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Shod of Chcmwy. The C’n~ww~y. I cd, ? 

Abetract Rcccnt X.ray rcwIt\ for the hd lengths In rqhrhdcnc and anrhraccnc agree lo dw,ur 

001 A ulth the slmplc MO and Yaulmg thcwcr C’h~unc Jnd quarcrrylcn arc alw J~wusud The 

bcrrmg d ~kc rcwlr~ on the controvcny about the ctitc~~ nf cm wnmcnr and n~bondmg In CC hwxk 

I\ condcrcd 

I Ih I RODLCI IO\ 

A rwwttt R of rcccnt dlrcusslons, partvzularly those of StoichefTand his collcaguc5.1.z 

have chown how the mcasurtd CC band length\ in hydrocarbons Hith umquc classlc;ll 

\tructurc\ all IX close to values characteristic of the cnvironmcnt of the bond. Thu* 

when each carbon IS three-co-ordlnatcd any C C \mglc bond has a length of about 

I.48 A. burthcr rhc bond lengths alrcr rcpularly ulth the co-ordlnatlon number\. 

‘I’hc con\t.incy of the hond Icngrh\ In parrlcular cn\lronmcnts suggcsfs rather strongly 

that rhc umquc clas~~l structure ha\ a high dcgrcc of rclc\ancc a\ ;L \rmplc plclurc. \o 

Ihut the central bond in hutadlcnc “really” has I~t~lc or no r-bond character. Thl\ 

11cw has been argucd3.’ cspccially hy Dc*dr and Schmclvng.’ On rhc orhcr hand 

.Mulllkrn” has argued that. though the slmplc Hiickcl theory lcads 10 d~liicult~c~. up-~CI- 

dJtc MO n-clcctron rcsonancc theories arc conslWnt wlrh the conblanclcs of the bond 

Icngths in the particular cn\lronmcnts. Ho%c\er. cvcn though the more rcccnl MO 

thcorlc, may drop the hond order for the central bond In hutadlenc to about 0.2. 11 

rcmaln\ a dlstmct dltiiculry lo them that rhc ob\cr\cd Icng’h of I.462 A In the much- 

puchcrcd cycle-octatctracnc: i\ 10s than the I.483 A In hutadlcnc.’ The results@ for 

dlphcnyl and 2.2’~Jlpyrldyl, which dots not mainlam the \rcrlcally unhlndcrcd planar 

rruns form. also sugec\t very lltrlc n-characlcr In thclr central C-C bond\. 

1 hc aroma1tc hydrocarbons do not hake umquc clas~sl s(ructurc\ and lhclr CC 

bond\ must have parrlal double-bond characrcr on any theory. IIlscardinp hrvcnc 

and graphite. In each of uhlch all the bonds arc of equal Icngth and \rhlch all the 
rhcorlcs arc clrrclngcd 10 fir. the study of thee molcculc\ should hc useful In the 

controvcr\y over the rcl;r(lbc cffccts of n-bonding ;Ind environment. In the SIX- 

mcmhcrcd rlnpc all carbon\ arc three-co-ordlnatcd and. 10 the cxtcnt tc) \shlch 

adjaccnr hnkq 10 hydrogen or 10 carbon ha\c the wmc cfTccts. the cn\lronmcnt of all 

CC hnnd\ I\ rhc \amc. Ths karlatlon of CC bond Icngth\ ulrhm one molcculc and In 



dlffcrent molecules is thu5 prlmarlly a rcflcctlon of thclr JlfTcrcnt n-bond charactcr5 

and may be used to test the mcrlts of dlffcrcnt \alcncc thcorics ~lthout the com- 

plications of dra5tlcally changing cm Ironmcnts. Some years ago II sccmcd that the 

cxpcrlmcntal results bcrc bcttcr tittcd by MO thcorics than by any kmd of VB thcor?. 

Including the slmplcst Paulq-typ thcorv of the rcsonancc of cl3kal \tructurc\. 

