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Energetics of the Thermal Dimerization of Acenaphthylene to Heptacyclene
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The energetics of the thermal dimerization of acenaphthylene toZgive E-heptacyclene was investigated.
The standard molar enthalpy of the formation of monoclifiandE-heptacyclene isomers at 298.15 K was

determined a#H, (E-Co4H16, Cr) = 269.3+ 5.6 kImol~ and A¢H;(Z-Cp4H16, €r) = 317.74 5.6 kImol 2,
respectively, by microcombustion calorimetry. The corresponding enthalpies of sublimation,
Asud‘wm (E-C24H16) = (1490:|: 31) k3mol~1 and Asuﬁom(Z-C24H16) = (1285:|: 23) kdmol~1 were also
obtained by Knudsen effusion and Calvet-drop microcalorimetry methods, leadingf$¢E-CoaH16, 9) =

(418.3+ 6.4) kImol™ and AfH;(Z-CoaH16, 9) = (446.2+ 6.1) kImol~2, respectively. These results, in
conjunction with the reported enthalpies of formation of solid and gaseous acenaphthylene, and the entropies
of acenaphthylene and both hepatcyclene isomers obtained by the B3LYP/6-31G(d,p) method led to the
conclusion that at 298.15 K the thermal dimerization of acenaphthylene is considerably exothermic and
exergonic in the solid and gaseous states (although more favorable witeisdimeer is the product), suggesting

that the nonobservation of the reaction under these conditions is of kinetic nature. A full determination of the
molecular and crystal structure of tiiedimer by X-ray diffraction is reported for the first time. Finally,
molecular dynamics computer simulations on acenaphthylene and the heptacyclene solids were carried out
and the results discussed in light of the corresponding structuraham;, data experimentally obtained.

Introduction

The dimerization of acenaphthylene in solution upon exposure
to sunlight (eq 1) was observed and reported for the first time
over 90 years ago by Dziewonski and co-worketsThese
authors were able to show that the reaction leads to two isomeric
cyclobutane dimers and that the relative yields of the products
strongly depend on the solvent and on the acenaphthylene
concentratiort. Due to the presence of the seven rings, the
compounds were dubbed heptacyclenes. The dimer with thePaschalski had already noted that acenaphthylene can be
higher fusion temperatureT{ = 579-580 K) was named regenerated by decomposition of tBedimer upon heating to
o-heptacyclentand was later shown to correspond to fhe its fusion temperature in an open vessel. If the reaction is carried
form in eq 1 (cyclobuta[l,2-a:3,4]diacenaphthylene, out in a closed tube, then only products resulting from the
6b,6c-12b,12c-tetrahydro-(656¢3,12k53,12ax), CAS Registry subsequent polymerization of acenaphthylene are obsérved.
Number, 14620-98-5) from a partial determination of the In this work, the energetics of the interconversion between
molecular structure by X-ray diffractiohThe compound with acenaphthylene and ttieor Z dimers in the solid and gaseous
the lower fusion temperatur@;(= 505-507 K) was designated  states was investigated, by combining the results of combustion
by B-heptacyclene (cyclobuta[1,2-a:3,3edacenaphthylene,6b,-  calorimetry, Calvet-drop microcalorimetry, and Knudsen effu-
6¢,12b,12c-tetrahydro-(6h600, 12k, 12ax), CAS Registry Num- sion measurements, with data from density functional theory
ber, 15065-28-8). The assignment of thstructure tg3-hep- and molecular simulation calculations. In addition, a full
tacyclene was first based on the results of ozonolysis sthidies determination of the molecular and crystal structure of Ehe
and was subsequently supported by an X-ray diffraction dimer by X-ray diffraction is reported for the first time.
determination of the molecular structire.

A variety of studies have been undertaken to elucidate the Methods

mechanism of the photodimerization of acenaphthylene and of General. Elemental analyses were carried out on a Fisons

the reverse photodissociation of the dimers in solutidd. Instruments EA1108 apparatus. The IR spectra were recorded
Practically unexplored are, however, the thermal aspects of the.

hthvlene/h | ithouah D2i Ki 4n a Jasco 430 spectrophotometer calibrated with polystyrene
acenaphthylene/hepatcyclene system, although Dziewonski an ilm, using KBr plates. ThéH NMR spectra were obtained at

" ambient temperature on a Varian 300 MHz spectrometer. X-ray
* To whom correspondence should be addressed. E-mail: memp@fc.ul.pt. . .
t Instituto Superior Tenico. powder diffractometry (XRD) was carried out over the range
* Universidade de Lisboa. 5° < 26 =< 35°, on a Rigaku diffractometer employing CloK
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radiation ¢ = 1.540598 A). The indexation of the powder TABLE 1: Crystallographic Data for E-Heptacyclené

