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The stability of lanthanide complexes and the efficiency of the energy transfer process, which makes these
molecules interesting materials for technological applications, are correlated to the chemical environment
surrounding the metal ion. In particular the efficiency depends on the relative position of the antenna (the
ligand moiety that acts as photon absorption center) and the lanthanide ion (the emitting center), while the
stability of the complex is correlated to the strength of the coordination between the rare earth and the ligands.
For these reasons, knowledge of the structural properties of the complex is an interesting task to achieve.
Since a large number of ligand structures hold the carboxylate group (COO™), which is used as an anchor for
binding the antennae to the lanthanide ion, in this work we will show how the vibrational shifts of this group,
induced by the interactions between the carboxylate moiety and the metal center of the lanthanide complex,
can be used for obtaining in a simple way information on the structure of the chemical environment surrounding

the lanthanide ion.

1. Introduction

Lanthanide complexes have raised increasing interest for their
potential applications in several research areas such as in the
biomedical field, where use of these complexes as chemosensors
for in vivo applications has been recently described,! and in
the technological field, where the design of efficient light-
emitting devices and their use in optical technology has been
reported in several papers.>?

The physicochemical property of lanthanide complexes that
is the basis for developing efficient light-conversion molecular
devices is the luminescence intensity. This effect originates from
the intramolecular energy transfer from one excited ligand to
the f-electronic structure of the metal ion, and is critically
dependent on the molecular geometry of the ligands aggregate
as well as on the chemical nature of the single aggregate unit.
In particular, the ligand should be able to promote the energy
transfer of the optical excitation and, through suitable functional
groups, to efficiently saturate the lanthanide coordination sphere
and make a strong binding interaction with the rare earth ion.
The saturation of the sphere should minimize the quenching of
the complex luminescence that may occur due to the interactions
with the solvent, while a strong binding should increase the
complex stability. In turn, an increased complex stability implies
an increased processability of the material, an important factor
for its technological applications. One suitable functional group
to this end is the carboxylate moiety that is present in several
ligand structures. Moreover, due to the increasing interest in
the molecular design of hetero- or homometallic multinuclear
complexes (which are promising materials for practical applica-
tions due to their photophysical and magnetic properties*) the
control of the metal—ligand coordination type represents an
important task to achieve. Ligands designed with different
carboxylate clamps can be fully coordinated to the same metal
ion or, due to the presence of competitive ligands and of steric
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Figure 1. Scheme of molecular structures of L1H, (a) and L2H, (b).

hindrance, only one COO™ group of the clamp at a time may
be bonded to the metal center. In the latter case the rest of the
carboxylate moieties remain free to coordinate to other metal
ions of the same or of a different chemical nature.

The aim of this work is to study quantum chemically the
vibrational shifts induced by the interactions between the
carboxylate moiety and the metal center of lanthanide com-
plexes, and to show how they can be used for obtaining in a
simple way information on the structure of the chemical
environment surrounding the lanthanide ion. A similar approach
has been used for the carbonyl group in molecular systems of
biological interest.” We use as representative systems Er3"
complexes prepared with a new class of oligothiophene and
thiophenefluorene ligands, {4'-(hydroxycarbonyl)methyl-[2,2";
5',2" Jterthiophen-3'-yl }acetic acid and 9-(hydroxylcarbonyl)-
methyl-2,7-dithien-2-yl[fluoren-9-yl]acetic acid, which we de-
note as L1H, and L2H,, respectively, see Figure 1. Details of
their synthesis and optical properties have been reported in a
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previous work.® We recall that IR spectra of the complexes show
significant differences in the carboxylate vibrational frequency
region in relation to the presence of phenanthroline or pyridine
as a competitive ancillary ligand.

To be specific, in this paper we will show that the variations
of the vibrational frequencies associated with the normal modes
of the carboxylate groups [i.e., the symmetric (s) and asymmetric
(a) CO stretchings] with respect to those of the isolated COO™,
as well as of their mutual difference, can be correlated to the
topology of the carboxylate—metal ion binding mode, and to
the distance between the carboxylate moiety and the metal ion.
More generally, this implies that in the presence of the COO™
moiety as a coordinated group useful information on the
structure of the lanthanide complex can be obtained in a simple
way from its IR spectra. This analysis could be of particular
importance for cases where single crystals of the complex,
suitable for X-ray characterization, cannot be obtained. Finally,
through a correlation between the vibrational shift of the
carboxylate group and the lanthanide—antennae separation (R),
an estimate of the value of R can be obtained that can give
information on the efficiency of the energy transfer process in
the luminescence of the complex.