More rcccnt and more accurate X-ray c;ystallographlc result5 show that both the 

slmplc MO theory and the simple Paulmg method prcdlct CC lengths m stcrlcally- 

unhmdcrcd aromatIc molcculo to wthln about 0.01 A. Thus the rcsonatlng-cla\\l~;rl- 

\tructurc\ method dose almwt a\ well for aromatic molcculcs as the unlquc-cl;lwccll- 

structure approach doc5 for the non-aromatic hydrocarbons. The prsscnt paper 

d~tcusacs thc5c prohlcms In the light of four very rcccnt papers on the crystal structures 

of aromatic molcculcs which appcarcd In Proc. Rcj,~. Sot. (Ser. A) in Scptcmbcr and 

October 1960. Crulck\hanh and Spark5’“ga\c results for naphthalcnc and anthraccnc. 

Hurns and Iballl’ for chr>wnc. Shrl\a\tava and Spcakman12 for quatcrrylcnc. and 

MasorP for 1.2:H.Y-dibcnrasridinc. The paper by Cruick\hank and Sparks 3150 

mcludcd a consldcrablc dlwu5slon of the VB and .MO thcwcs and thclr prcdictionr 

for all thcsc molcculcs. The prcscnt paper. prcparcd by rcquc5t for thl\ Symposium 

and thcrcforc wrlttcn claw on the hcsl\ of the Crulckshank and Spark\ paper. IS 

partly a summary of points made thcrc and the rcadcr is rcfcrrcd to II for a fuller 

discussion of many dct311\. 

2 NAPI{ I H4LI ‘JF. ASD AN1 HRACFNL 

The nw cxpcrlmcntal bond lengths for naphthalcnc and anthraccnc prcscntcd by 

(‘ruick\hank and Sparks lo arc combmation\ of scvcral lndcpcndcnt rcfincmcnts of 

sets of thrcc-dimcn5wnal X-ray data. The results for naphthalcnc arc the avcragc of 

Crulckshank’s rcfmcmcnt of the data of Rohcrtwn r~ al.” by the dlffcrcntlal-synthcw 

method and Sparks’ rcfincmcnt of the same data by the least-squares method. The 

rc5ults for anthraccnc arc a wclghtcd awragc of the \Imllar rcfincmcnts of the data 

of Robertson et ol. tngcthcr ulth Spark\’ least-\quarc< rcfincmcnt of Phllllps’ high- 

accuracy proportmnal-counter data. Thcsc rcfincmcnts all allowcd for the anisotropic 

~ibratwns of the atom5 In the crystals and lncludcd corrcctwn5 for fimtc scrlc\ and 

peak obcrlapping cfTcc15, and al50 for the apparent atomic Jisplaccmcnts cauccd by 

the rotational oscillations of the molcculcs ‘5 The rcrults of the barwus rcfincmcnts 

uerc m satl5factory agreement. The final abcragcd bond lengths arc glbcn in ‘Table I. 

Thclr c.5.d’~. c\tlmatcd a l~ttlc more conscr\atlvcly than In some cxlicr work. arc 

appro\m~atcly 0.005 A for naphthalcnc and O304 A for anthraccnc. l’hc prcwnt bond 

Icnpth\ have an r m.s drHcrcncc of0.016 A from thaw found directly from the clcctron 

dcnwy maps without any corrcctlons by Robcrtwn and hlc collcagucs. and have an 

r.m \. diffcrcncc of OtIl I A from those glvcn by Ahmcd and Cruickshank” after 

apphcation of slmplc tinltc wlcs corrections. The 5uccc5~1~c corrcctwns have brought 

lo I) W J Cruskshrnk ad R A Spark\. t’ror. RI>! Sur A 2%. 270 (IUbO). 
II 1) M tJums ~nd 1. C. Ihall. Pwr ROW ZO<. A 237. 101 (1960). 
” )I N Shrlvactara and J C Spcakman. Proc. Ro,v 3~. A X57. 477 (I9mI 
” R Mrwn. Pwc Rob. sot A 2% JO? (l%o). 
” naplhaknc, S (‘ Abraham%. 1. .Sf. Rokruon and J <;. Whltc. Arfu Crbsc 2. 2)). 218 (1949) 

