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Abstract

When transition metal cations coordinate to ligands in the sidegroup of a polymer and modify the thermal response of a macromolecular
complex, the enhancement in 7, can be explained by focusing on ligand field stabilization of the metal d-electrons. The methodology to
identify attractive coordination complexes and predict relative increases in T} is described in terms of the local symmetry of the complex, the
molecular orbital pattern, and the d-electron configuration. Interelectronic repulsion is considered for pseudo-octahedral d° and d” complexes
in the glassy state when there is ambiguity in the order in which the d-orbitals are populated. Ligand field stabilization energies are calculated
for simple octahedral geometries, as well as 5-coordinate complexes with reduced symmetry, such as square pyramidal, trigonal bipyramidal,
and pentagonal planar. If the transition metal cation bridges two different macromolecules in the glassy state via coordination crosslinks, then
5-coordinate complexes with one surviving metal—polymer bond above T, represent reasonable geometries in the molten state. This model of
thermochemical synergy in macromolecule—metal complexes with no adjustable parameters considers the glass transition as an endothermic
process in which sufficient thermal energy must be supplied to dissociate intermolecular bridges or coordination crosslinks and
produce coordinatively unsaturated molten state complexes. The enhancement in T, correlates well with the difference between ligand
field stabilization energies in the glassy and molten states for Ru>*(d®), Co**(d”), and Ni**(d®) complexes with either poly(4-vinylpyridine),
or poly(L-histidine). Larger increases in T, are measured in complexes with the synthetic poly(a-amino acid) relative to those with
poly(4-vinylpyridine), but the universality of the model is not sufficient to predict relative 7, enhancements in complexes with different

polymers. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
1.1. Polymeric coordination complexes with d-block salts

Unlike the well-known phenomenon of plasticization [1],
transition metal salts typically increase the glass transition
temperature of polymers which contain attractive ligands in
the sidegroup [2]. The mechanism involves acid—base inter-
actions between the metal center and appropriate functional
groups in the polymer via ligand exchange [3]. Whereas
plasticizers interact weakly with the polymer via van der
Waals forces and enhance the fractional free volume of
the binary mixture [4,5], metal-ligand o-bonds form
between transition metals and favorable functional groups
in the macromolecule [6]. Since coordination numbers
between four and six are quite common in d-block
complexes [7], opportunities exist for basic ligands in the
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sidegroup of the polymer to occupy sites in the 1st -shell
coordination sphere of an acidic metal center. The concept
of coordination crosslinks is realized when functional
groups from more than one chain occupy sites in the 1st-
shell of a single metal center [8]. This type of structure
exhibits reduced mobility in the vicinity of these thermo-
reversible crosslinks, which is consistent with an increase in
T,. Multifunctional metal centers which coordinate to basic
ligands in several different chains [9] could be responsible
for the formation of nanoclusters with significant reduction
in chain mobility and dramatic increases in 7. This has been
observed recently in polymeric complexes with several
lanthanide trichloride hydrates from lanthanum to lutetium
in the 1st-row of the f-block [10,11]. In addition to increasing
T, macromolecule—metal complexes could form gels during
preparation in dilute solution [10,12,13]. When gelation
occurs in aqueous media [10], applications for water puri-
fication, controlled release and artificial muscles become
attractive [14]. If gels exhibit pH and temperature sensitivity,
then it might be possible to exploit these ‘molecular gates’
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and use them for controlled release of encapsulated
molecules with a specific target. Of particular interest in
this research contribution, the methodology for producing
macromolecule—metal complexes with significantly
enhanced glass transition temperatures is discussed from
an energetic viewpoint which considers the stabilization of
metal d-electrons [8,15]. A systematic study of 7, enhance-
ment in poly(4-vinylpyridine) and poly(L-histidine) via
ruthenium(II), cobalt(I) and nickel(II) is employed to illus-
trate the methodology. Both polymers contain nitrogen lone
pairs in either the pyridine sidegroup or the imidazole ring
of the histidine sidegroup which form o-bonds with the
appropriate d-orbitals of the transition metal cation. It
should be emphasized that most of these 7, data have
been published before [2,8,9,15-17]. However, Ru?"
complexes with poly(L-histidine) have only been discussed
in the PhD thesis of M.P. McCurdie [18]. The primary
objective of this contribution was to describe transition-
metal-induced enhancements of T, in selected amorphous
polymers via ligand field stabilization energy differences
between complexes in the glassy and molten states. The
ligand field model considers a reduction in symmetry and
a decrease in coordination number of the metal center above
T, due to dissociation of a ligand in the polymer’s sidegroup
from the 1st-shell coordination sphere. Geometric distor-
tions of 3-coordinate and 5-coordinate polymer—metal
complexes in the molten state are also considered.

1.2. Ruthenium d°® complexes

Ruthenium(II) is attractive because strong-field low-spin
d® metal centers with pseudo-octahedral symmetry exhibit
very large ligand field splittings and stabilization energies
[6], as discussed below. Ru’" is classified as a borderline
acid [19,20] which exhibits an affinity for borderline bases,
like pyridine ligands in the sidegroup of poly(4-vinyl-
pyridine). Reactions of a particular ruthenium dimer
[i.e. {Ru(CO);Cl,},] with both stoichiometric and excess
amounts of pyridine are well documented [21-23]. In
both cases, the dihalogen bridge is cleaved and either one
or two pyridine ligands coordinate to each metal center
forming complexes with pseudo-octahedral symmetry.
The 1st pyridine ligand occupies the vacant site generated
from cleavage of the bridge, and the 2nd pyridine ligand
displaces carbon monoxide in the coordination sphere
of the metal [23]. Vibrational spectroscopic studies of
[Ru(CO);Cl,], in the vicinity of 1900-2200 cm”! finger-
print the infrared absorptions of CO which are sensitive to
o-donation and 7 back-donation [23-25]. Electron-rich
metal centers backbond to m-acceptor ligands like CO and
shift the vibrational absorption frequencies of carbon
monoxide to lower energy [6]. Solid state carbon-13 NMR
spectroscopic data reveal that heteronuclear spin diffusion
between protons in poly(4-vinylpyridine) and the carbonyl
carbons of [Ru(CO);Cl,], is operative [2,15]. This observa-
tion of intermolecular polarization transfer is consistent

with micromixing and/or complexation of two dissimilar
components.