2. Results and Discussion

Due to their large size, the L1 and L2 erbium complexes are
modeled by replacing the coordination compounds with the
ligands salts. Although this choice may appear too severe an
approximation, it will be shown to be adequate for reproducing
well the IR spectra of the complexes, at least in the frequency
region of the carboxylate stretching vibrational modes. In this
respect it is of special interest to request a simple and efficient
modeling of the different sterical hindrances and coordination
abilities of the phenanthroline and pyridine ancillary ligands.
Unlike pyridine, phenanthroline has in fact a large steric
hindrance and two coordination sites (the nitrogen atoms), which
implies that in the presence of the latter/former ancillary ligand
the coordination sphere of the lanthanide will be accessible to
only one/all two COO™ moieties of the actual ligand. Here this
request will be simply answered through a proper choice of the
salt counterion. As we shall see, use of a univalent ion such as
Na' will be able to model the case of a packed coordination
sphere of the rare earth ion where only a single carboxylate
moiety can be bound (bidentate coordination, see below), while
with a divalent ion such as Zn>" the case can be modeled in
which both COO™ groups can be accessed by the rare earth ion
(monodentate coordination). This way of modeling lanthanide
complexes is the basis of our pseudocoordination center method,
which has been proposed and discussed elsewhere.””® This
semiempirical approach appears to be an ideal compromise to
predict with an acceptable computational cost the structure of
the whole real lanthanide complex (that usually contains large
ligands), while ab initio calculations are usually performed on
a complex containing small to medium ligands, or on isolated
ligands themselves.!0~13

2.1. Optimized Geometries. The ground state geometries
of the L1Na,, L1Zn, L2Na,, and L2Zn model systems, as well
as those of the L1H, and L2H, acids and their isolated dianions
(L12~ and L227), have been optimized in the framework of the
DFT B3LYP/6-31G(d) approach!* with no use of any symmetry
constraint. For the L1 salts two minima are found, corresponding
to the syn and anti conformations of the two carboxylate groups
with respect to the molecular plane of the central thiophenyl
ring. The syn arrangement results in the most stable geometry
throughout, by an amount of 20.7 kcal/mol for L1Na, and of
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0.83 kcal/mol for L1Zn, respectively. In the following we will
show the importance of taking into consideration the presence
of two such minima for modeling IR spectra of the erbium
complexes. The details of all optimized geometries are given
in Figures 1s—5s of the Supporting Information. Note that all
of the resulting geometries show an almost exact C, symmetry.

Deprotonation can be seen to only slightly affect the
molecular structure of the two ligands, notable geometry
variations (around 0.08 A) being found only in methylcarboxy-
late groups. A similar effect occurs in the salts where, however,
the important point is that the highest bond length variation is
strictly correlated to the nature of the counterion. For the
univalent counterion (Na®) a bidentate coordination of the
COO™ moiety is obtained, which almost removes any CO bond
length difference, especially for the anti conformation (see
Figure 1s, Supporting Information). On the contrary, the divalent
counterion (Zn>") is able to interact with both carboxylate
groups, implying the coordination results of a monodentate type,
and the CO bonds within each carboxyl moiety become
definitely unequivalent.

2.2. Simulated IR Spectra. The different geometries of the
carboxylate moiety imply different IR signatures. In fact, as
pointed out in the literature for monocarboxylated salts,!>~18
the frequency shifts of the s [vs(COO™)] and a [v,(COO7)]
stretching modes with respect to those of the free carboxylate
anion are a function of the metal ion—carboxylate coordination.
In the case of a monodentate chelation, the two CO bonds in
the COO™ moiety have a double- and a single-bond character,
respectively. This implies that the v,(COO™) normal mode
increases in frequency (becoming closer to a C=0 stretching),
and conversely the frequency of the v((COO™) stretching
decreases (becoming closer to a C—O stretching). On the other
hand, for a bidentate coordination the CO bond order variations
should be in the same sense, and the same is expected to be
true for the frequency shifts of the two stretching modes.
Moreover, as the CO bond lengths result in our case to be
slightly increased with respect to those of the isolated —COO~
group (see Figure 2s(a), Supporting Information), both shifts
are expected to be negative. To be specific, for monocarboxy-
lated salts the vs(COO™) and v,,(COO™) normal modes show
strong absorption bands in the ranges 1406—1414 and 1530—1545
cm™!, respectively,'S~18 the frequency difference between the
two bands being generally greater than 140 cm™! for a
monodentate and around 100 cm™' for a bidentate chelation.'

