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A recently developed class of molecular squares based on octahedral Re®{Carnerposts has
until now lacked a detailed theoretical description. We present an analysis of electronic structure of five
of the simplest squares, rectangles, and related fragments; that is, those with pyrazine and bipyridine
walls. We further consider a square containing—porphyrin walls. The derived electronic charge
distributions reveal bonding structure and spectral features of the class. We show that the analysis of
conformational preferences can be greatly simplified by using a “piecewise” strategy, which enables us
to make several generic statements about conformations of this class of macromolecules. To further
illustrate advantages of this approach, we find the origin of metastability of the planar conformation of
the bipyridine square.

I. Introduction

Rectangular macromolecules built up from [ReCl(EFRD)
“corner posts” with linking macrocycle “walls” self-assemble
into hydrophobic extended thin film and crystalline structures
with distinctive porosity. As such, these “molecular squares
and boxes” show potential for size-selective filtration and

separation in the form of supported membranes, comple-

mentary to that of hydrophilic porous structures such as
zeolites. Further, substitution of metal complexes into walls
or as bridging elements within the boxes can provide catalytic
sites with both chemical and geometric control of the
environment of incoming moleculés® Such systems can
be viewed as biologically inspired enzymes, with a degree
of control in electronic and steric structure difficult to achieve
in naturally occurring systems. By synthesis, characterization,
and theoretical analysis of such artificial systems, we also

hope to achieve a more profound understanding of structure/

function relations of real enzymes.
In this work we present a theoretical analysis of ground-

state electronic structure of several of the simplest squares

and related fragments; that is, those with pyrazine (pz) and
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bipyridine (bpy) walls. We further consider a square whose
walls contain a zinc porphyrin, which serves as a prototype
for a structurally constrained catalytic system. The electronic
charge distributions give insight into bonding structures and
spectral distributions generic to the series. They will be used
in the future as guidance in construction of force fields, to
be used in molecular dynamic simulations of thin films and
their interaction with diffusing molecules. In the present
context, we analyze the ground-state charge distribution and
densities of states (DOS) of molecules whose structure has
been determined by X-ray diffraction or can be inferred from
analogous compounds.

A limited structural investigation, varying a few critical
parameters, is carried out to verify sensitivity of electronic
density and mechanical response to geometry. The knowl-
edge of conformations of these macromolecules is important
in developing synthesis and processing strategies which will
result in ordered and oriented macromolecular structures.
Especially attractive is the prospect of understanding generic
conformational characteristics of the group and getting insight
about their origin. This would lead to design principles for
controlling structure. A “piecewise” approach to torsion-
controlled structure is shown here to be both applicable and
effective for this class of materials.

Il. Theoretical Methodology

Density functional theory (DFT) is our method of choice
in determining electronic density and derived properties
of the ground state of molecules and sofid€.Contour maps
of the density, examination of bond distributions, projection
onto local DOS, and atomic orbital populations provide much
insight into bonding mechanisms and hints about reactivity.

(9) Ellis, D. E., Ed.Electronic Density Functional Theory of Molecules,
Clusters, and SolidKluwer: Dordrecht, 1995.
(10) Seminario, J. M., ERecent Deelopments and Applications of Density
Functional TheoryElsevier: Amsterdam, 1996.
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At the most basic level, Mulliken atomic orbital popula-
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ligand 3s,3p NAOSs, referred to hereafter as basis B1. Core

tions and net atomic charges provide a comparative basislevels consisting of Re [1s,...,4d], Cl [1s,...,2p], O [1s], N

for interpreting self-consistent electronic configurations in
the set of molecules studied. It is well-known that Mulliken

[1s], and C [1s] were treated in the “frozen core” approxima-
tion; valence levels were maintained orthogonal to the core

populations do not have absolute significance as a result ofduring self-consistent field (SCF) iterations.
their dependence upon basis; however, they are quite valuable For the analysis of conformational properties, we employed
in a comparative sense. Volume integrations are also subjecthe Amsterdam density functional (ADF) prografinecause

to choice of integration region, and quantitative interpretation
of density maps is not trivial. Thus, comparisons based upon
several different “points of view” are highly useful. Mulliken

of its advanced capability in performing geometry optimiza-
tions. Here, we used a large basis set of Slater-type orbitals
containing polarized triplé-functions for Re and Zn and

populations and atomic charges in a compact basis generallypolarized double: bases for other atoms, with the frozen

compare well with chemical expectations. The diffuse
functions of a variationally superior basis can often lead to
unrealistic projected Mulliken atomic charges, because
diffuse functions assigned to one atom may overlap consid-
erably onto nearby atomic sites. In such cases volume
integration provides a more reliable measure of charge
distribution localization.
Partial densities of states (PDOYy(E), describe the

spectral distribution of specific atomic orbital character; the

core approximation the same as in the DVM approach. The
precision of numerical integration was set high to reduce
the dispersion of total-energy ddtet>

