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The structure of the low-temperature phase of phenanthrene, C14H;o, has been refined by the use of
three-dimensional X-ray and neutron intensity data. The monoclinic lattice parameters are a= 8-472 (4),
b=6166 (4), c=9-467 (5) A, f=98-01 (5)°. There are systematic differences in the atomic positions
given by the X-ray and neutron refinements respectively. For example, carbon atom positions obtained
from the X-ray data are closer to the center of the molecule by an average of 0-006 A when compared
with the neutron results. The carbon skeleton exhibits a rigid-body motion, the hydrogen atoms making
riding motions on the skeleton. The effects of crowding caused by the two hydrogen atoms at the open
side of the biphenyl configuration are clearly revealed by the bending of the molecule, especially around
the central ring. The distance between these overcrowded hydrogen atoms is 2:04 A, about 0-4 A less

than the usual van der Waals distance.

1. Introduction

The geometrical configuration of the phenanthrene
(Cy4H;p) molecule forces a pair of hydrogen atoms to
approach each other more closely than their van der
Waals radii can allow. In molecules of this type, it is
of significance to establish what relationships there are
between the effects of such overcrowding and the devia-
tions from the usual resonance-induced configurations.
In this case, the hydrogen atoms on C(4) and C(5)
(see Fig. 1) are forced towards each other, and if the
normal geometry of the molecule were to remain un-
changed, the distance between these two hydrogen at-
oms would be about 0-5 A less than the normal sum of
the van der Waals radii. The present structure analysis
of the room-temperature phase of the compound was
undertaken in order to study the steric effects caused
by the overcrowding by means of both neutron and
X-ray diffraction techniques.

Phenanthrene exhibits a phase transition at about
70°C, which is accompanied by a small heat anomaly.
This phase change has been studied by various tech-
niques: Arndt & Damask (1966a, b), Matsumoto
(1966), Matsumoto & Tsukada (1965) and Matsumoto
& Fukuda (1967). The present diffraction study of the
low-temperature phase of the compound is a necessary
stage towards an understanding of the phase transfor-
mation.

* Work completed in part under the auspices of the U.S.
Atomic Energy Commission, and Air Force Cambridge Re-
search Laboratory, AFCRL-F-19 (628)-69-C-0082.

The structure of the low-temperature phase was first
studied by Basak (1950) using two-dimensional data.
Trotter (1963) then refined the structure using a set of
three-dimensional photographic data. The present anal-
yses are based on three-dimensional X-ray diffracto-
metric data and a similar set of neutron data. The re-
sults agree well with those of Trotter. They are, how-
ever, somewhat more precise and include anisotropic
thermal parameters and hydrogen atom positions.

2, Experimental
2:1. Cell data

A redetermination of the lattice constants of phenan-
threne on an X-ray diffractometer was found to yield
the following values: @ =8-472, b=6-166, c=9-467 A,
£=98-01°. The space group is P2; with one molecule
per asymmetric unit.

2-2. Neutron intensity data

A set of three-dimensional neutron diffraction data
was collected at the Puerto Rico Nuclear Center reactor
at room temperature (24+5°C) on a crystal grown
from a melt at Brookhaven National Laboratory by
Drs Damask and Arndt. The crystal was elongated
along the b direction and had a tabular habit. The dis-
tance between (001) faces was 30 mm and between
(100) faces 4-2 mm. The crystal was 5-6 mm long in the
b direction. It was encapsulated in aluminum foil to
minimize sublimation. A total of 684 reflections were
measured with 6-26 step scans, of which about 400
were used in the refinement, Those less than 3o were
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not used. A two-axis neutron diffractometer (4 set to
1-064 A) with a Picker goniostat was used for the meas-
urement. The equipment was fully automated for the
latter half of the data collection.

2:3. X-ray diffraction data

A second crystal grown at Brookhaven National La-
boratory was ground into a sphere about 0-4 mm in
radius. The specimen was mounted on a General Elec-
tric goniostat, which was part of ‘CCXD’, a computer-
controlled diffractometer operated by an IBM 1620 in
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a closed-loop manner (Cole, Okaya & Chambers,
1963). The unit-cell data were measured on the diffrac-
tometer and used as imput data to the data-collection
programs. Three-dimensional intensity data were ob-
tained on the diffractometer from 6-26 scans with fil-
tered Mo Ku radiation. All independent reflections up
to sin 8/A=0-7 have been measured in this fashion. 947
intensities, of which 763 were observable, were meas-
ured. In the course of the data collection, which oc-
cupied about two weeks, the intensities showed a slow
but steady decrease due primarily to sublimation, even

Table 1(a). Observed and calculated structure factors from X-ray diffraction intensities*
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factors can be seen in Table 1(a). The conventional R
2|Fo—F

