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Abstract

© 2017 American Chemical Society. It was shown that rotational mobility of molecules in
crystals is affected by the symmetry of their surroundings. A hypothesis was proposed for the
discovered correlation. Three cases are possible for the location of the molecules with respect to
the crystallographic symmetry elements: | - the location in a general position; Il - the location in
special positions without symmetry disordering; Ill - the location in special positions with
symmetry disordering. According to the experimental data, the rotation barrier heights at the
location of the molecules in cases | and Ill are lower than in case Il. This fact is explained by the
amplitude and p hase shifts of the rotational energy profiles of two parts of the molecule in case
I and by increasing the number of minima on the rotation barrier profile at disordering the
molecules by symmetry in case Ill. The way is proposed for lowering the rotational barrier of
molecules in crystals.

http://dx.doi.org/10.1021/acs.cgd.7b00588

References

[1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

(10]

Desiraju, G. R. Crystal Design: Structure and Function; Perspectives in Supramolecular Chemistry; Wiley:
Chichester, U.K., 2003; Vol. 7.

Stupp, S. I.; LeBonheur, V.; Walker, K.; Li, L. S.; Huggins, K. E.; Keser, M.; Amstutz, A. Supramolecular Materials:
Self-Organized Nanostructures Science 1997, 276, 384-389 10.1126/science.276.5311.384

Russell, V. A.; Evans, C. C.; Li, W.; Ward, M. D. Nanoporous Molecular Sandwiches: Pillared Two-Dimensional
Hydrogen-Bonded Networks with Adjustable Porosity Science 1997, 276, 575-579
10.1126/science.276.5312.575

Desiraju, G. R. Supramolecular Synthons in Crystal Engineering-a New Organic Synthesis Angew. Chem., Int.
Ed. Engl. 1995, 34, 2311-2327 10.1002/anie.199523111

Dunitz, J. D.; Maverick, E. F.; Trueblood, K. N. Atomic Motions in Molecular Crystals from Diffraction
Measurements Angew. Chem., Int. Ed. Engl. 1988, 27, 880-895 10.1002/anie.198808801

Kottas, G. S.; Clarke, L. I.; Horinek, D.; Michl, J. Artificial Molecular Rotors Chem. Rev. 2005, 105, 1281-1376
10.1021/cr0300993

Erbas-Cakmak, S.; Leigh, D. A.; McTernan, C. T.; Nussbaumer, A. L. Artificial Molecular Machines Chem. Reuv.
2015, 115, 10081-10206 10.1021/acs.chemrev.5b00146

Abendroth, J. M.; Bushuyev, O. S.; Weiss, P. S.; Barrett, C. J. Controlling Motion at the Nanoscale: Rise of the
Molecular Machines ACS Nano 2015, 9, 7746-7768 10.1021/acsnano.5b03367

Zarra, S.; Wood, D. M.; Roberts, D. A.; Nitschke, J. R. Molecular Containers in Complex Chemical Systems Chem.
Soc. Rev. 2015, 44, 419-432 10.1039/C4CS00165F

Vogelsberg, C. S.; Garcia-Garibay, M. A. Crystalline Molecular Machines: Function, Phase Order, Dimensionality,
and Composition Chem. Soc. Rev. 2012, 41, 1892-1910 10.1039/C1CS15197E


http://dx.doi.org/10.1021/acs.cgd.7b00588

[11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Naumov, P.; Chizhik, S.; Panda, M. K.; Nath, N. K.; Boldyreva, E. Mechanically Responsive Molecular Crystals
Chem. Rev. 2015, 115, 12440-12490 10.1021/acs.chemrev.5b00398

Lépez-Duarte, I.; Vu, T. T.; Izquierdo, M. A.; Bull, J. A.; Kuimova, M. K. A Molecular Rotor for Measuring Viscosity
in Plasma Membranes of Live Cells Chem. Commun. 2014, 50, 5282-5284 10.1039/C3CC47530A