Concerning the level of reliability or “error bars” that can
be established for DFT (in general, or for one of its many
implementations in particular), the answer depends on the
physical property examin€d?® It is generally established
that the ground-state charge density is of similar accuracy
to Hartree-Fock, that is,~ 1% error compared to the best

atom-selected and atomic-orbital-selected PDOS give us agyailable X-ray diffraction data. For chemical binding

direct measure of the bonding characteristics in the local
environment. PDOS were calculated by weighting individual
energy levels according to the Mulliken atomic orbital

populationsD, of the desired species and broadening to
obtain continuous curves

Ny(E) = > Dy(€) L(E — ¢, 0) 1)

whereL(e, 0) is a Lorentzian line shape of widih. We
choose the Fermi energid) as the zero point of the energy
axis.

The charge and bond order mat€) describes the charge
distribution of occupied states over orbital paifs j).
Summing over orbitals belonging to particular atoms, we
obtain the shared charge between atom pairg)( A further
approach to interpreting bonding is found in Bader’s
topological theory of atoms in molecul&sHere the charge
density at a bond critical point can be taken as an index of

energies and bond lengths, both generalized gradient ap-
proximation (GGA) and the hybrid DFT/HF B3LYP exchange-
correlation functionals generally perform better than the
simplest local density approximation (LDA). However, this
improvement comes at the expense of other properties, for
example, magnetic moments and hyperfine fields. One can
obviously find pathological cases in any methodology, so
we may only speak of averages of sets of atoms, molecules,
and solids. Efforts are ongoing to improve DFT treatment
of exchange-correlation interactions; however, for present
purposes of ground-state charge density and bonding analysis,
a large body of experience suggestions that the LDA scheme
is quite sufficient. In our previous wo we have concluded
that, in terms of conformational preferences, the GGA level
of theory yields the same information as the simpler LDA
scheme.

[ll. Charge Distributions and Densities of States

bond type and strength. The matrix bond orders and bond A. Cornerpost Unit. 1. BackgroundThe Re-cornerpost

critical point densities provide a complementary and mutually
reinforcing picture of interatomic charge sharing. The
Q-matrix approach is most useful for interpretation in
compact, highly localized bases. However, the critical
densities are, in principle, basis independent.

For this work we have used two different DFT computa-
tional codes. The Mulliken charges, PDOS, and bond order
analysis are based upon expansions of the molecular self

consistent eigenvectors within a basis set of numerical atomic

orbitals (NAOs), which are adapted to the molecular
potential, all within the discrete variational metli¢bVM).

unit, with sixfold quasi-octahedral coordination, Re(gTNR,,
where R= pz, bpy, presents a nitrogen bond to the metal.
If we consider the neutral ground configuration®feP6s

it would appear natural that each metal valence electron
would contribute to a double bond linking each ligand. The
excited state properties of Re(l) pseudo-octahedral complexes
have been extensively studied experimentally,largely because
of the existence of long-lived luminescent triplet states with
potential use as biophysical prodéQualitative models may
portray the metal state as Re(l) or monovalent'Reaf6<,
based upon ligand-field arguments, and in analogy to the

The NAOs used in the expansions are Re 1s,...,5p,5d,6s,6p,

Cl 1s,...,3d,4s,4p, O 1s,2s2p,3s,3p, N 1s,2s,2p,3s,3p,

Compact basis calculations were also made, omitting the

(11) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
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Table 1. Selected Net Atomic Charges for Molecular Squares and Table 2. Selected Net Atomic Charges for Molecular Squares and
Rectangles According to Mulliken Populations Derived from a Rectangle According to Mulliken Populations Derived from an
Compact NAO Basis (Basis B1, See Text) and Corresponding Extended Atomic Orbital Basis (Basis B2, See Text) and

