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The geometric structure of a molecule depends
upon the magnitude of the energy barrier which pre-
vents conversion into any of its geometric isomers.

In an extensive and impressive group of papers,1:2
Pearson has presented a series of symmetry rules
which may be used to predict the most stable struc-
ture of a molecule,! its structural rigidity, and its
mode of reaction.2 The rules, which are an extension
of the work of Bader,3 are based upon the use of per-
turbation theory and group theory to evaluate the ef-
fect of a vibrational distortion on the ground-state
geometric configuration of a molecule. The theory
supporting these symmetry rules has been extensive-
ly developed during the past few years.1-4

However, in general, experimental verification of
the rules has been based upon molecular intercon-
versions or reactions which occur either in solution or
in the isolated gaseous state. The reliability of these
orbital symmetry rules in predicting a stereochemi-
cally rigid or flexible geometric structure in the solid
state has not as yet been experimentally confirmed.

This Account presents evidence which indicates
that these symmetry rules are useful for predicting
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solid-state structural interconversions between geo-
metric isomers at high pressure. Due to space limita-
tion, an extension of the ideas on this topic will be
presented elsewhere.> Furthermore, this Account
provides a new approach to the classification of the
various effects which are observed in coordination
compounds under high pressure.

In the approach developed by Pearson,? it is first
assumed that all first-order structural distortions of
the molecular geometry have occurred. These distor-
tions include any first-order Jahn-Teller distortions
required to produce a nondegenerate electronic
ground state, and any vibrational distortions which
can occur along the totally symmetric normal vibra-
tional modes. On the basis of this assumption, the
energy of an initial molecular configuration in the
presence of a distortion may be expressed as

[@ fusl5g mar]
~ E, - B,

1 2
E=E, + §Q2f¢0!%.§|¢0d7 + f;
(1)
E = Ej + f@! + fQ° (2)

where @ is a measure of the magnitude of the dis-
placement of the . initial molecular configuration
along a normal coordinate which is then designated

1) R G, Pearson, J. Am. Chem. Soc., 91, 4947 (1969); J. Chem. Phys.,
53, 2986 (1970); Pure Appl. Chem., 27, 145 (1971).

(2) R. G. Pearson, J. Am. Chem. Soc., 91, 1252 (1969); ibid., 94, 8287
(1972); Ace. Chem. Res., 4, 152 (1971). )

(3) R. F. W. Bader, Can. J. Chem., 40, 1164 (1962); Mol. Phys., 3, 137
(1960). .

(4) H. C. Longuet-Higgins, Proc. Roy. Soc. London, Ser. A, 235, 537
(1956).

(5) G. J. Long and J. R. Ferraro, Inorg. Chem., to be submitted for pub-
lication.
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of phenoxy radical to an olefinic bond (process b) is
shown in Scheme XIV.40
The addition to butadiene of hydroxy and alkoxy
radicals generated by redox systems can also lead to
dimerization of the intermediate allyl radicals (pro-
cess c), as mentioned for carbon and nitrogen radi-
c a l ~ . ~ 9
(40) L. Merlini, unpublished results a t Istituto di Chimica del Politec-
nico (Milan).
Conclusion
A better understanding of reduction-oxidation
processes involving free radicals and of polar effects
in free-radical reactions has contributed to intensifi-
cation of both theoretical and synthetic interest in
redox additions to olefins. Research in this field of-
fers further possibilities of development, because it
appears that a systematic investigation has not yet
been carried out.
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172 Ferraro and Long

as the @ coordinate, and V is the nuclear-nuclear
and nuclear-electronic potential energy. The remain-
ing symbols have their usual meanings and are dis-
cussed below. The reader should consult ref 1 and 2
for further details on the derivation and use of this
expression.

In eq 1 and 2, the first term, Eo, is the minimized'

energy of the initial undistorted molecular configura-
tion. The term fooQ? represents the distortion-in-
duced change in the energy of the initial electronic
configuration and is always positive because the ini-
tial energy is minimized for the undistorted initial
molecular configuration. This term provides a restor-
ing force which would tend to remove the distortion
and return the molecule to its initial configuration.
The term forQ2 is always negative because it in ef-
fect changes the initial wave function, ¥, to fit the
nuclear coordinates of the distorted molecular con-
figuration. The sum of the second and third terms is
the experimental force constant for the normal coor-
dinate @,

Three cases are possible, depending upon the rela-
tive magnitudes of the values of foo and for. If foo >
for, the initially chosen molecular configuration is
stablé and no distortion is expected. If foo = fox, the
initial molecular configuration is potentially unsta-
ble and may spontaneously distort along the normal
coordinate @ to a new molecular configuration. Fi-
nally, if foo < for, the initial molecular configuration
is unstable and will spontaneously change via nor-
mal coordinate @ to a relatively more stable configu-
ration. From these results, we can see that a knowl-
edge of the magnitude of for can provide us with
some information about the relative stability of the
initial molecular configuration. |

At this point, as discussed in detail by Pearson 2
some rather extensive approximations must be made
in order to evaluate the probable magnitude of for.
The first of these approximations involves limiting
the summation in the for term to only the one or two
lowest excited electronic states (represented by )
available to the molecular configuration. This ap-
proximation will only be good if the energy of the re-
maining terms is much greater than Eo. The second
approximation involves replacing the total ground-
state electronic wave function, o, with the highest
occupied molecular orbital, Yuomo, for the configu-
ration. Similarly, the total first excited state wave
function, Y, is replaced by the lowest unoccupied
molecular orbital, ¥1,umo, for the configuration, etc.

