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The Crystal Structure of 2,2’-p-Phenylenebis-(5-phenyloxazole) — ‘POPOP’*
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Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, California, U.S.A.

(Received 1 March 1965 and in revised form 26 April 1965)

The crystal structure of the organic scintillator POPOP, 2,2-p-phenylenebis-(5-phenyloxazole), has been
determined and refined by three-dimensional least-squares methods. The final R index for 1370 observ-
able reflections is 0-058, and the standard deviations in the positions of the C, N, and O atoms are

about 0-003 A.

The crystals are monoclinic, space group P2;/c, with a=9-230, b=15-285, c=19-322 A and p=92-09°;
there are two centrosymmetric molecules per unit cell. The three benzene and two oxazole rings are
each planar, but they are twisted slightly with respect to one another to form a propeller-shaped molec-
ule. The bond distances indicate appreciable conjugation between the rings and localization of charges
within the oxazole rings. The intermolecular contacts appear to be normal.

Introduction

POPOP, C,,H,sN,O,(I), with the structural names:
(a) 2,2’-p-phenylenebis-(5-phenyloxazole)
(b) 1,4-bis-2-(5-phenyloxazolyl)benzene

is a scintillator, capable of emitting a brief pulse of

fluorescent light upon interaction with a high-energy
particle or quantum (e.g., Bell & Hayes, 1958).
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An X-ray diffraction study has been completed of the
molecular structure of this strong scintillator.

Experimental

Scintillation-grade crystals of POPOP were obtained
from Packard Instrument Company. They occur as
long, pale yellow needles, with the needle axis parallel

* Contribution No. 3212 from the Gates and Crellin Labora-
tories of Chemistry. This investigation was supported, in part,
by a grant (G-21608) from the National Science Foundation,
U.S.A.

to the crystallographic b axis. The crystals are soft and
have no pronounced cleavage, and as a result all at-
tempts to obtain a specimen suitable for mounting
about any axis other than & were unsuccessful. The
crystal used for collecting intensity data was about
0-07 x0-07 mm in cross section and about 3 mm in
length.

The unit-cell dimensions and other crystal data are
given in Table 1. Values for q, ¢, and f§ were determined
from a least-squares treatment based on 34 high-angle
(sind > 0-81) A0! reflections measured on a Straumanis-
type rotation photograph about b; the value of b was
obtained from a weighted average of 270 measurements
made on precession photographs, taken with Mo and
Fe radiation, of the #k2h zone and calibrated from the
previous values of a, ¢, and S.

Table 1. Unit cell parameters of POPOP and their

estimated standard deviations
(Acu ke =1-5418 A)

a= 9:2300(3) A v =941-9(3) A3

b= 5-2850(8) Z=2

¢=19-3220(7) 0c=1-285(1) g.cm=3
B=92-088(2)° 20 =1-306(10) g.cm~3

In the least-squares treatment of the 40/ data, weights
on an absolute scale were derived from the distribution
of discrepancies between repeated measurements; the
resulting goodness of fit was 0-8, suggesting that the
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observational errors were somewhat overestimated.
The standard deviations of a, ¢, and § were calculated
directly from the diagonal terms of the inverse matrix
of the normal equations; the standard deviation of b
includes the uncertainties in «, ¢, and f§ as well as in
the film measurements. The uncertainties listed in
Table 1 have been taken as twice the calculated stand-
ard deviations to acknowledge possible systematic er-
rors.

The space group P2;/c was indicated by the absence
of A0/ reflections with / odd (on Weissenberg films) and
040 reflections with & odd (on precession films). The
precession photograph needed to confirm the latter
observation with reasonable certainty required 280
hours exposure.

Intensities were estimated visually from multiple-
film, equi-inclination Weissenberg photographs pre-
pared with Cu K« radiation for layers 0 through 5
around b. Within the effective copper sphere (sinf <
0-98) approximately 2130 independent reflections are
permitted by the space group; of these, 1984 were re-
corded, 1370 having measurable intensity. They were
corrected, as usual, for Lorentz and polarization fac-
tors; no absorption coirections were applied. Layer
lines 0-4 were scaled roughly together on the basis of
exposure times; the fifth layer line was recorded on a
different camera and was scaled empirically during the
course of the refinement.