THE STRUCTURE OF THE ROOM TEMPERATURE PHASE OF PHENANTHRENE

Table 1(b). Observed and calculated structure ampli-
tudes from neutron diffraction intensities
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was 0-06 for all observed reflections.

index

' | b 1 U] ~nS [=leRie]
a.mmmwwmmmﬁbec O.mmuemaopwv Qg A~
WE ooV EG © oLl B P ocamg Es S el
g5229 —9 8 T < & — = ntﬁnc 5=
25872828 & 25 - 528588y o 2 2538 NZIR
Pefoegg S S v A= 82T o S 5=8 SSwn
d&npmam,Me)n.mm N\mdmmf.mmm 5 5982 Do
SE8agnEgTSam| 8BS oS5 800 £ 588 797
EZ o808 s 5o 20™ § s8Sgab59h S z9g
5] el ao O @» < < =

o EaQ s | 5 < O 3 ]
-m.a =5 BO koo o8 —— —- =) E g oo
- tavp Son_\LbUde Taﬁ_lme.lef pHO.l
» > Q 0.2 eT.OF S 38 g ]haCOd ~ 0SS o ~
= o = -~ —_ = [=] X - 3 = e o~ e~
085 o WFFE oG = = @ o 27N IS
PIER- TR - RO Ll i) -p 53g88258s  §FRE; | Z52
= 8
dsoF 8858 282 e 2SE "5 g S s 5.8 228
Peg 89S o S0z & BHhuSfewesSg9.S85 g Sgg5 ., ®oo
2 PEE2 25T 2 2% 3 DEPESES08F SgsdEg %8
coSdoT,28 @ Es5H g 2 uS860082E 5 sese s O
o O O 4y > = e < o > 0 134 vy O [T =]
£4825058% & C883 & 27g3%a¢88  § zgod
B = I o == 32 ' O aF e IS I -
2 B8 & R = =T = ~ Bh = 3 S nog
309 (IR =TT o ISR g S oo 2 o0d @ S EL o=0
goar 343, &8 286050 TR L ExSga  ELe
7892 9 gE 5 E5SE SgeFEAaET R § SEZE wexx
3 23 D80 8%0 2 9= o LD  THOGW Q g O O~
P = Q o —_— [P =} — pard.n [ . oS <&'® ——
S ES 50089 s & Rbgbh BILLHS, 50 N 8RS T3S

° dd.w.\?.)Pdmlu TRl S ESRETE B S, . 5089 S0

Ry > 60..1 Swne - ean = L0 a8 1) N “agPd
S O |SHo VL g O = O = I == [ = R

= s o= ) B = —

N S EdE9 2 o950 S8LeS8Z 8wy & 2855
§8B8°EREC°EE ¢ S Ewg FELSgeSzp8 § 8555
Sygp2llztt £ SoaF  8Bgasfgefs fiic o g

220y 0SS 2 0,2 pnl]necwtﬂﬂ TS5g., = 9
N<E-EETSSe § =85S 2285 ELEEE 388 O O
e SR EXEEH B <385 FER2EEaSTD Zesd

o BR33EIZIANERT FIL7S7EST6AS AeTaAAANS AgTeAs TodiAddgAs Addidearidie adasaas . ,z e

”q“x.;.5”222131,:335_&~124,_::&cxzqimw?,iq,.:.,T_m?:;233;...&03..45,:.”}ziiuqmu:ziﬂmu-zdim,J..::mqmmqmq

otan 3999239233393 $3I3TRREIET 23%233%  ZARITIOTIICET SLCIEEENIRTIEIY BIIIETEIINIPY BIBINNIGa SRINIENIII Zi¥: pamvrnvan?

23 3RS i

% qgnlomnranogye Prancagyppiionnnyyyifonnnenogyqygeiemrenogyninen g serioneuegepeeionnniggrrsionaqyismnnangurren

0otk ciade 33TE33 FIEERRTEIRNNGAND IRBIICUISINEA FUIGNIGAIY TIAITRENE T BIAITSONNRIGANEZ IICINITUIINVNNIE BRI

ccenme @endoen ‘.As‘..g.\.-..,-“.un,a-.....no.-.... 4759979293929 99997149202 259409900 T 192282939934 YNNs 23914992 denas RN %23949

x <% prefemsmememiyrpapnaiaannecegynrpeyionengyaploemmerypdiogiionmn e s ragpapreioner e tag e e fommmarerngy

................ SCANEINASALAST derAltidRdle e CARcRA T TRANSERN S 230383 NASIas ATt aaas a3l -~ : LR ]
PR A L < + 2 =) s &nrs N 3 Akl 4 ~e S 38 dés 4 24 teR e
) o B v man D L O AT N e D den a e s er i nenereD s nnnean s nrsondcannnanmeeoDsane s amngnfanand Tomar
E N IR R A TYTETIITE TeTieenel TrTeevel vrriveni TYTIYeE svritienngeiionnrencny