We may now determine whether the integrals in
the for terms are zero or nonzero by making use of
the symmetry of the wave functions and the symme-
try of the operator, v /3@, which will be the same as
that of the normal coordinate, §.1 The integral will
be nonzero only if the direct symmetry product

T, x Ty x T,

YHOMO YLUMO

contains the totally symmetric irreducible represen-
tation. In Pearson’s papers, this requirement is stat-
ed in terms of the transition density, pos, which is
the product, Yo¥r, of the two wave functions and
represents the amount of electronic charge trans-
ferred within the molecule as a result of nuclear mo-
tion. In terms of the transition density the integral
will be nonzero only if the symmetry of the transition
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density is the same asthat of Q, i.e.,

T, =Ty, xTy =T x T =T,

0 *Homo YLUMO

Apart from the symmetry requirement, the value
of for will depend upon the energy difference, Eq —
E,. Pearson! has suggested that an energy gap of the
order of 4 eV between the HOMO and the LUMO is
sufficiently small enough to indicate the possibility
of a structural instability. Hence, with the proper
symmetry, and with a small enough energy gap, a
change in molecular configuration may occur. How-
ever, there is an additional requirement for the oc-
currence of a molecular interconversion, namely,
that distortion along the normal coordinate, @,
must, if continued, lead to an alternative structure.

In summary, there are three basic requirements
which, if satisfied, would lead to a possible structural
interconversion. First, the symmetry product must
be correct, i.e., the symmetry of the transition densi-
ty, pox, must be the same as that of a normal coordi-
nate, §. Second, the energy gap between the HOMO
and one or more of the excited-state molecular orbit-
als must be of the order of 4 eV or less. Finally, the
normal coordinate, @, must lead to a viable alter-
nate structure.

We believe that these ideas, as developed by Pear-
son, may be useful in predicting whether or not a
structural interconversion will occur in a solid which
is subjected to high pressures.? It should be noted
that, in general, bending force constants are much
smaller than stretching force constants, and as a re-
sult, for normal modes involving vibrations, for is
more likely to be larger than foo, which in this case
should be small. Thus, molecular rearrangements in-
volving bending modes and hence changes in bond
angles are more likely to occur than those involving
stretching modes.

On the basis of the above arguments, a solid com-
plex is more likely to show a structural interconver-
sion along a normal coordinate at high pressure if
the symmetry of that coordinate is the same as that
of the transition density, por, as determined for the
HOMO and LUMO of the complex. The lack of such
agreement may not prevent such an interconversion,
but it might make an alternative structural change
more likely. One must also, at this point, consider
the changes in the energy gap between the HOMO
and the excited-state molecular orbitals at high pres-
sure. In general, these energies are expected to shift
with the application of pressure.

Structural Interconversion in the Solid State

As emphasized above, most structural interconver-
sions have been studied in solution. Nuclear magnet-
ic resonance spectroscopy has been an ideal tool for
such studies because often the equilibrium estab-
lished between labile structures can be shifted in
favor of one structure by a change in temperature.
Until recently, few high-pressure studies of solid-
state structural interconversions of complexes have
used vibrational and electronic spectroscopy. The
Mossbauer effect has, however, been used extensive-
ly by Drickamer and his coworkers.8

(6) H. G. Drickamer and C. W. Frank in “Electronic Transitions and the
High Pressure Chemistry and Physics of Solids,” Chapman and Hall, Lon-
don, 1973.
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\ Table I
Solid-State Pressure-Induced Structural Transformations
Approximate
local symmetry, Approximate
Coordina - ambient Structural transformation Spectro-
Compound*® tion No. pressure transformation  pressure, kbar scopic probe Remarks
Ni(BzPh,P)Cl, 4 T, No change Electronic
Far-ir
Ni(BzPh,P),Br; 4 Y, square planar Square planar 20 Electronic Reversible
Yo Ty : Far -ir
Ni(Qngn)Cly 4 T, Dimeric 2 Electronic Irreversible
‘ Far-ir Dimeriza-
tion
CuC142"’ 4 Flattened 7, Square planar 20 Far-ir Reversible
Ni(CN)g*° 5 SQP + TBP sQp 7 Ir(2100-cm™! Reversible
region)
[NiLX]‘, NiLX,, 5 SQP + TBP TBP - Onset of P Electronic Reversible

[NiL,X]*, NiLyX,

@ Abbreviations: Bz, benzyl; Ph, phenyl; Qnqn, trans-2-(2’ -qumolyl)methylene 3-quinuclidinone; L, organic ligand; X, halide or pseudo-
halide; SQP, square pyramldal TBP, trigonal bipyramidal. ®* With Cs* and (CHs):CHNHj3*. ¢ In [Cr(en)s][Ni(CN)5]-1.56H20.

It is reasonable to assume that solid-state inter-
conversions involve considerably larger energy effects
than those observed in solution. For solid complexes,
in addition to the symmetry effects discussed above,
molecular packing, lattice forces, ligand flexibilities,
metal-ligand bond distances, d-d electronic transi-
tion energies, orbital overlap and orientation effects,
and hydrogen bonding among other factors must also
be considered. High pressure is known to effect many
of these factorsé-8 and will favor the structure with a
smaller packing volume. High-pressure effects are
observed to shorten the metal-ligand bond distance
and to increase the average ligand field strength,
10Dq.7-? In the cases involving high-spin complexes,
this increase in 10Dg may be sufficient to overcome
the electron spin pairing energy and produce a low-
spin complex.

