivv)/e<i

JyY詑andKzi〉
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恒YY)leclxx!"sinceEci'(1)involvesonlyoneobservablevalue,

・),wecannotdetermineeQq/handでseparatelyInanordi-

narycase.InsuchacasewemustobservetheNQRZeeman

effecttofindthetwoparameters.

Forbismuthtrichloride,twoClfre星-uencxeswere

observedasreportedbyi-35
obinson.'Theseごequencxesat

Ixquidnitrogenandroomtemperaturesarepresent哲dヱn

Table1.Whenthepolycrystallinesamplewasused,thelower

absorption(designatedasノ1)isabouttwiceas.intenseasthe

higherone(L>2).Theseresultsindicatethattherearetwo

kxndsofchlorineatomsinthecrystalandthattheabundance

ratxois2:1.

Sincebismuthatomhasanuclearspin'I-9/2,itshows

fourNQRabsorptions.Then,theeQq/hand<nvaluescan

bedeterminedfromtheresonancefrequencies.Fourallowed

frequenciesareexpressedbythefollowingrelations.

A-r.(^eQqzz/24h(2)

wherex=1,2,3,4andr.(て)isarelativefrequency

factorincludingでSinceinthiscasethesecularequation

fornuclearelectricquadrupoleinteractioncannotbesolved

precisely,thevalueofr-(甲areevaluatedbytheCohen-s

table,xrwhichtheeigenvalueistabulatedforanyvalue

of,里nintervalsof0.ユ7)
from0to1.'Thebismuthresonance

frequenciesandassignedtransitionsarelistedinTable1.

xnordertodeterminetheasymmetryparameterforthe

chlorxneatorabytheNQRZeemaneffect,thezero-splitting

methodisgenerallyused.Thismethodgivesthedirections
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oftheprincipalfieldgradientsaswellastheasytmnetry

p尽ratneters.Thecondxtxonunderwhichthezero-splitting

occursfornuclearspまn三8i
-3/2isgiven'by

sin　9=2/(3当cos2畑 3}

where Q and乎are the polar and azliuu軸al angles foi the

Zeernan magnetic gxeld with respect to the coordinates of the

prxncipal axes (X, Y, and Z axes) of the field gradient at

the resonant nucleus.　Thus thく∋　asyrametry parasieter was deter-

rained from Jq. (3) by the use of the leastーsquare method.

・ Once the asymmetry pararaeter is obtaxnedク　もhe quadrupole

GOupling constant and the unbalanced p electron number, Up,

can oe determxned from Eqs. (1) and (4),

Up = (e2Qq2Z/h) / (e2Qqzz/h)atom. (4)

(e^Qq/h)もOBIis109.746MHzfor35ci9a)aRd643.03MHzfor

如9bV
Br.;Thevaluesof午2
eQq/h,andUpatroomtemper-

atureareIxsteaxnTaoユe2.

Fourzero-splittxngpatternswerededucedfroml)-き

whereastwopatternsfrom'x/03asisshowninFig.2.These

resultsind王.catethattherearefourdi宕ferentdirectionsfor

thechlorineatoms,Cl(.1),contribu七xngtoユノandtwo

dxrectionsforthechlorineatoms,Cl(2)jcontributingto

u-au-tcell.TheZeemaneffecton純ebismuthabsorp-

txonwasalsomeasuredonthe5/2仲7/2transitxon,sincext

wasmoreintensethantheothers.Twozero-splittingpatterns

wereobservedandshowninFig.3atthesamecoordlnatesas

thosexnFig.2.ThecrystalibustbeoftheLauesynimetry
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osD2handtherefore,belongstotheorthorhombiclatt10}
ice.'

TheCl^2)andbismuthatomsoccupythespecialpositionsin

thelat七.ce.

Temperaturedependencesofi)and2らweremeasured

ムー
between77and373KasFig.4shows.ヱtisnoticedthatの2

showsanormalnegative-peraturegradient,whereas]J

behavesabnormally.ThesefeaturessuggestthattheCl(l)

atoraisinanunusualsituationwhichisindicatedalsoina

lo、verresonancefrequency.Thetemperaturedependencesof

thee*'Qq/hand雪ofthe-siatomwerederivedfromthe

5/2軸7/2ar呈d7/2⇔9/2transitionsasisseeninFig.5.