TVIITL

e 19m72477279797 2ARIAGITINT RIIINAT  RTIBCIIT2ICNVLAN SLNONLTIIAATLRINT 3nYS200929700031 2974290400039122 TUN4n190N4Nes 2
O3 RERARNIRIILNETC XATe A058¢ AdGSEAd AdRTEAAEAITEdIAdN TIIAdAIS5SA 3883 SR IEINST 20308 TA2A3220333Ia333 FaRAARLN4E 3

5 seeconmnamnTRE ©22GCER948] SNININY  GNNQINIENSSLNNENS CNMNNTReRaRRNTI33 2 erac2 AN ONERaNG CMARA ML MONDNAR S 4 30MNENCARGRS K

Q2 ¢9uLenanaenzne ©-¢qERadR ] STETITT  AUAIINTLINIININLTY CRRNRNISRAINN TR 20N tRANIARNMIAN NN AnNNcNRTANN Y 2% nenannene N
0% TERRIGIAREISNE JRRREIAILEY XR337I0 G3ANIRRINARINIIIE SRENZRIROIREZ SRASSTALTANASEALS SIIRARATITRANTNE 3RAAAN2NRE ¢
trelsmmrenerygrgenlonnrengrnigiosnagypiioennsnoncpnsnongelonnninorecnnperrlomarenornararronalodvnivonnnsnonelsrnnraoceasans
Gplommrenegyiieny TTTiNE e il TYTITINTSL TYRITIITE TR eTTLe TrTiveTTd TYTITY
1852202 32287090 BHIERIATY RITERLT FATNIRI I33T A3TN 0 233739TI0012930%0 1UI07219399149050 NU99eaneNqgenneny sndasnssaase
& d3a333 3T OGSlAZARS JgEriddta adT4ess AdMacds Zosd AUl RRSANINEERIEICIIND IJIRBRNIZIININNGR NIRISNURRLINILAYGR xfriiiaiiis:
2 Rl g4z N H 2 s 2 9% H LA H S 2
nnkeancy sanesize 42395933 BOR3ITT TTITUTL $757 2239 YIDVCNURI2990134%7 220weeuiaciqnvned eaeaeggieee9ie3e] 9i721992759%
o NnNeTNTT 3eRYIITY 9uTAANY 239 5333 23S 232 ONIIIINUANRILIANNLLT 223TSTRITLALTNNTL 20999993992949203 219247192258
W d32338 3 G3REIRG RITRIGECC a3 ¢ 238 32ir 2353% 3500038 3SaRRRTEIRIINANANY FALIRINANCARLINE 233333535
2 8d L 243 = g X2 b B FREESASS Fadid EAs 4 £ 3
2 22enninareTanninoretamnndnoretanniasn i unm ol anm el e AT s br e s norn T g nor o gmon £ 2o a0 @ mn g BT 3N AN e
24 M M ” * o B TATITTNNT . TYTINIVIS TVTTITNE . TVTVIR

—0-3573 (9)
—0-2654 (5)
—0-2656 (9)
—0-1210 (5)
—0-1203 (7)
-0-1860 (6)
0-1847 (7)
0-3289 (5)
0-3286 (7)
0-3758 (6)
0-3764 (9)
0-2815 (7)
0-2804 (9)
0-0365 (5)
0-0365 (9)
—0-1018 (5)
—0-1034 (9)
—0-1555 (5)
—0-1563 (7)

0-2086 (18)
0-0505 (8)
0-0468 (18)
0-0571 (7)
00551 (17)
0-0795 (7)
0-0806 (18)
0-1035 (8)
0-1022 (19)
0-2809 (9)
0-2818 (17)
0-4421 (8)
0-4421 (19)
0-5925 (8)
0-5942 (17)
0-5763 (8)
0-5780 (17)
0-3936 (7)
0-3953 (12)

0-0743 (8)
0-0372 (6)
0-0380 (8)
0-0935 (5)
0-0932 (7)
02297 (7)
0-2279 (7)
0-2970 (6)
0-2925 (9)
0-3869 (7)
0-3864 (8)
0-4133 (8)
0-4122 (9)
0-3791 (5)
0-3784 (9)
0-3222 (6)
0-3195 (8)
0-2267 (5)
0-2261 (6)

Cc@3)
C4
C(5)
C(6)
S 0))
C(®)
o))
C(10)
can

3. Refinement of the structure

3-1. X-ray data

uring (203), as a standard, every twenty reflections.

though the specimen was given a protective coating of
shellac. Allowance was made for this effect by meas-

The positional parameters for the carbon atoms given
by Trotter (1963) were used as starting values for a
full-matrix least-squares refinement of the X-ray data.
The final refinement was performed with the hydrogen
atoms fixed at positions determined from the neutron
data and with isotropic temperature factors. The agree-
ment between the observed and calculated structure
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Table 2 (cont.)