Zhang, Y.; Zhang, W.; Li, S.-H.; Ye, Q.; Cai, H.-L.; Deng, F.; Xiong, R.-G.; Huang, S. D. Ferroelectricity Induced by
Ordering of Twisting Motion in a Molecular Rotor J. Am. Chem. Soc. 2012, 134, 11044-11049
10.1021/ja3047427

Sun, Z. H.; Luo, J. H.; Zhang, S. Q.; Ji, C. M.; Zhou, L.; Li, S. H.; Deng, F.; Hong, M. C. Solid-State Reversible
Quadratic Nonlinear Optical Molecular Switch with an Exceptionally Large Contrast Adv. Mater. 2013, 25, 4159-
4163 10.1002/adma.201301685

Akutagawa, T.; Hasegawa, T.; Nakamura, T.; Takeda, S.; Inabe, T.; Sugiura, K.; Sakata, T.; Underhill, A. E. lonic
Channel Structures in [(M) ([18]crown-6)][Ni(dmit)] Molecular Conductors Chem.-Eur. J. 2001, 7, 4902-4912
10.1002/1521-3765(20011119)7:22<4902::AID-CHEM4902>3.0.CO;2-F

Akutagawa, T.; Koshinaka, H.; Sato, D.; Takeda, S.; Noro, S.; Takahashi, H.; Kumai, R.; Tokura, Y.; Nakamura, T.
Ferroelectricity and Polarity Control in Solid-State Flip-Flop Supramolecular Rotators Nat. Mater. 2009, 8, 342-
347 10.1038/nmat2377

Akutagawa, T.; Shitagami, K.; Nishihara, S.; Takeda, S.; Hasegawa, T.; Nakamura, T.; Hosokoshi, Y.; Inoue, K;
Ikeuchi, S.; Miyazaki, Y.; Saito, K. Molecular Rotor of Cs([18] crown-6) in the Solid State Coupled with the
Magnetism of [Ni(dmit)]J. Am. Chem. Soc. 2005, 127, 4397-4402 10.1021/ja043527a

Pauling, L. The Rotational Motion of Molecules in Crystals Phys. Rev. 1930, 36, 430-443
10.1103/PhysRev.36.430

Trueblood, K. N.; Dunitz, J. D. Internal Molecular Motions in Crystals. The Estimation of Force Constants,
Frequencies and Barriers from Diffraction Data. A Feasibility Study Acta Crystallogr., Sect. B: Struct. Sci. 1983,
39, 120-133 10.1107/50108768183002104

Hedberg, L.; Hedberg, K.; Kohler, D. A.; Ritter, D. M.; Schomaker, V. Electron-Diffraction Investigations of the
Molecular Structures of Cis- and Trans-1, 2-Dimethyldiborane J. Am. Chem. Soc. 1980, 102, 3430-3434
10.1021/ja00530a021

Haaland, A.; Nilsson, J. E. The Determination of Barriers to Internal Rotation by Means of Electron Diffraction.
Ferrocene and Ruthenocene Acta Chem. Scand. 1968, 22, 2653-2670 10.3891/acta.chem.scand.22-2653

Karlen, S. D.; Reyes, H.; Taylor, R.; Khan, S. |.; Hawthorne, M. F.; Garcia-Garibay, M. A. Symmetry and
Dynamics of Molecular Rotors in Amphidynamic Molecular Crystals Proc. Natl. Acad. Sci. U. S. A. 2010, 107,
14973-14977 10.1073/pnas.1008213107

Kataeva, O.; Khrizanforov, M.; Budnikova, Y.; Islamov, D.; Burganov, T.; Vandyukov, A.; Lyssenko, K.; Mahns, B.;
Nohr, M.; Hampel, S.; Knupfer, M. Crystal Growth, Dynamic and Charge Transfer Properties of New Coronene
Charge Transfer Complexes Cryst. Growth Des. 2016, 16, 331-338 10.1021/acs.cgd.5b01301

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone,
V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.;
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;
Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A.; Peralta, Jr., ). E.; Ogliaro, F.; Bearpark, M.; Heyd, |.
J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.;
Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; M. Millam, J.; Klene, M.; Knox, J. E.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. |.
Gaussian 09; Gaussian, Inc.: Wallingford, CT, 2009.