patterns was performed using the program Checkeddif- empirical formula GHs
ferential scanning calorimetry (DSC) measurements were made formula weight 152.18
with a 2920 MTDSC temperature-modulated apparatus from  temp/K 293K
TA Instruments operated as a conventional DSC. crystal size/mm 0.3 0.15x 0.08
. color of crystal colorless
Materials. Benzene (Merck, p.a.), ethanol (Merck, p.a.), crystal system monoclinic
hexane (J. M. Gomes dos Santos), and dichloromethane (J. M.  space group P2y/n
Gomes dos Santos, 99.8%) were used without further purifica- ~ a/A 7.8270(5)
tion. Crude acenaphthylene (Aldrich, 75%, with 20% acenaph- b’é 4.8647(5)
thene content) was reacted with picric acid (Aldrich;+98) in g/ de 2902'2729112(%1)6)
benzene to precipitate the corresponding pic?réﬁé’he obtained V/Asg 769.03(11)
solid was washed with ethanol and treated with a concentrated z
aqueous ammonia solution at room temperature. The precipitated  pcacdg-cm-2 1.314
acenaphthylene was recrystallized from hexane and purified by 2%‘:171‘[23/‘199 515567-08
sublimation at 323 K and 0.4 Pa. prteflections collected/unique 2628/131Kifit) = 0.0620)
TheE andZ dimers were obtained by a method adapted from  data/restraints/parameters 1315/0/142
the literaturet®12 A solution of 33 g of acenaphthylene in 1 final Rindices | > 20(1)] Ry = 0.0367; wR2= 0.0858
dm? of benzene (0.2 M) was placed insi@ 2 dn three-neck GOFonF? 1.015
round-bottom flask and exposed to sunlight for 30 days. Well- I‘;ﬁggg?%?{%‘ggﬁ':gg hole Obgfggl(;:&).llg o A2

formed white needles of the dimer were found at the bottom
of the flask at the end of this period. These were separated from * There is half of a molecule in the asymmetric unit.

the solution by decantation, washed with ethanol, and dried in

avacuum at 333 K and 13 Pa. The mother liquor was transferred  Crystal Structure Determination. A single crystal of thee

to a silica gel 60 (Merck, 230-400 mesh ASTM) column with dimer, suitable for X-ray structure determination, was selected
a length of 50 cm and a diameter of 8 cm and chromatographedfrom those obtained at the end of the irradiation phase of the
using hexane/dichloromethane as the eluent. The elution wasSynthesis mentioned above. Data were collected using an Enraf-
started with pure hexane, and a progressive increase of the masbonius TURBOCADA4 diffractometer with CuKradiation ¢
fraction of dichloromethane up to 100% enabled the separation= 1.54180 A). The unit cell dimensions and orientation matrix
of acenaphthylene and the dimers. Concentration of the hexanejvére obtained by least-squares refinement of 25 centered
dichloromethane fraction containing the dimer at reduced  reflections with 14.37< 6 < 24.64.

pressure yielded white needles of the compound, which were The crystal structure was solved by direct methods, using
isolated by decantation and washed twice with boiling cyclo- the SIR97 progrant/ and refined by SHELXL97 (full-matrix
hexane. These were combined with those of the first crop (seeleast-squares refinement§) both included in the package
above), recrystallized from benzene, and dried in a vacuum (atWinGX-Version 1.64.038? All non-hydrogen atoms were
313 K and 0.4 Pa). The fraction containing tAedimer was refined anisotropically and the hydrogen atoms were located in
taken to dryness, and the product was purified by repeatedthe Fourier maps and refined isotropically. Further details of
dissolution in boiling benzene and precipitation by the addition the crystal structure determination are given in Table 1.
of cold methanolE-Hepatcyclene: Anal. Calcd forgHie C, Graphical representations were prepared using ORT£RHH
94.61; H, 5.29. Found: C, 94.74; H, 5.261 NMR (300 MHz, Mercury 1.1.221

CDCIy/TMS): d/ppm 7.75 (dd, 4H), 7.62 (dd, 4H), 7.53 (dd, Enthalpy of Sublimation Measurements.The enthalpies of
4H), 4.10 (s, 4H). The powder pattern was indexed as mono- sublimation ofE- andZ-heptacyclene were determined by using
clinic, space groug?2:/n, with a = 7.8616 pm,b = 4.8716 the Knudsen effusion apparatus and operating procedure previ-
pm, ¢ = 20.3190 pm, angd = 92.68. The good agreement ously described? The temperature of the tubular furnace
between these values aad= 7.8270 pmb = 4.8647 pmgc = surrounding the brass block containing the effusion cells (up to
20.2212 pm, ang@ = 92.79, obtained in this work from single-  three cells with effusion holes of different dimensions can be
crystal X-ray diffraction experiments (see below), indicated that inserted in the block) was controlled to better thad.1 K by

the sample was phase pure. The temperatures of fusion of thea Eurotherm 902P thermostatic unit and a K-type thermocouple
sample obtained by DSC at the ons€&, and at the peak of ~ placed in contact with the inner wall of the furnace. The
the measuring curveTf,,) wereTon = (587.22+ 0.06) K and equilibrium temperature inside the cell was assumed to be
Tmax = (587.56+ 0.02) K. The uncertainties quoted for both identical to the temperature of the brass block. This temperature
values represent twice the standard deviation of the mean ofwas measured with a precision#:0.1 K by a Tecnisis 10@

four independent determinatior&Heptacyclene: Anal. Caled  platinum resistance thermometer embedded in the block and
for CosHis C, 94.61; H, 5.29. Found: C, 94.90; H, 5.381 connected in a four wire configuration to a Keithley 2000
NMR (300 MHz, CDCYTMS): 8/ppm 7.73 (dd, 4H), 7.60 (dd,  multimeter. The cell was initially charged with ca. 0.2 g of
4H), 7.52 (dd, 4H), 4.82 (s, 4H). The powder pattern was sample, and the mass loss in each run was determinetio®
indexed as monoclinic, space groBgi/c, with a = 11.9665 g with a Mettler AT201 balance.