1.3. Cobalt d’ complexes

Cobalt chloride hexahydrate was used to generate transi-
tion metal complexes with amino, pyridine and imidazole
ligands in the sidegroup of poly(vinylamine), poly(4-vinyl-
pyridine) and poly(L-histidine), respectively. Two indepen-
dent x-ray crystallographic studies [26,27] have deduced a
pseudo-octahedral geometry for CoCl,(H,O)s with two
chloride anions and four equatorial lattice waters in the
Ist-shell coordination sphere of Co**. The two remaining
waters of hydration are ‘free’, but they reside near the apical
chlorides and form hydrogen bonds with these anions [28].
Several 6-coordinate Co®" complexes with multiple nitro-
gen-containing ligands have been prepared and character-
ized [29-31]. These coordination compounds support the
concept that multiple amino ligands in poly(vinylamine)
could displace lattice waters and occupy sites in the coordi-
nation sphere of Co?", which is a borderline acid [19,20].

1.4. Nickel d® complexes

Nickel(II) complexes are useful to induce synergistic T,
response in amorphous polymers with nitrogen-containing
ligands in the sidegroup. The hexahydrates of nickel
chloride and cobalt chloride adopt the same coordination
number and ligand arrangement [32]. Nickel acetate tetra-
hydrate exhibits a pseudo-octahedral geometry in the solid
state with four equatorial lattice waters and two apical
monodentate acetate ligands [33,34]. In the most favorable
situation, pseudo-octahedral Ni** forms metal-ligand o-
bonds with nitrogen lone pairs in two different macro-
molecular chains. Six-coordinate d® nickel complexes are
strongly favored from an equilibrium viewpoint when good
donor ligands are present [7]. Five-coordinate square
pyramidal and trigonal bipyramidal complexes, and 4-coor-
dinate tetrahedral and square planar complexes are also
common [7]. This contribution proposes a previously
unpublished mechanism by which nickel acetate tetra-
hydrate and nickel chloride hexahydrate enhance the glass
transition temperature of poly(4-vinylpyridine) [2,8,15] and
poly(L-histidine) [17], respectively.

2. Experimental considerations
2.1. Materials

Poly(vinylamine) (PVA) was supplied by Dr. Lloyd M.
Robeson at Air Products and Chemicals, Inc. in Allentown,
PA. It was synthesized from vinylformamide upon hydrolysis
of the amide bond in the sidegroup of poly(vinylform-
amide). Linear PVA was provided in a free base aqueous
solution (i.e. 32.5 wt% polymer, pH = 10) with a weight-
average molecular weight of 2.3 X 10* D, and a T, of 57°C.
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Table 1

Classification and characterization of polymers with attractive ligands in the main chain or the sidegroup

Polymer, acronym Molecular weight (D) T, (°C) HSAB class pK, (at 25°C)
Poly(vinylamine), PVA 23x10* Hard 3.34
Poly(4-vinylpyridine), PAVP 2% 10° 145 Borderline 8.75
Poly(L-histidine), PHIS 1.5-5.0x 10* 169 - 8.0

Poly(4-vinylpyridine), P4VP, with a molecular weight of
2% 10° D, was obtained from Scientific Polymer Products
in Ontario, New York. Poly(L-histidine), with a molecular
weight range of 1.5 X 10*~5.0 X 10* D, was purchased from
Sigma Chemical Company in St Louis, MO. Cobalt chloride
hexahydryate, a reddish-pink powder, was purchased from
Johnson Matthey Electronics in Ward Hill, MA. Nickel
chloride hexahydrate (green powder), nickel acetate tetra-
hydrate (light green powder), and the dimer of dichlorotri-
carbonylruthenium(Il) (yellow powder) were purchased
from Aldrich Chemical Company in Milwaukee, WI.

2.2. Sample preparation methods

Poly(vinylamine)/Co** complexes were prepared in
aqueous media at pH =~ 9-10 by (i) mixing the polymer
and metal-salt solutions, (ii) allowing the solvent to
evaporate from a Petri dish in a fume hood at ambient
temperature, and (iii) exposing the residual solids to further
drying under vacuum at ambient temperature for at least
24 h, and an additional 24 h between 80 and 90°C. Nickel
acetate tetrahydrate and P4AVP were prepared in 3% (v/v)
acetic acid. Cobalt chloride hexahydrate and P4VP were
prepared from ethanol. Dichlorotricarbonylruthenium(II)
and P4VP were prepared from methylene chloride under a
nitrogen purge. Divalent transition metal complexes with
poly(L-histidine) were prepared in aqueous media at a pH
between 5 and 6. In each case, the total solids content was
between 1 and 2% (w/v). Sample compositions indicate
the mole fraction of d-block cations with respect to the
polymeric repeat unit. For complexes with [Ru(CO);Cl,],,
sample composition indicates the mole fraction of Ru**
metal centers, assuming that all of the dimers have been
cleaved at low salt concentrations.

2.3. Differential scanning calorimetry

Thermal analysis was performed on a Perkin—Elmer
DSC-7 interfaced to a TAC-7/DX thermal analysis
controller and a personal computer. After quenching
polymer—metal complexes from the molten state, T, was
measured at a rate of 20°C/min. during the 2nd or 3rd
heating trace in the calorimeter, under a nitrogen purge.
T, measurements in these complexes exhibit thermo-
reversibility, due to reproducible thermal behavior in
successive heating and cooling traces.

3. Energetic ligand field models for d-block complexes
3.1. The methodology of transition metal coordination

When low-molecular-weight d-block metal complexes
coordinate to ligands in the sidegroup of a polymer and
increase its glass transition temperature [2], predictions of
this synergistic effect on 7, can be rationalized using the
methodology discussed below. The overall objective of this
study was to (i) estimate differences between electronic
energies of a d" configuration for macromolecule—metal
complexes in the glassy and molten states, and (ii) correlate
this electronic energy difference with the enhancement in
the glass transition temperature. If one considers the
increasingly exothermic enthalpy of formation of divalent
hexa—aqua transition metal complexes [i.e. M2+(H2O)6] asa
function of the number of d-electrons from calcium (do) to
zinc (dlo) [6,35], then the additional exothermic effect
relative to linear trends from Ca®* to Mn*" and Mn** to
Zn** correlates with the stabilization of metal d-electrons
for octahedral complexes in the 1st row of the d-block with
weak field electronic configurations. For trivalent metal
cations in the 1st row of the d-block from scandium (d°)
to gallium (d'’), the increasingly exothermic enthalpy of
formation for the following solid hexafluoro complexes
li.e. K3{M*'F¢}’7] exhibits ‘double-humped’ behavior
[35] as a function of the number of d-electrons, similar to
that for hydration enthalpies. In this case, stabilization of
metal d-electrons accounts for most, but not all, of the
difference between actual data and smooth trend for these
solid hexafluoro complexes. These empirical correlations
between thermodynamic properties and d-electron energies
of octahedral complexes provide support for correlating 7,
enhancements in macromolecule—metal complexes with
ligand-field-induced stabilization of metal d-electrons.
Furthermore, this stabilization must be larger for complexes
in the glassy state relative to the corresponding molten state
complexes to realize metal-induced increases in the glass
transition temperature with respect to T, of the undiluted
polymer [8,15].

