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We have used x-ray powder diffraction and differential scanning calorimetry to study the crystalline struc-
tures and thermal behavior of the 6,6-cyclopropane isomerggfl.C At room temperature, the gH, cyclo-
propane molecules, like those of the 6,5-annulene isomer gl €poxide, are orientationally disordered and
crystallize on a face-centered-cubic lattice such that their methylene groups are statistically disordered among
the octahedral voidsunlike 6,5-G;;H, and GO, the low-temperature structure is nB&3, but rather a
low-symmetry orthorhombic lattice in which=~b<c. The orientational melting takes place via a two-step
transition centered around 198-213 K.

[. INTRODUCTION can lead to compounds with solid-state characteristics quali-
tatively similar to those of g itself.
Simple derivatives of g (or [60]fullerene offer unique In the case of g0 epoxide’® a G, derivative in which a

model systems to study the effect of small molecular pertursingle oxygen atom is added to the cage across what was
bations on crystal structure. Pristinggtas the form of a formerly a carbon-carbon double bond, the high-temperature
spherical shell, with 60 symmetrically equivalent carbon at-orientationally disordered phase is still characterized by an
oms. At high temperatures ¢gforms an orientationally dis-  fcc structure withFm3m symmetry, but each molecule is
ordered face-centered-cultfcc) crystal?with Fm3m sym-  cylindrically disordered about the oxygen axis. This axis
metry. At Tc=260 K, solid G, experiences a first-order ratchets between the various octahedral and tetrahedral
phase transition into an orientationally ordéredsimple cu-  voids, with an approximately 66% occupancy of the larger
bic (s9 phase withPa3 symmetry and four molecules per octahedral voids®*°The onset of the ordering transition, as
unit cell3* The low-temperature phase continues to incorpo-determined by differential scanning calorimetry, occurs at
rate a substantial degree of both static and dynamic orientat/8 K, which is slightly higher than the onset temperature of
tional disordef®~8 This transition, and the structures of the 260 K in pristine G, and is consistent with the decreased
high- and low-temperature phases, have been the objects 8ftropy of the high-temperature phase. The low-temperature
numerous experimental and theoretical studie¥ phase is once agaiRa3, with the additional requirement
The ordering transition is primarily driven by Coulombic that the epoxide moieties must be statistically disordered
interactions and angular contributions to the intermolecularmong the available voidé:'®
van der Waals interactions, both arising from slight devia- Similar effects are seen in somggQntercalation com-
tions from spherical symmetry intrinsic to the truncatedpounds. Although cage rotation is almost completely sup-
icosahedral carbon cadél'?Hence one might expect that pressed in the alkali intercalates that are responsible for
the ordering transition itself would provide an excellent op-superconductivity’ the low- and high-temperature struc-
portunity to examine small molecular deviations from spheri-tures of (CO)Cq, are almost identical to those of pristine
cal symmetry in various £ derivatives, since the mecha- Cgy, with the CO molecules confined to the octahedral
nisms which drive this transition are directly dependent uporvoids®*’
the nonspherical components of the molecular architecture. A slightly larger perturbation of the pristingsgmolecular
The relatively modest perturbation of thegGnolecule re-  architecture may be achieved via the addition of a methylene
sulting from the addition of a small group to the carbon cagegroup to the carbon cage, since the Cdtoup extends far-
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from tightened steric constraints. One might anticipate a de-
crease in the librational motion of the cage or possibly even
a shift from true uniaxial rotation to static statistical disorder
about the methylene axis. Additional deviations may arise
from the different molecular symmetries of the two isomers.
The question therefore is whether the energetic, steric, or
symmetry differences arising from the attachment of the me-
thylene group onto the carbon cage in a 6,6-cyclopropane
configuration as opposed to the 6,5-annulene configuration
(a) (b) are significant enough to make alternative solid-state struc-
tures and phase behavior possible or favorable.

FIG. 1. The two isomers of GH,. In the 6,5-annulene isomer _ The remainder of this paper will proceed as follows. In
(a), the methylene group replaces a carbon-carbon single bon&€C. Il, we will discuss the experimental techniques em-
shared by a hexagon and a pentagon. In the 6,6-cyclopropane isBloyed and the analysis of the x-ray data. Sections Ill, 1V,
mer (b), the methylene group forms a three-membered ring at wha@ind V discuss the high-temperature, low-temperature, and
was formerly a carbon-carbon double bond residing between tw@hase-transition properties of 6,6-cyclopropangHs, re-
hexagons. spectively. Finally, in Sec. VI we summarize our key results.

ther from the surface of the cage and occupies more volume
than the epoxide moiety ingO. The 6,5-annulene and the Il. EXPERIMENT

6,6-cyclopropane i_somers 901‘6gl:—|2 are shown in Fig. 1 In Approximately 25 mg of 6,6-cyclopropanesl, were
the 6,5-annulene isomé}'® the methylene group bridges synthesized as previously descrid8dResidual solvent is
what was formerly a carbon-carbon single bond shared by ghown to play an important role in the structure and phase
hexagon and a pentagon on the carbon cage, while the hexgansitions of G, and its derivative§2°-33To address this
gon and pentagon fuse into a single nine-membered ringssye, the sample was heated under a dynamic vacuum of
The 6,6-cyclopropane isomet,on the other hand, results 10-7 Torr for 29 h at a temperature between 347 and 355 K,
from the addition of the methylene unit to the carbon cagejg , ot 383 K, and 46 h at a temperature between 418 and
across what Was_acarl?on-carbon double bond shared by W3 K. This heating protocol was designed to remove as
cage hexagons; in this isomer, a closed, three-membered riRgych solvent as possible without thermally degrading the
links the methylene to the two bridge-head carbB.  sample. After drying, samples were stored in a glovebox un-