Of particular interest is the effect of high pressure

on the infrared absorption bands of a solid complex. .

A reduction in the metal-ligand bond distance shifts
the vibrational bands to higher energy. For bending
modes, which might possibly transform one structure
into another, the effects of pressure may be smaller
and conceivably the associated band may shift to a
lower energy. It is also possible that, at high pres-
sure, normally forbidden modes may become allowed
(in a lower site symmetry), and if this mode yields a
structural interconversion, the conversion may then
become allowed. Thus, it is of interest to examine
the solid-state rigidity of various molecules with dif-
fering stereochemical configurations at high pressure.

High-Pressure Studies of Several Solids in
Different Symmetries

Solid-state structural transformations obtained for .

several representatwe solids at high pressure are pre-
sented in Table I. From these results, it may be con-
cluded that structural interconversions are possible
for transition-metal complexes in the solid state. The

(7) J. R. Ferraro, D. W. Meek, E. C. Siwiec, and A. Quattrochi, J. Am.
Chem. Soc., 93, 3862 (1971).

(8) H.G.Drickamer, Solid State Phys., 17, 1(1965),

(9) G. J. Long and J. R. Ferraro, Inorg. Nucl. Chem. Lett.,

10, 393
(1974).

interconversions are all reversible, with the exception
of that for the Ni(Qngn)Cl, complex.

We now propose a new scheme for the classifica-
tion of the types of behavior observed in transition-
metal compounds at high pressure (see Table
II) §.9-22 The four behavior classes are based pri-
marily upon the presence or absence of a structural
and/or electronic change in the complex between
ambient and high pressure. Class 1 compounds ex-
hibit neither large structural nor electronic changes,
but they would include compounds which show
small effects, such as slight unit cell contractions,
minor crystallographic changes in space group, small
changes in crystal-field parameters, and small shifts
in charge-transfer bands. Class 2 compounds exhibit
significant structural changes with, at most, minor
electronic - changes, whereas the reverse situation
holds for class 3 compounds. Classes 2 and 3 may be
further subdivided as shown in Table II depending
upon the absence or presence of a coordination num-
ber change, etc. Class 4 includes compounds with
both electronic structural changes at high pressure
and, of course, could have many subdivisions if nec-
essary based upon the presence or absence of each
electronic and structural factor.

The behavior of various selected transition-metal
complexes at high pressure will now be discussed in

(10) J. R. Ferraro, K. Nakamoto, J. T. Wang, and L. Lauer, J. Chem.
Soc., Chem. Commun., 266 (1973).

(11) G. J. Long andJ R. Férraro, J. Chem. Soc Chem. Commun., 719
(1973); G.J. Long and D. L. Coffen, Inorg. Chem., 13, 270 (1974).

(12) R. W, Vaughan and H. G. Drickamer, J. Chem. Phys., 47, 468
(1967).

(13) R. D. Willett, J. R. Ferraro, and M. Choca, Inorg. Chem., 13, 2919
(1974).

(14) P.J. Wang and H. G. Drickamer, J. Chem. Phys., 59, 559 (1973).

(15) L. J. Basile, J.R. Ferraro, M. Choca, and K. Nakamoto, Inorg.
Chem., 13, 496 (1974).

(16) C. B. Bargeron, M. Avinor, and H. G. Drickamer, Inorg. Chem., 0,
1338 (1971).

(17) D.C.Fisher and H. G. Drickamer.J. Chem. Phys., 54, 4825 (1971).

(18) J.R, Ferraro and J. Takemoto, Appl. Spectrosc., 28; 66 (1974).

(19) C. B. Bargeron and H. G. Drickamer, J. Chem. Phys., 55, 3471
(1971).

(20) C.W.Frank and H. G. Drickamer, J. Chem. Phys., 56, 3551 (1972).

(21) P.J. Wang and H. G. Drickamer, J. Chem. Phys., 59, 713 (1973).

(22) L. J. Basile, J. H. Enemark, R. D.Feltham, J. R. Ferraro, and T. E.
Nappier, unpublished data.
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Table I1
Behavior Classes for Pressure-Induced Solid-State Changes
Structural Electronic
change change
Behavior  Geometric CN Spin-state  Oxidation-

class change change change state change Examples® Ref
1 No No No No Green Ni(BzPh,P),Cl, 10
[Ni(Qnqn)Cl,), 11

Co(Qngn)Cl, 9

FeSZ 12

24 Yes No No No Red Ni(BzPh,P),Br, 10

Several CuCl?" 13-14

Ni(CN)s* 15

2B Yes Yes No No Ni{Qngn)Cl, 11
3A No No Yes No Mn(Fe)Sz 16
Fe(phen)y(Ny), 1

Fe(phen),(NCS), 17-19

3B No - No No Yes Fe(acac); 20
Cu(OXin), 21

Hemin 6

4 Yes Yes Co(NO)(PhyCH3P),Cl, 22

2 Abbreviations: see Table I; also phen, phenanthroline; acac, acetylacetonate; OXin, 8-hydroxyquinoline.

Ni {PBzPhp), Brp (SOLID)
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Figure 1. Skeletal vibrations in the green and red isomers of
Ni(BzPhzP)sBry at ambient and high pressure; t = tetrahedral;
sp = square planar, Green isomer: A, ambient pressure; B, 4
kbar; C, 12 kbar; D, 20 kbar. Red isomer: E, ambient pressure
(pure sp isomer).

terms of their coordination number and behavior
type. Later, we will publish a more extensive evalua-
tion, classification, and review of all such high-pres-
sure studies.