Determination of structure

The initial attempt of structure determination was a
stochastic one based on the (010) projection. With two
molecules per unit cell and space group P2,/c, each
molecule must have a symmetry center. The molecule
was assumed to be planar, the rings regular, and the
bond distances normal. The shortness of the b axis re-
quired that the molecules be resolved in the (010)
projection with the molecular plane making an angle
of about 50° with (010), and defined circles in the (010)
projection, about 2:5 A in diameter with centers on
the screw axes and symmetry centers, within which no
heavy atom can lie. An additional clue was the great
strength of the 102 reflection, and accordingly the
orientation was initially chosen to be with the long
dimension of the molecule in the (102) plane. Succes-
sive structure-factor and electron-density calculations
based on a number of different models eventually led
to a structure with encouraging agreement between
observed and calculated structure-factor amplitudes.

Refinement of the parameters

The structure was refined by least-squares methods on
a Burroughs 220 computer with the use of a structure-
factor least-squares program which accepts three pos-
itional and six vibrational parameters for each atom.
The normal-equation matrix is block-diagonal; for each
atom the cross terms between the temperature param-
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eters and between the x and z coordinates are collected.
The function minimized is Zw(4F2)2. Atomic form
factors were averages of the values of Berghuis, Haan-
appel, Potters, Loopstra, MacGillavry & Veenendaal
(1955) and Hoerni & Ibers (1954) for oxygen, nitrogen,
and carbon, and McWeeny’s (1951) values for hyd-
rogen.

The first 40/ structure-factor calculation, including
only the heavy atoms with fixed isotropic tempeiature
factors (B=2-9), led to an R index of 0-56. When sub-
sequent refinement using weights inversely proportional
to the square of the scattering factor of carbon was
unsatisfactory, the refinement was limited to low order
reflections (sin26/42 < 0-15). The R index then fell quick-
ly from 0-40 to 0-20, when full 40/ data were again
included. The isotropic temperature factors of the
heavy atoms were included as parameters and the con-
tributions of the eight hydrogen atoms (at assumed
positions and with B=2-5) were included in the struct-
ure-factor calculations. The A0/ refinement was stopped
at R=0-09.

Approximate y parameters were calculated through
knowledge of the x and z coordinates and assumption
of a planar molecule, and were partially refined on the
basis of the A1/ data. Three-dimensional least-squares
refinement based on the complete set of data (40/-A5/)
was then initiated. Anisotropic temperature param-
eters for the heavy atoms and the coordinates of the
hydrogen atoms were refined, and the layer scale factors
were adjusted every few cycles. Apparent convergence
was reached at R=0-10. This value seemed higher than
warranted by the quality of the data, and led us to
suspect that the atoms in the oxazole ring should be
interchanged. However, after a number of refinement
cycles and a difference map based on such a model,
this thesis was rejected. The trouble was eventually
found to be a programming error which caused the
first-layer observations to be weighted ten times too
high. When this error was corrected, convergence pro-
ceeded smoothly.

The weighting scheme used in the last few cycles was
taken as the function best representing our estimates
of the observational uncertainties; it was

Yw=1/o(F2)=1/(1+0-1F2).

Unobserved reflections were included only for the 11
cases where the value of F. exceeded the threshold
value of F,. The final R index for 1381 observed reflec-
tions of non-zero weight was 0-058, and the goodness
of fit — here defined as {Zw(4F?)?/(n—p)}* — was 1-1,
When refinement was halted the maximum indicated
shift in a heavy-atom coordinate was 159 of its estim-
ated standard deviation, in a hydrogen atom coordinate
24%; of its e.s.d., and in a heavy-atom temperature
parameter 26%; of its e.s.d. From the initial structure
proposed, with R=0-56, to the final one, the average
shift in the position of a heavy atom was 0-32 A.

The final parameters and their standard deviations
are listed in Table 2. The observed and final calculated
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structure factors are listed in Table 3. Final electron
density mzps in the planes of the center phenyl, the
oxazole, and the end phenyl rings are shown in Fig.1;
the corresponding difference Fourier syntheses are
shown in Fig.2. For the difference maps the coefficients
were taken as the differences between the observed
structure factors, with the signs of the final F,, and the
structure factors calculated for only the heavy atoms.