A, b =13.9305 A,c = 10.0035 A, and3 = 107.7. These The enthalpy of sublimation oZ-heptacyclene was also
values are in excellent agreement with those reported from determined using the Calvet-drop mettf8dn this case, each
single-crystal X-ray diffraction experimenta &€ 11.966 A,b run involved the recording of three measuring curves corre-

= 13.930 A,c = 10.003 A,3 = 107.7).5 The DSC determi- sponding to the pumping background, the electrical calibration,
nation of the temperature of fusion gavig, = (505.47+ 0.11) and the sublimation of the sample, respectivélyThese

K and Tmax = (506.78+ 0.02) K. The uncertainties quoted for measuring curves were plots of the differential output of the
both values represent twice the standard deviation of the meanthermopile detectors surrounding the reference and sample cells
of five independent determinations. as a function of time. In the main experiment, a thin capillary
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containing 1.2-4.3 mg ofZ-heptacyclene was weighed+610-6

g with a Mettler M5 balance and dropped into the sample cell
under nitrogen atmosphere at 405.8 K. An endothermic peak
due to the heating of the sample from room temperature to 405.8
K was first observed. After the signal returned to the baseline,
the cells were evacuated and the measuring curve corresponding
to the sublimation oZ-heptacyclene was acquired. No unsub-
limed or decomposed sample was found inside the cell at the
end of the experiments.

Combustion Calorimetry. The standard energies of combus-
tion of E- and Z-heptacyclene were measured by microcom-
bustion calorimetry. Details of the apparatus and the general
experimental procedure have been repoffeth a typical
experiment, a pellet of the compound under stugihéptacy-
clene, 17.541.7 mg; Z-heptacyclene, 14:327.2 mg) and,
except in two of the experiments witttheptacyclene, a drop
of n-hexadecane (B.D.H., ca. 3z4.9 mg in the case of
E-heptacyclene and 0-7.2 mg in the case df-heptacyclene)
were placed in a Pt crucible and weighed to&glin a Sartorius
4504 Mp8-1 ultra-micro balance. The crucible with the sample
was transferred to the sample holder in the bomb head. A
volume of 50uL of distilled and deionized water from a
Millipore system (conductivity 0.LS) was introduced into the
bomb body. The stainless steel bomb of 17.95 émternal
volume was closed and purged twice by successively charging
it with oxygen at a pressure of 1.01 MPa and venting the
overpressure. After purging, the bomb was charged with oxygen
at a pressure of 3.04 MPa and introduced into the calorimeter.
The ignition of the sample was initiated by a discharge of a
2200 uF capacitor through a platinum wire. The duration of
the initial, main, and final periods of the experiment was 30
min galch..Th.e HN@formed from tr.aces' of atmospher.lczN interactions were modeled by three different force fields: a
remaining inside the bomb after purging with Was determined Buckingham (exp-6) potential parametrized for carbon and
as NQ , using a Dionex 4000i ion chromatography apparatus. pygrogen atoms by Williams and Cox (W&&),a Lennard-

Density Functional Theory (DFT) Calculations. DFT Jones potential with an additional electrostatic term, param-
calculations were performed using the Gaussian-98 packageetrized by Jorgensen, Maxwell, and Tirado-Rives, and known
revision A.82° The geometry optimizations and the calculations g5 the OPLS all-atom (OPLS-AA) force-fie¥and finally the

of the total energies were made using the Becke's three- same OPLS-AA force field without the electrostatic contribution
parameter hybrid methétiwith the Perdew and Wang PWAT1 (i o atomic point charges set to zero) and hitherto referred as

