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ISTRODUCTIOS 

The first approsimate determination of the crystal structure of dibenzene chromium 
was performed b-y Weiss and Fischer*_ These authors found the compound to be cubic 
with a cell edge of g-67 -4 and four molecules of Cr(C,H,), per unit ceX The space 
group was found to be Pa3 which requires the molecule to have at least Cri symmetry. 
Assuming D, as the molecular s>mmetc- \\-eiss and Fischer derived the distances 
C-C in the ligands to be 1-3s & 0.05 _k and Cr-C as 2.33 -I- 0.10 -4. .- - 

ISOTROPIC REFISEMEST BI- DIFFERESCE SSSTHESES 

A refinement of the crystal structure of dibenzene chromium at room temperature 
was undertaken b\- us several years ago?. This rebement was based on three- 
dimensional S-ray diffraction data obtained by Professor I. Lindql-ist and Dr. R. D. 
Rosenstein, then at the Cnk-ersity of rppsala, Sweden. The data comprise the 
x-isuallv estimated intensities of 177 independent refiexions. covering 3.560 points 
of the reciprocal lattice. -I IW r&lesions had been recorded on \Veissenberg photo,mphs 
taken with ?tIoK3~ radiation around [IIO: as the rotation ask; for the zera and first 
Iayer lines exposures with CrKa radiation had also been made. The observed r&lesions 
include 29 independent refiesions (correspondin g to 636 reciprocal-lattice pcints) 
with mised (even and odd, indices hkl. to which r,tflexions the Cr atom does not 
contribute. The space group Pu3 derived by \\-eiss and Fischer1 was c:onfirmed and 
the cube edge was determined to be 9.667 -4. 

Because of the high muItipIicit~- most r&lesions xere recorded several times on 
different la>-er lines_ Scaling of the various layer lines ws, therefore. straightforward; 
in addition, it was possible to determine the accuracy of a single estimation of the 
intensity as a function of the intensity. The standard. deviation of a single estimation 
wx found to be of the order of IO?:; in F for strong and moderate reflesions and 
gradually increasing to almost 20 YJ~ for the weakest cbserved reilesions. The standard 
deviations of the experimental structure factors used in the refinement depend on 
the number of indk-idual intensity estimations of the refiesions concerned. On the 
average *t&e s-d. is 6 “‘0 but it is somewhat better for zhe reff esions with mixed indices 
where the intensities were estimated from films taken wi;h both Xo and. Cr radiations. 
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Therefore, for a completely refined structure a disagreement factor R of slightly less 
than 5 “;;, may he expected due to experimenta? inaccuracies on&. 

S-g from a model with D, symmetry the strclcture ~a_s refked by successi~-e 

di&i~nce syntheses. The cakulations were perfcrrned on the electronic computer 
Zebra of our Uni%-erjity, with programmes written by Dr_ D. \V. Smits. Scattering 
kctors for C were taken from Berghuis et at.3 and for Ii from Mc\Veen_v’. The values 
for Cr were calculated from the scattering factors of Cr*+ given by Berghuis et d-3, 
y.Gch \=:ere corrected for the non-ionization of the metal-as in reference 5--and for 
the real part of the u;omaIous scatterir@_ In all stages of the refinement the hydrogen 
atoms were placed in caknlated positions; their *sitions were not refined in- 
GependentIy. The h+rogen atoms were assigned the same isotropic temperature 
fxtor zs wa.s found for both independent sets of carbon atoms; for chro,mium 
another--smalIer-thermal correction was applied_ Refinement was straightforward 
and no difEccIties due to extinction were encountered. 

When the refinement had con\-erged. R had a value of 6.3% The final atomic 
~xxitiors se given in Table I; the hydrogen positions given in the tab!e are not 
cakulated ones, but ‘=hev were derived from Io\v-angle difference s>mthexG in which 
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59th seti of h_vdrogen atoms showed up quite clearly. The corresponding interatomic 
distances etc. and their estirr-ated standard deviations are Iisted in Table z; these 
v&es differ slightly from those given in our prelkminary communicztion2. where 
they were discussed at some length. The most remarkabk result is the deviation of the 
benzene Iig~ds fro;n sixfold s!-mmetc-; C-C bonds of 1.~ _i are found to aitemate 
with bonds of 1.36 x. These distances (and aI! other distances in Table 2) are un- 
carrected for the libration of the rings abont the molecular axis which was visible in 
hi&angle difference syntheses. Tlhis torsional motion causes an apparent shortening 
of about 0.01 _a oi ali C-C bond distances; the corrections that should be applied 
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to the Cr-C and C-H distances are even smaller, ;vhile the bond angks and the 

pianarity of the rings are not affected by the libratiort. For further refinement the 

anisotropy in the thermal motion had to be taken into account:, but no Zebra pro- 
gramme for anisotropic refinement was ax-ailable at the time. 