X Y VA

c(12) 0-1908 (4) 0-2279 (6) —0-0633 (4)

0-1904 (6) 0-2279 —0-0629 (5)
C(13) 0-2554 (5) 0-2422 (7) 0-0873 (4)

0-2552 (6) 0-2405 (15) 0-0880 (6)
C(14) 0-3484 (5) 0-4245 (7) 0-1356 (5)

0-3468 (7) 0-4237 (15) 0-1367 (6)
H(1) 0-198 (2) 0-516 (3) —0-375 (2)
H(2) 0-028 (2) 0-197 (4) —0-465 (2)
H(3) —0-040 (2) —0-090 (5) —0-304 (2)
H4) 0-061 (2) —0-071 (3) —0-053 (1)
H(S) 0-162 (2) —0:068 (3) 0-155 (1)
H(6) 0271 (2) —0-027 (4) 0-404 (1)
H(7) 0-432 (1) 0-288 (4) 0-487 (1)
H(8) 0-488 (2) 0584 (4) 0:314 (2)
H(%) 0-448 (1) 0:724 (3) 0-079 (2)
H(10) 0-348 (2) 0-701 (4) —0-174 (2)

Intramolecular distances and angles are given in
Table 4. The former have been corrected for rigid libra-

tion by transforming coordinates to the principal axis
system of the libration matrix and then applying the
correction given by Schomaker & Trueblood (1968).
Values for the translational, vibrational and screw ten-
sors are given in Table 5. The origin is at the center of
mass of the carbon atoms.

It may be noted that eleven of the sixteen C-C dis-
tances determined from the neutron data are greater
than or equal to the corresponding X-ray results, the
average difference being 0-005 A. The distances of the
carbon atoms from their center of mass calculated from
the neutron refinement are correspondingly greater by
an average of 0006 A than the comparable X-ray val-
ues. The carbon atom mean-square principal compo-
nents range from 0-0384 to 0-1366 (average 0-074) for
X-ray results and 0-0375 to 0-1270 (average 0-066) for
neutron results. Although our results are too imprecise
to discuss bonding effects with confidence, the above-
mentioned differences in the carbon positions and ther-

Table 3. Thermal parameters (Bi;) used in a temperature factor of the form
expl — (h2P11+ k?Pr + 12f33+ 2(hk 1 + hif1s + kif,3)]

For carbon atoms, X-ray results are given first with neutron results under them. Standard deviations in parentheses refer to the

least significant figures.

Bu(x109  foa(x109)  B33(x10%)  Bra(x 109 Bia(x104)  f23(x 10%)
c1) 233 (9) 510 (24) 135 (6) 1(14) 44 (6) 47 (12)
195 (12) 533 (36) 119 (11) 27 (19) 44 (9) 88 (18)
C(2) 237 (10) 604 (27) 132 (6) —17 (15) 12 (6) —15(13)
233 (13) 475 (30) 146 (12) —58 (18) 40 (11) 537
C@3) 211 (9) 521 (25) 162 (7) —47(13) 1 (6) —-55Q13)
180 (12) 496 (33) 150 (11) —69 (16) 309 —40 (11)
C4) 186 (7) 348 (18) 153 (6) —25(11) 37 (5) —-13(11)
160 (10) 338 (24) 113 (9) —43 (15) 9(® —44 (13)
C(5) 190 (7) 362 (18) 158 (6) 27 (11) 47 (6) 29 (11)
192 (12) 353 (25) 114 (9) —16 (15) 32(8) 58 (13)
C(6) 265 (10) 597 (27) 123 (6) 92 (15) 45 (6) 70 (12)
285 (15) 487 (30) 107 (11) 73 (19) 31 (9) 46 (15)
c 227 (10) 669 (34) 140 (7) 50 (17) 9 (6) —56 (14)
240 (14) 602 (40) 99 (10) 60 (19) 29) —45 (17)
C(8) 198 (8) 561 (27) 169 (7) 68 (14) —26 (6) —106 (14)
189 (12) 556 (40) 149 (13) 33 (21) 01 —88 (22)
C©9) 176 (8) 378 (19) 200 (7) -35(11) 42 (6) —29 (12)
192 (14) 282 (26) 167 (12) 32 (16) 35 (10) —23 (14)
C(10) 202 (8) 310 (16) 195 (7) -9 (11) 550 28 (11)
184 (11) 243 (24) 200 (13) -10 (16) 43 (11) 59 (16)
C1n 149 (7) 330 (77) 155 (6) 28 (10) 33 (5) 8 (7)
123 (9) 272 (21) 148 (9) —16 (14) 32(7) 23 (13)
C(12) 134 (6) 283 (15) 130 (5) -17 (9) 34 (5) 24 (9)
118 (8) 253 (18) 92 (8) —-11(12) 18 (6) —14 (12)
C(13) 134 (6) 317 (8) 133 (5) 32(9) 38 (5) —15 (10)
125 (8) 271 (23) 108 (9) —20(12) 16 (7) —-35(12)
C(14) 141 (6) 397 (21) 154 (6) 27 (11) 25 (5) —34 (11)
130 (19) 339 (26) 120 (8) 59 (14) 6 (7) —8 (15)
By (x103)
H(1) 37 (3) 58 (7) 17 (2) 0@ 1(2) 10 (3)
H(2) 38 (4) 77 (9) 16 (2) —6(5) 0() -3 (4)
H(3) 45 (4) 65 (8) 26 (3) —17 (6) -103) —10(5)
H(4) 32 (3) 42 (5) 17 (2) —-14 (3) 1(2) 1(3)
H(5) 39 (3) 35 (5) 16 (2) -8 02 0(3)
H(6) 43 (4) 90 (10) 16 (2) 8 (5) 5(2) 20 (4)
H(7) 35(3) 104 (11) 10 (2) 9 (5) -4 (2) 1(3)
H(8) 28 (3) 79 (8) 21 (3) —-7(5) -1(2) —10 (4)
H(9) 15 (2) 48 (6) 27 (3) —-12(3) 2(2) -34)
H(10) 26 (3) 40 (6) 31 3) —-6(3) 9(2) 44
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mal parameters for the X-ray and neutron cases are Table 4 (cont.)
consistent with bonding effects of the type discussed by
Coppens (1968).