The geometry of the molecule

The bond distances and angles as calculated from the

parameters of Table 3 are shown in Fig. 3. Their stand-
ard deviations, as calculated from the uncertainties of
the final atomic parameters, are 0-003-0-004 A and
0-3-0-6° for distances and angles involving heavy atoms
only and 0-3 A and 3-4° for those involving hydrogen
atoms. Additional uncertainties are undoubtedly in-
troduced by the effects of thermal libration and, to
some extent, of systematic errors in the data.

In Fig.4 are shown the canonical structures we
believe to have major contributions to the structure
and our estimates of their relative contributions. The
predicted bond distances of the resonance hybrid shown
in Fig.4 were obtained from curves drawn through
points representing observed bond distances for bond
numbers 1-0, 1-5, and 2-0. The values chosen for C-O
and C-N distances are those as given in Table 6 of
Marsh, Bierstedt & Eichhorn (1962); the C-C distances
are from Pauling (1960). This analysis is felt to be at
best descriptive, pointing out significant departure from
the normal Kekulé-type structures. The observed bond
distances in the terminal phenyl ring are significantly

STRUCTURE OF 2,2’-p-PHENYLENEBIS-(5-PHENYLOXAZOLE) - ‘POPOP’

Fig.1. The electron density in the planes of the three rings.
The straight dashed lines set off the regions which are in
different planes (see Table 4). Contours are at intervals of
1-0 e.A-3 beginning with the 10 e.A-3 level, which is dashed.

\ /
N Hy )
H2), @ HB)
H) \ ,———\

HOS

H2)

Fig.2. The difference Fourier map corresponding to Fig.1.

Contours are at intervals of 0-1e.

-3 beginning with the
0-2 e.A-3 level.

Table 2. The final parameters and their estimated standard deviations

All values except the hydrogen temperature factors are multiplied by 104. The anisotropic temperature factors are of the form:
T:=exp { —(b11h2+ ba2k2+ b33l2 + by ohk + b3kl + b23k1)}.
The values of the temperature factors of the hydrogen atoms were assumed.

Atom X y z bn b2 b33 by2 b13 by

Cc) 1126 (2) — 1681 (5) 146 (1) 133 (3) 377 (9) 24 (1) 37 (8) -3Q) -2

C(2) 791 (2) 145 (5) 623 (1) 127 (3) 419 (10) 22 () 7 (8) —-9(2) -5@)

C@3) —-335(Q2) 1859 (4) 482 (1) 117 3) 339 (9) 22 (1) =31 (7 5(Q) 703)

C@4) —669 (2) 3769 (4) 998 (1) 116 (3) 353 (9) 22 (D) 1(7) 2(2) 9 (3)

C(5) —-771 (3) 6166 (5) 1873 () 160 (3) 373 (9) 22(1) 8 (9) —4 (2) —21 @4)

C(6) — 1881 (2) 6851 (4) 1441 (1) 136 (3) 331 (9) 21 (1) -36 (8) 9(2) —18 (3)

C() —3026 (2) 8734 (5) 1464 (1) 124 (3) 356 (9) 26 (1) —30(8) 12 (2) 8 (4)

C(8) —4134 (3) 8827 (5) 957 (1) 155 (4) 500 (12) 31 (1) 81 (10) -4 (3) —15(5)

C©) — 5200 (3) 10657 (6) 995 (2) 162 (4) 610 (15) 38 (1) 104 (12) —6(3) 28 (6)

C10) -5187(3) 12383 (6) 1531 (2) 1734  4719(13)  45() 131 (11)  43(3) 26 (6)

c(11) —~4099 (3) 12291 (5) 2035 (1) 169 (4) 416 (11) 39 (1) 0(10) 38 (3) —26 (5)

C(12) —3016 (3) 10489 (5) 2004 (1) 139 (3) 392 (10) 31(1) —-43(9 16 (2) -254)

(0] —1830 (2) 5305 (3) 868 (1) 122 (2) 356 (6) 21 (0) 0(5 -5 —11(2)
. N —1(2) 4205 (4) 1586 (1) 144 (3) 388 (8) 23 (0) 34 (7) -9 —14 (3)

B

H(1) 1985 (29) —2793 (53) 252 (14) 3-50 A2

H(2) 1386 (29) 282 (53) 1073 (14) 3-50

H(3) —524 (29) 6850 (55) 2345 (14) 3-50

H(3)  —4142(28) 7490 (55)  572(14)  3-50

H(5) — 5947 (30) 10704 (58) 652 (15) 4:25

H(6) 5985 (31)  13575(61) 1574 (15) 425

H(7)  —3990 (31) 13422 (62) 2438 (15) 425

H(8) —2265 (29) 10323 (56) 2332 (15) 3-50
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Table 3. The observed and calculated structure factors
Within each group are values for /, 10F,, 10F;, reading from left to right. Reflections indicated by an asterisk were given zero

weight in the least-squares calculations and were omitted from the R index.