In the high-temperature fcc phase of the 6,5-annulene isqyer inert argon atmosphere. The glass vials were wrapped in
mer of G;H,, the molecules are once again cylindrically 5juminum foil to minimize exposure to light.
disordered as in £O epoxide, but the methylene groups are  Thermal properties were determined using a TA Instru-
additionally constrained to occupy only the larger octahedrafyents DSC 2920 apparatus. This instrument incorporates a
voids as a result of the considerable steric contributions arissingle heating/cooling block for both the sample and
ing from the group’s hydrogen atorfis:** The higher order- referencé* and acts as a Boersma differential thermal
ing transition onset temperature of 290 K is consistent WiﬂhnalyzeﬁS Heat flow and other calorimetric information
the significantly lower entropy of the high-temperature phas€yere extracted from the rawT using experimentally deter-
arising from the increased constraints on the orientation ofyined calibration constant€. For a typical measurement,
the methylene axis. In the low-temperature orientationallys_g mg of powdered material were placed in crimped alu-
orderedPa3 phase of 6,5-annuleneg,, the methylene minum pans under a standard air environment. An identical
groups are once again statistically disordered among thempty pan was used as a reference. The enthalpy change,
larger octahedral voidd: 24 AH, for any transitions was determined by interpolating a

Presumably, as the side groups become larger and thimear baseline in the immediate vicinity of the endo- or exo-
perturbations of the molecular architecture become increasherm, and then calculating the area enclosed between the
ingly significant, deviations from pristine & behavior baseline and the feature of interest. The onset temperature
should become much more dramatic, and, beyond a certainas obtained by extrapolating the linear portion of the onset
point, the derivative compounds should become orientationeurve to the point where it intersected the linear baseline.
ally ordered at all temperatures, as is obsefvéd in For XRPD measurements, samples were loaded in glass
Ceo( 0sQy) (4 — tert-butylpyridine),. capillaries using a “piston” techniqu®;?’ in which the

To address this issue, Wehave examined the solid-state sample was deposited in a 1-mm glass capillary and a second
structures and thermal behavior of the 6,6-cyclopropane isceapillary was inserted into the first, compressing the sample
mer of Gs;H, using x-ray powder diffractiofXRPD) and  and removing any large voids. Both capillaries were then
differential scanning calorimetryDSC). Density-functional  sealed with a torch when possible, although in some cases
calculations performed by Curiorst al?® suggest that the the capillaries were sealed with epoxy in the glovebox. Low-
distance from the center of the carbon cage to the methylenemperature measurements were performed using Air Prod-
carbon, which we shall refer to as the methylene radius, isicts Displex cryostats. The XRPD data were collected on
approximately 0.2 A larger in the cyclopropane isomer tharBeamlines X7A and X3B1 at the National Synchrotron Light
it is in the annulene. This small increase in the methyleneSource, Brookhaven National Laboratory.
radius implies that the Cklgroup should extend farther into For the measurements at Beamline X7A, a wavelength of
the voids, thus increasing the rotational hindrance arising.14984 A was selected via a channel-cutl$1) mono-
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chromator, and the intensity of the incoming beam was

. . . L. s 4000 + 200 i
monitored using an ion chamber. Scattered radiation was 8 .
then collected by a linear position sensitive dete¢RBD) ® 3000 - 150 ]
mounted on the & arm of the diffractometer at a distance of g 100 L 1
~1 m from the sample capilla’y/. The effective angular S 2000 | 50 J_xl T VT WP
resolution wasA29=0.05-0.1°. Full scans covering an an- 3 - 1
gular range 426<71° (or 0.38<Q=<6.35 A~ *) were per- < 1000 050 35 20 25 50
formed at selected temperatures, and scans over a smaller 3 \_J_JJL_JLH ‘
range 0.95Q=4.27 A~ were systematically carried out at £ or . . . ]
many temperatures. To improve powder averaging, the cap- ~— 0 1 2 3 4 5
illary was rotated slightly about its ax{perpendicular to the Q (&N

scattering planeby incorporating a continuous 54 oscilla-
tion into the scan. We used a step size of 1° and collected FIG. 2. Room-temperature XRPD pattern fog;8, cyclopro-
data from the central 2° of the PSD, ensuring overlap bepane collected at NSLS Beamline X3B1. The molecules crystallize
tween adjacent points. PSD data collected at X7A weren an fcc lattice with a lattice parameter of 14.19 A. Inset shows the
binned, corrected for nonlinearities, normalized, and merge@attern for 2.75Q=<5.13 A~* on an expanded scale. The inten-
into data sets consisting of intensitgrsusangle. sity is given in units of counts per second normalized to a synchro-

The measurements at X3B1 were done in a triple-axigron ring current of 100 mA.
configuration. The incident wavelengthh=1.149 15
+0.00005 A was selected via an(8L1) monochromator. ground diffraction was modeled via linear interpolation be-
The diffracted radiation was then detected using &1G#  tween regions far from Bragg peaks. The peak shape
analyzer crystal and a Nal scintillation counter. The experi€mployed was an asymmetric Lorentzian. F@sAs re-
mental data were corrected for detector deadtim@ (us)  finements, we adopted the framework of the modi-
and normalized to a synchrotron ring current of 100 mA. Thefied Thompson-Cox-Hastings pseudo-Voigt peak-shape
instrumental resolution was20=0.015-0.03°. These mea- function;>** but we typically only refined the relevant pa-
surements employed a 1-mm capillary sealed with epoxytameters associated with the Lorentzian component. It was
Data were collected with 820<25° (0.286<=Q=2.367 generally necessary to incorporate a small offset in the “arm
A 1) in steps of 0.005°, counting for three seconds perzero” setting of the diffractometer, @, as a variable param-
point, and in a second range of 226<56° (2.36&<Q  eter.
<5.165 A~1) in steps of 0.005°, counting for six seconds
per point. . Il. ANALYSIS OF THE HIGH-TEMPERATURE

The resultant XRPD data sets were analyzed either by STRUCTURE
least-squares fits to the integrated intensities of peaks derived
from pattern decomposition, or by(enore time-consuming A characteristic room-temperature XRPD pattern, col-
Rietveld analysis. lected at Beamline X3BL1 for &H, cyclopropane is shown