correlation fur!ctional (.BSPW91) and the Lee, ang, and Parr OPLS-AA-q (minus “q”). The W&C force field is a well-tested
LYP28 correlation functional (B3LYP). Total energiéS)were  potential for the study of intermolecular forces in organic
obtained from eq 2 molecular crystals. On the other hand, the OPLS-AA force field
is normally used to model liquids or dense gases (in general
E=Vyt HCORE + Vet Exlp] + Eclp] (2) the repulsive part of the Lennard-Jones potential is not steep
enough to deal with the dense packing found in crystals). It
where Vyy is the nuclearnuclear interactionHCORE is a was employed .in this work to tes@ if a cruder, but aIso'more
monoelectronic contribution to the total energy, including 9€neral and widely used, potential was able to predict the
electron kinetic and electremuclear interaction energies, and 9€0Metry and energetics of simple molecular crystals with
Vee is the Coulombic interaction between the electrons. The &cceptable accuracy.
termsEx[p] and E¢[p] represent the exchange and correlation
energies, respectively, functionals of the electronic density
Full geometry optimizations have been carried out with the  Structure. The results of the X-ray diffraction study of
6-31G(d,pj° and cc-pVD2! basis sets. The corresponding total E-heptacyclene show that the asymmetric unit consists of half
energies were corrected with zero-point vibrational energies of the molecule, with the all molecule being generated by an
(ZPEs) and thermal energy corrections (without frequency inversion center located at the center of the four-membered ring.
scaling) calculated at the same theoretical level. Single-point This ring lies almost in the (010) plane (the angle between the
energy calculations with the cc-pVTZ2! basis set using  two planes is 20.84), and the planar system formed by the
geometries, zero-point energy, and thermal energy correctionsfive- and six-membered rings is inclined at 44,5elative to
obtained using the cc-pVDZ basis set were also made. the (010) plane, as was suggested in a preliminary X-ray
Molecular Dynamics (MD) Simulation Methods. Molecular analysis® The ORTEP® drawing and labeling scheme of the
dynamics simulations were carried out using the DL_POLY molecule are represented in Figure 1. The aliphatic single bond
packageé? Several MD runs were performed to estimate the distances in the four-membered ring of 1.5712(16) A4CR)
sublimation enthalpy ofZ-heptacycleneE-heptacyclene, and  and 1.5652(17) A (C£C29) are similar to those reported for
acenaphthylene crystals at 298.15 K. The initial configuration the corresponding bonds Eheptacyclene (G1C2, 1.561 A;

Figure 1. ORTEPY? of E-heptacyclene with labeling scheme.

of all runs corresponded to that of the crystal geometries
obtained by X-ray diffraction in this work foE-heptacyclene,
or reported in the literature faf-heptacycleneand acenaph-
thylene33

In the case of th& dimer, the simulation box was composed
of 8 unit cells (2x 2 x 2 cells in thea, b, andc directions,
respectively) with a total of 32 molecules (1280 atoms). The
simulations with thée dimer used boxes containing 15 unit cells
(3 x 5 x 1) with 30 molecules (1200 atoms). For acenaphth-
ylene, the simulation box consisted of 9 unit cells{38 x 1
cells in thea, b, andc directions, respectively), with a total of
72 molecules (1440 atoms). The cutoff distance in all cases was
set to 900 pm. Beyond this distance, standard long-range force
evaluation techniques were employed (including Ewald sum-
mation in the cases where Coulombic interactions were incor-
porated in the model). The time step used in all simulation runs
was 2 fs, with an equilibration time of 100 ps, followed by
production cycles of another 100 ps.

The molecules were set as rigid units, and the intermolecular

Results and Discussion
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A. Although the interactions that can be found in both the
packings of thee andZ isomers are very weak, there are more
intermolecular contacts in the crystalline structure of the
isomer than in that of th& isomer. The crystalline structure of
E-heptacyclene is also much more ordered than thaZ-of
heptacyclene. These conclusions are in line with the fact that
the enthalpy of sublimation d&-heptacyclene is 20.5 kiiol~*
larger than that oZ-heptacyclene (see below).

Energetics.The 2001 IUPAC recommended standard atomic
masses were used in the calculation of all molar quanéties.
The standard molar enthalpies of combustion &f and
E-heptacyclene at 298.15 K, obtained in this work, are show in
Table 2 (see Supporting Information for details). The uncertain-
ties quoted represent twice the overall standard deviation of the
mean of seven and five results, respectively, and include the
contributions from the energy of combustion of benzoic acid
and from the calibration experimersThese values refer to
reaction 3

CaaHie(cr) + 280,(g) = 24CO/(g) + 8H,0()  (3)

and lead to the corresponding enthalpies of formation in the
crystalline state (Table 2) by usingH; (CO,, g) = —(393.51
+ 0.13) kdmol~1 “°and AHp(H20, I) = —(285.830 0.040)
kJ-mol~1.40

The vapor pressurep, of theZ- andE-heptacyclene isomers
obtained in the Knudsen effusion experiments (see Supporting
Information) were calculated froth

. . . . . m (27RT\/2
Figure 2. Molecular packing obtained from the experimental data with p= At ( M -’) (

8r + SI) ( 2 )
Mercury 1.1.2! of (a) E-heptacyclene and (Ig-heptacyclene.

