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Abstract: The magnetic circular dichroism (MCD) and absorption spectra of manganese phthalocyanine isolated in an Ar 
matrix (MnPc/Ar) have been studied at a temperature of ~ 5 K over the range 10000-33 000 cm"1. The absorption spectrum 
exhibits strong, resolved bands at 11 600, 15 000, 16 500, 19 700, 20 300, 22 600, and 29 600 cm"1. The data require an orbitally 
degenerate ground state and are quantitatively consistent with a 4Eg(eg3b2galg) ground-state term with gt = 8.0 ± 0.8. This 
differs from the /3-phase solid where magnetic susceptibility measurements establish a 4A2g(b2g

2eg
2a!g) ground state, which 

is probably a consequence of intermolecular interactions. The dispersion of the MCD allows assignment of the 15 000- and 
16 500-cm"1 bands respectively to a ligand-to-metal charge-transfer (LMCT) transition and the Q (ir - • ir*) transition. This 
result suggests that the strongest red band in the solution spectra of MnPc, normally assigned to the Q (ir - • x*) transition, 
also contains contributions from a LMCT transition. 

I. Introduction 
The phthalocyanine ligand (Pc2"), the dianion of tetraaza-

tetrabenzoporphyrin) forms neutral complexes with a large number 
of divalent metal ions. These complexes, known collectively as 
the metallophthalocyanines (MPc), have found important ap
plications in many fields of science and technology, and have given 
rise to a very large literature.1 

One of the more interesting scientific applications of MPc 
molecules is the modeling of biologically important porphyrin-like 
species. In this regard, the manganese complex (MnPc) is par
ticularly useful. The metal ion exists in several stable oxidation 
states depending on the number and the nature of axial ligands.2,3 

The molecule as a whole can undergo photochemical redox re
actions3,4 and has an extensive chemistry with oxygen2"5 forming 
/x-oxo dimers4,5 and an oxygen adduct believed to be a superoxide.5 

The electrochemistry of MnPc has also received a good deal of 
attention and is found to involve both the central metal ion and 
the ligand.6'7 

For MPc molecules in solution it is very common for the solvent 
molecules to ligate axially with the metal ion.2"5'78 For most MPc 
complexes (particularly those with closed-shell metal ions), such 
interactions have little effect on the energies of ligand-based 
transitions. For example, Mn11Pc is generally expected to show 
a strong ir — ir* band (the Q band) near 15 000 cm"1, independent 
of solvent. However, in the presence of open-shell metals, the 
transition energies may be strongly dependent on both the metal 
oxidation state (e.g., Mn(II), Mn(III), or Mn(IV)) and spin state 
(low, intermediate, or high), and axial ligation can readily result 
in a change in one or both of these properties.8 In addition, it 
is well known that when charge-transfer (CT) transitions lie close 
to either the Q or B bands, quite significant changes take place 
in the bandwidth, band energy, and band intensity.8 In the case 
of MnPc, it is also clear that failure to rigorously exclude oxygen 
from solution results in the formation of oxo species.2"5,8 The 
combination of these effects can have profound consequences for 
the spectra obtained from solutions of MnPc.3,5'8"1' The effects 
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of solvent and oxygen can be overcome to some extent by prep
aration of thin films by vacuum sublimation, and, as a conse
quence, thin film spectra do not closely resemble any of the solution 
spectra.4 However, the absorption spectra obtained from such 
samples are subject to the effects of intermolecular interactions, 
which will also broaden and shift the bands relative to the spectrum 
of the isolated molecule. 

Because of the potentially significant effects of axial ligands, 
solvent molecules, and solid-state interactions, no physical data 
previously published can be said to be representative of the isolated 
MnPc moiety. As a consequence, it is not even clear that the 
nature of the ground state of MnPc has been unambiguously 
identified. The earliest attempt at characterization used magnetic 
susceptibility measurements on 0-phase solid samples12 and 
suggested that MnPc is a rare example of an intermediate-spin 
complex with S = 3/2, although the magnetic moment was 
somewhat in excess of the spin-only value. Later measure
ments13"17 confirmed the spin assignment and suggest that the 
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ground state is predominantly 4A2g arising from the metal-ion 
configuration b2g

2eg
2alg. To account for the high magnetic mo

ment, higher-order spin-orbit coupling was invoked with the 4Eg
13 

or 6Alg
14 state. Contrary to the experimental results, however, 

calculations18'19 have suggested that the isolated MnPc molecule 
has a 4Eg ground state, corresponding to the configuration eg

3algb2g. 
(A further calculation by Mathur and Singh,20 which predicts a 
2A211 ground state, seems unrealistic). 