3.2. Well-defined low-molecular-weight transition metal
complexes

X-ray crystallography data from the research literature
[22,23,26-28,32—-34] reveal that all of the low-molecular-
weight transition metal complexes analyzed in this study are
pseudo-octahedral with a coordination number of six. In the
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Effect of Co(II) on Poly(vinylamine)'s
Glass Transition Temperature
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Fig. 1. Effect of cobalt chloride hexahydrate on the glass transition tempera-
ture of poly(vinylamine). Adopted from Refs. [9,16].

glassy state, all macromolecule—metal complexes are
assumed to be six coordinate. However, in some cases,
color changes might suggest that a geometric perturbation
occurs. For example, the pink hexahydrate of cobalt
chloride is 6-coordinate, whereas the blue anhydrous salt
is 4-coordinate [26,28]. The hardness of each divalent
transition metal cation (i.e. Ru?*, Co®" and Ni*") as a
Lewis acid is classified as borderline.

3.3. Attractive polymeric ligands

The polymers discussed herein, which contain functional
groups that coordinate to transition metal complexes, are
summarized in Table 1. In addition to the hardness scale,
‘reactive blending’ is based on the fact that selected
functional groups in the sidegroup of the polymer are
stronger bases than the original weakly bound neutral
ligands in the coordination sphere of the transition metal.
Hence, these polymeric ligands will displace neutral
ligands, like lattice waters or carbonyls. In most cases,
weak-base neutral ligands are displaced by strong-base
polymeric ligands that are also neutral. In less frequent
situations, polymeric ligands cleave dimeric transition
metal complexes, like dichlorotricarbonylruthenium (II),
and coordinate to the vacant site after cleavage [22,23].
The hard and soft acid—base theory [19,20] is useful for
selecting proper combinations of polymeric ligands and
transition metal cations. There is an affinity between acids
and bases with the same classification (i.e. hard acid/hard
base, soft acid/soft base and borderline acid/borderline
base). If there is a mismatch in hardness between the
metal cation and a neutral ligand in the original low-molec-
ular-weight complex, then this metal-ligand bond is the
focal point for ligand exchange. Lattice waters are neutral
hard bases, chloride anions are hard but weak [6] bases, and

most of the late divalent metal cations in the 1st and 2nd
rows of the d-block are borderline acids, but palladium (II)
is soft [19].

3.4. Ligand exchange

Macromolecule—metal complexes described herein are
based on ligand exchange [3], which represents a subset
of generalized ‘reactive blending’ strategies to modify the
thermophysical properties of polymers. This is illustrated
schematically in Eq. (1) for divalent transition metal (M)
chlorides with four weak-base waters of hydration in the 1st
shell, some of which are displaced by strong-base polymeric
ligands;

MCl,(H,0), + x[Polymer]

< MCl,[Polymer] (H,0),—_, + xH,O €Y

where x = 4. When weak bases are displaced by stronger
bases, the metal-ligand o-bonds which form are stronger
than those that are dissociated.

3.5. Anionic ligands can be displaced to the 2nd shell

As illustrated by Eq. (1), weak basic neutral ligands with
a different hardness classification than the metal center are
most susceptible to displacement reactions. If x >4 in
Eq. (1), then all of the lattice waters and some of the
weak base chloride anions are displaced by strong-base
polymeric ligands;

MC]z(H20)4 + (4 + y)[POlymel‘]
< MCl,_,[Polymer]yy, + yCI' + 4H,0 2)

where y = 2, and the displaced anionic ligands reside in the
2nd shell. For example, cobalt chloride hexahydrate forms
complexes with poly(vinylamine) [9,16] when the lone pair
on the amino nitrogen displaces all four waters of hydration
in the Ist shell. It is also possible that amino nitrogens
displace one or both of the chlorides to the 2nd shell [29—
31]. Hence, cobalt (II) acts as a multifunctional bridge
between several amino sidegroups. This is a reasonable
structure which explains the unusually large increase in T,
for CoCl,(H,0)¢ complexes with poly(vinylamine) (i.e.
~45°C/mol% Co**, up to 3 mol% Co*") [9,11,16], as illu-
strated in Fig. 1. Contrary to the results discussed below for
complexes with poly(4-vinylpyridine and poly(L-histidine),
which are much weaker bases than poly(vinylamine), Co*"
performs exceptionally well with poly(vinylamine) due to
its ability to coordinate to several amino groups, as
described generically by Eq. (2). This is not possible for
dichlorotricarbonylruthenium(II) because it is increasingly
difficult for amino sidegroups in poly(vinylamine) to
displace more than one carbonyl ligand in the ruthenium
complex after cleaving the dichloride bridge [22,23].
Hence, CoCl,(H,0) is superior to [RuCl,(CO)s], from the
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Effect of Co(II), Ni(II), and Ru(Il) on
Poly(4-vinylpyridine)'s Glass Transition
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Fig. 2. Effect of cobalt chloride hexahydrate, nixckel acetate tetrahydrate,
and dichlorotricarbonylruthenium(II) on the glass transition temperature of
poly(4-vinylpyridine). Adopted from Refs. [2,8,15].

viewpoint of enhancing the glass transition temperature of
poly(vinylamine) [11,16], based on a reduction in chain
mobility via the number of NH, sidegroups that can occupy
sites in the coordination sphere of Co*" vs. Ru*", where the
former cation contains weak-base lattice waters and the
latter cation contains CO ligands.