8r 24 + 0.48 )
C1—-C2, 1.551 A¥ and in acenaphthene (EC2, 1.540 A, from wherem s the mass loss during tinmgA, |, andr are the area,
X-ray diffraction; C}:C2, 1.576 and 1.552 A, from neutron the thickness, and the radius of the effusion hole, respectively,
diffraction studies$®3” The four-membered ring structure in M is the molar mass of the compound under stiRlig the gas
E-heptacyclene exhibits internal angles of @8 it is also found constant,T is the absolute temperature, ahis the mean free
in Z-heptacyclené The angles C3C2—-C12(115.86(10)), C5— path given b§?
C1-C2(115.56(10)), C3*~C22—-C1 (115.86(10)), and C5—
C12-C2 (115.56(10) in E-heptacyclene are smaller than the 1= KT (5)
corresponding angles iZ-heptacyclene (118.13 118.35, «/Enozp
117.7F, and 118.85, respectively) probably due to steric
hindrance in the latter molecule. The acenaphtenic unit of Here,k represents the Boltzmann constant anthe collision
E-heptacyclene is essentially planar (the greatest deviation fromdiameter. The collision diameter @f andE-heptacyclene were
the plane is 0.0216 A and corresponds to atom C5) and formsestimated as 770 and 769 pm, respectively, from the van der
an angle of 64.4with the plane of the four-membered ring. ~ Waals volume of the molecules calculated with the GEPOL93
The B3LYP/6-31G(d,p), BBPW91/6-31G(d,p), and B3LYP/ program?3 In the experiments witlE-heptacyclene, three cells
cc-pVDZ methods reproduce the bond distances and angles ofwith different effusion holes were simultaneously used. The
the C-C skeleton ofE- and Z-heptacyclene with average dimensions of the holes were as follows: holeAl= 6.94 x
deviations smaller than 0.02 A and’,lrespectively. The 1007 m2, | = 2.09x 105 m, andr = 4.70 x 10°° m; hole 2,
molecules computed symmetryGs;, in the case of th& isomer A=439x 107" m? 1 =2.09%x 10°m, andr = 3.74x 1076
andC,, for theZ isomer. A full comparison of all bond distances m; and hole 3A=7.39x 107 m?, | = 2.09 x 10> m, and
and angles inE-heptacyclene with those obtained far r = 4.85 x 10 m. Only hole 3 was used in the case of
heptacyclene or acenaphthene by X-ray diffraction, neutron Z-heptacyclene. The vapor pressure against temperature data
diffraction, or computational chemistry methods is included in obtained for both isomers data were fitted to etf 6
the Supporting Information. The molecular packing Ea
heptacyclene (Figure 2a) shows that the molecule forms zigzag
chains along the (1) plane, through an intermolecular contact
C10-H10---C8 (2.525 A); the same type of interaction also
connects the zigzag chains between them. Thereis awesk C  leading to the results in Figure 3 and Table 3. The enthalpies
-7 interaction of 3.622 A between the C16110 bond and the ~ of sublimation ofZ- andE-heptacyclene afr, (the average of
centroid of the five-membered ring of the molecule, which acts the highest and lowest temperatures of the range covered in
as the hydrogen bond acceptor. In the casg-dfeptacyclene,  each series of experiments) are givenayHn(Tm) = bRand
the molecules are packed in rows along the (101) plane in athe uncertainties quoted farb, and the enthalpy of sublimation
line of centers of symmetry. There are also some intermolecularinclude Student’s factor for 95% confidence le#lThe
contacts of the type €H-+-C that range from 2.817 to 2.893  correspondingAsuHy, values at 298.15 K were derived from

— a4
Inp—a+_|_ (6)
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TABLE 2: Standard Molar Enthalpies of Combustion, Formation,

Acenaphthylene at 298.15 K (data in kdnol1)

J. Phys. Chem. A, Vol. 110, No. 6, 2008303

and Sublimation of Z- and E-Heptacyclene and

compound —AHG AHy(cr) AsutHS, AH2(9)
Z-heptacyclene 12048.504.63 317.7+5.6 128.5+ 2.3 446.2+ 6.1
E-heptacyclene 12000.224.70 269.3- 5.6 149.0£ 3.1 418.3+- 6.4
acenaphthylene 1908 3.4 72.97+ 0.33P 263.8+ 3.4
2 Reference 48° Reference 49.
0.5 SCHEME 1
05 | (14)
= 1285423
S5t
£
25 | (12) | -63.9+8.8 -81.419.1 | (17)
1 19
35 L L L an ‘ (15) i 9
22 23 24 25 26 484479 ) 2 OO ® S oron 2 (@) |27.9:88
1000/(T/K)
Figure 3. Vapor pressures oZ-heptacyclene @, hole 3) and (13)"112-3183 -109.3+9.3 | (18)
E-heptacyclene @, hole 1;H, hole 2; A, hole 3) as a function of K\
temperature. \\ \\
TABLE 3: Values of the Constants in Eq 6 and Enthalpies (16) \ A
of Sublimation of Z- and E-Heptacyclene Obtained by the - 149.0+3.1 <
Knudsen Effusion Method
AsutH(Tw)/
isomer Tw/K a -b kJmol* DatainkJ-mol™
E-heptacyclene433.1 37.54+ 1.66 16921.Gt 717.8 140.74 6.0 o
(hole 1) Tm) = 140.0+ 3.1 k3mol™? lead to AsuHp,(Z-heptacyclene)
E-heptacyclene433.1 37.3k 1.37 16757.9- 593.8 139.3+ 4.9 = 126.5+ 4.2 kImol~* and Ag,H? (E-heptacycleney= 149.0
(hole 2) + 3.1 kImol ! at 298.15 K.
E-heptacyclene433.1 37.43t 1.45 16871.H 625.9 140.3t 5.2, Th thal f blimati 7-hent | |
(hole 3) 1400+ 3.1 e enthalpy of sublimation oZ-heptacyclene was also

Z-heptacyclene403.8 34.09t 1.25 14454.9% 506.0 120.2+ 4.2
(hole 3)

aWeighed mean of the three results obtained Eeneptacyclene.