Bond angles®

C(11)-C(1)—C(2) } 19-8 Eg;
19-1
Table 4. Intramolecular distances and angles C(;l)—g(l)—g(}) };?g (}(1);
Results from X-ray data are given on top, those from neutron gglg:ng:C((i%)) 120-5 25)
data underneath. Standard deviations are given in parentheses 1202 (8)
and refer to the least significant figure. The first column of C(1)—C(2)—H(2) 121-2 (13) .
distances contains uncorrected values. The second column has C(3)—C(2)—H() 1186 (14)
lengths corrected for rigid body motion. C(2)—C(3)—C(4) 1207 (5)
Bond lengths (A) 121-3 (8)
Corrected C(2)—C(3)—H(3) 121-3 (13)
for rigid C(4)—C(3)—H(3) 117-4 (14)
body C(3)—C4)—C(12) 120-7 (5)
Uncorrected motion ) CHd)—H () ' }%(9)(5) 832))
ch—c@ 1450 1% e C(12)-C(4)—H(4) 1205 (9)
C(2)—C(3) 1385 (7) 1393 C@)—Ca12-can 1183 5
1-385 (11) 1-393
C(3)—C(4) 1385 (6) 1391 CH—C12)-C13) 1232 2‘8
1-391 (9) 1-397
C(4)—C(12) 1-400 E6) 1-408 C(11)-C(12)-C(13) 187 E‘S‘g
1-409 (9 1-416
C(12)-C(11) 1-404 (6% 1-412 C(H)—Ca1N-Ca2) 1202 83
1-419 (6) 1-427
C11)-C(1) 1-426 Es; 1-433 C(1)—C11)-Ca0) 1 8;
1-421 (9 1-427
C(11)-C(10) 1-438 E6) ) 1-446 CA0)-C11)-C12) 1 %
1-428 (11 1-435
C(10)-C(9) 1335 E7; 1341 C12)-C13)-CG) 122 8’3
1-:352 (9 1-358
C(9)—C(14) 1445 27)) 1-453 C(12)-C13)-Ca4 1188 E‘S‘;
1-465 (11 1-474
CA4)-C(13) 14129 1420 CO—CU-Ca4 1153 &3)
1-411 (7 1-419
C(13)-C(12) 14579 1-464 C(13)-C(5)—C(6) el 8;
1-460 (7 1-465 )
C(13)-C(5) 1408 Eg; ey 8&&88:38 1168 8;
C(5)—C(6) 1-400 E6; 1406 C)—C6)—C(™) YR 8;
1-401 (9 1-407
) ) C(5)—C(6)—H(6) 119-0 (12)
cO—cm Lol 61 1 C(7)—C(6)—H(6) 119-8 (11)
C(7)—C(®) 1375 ®) 1-382 CO—CMN—C®) 199 &)
1-382 (13 1-389 .
C(8)—C(14) 1418 (7) 1424 e e
1-400 ©) 1-406 C(7—C(8)—C(14) 1201 (5)
H(1)—C(1) 1-10 (2) 1-10 120-3 (9)
H(2)—C(2) 1-04 (2) 1-05 . C(7H)—C(8)—H(8) 121-:0 (11)
H(3)—C@3) - 110 (3) 1-11 C(14)-C(8)—H(8) 118-6 (12)
H(4)—C(4) 1-06 (2) 1-07 C(8)—C(14)-C(13) 120-0 (5)
H(5)—C(5) 1-09 (2) 1-10 120-5 (7)
H(6)—C(6) 1-10 (2) 1-10 C(8)—C(14)-C(9) 119-8 (5)
H(7)—C(7) 1-07 (2) 1-07 119:2 (7)
H(8)—C(8) 1-11 (3) 1-11 C(13)-C(14)-C(9) 120:2 (5)
H(9)—C(9) 1-04 (2) 1-04 120-2 (5)
H(10)-C(10) 1-06 (2) 1-07 C(14)-C(9)—C(10) 120-7 (5)
Non-bonded intramolecular distances (A) C(14)-C(9)—H(®) }%(6)451 g)l)
H()—H(Q) 2:52 (3) 2-53 C(10)~C(9)—H(9) 123-2 (11)
H(2)—H(@) 2:45 (3) 247 C(9)—C(10)-C(11) 1209 (5)
H(3)—H@4) 2:41 (2) 2:42 120-8 (8)
H@)—HE)* 2:04 (2 2:04 C(9)—C(10)-H(10) 118-8 (12)
H(5)—H(6) 2:42 (2) 244 C(11)-C(10)-H(10) 120-3 (12)
H(6)—H(7) 244 (3) 2+45
H(7)—H(8 2:54 (3 2:56
H&%—H&% 2:37 Ez; 2-38 As briefly mentioned above, the carbon rings were
H(9)—H(10) 2:43 (2) 2-44 assumed to act as a rigid body. If the hydrogen atoms
H10)-H() 242 (2) 2:43 are included, the root-mean-square (r.m.s.) deviation