ASI3OTROPIC PGFISEMEST BY LEAST SQCXtES 

I was most happy, therefore, when Mr. 0. S. JIills of the Chemistr)- Department of 

the V-nix-ersity of Xanchester inx-ited me to Manchester, to do a [east-squares refine- 
ment of the structure with anisotropic temperature factors on the Xercury computer 

of the University. 
.A version of Rollett’s structure-factor and least-squares programmeS WLS 

available; Dr. J_ S. Rollett had adapted the programme for the case that some atoms 

are in special positions of space group Pa3_ The calculations on the -?Xercury computer 

were performed in Sol-ember xg6o. After some trials a weighting scheme was derived 
which approximately took into account the standard deviations uf the experimental 
structure factors, depending on the 3-d. of the intensity estimation as a function of the 

intensity and also on the number of independent estimations of the reflesions con- 
cerned. The same set of esperimental data and the same atomic scatteriig factors 

were used as in the isotropic refinement by difference syntheses. 
To avoid biasing the result, refinement was again started from a model with D, 

symmetry-. Howe\-er, it soon became evident that this symmetry is not compatible 
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with the experimental data. After some cycles of refinement the hylrogen atoms were 
&o inckded md their positions (but not t&k temperature factors) were retied 
simtdtaneousiy with those of the other atoms. The s:omic positions, found after the 
re!inement had converged, are included in Table r, together with their standard 
deviatiorz. Therm6 parameters are listed in TabIe 3 and the observed and cakulated 
structure factors in Table + The final value of the disagreement factor R for the 
obzrved refksions is 53 36. 

T_lBLE 3 

The temperature factorsare: e.rp. (- i: 5 &h&hi) 
i=1+r 

interatomic distances, etc.. were calculated by means of programmes written by 
R. A. Sparks; they are given in Table 2. The results do not differ significantly from 
these of the isotrop ic refinement, escept that the accuracv has been improved. The 
difference between th=t alternating long and short C-C bon& irz the rings is found as 
0.07 _A with a standard deviation of 0.02 _A and is to be regarded as significant. This 
distortion from sisfoid s>-mmetry is too Iarge to be ascribed to intermolecu!ar inter- 
action and should. therefore, be inherent in the Cr(C,H,), molecule. Furthermore. the 
ligand rings are found to be slightly puckered, but the deviation of the carbon atoms 
fro-m their mean place (0.013 -4 with a standard deviation of 0.006 -4) is barely sig- 
niS~zxzt_ Such a puckering wouId laxer the mtlecuiar s>mmetrv from D, to C,,. 

It was felt that the fundamental probIem of the s?mmetrq- if dibenzene chromium 
carz onIy be solved unambiguously by further improvement of the esperimental 
accuracy and by suppressing thermai motion which puts a serious limitation on the 
accu,-_,c_v with which the carbon (and hydrogen) atoms can be p!aced. _A Iow-tempera- 
itire X-ray study by counter methods was accordingly started in our Iaboratcc- some 
time ago_ _-\ detaikd discussion of the structure is FostFoned until the results of our 
low-temperature investigation are ax-aiiable. 

COYP_I-RISOS WITH THE STULiT OF Corros et &. 

Recent&, however, Cotton and coworker9 published preliminary results of an in- 
dependent refaemeni of the cc-stal structure of dibenzene chromium at room 
temperature by isotropic least-square methods. Their results, before inclusion 01 the 
hl-drogen atoms into the refinement, are also given in TabIe 3. It is seen that Cotton 
sf al. ikd that the carbon atoms of the benzene rings form a regular hexagon within 
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the lirkts of accuracy. After the inclusicn of hydrogen the two independent C-C 
diiances are even found to be esactl_v equal, namely 1-3s~ _I with a standard de\-ia- 
tiun of 0.017 A. 

This discrepancy of the rtzxlts of Cotton et aC_ with ours obviouslv calls for some 
comment zmd we shall try to offer a possible explanation. ;It f&k sight it ma\- be 
thought that the discrepancy is due to an underestimation of the standard deviations 
in either or both of the investigations Hoxever. it is belie\-ed that this is not the case. 
The fact that the standard deviations we derix-ed are slightl_v lower than those ob- 
tained by Cottcn et al.” is probably due to our taking into account of the anisotropy 
of rhe thermal motion_ The difference in standard deviations is in keeping with that 
of the final xxh.ws of R. which are 6.1 :b in the stud): by Cotton et crl. compared to 
3-3:; in o-urs. Furthermore, we find the thermai motions of the two independent sets 
of carbon atornz in good agreement with each other; it is hard to ssume that this 
agreement is coincidental, as it would be if the accuracy attained was less than 
calculated_ 