rnthraccnc A MC!_ Mrthwson. J hi Wohcrlwn and V (’ Sln&lrlr. Acto Cfbcf 3. 245 (IYCO). V C’. 
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‘* 1 R Ahmd and D W J <‘rulck\hrnk. Arru Cfb$r 5. 852 (19521 
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small incrcascs In the mean bond lengths of each molecule, but some less regular 

changes have also occurred In particular the dlfTerencc between the corrcspndmg 

Internal bond\ CC’ in naphthalcnc and Cl:’ In anthraccne has been reduced from 

0.045 A in Robertson’s results to 0.010 A at present This reduction has removed ;L 

source of much theoretical pcrplexlty. 

The new X-ray results arc m remarkably good agreement with those obtarncd by 

Almcnnmgcn. Bastianxn and Dy\lk’: m thclr gas phase clcctron-diffractlon study. 

The r.m.c. diffcrcncc IS only 0404 A. which seems fortuitously small. 
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The comparison of the expcrlmental rc\ults with \ariou> theorctlcal roult\. 

mcludmg several modifications of MO theory. IS discussed in some detail In Cruick- 

>hank and Sparks’ paper. The maln point that cmcrgcd was that the slmplcst form< 

of the MO and VB thcoric\ both prcdlct bond Icngth* for naphthalcnc and anthracenc 

which correct to about 0.01 A. The\c thcorctic;ll \aluc< ;Irc 31~0 shown in Tahlc I. 

The cimpls MO v3luo givrn by Coulson cr ol. I8 have r.m.\ dltTcrcncc5 with cxpcrlmcnt 

of 0.01 Z A for naphthalcne and 0.01 I A for anthracenc. which arc no grcatcr than the 

crrorb to hc antlclpatcd from the knoun limitations of the method. Some half dozen 

corrcctlonc can bz made to the simple MO theory. but none of thcx has ;I prcdomlnant 

cffcct Inclu>mn of three of the more Important correction\ ,sclf-concl\tcncy. 

I’ A Almcnn~ngcn. 0. fbrt~anun rnd F Ihr~k. Prwalc C’ommun~~atwt~ 
‘. <’ A <‘oul\on. R r)4cI anJ J w Rnb&wn. Pm-. Roy Sor A ml. m (10~11 



v3rtatron of u-bond cncrgy utth Icngth. and contiguratton ,rntcractton- g~vcs some- 

what better agrccmcnt tOtW7 A). thou_ph one fc3r\ that another corrcctton mtght 

worsen 11. 

The earltcr cxpcrtmcntal results wcrc In rather poor 3grccment utth those prcdtctcd 

by the simple Paulmg method. where the bond orders dre gtvcn by the proportton of 

the Kckult btructurc, tn *htch 3 particular bond 15 double. Its 3grccmcnt wtth the 

late,1 results IS exccllcnt. In naphthalsnc AB ha\ bond order f and the other bond> 4. 

In clnthrrrccnc AB has order j. CD 4 and the others 1. Thcsc bond orders can be wcn 

rmmcdtatcly to he In general 3grccmcnt utth the cxpcrtmcntal rchults of Table I. for 

In naphthalcnc AH IS markedly the shortot bond, whtlc tn anthraccnc AB I\ again 

short. CD 15 tntcrmcdtatc and the other three bonds 3rc lot+ The lengths shown In 

T3blc I tn the column hcadcd ‘Paultng \upcrpositton’ 3rc thaw obt3mcd from thcv 

n-bond ordcrc p hy ths Paulin_e-type formul;t* for the Icngth 
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I .333p 

I ( I.477 1.337) -- 
0.333p f I 

The constant\ In thtr formula arc dctcrmincd by the values of I.337 A for cthylcnc 

t bond order I ). I.397 A for hcnrcnc (order 4) and I.421 A for graphttc (order 4 ). 

