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Abstract: An increased electron momentum density (EMD) at low momentum is proposed to be an indicator
of ring strain, with the nature of the function tending toward a maximum. A p-space Hirshfeld atomic
partitioning scheme is applied for analyzing the effect of strain on molecular EMDs. The Hirshfeld momentum
densities for a strained system show an increase in the population for the carbons with the hydrogens
becoming more positive in comparison with an unstrained reference molecule. The manifestation of strain
in cage-like hydrocarbons such as tetrahedrane, cubane, prismane, etc. as well as their nitrogen-substituted
analogues is clearly seen in terms of EMDs.

Introduction momentum space. Hence, exploring further connections of

Electron momentum density (EMD) of atoms and molecules EMDs with classical chemical (;oncepts is still Worthwhile.. Thg
has been of curiosity since the introduction of momentum space PUTPOSe of the present work is to take a further step in this
wave functions of hydrogen-like atoms by Podolsky and direction. o , ,

Pauling! These theoretical studies found an experimental The EMD, y(p), is given by the following equation:
manifestation through the measurement of Compton line siapes. — [+ 3n 3

In the years that followed, the interest in momentum distribu- V() = PPz D) DPP - PR) A s . Py

tions was catalyzed by their chemical interpretation by Coulson. wherein the momentum space wave functi®pi, pa, ..., pn)
What makes the EMD unfamiliar to a chemist is the absence is a 3 dimensional Fourier transformation of the position-space
of nuclei-centric structure as opposed to the molecular electronwave function®(ry, ro, ...,ry). It is to be noted that there does
density (MED) in coordinate space; a distribution which visually not exist a one to one correspondence between the MED and
brings out bonds and nuclei. Coul$dmad provided a means EMD. A recent review by Thakk&igives an elaborate account
of interpreting the momentum distribution for hydrogen and of EMDs of atoms and diatomic molecules. The nature of EMD
some hydrocarbons, in terms of the maximum of the momentum is complementary to its positional counterpart and requires in-
density being in a direction perpendicular to bonding directions depth analysis to establish a connection with the I14#&The

in coordinate space. Coulson’s work remains as a milestone thatmolecular EMDs have been analyzed via topographical prin-
brought out the chemical significance of a distribution that was ciples by Gadre and co-workéfswho observed a certain
otherwise obscure. hierarchical structure in the maximal and minimal characteristics

EMDs have had a potential interest in chemistry via an of the distribution. An interesting feature of EMD is its
intimate connection with the valence behavior and kinetic inversion-symmetric nature that was proven bywdin'® and
energies of molecules. This has been exemplified with the graphically shown by Thakkar and Sm#¥. This enhanced
monitoring of reactions in momentum spdcan information symmetry led to a systematic classification of EMDs with the
theoretic analysis of & displacement reactiorifsguantum introduction of momentum space point groups for molecules
mechanical similarity indicésfrom EMD, etc. On the experi- by Gadre and co-workefd:12
mental front, the technique of electron momentum spectroscopy Techniques such as (e, 2e) and (&) give three-
(EMS) enables the measurement of spherically averaged mo-dimensional (3D) momentum density distributions of solids.
mentum density distribution of an occupied molecular orbital. Recent advances on the experimental side have been due to
This has been recently exemplified by Zheng et al. by mapping Weigold, McCarthy, and co-worket4.Strained organic mol-
the HOMO for glycin€e’ The absence of nuclei-centric structural
information has indeed deterred chemists from venturing into

(8) (a) Thakkar, A. JAdv. Chem. Phys2004 128 303. (b) Thakkar, A. J. In
Reviews of Modern Quantum Chemistry: A Celebration of the Contribu-
tions of Robert G. ParrSen, K. D., Ed.; World Scientific: Englewood