It should be emphasized that the solid-state measurements were 
made on jS-phase samples where the electronic state is influenced 
by intermolecular electrostatic (crystal-field) and magnetic in
teractions. In particular, there is an axial interaction of the Mn 
ion with the azamethine nitrogen atoms of adjacent molecules.21,22 

The exact nature of the ground state in this environment seems 
to be acutely sensitive to the prevailing conditions, leading, for 
example, to a change from 4A2g(±'/2) to 4A2g(±3/2) as the tem
perature is lowered from ~ 80 K to ~25 K.16 

It seems possible that the disagreement between theory and 
experiment concerning the nature of the ground state could be 
due to axial interactions. In order to test this idea, it is necessary 
to obtain data that can be unambiguously attributed to the isolated 
molecule and that provide information concerning the degeneracy 
of the ground state. The combination of magnetic circular di-
chroism (MCD) and matrix-isolation techniques can provide such 
information and has been successfully used on a number of pre
vious occasions in the study of MPc molecules.8-23"26 

II. Experimental Section 

Commercial MnPc (Eastman Kodak or Strem Chemicals) was heated 
under vacuum for up to 24 h to remove impurities. The X-ray powder 
diffraction pattern of a sample prepared in this manner was in close 
agreement with the unit-cell parameters22 and structure factors27 of /3-
phase MPc. Fourier-transform infrared (FTIR) spectra (KBr disk) 
indicate these samples to be predominantly /3-MnPc with the presence 
of small and varying amounts of a-MnPc.28 

The full procedure for matrix deposition has been described previ
ously.24,25 MnPc samples were sublimed from a quartz Knudsen cell and 
codeposited with a large excess of argon on to a cryogenically cooled c-cut 
sapphire window. The sublimation temperature was ~800 K, and the 
temperature of the deposition window was typically between 5 and 10 K. 

In order to study the effects of air and oxygen on the absorption 
spectrum, a closed-cycle helium refrigerator (CTI-Cryogenics) operating 
at ~10 K was used. These spectra were obtained with a Cary-2415 
spectrophotometer at a spectral resolution of 0.1 nm. 

Samples for the measurement of MCD were prepared in the bore of 
a superconducting magnet (Oxford Instruments). Spectra were measured 
at a temperature of ~ 5 K and at magnetic fields between 0 and 3.6 T. 
The MCD and corresponding absorption spectrum were obtained si
multaneously using a spectrometer that has been described previously.25,29 

A Hamamatsu R376 photomultiplier tube was used in the UV and vis
ible, and a Hamamutsu R316 with S-I response was used in the near-
infrared (<14000cnr ' ) . 

Spectra were recorded digitally and analyzed by computer. The ab-
sorbance and MCD were calibrated with standard solutions of A-tris-
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Figure 1. Absorption spectra at T^ 10 K of MnPc/Ar prepared under 
various conditions; (A) prepared from unpurified commercial MnPc; (B) 
prepared from MnPc purified after several depositions; (C) purified 
MnPc codeposited with a small amount of air in Ar; (D) purified MnPc 
codeposited with 5 mol % O2 in Ar. 
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Figure 2. Absorption (A in optical density units) and MCD per tesla 
(AA/B) of MnPc/Ar obtained at T = 5 K and B = 0.15 T. The major 
bands are labeled according to the assignments in section IV.5. The three 
solid arrows on the MCD spectrum identify bisignated G terms, the three 
dashed arrows identify prominent single-signed G terms, and the open 
boxed arrow identifies the 18 760-cm"1 peak used in the saturation study 
(Figure 3). The dashed line under the absorption above 25000 cm"1, and 
the dotted line in the MCD near 20000 cm"1 represent base lines used 
for estimating G0/Z)0 values of overlapping transitions (see text). 

(l,2-ethanediamine)cobalt(III). Depolarization of the circularly polar
ized light due to the sample was determined by measuring the natural 
CD of a standard solution placed after the matrix and was found to be 
negligible. 

III . Results 

The absorption spectra of matrices prepared under different 
conditions are illustrated in Figure 1. Spectrum A was obtained 
after several depositions using a sample of commercial MnPc. In 
the Q-band region (12 500-17 500 cm"1), a number of broad and 
strongly overlapping bands were observed. These grow at different 
rates during deposition and must arise from several different guest 
species. When further matrices were prepared using the same 
sample, some of these bands became progressively weaker and 
eventually disappeared, at which point spectrum B was obtained. 

Bands appearing in spectrum A that are absent in spectrum 
B must be associated with impurities, at least some of which were 
thought to arise from surface oxidation of the MnPc crystals. To 
test this, matrices were prepared from the exhaustively sublimed 
MnPc sample in the presence of a small amount of air (spectrum 
C) and using 5 mol % O2 mixed with the deposition gas (spectrum 
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Figure 3. Magnetic saturation data (circles) for the MCD band at 18 760 
cm""1 (open boxed arrow in Figure 2). The abscissa (units of ix^BjlkT) 
assumes T = 5 K and covers the range B = 0-3 T. The solid circle (see 
arrow) is the point obtained at B = 0.15 T, the field at which the spectra 
in Figure 2 were obtained. The curve through the points is the best fit 
obtained using eq 24 with g]t = 8.0 and K = 0.36. An almost identical 
curve is obtained using eq 23 and gt = 11.5 and K = 0.26. 

D). These spectra show relatively strong bands at ~ 14 300 and 
~ 14 650 cm"1, which are coincident with bands in spectrum A. 
In matrices prepared under similar conditions, the oxygen adduct 
MnPcO2 has been identified by infrared spectroscopy,30 and it 
is likely that this is the predominant impurity species. Smaller 
amounts of other impurities (including perhaps H2Pc831) are 
probably responsible for the broad tail at the red end of the Q-band 
region of spectrum A. 