In the first approach, integrated intensities were extracte@after normalization and deadtime correcdian Fig. 2. A
from a given XRPD pattern via least-squares fits of the raw_eBail refinemerft-“?established that the lattice is fcc with a
profiles to empirical peak shapes. Separate portions of theubic lattice parameter of 14.39.02 A .
full powder pattern were analyzed independently such that Two weak non-fcc reflections were observedat 2.23
one or two peaks were fitted at a time using a linear backA ! andQ=3.15 A 1. Their intensities were on the order
ground term and the appropriate number of peaks. The enof 10—20 counts/sec at a ring current of 100 mA. These
pirical peak shape chosen was a weighted sum of a Gaussifatures were present in XRPD patterns collected at all tem-
and an asymmetric Lorentzian. Error bars for the integrategyeratures, and were attributed to trace amounts of some non-
intensity were obtained by systematically increasing and thefullerene impurity. We note that the observed peak positions
decreasing each peak’s fitted intensity with respect to theorrespond to the two strongest reflections arising from an
best-fit value until a 10% increase ¥t was observedfor ~ fcc NaCl lattice at 299 K. We also observed broad, weak
single-peak fits or 5% per peak in multiple-peak fits. The shoulders around the bases of several fcc peaks located near
{111 reflection was omitted from the refinements, since the(Q~1.9-2.8 A1), It is likely that these shoulders arise
intensity, position, and peak shape of 1.1} reflection in  from stacking faults and similar phenomena associated with
Ceo and its derivatives may all be altered significantly by thenonideal crystalline systems that can lead to peak
presence of stacking faults within the compouftis®8-%°  proadening*-16:38-40

The lattice parameters were obtained via an independent Our analysis of the orientationally disordered room tem-
LeBail fit*’*! on the full powder pattern, usingsAs (Gen-  perature structure was similar to that used previddsf??
eral Structure Analysis Systerff After satisfactory lattice for the GO epoxide and 6,5-annulene;8,. A model of
parameters were obtained, these values were fixed armbmplete spherical disorder can be ruled out on the basis of
treated as known constants in our integrated intensity refinesteric considerations: the van der Waals radius of a fully
ment code. The quality of fit was evaluated using jfe  disordered molecule would be roughhs6&A , which implies
goodness-of-fit parametét the BraggR-factor R, and the  that two fully disordered molecules would require a nearest-
weighted BragdR factorR,, . neighbor distance ot least13 A .

The second method of data analysis entailed Rietveld re- The incorporation of nearly spherical molecules with at-
finement of the entire diffraction profifé:*>2744 Back-  tached methylene groups into the fcc lattice can be accom-
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plished by requiring that the methylene groups be directed __ 120 . - . .
towards the large octahedral voids located along(tt@0) § I C—1 Data a)
axes and/or the smaller tetrahedral voids located along the = 80T EE  Model i
(111) axes. Two models for the average molecular structure 2 4 | W Mol = latn ]
may be consideredi) a spherically disordered cage model 3:3,
with variable void occupation andl) a cylindrically disor- = 0F — (W comcm O W
dered cage model with variable void occupation. In both §
models, the methylene group can be treated as a single car- = 3 : E— :
bon atom, since the contribution to the scattered x-ray inten- E I ]
sity arising from the two hydrogen atoms in the methylene g op — D D — = = g 1
group is negligible. In the first case, the central cage is re- = _3I el s s
placed by a spherical shell with the same total charge, while 0 2 4 6 8 10
in the second the molecules are cylindrically averaged about __ 4 . . - . - | . .
the methylene axis, which is then taken to be statistically :_% 3L b) ]
distributed along the different void directions. =
The spherical shell model may appear to be somewhat £ Zr ]
less physical than the cylindrically disordered modk) :% 11 m] [' .
since restrictions on the (¢H, molecular orientation intro- 2 '_[L.,EI [I [I I]E,_,E.I][i[i ]
duced by the methylene group suggest that even the “aver- jc,j -
age” cage will not have a truly uniform charge density atall = g6 — ———
points on the shell. However, this spherically disordered E = |Z| D O o
model has the distinct advantage of approximating the libra- E g [T — = D D == —'='|:]|:| 1
tional motion of the cage by incorporating disorder of the = _j¢ s . . .
shell above and beyond that arising solely from a combina- 9 11 13 15 17 19 21 23 25 27
tion of uniaxial rotation and statistical disorder. Indeed, ___ 1.0 T T T T T T T
Vaughanet al. found that the high-temperature phase of § 0.8 c) .
Cs0O epoxide was best described using a weighted combina- . ¢ [ ]
tion of both the cylindrically disordered and the spherically £ 04| ]
disordered cage models, although both models independently £ o 2 ]
were also in good agreement with the experimental data and > |][I HDE.[.[I[I[I [IJ
produced similar result$:*®> We followed the approach of g o T )
Lommen et al,? who adopted the spherically disordered = g —
cage model exclusively in their analysis of the high- E DD 0 U
temperature phase of 6,5-annulengH. ;3’ BT D D ==-0-=0 D =0 T
The structure factor for the spherical shell model is ob- = L

A
tained by replacing discrete carbon atoms in the With a 26 28 30 32 34 36 38 40 42 44 46
uniform shell of charge. The discrete disorder of the methyl- Peak Number

ene groups is incorporated by placing “fractional” methyl-
group . p - yp .g . y FIG. 3. G;;H, cyclopropane room-temperature refinement: peak
ene groups at positions and calculating the Fourier trans- integrated intensities, best-fit model, a@odel-dataas a func-

form, giving tion of peak number. Integrated intensities have been scaled to a
maximum value of 100.