(1) Podolsky, B.; Pauling, LPhys. Re. 1929 34, 109. Cliffs, NJ, 2002; Vol. 1, p 85.
(2) Du Mond, J. W. M.Phys. Re. 1929 33, 643. (9) (a) Gadre, S. R.; Bendale, R. Ourr. Sci. (India)1985 54, 970. (b) Pathak,
(3) (a) Coulson, C. AProc. Cambridge Philos. Soc. A94Q 37, 55. (b) R. K.; Gejji, S. P.; Gadre, S. RPhys. Re. A 1984 29, 3402. (c) Kulkarni,
Coulson, C. AProc. Cambridge Philos. Soc. 294Q 37, 74. S. A; Gadre, S. R.; Pathak, R. Rhys. Re. A 1992 45, 4399.
(4) Kulkarni, S. A.; Gadre, S. RI. Am. Chem. S0d.993 115, 7434. (10) (a) Lowdin, P.-O. InAdvances in Quantum Chemisfiyéwdin, P.-O., Ed.;
(5) Minhhuy, H.; Schmider, H. L.; Weaver, D. F.; Smith, V. H., Jr.; Sagar, R. Academic: New York, 1967; Vol. 3, p 323. (b)Thakkar, A. J.; Simas, A.
P.; Esquivel, R. Olnt. J. Quantum Chen200Q 77, 376. M.; Smith, V. H., Jr.J. Chem. Phys1984 81, 2953.
(6) (a) Amat, L.; CarbeDorca, R.; Cooper, D. L.; Allan, N. LChem. Phys. (11) Gadre, S. R.; Limaye, A. C.; Kulkarni, S. A. Chem. Phys1991, 94,
Lett.2003 267, 207. (b) Amat, L.; Carbdorca, R.; Cooper, D. L.; Allan, 8040.
N. L.; Ponec, RMol. Phys.2003 101, 3159. (c) Al-Fahemi, J. H.; Cooper, (12) Kulkarni, S. A.; Gadre, S. RZ. Naturforsch.1993 40a 145.
D. L.; Allan, N. L. J. Mol. Struct. (THEOCHEMPO005 727, 57. (13) Kurp, F. F.; Vos, M.; Tschentscher, Th.; Kheifets, A. S.; Schneider, J. R.;
(7) Zheng, Y.; Neville, J. J.; Brion, C. ESciencel995 270, 786. Weigold, E.; Bell, F.Phys. Re. B. 1997, 55, 5440.
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ecules probed by EMS have been a topic of their study during directions, (ii) (3,—1), a saddle which is maximal in all directions
the past few year®18 In particular, the strained systems such except one, (iii) (3,+1), a saddle which is minimal in all directions
as [1,1,1]-propellan& cubane!® and norbornaré have been except one, and (iv) (3t3), atrue minimum i_n all directions. Analysis
analyzed by EMS and their bonding features interpreted via its ©f the topography of EMD is made convenient through the previously
position space counterpart, viz. the MED. mentloneq hierarchy of .CPs. The h|grar%Efy|n the CPs is as
he classical definition of molecular strain originated in the follows: () a (3, ~3) maximum app = 0 is unique and no other CP

The ¢ aSSIcalg 9 is found, (ii) a (3,—1) saddle ap = 0 is followed by only maxima
work of Baeyer.” In mod_ern terms, carbon atoms whose bond anywhere else at smal (jii) a (3, +1) saddle ap = 0 is followed by
angles deviate substantially from standard bond angles 1,09.5 (3, —1)'s and maxima, and (iv) a (3+3) minimum atp = 0 implies
12C°, and 180 respectively for sh sp?, and sp hybrid orbitals  the presence of all other CPs as well.
are said to be strained. Interestingly, the “bent banana bond”  The molecular geometries of the systems investigated in the present
model of cyclopropane was introduced by Coulson and M#ffit,  work were optimized at the Hartreéock level of theory for the basis
whose preliminary findings triggered the interest in molecular 6-311++G(2d, 2p), using the Gaussian 98 suite of progréhiEhe
EMDs3 The topographical features of MED provide a visual- wave functions at the optimized geometry were used for evaluating
ization of molecular strain through angular deviations and bond EMD on a 3D grid using the property evaluation and visualization
ellipticities as put forth by Bader and co-workété€2Molecular ~ Packages INDPRGP and UNIVIS-2000™ To assess the role of
strain has earlier been analyzed via heats of formafon, corre_latlon on EMD, a _few molecules were also tr_eated by density
electrostatic force conceptsetc. As noted earlier, EMDs have functional theory. Mapping of the CPs was done using an algofithm
an interpretative problem in this respect since they lack an atom-develo.p.e d /nour Iaboratgry. ) _
centric visual description of molecular structure. However, Partitioning of EMDs into Atoric Contributions. ** A further