Four-Coordinate Complexes

The two complexes, dichloro- and dibromobis(ben-
zyldiphenylphosphine)nickel(II), \Ii(BzPhZP)zXz,
may each be prepared as both red and green iso-
mers.23 Both of the red complexes are the diamag-
netic square-planar forms of the complex. However,
there are substantial differences between the two
green isomers. The green bromide isomer (with a re-
duced magnetic moment of 2.70 up at room tempera-
ture) has been shown by single-crystal X-ray analy-
sis2¢ to contain one square planar and two tetrahe-
dral nickel atoms per unit cell The magnetic mo-

(23) M. C. Browning, J. R. Mellor, D. J, Motrgan, S. A. J. Pratt, L. E.
Sutton, and L. M. Venanzi, J. Chem. Soc., 693 (1962).

ment of the green chloride isomer (3.23 ug at room
temperature) and its spectroscopic properties reveal
that it is fully tetrahedral in coordination geome-
try.23

Both the electronic and infrared absorption spec-
tra of the two paramagnetic green isomers were stud-
ied as a function of pressure.'® The results for the
vni_n and vni_x vibrational bands are presented in
Figure 1. The green Ni(BzPh2P),Cls isomer retains
its tetrahedral coordination geometry at all pressures
and shows no indication of any conversion to a
square-planar geometry at high pressure. However,
the green Ni(BzPhoP);Bry isomer is transformed
from the above-mentioned mixture of tetrahedral
and square-planar coordination geometries at ambi-
ent pressure, to the purely square-planar red isomer
at high pressure.1® This reversible pressure-induced
structural transformation is essentially complete at
ca. 20 kbar and represents class 2A behavior. In this
instance, the change in the spin state of the nickel
ion occurs as a result of the geometric structural
change and not directly as a consequence of the high
pressure.

In another high-pressure study,1? it was possible to
irreversibly convert the paramagnetic violet pseudo-
tetrahedral nickel complex, Ni(Qngn)Cls, into its
vellow paramagnetic binuclear [Ni(Qngn)Clz]z iso-

mer. In these complexes, the Qngn ligand is
AN
P H
0O
X
Qngn

trans-2-(2’-quinolyl)methylene-3-quinuclidinone.
Both the yellow and violet isomers have been pre-

(24) B. T. Kilbourn, H. M. Powell, and J. A. C. Darbyshire, Proc. Chem.
Soc., London, 207 (1963) B. T. Kilbourn and H. M. Powell, J. Chem. Soc.
A, 1688 (1970).
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Figure 2. The low-frequency infrared spectrum of the ligand,
Qngn, A; violet Ni(Qngn)Cl; at ambient pressure, B; at ca. 20
kbar, C; and at ambient pressure after the release of pressure, D.
* indicates an isotope-sensitive band.

pared directly,? and the X-ray structure23 of the yel-
low binuclear isomer has revealed two bridging and
two terminal chlorine ligands and bidentate coordi-
nation for Qngn. The application of pressure to the
violet monomeric complex causes the two nickel-
chloride nonbonded distances to decrease to a point
where the two additional bridging chlorine bonds are
formed, and the yellow binuclear complex results.
The low-frequency infrared spectra of the ligand and
the violet complex are presented in Figure 2. The
spectrum of the complex clearly reveals the irrevers-
ible changes in both the vni_c1 and vni~n vibration-
al bands as a function of pressure. The electronic ab-
sorption spectrum of the violet isomer also reveals
the expected changes in the d-d bands at high pres-
sure.

This is the first example of such an irreversible
pressure-induced structural transformation known to
us. The irreversibility of this transformation may re-
sult from the bond energy of the two additional chlo-
rine bridging bonds, which would make the reverse
transformation thermodynamically unfavorable. This
transformation involves both a change in coordina-
tion number and a change in coordination geometry
and represents class 2B behavior. The yellow dimeric
[Ni(Qngn)Clz]z exhibits only minor changes at high
pressure and is in class 1,11

The room-temperature preparation of
[(CH3)2CHNHj3]2CuCly has been found?8 from X-ray
studies to contain one copper ion in a square-planar

(25) G.J.Longand E. O. Schlemper, Inorg. Chem., 13,279 (1974).
(26) D.N. Anderson and R. G. Willett, Inorg. Chim. Acta, 8, 167 (1974).
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Table II1
Structural Inferences from Pressure Effects on
Several Five-Coordinate Complexes

dv/dp,

Complex®  Type of ligand cm™'/kbar Structure
[NiLX]Y (24)® Tetradentate 33-70 TBP
[PaLX]Y (2)  Tetradentate 33-81 TBP
[PtLX]Y (1)  Tetradentate . 27 TBP
{CoLX]Y (1) Tetradentate 7 SQP
[NiLX,] (3) Tridentate 9-32 Intermediate
[NiL,X]Y (5) Bidentate 9-32 Intermediate
[CoL,X] (2)  Bidentate Very slight SQP

" shift
[NiL;X,] ()  Monodentate 829 Intermediate.
[CoLsX,} (2)  Monodentate 8-23 Intermediate

@ Abbreviations: see Table I; also, Y, polyatomic anion. * Num-
ber of compounds studied.

configuration and two copper ions in tetrahedrally
distorted square-planar configurations. The crystal is
held together by hydrogen bonding from the isopro-
pylammonium ions. At high pressures the coordina- -
tion geometry of the two tetrahedrally distorted
copper ions is reversibly converted to a square-planar
geometry 13 The conversion is observed as a change in
the vcu-c1 and dcicuc) vibrational bands. Confirmation
for the conversion was also found in the change occur-
ring in the electronic region.18:1% A gimilar structural
conversion is also found!* in CssCuCly and CsoCuBry.
These compounds exhibit' a geometric structural
change with no change in coordination number or
spin-state and belong to class 2A.