3.6. Complexes with reduced symmetry above T,

If 7, of the macromolecule—metal complex is higher than
T, of the undiluted polymer, then it is reasonable to consider
that the glass transition occurs when sufficient thermal
energy is provided to remove all but one of the polymeric
ligands from the 1st shell coordination sphere of the transi-
tion metal [8,9,15]. Now, the transition metal complex
represents a bulky coordination pendant group in the molten
state. Furthermore, this complex which survives above T,
exhibits reduced symmetry and a decrease in coordination
number because it is coordinatively unsaturated [3]. This is
illustrated by Eq. (3) for divalent ruthenium complexes with
two neutral carbonyls, two anionic chlorides, and two poly-
meric ligands in the 1st-shell coordination sphere;

RuCl,(CO),[Polymer], «+» RuCl,(CO),[Polymer] + Polymer
3)

In the most favorable situation, the complex on the left
side of Eq. (3) represents a ‘coordination crosslink’ in the
glassy state, where ligands on two different polymer chains
occupy sites in the 1st-shell of Ru>". There is infrared spec-
troscopic evidence [36] that this type of structure forms
when pyridine ligands in the sidegroup of poly(4-vinyl-
pyridine) cleave the dichloride bridge of the ruthenium
dimer [i.e. {RuCl,(CO);}5]. The effect of Ru’*" on the
glass transition temperature of poly(4-vinylpyridine) is
illustrated in Fig. 2. The 5-coordinate complex on the
right side of Eq. (3) represents a bulky ‘coordination

pendant group’ in the molten state. When geometric pertur-
bations occur, like the one illustrated in Eq. (3) which
simulates structural modifications that are consistent with
the onset of T}, ligand field stabilization energies (LFSE) for
metal d-electrons in the state of lower symmetry require
more complex methods of analysis in comparison with
LFSE calculations for pseudo-octahedral geometries.
LFSE calculations for three possible 5-coordinate d"
complexes in the molten state are summarized below. All
of these five-coordinate geometries are considered when
distortions are allowed and the onset of T, corresponds to
the dissociation of one polymeric sidegroup from the coor-
dination sphere of a pseudo-octahedral transition metal
complex.

3.7. d-Orbital energies for five-coordinate complexes above

T,

Models are required to estimate the relative energies of
the five d-orbitals in the molten state before ligand field
stabilization energies can be calculated for 5-coordinate
complexes. These orbital energies [37] are expressed in
terms of the parameter D, where 10D, represents the corre-
sponding octahedral ligand field splitting A,. In terms of
atomic parameters for octahedral complexes where six
point charges, each one of magnitude —ze, are placed a
distance L from the metal center with effective nuclear
charge +Ze, Dy and C, are defined as follows [37];

Dy = Zze*(r*){6L°) 4)

7C,/12Dy = LX) /(r*) 5)

where (r") represents the average (i.e. expectation value)
of r" with respect to the radial part of the d-electron wave-
function, and r is the radius of the electron about the metal
center. Hence, L corresponds to the metal-ligand bond
distance, and (+") increases when the d-electron cloud
experiences more delocalization due to the ligands via the
nephelauxetic [35], or cloud expansion, effect.

3.7.1. Trigonal bipyramid d" complexes with D3, symmetry

Electronic energies relative to the five degenerate d-orbitals
of the free metal ion have been compiled for trigonal bi-
pyramid complexes [37]. This information is summarized in
Table 2 for two different values (i.e. 1 or 2) of the atomic
parameter defined in Eq. (5), where C,/Dy is either 1.71 or
3.43 [37]. If each d-orbital is populated by a single electron,
then the total electronic energy is exactly the same as that
for the free metal ion, and there is no net stabilization due to
the ligand field. Stabilization is prevalent when there is a
larger population of electrons in lower energy orbitals. In a
weak ligand field, electrons occupy vacant orbitals when-
ever possible, instead of pairing with opposite spin in lower
energy orbitals. This usually results in less ligand field stabi-
lization. In a strong ligand field, it is more probable that two
electrons with opposite spin will be paired in lower energy
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Table 2

Electronic energy calculations for 5-coordinate trigonal bipyramid complexes with D;, symmetry

d-Orbital energies (Units of D)

7C,/12D, d, d, dyy doy dy
1 —-3.14 —-3.14 +0.035 +0.035 +621
2 -272 -272 —0.815 - 03815 +7.07

d-Electron configurations and ligand field stabilization energies

No. of d-electrons 7Cy/12D, Ligand field Strength d-Electron configuration LFSE (D)
6 1 Weak {xz} {yz} (o} (o = P} () 3.14
6 2 Weak {xz} vz} oy} {x? — vy Y 272
6 1 Strong {2} {yz) ) (= 7} 12.51
6 2 Strong {xz) vz} oy} = ) ! 12.51
7 1 Weak {xz) (2} (o} {2 =y} ) 6.28
7 2 Weak {xz} vz oy {2 — vy Y 5.44
7 1 Strong {)cz}z{yz}z{xy}z{)c2 - yz}l 12.46
7 2 Strong {xz} vz} oy} — v} 13.33
8 1 Weak R R R e S M E 6.25
8 2 Weak {xz} vz oy — vy Y 6.26
8 1 Strong {xz) {yz} oy} 2 — y*)? 12.42
8 2 Strong {xz} vz} oy} — y*)? 14.14

orbitals, instead of occupying vacant higher energy orbitals.
In general, larger ligand field stabilization energies are
possible in a strong ligand field. The z* orbital in trigonal
bipyramid complexes with 6, 7 or 8 metal d-electrons
remains vacant in a strong ligand field because the energy
difference between d.. and d2_» is approximately 60-80%
of the octahedral ligand field splitting. This methodology is
employed to (i) determine the electronic configuration of d®,
d’ and d® complexes in weak and strong fields, and (ii)
calculate the energetic stabilization of metal d-electrons in
terms of Dy, relative to the free metal ion. These calculations
in Table 2 were performed for complexes with 6, 7 and 8 d-
electrons in an effort to analyze the effects of Ru’", Co*"
and Ni*" complexes on the glass transition temperature of
poly(4-vinylpyridine) and poly(L-histidine), where pseudo-
octahedral geometries with two polymeric ligands in the
coordination sphere of a single metal center represent
reasonable structures in the glassy state. The appropriate
T, enhancements are illustrated in Fig. 2 for poly(4-vinyl-
pyridine) and Fig. 3 for poly(L-histidine). Once Dy is
measured or predicted, the information in Table 2 is useful
to estimate the energetic stabilization of metal d-electrons
for coordinatively unsaturated trigonal bipyramid
complexes in the molten state.

3.7.2. Square pyramid d" complexes with Cy, symmetry
The methodology discussed in the previous section is
repeated here for square pyramid complexes when all
bond angles are 90°. Energies of the five d-orbitals [37]
are summarized in Table 3, where an energy of zero is
assigned to the degenerate orbitals of the free metal ion.
The x* — y* d-orbital remains vacant for all complexes
that contain eight electrons or less, when the ligand field
is strong. For d® complexes with 7C,/12Dy = 1 in a strong
ligand field, d,» is vacant because the energy difference

between d. and d,, is more than 51% of the octahedral
ligand field splitting. The calculations in Table 3 consider
5-coordinate complexes with either 6, 7 or 8 metal d-elec-
trons. LFSE predictions in the far right column of this table
are useful to analyze molten state complexes with reduced
symmetry.