* Crowded H-H distance. between the observed values of U;; and those calculated
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from the rigid body model increased from 0-0064 to
0-0100 Az2. It therefore appears that the hydrogen ther-
mal parameters do not fit the carbon rigid body model
too well. The r.m.s. deviations between observed and
calculated tensor components is 0:0036 A2 for the X-ray
data. The average value of the C-H distance from the
neutron diffraction data was 1-076 A before correction
for rigid body motion, and 1-082 A after correction.
The tensor components of the rigid body mean-square
amplitudes were subtracted from the measured mean-
square amplitudes at the hydrogen position. The re-
maining amplitudes should be due to internal hydrogen
modes. Twenty-five out of the thirty diagonal elements
(Ui) for hydrogen were positive and four out of the
other five were only very slightly negative. While only
three hydrogen temperature factors remained positive
definite, addition of 1 to 2o to some of the mean-square
amplitude components would make all the results po-
sitive definite. The addition of the quantity

10

52
=1

where j runs over the 10 hydrogen atoms and i the 3 or-
thogonal directions, to rc—g gives a rough ‘riding cor-
rection’ of 0-017 (Busing & Levy, 1964). This correction
is too small since the components should be, and indeed
are, greater perpendicular to the C-H bond than par-
allel to it. However, the average remainders are too
close to the standard deviations to make a ‘correction’
except in the average sense. The average correction re-
sults in an average C—H distance of 1-099 A. The iso-
tropic analog of % was used since the components par-
allel to the bond are not negligible. The somewhat long
average C-H distance may be due to a poor choice of
assumptions for corrections for vibrations.

Table 5, part 2, shows that the general agreement be-
tween the rotation tensors for the X-ray and neutron

3 10
S [Ul(total) — Uly(rigid body))2 > ri-_g
i=1 ~

J

results is excellent, although the principal axes are
about 10° apart. Most of the systematic differences in
temperature factors between the X-ray and neutron
results affect the translation and screw tensors. The
translation amplitudes seem to be somewhat larger in
the X-ray case, possibly because the X-ray data give
larger thermal parameters. Differences in screw com-
ponents are not significant. The agreement between the
X-ray and the neutron results indicates that the rota-
tion and screw tensors are probably significant to their
standard deviations, while the translation tensor is
somewhat less significant in view of the systematic dis-
crepancies between X-ray and neutron data.

5. Discussion

The present results confirm that the distance between
H(4) and H(5) is only 2:04 A, well below the van der
Waals distance of 24 A, and that this close approach
forces the distortion from planarity.