The formula cxtrapolatcs to a kaluc of I.477 A for 3 sin@ bond, which IS scduct~\cly 

CIOW to the estimates of about I.48 A ohtatncd from molcculcs wth unquc classical 

\tructurcs. when both c3rbons 3rc three-co-ordtn3tcd. The r.m.s. diffcrcnccs bctwccn 
the cxpcrimental result, and those gtkcn by the Paultng method 3rc only OWk5 A for 

naphth3lcns and tMlO7 A for dnthraccnc 

The ch3ngc tn fortune of the Paultng method offers 3 warning agamst undue trust 

tn any hut the most thorough cxpcrtmcntal analysts. Though the carlter results Iscrc’ 

obtamed by what were then 3dv3nccd proccdurcs. their accuracy ~‘33 over-cstimatcd. 

Simtlarly the cctimstcs of accuracy of the prcscnt results may be falstfiod If further 
systcmatrc errors arc discovcrcd -a somhre tru)\m uhtch 3ppI1c\ to any sxpcrtmcntal 

tcchniquc. 

1 OTHLR AROMATIC MOLF:CCt.tS 

Although many altcrnant aromatic hydrocarbons have been tn\cstigatcd by 

X-ray crystallography, very few have been refined to 3 dcgrce comparable utth that 
for naphthalcnc or anthraccnc. which now appears to bc the mtnimum ncccssary for 
rchabtltty. Such analyws requtrc thrcc-dtmensmnal data wth correcttons for tinitc 

vlrtec, anisotroptc bIbrations and rotational osctllatton effects. The rcsultr obtamed 
by Burns and Iballtl for chrywnc (I) have c.\.d’s of about 0404 h and are about 35 

accurate as those giben abobc for anthraccnc. The r.m.s. drrrcpancies for the clevcn 
rndcpcndcnt CC bonds of chry,cnc arc 0,016 A for the simple MO theory and 0.015 A 



for the Pauhng method. ‘I hc chtcf cause of these Iargcr dtscrcpanctrs is the value of 

1468 A mcasurcd for the AB bond. Thts is 0.03*X)4 A longer than the thcorctical 

values and. as Burns and Iball point out. the reasonable cxplanatton is that this bond 

15 strctchcd as a consequence of the stcrtc repulsion bctwccn the hydrogcns attilched 

to atoms C and I’. Other bonds WIII also bc atfcctcd and the thcortcs arc thus not 

fully applicable to thts slightly o\crcrowdcd molecule. 
A stmtlar overcrowdtng hctuccn hydrogen atoms seems IO bc the reason for the 

long I .53 ., OTII A prrr-bonds connccttng the naphthalcntc rcsiducs m quatcrrylcnc” 

f II). Of the 81 Kchuli structure\ for thts molcculc. none tnvolvc the peri-bonds as 

_. 

1: 

Joublc bonds; 3 Icngth of l.4H A 15 thcrcforc expcctcd and II ts reasonable to ascrtbc 

the tncrcaq to I.53 A as Jut to the ovcrcrou-drng cffcct. Strtctly this analysts by 

two-dtmcn\ional methods ~OCS not at all reach the spcc~ficd standards of rcltabiltty. 

hut as the I.53 A IS an avcragc for SIX indcpcndentperr-bonds, tt 1s probably suffictcntly 

.tccuratc to bc rcgardcd as stgnificantly longer than the cxpcctcd 1.48 A. 
Thcsc dtfiiculttcs of overcrowding can be avotdcd by rcplaccment of CH by N at 

dpproprtatc potntr of the rungs. The rcmammg CC bonds can then hc compared 

cnpcrtmcntally and thcorcttcally. Such compartsons seem justtficd by the facts that 

the cxpcrtmcntal results for acrtdmc”.” and phcnarme” show that their CC lengths 

arc prarttcally the same as the corrcspondmg Icngths m anthraccnc and bccaux the 

.MO bond orders for CC bonds in hydrocarbons and in the N-rcplaccd molecules, wtth 

x .h =c . 0.5. difTcr vcty IntIc. Mason’\ experimental rcsul1s.t’~” for 1.2: 8.9-dtbcnr- 

acrrdtnc tn which there IC no stcric hindrance arc therefore of potential mtcrcst. Ilow- 

cvcr the results published tn 196Oas the conclusion ofthe uork show an r.m.s.dcviatton 

bctwccn patrs of chemically cquivalcnt bonds of Of)28 A. which is almost thrcs ttmes 

as large as that of the tntcrtm results of 1957; one patr now differing by as much as 