BismuthTribromide.Asforbisamthtribromidethree

resonancefrequenciesdueto81Brhaveheennewlyobserved.

・able 3 shows these resonance frequencies at

where those due to Br are oraitted because

(

room temperature

they have correct

isotope frequency ratio. The Zeeman e'ffect on each resonance

line was measured at room temperature. Two zero-splittxng

patterns were obtained from eachユxne. These features of the

woiRine NQR indicate that the crystal structure of bisiauth

t-broniide is apparently different from that、 0-f bisrauth tri_

chloride. The quadrupole coupling constant and asymmetry

paraineでeごare listed in Table 3. On軸e other hand, the ,209Bi

NQR spectrum ooserved in this叩eriraent is diでxerent from

that reported by Swiger et al.4>　Four resonance frequencies

weごe observed and ascribed to a kind of bismuth atom in the

lattice. The quadrupole coupling constant and asymmetry

parameter weごe calculated using the Cohen's table as Table 3

snows. mIy one之erO-splitting pattern was observed on either
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5/2や7/2 or 7/2<->9/2 transition of 209Bi at room temperature.

fio、vever, tnere should be another zero-splitting pattern

because the crystal has a twofold symmetry which is revealed

by the bromme Zeeman effect. This pattern" must have been

missed, because the等axis o.f the field gradient makes a

small angle with the rf field and the resonance is too weak

to be detected. The observed zero-splitting angles of the

5/2や7/2 and 7/2わ9/2 transitions were in good agreement with

the calculated ones、on condition写- 0.82. ' The angles

among the Z axes of the bromine and bismuth atoms are listed

in Table　4.

Discussion

Bismuth Trichloride.　As mentioned before the crystal

ox bismuth trichloride contains two kinds of chemically

non-equivalent chlorine atoms and one kind o」 bismuth atom

xn the orthorhonzbic unit cell; the abundance ratio ( Cl(l):

Cl(2日in the crystal may be 2:1 according to the relative

intensity of two resonance lines due to 35Cl. Furthermore,

the Cl(l) atoms have four non-equivalent directions and the

Cl(2) at0品s have two directions. The unit cell axes of the

orthorhombic lattice appear as three twofold axes perpen-

dxcular to ,each other, which may be easily determined hy

the relations of the Z axes in Figs. 2 and 3.

Nyburg et al. have discussed on the誠biguity of the

space group of bismuth trichloride; which is either Pn2Ta

or Pnraa 1)"三f it belongs to pnma, the molecule in the crystal

must-have a mirror plane ( or a center of symmetry). On the
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otherhand,ifitbelongtopn2a,themoleculeneednot

haveanysymmetry.Thく三yf∋luciClatedonthebasisofthe

structureanalysxsthatthecorrectspacegroupisPn2a,

ThePn2^astructurecontainsthreekindsofchlo-neatoras

anaunitcellasmaybeseeninFig.1.TheNQRspectrum

ofthxsstructuremaybecomposedofthreeresonancelines

35
duetoClhavingnearlyequalintensityandasetofthe

bismuthresonancelines.Also,eachresonancelir柁must

splitintofourzero-splitting,componentswhenamagnetic

xxeldisapplied.Theobservednumberoxtheresonancelines

andtheZeemanpatternsareindisagreementwiththeseexpect-

atxonsonthePn21;astructure.Thesedisagreementbetweenthe

resultsoftheNQRandX-raymethodsisoriginatedfromwhether

themoleculehasamirごorplaneornot,whichmayappearat

y璃inFig.1.TheNQRresultssuggestapparentlythatthe

moleculehasthemirrorplanesothatitsspacegroupis

Pnma.Thxsstructureisisomorphouswiththatofantimony

trichlorideandthe-NQRspectraofthe声ecompoundsarealso

siiaxユartoeachother.エnanyevent,thecrystalmaybecorn-

posedofdistortedpyramidalmolecules,i)ユl言ssignedto

tnechlorxneatomsoutofthemirrorplaneand¥)tothose
2

intheplane.TheinteratomicdistanceoftheBi-Cl(2)bond

lsshorterthanthatofth占Bi-Cl(l)bond・Thisisanexp占cted

tendencyfromtheNQRfrequenciessincetheNQRfrequency

becomesgenerallyhigherasthebondlengthisshortened.