. 6B0f; (27 1 :
- ~iQRg cosé . - :
S(Q) =7~ o d¢f_1d(cosa)e e e component of the peaks increased with increasing angle such
that the Gaussian fractidiy, varied from~0.0 to~0.4 over
D G the full pattern. The average Lorentzian full width at half
+t2, afye™ maximum (FWHM) was in the range 0.034x<0.168°.
Four of the 44 integrated intensities at crystallographically
. S5 allowed positions were indistinguishable from background
= . iQ-r . .
60f ] O(QRB)+Ei aifpe™m, (D and were therefore set equal to 0 in the structural refine-
ments.
wheref . is the form factor of a carbon atorRg is the radius The complete set of 44 integrated intensities, as shown in

of the carbon shellfy, is the form factor of a methylene Fig. 3, was then fit to the spherical shell model in Etj.
group (typically taken to be identical to the carbon atom For the least-squares fits, the lattice parameter was fixed at
form facto, «; is the probability of finding a methylene the value obtained from our earli€m3m LeBail refine-
group centered at p05|t|on, and jq is the zeroth order ment. Adjustable parameters included the methylene radius
spherical Bessel function. (the distance from the center of the carbon cage to the carbon
From the room-temperature XRPD pattern, we extractedn the methylene groyp the radius of the g shell, and a
44 integrated intensities using the pattern decomposition praingle thermal factor for the entire molecule. The addition of
cedure outlined in Sec. Il. Thil11} reflection was omitted a second thermal factor for the methylene carbon was re-
from our refinement, as discussed above. While the fittejected since it was not significant at the 5% confidence level.
peaks were primarily Lorentzian in nature, the Gaussian To examine the systematics of octahedral and tetrahedral
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temperature structur®,,,, the weighted intensitR factor, is plot-
ted as a function of both tetrahedi@illed circles and octahedral
(empty circleg occupancy ifno constraints are placed on the total
number of methylene groups per carbon cdglg.increases mono-
tonically when the tetrahedral occupandifled circles increases
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shallow minimum indicates the relative insensitivity of the
data to small variations in the octahedral occupancy.

In our final structural refinement, we constraineg
+ ae1= 1 S0 that there was exactly one methylene group per
Cs1H,. Under this assumption, our best refinement yielded
aqct= 0.9 0.3 for the octahedral occupancy of the “aver-
age” molecule. This is virtually identical to 6,5-annulene
CeiH,, Where the fittet! octahedral occupancy was,.
=1.0£0.1. By contrast, in O there is a substantial prob-
ability of tetrahedral void occupatioft;'® with a,.=0.66
+0.22.

The results of our high-temperature integrated intensity
refinement are presented in Table | along with previously
obtained results on 6,5-annulene g€, and GO
epoxide***521 Our refinement yieldeg?=1.5, R,=0.05,
andR,,=0.12; these estimates of the goodness or quality of
fit all indicate satisfactory agreement between model and
data, as shown in Fig. 3, and indicate that this model suc-

from 0.0 to 1.0 and the octahedral occupancy is allowed to varycessfully embodies the key features of the physical system.

When the octahedral occupan@mpty circle$ increases from 0.0

The methylene radius refined to a value of 5M3 A, to

to 1.0 and no constraints are placed on the tetrahedral occupandye compared with the oxygen radtti$®in C5O of 4.71 A,
Ry, decreases monotonically until reaching a minimum around 0.7and the best-fit gH, annulene methylene radius vattef

void occupation, we initially allowed for a variable number

4.9+0.2 A. The statistically insignificant difference between
the methylene radii of the annulene and cyclopropag&lL

of methylene groups per ball resulting in unconstrained ocisomers is consistent with the 0.2 A increase predicted by

tahedral and tetrahedral occupancy parametggsand e -
[So, for example, in Eq(1), the probability of finding a

Curioni et al?8 For the radius of the £ shell, we obtained a
best-fit value ofRg=3.55+0.01 A. This result agrees with

methylene group in a particular octahedral void would bethe 6,5-annulene GH, fitted shell radiué' of 3.555+0.007

aj= ayc/6.] Upon increasing the tetrahedral occupangy

A. The rms thermal displacement parameter refinedutd

from 0.0 to 1.0 while allowing the octahedral occupancy to=0.16+0.04 A, indicating a substantial degree of positional
vary, R, increased monotonically, as shown in Fig. 4. Sincedisorder at room temperature.

the addition of a methylene group into the tetrahedral voids As seen in Table |, the room-temperature structures
decreased the quality of the fit, the tetrahedral occupancy adopted by the 6,6-cyclopropane and the 6,5-annulene iso-
the methylene group must be quite small if not identicallymers of G;H, are both qualitatively and quantitatively simi-
equal to zero. In addition, when we fixed the tetrahedral octar. Since the refinement of the annulene data used only 26
cupancy at 0.0, the octahedral occupancy refined to a valuategrated intensities, as opposed to the 44 used for the cy-
of 0.65 as opposed to the ideal value of 1.0. Since the sampldopropane refinement, we performed an additional cyclopro-

contained less than 5%gg; this result is unphysical. When
ater Was allowed to vary and,.; was increased from 0.0 to
1.0 (Fig. 4, R, decreased monotonically untd,.; reached

pane refinement confined to the first 26 integrated intensities.
Although(u) decreased slightly from 0.16 to 0.15 A ax@
increased from 1.5 to 2.7, all refined structural parameters

a value of roughly 0.5, after which we observed evidence ofemained unchanged within uncertainty, and no significant
a broad and shallow minimum centered around 0.7. Thighanges were observed in either of the integrated inteRsity

TABLE I. Comparison of final parameters obtained frogyif; cyclopropane, gH, annulengRef. 27,
and GO epoxide(Refs. 14 and 1broom-temperature fits(Not all parameters were recorded for the

epoxide)