o s - analysis is provided by a Hirshfelftockholder partitioning of the
EMDs are intimately connected to kinetic energy densities that gvp into atomic contributions. The partitioning is carried out by

in turn can be closely Iinkgd with strain, as is heuristically evaluating the atomic contribution as(p) = [yA%(P)/=a y2%(P)]¥(P)
expected! The current work is an attempt to explore the effect wherey.(p) is the momentum density of the free atop(p) is the
of ring strain on EMDs. This is done via a topographical analysis Hirshfeld EMD,andy(p) is the total molecular EMD. The Hirshfeld

and a Hirshfeld partitionin§ of the total EMD into atomic
contributions.

Methodology
Topographical Analysis of EMD. The topographical analy$is*®

of EMD is done by locating and characterizing its critical points (CP),

viz. the points at which the gradient of the function vanishes,Vg(p)

= 0. There can be only 4 types of nondegenerate CPs for a 3D function

such as EMDB® and these are denoted as (i) {33), a maximum in all

(14) (a) McCarthy, I. E.; Weigold, ERep. Prog. Phys1988 51, 299. (b)
McCarthy, I. E.; Weigold, ERep. Prog. Phys1991, 54, 789.

(15) (a)Adcock, W.; Brunger, M. J.; Clark, C. I.; McCarthy, I. E.; Michalewicz,
M. T.; von Niessen, W.; Weigold, E.; Winkler, D. Al. Am. Chem. Soc.
1997 119, 2896. (b) Adcock, W.; Brunger, M. J.; Clark, C. I.; McCarthy,
I. E.; Michalewicz, M. T.; von Niessen, W.; Weigold, E.; Winkler, D. A.
Chem. Phys. Lettl995 244, 433.

(16) Adcock, W.; Brunger, M. J.; McCarthy, I. E.; Michalewicz, M. T.; von
Niessen, W.; Wang, F.; Weigold, E.; Winkler, D. A. Am. Chem. Soc.
200Q 122, 3892.

(17) Knippenberg, S.; Nixon, K. L.; Brunger, M. J.; Maddern, T.; Campbell,
L.; Trout, N.; Wang, F.; Newell, W. R.; Deleuze, M. S.; Francois, J.-P.;
Winkler, D. A. J. Chem. Phys2004 121, 10525.

(18) Adcock, W.; Brunger, M. J.; Michalewicz, M. T.; Winkler, D. Aus. J.
Phys.1998 51, 707.

(19) Baeyer, AChem. Ber1885 18, 2269. See also Huisgen, Rngew. Chem.,
Int. Ed. Engl.1986 25, 297.

(20) (a) Coulson, C. A.; Moffit, W. EPhilos. Mag.1949 40, 1. (b) Coulson,
C. A,; Googwin, T. H.J. Chem. Sacl963 2851, 3161.

(21) Bader, R. F. WAtoms in Molecules: A Quantum Thep@xford University
Press: Oxford, 1990.

(22) (a) Wiberg, K. B.; Bader, R. F. W.; Lau, C. D. B..Am. Chem. Sod987,
109 1001. (b) Cremer, D.; Kraka, B. Am. Chem. S0d.985 107, 3800.

(23) Wiberg, K. B.J. Am. Chem. S0d.983 105, 1227.