Five-Coordinate Complexes

An X-ray diffraction study?” of the [Cr(en)s]-
[Ni(CN)s5]- 1.5BH;0 complex has shown that its
unit cell contains two crystallographically indepen-
dent {Ni(CN)5]3~ ions, one with a regular square-py-
ramidal geometry, and one with a distorted trigonal-
bipyramidal geometry. Dehydration of the complex
converts all of the [Ni(CN)5]3~ ions to the square-
pyramidal geometry.2?” When this compound was

 subjected to pressures of ca. 7 kbar at 78 K, the

coordination geometry of the trigonal-bipyramidal
[Ni(CN)5]3- ion was converted reversibly to the
square-pyramidal geometry.15 The infrared spectrum
of this compound at ambient and high pressure is
presented in Figure 3. In order to prevent the dehy-
dration of the complex at high pressure—presumably
a result of localized heating produced by the 6X
beam condenser used with the pressure cell—these
studies were made at 78 K. In this complex; the re-
versible transformation represents behavior class 2A
in a five-coordinate complex.

An extensive high-pressure study of many
five-coordinate nickel(Il) complexes with ligands
ranging from monodentate to tetradentate has re-
vealed several nonrigid structures in the solid state.”
The résults for several metal ions are presented in
Table IIT and reveal that “tripod-like” tetretraden-
tate ligands prefer the trigonal-bipyramidal struc-
ture. The importance of the larger number of chelate
rings, and the increased entropy and free energy of

(27) K. N. Raymond, P. W. R. Corfield, and J. A. Ibers, Inorg. Chem., 7,
1362 (1968). :
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Figure 3. The cyanide stretching vibrational bands in [Cr-
(en)3][Ni(CN)s] - 1.5H20 at 78 K and ambient pressure, A; at 78 K
and ca. 7-kbar, B; and at 78 K and ambient pressure after release
of high pressure, C. Spectrum D is that of [Cr(en)s][Ni(CN)s] at
ambient temperature and pressure.

formation for tetradentate ligand complexes of the
type [NIiLX]Y, are indicated by the more numerous
trigonal-bipyramidal structures. As the number of
chelate rings is reduced, stability decreases, and the
tendency to form intermediate five-coordinate com-
plexes results.?8 NiL3Xe complexes with no chelate
rings are unstable and dissociate in solution, whereas,
the application of high pressure tends to distort these
solids toward the distorted intermediate five-coordi-
nate geometry. In these five-coordinate complexes,
a gradual change from class 1 behavior (with small
values of dv/dp) to class 2A behavior is observed.

The five-coordinate square-pyramidal complex
Fe(NO)(salen) (salen = N,N’-ethylenebis(salicylide-
nimine)) has been shown to contain iron in an inter-
mediate spin state (S = 35) and to exhibit spin equi-
librium at low temperature.29 Mossbauer spectral

(28) J.R. Ferraro and K. Nakamoto, Inorg. Chem., 11, 2290 (1972).
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results indicate that the complex most likely con-
tains Fe(IIl) and NO-, although this formulation is
still open to question. A recent study of the NO vi-
brational absorption band as a function of pressure
has revealed a shift to lower frequency at high pres-
sure.30 These results appear to be consistent with a
change in spin state for the iron ion which may be
accompanied by a change in NO oxidation state. This
compound would appear to fit into class 3, but addi-
tional studies will be required to confirm and refine
this classification because structural changes may
also be significant.

Two isomers of Co(NO)(PheCH3gP)2Cly are
known.31 One of these isomers is trigonal bipyram-
idal and contains Co(I) and NO+* ions—most likely
with a linear Co-N-O bond. The second isomer is
square pyramidal and contains Co(lll) and NO-
with a bent Co-N-O bond. The NO vibrational ab-
sorption band occurs at ca. 1750 cm~1 in the first
isomer and at ca. 1650 cm~1 in the second. A pre-
liminary study indicates the structural conversion of
the trigonal-bipyramidal isomer to the square-pyra-
midal isomer at high pressure.22 This represents
class 4 behavior with significant structural and elec-
tronic changes.

Six-Coordinate Complexes

To date we have not been successful in changing
the coordination number or geometry of an octahe-
dral (or close to octahedral) complex at high pres-
sure. However, several octahedral high-spin com-
plexes have been reversibly converted—at least in
part—to the analogous low-spin octahedral com-
plexes at high pressure.17:18.32 Table IV summarizes
some of these results, The effect of pressure on the
skelatal vibrations in Fe(phen)3(NCS). is shown in
Figure 4. The initial conversion from the high-spin to
the low-spin state has been explained®-17 by the in-
crease in ligand-field potential with pressure until it
exceeds the electron pairing energy. This initial ef-
fect is accompanied by the back-donation of the
metal tog electrons into the =* orbitals of the ligand.
With a further increase in pressure this back dona-
tion is reduced by the accessibility of m electrons
from the ligand .S

In an extensive series of papers,12.16,17,20.33-36
Drickamer and his coworkers have studied the
change in spin state with pressure of a wide variety
of iron compounds by utilizing Mossbauer effect
spectroscopy. In one of these studies,*2 the Moss-
bauer effect spectrum of FeSy as a function of pres-
sure gave changes in the chemical isomer shift and
quadrupole splitting which indicated small and con-
tinuous changes with increasing pressure. This be-

(29) A. Earnshaw, E. A. King, and L. F. Larkworthy, J. Chem. Soc. 4,
2459 (1969).