The MCD per tesla (AA/B) and absorption (A) spectra ob
tained at T ~ 5 K using a purified MnPc/Ar matrix are shown 
in Figure 2. The MCD is extremely intense, which strongly 
suggests the presence of G terms and thus ground-state degen
eracy.32 Our saturation measurements (see below) confirm this, 
and we have also verified that MCD amplitudes throughout the 
spectrum vary inversely with absolute temperature. Under these 
circumstances, it is important that the magnetic field not be too 
strong. First, in order to be able to apply the method of moments, 
spectra must be obtained in the so-called linear limit,32 where 
MCD amplitudes increase linearly with magnetic-field strength. 
Second, the method by which we simultaneously measure the 
absorption and MCD25 depends on series expansions33 whose 
accuracy degrades for very large MCD signals. The spectra in 
Figure 2 were obtained using B = 0.15 T, in which case these 
errors are less than 0.3% for the ~ 15 000-cnr1 band, well within 
the noise level. (The errors for weaker bands are even smaller.) 
The saturation curve (AA versus B) up to B = 3.0 T for the weak, 
positive MCD band at ~ 18 760 cm"1 (boxed arrow in Figure 2) 
is shown in Figure 3. The point corresponding to B = 0.15 T 
is indicated by the filled circle, which is clearly within the linear 
region. 

Two distinct types of features appear in the MCD. Examples 
of the first are observed near 11600, 16 500, and 20000 cm"1 (solid 
arrows, Figure 2) and comprise pairs of oppositely signed G terms. 
This type of dispersion is similar to that of an A term, and such 
features are sometimes described as temperature-dependent A 
terms.32 In this work we refer to them as "bisignated G terms. 
Features of the second type are single-signed G terms, and may 
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be positive (e.g., 15 000 and 28 200 cm"1) or negative (e.g., ~ 
22 500 cm-1) (dashed arrows, Figure 2). 

The spectra in Figure 2 are not close in appearance to any of 
the earlier solution spectra.3"5,8"1' In particular, the appearance 
of strong bands at both 15 000 and 16 500 cm"1 has not previously 
been reported for a monomeric MPc. However, we are confident 
that Figure 2 is truly representative of MnPc/Ar. Samples that 
were purified by heating under vacuum, and whose composition 
was checked by X-ray powder diffraction and FTIR spectroscopy, 
yield the same absorption spectrum. FTIR spectra of samples 
before and after deposition are identical, indicating that no de
composition occurs during sublimation. All of the MCD bands 
show the same temperature and field dependence, which indicates 
that they all arise from the same species. Finally, although the 
bands are sharper, the absorption spectrum in Figure 2 is similar 
to the thin-film spectrum of Yamamoto et al.4 

IV. Discussion 
1. Theoretical Aspects of Data Analysis. The absorbance (A) 

and MCD (AA) are defined by 

A = (AL + AK)/2 (1) 

AA = AL-AR (2) 

where AL and AK are respectively the absorbance of left and right 
circularly polarized light. For fully allowed transitions between 
Born-Oppenheimer states, the corresponding theoretical ex
pressions are32 

A/6 = 326.6clD0f(G) (3) 

AA/G = 326.6fiBBcl[A1(-d/{G)/dS)+ (S0 + G0/kT){(€)] 
(4) 

Equations 3 and 4 use the rigid-shift approximation and require 
that the MCD be measured in the linear limit.32 d> is the energy 
(cm"1) of the incident photon, f(5) is a normalized band-shape 
function, jiB is the Bohr magneton (cm"1 T"1), and k is Boltzmann's 
constant (cm"1 K"1). c and / are respectively the concentration 
(mol L"1) and path length (cm) of the sample. D0 is the dipole 
strength of the transition, and A1, S0, and G0 are the corre
sponding Faraday parameters. ^ 1 and G0 account for first-order 
Zeeman interactions within degenerate states, while S0 accounts 
for higher-order, interstate interactions.32 

Since the MCD is completely dominated by G terms, we set 
Ai and S0 to zero in eq 4. The ratio of G0 to S)0 can then be 
extracted from the experimental data by numerical integration. 

^ 0 _ kT f(AA/6)dS 

D0 ~ nBB J(A/G)M 

The integrals in eq 5 must be carried over the entire spectral 
envelope of the transition, which requires that the transition be 
well separated from others. 

If the molecules are randomly oriented, then the theoretical 
expressions for a transition A —•• J are32 

S o ( A - J ) - T^T L |<Aa|m|JX>|2 (6) 
3|A| a\ 

G0(A^J) = 

^ T L I (Aa'|L+2S|Aa).«Aa|m|JX)x(JX|ni|Aa'>) (7) 
3|A| aa' \ 

In eq 6 and 7 the parameters on the left-hand side are averaged 
over all orientations. The matrix elements on the right-hand side 
pertain to zero-field states in their equilibrium nuclear configu
rations, with m, S, and L being respectively the electric-dipole, 
spin, and orbital angular momentum operators, a and a' are 
partner labels for state A, \ is a partner label for state J, and the 
degeneracy of A is denoted by |A|. 