TIATRERATPFT 2R INARRTT TAGTRIRG FRAVKGATTAIATING HUGUAIRVREPTIIN ANIROVYITFOT O APRYRKNOTTGOIY  IFIRAIAGYT  HATITATPYTY  "HITEESY
m»msmxauuuaqmw iy ua««.»xuusm sunuauwm & AxdeRFRPILARA2NE & uuuauas»wau-wp&suueuuauc 20 .m_uuw azmmumuvm # gres ;uuu»anu ,ﬂuuuuunuuamul uumnamm e
( vvv
OnanrBOrOAgHY 012}556769w 012..‘361 R L L T L T ANNInOrDOAgyNEY 123k55789muu11 1?-{.;61890uu‘.1 12..556169mun 12&“6”89mu g 00~ Bl
NJRYFTRUABGIRFAY T FAFIFANRAGATG ARIGRIIRGOF WYAFIVR 3FEYPIIRRETARCIR ABYGRASTYIVRGIAY PEYFHSAYRYATIRY S FATHAGYYRIANT] SARAZIYIFRRR
3 pasyzanssaraanas Mummammmx»x»w% 4l ga, Ag8923w9an A gangass m_mmmmsmm»»mmunuuw A3geannsnasasanns n_mw“ srazgsanaye N aas aummmuruuu Hagan aummﬁﬁ.nm
v o Vv v v vivuv v v oV v oovv v [ghavivg vvv
AN NOED OGN NL Y ANneneroagqy R ANmanoeOngy ANmano~ ANngnorRogynL 9] OrNMLNOED G YN it FEE T 0125Aﬁ6159muﬂun o..z?-s.e159muuw
SARWPATHYAANTY  OAIYR RI?QY  R93TYRY ERBIFFZSTIFAORITINOS  FTATBREOFRFIIIANTAT HAAGIIPLYFTIIITORIL AGYAFRRTLHFARAFORY _maxnm;su”uamﬁmlq
& yan & il a &l suaag= al an 3 £49343%
a9aNaREEyRRade S aeggaananaa Faanaaay sgsaaggeandannagran ¥ gavssgansseaaantaad u_uw..mavsnﬂ,mmwmumﬁ AFFASRASRANRRANANG T YARRIFINARENIALAT
o..n.e.as..esmunu oHNMtNOEROg  OANmewe© ..z.(se.éo.munuuuunmum ANRLINOFDAGAYNLYINDG  ANAIAVFOOGINNLNGERY  ~Nmen0rD gy RSS! “NAsn0ERog Y2 9]
SATFIFRIERAFRIBTOR DY FRRAAIPYRARIRDRGRFAY  FNRAVRITATINATRIIRNY  YGFAAACTRRBAGETCRY  AIFYTIIGILIZOTIRANET  yHENFINIIIRAGIPA"  AINILIPARAAAT§Y
3 { {dnsyFeEgRRRaSRNBLNy w_mn»u.;.u.mawaumn»7 y&3 mn .._muaqsnmm%.unw 2GARAT &9meuw§7n»u>u 53ens u_m..zmuvwmn?ﬂmam 2zt Aygeas SR2EIEIRIRA a_wsx»uumm;?muu:u
<
N O AgINSLAGESAR  OANAMOrOASHNRARANAS  ONNATAONOAGANGANINAY  OANAI e OO NSINENE  O4GAr o6 OaSNARIRES O s e oo ag Ty s a o nnmsmor@ag1una Y
RILABIFEIARIEIING TS PRRBTLYREINIAATANYF  FTALBERGISHIRTNGT  FRARIFAFAAAFONDOY mmwnumasmusmamif &..».3&33..»&3. a% GREYRENT o
E TN cams @ A E] 5 Haane : [