Fitting parameter

&H, cyclopropane

&H, annulene GO epoxide

Lattice parameter 14.190.02 A
Methylene/epoxide radius 540.3 A
Cgo shell radius 3.550.01 A
Octahedral site occupancy 9.3
(ug) of molecule 0.16:0.04 A
Goodness of fit

e 15

R, 0.05

Rui 0.12

14.19-0.02 A 14.18480.0001 A
4.9-0.2 A 4.71£0.01 A
3.555-0.007 A 3.541 A
1.0:0.1 0.66:0.22
0.12:0.03 A
1.2 8.7
0.03
0.08 0.15
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factors. Thus the obtained results do not depend significantlieBail fits ruled out the possibility of a true fco phase at low
on the range of data chosen for analysis. temperatures.
Preliminary estimates of the molecular positions were ob-
tained by treating the molecules as unoriented spherical
IV. ANALYSIS OF THE LOW-TEMPERATURE shells, as in Sec. Ill, and omitting the methylene group car-
STRUCTURE bons. Using this approach, with the molecules placed on fco
sites, we obtained satisfactory agreement with the data for
The crystal structure of 6,6-cyclopropang &, at low <237 A1 The fits were not improved when the mol-
temperatures was studied using two data sets: a highscyles were allowed to move away from the fco sites.
=40 K in the range 0.4/7Q=3.740 A™*, and a high- gjigned along the longec axis direction. To explore this
statistics XRPD pattern collected on Beamline X7A at 20 Kquestion, a second round of fits employed the spherical shell
in the range 0.382 Q<6.346 A™*. The high-resolution pat- molecule with methylene groups attached. We examined
tern was primarily useful in the determination of the |attiC6three mode|s<|) all four methy|ene groups a”gned a|ong the
symmetry and parameters, while the high-statistics pattergjongated 14.25-A crystalline axis; (1) all four methylene
was most useful in the intensity analySiS. Both the room'groups a|igned along tl’baxis; and(|||) all four methy'ene
temperature data presented in Sec. Ill and the 40-K highgroups aligned along the axis. In all cases the orientation
resolution data presented in this section were collected on thgnd radius of the methylene group were fixed, but the frac-
same experimental run using the same sample capillary. Thgonal occupancy was varied. Surprisingly, tpeorestfit
20-K high-statistics data were collected using a second batc(}(2=3.63) was obtained when the methylene axes were
of material at a later date. aligned with thec axis, and in this case the methylene occu-
The high-resolution 40-K powder pattern of the 6,6-pancy refined to a small negative number. Modéls and
cyclopropane isomer of gH, was indexed to an orthorhom- (j1) yielded more reasonable occupancy val@@L5 and
bic unit cell with lattice parametes—= 13.97 A,bz 14.00 A, 1.15, respectiveWand Sma”erXZ values (307 and 32y
and c=14.25 A. Conventional space-group determinationThus, counterintuitively, these fits suggested that the meth-
was complicated by the nearly degeneratend b lattice  ylene groups should be aligned along thand/orb axes.
parameters. Although itis pOSSibIe that the lattice symmetry For more detailed ana|ysisy we performed a Rietveld re-
was higher than primitive orthorhombic, the presence ofinement of the high-statistics 20-K XRPD profile in the
anomalous profilegshoulders to peaks that cannot be in- range 0.848Q<4.270 A !, omitting the 2.235Q
dexed in an orthorhombic schejria the set of peaks in the <2 272 A1 region in the immediate vicinity of the impurity
region 1.94Q=2.04 A"* may indicate a small monoclinic peak, and the low-angl®<0.848 A * data.
or triclinic distortion of the ideal orthorhombic cell, as well Due to the limited number of reflections, it was not pos-
as stacking-fault induced peak shifting and profile distortionssjpje to refine the positions of all 252 atoms in the unit cell.
similar to those observed in other fullerene Therefore our efforts were directed at determining the orien-
systems.*~1*3~%As attempts to fifvia LeBail refinement  tations of the molecules within the unit cell. For the final
the pattern to a lower-symmetry monoclinic or triclinic cell ;gund of analysis we adopted the initio pristine G coor-
failed to reproduce the observed nonorthorhombic shoulderg{inates obtained by Scuseéfialong with a methylene group
features, and the key features of the 40-K and 20-K powdegarhon or groups with fractional occupancies. The phase
patterns are consistent with an orthorhombic unit cell, furthegpaCe associated with such a model is still quite large: three
analysis was confined to metrically orthorhombic structuralgjer angles and three displacement degrees of freedom to-
models withP1 symmetry. gether with the methylene radius fractional occupancies at
The observation of an orthorhombic structure, rather thamjitferent positions for each of four molecules. Although the
the orientationally ordered simple cubiPa3 structure molecular positions always refined to the fco sites, we
adopted by pristine &, Cs,O epoxide, and the 6,5-annulene quickly found that there were many false minimayf as-
isomer of GiH,, was unexpected. We note that an ortho-sociated with different choices of the Euler angles. The dif-
rhombic Cmca unit cell was originally predictéd for the  ficulty is increased if we consider the possibility of minority
low-temperature structure ofgg orientationé®~8similar to those observed ingg. The obser-
The strongest of the two impurity peaks observed in thevation of anomalously large thermal factors (G3Qls)
room-temperature pattern was also visible in the 40-K pat=0.4 A) in all the fits to low-temperature data provides a
tern atQ=2.24 A"1. The ~0.01 A ! increase in the posi- further indication of substantial static and/or dynamic disor-
tion of the peak upon cooling from room temperature to 40 Kder. Clearly, if there are a substantial number of defect ori-
most likely resulted from the thermal contraction of the im- entations or competing crystal structures it will not be pos-
purity material. The second weak impurity peak, with ansible to reproduce the XRPD pattern with a single
estimated position at 40 K o@~3.16 A™1, could not be crystallographic model.
cleanly separated in the analysis from nearby allowed reflec- To define the molecular orientations in any particular
tions. model, we began with the molecules in the “standard orien-
The molecular density was clearly constrained from vol-tation,” in which the molecules occupy the fco sites, with
ume considerations to be four molecules per unit cell. Furthe methylene groups directed along thaxis. The remain-
thermore, from packing considerations, these molecules muster of the molecule was oriented such that the 6:6 carbon-
be at or close to the face-centered-orthorhonfbicfco) ba-  carbon bond bridged by the methylene group was parallel to
sis sites, although the observation of non-fco reflections inthe crystallographia axis. From this initial orientation, each
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TABLE II. Best-fit parameter values obtained from thgld,
cyclopropane 20-K refinement using the structural model illustrated
in Fig. 5 along with a disordered spherical shell componanb,
andc are the lattice parameters of the orthorhombic unit egl}.is
the rotation angle about the methylene axis adopted by all four
molecules in the unit cellyy; refers to the fraction of each mol-
ecule which is spherically disordered, whiles) corresponds to an
overall rms isotropic thermal displacement of the molecular center
of mass.X, Y, andé are profile parameter®Refs. 27 and 44asso-
ciated with the asymmetric Lorentzian peak shapé.and the
weighted Rietvel®R factor,R,,, are measures of the goodness of fit.