Several planar calculations were carried out in an at-
tempt to determine the nature of the distortions. Since
the positional parameters of the carbon atoms are more
accurately known and the thermal parameters are
smaller than those of the hydrogen atoms, and the
former are more likely to be rigidly constrained, planes
were fitted to various sets of carbon atoms. Figs. 1 and
2 show the deviations of the atoms from some of these
planes as evaluated by unweighted least-squares anal-
yses. The X-ray results are given above the neutron re-
sults. Fig. 1 gives distances from the plane of the six
central carbon atoms. Fig. 2 shows distances from the
plane of the ten carbon atoms which are least likely to
be involved in the overcrowding (i.e. C(3), C(4), C(5),
C(6) omitted from the calculation). Fig. 1 indicates that
the top ring (I) is twisted about the C(2)-C(12) axis with
C(3), C(4), H(3), and H(4) bent out of the plane of the
Figure. The same is true of ring (III) which is twisted

Table 5. Rigid body analysis of the carbon skeleton of phenanthrene

Components are in a*, b, ¢ system. The origin is at the center of mass of the carbon atoms. The mean square displacement tensor
U, for atom K is given by UX=T+ GXL+ HKS, where T, L, and S are the translation, rotation, and cross tensors. GK and H¥
are tensors containing orthogonal coordinates for atom K (see Schomaker & Trueblood, 1968).

1. Translation tensor with e.s.d.s in A2,

Ty Ty T33 Ty Ty s
X-ray 0-044 (2) 0-056 (2) 0-057 (1) 0-006 (2) 0:007 (1) —0-002 (1)
Neutron 0-041 (4) 0-048 (2) 0-048 (2) 0-004 (3) 0-005 (2) 0-000 (2)
2. Rotation tensor, L terms in same order as above in radians2.
X-ray 0-0054 (4) 0-0038 (3) 0-0065 (9) —0-0002 (3) 0-0000 (4) 0-0007 (3)
Neutron 0-0052 (6) 0-0037 (5) 0-0064 (15) —0-0001 (4) 0-0002 (8) 0-0008 (5)

3. Cross tensor in usual matrix order referred to orthogonal coordinates in radian.A. S(1,1)= —[S(33)+ S(22)].

X-ray results

0-0011 0-0010 (4) —0-0020 (4)
0-0003 (3) —0-0018 (6) 0-0009 (4)
—0-0007 (5) —0-0005 (7) 0-0007 (8)
Neutron results
0-0009 0-0013 (6) —0-0029 (8)
—0-0008 (5) —0:0017 (10) 0-:0004 (8)
—-0-0010 (9) 0-0015 (12) 0-0008 (15)
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about C(13)-C(7), but also shows additional bending
about C(13)-C(14); C(6) and C(7) are further out of
the plane of ring (II) than are C(5) and C(8). These re-
sults agree with Trotter’s (1963) results to within about
0-01 A except for C(6), which, according to his results,
is 0-089 A out of the plane, and C(8) which he places
0-041 A out of the plane of ring (II). Since the devia-
tions derived from the three sets of data are consistent,
it follows that the two ends of the phenanthrene mole-
cule are probably not equivalent. All carbon atom po-
sitions in rings (T) and (III) are planar to within 0-01 A.
The angles between the plane of rings (I) and (II), (II)
and (III), and (I) and (III) are (X-ray/neutron) respec-
tively: 1-2°/1-3°; 1-2°/0-7°; 2-4°/2-0°,

Fig. 2 shows the displacements from the plane of
C(1), C(2), and C(7) through C(12). It has been found
by Okaya (1966) that in overcrowded silane molecules
with aromatic substituents all atoms but those imme-
diately affected by the crowding remain planar. If we
consider the average standard deviation to be about
0-008 A for C and 0-02 A for H, then the deviations for
C(12), C(1) and C(7) are between 20 and 30. In this
case, the atoms in ring (III) lie almost in the plane, and
the distortions are largely in ring (I).

The main conclusion from the above arguments is
that to find the exact nature of the distortion, it is ne-
cessary to obtain better data taken at low temperature
in order to minimize thermal vibrations - preferably a
set of neutron data on a deuterated crystal to eliminate
electronic shape effects and incoherent scattering. It
should also be pointed out that the choice of the model
for the planar parts of the molecule is quite important
in any discussion of the molecular configuration, es-
pecially when the atomic coordinates are subject to
various uncertainties as in the present study.