3.7.3. Pentagonal planar d" complexes with Ds;, symmetry

These 5-coordinate complexes exhibit d-orbital energies
[37] that are summarized in Table 4. In the presence of a
strong ligand field, d® complexes do not populate d,, or
d,2 . There is no difference between weak field and strong
field d® complexes because the two orbitals at highest energy
are degenerate. LFSE calculations for these 5-coordinate

Poly(L-histidine) w/ First-Row and Second-Row
Transition Metal Salts
o 1 2 3 4 5 6 7 8 9 10

¥ DIhlo;)tricarb;nyi'uthenium(ll), d-6
—W— Nickel chloride hexahydrate, d-8
-¥¢- Cobalt chloride hexahydrate, d-7
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Fig. 3. Effect of CoCl,(H,0)g, NiCl,(H,O)s and {RuCl,(CO);}, on the glass
transition temperature of poly(L-histidine). Adopted from Refs. [17,18].
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Table 3

Electronic energy calculations for 5-coordinate square pyramid complexes with C,, symmetry

d-Orbital energies (units of D)

7C/12D, d, d,; dyy d. dooy
1 —3.715 - 3715 —2.57 +2.57 +7.43
2 — 457 — 457 - 0.86 +0.86 +9.14

d-Electron configurations and ligand field stabilization energies

No. of d-electrons 7C/12D, Ligand field strength d-Electron configuration LFSE (D,)
6 1 Weak {xz) {yz} oy} (22} (= 7} 3.72
6 2 Weak {2} (v} oy () o = ) 457
6 1 Strong (xz2) vz} {ay)? 20.00
6 2 Strong {xz} 2 vz} v} {2} 18.28
7 1 Weak (xz} vz oy} 2 i — 2! 743
7 2 Weak (a2} {yz) oy} 22 e — 2! 9.14
7 1 Strong {xz}z{yz}2{xy}2{z2}1 17.43
7 2 Strong {xz}? { 2} {xy}z{zz}l 19.14
8 1 Weak (xz) 2 (y2) ey ) 2 (22 (2 = »?Y! 10.00
8 2 Weak (xz} vz} {oy )22 e — 2! 10.00
8 1 Strong {xz){yz}  {xy} (2} 14.86
8 2 Strong {xz} vz oyt {222 18.28

complexes are summarized in the far right column of
Table 4.

3.8. Summary of LFSE calculations for 5-coordinate d"
complexes

Ligand field stabilization energies for all possible 5-coor-
dinate geometries of a d" complex in either weak or strong
fields are averaged with equal weighting factors. These
results are summarized in Table 5. For d6, d’ and d®
complexes, the dependence of LFSE on the number of d-
electrons follows opposite trends for weak and strong ligand
fields. All calculations are presented in units of D, defined
in Eq. (4), where the corresponding octahedral ligand
field splitting is given by 10D,. Parametric estimates of
D, are summarized in the following section for (i) pseudo-

Table 4

octahedral mixed ligand complexes with two polymeric
ligands in the glassy state, and (ii) 5-coordinate mixed
ligand complexes with one polymeric ligand above the
glass transition temperature.

3.9. Jgrgensen’s group contribution method and parameters
for octahedral ligand field splittings

Quantum chemical group contribution predictions which
agree with the spectrochemical series are employed to
estimate the octahedral ligand field splitting A, for six-
coordinate complexes [35,37,38]. Jgrgensen’s predictive
method contains a metal-based g-parameter and a ligand-
based f-parameter when all six monodentate ligands in the
1st-shell coordinate sphere are identical. The metal-based g-
parameter provides the strongest influence on 4A,. Since one

Electronic energy calculations for 5-coordinate pentagonal planar complexes with Ds;, symmetry

d-Orbital energies (units of D)

7C,/12D, dye dye da dy day
1 — 429 —4.29 -1.07 +4.825 +4.825
2 ~ 642 - 642 ~535 +9.10 +9.10

d-Electron configurations and ligand field stabilization energies

No. of d-electrons 7Cy/12D, Ligand field strength d-Electron configuration LFSE (D,)
6 1 Weak {)cz}z{yz}l{zz}l{xy}l{)c2 — 3! 4.29
6 2 Weak ez 2} 22 o e — ) 6.42
6 1 Strong {xz} vz} {2 19.30
6 2 Strong {(xz} vz} (%) 36.38
7 1 Weak (xz} {2} (22 oy e — 2! 8.58
7 2 Weak {xz}z{yz}2{zz}'{xy}'{x2*y2}' 12.84
7 1 Strong {xz} ) {2 oy} 14.48
7 2 Strong (xz) {yz} {2 oy} ! 27.28
8 1 Weak,strong (2 2 H2 oo xE — v 9.65
8 2 Weak, strong (x2) vz} {2 ooy (= y*)! 18.19
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Table 5
Averaged ligand field stabilization energies for 5-coordinate d" complexes

No. of d-electrons Ligand field strength LFSE (Dgy)
d° Weak 4.14
d® Strong 19.83
d’ Weak 8.29
d’ Strong 17.35
d® Weak 10.06
d® Strong 14.59

wavenumber (i.e. 1 cm ") corresponds to 11.963 J/mol, the
following expression is useful to estimate A, with units of
kJ/mol;

Ay = 10D, = 11.963{f} (g} ©)

Table 6 contains Jgrgensen’s parameters [35,37,38] for
the divalent metal cations of interest in this study, and all of
the appropriate anionic and neutral ligands in the original
low-molecular-weight complexes, as well as those in the
sidegroups of the polymers. The f-parameter for CO (i.e.
~5-7) was calculated from Eq. (6) using experimental
data for {Mn(CO)é}Jrl (i.e. Ay = 41650 cm_') [39,40].
The g-parameters for MnH, Mn*" and Mn*" are 8.5, 21
and 23, respectively [35,38], which reveal that A is smaller
when the metal is in a lower oxidation state. This is consis-
tent with the fact that Dy is reduced, via Eq. (4), when the
effective nuclear charge experienced by the ligands (i.e.
+Ze) is smaller. Hence, the g-parameter for Mn ™' is less
than 8.5. The relatively large f-parameter for carbonyl
ligands is consistent with the fact that CO is the strongest
m-acceptor in the spectrochemical series [6]. The f-para-
meter for imidazole was determined from an empirical
correlation between Brgnsted ionization equilibrium
constants [6] (i.e. pKp) and Jgrgensen’s f-parameters
[35,37,38] for three anionic ligands (i.e. Br, Cl , and
CN") and two neutral ligands (i.e. H,O and CsH;N). f-
Parameters and pKys for these five ligands are included in
Table 6. The following 3rd-order polynomial was used to (i)
match these five data pairs for f vs. pK, with a correlation
coefficient better than 0.999 and (ii) estimate the Jgrgensen
f-parameter for six monodentate imidazole ligands, which is
within the range of the data set;

f=261—-251x10""{pKy} + 1.31 X 10~ *{pK, }?