(24) Zhao, C.; Zhang, Y.; You, XJ. Phys. Chem. AL997, 101, 5174.

(25) Hirshfeld, F. L.Theor. Chim. Acc1977, 44, 129. See also Parr, R. G.;
Ayers, P. W.; Nalewajski, R. Fl. Phys. Chem. 2005 109, 17.

(26) Gadre, S. R. IlComputational Chemistry: Reews of Current Trends

Lesczynski, J., Ed.; World Scientific: Singapore, 2000; Vol. 4, p 1. The

notation (R, S) is used for critical points where R is thek that denotes
number of nonzero eigenvalues and S isdigmature(sum of the algebraic

signs of the eigenvalues) of the Hessian matrix at the critical point given

by Hjj = 9?f/ax0x for a 3D functionf(xy, Xo, X3).
(27) Balanarayan, P.; Gadre, S. R.Chem. Phys2005 122 164108.

charges are evaluated by integratjngp), and the local kinetic energy
contribution is estimated & = Y/,/p? ya(p) d®p using the numerical
integration routine CUBINT? The atomic wave function of the atom

A in its ground state has been evaluated by keeping the positions of
all atoms in the molecule fixed and setting the nuclear charges of the
other atoms to 0 during the self-consistent calculation in GAUSSIAN
9828 Such a wave function evaluation for the free atom has been done
in the spirit of Boys-Bernardi counterpoise correction for evaluation
of basis set superposition erfdrThis wave function is subsequently
employed to evaluate the EMD for the free atom in its ground state
using the package INDPRCP.

Results

The EMD of the strained systems are examined with respect
to an unstrained reference which has the same molecular
formula. Table 1 lists the EMD values pt= 0. Cyclopropane,

a classic case of a strained system, with bent “banana bonds”
reveals a maximum gt = 0. It is conjectured that the presence
of a strict (3,—3) maximum aip = 0 (see Figure 1) is the first
evidence of molecular strain. Its unstrained reference, which is
a structural isomer, viz. 1-propene has lower energy with a (3,
—1) CP atp = 0 with the density itself being lower in
comparison with cyclopropane.

A similar trend is observed for all the strained systems studied
here. Generally, the EMD of a strained system is noticed to
tend toward a maximum gt = 0 along with an increased
function value when compared to the unstrained isomer. This
criterion may be taken as an indicator of molecular strain. The
spherically averaged momentum densities, which have a direct
connection with gas phase momentum density measurements,
show a similar trend of increasing value and exhibiting the
nature of a maximum, the only exception for this being
cyclobutane which has a lower value at50 when compared

(28) Frisch, M. J. et al. GAUSSIAN 98, Gaussian Inc., Pittsburgh, PA 1998.

(29) INDPROP, the molecular properties calculation package developed at thetg 1-butene. It may be noted here that certain features of the
Theoretical Chemistry Group, Department of Chemistry, University of Pune,
Pune, India. See also Bapat, S. V.; Shirsat, R. N.; Gadre, £hem.
Phys. Lett.1992 200, 373. (31) Balanarayan, P.; Gadre, S. R.Chem. Phys2003 119 5037.

(30) UNIVIS-2000, the molecular properties visualization package, developed (32) Balanarayan, P.; Gadre, S. R.Chem. Phys2006 124, 204113.
at the Theoretical Chemistry Group, Department of Chemistry, University (33) CUBINT, a numerical integration subroutine from Davis, P. J.; Rabinowitz,
of Pune, Pune, India; http:// chem. unipune. ernet. in/ univis.html. See also P. in Methods of Numerical IntegratiorAcademic: NewYork, 1984.
Limaye, A. C.; Gadre, S. RCurr. Sci. (India)2001, 80, 1296. (34) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553.
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Figure 1. (a) Total EMD of cyclopropane with a (3;3) atp = 0. Isosurface values: 2.949, 2.994, and 3.042 a.u. (b) Hirshfeld EMD of the carbon in

cyclopropane; blue isosurface of 0.468 a.u. at3) saddle value and four lobes (red, 0.479 a.u.) enclosing four maxima. (c) Hirshfeld EMD of the
hydrogen in cyclopropane; red isosurfaces of 0.257, 0.267, 0.274 a.u., enclosing a maximenDat