Table5showstheanglesbetweentheZaxesandthe

crystalaxesdeterminedbymeansoftheNQRZeemaneffect二10)

Tnevaluesinthesecondrow山erecalculatedfromthePn2..a
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structure by assuming that the Z axes lie on the relevant

Bi-Cl bonds. The numerical agreement is good except the

difference of the crystal symmetry. Therefore, the directions

or the Z axes o」 the chlorine atoms may bo軸くen to be nearly

consistent with the directions of the Bi-Cl bonds in spitd of

their large asymmetry parameters, although the smalユdeviation

of the Z axis from the bond direction may occur as will be

mentioned later. Thus, the bond angie can be derived from the

directions of the 2品xgs by considering the molecular symmetry

and its pyramidal structure. Table 6 presents the interbond

angles thus obtained, along with those by means of the x-ray

method.

Tae difference in the crystal structures proposed by

means of the NQIモand X-ray analyses is suggestive of the

presence of modifications in bismuth trichloride crystal.

This is the case in antxmony tribromide; that is, there are
.

theュ?212121 and Pnraa structures which were confirmed by the

元-ray and NQR methods.1亭)'However, the study of the temp聖ture

Dependence ox the NQR frequency indicates no evidence for such

a phase transition in the temperature range c〇ncerned as i岳

seen in Figs. 4 and 5.

Although the molecular tructure in the Pnraa latta.ce deviates

slxghtly from.that in the Pn2ユa lattxce, the NQR parameters will

be discussed on the basis of the crystal structure of Nyburg

eてal.

There are strong imermolecular interaction or bonds

between the chlorine and bisrauth a-s an the solid state as

revealed by the X-ray analysis. These interoolecular bonds
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mayaffectontheobservedquadrupolecouplingconstants

・andasyrametryparametersofthechlorineatomsaswellasthe

bismuthatoms.Thus,thelargeasymmetryparametersmaybe

causedtosomeextentbytheseintermo-ularbonds,although

theyareratherweakercomparedwiththeintramolecularbonds,

becausethezaxisonthechlorineatomisdirectedalong

theintramolecularBi.-Clbond.エhalogenatommakesthe

brxdgebondswithequalorcomparabletrengthaslsseen

inthedimermoleculeofGroup皿Atrihalides,thezaxison

tォatombecomestobeorientedalonganydirectionother

than七hebond.axis.

AsFig.6.shows,threebismuthatomsaroundthecl(l)

atom,whichhasalargerasymmetryparameterandalower

quadrupoiecouplingconstant,arealmo恵もco-planarandthe

intramolecularBi-Clbondmakesnearlytequalangleswithtwo

intermolecularBi-dbonds.sincetheintermodularbond

maybeformedbytransferofthe罪electronsofthechlorine

a.omtotheemptyorbitalofthebismuthatom,thequadrupoユe

couplingconstantwillbecomelowerdueto総edecreasein

thep.^populationandtheasymmetryparameterwillbecome

largerduetotheunbalancebetweenpandp

蝣X.ァpopulatxons.
ToexplaintheobservedNQRparameterswewillusea

methodsimilartothathyTo、vnesandDaileywhichaccounts

i-orthelargeasymmetrypar与meterof坤esolidiodinein

termsoftheintermo-ularbonds.13>Theaxlailysymmetric

fieldgradient,eq,isplacedoneachofthethreebismuth-

chlorinebondsaroundthe-d(l)atom.Tosimplifythe

problemtwointerraolecularbondsareassu硯edtobeequivalent,
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and the fractional contribution to the total field gradient

was cenoted oy % as the sum of two. That of the intramolecular

bond which contains a small s character is represented by(T.