298.15K

AqH2(298.15 Ky= A HAT) + [ [C2 (0) — €2

(en]dT (7)

Wherngm(Cr) andcgym(g) are the molar heat capacities of the

measured by Calvet drop-sublimation microcalorimetry, at 405.8
K, leading toAs,H?,(Z-heptacyclene, 405.8 K 122.94+ 2.7
kJmol~* (the study of theE isomer was found to be outside
the operating temperature range of the apparatus). The uncer-
tainties quoted represent twice the standard deviation of the
mean of eight independent results. Correction of this value to
298.15 K using the heat capacity data indicated above leads to
AsuH?(Z-heptacycleney= 129.3 + 2.7 kImol~%, in good
agreement with the corresponding value obtained by the

compounds in the crystalline and gaseous states, respectivelyKnudsen effusion method. The weighted mean of the results

The temperature dependences of the heat capacities in eq 7 we
estimated as{, in Jmol K1)

C3(Z- andE-heptacyclene, cr- —7.6745x 10 *T> +
1.7551 — 87.840 (8)

Com(Z-heptacyclene, gF —7.8911x 10 “T* +
1.6338T — 107.12 (9)

C9 m(E-heptacyclene, gF —7.8509x 10 *T? +
1.6286T — 105.61 (10)

ffom both techniqueds,H; (Z-heptacycleney 128.5+ 2.3
kJmol~* was selected in this work (Table 2).

Also indicated in Table 2 are the enthalpies of formation of
Z- and E-heptacyclene in the gaseous state at 298.15 K that
were derived from the correspondingH? (cr) and AsuH?,
and the reported enthalpies of formation and sublimation of
acenaphthylent®4° The data in Table 2 allow us to analyze
the energetics of the processes corresponding to eg¢9in
Scheme 1 and indicate that on enthalpic grounds Ehe
heptacyclene isomer is 270 8.8 k¥mol~! more stable than
its Z counterpart. A similar conclusion is reached by considering
the results of several theoretical models, which give enthalpies

Equation 8 was obtained by assuming that the heat capacitiesof isomerization 13.614.4 kdmol~! lower than the corre-

of crystallineZ- andE-heptacyclene at a given temperature were

sponding experimental value, although considerably smaller

twice the corresponding value for acenaphthylene in the rangediscrepancies are found (4-8.6 k3mol™Y) if the uncertainty

273-330 K“¢ Equations 9 and 10 were based on @fg, data
obtained in the range 26M00 K, using vibrational frequencies
of Z- and E-heptacyclene obtained by the B3LYP/6-31G(d,p)
method and scaled by 0.9620Hence, AsudH;,(Z-heptacy-
clene,Ty) =120.24 4.2 kImol™?! andAsutJ-lf’n(E-heptacyclene,

interval is considered (Table 4).

The results in Table 2 also allow the analysis of the energetics
of interconversion between acenaphthylene and Eher Z
dimers, in the standard state, at 298.15 K, as summarized in
Scheme 1. As shown in this scheme, the dimerization of
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TABLE 4: Theoretical and Experimental Enthalpies of the = —56.2 kdmol~* andTA,S, (18) = —56.3 kdmol~™. Hence,
E-Heptacyclene— Z-Heptacyclene Conversion in the despite the negative entropy contributions, the gas-phase reac-
Gaseous State at 298.15 K (see also Scheme 1) tions 17 and 18 are considerably exergonic, Witks,(17) =
method ArH;(19) —25.2 kdmol~* and A,G%(18) = —53.0 kdmol~! and enthal-
experimental 27.9-8.8 pically driven. A similar result is obtained for reaction 20. In
ggb\\;\%ggﬁg&g) ) 112398 this case/AHp (CoHa, g) = 52.5+ 0.3 kImol 1,0 § (C;Ha, 0)
- P - — -1 —151 o -
B3LYP/cc.pvDZ 34 = 219.25 K1 mol L5 AHS(CsHg, g) = 27.7 + 1.1
B3LYP/cc-pVTZ//B3LYP/cc-pVDZ 14.3 kJmol~1%0 and §,(C4Hs, g) = 264.40 K~ mol~* 5! |ead to

0 - _ -1 - _
aData in kmol~1. ® Zero-point energy and thermal energy correc- Aer(%(i) 77(')3 + 1.1 k3mol, Tﬁrﬁ(ZO) °1.9
tions obtained using the cc-pVDZ basis (see Supporting Information). kJ*mol™, andA;G(20) = —25.4 kdmol™.