In our cases we have two carboxylate groups in each ligand,
and a total of four COO~ stretching modes [vi(COO™),
15 (COO™), vH(COO™), and vx(COO7)]. A sketch of these
normal modes can be found in Figure 6s (Supporting Informa-
tion) together with the corresponding ones for the COOH group
and for the (COOH), H-bond dimer. This mixing of the COO™
normal modes implies that in the IR spectra (i) the vibrational
frequency ranges of the a (s) stretching are increased (decreased)
with respect to those of the singly carboxylated units and (ii)
the intensity associated to a particular normal mode becomes
highly dependent on the reciprocal orientation and weight of
the two constituent local modes in the linear combination. Point
(i) may have notable consequences in selected cases. For
instance, for the syn conformation the v (COO™) and v{(COO™)
normal modes are those with enhanced absorption intensity,
while the intensity of the vs (COO™) and v,(COO™) modes is
much lower or even zero, but the opposite is true for the anti
conformation. Both types of chelation increase the difference
in frequency between the @ and s modes with respect to the
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TABLE 1: Experimental and Calculated Main Absorption
Bands in the 1300—1750 cm ! IR Spectra Region for the L1
and L2 Compounds

model

molecule exptl* system caled freq/

L1

LIH, 1696s LIH, 1708 [vi(COOH), 358]
1641 w (dimer) 1661 [v{(COOH), 7]
1422 m 1412 [6y(H-bond),159]

LINa? 1642s LINa, 1622 [vH(COO™), 949]
1578 s (syn) 1593 [v(COO™), 53]

1461 m 1440 [methylene bending, 18]

1383 s 1362 [vH(COO™), 271]

1361 m 1340 [methylene + ring bending mode, 40]
1319 m 1323 [v5(COO™), 127]

LI1CI¢ 1740 s L1Zn 1743 [v5(COO™), 474]
1465 s (anti) —
1373 m —
1241 s 1212 [v{(COO™)+ methylene twisting, 294]

LI1C2>  1577s  LINay, 1548 [v5(COO™), 535]
1529 m¢  (anti) 1531 [vi(COO™) + ring bending, 156]

1401 s 1367 [vs (COO™), 307]
L2

L2H, 1709 s L2H, 1757 [vai(COOH), 407]

1604 w 1595 [central ring bending, 12]

1470 m 1462 [central ring bending, 86]

1420 m 1403 [central + thiophene rings bending, 40]
L2C2¢  1557s L2Na, 1550 [v(COO™), 625]

1469 m 1446 [methylene bending, 40]

1425 s 1405 [methylene + ring ben-ding mode, 123]

1396 s 1397 [v5 (COO™), 226]

“The values of the vibrational frequencies are taken from ref 5.
Strong (s), medium (m), and weak (w) absorption band.
> Experimental data obtained from Destri et al., see ref 5. <Ll
erbium complex with pyridine as coligand, see ref 5. ¢L1 or L2
erbium complex with phenanthroline as coligand, see ref 5.
¢ Shoulder of the band at 1577 cm™!. / Gaussian package,” B3LYP/
6-31G* model, scaling factor 0.96." In brackets the vibrational
assignment (main components of the normal mode, see Figure 6s,
Supporting Information) and the calculated IR intensity (KM/mol)
are shown.

case of a single COO™ group, and both the in-phase and out-
of-phase combinations can become experimentally observable.