The 2-axis is placed in the intramolecular Bi-Ci(l) bond and

the X and Y axes are found to lie p&r&lユel and perpendicular

to the plane of the bridge.

inus, each component of the field gradients can be ex-

pressed as follows;

eqxx唇㌻+%Tt(3sin"白-1汗eq,

yy㌔(01十Tl)eq

eq.
-22下軸3co去-6-1>teq

(5)

where9istheanglebetweentheintra-andintermoユecular

bonds.TheioniccharacteroftheBi-Clbond,a,か,is

representedbytheusualequation:㌻=(1-早)(1-i爪),where

?-xsthescharacttheCT-bondassumedtobeO.ユ5.6)

Substitutingtheobservedvalueslistedin'Tabユe2and

replacingeqbyeq.ci.七35

0mfoxclサ^--(5)maybesolved;.

r.=0.09andi『=0.63.

三七xssimplytboughtfromthevalueof軍七hattheO。09串

cr.argeistransferredfromtheCl(l)今torntothebisrauthaセムm

astheresultofformationoftheintermolecularbonds,but

mostofp花electronsarelocal!zedo串thesideoftheCl(l)

atom-TheintramolecularBi-Clbondhasratherhigher

covaler.cy,0.37,thanthatoftheintermolecuiar㌍bond.

Thisreflectsthedifferencebetweenthetwoxnteratomic

単stances.sincethetotalchargeontheci勘atomis

definedas-X-ir-itisreducedtobe-0.5埠.
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strictly speaking, the contributions of two intermolecular

bonds are noてthe same. For this reason, the Z axis will no

longer direct along the Bi-Cl(l) bond and Eq. (5) is no longer

ne^d due to the lack of the C symmetry. The degrees ot the

aeviat五on of the z axis from the bond axis are dependent on

the gap between two contributions, which may be smaユI by

consxdering their interatoraic distances. Thus, the assumption

of the C2 symmetry around the Cl(l) atom is not far from the

truth, and it is the reason why the石axxs retains the direc一

七xon along the bond in spite of such large asymmetry parameter

as 0.431.

on the other hand, when Eq. (5) is applied to the bond一

・xng of the Cl(2) atom, we need consider the contribution of

only one intermoユecular bond。 However, unfortunately the

dxrection of the z axis is ambiguous because the xz component

of the field gradient, eqxz t the bridg声Systera does not

vanish due to the lack of c 、 syrametry as mentioned above,-

which is given by the following;

ecj.xz = -3/2託＼sinQ cos9 eq.　　　　　　　　/6x

To dxagonalize the field gradients we mus-C rotate the coor-

dinates only about the Y axis. This is simply made and

diagonalized components of the field gradient are

:^TZ ~ [^((h> 71)4- 3/器霊詑(7)
wi.ere eq^ remains unchanged from Eq. (5) as聖l・as its
direction because the field gradient is unchanged hy rotation

about own axis. The Z> axis is no longer directed along the
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Bま-Cl(2)bond.

substitutxngtheobservedvaluesinto畢qォ(7),weobtain

thefollowingvalues:現=0.07,i℡=0.60,andl=-0.53e.These

arereasonablecomparedwiththoseoftheCl(l)atom.onthe

otherhand,therotationalangle収五sreadilydeducedtobe

about5fromthattan2頓=2eqX2/(eqxx-eq).Thus,the

dxrectxonoftheZaxisまswithin5-fromthebondasfaras

theabovemodelisconcerned.

ThexoniccharacteroftheBi-Cl(2)bond,0.60,issome-

whatsmallerthanthatoftheBi-Cl(l)bond.Itisaccord-

ance-wxththeshorterbonddistanceoftheformerby0.05兄.