RIRREIFIRRIRIAIRATAT RERIYRYLLHITLTRALRTA P SN AT ASFEIRGFALAT D 425 02RYIFEEI L2 NET RESAAEERLLARART A muamuwamw@wmmmw JAALRLIRIRAY ] 55N
AGne 00O ag N NL1QNY AR ANMI OGN NLRYEGAR N NINOEDOZANNINGN]  ANAINOEDagANNLN]Y diatibdinde EEECE - I e - E R ] ANmeeoroagay  en
PE4RIIPBIIFIOCIFH AFRAIGRINTYONC GYRIAAGPIRTOAG WFGATIURGETY | 29U uRIY TEFAARGIRT P "NGERIR” FRARNGHRGAMATRITRNIR”
| adgeac Ao A soyxesan N 288498 .%n;nm aad L?. B2 YREREERRLS & naaegryred
auam.;ﬁw%mmmmmnw gaRgrALEagasezagy & asagraganaegan SRAAYNIAAERIS g HanAaR 43828878 2IYLERNARGINY FEARNZSTRYRNLAILELY
OruMenOrDAgANRARYND oxznr_.ss.,asmuuu.num R P ) 012256759wu Oramsn0- xzfss7a9muubnuwnmnmua Anneno oA AY AR NRARAN
FEIINARIFRIIRGRIZOIPOT FURIRQAITRYRNIGATRINRIY  RRGYRIIRARIYARENGHAZ S 238L5IEY"§I5FRFRANER S5SAARIF ARG 909§25° IPAYRIRYIRGRITRYTIF
8, e 8 E G A
g {2GRERIRICLAGRRELI T .Am CYRGRRTIPYPAZATERSYARS gmm,mwmmw»wmwmauwgawumu mmmummwwmnmmmﬂmwz:nﬁn TlEIRARSANARELRIARLRRAY O NFNRARARARGARRYNALEA
AN 9O OGN NENRNTRR AN OHNNADOrD A ANNL RN GRHY ONme 0 tOAg 1Y RLINIRRY ONANMINOED AQANNAYINCAR OHNNtMOrRAlAYNLY]NY SR OANNANOEDAGANILGYN] S
W 3T R 3845RORAF3SR8FHIFINGT 599580 EIRINEFIRRAN BN TEAERRARCRPAFA~ RP$Y- HIPNRAYO IR PYRAARGAS RARIIR FERLEER IO St
ARRARIAR .u.mx? AR HERRIPLARS H sogszasessza AYBARRRLS H peazaszanannaansnal .m_y»uuuu”mu»xanﬁnn m»xumunwsm»unaa.. “Tnnﬁua.‘nmn Mamumum
vvvv v v - vvv VVVVVV vV vvvvVvVvVvy vVVVVV v o vv
um.nmmma». 112561e9munxxuuumen xzsussvesmunxxu s8R ANnsnorOag AL YN]SR x:fss1a9wuu 935 AnnsaorO g gy R, ANnIROEDOGY  ANMAN0
PIRIARATANGHFIT  ARTRIFHAIRT  KITY FYREISIRRIAGRTNIEOCUCTE  GARGIRYGEIRRSYONRTGE 829 4R FRIYBLFINTCGINGR®  IIRFEREN"IIFER
E s g 5 Jpaghs : % K] 8 £ & 24895
m_aspnnn@.»wiuuw anmwmnanm»u Mammmum u_saummumunm.«umazv #258850 U 8IRYAFRTIANRLIRYNRRAYS Nmm“mmmﬁmmaum.\s%mmx@»m FRLYFRITLRIAGS
CHNMINOrEAGANRE  ONNAIMOrORg  OnNnsm Ao D OGN AL ARERARHNE  ANNI00r00gAYALISNRARANG  ANNINNreagNNaNaNBARINE N Umenoroagayn