In Table 1 the experimental and computed [B3LYP/6-31G(d),
scaling factor 0.96, see ref 19] frequency peak positions are
given for the main absorption bands in the 1300—1750 cm™!
region of the IR spectrum for all systems of interest [L1C1 (the
erbium complex with L1 and pyridine), L1C2 and L2C2 (the
erbium complexes with L1 or L2 and phenanthroline)] and their
theoretical models adopted here. A satisfactory agreement
between the two sets of results is seen to have been obtained.
In both L1H, and L2H, acids H-bond formation must be
expected, and it would be desirable to model such systems with
a dimer form. This, however, has been done for acid L1H; only,
due to the high computational times that would have been
required to do the same for the L2H, dimer geometry optimiza-
tion and subsequent force calculation. The theoretical IR
spectrum of the L1H; dimer predicts an absorption band at 1708
cm~! with an intensity in very good agreement with the strong
absorption band observed at 1696 cm™!, while a corresponding
calculation on the isolated L1H, molecules gives a result that
is in error by 69 cm™!. Good results are also obtained for the
other two bands of the dimer, which are predicted at 1661 and
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1412 cm™!, with errors of 20 and —10 cm™!, respectively. We
remark that the simulated spectrum of L1H, well reproduces
also the out-of-plane H-bond bending mode, dp(H-bond), typical
of the acid dimeric form (at 935 cm™! vs an experimental value
of 914 cm™").

For L2H,, the fact that the highest COOH experimental
frequency falls 13 cm™! higher than the corresponding band of
L1H; suggests the dimer is weakly bound, as also shown by
the fact that the isolated-molecule simulated spectrum is in nice
agreement with the experimental data in this spectral region.??
Only the 48 cm™! error in the highest COOH frequency can be
attributed to the neglect of dimer effects.

The effect of the rare earth ion—carboxylate coordination on
the vibrational frequencies associated to the carboxylate moieties
is analyzed starting from the experimental data for L1C2 and
L2C2 complexes. First of all, from the data of Table 1 it emerges
that the experimental results for the L1C2 complex and the
L1Naj, salt are remarkably different, an effect that our model
should be able to justify. In this respect we recall that geometry
optimization on L1Na; had predicted two minimum structures,
namely a more stable syn one, where the two COO™ moieties
point in the same direction, and an anti one 20.7 kcal/mol higher,
where the two COO™ moieties do the opposite. It appears most
reasonable to suppose that the former should model the L1Na,
salt, while the difference in the L1C2 and L1Na, experimental
spectra suggests that the latter conformation could be a model
of L1C2. In fact, despite the higher energy of this form in the
isolated salt, during the actual complexation its geometry can
be believed as more suitable for docking in the crowded
coordination sphere of the rare earth ion. Comparison of the
experimental and quantum chemical IR frequencies confirms
the above hypotheses. In the L1C2 spectrum two strong
absorption bands are observed at 1577 and 1401 cm™! that are
satisfactorily reproduced from the force calculations, with errors
of —29 and —34 cm™!, respectively. The theoretical analysis
allows the assignment of these absorption bands to the
Vas(COO™) (peak at 1577 cm™!) and v (COO™) (peak at 1401
cm™") normal modes. An error of only 2 cm™! is found for the
medium absorption band observed at 1529 cm™!,?! and due to
a normal mode that can be mainly described as the asymmetric
in-phase COO~ stretching v§;(COO™). The experimental spec-
trum of the L1Na, salt exhibits a larger number of signatures
in the frequency range considered here. In particular, three strong
bands are present, at 1642, 1578, and 1383 cm™!, due to the
YH(COO™), v(COO™), and v§(COO™) normal modes, respec-
tively. Of the three medium bands at 1461, 1361, and 1319
cm™!, the two higher energy ones are assigned to methylene
bendings and the third one to the v (COO™) normal mode. The
theoretical errors in the frequency are less than or equal to 21
cm™ L.