0.053 A. I!nfortunately the description of the rctinemcnt is very briefand no comment 

I\ offered on thts dtfficulty: the trouble may be partly due to the fact that the data is 

only two-dimcnstonal. Only the 1957 results wcrc known to Cruickshank and Sparks, 

who found r.m.s. discrcpanctcs bctwccn theory and experiment for the 12 CC bonds 

of 0.01 I A for the Paultng method and OXlO A for the MO method. In VICW of the 

poor rntcrnal consistency of the 1960 results tt IS not surprtsing that the two Jis- 

crcpanctcs now rise to 0.015 and 0.014 A: the relattvc pcrformancc of the two theortcs 

at any rrtc rcmamc simtlar. 

4 COMPARISON 01: MO AND PAULING METHODS 

The good pcrformancc of both the sample MO and Pauling approaches to the 

dctcrmtnation of bond lengths in polynuclcar aromatic hydrocarbons can be traced to 

‘* D C Phallqn. A,,fo C’rwf 9. 217 (19%) 
” 0 C Phllhp. k R. Ahmed and W. H. Barnes. Arto Crpr 13. 363 (19600) 
” I L HarshkId and <; M J Schmdl. J C-hem Phrr 26.961 (1957) 
” R Ml8Otl. lvatarr. Lund 179.463 f19371 



a correlation of the two sorts of bond order. Ftg. 1 plots MO bond order\ agamst 
Pauling bond orders for fifteen rcprcsentative molecules. To a first approxlmatmn 
thcrc is a roughly linear rclatlon in which as the Paulmg n-order p karrcs from 0 to 
I.0 the MO order m varies from 0.4 to 0.85. With approprtats chotces for the order: 
length rclatlons. this general correlation explains why both method* compare slmllarly 
with cxpertmcnt. On more delallcd cxammatton strthmg rc$ult\ cmergc tf the bonds 

39 _ _ _. _ _ - ,_. - - - -. - ,, -.. 
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arc dtvldcd Into three classe!,: NN, in which nclther carbon atom 1s at the junction of 
two rings: NJ. with one atom at a rmgJuncllon; and JJ. with both atomc at Junctions. 
The relationr 

m 0.52 0.30~ (for KN bon&). 

m - 0.48 . 0.25~ (for NJ bonds). 

m 0.41 + 0.33~ (for JJ bondhI. 

which arc shown as straight lines tn t:tg. 1, then reprcwnt the corrrlatton qu~tc well. 
For each theory Crulckshank and Sparks examined whcthcr the cnpcrlmcntal 

length\ showed dlffcrcnt bchakclour for the three classc~. hut the ava~lahlr rc\uh\ did 
not permit any unambiguou\ conclurion\. The one cbidcnt conclu\ion from the 
cxpcrimcntal results was that the %lmplc MO theory would do a l~ttlc hctrcr If the 
thcorctlcal ordcr.!lenpth cur\c fell more \tt!cply this UCU.IIJ accord wrth the u&r 

\prcad of bond orders whtch more cumplctc MO rhcorlc\ would ahox. 

The remarkably good bchalluur of the Pdulmg or rcsonatlng cld\\lc~l-~tructurr\ 
method of dctcrmmmg bond lengths tn aromatic molcculcs \scm% to fit In \\tth the 
good performance of the unique &\slcal-ttructurc method for non-aromatIc hydro- 
carbons, granted that dlffercnl standard lengths are u\cJ for the varmus coordlnatlon 
numkrs. In view of the general dcfccts of the stmplc MO method. typtticd by the 
cncc\sive bond-order of the central bond in hutadicnc. 11 IS perhapc burprIsing that it 
predict\ hond Icngthq in aromatic molzculc\ IO wtrhrn ahout 01 A. IIS good 



performance seems due to the gcncral corrckttton of its bond orders utth the 

P3ulmg orders and to the USC of 3 somcvvh3t S shaped order/length curve (a more 

cxagger;ltcd S would mask the dcfccts still further). 