(30) R. D. Feltham, J. H. Enemark, P. L. Johnson, L. J. Basile, J. R.
Ferraro, and H. H. Wickman, unpublished data.

(31) C.P. Brock, J. P. Collman, G. Dolcetti, P. H. Farnham, J. A. Ibers,
J.E. Lester, and C. A. Reed, Inorg. Chem., 12, 1304 (1973).

(32) J.S.Wood, Prog. Inorg. Chem., 16, 227 (1972).

(33) S. C. Fung and H. G. Drickamer, J. Chem. Phys., 51, 4350, 4360
(1969).

(34) D. C. Grenoble and H. G. Drickamer, JJ. Chem. Phys., 55, 1624
(1971).

(35) D. C. Grenoble, C. W. Frank, C. B. Bargeron, and H. G. Drickamer,
J. Chem. Phys., 55,1633 (1971).

(36) A. R. Champion and H. G. Drickamer, J. Chem. Phys., 47, 2591
(1967).
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Figure 4. The skeletal vibrations in Fe(phen);(NCS); as a function of pressure and temperature.
Table IV
High-Pressure Spin-State Intercqnversions
No. of
un-
Central paired Conversion
atom coordi- elec- pressure, .

Compound® nation no. trons Pressure effect kbar Experimental probe
Fe(NO)(salen) (d%) 5 3 High spin — low spin 21 NO stretching region
Fe(phen),(NC8), (d®) 6 2 High spin — low spin 18 Skeletal far-ir and

Mésshauer effect.
Fe(phen),(NCSe), (df) 6 2 High spin — low spin 8-10 Skeletal far-ir
Fe(bipy);(NCS), (d%) 6 2 High spin — low spin 15 Skeletal far-ir
Co(nnp)(NCS), (d7)? 5 3 High spin - low spin 4 Skeletal far-ir

@ Abbreviations: see Tables I and II; also bipy, bipyridyl; salen, N,N’- ethylenebls(sahcyhden1m1ne) nnp is (CzHj)2N(CHz)z-
NH(CH3)2P(Ph)s. ? L. Sacconi and J. R. Ferraro, Inorg. Chim. Acta, 9, 49 (1974).

havior would indicate class 1 behavior for FeSa.
However, a related Mossbauer. effect study?® of 37Fe
as a substitutional impurity in MnSz, which has the
same cubic structre 'as FeSy with a larger lattice pa-
rameter, revealed a distinct change in the electronic
spin state of the Fe(II} ion as a function of pressure.
The Mossbauer spectrum of this material is shown in
Figure 5. The substitutional Fe(II) ion, which exists
predominately in the high-spin state at ambient
pressure, is gradually converted to low-spin Fe(II) as
the pressure is increased. The change is rapid from
ca. 50 to 120 kbar, and above 120 kbar the iron(Il) is
essentially all in the low-spin state. The change in
spin state at high pressure has been attributed® to
an increase in the ligand-field strength at high pres-
sure with the resulting spin pairing of the six d elec-
trons in the toe orbitals of the iron(II) ion. This pro-
vides additional evidence for the pressure depen-
dence of the ligand field.”-? This compound exhibits
class 3A behavior with a change in spin state from
high spin to low spin with increasing pressure.

In a related study of the high-pressure Mossbauer
spectra of a series of metal ferrocyanides, Fung and
Drickamer33 observed evidence for the conversion of
low-spin iron(Il) to its high-spin state at very high
pressure. and high temperature. This surprising ob-
servation was explained on the basis of a reduced

amount of metal-to-ligand back-bonding at the high-
er pressures. Associated with this decrease in back-
bonding would be a weakening of the = bonding be-
tween the filled teg orbitals of the iron(II) and the
orbitals of the cyanide ligands. This would result in
an increase in the energy of the low-spin state rela-
tive to the high-spin state, and an increased popula-
tion—especially at high temperature—of the high-
spin state.

The preceding argument indicating a decreased
amount of back-bonding at high pressure is further
supported by the work of Fisher and Drickamerl? on
iron(II)—~phenanthroline complexes, and by Barger-
on and Drickamer!® on similar substituted phenan-
throline complexes, For these ligands, all of the tris
complexes are low spin at ambient pressure, but a
small amount of conversion to the high-spin complex
was observed at high pressure. The bis(phenanthro-
line)iron(Il) halide and pseudohalide complexes are
high spin at ambient pressure and tend to convert to
the low-spin state with increasing pressure. However,
at very high pressures, the rate of conversion either
slows or reverses with increasing pressure, depending
upon the back-bonding ability of the halide or pseu-
dohalide ligand. Specifically, for Fe(phenanthro-
line)2(N3)2, the amount of the low-spin complex is at
a maximum at ca. 40 kbarl? and decreases at higher
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pressures, presumably because of the decreasing
amount of back-bonding. All of these complexes ex-
hibit class 3A behavior.