2=(9)—0(9) (20)

100
80 1 N The variation of A/G.,(17) and A/G_(18) with temperature
60 L e "¢§i‘” (Figure 4) can be predicted by combining the enthalpy of
40 - formation of acenaphthylene and the two heptacyclene isomers

S 0 in the gaseous state shown in Table 2 with $}eand H>(T)

g — H2(0 K)] data obtained for acenaphthylene add and

£ O e E-heptacyclene in the range 20000 K, using the B3LYP/6-

g 201 31G(d,p) method with vibrational frequencies scaled by 0.9620
-40 1 (Supporting Information). The obtained results indicate that
-60 AG?(17) and A/G;(18) become positive (endergonic) at
-80 1 434.0 and 571.2 K, respectively.

Finally, the results presented here suggest that the nonoc-
150 250 350 450 550 650 750 850 950 currence of _the thermal dimerizatior_1 of_acepa_lph_thylene in the
TIK absence of light at 298.15 K has a kinetic origin, in accordance
Figure 4. Standard molar Gibbs energy changes for reactions 17 and with the Woodwqrd—ﬂoffmann rules V\{h'Ch predict that this
thermal dimerization is symmetry forbidde#?3
MD Simulations. The crystal conformational internal energy
acenaphthylene to give- or Z-heptacyclene is exothermic in  at 1 bar,u°, , was calculated by MD simulation for acenaph-
the solid and gaseous states. By the use of the gas-phase entropyiylene, z-heptacyclene, ané&-heptacyclene under the three
data S(E-heptacyclene, g) = 529.3 JK mol™, types of force fields mentioned in the Methods section (W&C,
S.(Z-heptacyclene, g) = 5327 JK1mol?, and OPLS-AA, or OPLS-AA-q) and assuming different regimes of
S (acenaphthylene, g¥ 359.1 JK~1molt, at 298.15 K, relaxation of the crystal (simulation in the NVT, NpT, ooN
obtained by the B3LYP/6-31G(d,p) method with frequencies ensembles; see below). The obtained results are shown in Tables

scaled by 0.9620, it is also possible to conclude Taa&,(17) 5—7 where UiConf is the initial configurational energy, (com-

-100 T T T T T T T

18 as a function of temperature.

TABLE 5: Energetic and Geometrical Data of Acenaphthylene Crystals Obtained by MD Simulation Methods and Comparison
with XRD Data?

data XRDP MD

no. molecules 8 72

no. cells 1 3x3x1

ensemble OPLS-AA OPLS-AA-q W&C

~Ul 76.0 72.8 70.4

Ffield NVT NpT NoT NVT NpT NoT NVT NpT NoT
—U2 76.1 735 73.8 72.2 68.4 68.7 68.9 69.2 68.9
UL ¢ 0.4 0.7 0.6 0.4 0.7 0.6 0.6 0.7 0.6
-2y, 72.4 70.2 70.4

US4, 0.4 0.6 0.5

_Ugoul 3.7 3.2 3.7

U 0.1 0.2 0.2

V 1574 1649 1647 1686 1680 1766 1765
oV 13 11 13 10 14 12

a 7.59 7.7 7.7 7.8 7.7 7.9 7.9
da 0.2 0.7 0.3 0.8 0.5 0.9

b 7.46 7.6 7.6 7.7 7.7 7.6 7.6
ob 0.3 0.5 0.3 0.5 0.4 0.9

c 27.82 28.3 28.3 28.3 28.2 28.9 28.9
oc 0.9 1.1 0.9 1.2 1.1 1.3

B 90.0 90.0 90.1 90.3
op 0.9 0.9 1.8

I 1.284 1.226 1.226 1.199 1.203 1.144 1.146
op 0.009 0.008 0.009 0.008 0.009 0.008
AsutH"m 78.6 75.9 76.3 74.8 70.8 71.2 71.4 71.7 71.4
OAsutHY, 0.4 0.7 0.6 0.4 0.7 0.6 0.6 0.7 0.6

aEnthalpy and energy data inkdol~%; unit cell volume,V, in A3; cell parameters, b, andc in A and 8 in degrees; densityg, in g-cm™3.
b Reference 33.
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TABLE 6: Energetic and Geometrical Data of Z-Heptacyclene Crystals Obtained by MD Simulation Methods and Comparison

with XRD Data?

data XRD? MD

no. molecules 4 32

no. cells 1 2x 2x 2

ensemble OPLS-AA OPLS-AA-q W&C

—U 137.53 130.16 131.47

Ffield NVT NpT NoT NVT NpT NoT NVT NpT NoT

—U2 132.1 134.5 134.6 124.8 126.3 126.3 1255 124.7 124.6
U, ¢ 0.3 0.3 0.6 0.3 0.6 1.6 0.3 0.3 1.3
~us,, 124.7 126.8 126.8