Lyssenko, K. A.; Korlyukov, A. A.; Golovanov, D. G.; Ketkov, S. Yu.; Antipin, M. Yu. Estimation of the Barrier to
Rotation of Benzene in the (H-CH)Cr Crystal Via Topological Analysis of the Electron Density Distribution
Function J. Phys. Chem. A 2006, 110, 6545-6551 10.1021/jp057516v

Katrusiak, A.; Podsiadlo, M.; Budzianowski, A. Association CH::- m and No van der Waals Contacts at the Lowest
Limits of Crystalline Benzene | and Il Stability Regions Cryst. Growth Des. 2010, 10, 3461-3465
10.1021/cg1002594

Fujara, F.; Petry, W.; Schnauss, W.; Sillescu, H. Reorientation of Benzene in Its Crystalline State: A Model Case
for the Analogy between Nuclear Magnetic Resonance Spin Alignment and Quasielastic Incoherent Neutron
Scattering J. Chem. Phys. 1988, 89, 1801-1806 10.1063/1.455127

Dominguez, Z.; Dang, H.; Strouse, M. J.; Garcia-Garibay, M. A. Molecular "Compasses" and "Gyroscopes." lll.
Dynamics of a Phenylene Rotor and Clathrated Benzene in a Slipping-Gear Crystal Lattice J. Am. Chem. Soc.
2002, 124, 7719-7727 10.1021/ja025753v

Etter, M. C.; Urbanczyk-Lipkowska, Z.; Jahn, D. A. Solid-State Structural Characterization of 1, 3-
Cyclohexanedione and of a 6:1 Cyclohexanedione-Benzene Cyclamer Complex, a Novel Host-Guest Species ).
Am. Chem. Soc. 1986, 108, 5871-5876 10.1021/ja00279a035



[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

[51]

[52]

[53]

Ok, J. H.; Vold, R. R.; Vold, R. L.; Etter, M. C. Deuterium NMR Measurements of Rotation and Libration of
Benzene in a Solid-State Cyclamer J. Phys. Chem. 1989, 93, 7618-7624 10.1021/j100359a018

Raiteri, P.; Martonak, R.; Parrinello, M. Exploring Polymorphism: the Case of Benzene Angew. Chem., Int. Ed.
2005, 44, 3769-3773 10.1002/anie.200462760

XP Molecular Graphics; Bruker AXS, Inc.: Madison, WI, USA, 2002.

Maverick, E.; Dunitz, J. D. Rotation Barriers in Crystals from Atomic Displacement Parameters Mol. Phys. 1987,
62, 451-459 10.1080/00268978700102321

Holm, C. H.; Ibers, J. A. NMR Study of Ferrocene, Ruthenocene, and Titanocene Dichloride J. Chem. Phys. 1959,
30, 885-888 10.1063/1.1730120

Campbell, A. J.; Fyfe, C. A.; Harold-Smith, D.; Jeffrey, K. R. An Investigation of the Dynamic Structures of
Ferrocene, Ruthenocene and Dibenzenechromium in the Solid State and in Solution Mol. Cryst. Lig. Cryst. 1976,
36, 1-23 10.1080/00268947608084827

Kubo, A.; Ikeda, R.; Nakamura, D. Motion of CH Rings in Three Crystalline Modifications of Ferrocene as Studied
by 1H NMR Chem. Lett. 1981, 10, 1497-1500 10.1246/cl.1981.1497