—2.52% 10" *{pK, }® (7

Since the Brgnsted ionization equilibrium constant for the
imidazole ring [41] in histidine is pKj, = 8.0, the Jgrgensen
f-parameter for imidazole is estimated to be 1.32, as indi-
cated in Table 6. The ‘rule of average environments’ [35,38]
is invoked to calculate pseudo-octahedral ligand field split-
tings for mixed ligand complexes that are 6-coordinate
below T, and 5-coordinate above T,. In other words, the
concept of the magnitude of a cubic ligand field is appro-

Table 6

Jgrgensen’s g-parameters for metal cations and f~parameters for anionic and
neutral ligands. pKys are included for ligand functional groups that were
used to construct the empirical correlation given by Eq. (7)

Metal cations ~ g-Parameter  Ligands pKy f-Parameter
Ni?* 8.8 6 Br~ 23 0.74
Co** 9.2 6Cl- 21 0.79
Ru®* 20.0 6 CH;COO™ 0.95
6 H,0 14 1.00
6CsHsN*® 875 1.4
6[PHIS]® 8.0 1.32
6 CN~ 469 1.7
6 CO 5-7

* CsH;N represents a pyridine ring in the sidegroup of poly(4-vinyl-
pyridine).

® [PHIS] is an acronym for the imidazole ring in the histidine sidegroup
of poly(L-histidine).

priate for complexes that are only approximately cubic in
symmetry [38]. The averaging is performed as follows.
For 6-coordinate complexes with three different types
of ligands, denoted by M2+(L1)2(L2)2(L3)2, the pseudo-
octahedral ligand field splitting in kJ/mol is estimated by;

{AO }é-coordinate = { 10Dq }6-coordinate
= 11.963gM* ) {f (L)) + f(Ly) + f(L3)}/3 ®)

For 5-coordinate complexes with three different types of
ligands, denoted M**(L,;),(L,)2(L3),, the corresponding
‘pseudo-octahedral’ ligand field splitting in kJ/mol is
estimated by;

{ AO }5-coordinate = { 10D, q }5-coordinate

= 11.963g(M* ) {2/5)f (L)) + (2/5) + f(Ly) + (1/5)f(L3)}
O

where anionic, neutral and polymeric ligands are denoted by
L;, L, and L, respectively. This procedure is employed to
estimate A, for all complexes in the following scheme,
based on Eq. (3), which represents the onset of 7, in macro-
moledule—metal complexes with enhanced glass transition
temperatures relative to the undiluted polymers;

M> (L)) (L) (Ls)y < M*T(L))y(Ly),Ls + Ly (10)

where M?" is either Ru®>", Co*" or Ni*"; L, is either Cl or
CH;COQO; L, is either H,O or CO; and L; is the nitrogen
lone pair in the sidegroup of either poly(4-vinylpyridine) or
poly(L-histidine). Reactive blending based on Eq. (1) with
x = 2 is responsible for the 6-coordinate complex below T,
on the left side of Eq. (10). Pseudo-octahedral ligand field
splittings A, are computed in Table 7 for complexes on
the left and right sides of Eq. (10) using Eqgs. (8) and (9),
respectively, for systems whose T, behavior is presented in
Figs. 2 and 3. An average f-parameter of 6.0 was employed
for CO ligands.
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Table 7

Ligand field splittings and LFSEs for macromolecule—metal complexes above and below the glass transition temperature

10D, (kJ/mol)

Ligand field strength

LFSE (kJ/mol)

d® Complexes

RuCl,(CO),[P4VP], 640 Weak
Strong
RuCl,(CO),[P4VP] 709 Weak
Strong
RuCl,(CO),[PHIS], 647 Weak
Strong
RuCl,(CO),[PHIS] 713 Weak
Strong
d’ Complexes
CoCl,(H,0),[P4VP], 111 Weak
Strong
CoCly(H,0),[P4VP] 106 Weak
Strong
CoCl,(H,0),[PHIS], 114 Weak
Strong
CoCly(H,0),[P4VP] 108 Weak
Strong
d® Complexes
Ni(CH;COO0),(H,0),[P4VP], 112 Weak
Strong
Ni(CH;COO0),(H,0),[P4VP] 108 Weak
Strong
NiCl,(H,0),[PHIS], 109 Weak
Strong
NiCl,(H,0),[PHIS] 103 Weak
Strong

4D, = 256
24D, = 1536
4.14D, = 294
19.83D, = 1406°
4D, =259

24D, = 1553°
4.14D, = 295
19.83D, = 1414°

8D, = 88.9°
18D, = 200
8.29D, = 88.0°
17.35D, = 184
8D, = 91.3°
18D, = 205
8.29D, = 89.4°
17.35D, = 187

12D, = 134*
12D, = 134
10.06D, = 109*
14.59D, = 158
12D, = 131
12D, = 131
10.06D, = 104*
14.59D, = 150

* Most probable LFSE for d" complexes based on a consideration of A, and interelectronic repulsion.