Under some circumstances MPc molecules in Ar matrices take 
a preferential orientation with their principal symmetry axis (z 
in the molecule-fixed reference frame) perpendicular to the de-
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Table I. Potentially Nonzero Electric-Dipole Transition Moments for 
S = V ; — 5 = V ; Transitions of MnPc" 

(E1VI 
(E1VI 
<E8"a"| 
<E8"0"| 

IE11V) 
W0 

"i+i 

IE11V) 
m+1 
"I0 

m., 

|Eu"a") 
m., 

"I0 

m+ ] 

IE11"/?") 

"J+ , 

m_, 
m0 

"(Alm.JJ), (A|"i0|J), and (A|m+1|J> are respectively the matrix 
elements for left circularly polarized, z-polarized, and right circularly 
polarized transitions A -» J. 

position window.24,31 In this case, averaging is carried out in the 
x,y plane, and the expressions for G0 and Z)0 are modified: 

£>0
2(A-J) = ^- £(AaI^1IJXXJXIm+1IAa) + 

|A| „\ 

(AaIw+1IJX)(JXI^1IAa) (8) 

( V ( A - J ) = - j - E L ( A a ' | I 0 + 2S0IAaX(AaI^1IJX) X 
| A | aa> X 
<JX|m+1|Aa'> - (Aa|w+1|JX> (JXIw-JAa')) (9) 

The z superscripts signify that these parameters pertain to the 
oriented case. Z0 and S0 are the z components of L and S, while 
m±1 are components of m defined by 

w±1 = = F — { m x ± imy) (10) 
V2 

(A|w.]|J) and (A|w+1 |J) are respectively the matrix elements 
for the left circularly polarized (lcp) and right circularly polarized 
(rep) transitions, A —• J. 

The spectral region of Figure 2 should be dominated by r -— 
ir* and CT transitions10,34 which are predicted to be polarized in 
the plane of the molecule and can give rise to G terms. For such 
transitions, eqs 8 and 9 give24 

£V = 3/22>o (H) 

<V = 3 ^ 0 (12) 

<?o72V = 2G0/S)0 (13) 

n -* ir* transitions are also possible. These are z-polarized, 
cannot give rise to G terms, and will be observed only if molecular 
orientation is incomplete or with the aid of vibronic interactions.24 

We see no evidence for such transitions and do not consider them 
further. 

For a d5 ion in a D4h crystal field, a number of ground states 
are possible.35 In the following, we consider only those states that 
have been suggested previously, viz., 4A2g

13~17 or 4Eg.18'19 We 
assume no mixing between configurations and consider Zeeman 
interactions only within each term. We adopt the notation 
\(^+xhM^f)tT) to describe a spin-orbit (SO) state that transforms 
as partner T of irrep (irreducible representation) t. S is the 
total-spin quantum number and Ms is the corresponding magnetic 
quantum number, h and 8 are respectively the orbital irrep and 
orbital partner label. For E terms, 6 = ±1 . 

Assuming Dih symmetry, S = 3 /2 spans the irreps Eg' + Eg". 
The SO states arising from the terms 4A2g and 4Eg are then given 
by the direct products of the spin and orbital irreps: 

A2g®(E8' + E8") = Eg' + E8" (14) 

E8O(E8' + E8") = 2E8' + 2E8" (15) 

Hence the lowest energy level of MnPc will transform as E8' or 
Eg". The electric-dipole operator transforms as a2u + eu. (We 
denote the irreps of operators and orbitals in lower case to dis
tinguish them from state labels.) The allowed electric-dipole 
transitions are therefore Eg' — (E11', E11") and E8" - • (E11', E11"). 
The potentially nonvanishing matrix elements for such transitions 

(34) Lever, A. B. P.; Licoccia, S.; Magnell, K.; Minor, P. C; Ramaswamy, 
B. S. In Electrochemical and Spectrochemicai Studies of Biological Redox 
Components; Kadish, K. M., Ed.; American Chemical Society: Washington, 
DC, 1982; pp 237-252. 
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Table II. Spectroscopic Parameters for 5 = 3/2 -* S = 3/2 
Transitions of MnPc 

initial state final state 2J0" &JBob 

x^-Polarized Transitions 
E8' E/ V6|(E8'||m^||Eu')p ?,(Eg')/2 
E8' Eu" V6|<E8'||m-||Eu")l2 -ft(E8')/2 
E8" E11' V6I(E^IIm-HE11')!

2 g,(E8")/2 
E8" Eu" 76|<E8"||"i°u||Eu">|2 -*,(EI")/2 

z-Polarized Transitions 
E8' E11' V6|(Eg'||m^||Eu')|2 0 
E8" E11" 761(E8Im-HIE11")!2 0 

" (A||"if||J) is a reduced electric-dipole transition moment for tran
sition A - J . 4S1(E8) = 2(Ega|Z.0 + 250|E8a> = -2(E8PIL0 + 
250|E8/3> with E8 superscripted with a ' or " as appropriate. 

are summarized in Table I. To determine the specifically allowed 
transitions, the results of Table I must be combined with the 
selection rule AM5 = 0. 