Volume Integrations? Corresponding Volume Integrations?
[Re(CO}(Zn— [Rex(CO)(u-bpy) [Re(CO}(Zn—  [Rex(CO)(u-bpy)
[Re(CO} [Re(CO} pyridyl— (1 u-bi- [Re(CO} [Re(CO} pyridyl— 1,u-bi-
(/4-pZ)C|]4 (Il'bpy)CI]A porphyrine)} pyr|m|d|ne)]2 (Il-pZ)C|]4 (/4—bpy)CI]4 pOI’phyrlne)l pyrlmldlne)]z
Mul.  vol. Mull. vol. Mul. vol. Mul. vol. Mull. vol.  Mull.  vol. Mul. vol. Mul.  vol
Re 165 346 163 3.17 151 246 1.97 352 Re 123 29 1.17 2.58-0.03 1.43 1.24 2.88
Zn 1.88 & 06 -03 —061 —033 —058 —041
Cl -0.37 —0.11 —-0.63 —0.35 —0.38 —0.23 ' ' ' ' ' '
O —056 —0.07 059 008 —0.85 009 —055 0.05 O -074 008 —-039 021 —0.82 023 —037 0.16
Ny -129 -0.17 -0.86 —0.16
N1 —-052  —0.04 N, —-122 —01 -0.83 -0.14 -125 —-0.02 -0.89 —0.24

N, —0.47 —0.05 —0.53 —0.08 —0.82 —0.04 -0.57 -0.16

C 055 —0.73 024 —-0.74 091 —-0.45 0.19 -0.72
C 014 -0.79 0.26 -0.79 0.23 —05 0.16 —-0.74

Cr 0.40-0.070.49 0.53 0.02 0.35 0.45
Ct —0.24 046 -024 049 035 0.29 -0.23 0.48 0.01
aA Fermi function{exp[E(r — Ro) + 1} ! roll-off with radius Ry = 8?431 823 821 _88? 8?2
1.4ay and tail parametet = 2 was used to define overlapping atomic 018 0.02 035 0.50
volumes for integration? Carbon atom in carbonyl groupCarbon atoms 024 034 -0.19 0.55
on the bridging ligands, averaged over unequivalent sites. 002 0.49 0.72 -0.11
0.71  0.45 0.81 0.40

well-studied [RU(bpy)]2* luminescent complexes. Such aA Fermi function roll-off with radius 1.8 was used to define
. overlapping atomic volumes for the purpose of integratfo@arbon atom

simplified pictures do not take into account further bonding in carbonyl group¢ Carbon atoms on the bridging ligands. Multiple values
interactions and charge transfer into and from the diffuse 6s represent sampling of inequivalent sites.
and 6p orbitals; thus, more detailed analysis of the self-

consistent charge distribution is required. Semiempirical  tha pond orders (units of e/bond) between the CI, N, and
molecular orbital (MO) models of mono- and bl_nuclear Re- C: (carbonyl) ligands of Re quantify the covalent part of
(I) complexes suggest that the lowest unoccupied molecularyye nairwise interactions. We find (basis B2) that the-Re
orbital (LUMO) _cri_tical for redox intgractions is a mixture C, bonding charge is greatest, ranging from 0.39 (bpy square)
of metal dv within a formal z* ligand MO Other ;43 (p7 square). The RN shared charge ranges from
semiempirical models used to interpret bVis absorption 0.23 (bpy square) to 0.12 (pz corner), the sum of @nd
spectra also point to a complex interaction between metaI-dN_ bond charges being roughly constant. The-Rébond
and ligandw char_acter 9f q't'cal MOg? ) charge is roughly constant,0.2 e/bond, with the bpy square
The present first-principles calculations more clearly i, 5 pyckered configuration (0.05) being the exception. While
establish MO composition for further mterprgtaﬂons of both o might suppose that the REI bond is essentially ionic,
the ground state and_the excitation properties. Stor & al. 00 data show that the halide has a sizable covalent
reported DFT calculations of the complesxas-XMn(CO)- component, in some cases greater than that efNR€This
(bpy) (X=Cl, 1) in a bidentate conformation similar to that g ¢onsistent with the calculated Mulliken charges: €030
of the Re-4,4-bipyrimidine bonding. Here Mn is expected —0.61) versus N{0.89 to —1.25). The bond order

to be isoelectronic to Re; however, its 3d orbitals in the sequence for the bpy square is, thus—Re (0.39)> Re—N
molecule may be expected to be more compact than those(0_23) > Re—Cl (0.05). ' ’

of Re 5d. They found a heavy contribution of halide character

in the highest fiIIed.MO’s, mixed with metgl—d and carbonyl- ¢ rmative- taking the ReC; (carbonyl)o. as the reference
7. The lowest excited states were predicted to be Jfy value, we find for the bpy square R€; (1.0) > Re—N