U 0.3 0.3 0.6

-Ul, 7.27 7.63 7.67

OUgou 0.03 0.06 0.09

\% 1588.4 1551 1551 1563 1562 1616 1616
oV 6 6 6 10 6 6

a 11.97 11.9 11.8 11.9 11.8 12.0 12.0
da 0.3 1.0 0.2 0.5 0.2 1.0

b 13.93 13.8 13.8 13.9 13.9 14.0 14.2
ob 0.3 1.3 0.2 0.5 0.4 0.5

c 10.00 9.9 9.9 9.9 10.0 10.0 10.0
oc 0.3 0.8 0.1 0.5 0.3 0.5

B 107.70 107 107 108

op 3 1 1

p 1.26 1.303 1.303 1.294 1.294 1.251 1.251
op 0.006 0.006 0.006 0.009 0.006 0.006
AsuHS, 134.6 137.0 137.1 127.3 128.8 128.9 128.0 127.2 127.1
OAsuH?, 0.3 0.3 0.6 0.3 0.6 1.6 0.3 0.3 1.3

aEnthalpy and energy data in +kdol%; unit cell volume,V, in A3; cell parameters, b, andc in A and 8 in degrees; density, in g-cm 3.

b Reference 5.

TABLE 7: Energetic and Geometrical Data of E-Heptacyclene Crystals Obtained by MD Simulation Methods and Comparison

with XRD Data?

data XRD? MD
no. molecules 2 30
no. cells 1 3x5x1
ensemble OPLS-AA OPLS-AA-q W&C
—Ul 150.4 144.6 150.2

field NVT NpT NoT NVT NpT NoT NVT NpT NoT
Sy 145.2 146.6 151.6 139.8 1402 1481 1443 1435 150.5
OU o 0.1 0.2 0.3 0.1 0.2 0.2 0.1 0.2 0.2
—uo,, 139.8 140.9 147.7
ouy, 0.1 0.2 0.3
—Ugou 5.33 5.650 3.733
ou, 0.03 0.05 0.06
Vv 769.1 757 741 765 746 784 767
ov 2 3 3 2 2 4
a 7.83 7.8 7.5 7.8 7.6 7.9 7.7
da 0.1 0.7 0.2 0.3 0.2 0.8
b 4.87 4.8 4.6 4.9 4.5 4.9 4.5
ob 0.1 0.2 0.1 0.4 0.1 0.3
[« 20.22 20.1 21.5 20.2 21.8 20.4 21.9
oc 0.3 1.5 0.6 2.0 0.4 1.5
B 92.79 90.9 90.5 91.6
0B 1.0 1.0 1.6
0 1.314 1.333 1.364 1.321 1.355 1.288 1.318
op 0.003 0.006 0.006 0.003 0.003 0.006
Asuﬁom 147.7 149.1 154.1 142.3 142.7 150.6 146.8 146.0 153.0
(3AsutH°m 0.7 0.3 1.0 0.3 0.7 0.7 0.3 0.7 0.7

a Enthalpy and energy data in-kdol~2; unit cell volume,V, in A3; cell parameters, b, andc in A and in degrees; density, in g-cm=3. ® This

work.

mon to all ensembles))Sy, and Ug,,

o]

| are the van der Waals

correspond to orthorhombic or monoclinic crystals. In the NVT

and Coulombic contributions to the standard molar configura- ensemble runs, the overall geometry of the simulation box was
tional internal energyU?,, respectively,V is the unit cell fixed (the length of each side of the box was an integer multiple
volume witha, b, ¢, andf being the cell parameters,is the of the a, b, andc unit cell parameters and the director angles
density of the crystal, and represents the standard deviation were all the same) and the molecules were allowed to relax
of the simulation results obtained during the production cycles. inside this constrained geometry. The density was constant
The o andy director angles of the cells were not included in during the simulation. In the NpT ensemble, the volume of the
the tables, since the simulations yielded results that were neversimulation box was allowed to change in an isotropic way, that
significantly different from the initial values of 90 which is, the box expanded or contracted while keeping constant the
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allowed to vary in order to obtain a given pressure (1 bar) and

an isotropic stress tensow)(in the simulation box. The three Supporting Information Available: Tables with the in-
ensembles represent successive steps toward an increasingly lesi¢xation of the powder diffraction lines for the- and
constrained relaxation of the crystal. The NpT andTNuns Z-heptacyclene samples used in this work. Table with the
also yield geometrical data (density and unit cell parameters) complete set of bond lengths and bond anglessdreptacy-

for the relaxed crystal, which are compared in Tabled Svith clene. Details of the combustion calorimetry experiments
data obtained by X-ray diffraction (XRD). For the heptacyclenes, (procedures anql results) and tables with the _experlmental vapor
the experimental and calculated volumetric/geometrical data Préssures obtained by the Knudsen effusion measurements.
compare very well (the deviations jnare smaller than 3%). Electronic energies, thermochemical corrections, entropies, and

In the case of acenaphthylene, such comparison is not possibléH?n(T) — H0 K)] values for acenaphthylen&-heptacy-
since the selected XRD results correspond to a crystal at low clene, ande-heptacyclene obtained by several computational
temperature (85 K32 chemistry models. A CIF file with the crystallographic param-

The standard molar enthalpies of sublimation of acenaphth- eters and structural data & heptacyclene. This material is
P nap available free of charge via the Internet at http://pubs.acs.org.
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