Gardner, A. B.; Howard, J.; Waddington, T. C.; Richardson, R. M.; Tomkinson, J. The Dynamics of Ring Rotation
in Ferrocene, Nickelocene and Ruthenocene by Incoherent Quadi-Elastic Neutron Scattering Chem. Phys. 1981,
57,453-460 10.1016/0301-0104(81)80224-8

Mdller, M.; Edwards, A. J.; Prout, K.; Simpson, W. M.; Heyes, S. J. (Deoxycholic Acid) 2: Ferrocene: a Phase
Transition Determined by the Dynamic Behavior of the Included Guest Molecules Chem. Mater. 2000, 12, 1314-
1322 10.1021/cm990654a

Heyes, S. J.; Dobson, C. M. C Cross-Polarization/Magic Angle Spinning and 2H NMR Studies of the Structure and
Dynamics of the (Deoxycholic Acid) 2-Ferrocene Inclusion Compound Magn. Reson. Chem. 1990, 28, S37-546
10.1002/mrc.1260281309

Mitschler, A.; Rees, B.; Lehmann, M. S. Electron Density in Bis (Dicarbonyl- Pi-Cyclopentadienyliron) at Liquid
Nitrogen Temperature by X-Ray and Neutron Diffraction J. Am. Chem. Soc. 1978, 100, 3390-3397
10.1021/ja00479a022

Altbach, M. I.; Hiyama, Y.; Wittebort, R. J.; Butler, L. G. Rotation of the Cyclopentadienyl Ligand in Bis (mu-
Carbonyl) Bis (Carbonylcyclopentadienyliron)(Fe-Fe) in the Solid State as Determined from Solid-State
Deuterium NMR Spectroscopy Inorg. Chem. 1990, 29, 741-747 10.1021/ic00329a034

Seiler, P.; Dunitz, J. D. The Structure of Nickelocene at Room Temperature and at 101 K Acta Crystallogr., Sect.
B: Struct. Crystallogr. Cryst. Chem. 1980, 36, 2255-2260 10.1107/S0567740880008539

Chhor, K.; Lucazeau, G.; Sourisseau, C. Vibrational Study of the Dynamic Disorder in Nickelocene and
Ferrocene Crystals J. Raman Spectrosc. 1981, 11, 183-198 10.1002/jrs.1250110308

Sourisseau, C.; Lucazeau, G.; Dianoux, A. ].; Poinsignon, C. Neutron Scattering Study of the Reorientational
Motions in Ni(CH) Mol. Phys. 1983, 48, 367-377 10.1080/00268978300100271

Azokpota, C.; Pommier, C.; Berar, ]. F.; Calvarin, G. Etudes Calorimetrique et Radiocristallographique du
Cobaltocene et du Ruthenocene entre 77 et 298 K J. Organomet. Chem. 1977, 135, 125-135 10.1016/S0022-
328X(00)91696-6

Borissova, A. O.; Antipin, M. Y.; Perekalin, D. S.; Lyssenko, K. A. Crucial Role of Ru-:-H Interactions in the Crystal
Packing of Ruthenocene and Its Derivatives CrystEngComm 2008, 10, 827-832 10.1039/b716776h

Clearfield, A.; Warner, D. K.; Saldarriaga-Molina, C. H.; Ropal, R.; Bernal, I. Structural Studies of (n-CH)MX
Complexes and Their Derivatives. The Structure of Bis (n-Cyclopentadienyl) Titanium Dichloride Can. J. Chem.
1975, 53, 1622-1629 10.1139/v75-228

Yoshida, Y.; Kumagai, Y.; Mizuno, M.; Isomura, K.; Nakamura, Y.; Kishida, H.; Saito, G. Improved Dynamic
Properties of Charge-Transfer-Type Supramolecular Rotor Composed of Coronene and FATCNQ Cryst. Growth
Des. 2015, 15, 5513-5518 10.1021/acs.cgd.5b01138