Table 1. Actual Molecular EMD at p = 0, v(0) and Spherically Averaged Momentum Density at p = 0, y(0)?2

system y(0)[S] y(0) unstrained ref y(0)atp=0 y(0)
cyclopropane 3.0763] 1.55 (max) 1-propene 3.0130] 1.51 (min)
prismane 4.457+43] 2.23 (max) benzene 4.11%8] 2.06 (min)
cyclopropene 2.69011] 1.34 (max) allene 2.45441] 1.13 (min)
cyclobutane 3.895{3] 1.95 (max) 1-butene 4.0210] 2.01 (max)
cubane 5.68713] 2.84 (max) styrene 5.5321] 2.77 (min)
tetrahedrane 3.1643] 1.60 (max) butatriene 2.897] 1.40 (min)
[1,1,1]-propellane 4.32441] 2.11 (max) cyclopenta-1,3-diene 3.83#1] 1.92 (max)
bicyclobutane 3.525¢3] 1.78 (max) 1,3-butadiene 3.5041] 1.63 (min)
N4 (tetrahedral) 2.22943] - N4 (planar) 2.190+1] -

aThe type of criticality denoted by S is given in square bracket8:denotes a strict minimumt-1 and—1, the saddles; an¢t3, a strict maximum. See
Methodology section for details.

Table 2. Hirshfeld Charges Na= fya(p) d3p and Local Atomic Kinetic Energies Ta = Y/ p?ya(p) d3p of the Strained Systems and the
Unstrained References?

system Na Ta reference Na Ta
6.1153 37.8192 6.1125 37.8413
6.1146 37.8152 6.1123 37.8453
cyclopropene 0.9138 0.5940 allene 0.9157 0.5837
0.9137 0.5945
6.1422 37.8096
6.1430 37.8108
6.1607 37.7729 propene 6.1432 37.8116
cyclopropane 0.9197 0.6088 0.9286 0.6079
6.1499 37.8062
6.1500 37.8063
6.1664 37.8015 6.1511 37.8082
cyclobutane 0.9168 0.6137 1-butene 6.1513 37.8091
0.9247 0.6099
0.9248 0.6100
) 6.0980 37.8064 6.0876 37.8362
prismane 0.9020 0.6174 benzene 0.9123 0.6145
6.1146 37.8213 6.0856 37.8321
[1,1,1]-propellane 6.1111 37.8195 cyclopenta- 6.0912 37.8401
0.9056 0.6008 1,3-diene 6.0914 37.8401
0.9249 0.5992
6.1240 37.8389 6.1123 37.8450
bicyclobutane 6.1240 37.8398 1,3-butadiene 6.1105 37.8448
0.9173 0.5936 0.9257 0.5924

aSee text for details.

3D momentum density distribution are lost on spherical averag- the Becke 3 parameter exchange and Lee, Yang, Parr (B3EYP)
ing. Cyclobutane in its 3D momentum density distribution does correlation functional. The values of EMD pit= 0 are seen to
possess a strict maximum atgat= 0 which is greater than that  increase with the type of CP remaining unchanged. The values
of 1-butene which has a (3;1) saddle ap = 0 at 2.01 a.u.  of y(0) in a.u. turn out to be (3.431, 3.149), (2.830, 2.530), and
thus fulfilling the aforementioned criterion. It has been observed (3.327, 2.999) for the pairs (cyclopropane, 1-propene), (cyclo-
before that the nature of the momentum density distribution does propene, allene), and (tetrahedrane, butatriene), respectively.
not qualitatively change with higher basis and better level of Thyg the criteria for molecular strain are seen to hold true even
theory®32 A further evidence is given for this via calculations 51 the inclusion of correlation.