Fitting parameter

Best-fit value

FIG. 5. The unit cell of our best-fit low-temperaturg;8, cy-
clopropane model in which four molecules occupy the traditional
fco basis sites a000), (203), (330), and (G 3). Starting from a
configuration in which all molecules are in the standard orientation
that aligns the bridgehead 6:6 carbon-carbon bond with the crystal-
lographica axis, all four molecules are rotated about their methyl-
ene axes byr,;=138.6° and then rotated about their carbon cage

centers byB=290°. Finally, the molecules at03) and (0} 3) are
rotated in the plane by=90°, while the molecules g000 and

(%%0) remain unrotated. In the figure, the methylene group associ-

Lattice parametea
Lattice parameteb
Lattice parametec
Carbon cage radius
Qall

Ndis

(Us)

X

Y

Asymmetry

26 offset

Goodness of fit

Ruy

13.93+0.02 A
13.98+0.02 A
14.25+0.02 A
3.54 A
138.6°
0.37
0.34 A
0.264°
0.0365°
0.94
0.03°

66.2
0.18

ated with the(000) molecule is directed along treeaxis and is thus
obscured by the molecule a}@3).

molecule was first rotated about the methyleagdxis by an
anglea;, then rotated about the axis by an angles;, and
finally rotated about the axis by an Euler angle; .

rotated byy;=0, 90, 180, or 270° about theaxis.

Using this approach, several nearly equivalent minima in

x? were found. In our best fit modéFig. 5), we founday,
=138.6°. The molecules at;03) and (053) are rotated

In a large number of different models examined, qualita-2oout their carbon cage centers hy-90° such that their
tive agreement with the data was only obtained if the methimethylene groups are parallel to theaxis, while the mol-
ylene axes were confined to taeb plane, i.e.notalong the ecules at(000) and (330) remain unrotated, withy=0°,
longerc axis. The result is consistent with that obtained fromleaving their methylene groups aligned with thaxis. The
the simplified spherical shell model, even though in the full-radius of the carbon cage was treated as an adjustable param-
molecule calculations the structure factor was dominated bgter. The methylene radius was held fixed at the room-
scattering from the cage carbons rather than the methylertemperature value of 5.0 A. The structural model incorpo-

group. Accordingly, all rotations3; were set equal tQ3

rated a disordered spherical shell component in addition to

=90°. the discrete atoms, and the fraction of “disordered” compo-
Motivated in part by the calculations of Harris and nent, 54 was an adjustable parameter. Other adjustable pa-
Yildirim,*” and also by the observation that models in whichrameters were the Rietveld profile parametetés, X, and
all molecules were aligned along tleeaxis with different Y, an overall scale factor, an rms isotropic thermal displace-
values ofe; did not provide good agreement with the data, ment factor(us), three orthorhombic lattice parameters, and
we then focused on models incorporating an admixtura of a 20 offset. Attempts to improve on these fits by introducing
andb methylene axis orientations. We observed that severaddditional parameteréstatistical disorder of the methylene
such in-plane, a-b” models captured key features of the carbons, cylindrical disorder about the methylene )axis
XRPD pattern. We initially tested models in which all rota- sulted in insignificant improvements ig®>. A summary of

tions a; were set equal to the sanfeariable value ay.

the best-fit parameter values derived from the refinement of

When individual angles were allowed to deviate slightlythe low-temperature structural model illustrated in Fig. 5 is

from ay (i.e., different molecules given different angles
was found that any improvement in the fit was insignificant.

presented in Table II.

Figure 6 shows detailed data, model, and difference
Consequently, in the final round of fits we rotated all mol- (model—dataplots covering the fitted portion of the pattern
ecules an angle,, about thec axis, and then all molecules (0.848<Q<=4.270 A™1). The overall qualitative agreement
an angleB=90° about theb axis, such that the methylene between data and model is quite satisfactory. In particular,
groups were parallel to tha axis. Each molecule was then the model provides a reasonable representation of relative
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FIG. 6. XRPD data, best-fit model, arfchodel-datg for Cs;H, cyclopropane at 20 K in various ranges @f The impurity peak at
Q=2.24 A1 in experimental patterfd) has been marked with an asterisk.