‘!

338ATRRTTY T ARAR AR A G EAIRETGABEY ~AFG T ,wﬁmgsmémsﬁmia 5AGLFRITCLIIIPRGE RN VBRAESILTGFTUCRT  TREBAZRITUPEIFIST

F ] o 8l LARRSRER ] a | 8l an 5
AEAEYARILTBIRRIEADAS LY #35eFYIRTERRSy AR ELEN FROFLHATY mwnmoww@maam BR3P FRYRNABGRARIBLYN RERARLLARATEAITLD RARARART AARRE AN A2
012255789munﬂum“mﬂmﬂﬂ 012256789muu|ﬁu% m-.m,.mﬁﬂ 0)2E§6789muuun M”wm.ma 012-}h56759muﬂu~.huamnmn 0121‘56759muﬂ lu_.m 0123367890““”“.”“

RESF PR CERIRVFEY  YPIPAFTIEBLITR [YRIGRAIRNY  grggeay YEAEEIATARTRRAZFGTAYINY  §IARTASPEREIRITANY YRR 4T _m.;ﬁ,., $PERIGFIIYSEIFRTGIRT
" : oz Jdaes n x_ 2 gq 3 %
hunaua-uﬁunm»mnuﬁ uwmmuuww%ww»df _Mu?xwgdx?mmm A gesg3ne ¥ 118783040008 HRIASDRRTRT Y ITRURYBARRESLOARAIDARTRY  V QHIACYPRIILRIEHITIRIN
ANNe NOTORG AN N2, Y ANnenOrORg YRS AN nOtOAg NG e 0 D oAt NPrOAGANNLYINIARAND CANMLROERAGANTL I NS GRAND oxz-‘ss1s9mumxxumnwmmaz2
mnnmm eusnméwuuﬁ»uu; RE2GORGYIFO2IRIRGIIANIIT  GRYBREGATANTRIGEATAINLA  FIRATGFFAVAAGIGIRUGRE  THGARNAGT I FTABRYA RN 2RI CRAVCARAZREFFA®
mss FEARGYBRIRATI ARART Y mmmmmmm@m?‘m spRsaangReysd & .._mnu?.,mmuu»mw 483R2A852E .._mamm;ﬁa.,m»mwmxw»wwﬁ m_a;anum%m SAAARROAYIRG Luu?&nmnamﬁ&m»»ﬁsu
MunenereagiNnlngNRRERNRL | “NAem0re0ginanNRaRINGY  Anmsworooginnsnena 93? SNneeoroag N RSN ARIY Snmeworo agIRANGERREY N4 00rOAINRAAATRAR
geagega sa  PRAYAPRCRFNGATRT AN SUIZYBAAFANITEIRTAA°  FHPBATRARAYEILACG  RARSONLYAYINTAT | FSASRATGORY  w9RARARAY 25EANRIFFIFEPBERRTIAERER
BARKABAL wx_umawumwanmwaﬁusn@%m Mnmammmm BRYSEABREAYS m_u_mganwammwn@@mu@m mu“u»namw EXTRLEEE Msam&namnﬁn #?w“ﬁmuam m_., 81 {RAYSFARERTRBJAANEARR
.,Mmm.,usmaa CHNMenOrEAgAYIANGERAR  ONNAINOEOOIINNIINER  OANnIN0rOagIYRARYY  O-NNINVIOag YNy OANMeNVESag  onnmenor® e 0B g RS TS EEARANR

Z243RYIFAYRPLTRTNARTRAR  FRAFAAZGRARRISRAGHIIR JIRNAGBRIRIRYIHLIAINNIGTT RIVGIQPARGIATITEINGRNNT  pIAPARRGROTGFRIILNT RPAAPIYRAEIIY
d, {BEEEEIRPBLRRN GIRAAJAAR m_wwmmnnwmawmmmm RIRARGRNDY dg um»mnw&umaﬁuvw;mw”rannu me&umn&.&aauw&ww 2ERFGRT u_muanmmmmanxnmnnmisnxam mnawmnwmmmmuww

B §ee
....isslswuuuuﬁimmumza OHNMIArO O YRL GRS ARANEL  ONnewOrDoagagAIqENRRRANGR  O-NIr00rO0g QNS UNBARINR  OnN~enoroag g qqgRaRHY  O~Nnsevroagay
29383 FRASTRGYRENY  SRRPIVHILTY  GUABHARAARGT DRESEGECRSR  ogpigyagen  B3MBIATRIN GYARITRGIS  JAMATHE  3§TRRess s EERCUIIS T

. .