Ontheotherha叫theioniccharacterxsestiraatedtobe0.58蝣

accordxngtotheGordy-srelationwhichisbasedonelectro_

negativitydifferencebetweenbismuthandchlorine.14>This

xsfullyconsistentwiththeioniccharacteroftheTbond

ratherthanwithtotalelectroniccharge,whichisnearly

constantxnspiteofthelargedifferenceoftheirNQRpara-

meters.

Thus,thequadrupolecouplingconstantsandasymmetry

parametersoftheCl(l)andCl(2)atomscanbe,qualitatively,

interpretedbymeansoftheTownes-Daileymethod.

ThepositivetemperaturedependenceoftheNQRfrequency

asisseenfor^isinterpretedinterms。fone。fthefollow_

ingreasons;(i)the㌔-p双bondingintheme墾-chlorinebond,15^

(ii)thehydrogenbondingofthechlorineatom,16)and(iii)

thexntermolecularbondingofthechユ17)
orxneatom.-;Apparently,

neither(i)nor(ii)isconcernedwiththepresentcase,since

theintermolecuユar冗bondまsformedbytransferofpelectrons
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'romthechi.oro.neatomtothebis試し.ithtomasmentionedabove,

itmayoebrokendownbytheincreasedamplitudeoflibrational

motionsasthetemperatureraises.Thiseffectxncreasesthe

p冗populationofthechlorineatomand.con-sequentユtl-e

resonancefrequency.Also,thethermalexpansionthecrystal

may的akentheintermolecularbond,andhenceincreasethe

resonancefrequency.Thelibrationalmotionalwayslowersthe

frequencybノaveragingthefieldgradientandthisisgiven

bythefollowingrelation.18)

V*H[l-3h/8w5号I/I癖ナl/(e^4/kT-11〕サ(8)

wherei-x,y-zand一七hesymbolsusedarereferredtotheoriginal.

xhus>theobservedtemperaturedependenceappearsasthe

coinbxnedresultofthetwocounteractingeffects.Ifthe

formereffectovercomesthelatter,thepositivetemperature

coeffxcientwillbeobserved.Thisis-the-caseforOof

bismuthtrichloride.Accordingユy7theintermolecularbondof

theCl(l)atomshouldbestrongerthanthatoftheCl(2)atom.

As去unungthatUgisrepresentablebyEq.(8)inspiteof.its

sizableasymmetryparameterandthattheterraoftemperature

dependenceissetnearlyequalfor2^andV2,'l)maybe

loweredbyabout0.6MHzfromtheobservedfrequencyat298K

bythelibrationalmotion.Thisgapissimplythoughtdue.to

the.increasedp冗electronsofthechlorineatom.usingEq.

(5),ム冗iscalculatedtobeabout0.03under七heconstanta-,

fromwhichtheasymmetryparameteratOKisabout0.6.The

temperaturedependencesofe^Qq/han

蝣Z2'当ofthebismuthatom

wxllbeaffected'bytheinter^olecularbondaswell.However,

thetheoreticalexplanationwouldbehardlymadebecauseof
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thedifficultytoestimatetheseeffectsincludingt17,
emperature.'

19)
From the temperature dependences of the central atoms in

arce甲xc,antimony,andbismuthtrichloridesitisseengenerally

that・the三一ntermolecularbondsbetweenthecentralandchlorine

atomsreducethequadrupolecouplingconstantofthecentral

atomaswellasthatofthechlorineatom.