Table 6 gives bond distances averaged across the
quasi-twofold molecular axis. These distances are com-
pared with the molecular orbital values calculated by
Trotter (1963). The average difference of the pairs of
distances is 0-01 A for the X-ray results and 0016 A
for the neutron results, The present C(11)-C(1) distance
is much closer to the result of the molecular orbital
calculation than the results of the previous determina-
tions. The C(12)-C(13) distance is somewhat longer
than Trotter’s (1963) theoretical result. According to

Coulson & Haigh (1963), who calculated the effects of’

the H-H repulsion on ring distortion, the presence of
H-H overcrowding would increase this bond length by
up to 0-02 A and also C(11)-C(10) and C(9)-C(14) by
up to 0-01 A. The exact increase depends upon the
H-H potential chosen, but in any case, these additions
do improve the agreement with observation. Coulson
& Haigh have concluded that, for what they consider
reasonable hydrogen-hydrogen potentials, there should
be no out-of-plane distortion. Since there is a distor-
tion, we may conclude that one possible explanation is
that the actual potential is harder than their tested val-
ues, and probably has an extremely steep slope around
the observed H(4)-H(5) distance of 2:04 A. A second

~0.08

0.07

0.05

0.06

Fig.1. Distances from the average plane of the carbon atom
ring II. Distances from X-ray data are given over neutron
results. Distances of hydrogen atoms from the plane are
given for neutron results only. The equations in a*,b,c,

- system are: 0-8250x—0-4864y —0-2878z=1 and 0-8272x —
0-4815y—0-2895z=1 for X-ray and neutron results respec-

[ tively.

0.00

0.04

0.0!

0.03

Fig.2. Distances from the average plane of atoms not invol-
ved in overcrowding, C(1), C(2), C(7) through C(14). Ar-
rangement is as in Fig. 1. The equations of the plane are:
0-8253x—0-4822y—0-2939z=1 and 0-8280x—0-4773y—
0-2944z=1 for X-ray and neutron results, respectively.
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Table 6. Average of C-C distances for both X-ray and neutron results across the quasi-twofold
axis halfway between C(10) and C(11), and C(12) and C(13), lying in ring 11 compared with
Trotter’s (1962) experimental and molecular orbital (MO) results

The difference between two distances where averaged is given in parentheses and refers to the least significant figure.

X-ray
C(1)—C(2) 1-:374 (17) A
C(7)—C(8)
C(2)—C(3) 1-386 (14)
C(6)—C(7)
C(3)—C(4) 1-399 (15)
C(5)—C(6)
C(4)—C(12) 1-412 (8)
C(5)—C(13)
C(12)-C(11) 1-416 (8)
C(13)-C(14)
C(11)-C(1) 1-428 (9)
C(8)—C(14)
C(11)-C(10)t 1-450 (7)
C(14)-C(9)
C(9)—C(10) 1:341
C(12)-C(13)t 1-464

Neutron Trotter* MO
1:398 (18) A 1:381 (2) A 1-390 A
1-401 (16) 1-398 (13) 1-405
1-402 (10) 1-383 (30) 1-391
1-406 (21) 1-405 (3) 1-411
1-423 (8) 1-404 (28) 1-419
1417 (21) 1-457 (18) 1-413
1-455 (39) 1:390 (22) 1-426
1-358 1-372 1-378
1-465 1-448 1-434

* Uncorrected for rigid body motion. Add about 0-007 A for an approximate correction.
1 Coulson & Haigh (1963) would add up to 0-01 A to C(4)-C(12) and 0-02 A to C(12)-C(13) for overcrowding of H(4)-H(5).

is that the H-H repulsion is anisotropic since the dis-
placements of these hydrogen atoms from the plane do
not result in any significant increase in the H-H dis-
tance over the values they would have in the plane. It
is also probable that omitted non-quadratic energy
terms and/or crystal forces play some important role
in the molecular configurations. As for the question of
whether the bond lengths are different across the quasi-
twofold axis, it appears from Tables 4 and 6 that our
results are not precise enough to give a definite answer.

It may also be noted that another effect of the over-
crowding is to open up the area occupied by H(4), C(4),
C(12), C(13), C(5) and H(5). While in some other over-
crowded molecules such as orthosubstituted benzoates
(e.g. Okaya, 1967) similar angles may be as large as
125° because of the effects of overcrowding, in the pres-
ent case we note an average of 122°. This may be due,
in the case of C(12) and C(13) to ring distortions. The
relatively ‘small’ angles of 123° and 120° at C(4) and
C(5) respectively, however, indicate that the strain is
sufficiently relieved by the out-of-plane distortion, so
that no greater angular separation is needed, giving
further credence to the hypothesis of anisotropic hy-
drogen electron density which would lead to anisotro-
pic hydrogen-hydrogen repulsion in the molecule.

The out-of-plane bending is a consistent feature of
the three independent determinations and suggests that
crystal forces act differently on the two ends of the mo-
lecule.

AC2B-3

The hydrogen position determination clearly shows
the overcrowding; the very large hydrogen vibrations,
however, limit the accuracy of the observed C—H bond
distances and make them very sensitive to the type of
vibrational model assigned to them.
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