followed by antibonding Ma-bpy and Mn-X states. This (0.51) > Re—Cl (0.44) and for the pz square R€; (1.0)
prediction of an active halide character in frontier MOs will . o\ (0.56) > Re—Cl (0.54). Therefore, these bond
be seen to be a common feature with the Re complexes. o 4ars and bond critical point charge densities give a
2. ResultsWe find as expected that rheniumis an election o, qistent picture, which we expect will map onto relative
donor in the cornerpost unit and slightly more so in the bond strengths.
molecular squares and rectangles, where electrons can be In the case of the Re corerpost, the number of signifi-
delocalized to ther system of bridging ligands. The net ’
Mulliken charge on Re ranges from 1.97e (bpy rectangle)
to 1.51e (bpy-Zn—por) in the compact basis (Table 1) and
1.24e and-0.03e respectively in the extended basis (Table
2). In the square formed by Zporphyrin as bridging ligand,
the Re is least ionic, no doubt because the four Zn atoms
are also electron donors, helping to saturatesthegystem.

Ratios of charge densities at the bond critical points are

cantly participating MOs is sufficiently large that it is
advantageous to analyze partial DOS, rather than focusing
upon single MO composition. Re 5d bands are mainly seen
in three regions. The lower valence band spanning frek

eV to —5 eV contributes bonding stability by overlap with
the carbonyl groups. The upper valence band, running from
—5 eV toEg, overlaps strongly with the CI, N, and carbonyl
orbitals. The excited states of the Re 5d barls; Ef,

(18) Page, S. E.; Flood, A.; Gordon, K. @.Chem. Soc., Dalton Trans.
2002 1180.

(19) Walters, K. A.; Premvardhan, L. L.; Liu, Y.; Peteanu, L. A.; Schanze, (20) Stor, G. J.; Stufkens, D. J.; Vernooijs, P.; Baerends, E. J.; Fraanje, J.;
K. S. Chem. Phys. LetR001, 339 255. Goubits, K.Inorg. Chem.1995 34, 1588.
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Figure 1. Stick diagrams showing wall orientation of the (1) pz corner and (2) pz square. Key atoms are enumerated as used in PDOS analysis. In the
square, Cl ligands (green) are in alternating-dpwn configuration. (3) Configuration of the bpy square, showing the puckered conformation in the solid,
in alternating up-down CI isomer (green). Also shown (4) are the bpy corner and (5) bipy rectangle. All are taken from X-ray structures; see text.

appear in the IRvis optical region beginning about 2 eV  CO and Cl and N atoms. The self-consistent Re configuration
aboveEr. By examining the PDOS of C and N on bridging is also clearly more ionic than the nominal Re(l) invoked in
ligands, we find that these components form broad spectrasimple electron-counting schemes for the Re complexes.
ranging from the upper valence region well into the JV  Figure 2 shows a charge density map of the Re coordination
vis excitation region. A comparison of excited-state PDOS environment in a plane containing Re and the two adjacent
data with measured and calculated optical absorption isN. It reveals that the shared charge of the-Rebond is
presented in a following papét. large compared with the longer R&l bond, consistent with
B. Pz Square and Corner.For the [Re(CO)u-pz)ClL bond-order charge analysis. Charges(€rbonyl) and €

molecular squaré??see Figure 1, structure 2, the Re atomic (pz) differ considerably between themselves and also differ
configuration, according to (compact basis B1) Mulliken according to results obtained by Mulliken population analysis
analysis, is Re"%5s-%5p> 85> 46 9% > 1% This is different  (pasis B1: 0.14,-0.24) and volume integration—0.79,
from the neutral ground-state Res5P5°6s6p”, as aresult 10 46). This reflects not only the obvious differences
of cova'lent. bonding intergctiqn with the ligands, including pepyeen direct metaiC, bonding in carbonyl and the more
delocalization onto the bridging pz and charge transfer {0 istant ring-C interactions but also the rather diffuse nature
(21) Ells, D. E.; Miljacic, L. Deng, B.; Snarr, R. Q. O'Donnell, 3. In of the carbon aromatia electron system. As shown in the

preparation. T T R n PDOS of Figure 3, the Cl valence 3p,4s contributions overlap
(22) (a) Belanger, S.; Hupp, J. T.; Stern, C. L.; Slone, R. V.; Watson, D. strongly with occupied Re 5d states and dominate the region

F.; Carrell, T. GJ. Am. Chem. S0d999 121, 557. (b) Slone, R. V; just belowEg. The pz carbon £2p and nitrogen 2p states

Hupp, J. T.; Stern, C. L.; Albrecht-Schmitt, T. Borg. Chem1996 3 :
35, 4096. span 3-8 eV below E¢ in the valence region. The pro-
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Figure 2. Charge density map of the R&—N plane of [Re(CO)u-pz)Clls. Equal interval contours are shown.