Mmanﬁ .._mm_%amawnmax .m_smmmmuma CELL .&mmm...,m.,m 583 .m_mﬁmmanumm» .m_uw §4432988 .m_mmmm 3%ge%e .m_mauuamnua .m_mspuu»smn m..,»...»»wwa M“ﬂn?d Msum /=

ousvn N20OOYIRRRNG NeVvOgNAqRRNEY NroOoyaGDONE N0 O NLQY QY Nev@ON39Dg nso0gy299 ] ce0oqN199R ~roogq2q] nevOgNLg hbies 111 wavog

FTPOTeT TI0qy 49971 EeIgagorieanT GRREeet R PRGRIgRRRveN TQTqiiaiiis W engangh gaRaeqye c  AREI0T GAaAodd _agaeard
V] m_uw 2YAREFARE dqq JYETRTAGAERS m.muuua,ﬁmym maummnswu m_ummmr»wq m_mmmmwnuu wmsmﬁmn
n Oz.lsamuﬂ.mmmu Ozisamﬂlmmma O?i‘&”ﬂ““lm 02.65“"11 Ozléamuv‘. 0-‘.‘55”2“ O?E.Olmﬂ

@ {RPEERRGEgeRLS _mww,umm sgyegsa M izssenasaanny mwmwmwmumn

%8
W%
ONSUORNAMRRYNL  OVUCOINARIRNA  CUTUOININ[RNT VU039

AC19-5¢*



946

shorter than predicted, which can probably be attrib-
uted to relatively large thermal motion(s) of this part
of the molecule. The angles around C(4) and C(6) re-
flect the extensive double-bond character of the C(4)-N
and C(5)-C(6) bonds.

The average apparent C-H distance of 0-98 A is
significantly shorter than the standard internuclear
separation of 1-09 A. This shortening is not an uncom-
mon observation for C-H distances.

The equations for the best planes of various groups
within the molecule, with out-of-plane deviations of

O
HB3)

STRUCTURE OF 2,2’-p-PHENYLENEBIS-(5-PHENYLOXAZOLE) - ‘POPOP’

the atoms, are given in Table 4. The molecule is sig-
nificantly non-planar, although the center phenyl (I),
oxazole (II), and end phenyl (I1I) groups are each pla-
nar within experimental error. The dihedral angle be-
tween planes I and II is 3-75°; that between II and I11
is 6-45°. The sense of the two tilts is the same; i.e. the
five planes in a molecule are oriented in a screw fashion.
The tine of intersection of planes II and III is the C(6)-
C(7) bond; the I-II intersection passes through C(4)
and between C(3) and C(1’), making an angle of 16-7°
with the C(3)-C(4) bond.

Fig.3. Bond distances and angles computed from the least-squares parameters of Table 3. The center phenyl contains a center
of symmetry.

CENTER PHENYL

O () ™
=®: 15%
O <O
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— > =) 8%

=t?= 15% :@ :@ 10%
—_L\J— 15%
+

0 =
H+

5%

-39
Fig.4. Canonical structures of the three rings and the bond distances predicted from the indicated relative contributions. The
groups were considered separately.
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A drawing of the structure of POPOP viewed along plane of the whole molecule (plane 4 of Table 4), the
the b axis is shown in Fig.5. Closest intermolecular interplanar spacing between adjacent molecules along
approaches are given in Table 5. Considering the best 5 is 3:462 A.

Table 4. Least-squares planes
The direction cosines are relative to abc*; the orizi. to-plane distance is in A

Plane Atoms involved Equation of plane

A Full molecule: C(1)-C(12), O, N, C(1")-C(12"), O’, N’ 0-5999.X 4 0-6550Y —0-4595Z=0
B Asymmetric unit: C(1)-C(12), O, N 0-5906.X + 0-6461 Y —0-4836Z = — 0-0803
I Center phenyl: C(1)-C(3), C(1")-C(3") 0-6578X+0:6271Y—0-4172Z=0
II Oxazole: C(4)-C(6), O, N 0-6076 X+ 0-6613 ¥ —0-4398Z =0-0535
III End phenyl: C(7)-C(12) 0:5669X +0-6242 Y —0-5376Z= — 0-2805
Out-of-plane deviations