A study of the high-pressure Mossbauer spectra of
several related ferricyanide complexes33:36 revealed
the reduction of the ¥Fe(III) ion to the expected low-
spin iron(II) state at intermediate pressures. This
was confirmed in Prussian Blue which had been pre-
pared with selectively labeled 57Fe sites. At higher
pressures, once again the low-spin iron(II) ion was
converted to the high-spin iron(Il) ion. These mate-
rials exhibit class 3B behavior at lower pressures,
and class 3A behavior at higher pressures. In a relat-
‘ed study20 of 12 ferric 3-diketone complexes, Frank
and Drickamer have observed a reversible reduction
of iron(ITI) to iron(II) at high pressure. The degree of
reduction is related to the change in the Maossbauer
isomer shift with pressure and the nature of the lig-
ands. An additional agreement between the intensity
of the charge-transfer absorption band and the ex-
tent of reduction was also observed. These com-
pounds exhibit class 3B behavior at all pressures
studied. ‘ ‘

To date, as would be predicted by the Bader and
Pearson model,13 no octahedral complexes have
been converted at high pressure to complexes with a
different coordination number or coordination geom-
etry. However, because such successful structural in-
terconversions have occurred with distorted four-
coordinate complexes, it is planned to study a series
of highly distorted octahedral complexes at high
pressure,

There has been, as of this writing, no detailed
study of any seven- or eight-coordinate complexes as
a function of pressure.

Discusion of the Nonrigidity of Solids at High
Pressure

It may be concluded that solid-state high-pressure
structural transformations are possible in transition-
metal complexes. All of the transformations exam-
ined thus far have been reversible, with the excep-
tion of that in Ni(Qngn)Cls, in which a dimer is
formed at high pressure. In this complex, two addi-
tional bonds are formed on dimerization, and they
contribute to the stability of the high-pressure
phase.

The probability of producing structural intercon-
versions with pure or nearly pure tetrahedral and oc-
tahedral complexes is predicted, on the basis of the
theoretical considerations discussed above, to be
small. For undistorted tetrahedral complexes, this
prediction is borne out by experiment. Attempts37 to
-convert complexes of nearly tetrahedral symmetry
have been unsuccessful. The results of our work,
however, indicate that the pressure-induced conver-
sions of tetragonally distorted tetrahedral complexes
are possible, in particular where an asymmetric lig-
and field is observed by the central atom (e.g., a
complex involving several types of ligands).

It is possible that distorted six-coordinate com-
plexes may also behave similarly.38-40 The results

(37) J.R.Ferraro, unpublished data.

(38) R.Eisenberg andJ. A.Ibers,J. Am. Chem. Soc., 87, 3776 (1965).

(39) A. E. Smith, G. N. Schrauzer, V. P. Hayweg, and W. Heinrich, J.
Am. Chem. Soc., 87, 5798 (1965).

(40) R.Eisenberg and H. B. Gray, Inorg. Chem., 6, 1844 (1967).
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Figure 5. The Mossbauer effect spectrum of Mn(57Fe)S; at 4 and

138 kbar.

observed to date for four- and six-coordinate com-
plexes are not surprising because the energy barrier
to rearrangement for true tetrahedral and octahedral
structures is certainly high. For the Ni(BzPhoP)2Brs
complex, the unpaired electrons may contribute to
the lowering of the energy difference between the
distorted tetrahedral and the square-planar configu-
rations. This effect would be superimposed upon the
beneficial effect of a starting structure which is dis-
torted toward the square-planar geometry.

For five-coordinate complexes the energy barrier
for structural interconversion is small, and many ex-
amples have been reported in which the trigonal-bi-
pyramidal and square-pyramidal isomers both
exist.32,41-45 Thig is apparently also true in the solid
state, because our high-pressure studies indicate that
interconversion is readily obtained. In systems con-
taining a tripod-like tetradentate ligand, the ligand
flexibility favors the trigonal-bipyramidal structure.
For the Ni{(CN)53~ ion, a structure which is distort-
ed in the direction of the pressure-stable square-pyr-
amidal phase, the monodentate cyanide ion permits
the rearrangement to occur.

Nonrigid configurations for seven- and eight-coor-

~dinate complexes have been demonstrated in solu-

tion studies.#6-57 However, no solid-state high-pres-

E. L. Muetterties, Acc. Chem. Res., 3, 266 (1970).

R.R. Holmes, Acc. Chem. Res., 5, 296 (1972).

E. L. Muetterties, Rec. Chem. Prog. 31, 51 (1970). .

E. L. Muetterties and R. A. Schunn, Q. Rev., Chem. Soc., 20, 245

(1967).

(46) L. Malatesta, M. Fermi, and V. Valenti, Gazz. Chim. Ital., 94, 1278
(1964); E. B. Fleischer, A. E. Gebala, D. R. Swift, and P. A. Tasker, Inorg.
Chem., 11, 2775 (1972).

(47) J.L.Hoard and J. V. Silverton, Inorg. Chem., 2, 235 (1963).

(48) R.V.Parish, Coord. Chem. Reu., 1, 439 (1966).

(49) F. Klanberg, D. R. Eaton, L. J. Guggenberger, and E. L. Muet-
terties, Inorg. Chem., 6, 1271 (1967).