Density of States (arb.units)

Energy (eV)

Figure 3. Partial DOS of the pz square (solid line): Re, C,(€arbonyl),
N, O, and G (pz). For comparison, PDOS of selected atoms of bpy square
are also shown (dashed line).

nounced N peak-1 eV aboveEr gives rise to the first metal-
to-ligand charge transfer bands, which we shote be of
low intensity. Re 5d also interacts with carbonylZp states
and oxygen 2p states ranging overID eV belowEr in
the valence region.

The Re atomic configuration in the corresponding pz
corner molecule Re(C@()-pz),CI?324(see Figure 1, structure

(23) Giordano, P. J.; Wrighton, M. 8. Am. Chem. Sod979 101, 2888.
(24) Belanger, S.; Hupp, J. T.; Stern, C.Acta Crystallog., Sect. €998
54, 1596.

1) according to Mulliken analysis is almost the same as the
complete square, the Re charge being reduced by only 0.01e.
The small difference calculated between the electron con-
figuration in the square and that in the corner is surprising,
because one might suppose that the change in the number
of electron-withdrawing pz rings per Re atom would have a
greater effect. This is evidence for the high degree of locality
of the electronic distribution, which in turn is very useful
for the “building-block” approach to synthesis and analysis
of structural and reactive properties. The corresponding
PDOS also reveal only small differences compared to the
full square.

C. Bpy Square and Corner.For the [Re(COY4,4-bpy)-

Cl]4 molecular squaré®the metal atomic configuration in
the observed puckered configuration is (basis B1j'Re
5895 85,P 4B P 0%6 P12, which also differs little compared
with the pz square discussed above. This indicates that
substituting pz by bpy does not lead to significant changes
in the electronic structure of the Re-related corner. Examina-
tion of the PDOS in Figure 3, dotted line, reveals some
guantitative changes relative to the pz square; however, the
main features of Re 5d states are very similar, with the
occupied-unoccupied gap of-3 eV unchanged. The oc-
cupied bpy ring @and nitrogen 2p states are shifted9§.5

eV to greater binding compared to pz. The excited-state
structure is very similar to that of pz.

In the molecular crystal, X-ray structural analysis shows
(Figure 1, structure 3) that this “square” is highly distorted,
with one unit nested within the other, and the dihedral angles
between the least-squares planes of the pyridine rings are
37-38.222 X-ray structural refinement of a disordered
polymorph revealed a more nearly planar structundaich
we also calculated. Differences in atomic configurations and
DOS between puckered and quasi-planar configurations were
found to be rather small.
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Figure 4. Model of the Zn porphyrin square, structure taken from molecular
dynamics simulatiori§ with modified Dreiding potentials.

The experimental configuratiéf?® of the bpy corner uf M RE
molecule is also shown in Figure 1, structure 4. The PDOS NS TN /\,/Lj\ A
of the bpy corner are very similar to those of the bpy square, -8 -4 0 4 8

and the Re charge is reduced by only 0.02e, again demon-
strating the high degree of superposition encountered inFigure S. Partial DOS of the Zrbpy—por square: Re, Cl, NNz, O, G,
assembling the extended squares and rectangles. Ll

'D. Bpy Rectangle. For the [Re(CO}(4,4-bpy)(4,.4-  calculations were made on a 93-atom fragment consisting
bipyrimidine)} molecular rectanglé Figure 1, structure 5, of one Zn-por wall and its two connecting Reopy
there are two kinds of bridging ligands, bpy and bipyrimidine, cornerposts.
with resulting metal configuration R&” 5s-9%5p> 85 Re 5d states shift significantly toward the Fermi energy,
6<%, Because bipyrimidine is bidentate to Re, the metal torming a “metallic band” as shown in the PDOS of Figure
can donate more electrons to bridging N ligands, which 5 oxygen 2p states are also affected by the bridging ligand
results in higher charge compared with pz- or bpy-based g pstitution in that the bondireantibonding gap widens to
molecular squares. >4 eV, compared to~3 eV for nonbridged molecules.

The bpy rectangle Re, Nand G PDOS features (not  prominent Cl 3p bonding states shift toward greater binding
shown) are similar to those of the pz square. The absence Ofenergy. Porphyrin C 2p and N 2p states form a strong band
a chlorine ligand results in fewer states clustered just below .1 gy aboveE, forming the final states of the well-known
the Fermi level, and substitution of Cl by, Kbipyrimidine) visible Q bands. Zn 3d states form a rather narrow band of
shifts the N excited state peaks to slightly lower energy. Re .5 oy width, centered~5 eV below Er, where strong

5d states are also shifted to lower energy compared to those,yrigization with N 2p orbitals contributes bonding stability
in the pz square, as a result of lack of Cl ligand; the C (g the porphyrin.