3.10. Consideration of interelectronic repulsion and A,
when there is ambiguity in the d-electron configuration for
complexes with pseudo-octahedral symmetry

There is ambiguity in the electronic configuration for d®
and d’ octahedral (i.e. Oy) complexes when the following
two possibilities exist; (1) two electrons with opposite spin
occupy a lower energy orbital in a strong ligand field, or (2)
higher energy orbitals contain unpaired electrons in a weak
ligand field. The most energetically favorable configuration
is determined by estimating the Racah interelectronic
repulsion parameter B;

B = By(1 — hk) (11)

for 6-coordinate complexes with O, symmetry if B, is
known for the free metal cation [35,38]. The parameters &
and k are characteristic of the ligand and metal, respectively.
As a consequence of the delocalization of metal d-electrons
over the ligands, interelectronic repulsion is weaker [6] and
the Racah B parameter is reduced in magnitude relative to
B, for the free metal cation. Table 8 summarizes informa-
tion about d-orbital energies, B, for Ru**, Co*" and Ni*",
crossover energies for weak and strong ligand fields in terms
of {Ay/B}ciical, Weak field and strong field electronic con-
figurations, and the corresponding LFSEs for d°, d” and d®

6-coordinate complexes. For Ru*" in the 2nd-row of the d-
block, the large g-parameter (i.e. 20), the extremely large f-
parameter for CO, and the small value of B, (620 cm )
[35,38] suggest that strong field electronic configurations
are most probable for these heavy metal d® complexes
because Ay/B is invariably greater than the weak-field/
strong-field crossover [6,35] at 18-20. Hence, d,,, d,,
and d,, are doubly populated, d,. and d._ are vacant,
and LFSE is 24D,. For Co’" in the lIst-row of the d-
block, a much smaller g-parameter (i.e. 9.2) and a very
large value of B, (i.e. 1120 cmfl) [38], with no carbo-
nyl ligands, argue in favor of a weak field electronic
configuration with Ay/B less than the crossover [6,35] at
21-23. Now, the higher energy d-orbitals (i.e. d,. and
dxz_yz) contain one electron each, and LFSE is 8D,.
There is no ambiguity in electronic configuration for
d® Ni** complexes with octahedral symmetry. However,
ligand field strength, or Ay/B, influences the electronic
configuration for 5-coordinate d® complexes. Since B,
and Jgrgensen’s g-parameter for Ni** are similar to
those for Co®*, and no carbonyl ligands occupy sites in
the Ist-shell of Ni** for the complexes of interest, it is
reasonable to adopt weak field electronic configurations
for Ni(CH;COO),(H,0),[P4VP] and NiCl,(H,0),[PHIS]
in the molten state.
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Table 8

Racah interelectronic repulsion parameters for free metal cations, weak/
strong field crossover energies, d-electron configurations and LFSEs for
pseudo-octahedral d” complexes (note: d,y, d, and d,, (denoted by 1,,) are
degenerate at —4Dy; d;2 and d,2_ 2 (denoted by e,) are degenerate at +6D,)

By (cmfl) {Ay/B} d-Electron configuration ~ LFSE (D)

d® Complexes

Ru*® 620 <18-20  {fy)*{e)? 4
>18-20 {1} 24

d” Complexes

Co*" 1120 <21-22 (it} {e,)? 8
>21-22  {t)%(e,}’ 18

d® Complexes

Ni** 1080 - {12}%(e, ) 12

3.11. Correlation between T, enhancement and the
difference between ligand field stabilization energies in the
glassy and molten states

Ligand field stabilization energies are calculated in Table
7 for macromolecule—metal complexes on the left and right
sides of Eq. (10) for both weak and strong ligand fields.
Based on consideration of interelectronic repulsion in the
previous section, superscripts in the far right column of
Table 7 identify the most probable LFSEs for 5- and 6-
coordinate complexes of Ru’*(i.e, strong field), Co*" (i.e.
weak field) and Ni** (weak field). When the appropriate
ligand field strength is considered in Table 7, LFSEs are
larger for glassy 6-coordinate complexes than they are for
5-coordinate complexes above T,. More stabilization of
metal d-electrons due to geometry and the surrounding
ligands in the glassy state is consistent with the fact that
these complexes exhibit thermochemical synergy with
respect to T,, upon removal of one polymeric ligand from
the 1st-shell. This is analogous to the fact that larger LESEs
for {M(H,0)¢}*" yield more exothermic hydration enthal-
pies relative to linear trends from Ca”* to Mn*" to Zn*" for
divalent hexa—aqua metal complexes from the 1st-row of
the d-block [6,35]. Furthermore, when one lattice water is
removed from these hexa—aqua complexes, the log of the
kinetic rate constant for this process, or the free energy of
activation from the 6-coordinate complex to the transition
state, is correlated [37] empirically with the difference
between LFSEs (i.e. units of Dy) of octahedral ML and
square pyramidal MLs. In this research contribution, D, is
estimated for 5- and 6-coordinate mixed-ligand complexes
above and below T,. Then, the difference between LFSEs
(i.e. units of kJ/mol) in the glassy and molten states is corre-
lated with the increase in T, for poly(4-vinylpyridine) and
poly(L-histidine) complexes with Ru**, Co®* and Ni**, at
1 mol% metal cation. These results are presented in Fig. 4.
The reduction in chain mobility and the increase in T, is
more pronounced when the first trace of metal cation is
present. There is further enhancement of 7, at higher
concentrations of metal cations, but the ‘relative’ increase

Correlation of Glass Transition Temperature Enhancement
w/ Ligand Field Stabilization Energies for d-Block Complexes
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80 : - , . , : 2 80
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Fig. 4. Correlation between T, enhancement at 1 mol% metal cation and
ligand field stabilization energy differences below and above 7, for Ru®*,
Co?" and Ni** complexes with poly(4-vinylpyridine) and poly(L-histidine).

in T, is not as significant as the initial effect. Most T,-
composition behavior, experimental or theoretical, is
nonlinear. Ligand field analysis is correlated with the initial
slope of T, vs. composition, in the range from 0 to 1 mol%
metal cation. Without adjustable parameters which might
account for differences in complexation efficiency between
pyridine and imidazole, it is not possible to generate a
universal correlation for 7, enhancement, based on the six
complexes that were analyzed in this study. Nevertheless, a
priori calculations of this nature, together with a reasonable
model like Eq. (10) for the onset of T, are useful to identify
macromolecule—metal complexes which exhibit thermo-
chemical synergy.