Ac rmphcd prcvrously. the only modcr3tcly 3ccur3tc results uhtch seem to bc 

3v~tI3hlc for aromattc molcculcs free from stcrtc htndrancc arc those for naphthalcnc 

3nd 3nthraccnc. Clearly more such molcculcs need to lx studtcd; naphthaccne, 

pyrcnc and coroncnc would bc obvtous curly chorccs. The analoguc of Pcrylcnc 

formed by Ioinmg tvvo t\oqutnolmc unrtc ccntro\ymmctrtcaIly would 31s~ bc uorth 

tnvc\ttgatron as II 31~ would bc free from \tcrtc htndrancc. The Icnpth of rtspcrr-bond 

vrould hc of grc3t tntcrcst a\ II h3s 3 bond-or&r of rcro in the Pauhng method and of 

clhnut 0 4 m the stmplc MO theory, Hhtch prcsumahly rcduccs to 3bout 0.2 in more 

complctc trc3tmcnts. Thi\ Icngth will thu\ bc rclcv3nt to the dtscu\\ron of the long 

bond\ tn hut.td~cnc. cyclooct;ltctr3cnc. dtphcnyl 3nd 2.2’-drpvrtdyl. whcrc the prcscnt , 
cv tdcncc seem\ unf;lvour;rhlc cvcn to the up-to-date MO thcorrc\. 

In conncxton utth future X-r3y invcsttg3ttonc. II may bc remarked th3t tmprovc- 

mcnt\ in cxpcrtmcntal tcchniquc\ should make it possihh? to dctermtnc bond Icngths 

urth c.,.d’\ of 3h0ut one-thud the bc\t v3Iucs mcnttoned ahovc 3nd rcduccd to. say. 

OWI? A Such accuracies \houlJ bc poss~hlc tn low tcmpcraturc stud~cs on the 

;tutomattc counter dttfr3ctomctcrs now starting to come tnto USC, which 3rc dcsrpned 

to mca\urc thou\;lndv of rcflcxtons quickly and 3ccuratcly. Results of thts prcct\ton 

~111 provide strtngcnt tests for valcncc thcortcs (and WIII C;LUW the crystallographers 

the \amc kind of troubles over anharmontcttv. etc.. as 3rc now cxpcrtcnccd by spcctro- 

\copist\ 3nd clcctron-ditTr3ctronl,l\). 

A tin31 potnt can hc tntroduccd by uay of Trotter’\ rcccnt X-ray structure dctcr- 

min;ltton” of p-bcnzoqumonc (Ill). tn whtch the vartous dcstr3ble corrccttons ucrc 

nwk. The nmsurcd hond Icnpth\ arc C 01.222 ! HA.c-c 1.477 i 6A.c c 

11 I 

I.222 :, 8 A. Thcsc arc close to the values cxpcctcd In the classtcal structure-method 

for bonds in these cnvtronmcnts. Wtthtn cxpcrrmcntal error. the v3luc of I.322 A is 

not stgnificantly drffcrcnt from 3 value of I.337 A in ethylcnc. However recalling 

that the C - C sinplc bond in the paraffin\=-’ I\ of the order of 0.01 A shorter than 

the C-C single bond in dtamond. thcsc two double bonds 3rc not to bc expcctcd to 

have exactly the same Icngth. This draws attentton to the fact that the three rcfercncc 

pomts used to dcrtvc the ordcr/lcngth relation for the Pauling method wcrc for 

cthylcnc. hcnrcne 3nd graphrtc. where each carbon has rcspcctively two. one and no 

hydrogcns as nctghboura. In the rungs of aromattc molecules no carbon is ever Jotned 

J\ tn cthylcnc to two hydrogcns, so that as a start to a more conststcnt approach n 

uould bc mo\t valuable to have a modern rcdeterminatton of the C- C length tn 

tctran~cthylcthylcnc.*7 
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*’ J trotlcr. Arru <rbsf. 13. R6 (IPbO0) 
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