(carbonyl) PDOS tracks with Re bonding features as
expected. g¢and oxygen 2p states are delocalized over the |/ conformational Properties and a Building-Block
entire valence band. Approach

E. Bpy—Zn—Por. The experimental compound, based
upon the 2,8,12,18-tetrabutyl-3,7,13,17-tetramethyl-5,15-bis- In our previous work, we have introduced the “piecewise”
(4-pyridyl)porphyrin, was simplified for calculations by Strategy in analyzing conformational properties of squares.
replacement of tetrabutyl and tetramethyl terminal groups We have shown that the largest Zpor square can be
by hydrogen. The tetramethyl groups certainly have a strong suitably divided into smaller elements that carry the informa-
effect on pyridyl-porphyrin rotational torsion constants, vide tion about conformational preferences for the whole square.
infra, but relatively small effects upon electronic structures In this work, we have applied the same strategy on both the
in the ground configuration. When the bridging ligand is PZ and the bpy squares. The most important geometrical
substituted as pyridyl zineporphyrin? Figure 4, the Re  Parameters for the analysis are illustrated in Figure 6a, for
atomic configuration is slightly less ionic compared with pz the case of the bpy square. For more details on local
and bpy squares: R&5158 0055956116916 P.21 The Zn geometries and the methodology, we refer the reader to ref.
atomic configuration is (basis B1) Zh88 3c? 84124015, 16.

close to the nominal divalent 2h d°® values. SCF The pz square, with the shortest linking walls, is expected
to exhibit the strongest coupling between rotations on

(25) Ortiz, T. P.; Marshall, J. A.; Emmert, L. A Yang, J.; Choi, w.; Successive sites and, thus, presents the most stringent test
Costello, A. L.; Brozik, J. Alnorg. Chem:2004 43, 132. of a piecewise additive approach. The pz square was divided
(26) gggefz"gti';‘ée@; '?5;) ';‘éf]ﬁ’sti'inT"kStST‘,_,ﬁb&' ﬁmf.;cgferphyséci_. into cornerpost elements, each consisting of Re and its

Angew. Chem., Int. EQ00Q 39, 2891. ligands, with pz rings rotated in parallel. During this

Density of States (arb.units)

Energy (evV)
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Figure 6. (a) Important geometrical parameters of the bpy square. The
dihedral anglédcp between selected C, Re, and N atoms characterizes the
rotation of a piridine ring respective to the square plane; the dihedral angle
6pp connecting four C atoms of adjacent pyridine rings gives the relative
angle between their planes; afiq is the corner angle. (b) Edge-on view
on two Re corners and a wall between, consisting of two rotating pyridine
rings: the black one is closer to the viewer, and the white one is farther in
the back, with ra elative angle between their plafigs(c) Small puckering
introduces the dihedral ReRe—Re—Re angleAd, which two of the walls

see as a positive shift ilep and the other two see as negative.

E [kJ/mol]

procedure, a few selected degrees of freedom were allowed
to relax: distance of rings to Re corner and two hydrogen
atoms that have the most overlap with the opposite rotating
ring. Torsional costs of this rotation were compared to the
costs in total-energy calculations of the whole square,
assembled a posteriori from partially relaxed element con-
figurations. In thus assembled squares, walls are rotated in-
out-in-out around the square, to mimic the experimental
model, to minimize steric effects at cornerposts, and to
increase the overall symmetry. The very good agreement be-
tween costs seen even for high energy configurations shows
that the piecewise approach works even for the smallest of
squares, which gives L,JS Conf,ldence_ m_ the applicability of Figure 7. (a) Exploration of energy gain for the corner anglen less
this strategy to the entire family of similar compounds. than 90, which promotes puckering of the square; observed puckering angle
As the first consequence, from the pz square, we see thatbf the bpy square is also shown. (b) Preference to relative orientation of

a great deal of information about overall square conformation € o adiacent pyridine rings of the bpy wall. () Torsional costs of rotating
pz square walls, calculated byD)Y summing contributions from four

is contained in the cornerpost element. Turning now to the comerpost elements. (d) The energy cost to slightly pucker the sqDjre (
more extended bpy square, we note that the tendency of thds higher than the corresponding gam)( Dotted lines in (&-c) are the

N—Re-N anglefyy to be less than S0eads to puckering ~ Polynomial fits.
of the square, and torsional costs to rotate the pyridine rings

have the major influence on tilting of square walls. Next, torsional flexibilit d be st v inf] d b
we address both issues in more detail. orsional Tiexioility and can be strongly infiuenced by