_&other possibie esplanation might wem that our experimental data are 
a&cted bv a svstematic error. Let us assume for the moment that the true s~-mmet~- _ _ 
of the molecule is D, and that. therefore, t!le ligand rings are regular hesagons. \Vhat 
dktortions would be needed to con\-ert this model into one with rings containing 
aXemating long and short czbon bonds? Anal>-sis shows that the s parameters of 
both CI and Cz should incre=e and the J parameters of both CI and Cz decrease ir 
order to pass from the D, model to the “distorted” one. (The distortion is not sewi- 
tix-e to a change in the z parameters). Just th=e parameter changes were found in our 
saructure refinement (which started from a nsr, mode;) and it wxxld seem too much 
of a coincidence if a s\-dematic error in the experimental data xould cause esactll- 
thse four mutuall\- independent effects (and lertve the thermal motion almost un- 
affected)_ 11-e conclude, therefore, that the poGbilit>- of the distortion of the rings 
found by us being an artifact should also be dixarded. 

The opposite effect, that is the enhancement of the sl-mmetc- of a Czi or L), 
molecule to L), s>mmetrI;, however. needs onlv the addition of a twofold rotation 
as% which passes through the metal atom and 1s perpendicaiar to the p!ancs of the 
rings. Srrch an apparent twofold asis ma_\- \-I:? \\-ell be due to orientationa disorder 
of the molecules. Disorder of this t>-pe is not unlikel>-. since the two orientations 
would be neariy equir-alent. Indeed, orientational disorder of this kind has been ob- 
se17-_ed in a thr%-dimensional neutron-diffrxtion stud>- of ferrocene’“. even though 
the two orientations of the ferrocene molecules are not equil-alent in the crystal. 
A simifar effect was also obsewed in an S-ray study of ferrocene”, but there it was 
-ribed to extinction. In the case of odd-membered rings., such as in ferrocene. an 
additiona! twofold mole.xIar axis can easilv be recognized as an artifact, since it 
doubles the apparent number of rin, p membnrs. In the case of even-membered rings, 
sxxh az in dibenzene chromium. ihe additional axis onl_v enhances the apparent 
symmetry of the rings and such an effect-if it is not large-can hardly, if at all, be 
discovered by diffraction methods. 

_-Addition of a.n apparent twofold axis, caused by orientational disorder, to the di- 
benzene chromium molecule with the geometry fourd in our study would have the 
saxe jivithin a fraction of a percent) effect on the d&-action intensities as a libration 
c3f the rings with a r.m.s_ amplitude of only OS” or 0.03 _i, which would be almost un- 
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detectable as such. Furthermore, an additional twofold axis would make both sets of 
C--C distances equal to 1.401 _- and both sets of Cr-C distances 2.13s _k; the carbon 
rings would become exactly planar, w-tie the distance of the metal atom from this 
plane wouId remain 1.614 _A. In other words: addition cf a twofold asis to the di- 
benzene chromium molecule as we found it, leads to a model w&h is exactly that 
found by Cotton zt nt.9. These authors did indeed obser\-e a libration of the rings about 
rhe moiecdar axis; very probably the small artificial lib;atior, caused by the orien- 
tational &order is, however, swamped by a ccnsiderably larger real libration, which 
was also found in our study. 

It appears, therefore, that the discrep~cies betwee Cotton’s resuIts and ours 
on the room-temperature structure of dibenzene chromium czzz be completely 
explained b>- the presence of orientational disorder in the crystals investigated by 
Cotton et al. It should be emphasized, however. that the evidence for orientational 
disorder in dibenzene chromium is indirect only. WhiIe orientational disorder of odd- 
membered 5ngs can be discovered directly by difkaction methods (and has been 
found in ferrocene). no direct proof or disproof by such methods is possible for even- 
membered rings. Severtheless it is hoped that our low-temperature study of di- 
benzene chromium will shed some light on ‘this problem too. 
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The crystal structure of dibenzene chromium at room temperature 5as bee? refined 
from rhree-dimensional S-m!- diffraction intensities_ The results of the least-squares 
refinement, which takes account of the anisotropv of the thermal atomic motions, 
confirm our earlier preliminary results2 whidi were obtained frem difference syn- 
theses. In the ligand rings C-C bonds of 1.436 & 0.012 _i alternate with bonds of 
1.366 _& 0.01~ _A. The different results of Cotton it nk3, who found no significant 
distortion from U,, molecular s>-mmetc-, are probably due to 0rientat:ona.l disorder 
in their cr\-stals. such as has also been observed in ferrocene. In even-membered 
rings this disorder causes an enhancement of the apparent s_\-mmetr>-_ 
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