peak intensities in the 24Q<3.3 A1 region, which are prisingly large, 74s=0.37 and(us)=0.34 A,
primarily influenced by the orientations of the molecules We made several attempts to model fractional methylene
within the unit cell.(We found in the course of examining occupancies in the different void directions. We found that
many models for the molecular orientation that this was theeither arbitrary methylene group reversals among the four
most difficult region to reproduge The surprisingly poor molecules, nor weighted random occupancy of the voids by
goodness of fit {>=66) most likely arises from limitations methylene groups, led to significant improvements in the fit.
in the simplified peak shape used in the refinement, as weln fact, the methylene groups make a relatively small contri-
as deviations of the linearly interpolated background frombution to the entire structure factor. The main discrepancies
the true background. between the experimental XRPD pattern and the pattern gen-
Although the refinement provided qualitative agreemengrated by our best-fit model most likely arise from some
with much of the XRPD pattern, the quantitative agreemengombination of slightly incorrect cage orientations and, more
is not at the level normally expected for a true crystallo-importantly, the presence of orientational and other defects
graphic refinement. For this reason, we have not attempted ®jructures in our sample. Indeed, given the large amount of
establish error bars for the fitted parameters, except for theisorder suggested by our refined values #gf and (u),
lattice parameters, which have an uncertainty-c3.02 A,  we feel that it is unlikely that any single structure model will
equal to that associated with the room-temperature cubic lafeproduce the observed intensities to the level of agreement
tice parameter. The refined carbon cage radius of 3.54 A, igne typically expects from crystallographic refinements.
in excellent agreement with the room-temperature value of
3.55+ 0.01_ A._ T_he obtained axial rotation parameter V. NATURE OF THE PHASE TRANSITION
=138.6°, is similar to the 135° angle predicted theoretically
by Harris and Yildirim?’ However, our refinement also sug-  The thermal behavior of cyclopropang,8, was studied
gested that the low-temperature phase incorporates considetia DSC. Two samples were studied in detail. Sample 1 con-
able static disorder since refined values of the disorderedisted of 6.3 mg of 6,6-cyclopropane;&,, loaded into a
(spherical fraction and Debye-Waller parameter were sur-hermetically sealed aluminum pan under inert argon atmo-
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FIG. 7. Differential scanning calorimetry data collected upon ok i

heating at 5 K/min for two different samples ofl, cyclopropane
material. Sample 1a) displays transition onset temperatures of 1
198.6 and 208.1 K and a combined enthalpy change of 2.1 J/g. Q (A )
Sample 2(b) has onset temperatures approximately 10 K higher

(207.8 and 218.2 K, respectivélgnd a combined enthalpy change G- 8. Representative portions of XRPD patterns feiH;
of 2.9 J/g. cyclopropane sample 2 collected(at 300 K (face-centered-cubjc

(b) 218.5 K (intermediatg and(c) 20 K (orthorhombig¢. The weak
Eeak present in all three patterns @t~2.24 A™! is due to an
Impurity as discussed in text.

1.9 2.0 2.1 2.2 2.3 24

sphere. Sample 2 consisted of 5.2 mg of 6,6-cyclopropan
Cs1H,, loaded in a crimped aluminum pan under air.
Unlike other derivatives of g, neither sample showed
any evidence of a phase transition for 22B<373 K. Scan- The observation of two first-order phase transitions in our
ning calorimetry data are shown in Fig. 7. Sample 1 was firstalorimetry studies suggests that the orientational melting of
cooled from room temperature to 173 K at 5 K/min and thensolid Cs;H, cyclopropane is a two-step process, taking place
subsequently held at 173 K for 2 min prior to heating inperhaps via a partially ordered intermediate phase as
order to allow for the nucleation of a well-ordered low- observed in C,,. Therefore an initial guess for the structure
temperature phase. Upon heating, we obsetvwexislightly  of the intermediate phase is one in which the molecules ex-
overlapping endotherms with onset temperatures of 198.8ibit uniaxial rotation about their methylene axes, resulting
and 208.1 K; corresponding enthalpy changes were 1.1 and a tetragonal structure. However, analysis of the interme-
1.0 J/g, respectively. The total enthalpy change arising frondiate phase was complicated by phase coexistence. Since the
both transitions was therefore approximately 2.1 J/g fortwo phase transitions are separated by only 1(@kbe com-
sample 1, which is considerably smaller than the 9.0-J/g erpared with the 50-K separation observeuh solid C,), and
thalpy change associated with the orientational melting tranthe endotherms are typicalé K wide, multiple phases most
sition in the 6,5-annulene isomer o§{El,. likely coexist over the entire “intermediate” phase regime.
The behavior of sample 2 upon heating was qualitatively Figure 8 shows a representative portion of the XRPD pat-
similar, although the onset temperatu(267.8 and 218.2 K  tern at high temperature, low temperature, and an intermedi-
were approximately 10 K higher and the associated enthalpsite temperaturg =218.5 K. These data were collected from
changedq1.4 and 1.5 J/g, respectivelyere slightly larger. sample 2. Attempts to index and fit the full 218.5-K pattern
Presumably, the variations in onset temperatures and trangib any of a variety of single phase structural mod@islud-
tion enthalpies from batch to batch reflect differences in puing a pure tetragonal phgs&vere unsuccessful. It seems
rity with respect to residual solvent, as similar variationslikely that all powder patterns collected at temperatures be-
have been observeih pristine G,. Indeed, a'*C enriched tween the two phase transitions are complicated by the co-
Cs1H, cyclopropane sample prepared for neutron studies exexistence of two or more phases. When it became clear that
hibited considerably higher onset temperatures of 216.8 and straightforward structural analysis of the intermediate
222.8 K (separated by opl6 K asopposed to 9 or 10 K  phase would not be possible, we attempted to extract infor-
upon heating; the combined enthalphy change associatadation about the intermediate phase via more indirect meth-
with both transitions was 5.3 Jiyersus 2 or 3 J/g for the ods.
first two batchep One such approach is to make the negative hypothesis
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123 F ' ' ' ' ' 'a) ] tures ranging from 190 to 230 K with 1 or 2 K steps. The
= aasasnss &8 4, patterns at 190 and 230 K were assumed to represent pure
142 - 4 - orthorhombic and cubic phases, respectively, and we used
é ,..--""’ them to establish best-fit@ offset, integrated intensity val-
g 1411 . ues, profile parameters, and lattice parameters for each of the
< qo72d * cubic a two pure phases. For each pattern, the fitted integrated inten-
£ 140 oo o0’ © ortho a 4 sity values were then divided by the maximum integrated
= aoeme®?t o ° § ortho b intensity value observed in that pattern, thereby creating a set
00000 A ortho ¢ ,
139 F °°? , , , , , 7 of characteristic intensity ratios for both the low-temperature
0 50 100 150 200 250 300 350 orthorhombic phase and the high-temperature fcc phase. Un-
Temperature (K) der the assumption that the relative peak intensities and pro-
14.95 | b) ] file parameters for each phase shoyld remain constant
= BAAMMAAND AL L A A AdAAAA, throughout the narrow coexistence region, we analyzed the
1420 ¢ aa patterns between 190 and 230 K by allowing only the lattice
*é 1415+ o g‘ritt;]'g S e m . e sanaassaaaad parameters and overall scale factor for each of the two
g o ortho b 4 phases to varyFigs. 9b) and (c)]. When the analysis was
T 1410 1 4 ortho ¢ ] performed in this way, it became clear that the apparent con-
':3 14.05 F Looooogooo ggggﬂ?i °f vergence of thea and b orthorhombic lattice parameters
- Do g0c0000°°°° 0o shown in Fig. 9a) was actually an artifact resulting from the
14.00 , , , . application of the LeBail method, with unrestricted peak in-
190 200 210 220 230 tensities, to a weak minority phase.