It can be seen that in these systems the frequency of the a
(s) carboxylate normal mode is increased (decreased) with
respect to the single COO~ case, due to the vibrational
interaction between the two groups. Consequently, for the
chelating bidentate coordination, the difference in frequency
between the a and s COO™ stretching [Av = v5(COO™) —
15 (COO™)], which typically lies around 100 cm™' for the
soaps,!’ appears to be enhanced here, its values being Av =
176 cm™! for L1C2 and Av = 259 cm™! for L1Na,. The
difference between the latter values can be explained by the
facts that in the L1Na, anti structure (modeling L1C2) the
bidentate coordination results in a symmetrical arrangement
(equal CO bond lengths), while in syn L1Na, an appreciable
difference in the CO bond lengths is found (asymmetrical
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bidentate coordination). The interested reader is referred to
Figure 2s in the Supporting Information. This asymmetry implies
different CO bond orders, which is sufficient for some increase
(decrease) of the frequency associated to the a (s) COO™ normal
mode, which in turn leads to an increased Av. As an example
(see Table 1), for L1Na, the v;(COO™) normal mode falls at
1642 cm™!, while for L1C2 the corresponding v,(COO™~) mode
falls at 1577 cm™!. As a final comment, our model systems
nicely reproduce the main absorption bands of the experimental
spectra in the 1300—1750 cm™! region in energy and in
intensity, with the exception of the relative intensities of the
v§(COO™) and v5(COO™) bands of the L1Naj, salt (see Table
1). While quantum chemically computed IR intensities can
always be affected by some error, the wrong predicted intensity
ratio between the two bands in this case can probably be
explained in terms of effects of the type referred to in point (ii)
in the second paragraph of Section 2.2. In this respect the
theoretical modeling could be improved by taking into account
the effect of somewhat different conformations of the sodium
carboxylate moiety.??

A similarly satisfactory agreement between the theoretical
modeling and experimental results is found for the L2C2 case.
The force calculations reproduce the observed bands at 1557,
1469, 1425, and 1396 cm™! with errors of —7, —23, —20, and
1 em™!, respectively. The v(COO™) mode is assigned to the
band at 1557 cm™! and v5 (COO™) to the band at 1396 cm™!,
and a value of 161 cm™! is obtained for Av. This result agrees
with that obtained for the L1C2 complex, in that a symmetric
bidentate chelation of two carboxylate groups is found in this
case too, as could be seen in Figure 3s(a) (Supporting Informa-
tion). Besides the frequency separation, also the absolute
positions of the peaks of the two modes are comparable with
the L1C2 results. On this basis, we can extrapolate that for
molecular systems with two ancillary COO™ groups, in the case
of a symmetric bidentate chelation, the v;(COO™) mode can
be expected to fall in the range 1550—1580 cm™! and the
15 (COO™) in the range 1390—1405 cm™!. As a final comment,
the discrepancy between the theoretical and experimental IR
intensities of the bands at 1405 and 1425 cm™!, respectively,
can probably be explained by the presence in this zone of the
phenanthroline intense peak at 1422 cm™!,23 overlapping those
of the L2 ligands.

For the erbium complex prepared in the presence of pyridine,
only experimental data for the L1C1 complex are available. With
respect to L1C2, where the competitive ligand was phenan-
throline, the steric hindrance due to the pyridine should not
hamper the coordination of both the carboxylate groups by the
rare earth ion. In fact, since the number of oxygen atoms
surrounding the metal coordination sphere is increased, and not
all of the available oxygen sites are required to saturate the
sphere itself, and the strength of the metal—oxygen bond is
proportional to the amount of negative charge on the oxygen
atom, we should expect the monodentate coordination of the
carboxylate to be energetically favored. Geometry optimization
on the L1Zn and L2Zn salts shows that the Zn>*—COO~
interaction is indeed of such a type [for a sketch see Figures
3s(b) and 5s(b), Supporting Information]. A further remark
concerns the high asymmetry of the two CO bonds combined
with the presence of an anchor point of large mass, which
practically freezes the vibrational motion of the coordinated
oxygen atoms, and makes the v3(COO™) or the v(COO™)
normal modes to be practically the out-of-phase or the in-phase
linear combination of the double CO bond stretchings. We
should accordingly expect the out-of-phase normal mode of the
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anti conformation to occur at a higher frequency with respect
to the bidentate coordination or to the protonated form of the
ligand.

For L1C1 a strong absorption band is detected at 1740 cm™!,
i.e. at a frequency definitely higher than those observed for L1C2
(1577 cm™ 1), L1Nas (1642 cm™ 1), or L1H, (1696 cm™!). Since
also for the L1Zn salt the geometry optimization gives an anti
and a syn minimum structure, force calculations were done for
both. The two resulting IR spectra are very similar; in Table 1
only the results for the L1Zn anti geometry are shown, because
the anti IR frequencies reproduce somewhat better the experi-
mental results, and moreover, as for L1C2, the L1C1 complex
is expected to be best modeled by the anti form of L1Zn.