Yoshida, Y.; Kumagai, Y.; Mizuno, M.; Saito, G. Structure-Property Relationship of Supramolecular Rotators of
Coronene in Charge-Transfer Solids Cryst. Growth Des. 2015, 15, 1389-1394 10.1021/cg5017774

Yoshida, Y.; Shimizu, Y.; Yajima, T.; Maruta, G.; Takeda, S.; Nakano, Y.; Hiramatsu, T.; Kageyama, H.; Yamochi,
H.; Saito, G. Molecular Rotors of Coronene in Charge-Transfer Solids Chem.-Eur. J. 2013, 19, 12313-12324
10.1002/chem.201300578

Chi, X.; Besnard, C.; Thorsmolle, V. K.; Butko, V. Y.; Taylor, A. ]J.; Siegrist, T.; Ramirez, A. P. Structure and
Transport Properties of the Charge-Transfer Salt Coronene- TCNQ Chem. Mater. 2004, 16, 5751-5755
10.1021/cm049187+

Yoshida, Y.; Maesato, M.; Kumagai, Y.; Mizuno, M.; Isomura, K.; Kishida, H.; lzumi, M.; Kubozono, Y.; Otsuka, A.;
Yamochi, H.; Saito, G.; Kirakci, K.; Cordier, S.; Perrin, C. Isotropic Three-Dimensional Molecular Conductor Based
on the Coronene Radical Cation Eur. J. Inorg. Chem. 2014, 2014, 3871-3878 10.1002/ejic.201400119

Mirtschin, S.; Slabon-Turski, A.; Scopelliti, R.; Velders, A. H.; Severin, K. A Coordination Cage with an Adaptable
Cavity Size J. Am. Chem. Soc. 2010, 132, 14004-14005 10.1021/ja1063789



[54]

[55]

[56]

[57]

(58]

[59]

Icli, B.; Solari, E.; Kilbas, B.; Scopelliti, R.; Severin, K. Multicomponent Assembly of Macrocycles and Polymers
by Coordination of Pyridyl Ligands to 1, 4-Bis (benzodioxaborole) benzene Chem.-Eur. ). 2012, 18, 14867-14874
10.1002/chem.201202313

Han, Y. F.; Jin, G. X. Flexible Organometallic Cages: Efficient Formation by C-H Activation-Directed
Muticomponent Assembly, Isomerization, and Host-Guest Properties Chem.-Asian J. 2011, 6, 1348-1352
10.1002/asia.201100080

Han, Y. F.; Li, H.; Zheng, Z. F.; Jin, G. X. Self-Assembled Hexanuclear Organometallic Cages: Synthesis,
Characterization, and Host-Guest Properties Chem.-Asian J. 2012, 7, 1243-1250 10.1002/asia.201100999

Sekiya, R.; Nishikiori, S. I. Structural Extension from an Isonicotinic Acid Dimer to 4-(4-Pyridyl) benzoic Acid
(pybenH) Dimer: X-ray Crystal Structure Analysis and Inclusion Properties of a Hydrogen-Bonded Coordination
Polymer [Ni(SCN)(pybenH)] Cryst. Growth Des. 2011, 11, 5574-5591 10.1021/cg201141k

Filatov, A. S.; Sumner, N. J.; Spisak, S. N.; Zabula, A. V.; Rogachev, A. Y.; Petrukhina, M. A. Jahn-Teller Effect in
Circulenes: X-ray Diffraction Study of Coronene and Corannulene Radical Anions Chem.-Eur. J. 2012, 18, 15753-
15760 10.1002/chem.201202026

Kilbas, B.; Mirtschin, S.; Riis-Johannessen, T.; Scopelliti, R.; Severin, K. Dicarboxylate-Bridged Ruthenium
Complexes as Building Blocks for Molecular Nanostructures Inorg. Chem. 2012, 51, 5795-5804
10.1021/ic300330p