Atom A B I 11 111

C) —0-094* —0-022% 0-002* —0-140 0-158

C(2) —0-091* —0-046* —0-002% —0-115 0-071

C(3) 0-010% 0-062* 0-002% —0-022 0199

C(4) 0-007* 0-030* —0-007 —0-001* 0-098

C(5) —0-034* —0-062* —-0-020 —0-002* —0-108

C(6) —0-009* —0-011% —0-099 0-001* 0-003

C(7) —0-013* —0-015* —0-190 —0-004 0-000*

C(8) —0-122% —0-092* —-0-399 —0-110 —0-002%

C(9) —0-116* —0-086* —0-473 —0-133 0-002*

C(10) —0-008* —0-011* —0-349 0-000 0-001*

c1n 0-094* 0-058* —0-149 0-128 —0-003*

C(12) 0-098* 0-063* —0-062 0-133 0-002*

(0] 0-016* 0-047% —-0-092 0-000* 0-137

N —0-019* ~0-031* 0-190 0-001* —0-042

H(1) —-010 —0-04 0-06 —-0-14 0-13

H(Q2) —0-13 —0-11 0-02 —-0-14 —0-06

H(3) —010 —015 —0-05 —0-04 —0-26

H(4) —023 —018 —0-52 —-027 —0-03

H(5) —0-19 —-0-14 —062 —0-23 —0-00

H(6) —0-08 —0-08 —0-48 —0-07 —0-07

H(7) 017 011 —0-05 0-22 —0-01

H(8) 015 0-10 006 0-20 —0-01

* These atoms were included, each with weight inversely proportional to the square of the average standard deviation of
its coordinates, in the calculation of the plane.

Fig.5. The structure viewed along the b axis.
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Table 5. Closest intermolecular approaches

All distances less than 3:6 A between heavy atoms, and 3:0 A
between a hydrogen atom and a heavy atom, are included.

From To In unit at Distance
C(4) C() (x, 1+, 2) 3381 A
C(5) C(2) 3-549
C(6) C(2) 3-449
C(6) Cc(3) 3-559
(D C(3) 3583
c( C(4) 3-573
C(11) C(6) 3-389
C(11) o 3514
C(12) C4) 3-433
a2 3399
C(12) N 3-524

1Y) C(1) 3-494

o C(2) 3-564
C)H@3)] N (% ++y,4—2)  3:435]2-44)
H(8) N 2:96
H3) C(5) 2:96

The temperature factors

We should emphasize here that, since the scale factors
of the various layer lines were adjusted empirically
during the course of the refinement, the coupling be-
tween these scale factors and the b,, terms of the temp-
erature factor is complete and hence these by, terms
are, in principle, not determined. In point of fact, how-
ever, the adjustments to the scale factors originally
derived from the relative exposure times (see Exper-
imental) were small, 5% or less for all layers except
the fifth, which was recorded with a different camera;
moreover, the final values of b,, seem very reasonable.
Accordingly, we feel justified in discussing briefly the
apparent thermal anisotropies.

In Fig.6 are shown representations of the thermal
ellipsoids derived from the anisotropic temperature
factors of Table 2. The maximum mean square am-
plitudes of thermal motion of the various atoms range
from 0-103 A2 (corresponding to a B value of 8-15) for
C(10) to 0-051 A2 for C(4); the minimum amplitudes
range from 0-058 A2 for C(9) to 0-038 A2 for C(6). No
obvious combination of rigid-body motions seems cap-
able of explaining the thermal motions; rather, the
rings appear to be moving independently of one anoth-
er. The largest motion is an in-plane libration of the
end phenyl group; the center of libration is near C(7)
and the r.m.s. amplitude is about 5°. This motion is
sufficient to explain the apparent shortening of the

C-C bonds in this ring.
In a substantial study of organic scintillators,
Sangster & Irvine (1956) discuss the fluorescence and

STRUCTURE OF 2,2°-p-PHENYLENEBIS-(5-PHENYLOXAZOLE) - ‘POPOP’
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Fig. 6. Ellipsoids representing the thermal motions. The central
drawing is a view perpendicular to the best molecular
plane (4, Table 4); the top and bottom sets of ellipsoids are
viewed parallel to this plane. Lengths of the principal axes
are proportional to the mean square displacements B/8n2;
the scale is arbitrary. An arbitrary pair of eigenvectors is
drawn for the degenerate minor axes of C(8).

scintillation properties of crystalline organic com-
pounds as functions of various structural features of
the molecule. The apparent contribution of non-Ke-
kulé-type structures, involving conjugation between the
rings and sepatation of charges, to the over-all struct-
ure of POPOP is in good agreement with their con-
clusions conserning the electronic properties of scintil-
lators.

The work described here was carried out as an under-
graduate research project (I.A.).
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