BismuthTribromide.Thecrystalstructureofbismuth

trxbromideislittleknownThefeaturesoftheN〔〕Rspectra

of8ユ209
BrandBiobservedinthisexperimentsupportthat

thecrystalofthiscompoundiscomposedofdiscretebismuth

trxbromidemolecules.Thisisinagreementwiththeresults

ofRamanspectrumofthキscompoundbyOerteletal。20)They

alsosnowedthatthespectrurawaswellinterpretedifthe

moleculehadaCssymmetry;thisCssymmetryofthemolecule

xsnearlyacceptableintermsoftheNQRfrequencies.The

209
absorptionlinesduetoBiandthreelinesduetoBrmay

beascribedtoamolecularspeciesinthesolidstate.How-

ever,thespectrumisslightlydifferentfromthoseofbismuth

trxchlorxdeandthetrichloridesoftheotherGroupVA"elements

whxchformthemolecularcrystal。Thosespectraarecomposed

oxaclose⊥y-spaceddoubletorasingletwithlargerintensity

onthelower-frequencyside,andasingletonthehigher-

xrequ(≧ncyside。Ontheotherhand,thespectrumofbismuth

trxbromideiscomposedofadoubletonthehigher-frequency

sxdeandasingle屯onthelower-frequencyside.Threekinds

ofNQRspectrahavebeenobservedonantimonytribromldeby

severalauthors.21)Thefirst.two中avethecharact牢stics

statedabove.ThethirdobservedbyOgawa,however,resembles
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tothatofbismuthtribromide.Unfortunately,nox-raydif-

fractionstudyonthismodificationhasnotbeenestablished

asfarasweknow.

Sxncetwo之erO-splittingpatternswereobservedfor

eachofthethreeresonancesduetpl
oBr,thecrystalwas

foundtobelongt0-monocliniclattice.10'Thisisapparently

LndisagreementwiththespacegroupP213assumedfromthe

x-raymethod.Thecrystalbaxis(twofoldaxis)ofthe

monocl-iclatticecoiユIdbeorientedatthecoordinatesfixed

thesample.TherelativeorientationsoftheBi-Br(l),

Bi-Br(2),andBi-8r(3)bondswitrespecttothebaxisare

23.3,75.9,and66.4respectively.Therefore,onlyone

patternof'Biiserroneousandanotherdirectionofthe

zaxiswascalculatedinviewofitstwofoldsyrametry.

TheZaxisoftheBr(l)andBr(3)atomsatwhichthe

asymmetryparametersarerathersmallmaybedirectedalong

therelevant3i-Brbonds.AlthoughthatoftheBr(2)atom

isunabletobedirected釦raight.forwardiyalongtheBi-Br(2)

oondasisshownbyitslargeasymmetryparameter,weassumed

itsdirectiontobealongthebondasthecaseoftheCl(l)

atorainbismuthtrichloride.Furthermore,weassumedthat

tne2axisofthebismuthatomwasdirectedinsidethetri_

anglemadebythethreeZaxesofthebromineatorasma

moleculeandthebondanglei-Br-Bi-Brisnear90-.There

aretwopossxbleatomicarrangenはntstosatisfyaboveconditions

asseen-Fig.7.Itcannotbedeterminedbymeansofthe

NQRZeemaneffectonlywhichisreallythecase.三ngaseous

statethebondangleisfoundtobe100%'AO22V
4,-'andhencext
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bedornes smaller thari 100 upon solidification. This may be

req-ユIred by molecular packing and xntermolecular interaction.

The Bi-Br bonds in the solid state show a wxde dzstrzbu-

lion of the NQR parameters.　At　77 K, the resonance frequencies

were observed aも　98.953, 1ユ7.530, and 121.521 MHz。　三七is

noticed that ¥1 %　has a positive temperature coefficient. The

lowest quadrupole coupling constant is likely due to a strong

intermolecular bond or a high ionicity of'the針bond of the

Bi-Br(l). It is presumed that the larger asymmetry parameter

for the Bi-Br(2) bond is caused by the strong mtermolecular

bond as seen for the Cl(l) atom in bisrau七h trichlorxde.

Sxnce　七he crystal structure xs unknown, we will use the

following, well-known relations in order to deduce the bond

character ,

(i-s) (i-アr) - up (i寸㌘/3),

邪ニ2/37|Up,

(8)

where the symbols, s and i/j-, are of the same meaning as

befo芋e and % is the decreased p electrons of the bromine

atom. If we introduce 90　as Q in転(b)j then above equations

becomes xdentical with Eq. (5)。 From the observed values of

Up and牛we oも叫ned the following:現=0。02. ㌢=0.62 for the

Br(l) atom, ¶=0.10言5^.-0.53 for the Br(2) atom, and T【=0.04,

ir=0.54 for the Br(3) atom. Thus th甲ionic charge on the

bromine atom is deduced to be　-0.60e, -0.43e, and　-0.50e.