of cyglopropane, cycloproper}e, and tetrahedrane gnd their An indication of solid-state effects may be brought out by a
unstrained references. For this purpose, test calculations have

been performed at density functional level of theory employing model caIcuIan_n for oligomers of a weal_dy Interacting system.
We have examined the cyclopropane dimer to understand the

(35) Kulkarni, S. A.; Gadre, S. RChem. Phys. Letfl997, 274, 255. effects of weak intermolecular interactions on EMD. The
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Figure 2. (a) Momentum density (in a.u.) of tetrahedrane along thejs. Parts b, ¢, and d show the variation of the density for the same axis for a single,
two, and three CHlinsertion(s), respectively.

cyclopropane dimer EMD has a maximum+3) CP atp = 0 To summarize, the effects of ring strain are manifest in the
(EMD value 6.142), with the topography not changing for the  momentum densities as follows. (i) The momentum density at
dimer as compared to the noninteracting dimer (twice the p = 0 is larger in magnitude for the strained system with the
monomer value) which has a maximum of 6.152 a.u. Including distribution tending to a maximum at low momenta. (i) A
correlation effects at B3LYP/6-3#1+G(2d, 2p), the same  partitioning of the total distribution into atoms reveals that the
trends are observed with the EMD values just increasing for carbons accumulate more density in comparison with the
the interacting (6.462 a.u..) and noninteracting system (6.447 unstrained reference and the hydrogens are more positive. (iii)
a.u.). Water dimer also shows similar features, with its Within the strained systems, the carbons become less negative
topography being similar to that of the monomer. A further detail with increasing strain. (iv) The spherically averaged values also
on the nature of the momentum densities of strained systems/seem to indicate a crowding of the density aroymd= 0,
unstrained references is clearly brought out by a Hirshfeld although there is a loss of information on spherical averaging.
partitioning in momentum spaéé.The Hirshfeld charges and
the partitioned local kinetic energies of the atoms are given
Table 2. The results of the present study pave the way for making a
It is clear that for all the strained systems the carbon atoms working hypothesis that the information in EMD at and around
aremore populatedn comparison with those in the correspond-  zero-momentum carries an effect of molecular strain. There
ing unstrained reference. At the same time, the hydrogens of exists adequate experimental evidence pointing to this inference.
the strained systems lose an amount of their density due to theThe results of EMS experiments on the strained systems such
strain and are renderéess populateth comparison with those  as cubané® propellane® norbornané? and cyclopropari@
in the reference molecules. It is generally known that the highly highlight the peaks at small momenta in the spherically averaged
strained species such as cyclopropane and the caged tetrahedragnsities of the individual orbitals. The EMDs of the individual
are more acidic than the corresponding less strained speciesprbitals when summed up yield the total molecular EMD. Thus,
and this is seen from the depleted densities of hydrogens. Thea peak in such a spherically averaged total EMP &t O is in
local kinetic energies of all the atoms of the strained systems conformity with our result. Furthermore, the long tail in the
are lower than those in the corresponding unstrained referencecoordinate space densities has been observed by Penning
which may be heuristically expected from the virial theorem jonization spectroscopy of cyclopropari#syherein the kinetic
since the electronic energies of the unstrained references arenergy distributions have been analyzed by using noble gases
lower. as projectiles. The work gives evidence for the long tail in the
Furthermore, a comparison of the Hirshfeld charges of the density of cyclopropane in the plane of the ritig.
atoms in momentum space for the strained systems within  One may seek physical arguments as to why such build-up
themselves shows a trend, which is as follows. Within the of density at low momentum values is a pointer to ring strain.
strained systems, the carbons become less negative as straigtrain, as seen from position space, is evidenced in the form of
increases and the hydrogens become more positive. An examihent honds in the charge density. This closely connects with
nation of the bicyclobutane strained isomers methylcyclopropenegaeyer's classical definitidf of molecular strain. A bond in
and methylenecyclopropane which are decreasingly strainedgader's concept of AIM is characterized by a path of maximum
show the same trend with the carbon populations being 6.138electron density that passes through a8) criticality 21 When
and 6.146, respectively. The values are seen to reflect the trendhe path is bent as seen in the case of strained systems, the
in the experimental strain energi®sThis is as expected since  maximum density is actually concentrated along a low potential
the greater the strain energy, the less bound is the atom and theegion as compared to the case of an unstrained system where
more similar it is to a free atom. For instance, cyclopropene the path almost coincides with the internuclear axis which is a
carbons have a population of 6.101 in comparison to the 6.161 region of higher potential. This depletion of charge density from