As described previously for the bpZn—por systents stacking interactions with walls of nearby squares.
we have examined rotation of pyridine rings in parallel, while ~ Independent full geometry optimization of the cornerpost
other Re ligands are kept fixed at perfect octahedral positions.Unit gave pyridine rings rotated at similar angles as in the
As a next step, we repeat this procedure while allowing observed structure. Therefore, we conclude that rotating rings
ligands to relax, witt9yy fixed at 90. These torsional costs  in parallel, although representing a constrained motion, does
are compared to the more restricted configuration in Figure lead to a configuration close to that of lowest energy. In the
8, with curves shifted to zero for vertical rings. The main inset of Figure 8, Mulliken charge redistributions resulting
difference in geometry comes from bending of the chlorine from the rotation of the rings, with ligands relaxed, are shown
ligand toward the rotating pyridine rings. As seen from the for all the atoms of the unit, as a function@fp. All charges
figure, this leads to a substantial reduction in costs and are given relative to their values for vertical walls. We
formation of a minimum whecp is 55—-60°. This is close conclude that Re provides a small charge (about 0.06e) that
to the experimental result for pz squares, whose walls arecan flow in and out of the carbonyl ligands, probably
tilted 35-40° away from the vertical (90 position. This attracted by terminating hydrogens of rotating square walls.
minimum gives tilting of porphyrin walls to 3640° away Finally, when6cp is 80—90° we observed some variations
from the square plane, with a full-rotation barrier of less than in the torsional curve of unclear origin. That this small barrier

1 (d)

E [k)/mal]

A0 (deg)

15 kJ/mol for a single wall. Thus, the walls posess a lot of
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Figure 8. Comparison of energy costs of rotating in parallel two pyridine
rings of the cornerpost element of the bpy square with Re ligands held
fixed (@) and relaxed @). In the more relaxed case, Cl bends toward the
rings, significantly altering the torsion curve. The inset shows the charge
redistribution (in units of [e]) of all the atoms present, following from this
molecular motionfyy is here fixed at 90

is not a computational artifact was verified by starting the
relaxation process from either side of the maximum.

A planar square has four corner rheniums in the single
plane, andyy = 90°. To deal with nonplanarity of squares,
starting from the above-described minimal energy configu-

ration, we have performed a series of cornerpost calculations

for smallerfyn. All the Re ligands, the parallel rotation angle
of the pyridine rings §cp) and their distance to Re, and two

most overlapping hydrogens were allowed to relax. As shown

in Figure 7a, a minimum is seen &{y = 82—84°, which is
in excellent agreement with experimental puckered confor-
mation of the bpy square in the crystaly = 83.2-83.6°.

Thus, experimentally observed puckering in the crystal phase
is not determined by the packing forces but is already present.

with the molecule in the vacuum. However, recent experi-
mentg” suggest that in the solution the puckering is, on

average, half as great. A simple comparison of square
energetics from Figure 7a,c with the thermal energy at room

temperaturelgT ~ 2.5 kJ/mol) shows thafiyy can easily
fluctuate between 76 and 9@nd6Acp can fluctuate between
40 and 80. Therefore, the puckering and torsional forces

are rather weak, and a considerable amount of angular
disorder may be present in solution. Ortiz et al. argue that
although the puckered conformation of the bpy square is the
lowest in energy, the planar one is also stable, with an energy.

barrier between the tw®. This suggests that squares in
solution hop between the two configurations, thus bringing

the average puckering angle closer to the measured value
We have applied the piecewise method to confirm this more

clearly and to understand the origin of planar metastability.

Conformations of the bpy square are determined, in the

piecewise method, by the costs of rotating two pyridine rings
at the cornerposticr) as shown in Figure 7c, and the cost
of rotating the planes of the two bonded pyridine rings
forming the wall one relative to anothefisp), as shown in
Figure 7b. While rotating the two bonded rings, which stand
for the “wall element” of the square, their mutual distance
and two most overlapping hydrogens were allowed to relax.
We have fitted the curves in Figure-7ain their respective

(27) O’Donnell, J. Private communication.
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regions of interest for this analysis with simple polynomials,
as shown.