One of the reasons for this inconsistency may be due　七〇　七he

disregard fox the angular dependence of the intermolecular

bond on the NQR parameter占.ェf we take the inteごmolecular

bond as the origin for the lowest coupling constant of}J -,
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tiisobtainedtobe0.16andエis-0.39eundertheassumotion

thatxfjoftheBi-Br(l)bondis0.53.Wequalitatively

concludedthattheintermolecularinteractionsinbisrauthtri_

bromidecrystalarecomparablewiththoseinbismuthtrichloride

crystal.The¥ionicityoftheO*bondiscomparedwith0.53which

isderivedfromtheelectronegativitydifference.

Swigereta.1.haveobservedtheNQRduet209
0蝣蝣Biofthis

compound.TheirvaluesofeQq-/handりi7were3-5MHzand

o.553respectively.Thehighervalueof云-Qqz2/htnanthat

ofbismuthtrichloridewasinterpretedintermsoftheincreased

scharacterof的ebondingorbitalsandofthewidenedz.Br-Bi-Br

anglescomparedwithtlnoseinbismuthtrichloride.Thebond

anglededucedbySwigeret..aleis93.4hyassumingthevalue

ofりtobezero.

Ontheotherhand,weobtainedanotherNQRparameter

of 20QBi as listed in Table 3:

0.822. The value of e等Qq2z/h

e Qqz2/h -266.6 MHz and午
xs lowered from that of bismuth

trichloride as expected from the electronegativity difference

between bromine and chlorine. The ratio of quadrupole coupling

constants 01 bismuth tribromide to bisniuth trichloride is

'0.84, which ls comparable to the relevant ratio of antxmony

trxhalxdes. This is reasonable in view of the discrete

molecular structure of bismuth tribromide in the solid state,

The large asymmetry para由eter, 0.822, may not reflect the

dxstortion of the molecule from co symmetry but the wide

distribution in bond nature of the Bi-Br as indicated in the

bromine NQR p&raraeters, that is, the asymraetry parameter is

much more affected by the charge distribution rather than
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thegeometricdistortionsaroundt23!
heatomconcerned.'At

77K,eQqz7/handでwere276.5は王zand0.865respectively.

Bisniut127
hTriiodide.TheエNQRspectrumofbismuth

triiodxdewasconsistedoftworesonancelinesof106.833

and197.144MI一三zat298Ktwhichwereassignedto1/2⇔3/2and

3/2申5/2transitaonsrespectively;theseareingoodagreeraent

withthevaluesreportedpreviously.'TheZaxisofthe

xoaxneatomhasbeenshownもobedirectedpeごpendicularlyto

theBi-エーBIplaneonthebasisofthesignofquadrupole

couplingcons七ant129
bymeansof王MSssbauereffect25)In

thiscase,thefollowingrelationsgivenbyLuckenareused

tointerpretthebondnat6b)
ure.'

2-A=Up(1+*?/3),

午-3cos6,
(9)

where A is an electron population of the Bi-I bridging bond

and 8 xs an interbond anglef Z.Bi-エーBi.　From the observed

values, Up=0.2925 and 『 =0.258, we obtained the following

values: A=1.68　and　8=95 ,

Thus, the Bx-エbond in the bridge is seen to have larger

zonxc cねracter of the r bondj 0,68, than that of the Bi-cl

or Bx-Br bond.　三七is likely that the Bi-エ　bond ・is wealくened

by formatxon of two equivalent bridge bonds, that is, the

bridge bonding increases the ionic character of the CT bond.