The G0/S)0 ratios for allowed transitions are given in Table II, 
where 

gll(Eg#) = 2(Eg#a#|L0 + 2S0 |Eg#a#) = 

-2<Eg#/3#|Lo + 2S0|Eg#/3#> (16) 

and # represents either' or ". These ratios are a direct measure 
of the total angular momentum of the ground state. 

All of the states with which we will be concerned arise from 
configurations C8^1

1^2
1 , where <t>{ and 02 are nondegenerate 

orbitals and ne is the occupancy of the eg orbital. For these 
configurations the orbital angular momentum is due purely to the 
eg electrons, and one calculates (in units of ft) 

{{'hMStr\L0\{'hM^)tT) = tf(-l)«b (17) 

({*hMs6)tT\S0\(*hMsd)tT) = Ms (18) 

The exponent nb is the total number of unpaired electrons residing 
in bi or b2 orbitals, and in eq 17 (and 19 and 20 below), 6 is literally 
assigned the numerical value ±1 for the corresponding E irrep 
partner and zero for any one-dimensional irrep. 

The first-order SO energy is 

EsolChM^tr] = ( ( 4 A M ^ ) « T | E $ks(k)-l(k)\(*hMs6)tT) = 
k 
e (-l)C«-i)/2 (_1)nbMsfe /3 ( 1 9 ) 

where the sum over k includes all electrons in unfilled shells. The 
one-electron operators s(fc), \{k), and fk respectively pertain to 
the spin, orbital angular momentum, and SO interaction of 
electron k. £. is an empirical SO coupling constant for an eg 

electron, formally representing the radial integral of £e. The factor 
(-l)K-i)/2 accounts for the inversion of the SO energy levels that 
occurs when the eg orbital is more than half-filled. (Note that 
when ne = 2, there is no first-order spin-orbit coupling.) 

The first-order Zeeman energy of a molecule is dependent on 
its orientation relative to the magnetic field. In section IV.4, 
evidence is presented to show that the MnPc molecules are strongly 
oriented with their symmetry axes along the field direction. In 
the meantime, and for simplicity, we assume this to be the case. 
Equations 17 and 18 then give, 

Eztc™n[ChMs6)tT] = nBB({*hMs8)tT\L0 + 2S0\ (
4ZiM^) tr) = 

MBS[OH)"* + 2MS] (20) 

2. The 4A2g Ground-State Case. We assume a 4A2g term that 
arises from the configuration b2g

2eg
2al8,

13"17 which we abbreviate 
as eg

2alg in the following. In the D4h double group this comprises 
two Kramers doublets, which correspond to Ms = ± 3 / 2 and Ms 

= ± 7 2 , and transform respectively as Eg" and E8'. In the absence 
of orbital angular momentum, there is no first-order SO splitting, 
and the doublets are assumed degenerate in the absence of an 
external field (Figure 4). (Higher-order SO effects will give rise 
to a small zero-field splitting35 which is irrelevant to the following 

(35) Harris, G. Theor. CMm. Acta 1968, 10, 119-154. 
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Figure 4. Energy level diagram for the transitions 4A2g(eg
2aig) -» 4E1,-

(egalgblu). The single-electron excitation, designated MLCT2,10'34 is 
shown in the inset. The ordering of the orbital energies is that assumed 
by earlier workers to explain the magnetic behavior of 0-MnPc crys
tals.12"16 The Zeeman splittings shown on the right-hand side of the 
diagram are highly exaggerated in comparison with the spin-orbit en
ergies. Left circularly polarized (lcp) and right circularly polarized (rep) 
transitions are shown by solid and broken lines, respectively. 

arguments, as will be demonstrated below.) 
The only x.j'-polarized spin-allowed transitions are of the type 

4A2g -* 4E11. These can arise from ir —• ir* or CT transitions, but 
the general treatment is independent of the specific process. We 
choose the metal-to-ligand CT excitation eg(dT) -*• blu(ir*) 
(designated MLCT2 by Lever and co-workers10'34) as an illus
tration (Figure 4). 

The 4Eu(egalgblu) excited term is split by first-order SO in
teractions into four Kramers doublets equally spaced by fe/3 (eq 
19). Each of these doublets can be split only by an externally 
applied magnetic field (eq 20). (For the states |(4EU ± ' / 2 ± 
I)E11"), the orbital and spin contributions to ẑeeman cancel within 
the approximation ge » 2.0, and hence the Zeeman splitting is 
small.) The splittings of the ground- and excited-state manifolds 
to first-order are shown in Figure 4. The circularly polarized 
transitions are also indicated, (lcp transitions are shown as full 
lines and rep transitions as broken lines.) 

With the approximations above, the total dipole strength for 
4A2g —

 4E11 is 

2>o(4A2g(eg
2alg) - 4Eu(egalgblu)) = ftKeJIm-Hb,,,)!2 (21) 

where (egHw^Ubju) is the reduced electric-dipole transition moment 
for the excitation eg —* b lu. The intensity is found to divide equally 
among all of the possible transitions. The GJZ)0 ratios in Table 
II are therefore directly comparable, and the total <?-term intensity 
integrated over the complete envelope of the transitions must be 
zero. This can also be seen from Figure 4. Each occupied level 
of the ground-state manifold will contribute equally to both a 
positive (lcp) and a negative (rep) transition whose contributions 
to the integrated intensity of the MCD will cancel. 