Figure 6b provides a schematic edge-on view of the two
adjacent cornerposts with a wall in between. Two bonded
pyridine rings forming the wall, the black (closer to viewer)
and the white one (further behind), have their respective
cornerpost angle@cp; andfcpz The relative angle between
their planes isfpp = (90° — Ocpy) + (90° — Ocpy). The
minimum energy conformation for the planar square is thus
found from the fits, havin@pp of about 49 and6cp1 = Ocp2
of about 69, with all four walls/corners being symmetrical.
We are interested in small perturbatioh8 of the dihedral
Re—Re—Re—Re angle about the planar square, as shown in
Figure 6c.

Puckering breaks the symmetry into two different pairs
of walls. In the first approximation, small@ will simply
shift two Opp Of the whole square toward smaller and two
toward higher values. We can, therefore, write the total
torsional energy as the sum coming from two corners having
Ocp1, two havingfcp, and two pairs of intrawall interactions
having shifts of opposite sign:

E(Ocprtcrd = 2clOcpi) + 2ciOced + 2pfpp + AD) +
2Aol0pp — AG) (2)

wherefcp(X) andfpe(X) are simple polynomials, fitting curves

of Figure 7b,c. The minimization dE with respect t®fcp;

and 6cp; gives the energy cost of puckering the square for
small Af. Figure 7d compares this cost with the puckering
benefit coming from contraction of the four corner angles
Onn, as derived from a polynomial from Figure 7a. Indeed,
the cost outweighs the benefit for small puckering. This result
is not obvious because it comes from a delicate rivalry of
two small effects. On one hand, each wall exerts a torque
on the macrocycle; two pairs of torques oppose each other
to restore planarity of the puckered square. On the other hand,
the change in the corner ang\@yn due to a small puckering
A6 is much smaller. The same push for planarity is present
in pz and Zn-por squares as well, as follows from the
asymmetry of the curve in Figure 7c around its minimum.
In pz squares, a cornerpost pyridine ring is a square wall. In
Zn—por squares, steric effects make the porphyrin perpen-
dicular to its two neighboring pyridine rings, effectively
locking the two into the same plane. The curve in Figure
7c, therefore, should contain all the information on the
torques. Unfortunately, our data do not have enough precision

to see whether other squares are stable in plane.

V. Concluding Discussion

The six molecules treated here show many common
features derived from their Re cornerposts and pz, bpy,
bipyrimidine, or Zn—porphyrin side walls. Self-consistent
DFT calculations also present a coherent picture of the charge
distribution and of contributions of distinct atomic orbital
components to spectral features. In the ground state the
nominal Re(l) configuration is significantly modified by
covalent charge sharing with the ligands; 5d, 6s, and 6p
diffuse orbitals participate actively in bond formation. In a
compact NAO basis the Re net atomic charge ranges from
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1.51 to 1.97e. The ReCl bond is found to have significant  attempts to refine existing MM force fields. For future MM
covalent character with implications for conformation control. studies on this class of materials, a global reparametrization
Analysis of conformational properties for this whole class which better takes into account local torsions while maintain-
of compounds can be greatly simplified by using a piecewise ing general interatomic distances and vibrational structure
strategy, which is now shown to work well for both the would be desirable. Also, replacing chlorine with some other
largest and the smallest of the squares studied, despiteanion could have a strong role in modifying the overall
noticeable differences among them in both charge densitiesgeometry of squares and could be explored synthetically.
and valence orbitals. Therefore, we are in the position to  Metastability of the planar conformation comes from the
make several general statements about these macromoleculetorques asymmetric inA@ that walls exert on nearby
As a common feature, the walls do not “see” one another cornerposts, the effect being present in all the squares.
across the square, except when they are artificially tilted into However, we were only able to explicitly show that this is
a near overlap, extending results of our previous Wbikhe enough to give planar metastability in the case of the bpy
isolated cornerpost unit alone contains the bulk of informa- square. The cornerpost energy dependencécerand Oy
tion on the conformational behavior of all squares and gives a good estimate of wall tilting of crystalline pz squares
rectangles. This unit gives preference to specific orientation and correctly predicts puckering of the bpy square. The bpy
of walls, provides an energy barrier for their rotation, and square served as a good example to show that a piecewise
leads to puckering of overall structure. We have found that strategy can not only facilitate calculations of larger systems
softer Buckingham-type potentials better represent critical but also provide insight beyond mere total-energy informa-
torsional interactions for use in MM simulations, compared tion.
to the initial Lennard-Jones scheme, at the cost of a greater The electronic density variations associated with wall
number of parameters. rotation are fairly subtle, but they do lead to noticeable charge
Rotation of pyridine cornerpost rings is strongly affected redistributions and shifts in absorption peak intensfies.
by the position of the negative chlorine ligand, which plays These might be detected in sensitive optical experiments.
an unexpectedly significant role in orienting the walls. In
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