Temperature (K) The fraction of each phagas shown in Fig. @)] would
12F7 ' i T c) "] be expected to display a smooth, S-shaped crossover curve
10Lo0o®°°°%%0 e during a single transition between two pure phases. We ob-

S o8t | o . ‘I’ 1 served dev!ations from such ideal behavior in both the c.ubic
'*g 06 F o cubic froction ! 000 ..° | | phase fractl_on curve (2X0T<220) K and _the othc_)rhomblc
o4l © ortho fraction | ...‘-’oo | ) p_hase fra(_:'qon curve (2¥6T<224 K): This dewaﬂon pro-
s - L ° vides additional evidence for the existence of a third, inter-
& 0zr L ) I mediate phase between 210 and 224 K, consistent with the
OFsessecsses® Third Phase? REXE DSC measurements on the same batch of material. In this
027 , : L ] picture, the onset of 207.8 K for the lower-temperature en-
190 200 210 220 230 dotherm corresponds to a first-order transition between the

orthorhombic phase and a possibly tetragonal intermediate

FIG. 9. (a) Lattice parameter values as a function of temperaturephase while the conversion of the intermediate phase to the
for both the fcc and orthorhombic phases gfi, cyclopropane as ! . .
determined via LeBalil fits, in which all peak intensities were al- fce phase is completed by approximately 227 K.

lowed to vary. The open circles, squares, and triangles correspond
to the orthorhombica, b, and c lattice parameters, respectively,
while the solid circles correspond to the fcc lattice paramatél)
Orthorhombic and cubic lattice parameters as a function of tem- We have shown that 6,6-cyclopropangl€, exhibits
perature for both the fcc and orthorhombic phases gHgcyclo-  high-temperature behavior similar to that of the 6,5-annulene
propane determined yia fixed intensity ratio fitsf in the cogxistencqsomer, with the orientationally disordered molecules crystal-
regime. Note change in temperature scagFractional amplitudes  izing on an fcc lattice characterized by a lattice parameter of
of the orthorhombic and fcc phases determined via fixed intensity; 4 19 A, such that the methylene groups are statistically dis-
ratio fits. The temperature regime of the postulated intermediat%rdered among the six equivalent octahedral voids surround-

phase is indicated by vertical dashed lines. . —
ing each molecule. At low temperatures, tha3 structure
adopted by the 6,5-annulene isomer is no longer energeti-

that there imo intermediate phase, and to treat the mterme-ca”y favorable for the 6,6-cyclopropane isomer. Instead, it

diate region as a coexistence of orthorhombic and fcc phaseédopts a low-symmetry orthorhombic structure with lattice
We performed LeBail fits on 24 powder patterns collected aEéirameters(at 20 K a=13.93 A, b=13.98 A, andc

temperatures between 30 and 300 K, assuming either a pute 14.25 A. Although one would expect the molecules in

orthorhombic or fcc phase or a combination of the two. Fits ; : ;
. g such a structure to align their methylene axes with the longer
were restricted to the 0.95Q<2.64 A%, and the profile g y g

crystallographicc axis, our structural analysis strongly sug-

parameters were all held constant in the coexistence regiofesis that the methylene groups are directed toward some
but the integrated intensity of each peak was allowed to Vary.ombination of octahedral voids in theeb plane. In particu-

The results of these fits are presented in Fig).9There are lar, we propose a simple model in which the methylene

no striking discontinuities in any of the lattice parameters.
The apparent convergence of taendb orthorhombic lat-  9rouPs of molecules 4000 and (20) occupya octahedral

tice parameters between 210 and 220 K will be discussedoids while those of molecules a§@3) and (03) occupy

below. b octahedral voids. This model leads to excellent qualitative
A second round of fits focused on a slightly smaller por-agreement with the 20-K XRPD pattern upon the refinement

tion of the powder pattern, 1.920<2.35 A%, in tempera-  of a,, a single rotation angle about the methylene axis for

VI. SUMMARY AND DISCUSSION
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all four molecules. The low-temperature phase is also charestablish all the factors that stabilize the orthorhombic struc-
acterized by considerable static disorder, most likely arisingure.
from orientational and other defects. Orientational melting appears to be a two-step process,
The 6,6-cyclopropane H, is the “least perturbed” g, ~ With an intermediate phase strongly indicated by calorimetry
derivative observed to deviate significantly from the characand supported by a detailed analysis of the powder diffrac-
teristic solid-state behavior of pristinegC Thus it sets a tion profiles. The transitions are broadened sufficiently that
lower bound on the degree of perturbation required to induc&ere is most likely phase coexistence throughout the transi-
non-Gy, behavior. In GO epoxide and GH, annulene, the tion region. Further advances in our understanding of both
phase behavior is altered quantitatively, but not qualitatively "€ low-temperature structure and the nature of the phase
from that of pristine Gy. By contrast, when the cyclopro- transition will most likely require the preparation of solvent-

pane G,H, cooled from room temperature, the methylenefree single crystals, which would represent a challenging ma-

groups at the 6,6 positions act somehow to prevent the cubitcerlals processing project.
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