In the limit that observed band widths are very much greater 
than Zeeman energies (~ 1000 cm"1 versus ~ 1.0 cm"1 for the data 
in Figure 2), the fact that G terms can contribute at all to the 
MCD of a 4A2g -—

 4E11 transition is entirely due to SO splitting 
of the excited state. To see this more clearly, consider the situation 

shown in Figure 4. At very low temperatures (JcT £ n^B), the 
lowest-energy state, |(4A2g -

 3/20)E"/9"), will have a population 
in excess of other levels within the 4A2g manifold. The MCD 
should therefore include a strong, positive G term due to the 
transition terminating in K4E11 ±

 3 /2 =F I)E11'), and an equally 
strong, negative G term, due to the transition terminating in K4Eu 
± 3/2 ± I)E11"). These will be separated by fe, which in this case 
is the SO coupling constant for an eg(d,) electron. For Mn, f3d 

~ 300 cm"1,36 which will be sufficient to partially resolve the 
opposed G terms. Hence we would expect the MCD to be bi-
signated, being negative at lower energy and positive at higher 
energy. 

This qualitative result is independent of the specific excitation 
that is considered, though the sense of the bisignated G term may 
change. For example, for the ligand-to-metal CT excitation alu(ir) 
-» eg(ir) (designated LMCTl10,34), the excited-state manifold 
4Eu(alueg

3alg) behaves in a very similar manner to that shown in 
Figure 4, except that the Zeeman splittings are somewhat different 
owing to the absence of unpaired b electrons. The situation is 
not changed for v -*• ir* transitions either. For example, for the 
Q excitation (alu(ir) -» eg(x*)) the most important difference is 
that fe now pertains to an e»(ir*) electron; hence the SO levels 
will be closer together and the resultant bisignated G term will 
be much weaker. The result is also independent of the finer details 
of the system. For example, if we allow higher-order SO splitting 
of 4A2g, the same arguments as above can be applied within each 
Kramers doublet. 

The crucial point is that single-signed G terms of the type 
observed near ~ 15 000 cm'1 cannot be explained if the ground-
state term is assumed to be 4A21. In fact, we can generalize further 
and state that single-signed G terms cannot be observed if the 
ground state is orbitally nondegenerate. 

3. The 4E. Ground-State Case. We consider the case of a 4Eg 

term that arises from the configuration eg
3algb2g.

18'19 This term 
is split by first-order SO coupling into four Kramers doublets 
which are successively separated by intervals of fe/3 (Figure 5). 
Allowed x ,y-polarized transitions are of the type 4Eg -» 4A111,

 4B/U, 
where / = 1 or 2. 

Again we first consider the MLCT2 excitation (eg(dT) - • 
biu(ir*)). The excited-state configuration (eg

2algb2gblu) gives rise 
to four quartet terms, 4A111,

4A211,
4B111, and 4B211, each of which 

has zero orbital angular momentum and hence cannot be split by 
first-order SO coupling. The treatment for the transitions 4Eg 

-* 4Aj11 or 4B111 is independent of the value of ; and we show 
generalized cases in Figure 5. (Again we ignore higher-order SO 
and Zeeman effects.) 

fe is sufficiently large that for T ~ 5 K we need only consider 
the lowest SO level. For this reason, only the circularly polarized 
transitions from the Zeeman-split levels of |(4Eg ±

 3 /2 =F l)Eg ') 
are shown in Figure 5. (All other allowed transitions can be 
determined from Table I and the selection rule AMS = 0.) From 
eq 16-18, 

SiI = S„((4Eg ± % =F I)E8') = 8 (22) 

Using Table II and Figure 5, we would therefore expect 4Eg-
(eg

3algb2g) -»• *Aiu(eg
2algb2gblu) to be associated with negative G 

terms, and 4Eg(eg
3algb2g) -* 4Biu(eg

2algb2gblu) to be associated with 
positive G terms. 

As for the 4A2g ground-state term, the individual transitions 
shown in Figure 5 have equal dipole strengths with our approx
imations, and the total G-term intensity summed over all levels 
of the excited-state manifold is zero. If the energy differences 
between excited-state levels (designated A in Figure 5) are small, 
then bisignated G terms will occur. However, these splittings are 
now dominated by electrostatic rather than SO effects and can 
easily be ~ 10 000 cm"1,36 in which case well-separated pairs of 
positive and negative G terms will arise. 

In addition, it is not necessary to assume large A values for 
excitations such as MLCT2 to account for single-signed G terms. 

(36) Griffith, J. S. The Theory of Transition Metal Ions; Cambridge 
University Press: Cambridge, 1961. 
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Figure 5. Energy level diagram for the transitions 4Eg(eg
3b2galg) -• 

4A(u(e,2b2^igbiu),
 4B(U(eg

2b2galgbiu) where i = 1,2. The single-electron 
excitation, designated MLCT2,10'34 is shown in the inset. The ordering 
of the orbital energies is that determined theoretically by earlier work
ers.18'" A represents the energy difference between the excited-state 
terms (section IV.3). The Zeeman splittings on the right-hand side of 
the diagram are highly exaggerated. Only the transitions from the low
est-lying Kramers doublet are illustrated. Left circularly polarized (lcp) 
and right circularly polarized (rep) transitions are shown by solid and 
broken lines, respectively. 