Hirshfeld populations for cyclopropane. The experimental strain the honding region results in a buildup of charge density in the
energies for cyclopropene and cyclopropane are 55.5 and 27.5

kcal/mol, respectively. (36) Yamakado, H.; Ogawa, T.; Ohno, K. Phys. Chem. Al997, 101, 3887.

Discussion
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long range. A corroborative evidence for this is supported by Coulson’s worR and its extensions, a close connection for
the topographical features of MESP of strained systems. Bothmomentum density with chemistry has, in general, been
tetrahedrane and cubane show low-valued«(B) CPs atlarge  conspicuous by its absence from the chemical literature. The
distances (8 and 13 a.u., respectively, from the center of advents in experimental techniques such as EMS, (e, 2e) and
mass)t37 (e, ye) methods bring forth direct momentum density measure-
To reconfirm that the topographical feature of a strict ments warranting that a chemical interpretation of EMD has to
maximum ap = 0in tetrahedrane and cubane is indeed due 0 ¢me forth. We believe that the current work is an attempt in
strain, we have analyzed some more systems by insef@ig, this direction. It is indeed worth noting that strained molecules,
groups for the edges (€C single bonds). For tetrahedrane, the curiously, have attracted the attention of experimenters employ-

EMD shows a change in criticality gt = 0 for three —CH, ing EMS15-18 The present work has attempted to establish a

insertions, i.e., the maximum pt= 0 changes to a (3;1) CP tion bet th 0 f the EMDnat 0 and ri
of EMD value 5.43 a.u. (2.92 on a normalization to 28 electrons conpec 1on e, ween the nature ot the Cp andrng
strain. A concise statement of the results would be as follows:

as in tetrahedrane) which is lower in the hierarchy. Figure 2a ) ) o
displays the EMD for tetrahedrane along thepis. It is seen & buildup of the momentum density at lap| values implies

that there is a subsequent decrease in EMD (2.25 a.u. normalizedhat the system is strained. It has been observed that an atomic
to 28) when a strain releasingCH, group is inserted [cf. Figure ~ Partitioning of the EMDs through a Hirshfeld stockholder
2b]. The nature of the criticality gt = 0 itself changes to a  partitioning also reveals strain in the system. Analyzing the
minimum (2.77 au normalized to 28) in the girection when Hirshfeld contributions, it is noticed that the charges of the
three sides of tetrahedrane are strain-free by the substitutionconstituent atoms increase when compared to a strain-free
[cf. Figure 2d]. The nature of change in the criticality of EMD isomer. The atoms in the strained molecules also tend to
has a resemblance to the behavior of a funcligh= x* + ax? resemble “less bound” free atoms with increasing strain, the
+ bxas can be seen in Figure 2d. The change in the topographyhydrogens being more acidic and decreasing kinetic energies
here is in general characterized by a cusp catastrophe accordingor all the atoms. Further investigations on the Hirshfeld
to catastrophe theoretic analysis, the details of which may be partitioning in momentum space are currently under way in our
found elsewheré?12° A similar analysis has also been done |aporatory. Rich treasures of such basic chemical concepts buried

for cubane which yielded a change in the topography t0 in momentum space need a further in-depth exploration and
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