Vol. 8, 1975

sure studies have been reported; several of these in-

(50) S. J. Lippard, Prog. Inorg. Chem., 8, 109 (1966); R. V. Parish and
. P.G. Perkins, J. Chem. Soc., 345 (1967).

(561) E.L.Muetterties, Inorg. Chem., 12, 1963 (1973).

(52) H. H. Claassen, E.L. Gasner, nd H. Sellg,J Chem. Phys., 49, 1803
(1968).

(53) G.R. Rossman F.D. Tsay, and H.B. Gray, Inorg. Chem., 12, 824(1973)

(54) J. L. Hoard, T. A. Hamor, and M. D. Glick, J Am. Chem. Soc., 90,
3172 (1968).

(55) K.O.Hartman and F. A. Miller, Spectrochim. Acta, 24, 669 (1968),

(56) B.R.McGarvey, Inorg. Chem., 5, 476 {1966).
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* vestigations are presently under way in our laborato-

ries.
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Although a difference in vapor pressures of isoto-
pic substances was predicted and demonstrated
about a decade before chemical equilibrium and ki-
netic isotope effects, vapor pressure isotope effects
have not been as significant in the development of
chemical and related sciences as either of the latter
two.

Like the chemical equilibrium and kinetic isotope
effects, the vapor pressure isotope effect has its phys-
ical origin in the fact that the zero-point energy of a
light molecule is larger than that of a heavy molecule.
This leads to a smaller energy of vaporization and a
higher vapor pressure for light isotopic species com-
pared with heavy isotopic species of simple molecules
(e.g., Pu, > Pp,). Yet it was demonstrated early in
the thirties that deuteriocarbons usually have higher
vapor pressures than their related hydrocarbons.

In the case of methane, vapor pressures are in the
sequence Prch,p > Prcn, > Puisch, at 93 K. At 80 K
the sequence is Picy, > Puicu, > Picugp. Clearly
there is an interplay of isotope effects on the enthal-
py and entropy changes in vaporization as well as on
details of molecular structure which play an impor-
tant role in the vapor pressure isotope effect.

The vapor pressure isotope effect is typically one
to two orders of magnitude smaller than chemical
equilibrium or kinetic isotope effects. The determi-
nation of such a quantity, of order between a few
hundredths and a few tenths of a percent, and equal-
ly important of its temperature coefficient, clearly re-
quires careful quantitative work. The requisite ex-

Jacob Bigeleisen is Tracy H. Harris Professor in the College of Arts and
Science and Chairman of the Department of Chemistry at the University of
Rochester. Before his appointment to a professorship at Rochester in 1968,
he spent 20 years on the scientific staff of the Brookhaven National Labora-
tory. Early in his research career he worked successively with Otto Redlich,
Gilbert N. Lewis, Maria Goeppert-Mayer, and Harold C. Urey. He is a member
of the National Academy of Sciences.

Myung W. Lee and Frederic Mandel received their Ph.D. degrees at Brown
and Kansas Universities, respectively, and currently hold postdoctoral ap-
pointments at the University of Rochester and Rice University, respectively.

perimental techniques were developed during the last
15 years simultaneously with significant advances in
the statistical mechanical theory of the phenomenon.
The latter took into account the structure of a mole-
cule, which the methane experiments among many
others showed to be of major significance in deter-
mining even the qualitative aspects of vapor pressure
isotope chemistry.

Systematic pursuit of vapor pressure isotope stud-
ies on polyatomic molecules has led to important in-
formation about translation, hindered rotation, the
perturbation of molecular vibrations in solids and
liquids, and the coupling of molecular translation,
rotation, and internal vibration in the condensed
state.!

In the development of the condensed phase isotope
chemistry of polyatomic molecules, it became evident
that it would be necessary to understand in as com-
plete detail as possible the differences in vapor pres-
sures of the simple rare gases—neon, argon, and
krypton. The statistical mechanical theory of this
phenomenon revealed that such measurements could
supply complementary and even unique information
about anharmonic forces in solids, liquid structure,
and their relationship to intermolecular forces.

In the case of a monatomic substance, the vapor
pressure ratio or the separation factor, «, is directly
related to properties of the intermolecular potential.
Other thermodynamic properties which may be used
to obtain useful information about the intermolecu-
lar potential, U(r), are the internal energy, E

BE/N = % + 27mfwrQBU(r)g_(V)d’r (D
0

and the virial pressure, P.

U(7v)

BP/n =1 - 212 f P8 emar (@)

(1) J. Bigeleisen, M. W. Lee, and F. Mandel, Annu. Rev. Phys. Chem., 24,
407 (1973).
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John R. Ferraro and Gary J. Long: Solid-State
Pressure Effects on Stereochemically Nonrigid Struc-
tures.

Page 174. In Table II, on line for behavior class 24,
under Examples: Red Ni(BzPhyP)s:Brs should read
Green Ni(BzPhyP),Brb.
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proposed movement of the N atom of the proximal
histidine group in Hb is about 0.85 A on oxygenation,
an upper limit of about 0.38 A can be placed on the
similar movement in CoHb.
Volume 9, 1976
Robert S. Mulliken: Rydberg States and Rydbergi-
zation.
Page 7. The author has communicated: “Contrary to
statements in my paper, the b’ or V state of NZ does
not dissociate to a pair of ions, but to the pair of
ground-state configuration atoms 2D and 2P.”
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Page 189. The second column of Table V should be
headed AcF~=cH~/AcH~=cH~ rather than the logarithm
of this quotient.
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