Ligand (a^b^-to-metal CT transitions that terminate in the eg(dT) 
orbital each give rise to a single quartet excited-state term, which 
is orbitally nondgenerate and hence associated with a single-signed 
G term. For example, the excitation LMCTl has a 4B2u(alualgb2g) 
excited-state term, which will be associated with a positive G term. 
Similar excitations originating from b,u ligand orbitals will give 
negative G terms. 

Finally, x - • x* excitations will give rise to several quartet 
terms, but the A values will be very small since the metal orbitals 
are, to a first approximation, unaffected by the excitation. Hence 
we expect x -» x* transitions to be associated with weak bisignated 
G terms. 

The predictions above are entirely consistent with the experi
mental data (Figure 2), where both single-signed and bisignated 
G terms are observed. The latter vary from being strong relative 
to the absorption (e.g., ~ 11600 cm"1, first solid arrow Figure 
2), to being very weak (e.g., ~ 16 500 cm"1, second solid arrow). 
We therefore conclude that the ground state of the isolated MnPc 
molecule arises from a 4E. term, in agreement with the calculated 
result.18'19 

4. g, and Molecular Orientation. Moment analysis can be 
applied to the data in Figure 2 to determine the value of g$ and 
so enable a quantitative comparison with eq 22. To obtain 
meaningful results, the integrations in eq S must be carried out 
over well-separated bands, and for this reason we expect the best 
estimate to be obtained from analysis of the intense, single-signed 
band at ~ 15 000 cm"1. Assuming T = 5 K, we obtain G0/S)0 
= 7.5. The estimated uncertainty is ~20%, which arises pre
dominantly from uncertainty in T but also includes errors in the 
CD calibration and choice of absorption base line. For the cases 
of completely random or completely preferential orientation re

spectively, this result gives gB values of 15 ± 3 (Table II) or 7.5 
± 1.5 (eq 13). 

These values can be independently checked by considering the 
saturation of the MCD as the field strength is increased.3137 For 
randomly oriented molecules, the equation appropriate to the 
transitions shown in Figure 5 is,37 

AA = K C cos 9 tanh (cos 9 g, nBB/2kT) d cos 9 (23) 

where AT is a constant and 9 is the angle between the molecular 
symmetry axis and the field direction. For the oriented case, cos 
9 = 1 and 

AA = K tanh (gt^B/2kT) (24) 

Figure 3 shows the data for the weak positive band at ~ 18 760 
cm"1 (indicated by an open boxed arrow in Figure 2) plotted 
against the ratio n^B/2kT. This band was chosen since the MCD 
amplitude is relatively small (AA ^ 0.1) over the range of field 
employed (0-3 T), thus avoiding errors of the kind mentioned in 
section III. The gB value obtained by least-squares analysis of 
the data is dependent on the devation from linearity. It is in
dependent of the absorption and unaffected by errors in the MCD 
scale calibration. The uncertainty arises almost entirely from the 
uncertainty in temperature, and hence the g value so obtained is 
more precise than that determined by moment analysis. Equations 
23 and 24 give excellent and almost identical fits to the data 
(Figure 3), and with T = 5.0 ± 0.5 K we obtain values for gB of 
11.3 ± 1.2 and 8.0 ± 0.8, respectively. 

The gn values obtained assuming random orientations are clearly 
unreasonable, while the values obtained assuming complete 
alignment of the molecular 4-fold axes with the field agree closely 
with that calculated for the |(4Eg ±

 3/2 =F I)E8 ') ground state. 
We therefore conclude that the MnPc molecules are highly or
iented in the matrix with their z axes perpendicular to the surface 
of the deposition window and hence parallel to the applied 
magnetic field. 

5. Spectral Assignments. Having demonstrated that the ex
perimental data are both qualitatively and quantitatively consistent 
with a 4Eg ground state, we now consider assignments of individual 
transitions. Lever and co-workers10'34 have previously attempted 
this by correlating the absorption spectrum with redox potentials 
of MnPc solutions. (Although there are several potential problems 
with employing such correlations,10 apart from the complications 
caused by axial ligation by the solvent molecules, they provide 
a convenient base from which to begin.) They predict three 
allowed CT transitions in the range of Figure 2: LMCTl (alu(x) 
— e,(dT)) at 10970 cm"1; LMCT2 (a2u(x) — eg(dT)) at 26 180 
cm-f; and MLCT2 (eg(dj — blu(x*)) at 15 725 cm"1.34 (They 
also predict a further transition, MLCTl (eg(dT) - • eg(x*)), but 
this is parity-forbidden and should be very weak or absent from 
the spectra even in the case of random molecular orientation.) 
We also anticipate the presence of ir —• x* transitions due to the 
Q excitation (a lu(x) -»• eg(x*)) near 15 200 cm"1 and the B ex
citations (admixtures of a]u(x) -*• eg(x*) and a2u(x) -» e,(x*)) 
around 30000 cm"1.8'24,38 Our assignments, as discussed now, 
are summarized in Table III and in Figure 2. 