This ls found from the increased bond distance, 3.1足, in

comparison with 2.92足for七he normal single bond in Bi2エ93-

ion.26) The total electronic charge on the iodine atora which

is　-Q.36eis, however, affected hy the decrease of electro-

negatxvity xn the order o:f chlorine, bromine, and iodine.
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TABL三三1.　　NUCLEAR QUAD呈?UPC九E Rユ三SONANCE F主でEO蝣UENCIES OF

35CI AND"205>BiニN B三SMUT1-i TR-i三一ORヱDE AT L抱U工D

NITROGEN AND RG〇さまTEMPERATURES

Resonance frequency, -' MHz

77　K　　　　　　　　　　294　K

ー3&Cl

、2,09Bi

15.826

19.544

1/2^3/2　33.550

3/2印5/2　25.941

37.915

7/2命9/2　52.743

ユ5.952-ど)

19.173**>>

31.865

25.132

37.362

51.776

a) Experimental error is wi地inま0.005 MHz f。r箪C'l

and乞0.01 MKZ　　209云i.

b) Measured at　291 K.



TABLE 2.　　ASYMMETRY PAlてAMETBlでS, QUADRUPOL五i COUPL三NG

co'NSTANTS, AND UNBALANCED p m∝TRCN NUMBERS OF 35CI A心

209BiエN BエSMUTH TRエCHLOKエD」 AT ROOM TEMP己三nTURE

∴:　　　予　　-- -サ

35Cl(l)0.431

35,'Cl(2)0.178

209si0.555

30.960

38.145

318.9

0.282ユ.

0.3476



TABL:三　　　NUCLEAR QUADRUPOLE王RESONANCE FlてEQUENCエBS , ASY氾METRY

PAK脳ETEIミS, AND斜A.DRUPOLE COUPLニNG "CONSTANTS FOIミ81sr思D

209,HiエN BエSMUTH TR工BKOMエDE AT ROOM TEM氾iてATURE ( 25-C )

I), M言一王a)り　　e2Qq,ZZ/h, MHZ

SIsr

>C9Bi

vi 102.606

W　　116.021

v3'　120.547

f 1/2匂3/2　　　35.391
I

3/2ォ>5/2　　　24. 315

5/2さ・>7/2　　　29. 050

7/2^9/2　　41. 902

0.077　　　　　　205.01

0.424　　　　　225.39

0.152　　　　　240.17

0.822　　　　　266.6

a) Experimental error is within工0.01 M王1:之。
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TABLE　5.　THE OlミISNTATエONS OF THE PR三NCエPAL Z AXES OF THE

FIELD GRADエENT WエTH RESPECT TO T王iE CRYSTAL AXES IN

BエSMUTH TRICHLORIDE

Cl(IA)　　　　Cl(1B)　　　Cl(2)

NQォミ

x-raya)

(107.1?o　　(107.17　　(20二470,

45.25-)　　-45.25^9)　　　Os )

く108.60-,　(106.41-,  (18.70*

.77-)　-44.93-)　-0.33-)

(68.40

00)

a) These values were calculated from the Pn2ェa structure

assuming that the Z axis coincides with the relevant

Bx-Cl bond.



TABLE　6.　　THE BOND ANGL瓦S　∠Cl-Bi-Cl　エN BISMUTH

TRIO一三LORエDE

Cl(l)-Bi-Cl(l)　Cl(l主Bi-Cl(2) Cl(lトBi-Cl(2)

IR 85.5

x-ray　　　　84.5V

92.3'

93.2、0

92.3

94.9o
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Fig. 1.

Fig.-2.

Fig. 3.

Fig. 4.

Fxg. 5.

Fxg. 6.

Fxg. 7.

CaptxonsofFigures

Crystalstructureofbismuthtrichloride

projectedalongcaxis.1)

zero-splittxngpatternsofZeemaneffectonel

inbismuthtrichloride.

Zero-splittingpatternsofZeenaneffectonthe

5/2<->7/2七209
ransxtionofBiinbismuthtrichloride.

Temperaturedependencesoftheresonancefrequencies

35
duetoClinbismuthtrichloride.

Temperaturedependencesofthequadrupolecoupling

constantandasymmetryparameterof9Biinbismuth

trxchloride.

エntermolecular arrangement around the chlorine

atoms in bismuth trichloride.1)

Two possxble molecular shapes of bismuth tribroroide

by means of the NQR Zeeman effect.
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