The band at 1740 cm™!, assigned to the v;(COO™) normal
mode, is reproduced with an error of 3 em™!. The observed
band at 1241 cm™!, predicted with an error of —29 cm™!, can
be assigned to a normal mode that is mainly a combination of
the v{(COO™) stretching with a small amount of the methylene
twisting. For the other two experimental bands at 1465 and 1373
cm™! no correspondence with the computed spectrum is found.
The first one could originate from the pyridine ligand, which
has a strong band at 1450 cm™!, while the band at 1373 ¢cm™!
could be related to a L1Zn structure where one of the two
carboxylate groups has a bidentate coordination, while the other
one is monodentate. In fact, a force calculation performed on
this geometry predicts an IR band at 1390 cm™!, suggesting
that in the L1C1 erbium complex both the coordination types
could be present. The experimental frequency difference
between the a and s COO™ stretchings, Av, which for the
monodentate coordination in the soaps exceeds 140 cm™! and
is usually around 150—160 cm™!," for L1CI increases to 499
cm™!. Although no experimental spectrum for L2C1 is available
for comparison, the v5(COO™) and v§(COO™) normal modes
are predicted for L2Zn at 1755 and 1290 cm™!, respectively.
So also in this case the monodentate coordination gives a high
value for Av = 465 cm™!, of an order of magnitude similar to
that computed for L1C1 as modeled with L1Zn (531 cm™).

As a final point, we want to outline a side feature of our
approach that can be of some interest. For the monodentate
coordination (L1Zn and L2Zn model systems) a further im-
provement of the theoretical modeling can be achieved by
examining the dependence of the spectrum on the metal
ion—COO™ distance. In particular, for the spectrum range where
the COO~ vibrational signatures fall (1300—1700 cm™"),
variation in the mutual distance between each carboxylate
moiety and the metal ion is expected to cause corresponding
changes in the frequency positions of the COO™ stretching
modes. To assess the importance of such an effect, a series of
force calculations have been performed for syn and anti L1Zn
and for L2Zn, in which the Zn—O distance has been held fixed
at different values, and the remaining geometry parameters have
been fully optimized in each case. Figure 2 shows the
dependence on the Zn—O distance of the frequency of the most
intense normal mode [v;(COO™) for L1Zn anti and L.2Zn, and
vH(COO™) for L1Zn syn]. A monotonic linear dependence for
anti L1Zn and L2Zn is observed, while syn L.1Zn shows two
distinct linear trends. The different behavior in the latter case
can be explained in terms of a change in the clamping structure
of the syn conformation for metal ion—COO™ distances around
1.9 A, the metal ion lying “inside” or “outside” the clamp for
distances lower or higher than this value. In the shift from the
“inside” to the “outside” positions the two carboxylate groups
are forced to open the clamp, which causes the asymmetry of
the CO bonds to vary. Anyway, in all cases the slope of the
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Figure 2. Plots of the calculated highest intensity vibrational frequen-
cies of the COO™ group versus the Zn—O distance for the L1(L.2)Zn
salts.

linear dependence is sufficiently high to allow correlating an
observed peak position with a corresponding metal ion
(lanthanide)—COOQO™ estimated distance, a useful parameter for
the evaluation of the energy transfer efficiency.

3. Conclusions

We have shown that the Av vibrational frequency shift of
the carboxylate moiety in erbium complexes can be correlated
with the chemical environments surrounding the rare earth ion.
In this way information about the nature of the metal—-COO~
coordination and distance can be achieved. In fact, for a
dicarboxylate ligands like L1 or L2, a bidentate chelating
coordination implies values of Av around 170 cm™! (when
symmetric) or 250 cm™! (when asymmetric), while for a
monodentate chelation this difference is further increased up
to 500 cm™~!. The above separations between the asymmetric
and symmetric COO™ stretchings are significantly different from
each other, and sensibly higher with respect to the corresponding
values for a soap. A similar behavior is found also for the
absolute frequency of the highest energy normal mode, espe-
cially for a monodentate chelation. Specifically, for a symmetric
bidentate chelation v&(COQO™) is expected to fall around 1550
cm™!, and around 1750 cm™! for a monodentate coordination.

Our modeling definitely allows us to attribute a monodentate
chelating coordination to L1 (L2) complexes prepared in the
presence of a bulky competitive ligand such as phenanthroline,
and a bidentate one when the coordination sphere of the rare
earth ion does not suffer significant steric hindrance.
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