3.12. Tetrahedral Co®* complexes below T, and 3-
coordinate complex in the molten state

An alternate viewpoint of macromolecule—metal
complexes with Co®" is presented, when two ligands in
the sidegroup of the polymer occupy sites in the 1st-shell
coordination sphere of the metal center below 7, As
mentioned above, CoCl,(H,0)s is pink and the anhydrous
salt is blue [26,28]. Cobalt chloride adopts a tetrahedral
geometry in ethanol with a characteristic blue color [28].
X-ray diffraction data on dark blue crystals of dichlorobis(4-
vinylpyridine)cobalt(Il) suggest that the structure of this
four-coordinate pseudo-tetrahedral complex contains two
4-vinylpyridine ligands and no waters of hydration [42—
44]. These studies are significant because they demonstrate
that the borderline acid Co*" sheds its four hard-base lattice
waters in favor of two borderline-base [19] pyridine ligands.
Tetrahedral symmetry of the metal center is a common
occurrence for d’ Co** complexes [7]. If geometric
perturbations occur during preparation of complexes
with poly(4-vinylpyridine) in ethanol, then octahedral
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Table 9

10005

Electronic energy calculations for 3-coordinate (i.e. C3, and Dj3;) and 4-coordinate (i.e. T;) d’ Co** complexes which correspond to Eq. (12)

d-Orbital energies (D) for facial trivacant complexes with Cs, symmetry (all bond angles are 90°)

7C,/12D, d,. d,, dyy de_p d,

1,2 —2.00 —2.00 —2.00 +3.00 +3.00

d-Orbital energies (D) for trigonal planar complexes with D3, symmetry (all bond angles are 120°)

7C/12D, d,, d,, d, dyy de_ye

1 —2.57 —2.57 —0.65 +2.895 +2.895

2 —3.85 —3.85 -3.21 +5.46 +5.46

d-Orbital energies (D) for tetrahedral complexes with 7; symmetry

7C/12D, de_p d, dyy dy, d,,

1,2 —2.67 —2.67 + 1.78 +1.78 +1.78

Ligand field stabilization energies for 3- and 4-coordinate d” complexes

Symmetry 7Cy/12D, Ligand field strength d-Electron configuration LFSE(D,)

Cs 12 Weak (xz) {yz) ) (2 = ¥} (2 4.00

Ds, 1 Weak e R R e N N e 5.14

Dy, 2 Weak el a2 ) 1 = %) 7.69
Average LFSE for 3-coordinate complexes 5.21

T, 1,2 Weak (x* - yz}z{zz}z{xy} ! {yz}z{)cz}I 5.34

d’ Complexes State 10D, (kJ/mol) LFSE (kJ/mol)

CoCL,[P4VP], Glass 111.7 5.34Dy = 59.7

CoClL,[P4VP] Molten 103.5 5.21D4 =53.9

CoCL,[PHIS], Glass 116.1 5.34D, = 62.0

CoClL,[PHIS] Molten 106.4 521Dy =554

CoCl,(H,0)¢ might revert to tetrahedral coordination with
two pyridine ligands and two anionic chloride ligands. If
this 4-coordinate structure persists in the glassy state, then
the onset of T, might occur when one pyridine ligand in the
sidegroup of the polymer is removed from the coordination
sphere of Co*" due to the addition of thermal energy. Now,
the coordinatively unsaturated [3] molten state complex
above T, is 3-coordinate, and the possibilities range from
facial trivacant (i.e. nonplanar), where all bond angles are
90°, to trigonal planar, where all bond angles are 120°. The
following scheme represents a model for the glass transition
process in Co”" complexes with poly(4-vinylpyridine) that
have been prepared from ethanol;

CoCl,[P4VP], « CoCl,[P4VP] + P4VP (12)

Stabilization energies for metal d-electrons above and
below T,, based on Eq. (12) are presented in Table 9.
Weak field electronic configurations are favored for 4-
and 3-coordinate d’ metal complexes from the Ist-row of
the d-block, with no carbonyl ligands. One predicts that
LFSE for 4-coordinate tetrahedral Co®" complexes with
poly(4-vinylpyridine) below T, is larger than LFSE for the
corresponding 3-coordinate complex in the molten state by
5.8 kJ/mol. Since these complexes were prepared in ethanol,
the horizontal coordinate [i.e. A(LFSE)] of the empirical
correlation for P4VP/Co”" complexes in Fig. 4 is changed
from 0.9 kJ/mol (Table 7) to 5.8 kJ/mol (Table 9). Previous
analyses [15] of P4VP/Co** complexes that were assumed
to be pseudo-tetrahedral above and below T, yield LFSEs
which are 3.7 kJ/mol larger in the glassy state relative to the

molten state. Predictions for Co®" complexes with poly(L-
histidine), based on Eq. (12), reveal that LFSE in the glassy
state is 6.6 kJ/mol larger than that in the molten state.
However, these complexes were prepared in aqueous solu-
tion and lattice waters should be retained in the glassy state
structure, represented schematically on the left side of
Eq. (10). In this case, pseudo-octahedral glassy complexes
revert to 5-coordinate complexes via the onset of T,, so
A(LFSE) of 1.9 kJ/mol from Table 7 is employed on the
horizontal axis of Fig. 4 for poly(L-histidine) Co** instead
of 6.6 kJ/mol calculated in Table 9.

4. Conclusions

Stabilization of metal d-electrons has been employed
previously to explain thermodynamic [6,35] and kinetic
[37] data for 6-coordinate hexa—aqua divalent transition
metal complexes from the Ist-row of the d-block. Kinetic
data in Ref. [37] were analyzed for a 5-coordinate square
pyramidal complex in the transition state that was not
allowed to distort. The methodology employed herein
allows for geometric distortions in the molten state to
model the glass transition process in macromolecule—
metal complexes with enhanced T,s. By focusing on weakly
basic ligands with a different hardness classification than the
metal center, ligand exchange in the 1st-shell coordination
sphere of d-block cations was invoked to couple two
different chains via coordination crosslinks. For complexes
based on dichlorotricarbonylruthenium (II) at low metal
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cation concentrations, group theory analysis of previous
infrared data [36] yields a glassy state structure where two
sidegroups from the polymer occupy sites in the 1st-shell of
Ru*". Dissociation of one of these metal—polymer o-bonds
at high temperature produces a 5-coordinate complex with
reduced symmetry in the molten state. Ligand field stabili-
zation energy differences between 6-coordinate glassy
complexes and 5-coordinate molten complexes have
been correlated with the enhancement in 7, for Ru’?,
Co®" and Ni*" complexes with poly(L-histidine). For
similar complexes with poly(4-vinylpyridine), Ru** and
Ni** are considered to be pseudo-octahedral below T, and
5-coordinate above T,, but the corresponding Co**
complexes prepared from ethanol are considered to be
pseudo-tetrahedral below T, and 3-coordinate above T,. At
1 mol% of the d-block metal cations, there is much more
enhancement in the glass transition of poly(L-histidine),
relative to that for poly(4-vinylpyridine). Adjustable
parameters were not introduced in the development of
this correlation between T'g compiex— g polymer a0d the differ-
ence between ligand field stabilization energies below and
above T,. The model predicts thermochemical synergy for
six different macromolecule—metal complexes. However,
universality of the correlation has not been demonstrated
for these six complexes, even though the basicity of the
important functional group in the polymer’s sidechain influ-
ences predictions of ligand field stabilization energies via
Jgrgensen’s quantum chemical group contribution method.
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