Starting at the high-energy end of Figure 2, a broad band is 
observed, centered at 29 600 cm"1. The energy and general ap
pearance of this band, along with the weakness of the corre
sponding MCD, strongly point to the assignment B(x - • x*). 

LMCTl and LMCT2 each give rise to a single quartet ex
cited-state term: 4B2u(alualgb2g) and 4Blu(a2ualgb2g), respectively. 
In both cases we predict positive single-signed G terms, each with 
the same G0/S)0 ratio. The most prominent positive G terms are 
at ~ 11 800, ~ 15 000, ~ 20 300, and ~ 28 200 cm"1, but the first 
and third of these are components of bisignated features and 
cannot be associated with the LMCT transitions. We thus assign 
the bands at ~ 15 000 and ~ 28 200 cm"1 to LMCTl and LMCT2, 

(37) Schatz, P. N.; Mowery, R. L.; Krausz, E. R. MoI. Phys. 1978, 35, 
1537-1557. 

(38) Henriksson, A.; Roos, B.; Sundbom, M. Theor. Chim. Acta 1972, 27, 
303-313. 
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Table III. Spectral Assignments for MnPc/Ar 

excitation 

Q 
B 
LMCTl 
LMCT2 

MLCT2 

CT (several) 

<S/cnr' 

predicted observed 

15 200» 16500 
30000» 29600 
1097C 15000 
26180* 28 200 

(11 500 
15725' J I l 800 

j 19 700 
' 20300 

21400-25 000 

excited 
term 

several 
several 
4B7,, 
4B1 1 1 

A,u 
4B,„ 

4B,„ 
several 

<Sy 

predicted" 

0> 
0* 
8 
8 

-8 
8 

-8 
8 

j /2>o 

observed 

~(? 
~0* 

7.5 ± 1.5 
6.9 ± 3.0 

-6.9 ± 2.0 
6.3 ± 2.0 

- 3 . 1 ' 
2.2' 

-3.</ 

"Predicted assuming a 4Eg(eg
3aigb2g) ground-state term and alignment of 

the symmetry axes of the MnPc molecules with the magnetic field (see 
text). 'Predicted from transition energies of a selection of MPc molecules.8 

'Predicted from electrochemical data.34 ' 'Summed over all possible excited 
states. 'These values represent gross underestimates due to strong mutual 
overlap (see text). 'Summed over several overlapping transitions. 

respectively (Figure 2), a few thousand cm"1 to the blue, but in 
reasonable agreement with their predicted energies (Table III). 
For LMCTl, moment analysis yields G0JD0 - 7.5 ± 1.5. For 
LMCT2 the situation is complicated by strong overlap with the 
B band in the absorption spectrum. G0 was obtained by moment 
analysis since the zeroth MCD moment of the B band should be 
«=0, but to obtain 2)0 it was necessary to resort to band fitting 
using a Gaussian line-shape function. From a two-band fit over 
the region 26 000-33 000 cm"1, using the base line illustrated by 
the dashed line in Figure 2, we estimate G0/D0 = 6.9 ± 3.0. (The 
larger error limits result from uncertainties inherent in the fitting 
procedure.) Thus the ratio is the same as for LMCTl within our 
uncertainties. 

A strong absorption band associated with weak bisignated MCD 
is expected in the vicinity of 15 000 cm"1 due to the Q(7r —• w*) 
transitibns. The band observed at almost exactly this energy is 
unambiguously assigned to a LMCT transition (see above), and 
we are forced to conclude that the Q band is at 16 500 cm"1. This 
assignment stands against conventional wisdom, which has the 
Q band of MnPc in solution at significantly lower energy.8 A value 
of 16 500 cm"1 is more in keeping with the Q band of the jt-oxo 
dimer, Mn111Pc-O-Mn111Pc.4,5'8'3' However, we can discount the 
possibility of the presence of such a dimeric species in this work. 
Firstly, we have shown, both before and after deposition, that the 
material we used is unoxidized MnPc (section III); secondly, the 
temperature and field dependence of the MCD show that there 
is only one matrix-isolated species present; and finally, whereas 
the matrix-isolated species is clearly paramagnetic (giving rise 
to temperature dependent MCD), Mn111Pc-O-Mn111Pc is dia-
magnetic with much weaker MCD than that associated with the 
16500-cm"1 band of Figure 2.39 

For MLCT2, we predict four transitions, all with similar dipole 
strengths (section IV.3). Two should show positive G terms and 
two should show negative G terms, with the total (?-term intensity 
summing (approximately) to zero. The obvious candidates are 
the pairs of transitions corresponding to the bisignated G terms 
near 11600 and 20000 cm"1 (Figure 2), with the negative lobes 
corresponding to 4A,U excited states and the positive lobes to 4B111 
excited states. The average energy of these transitions coincides 
almost exactly with the predicted energy of MLCT2 (Table III), 
and their relatively large separation can be accounted for by 
electrostatic effects. To illustrate the latter point, consider the 
octahedral parentage of the excited states, ignoring the effects 
of the blu(ir*) electron. Treating the central metal as Mn(III)(d4), 
the parent states derive from the terms 5E(t2

3e), 3E(t2
3e), 3T1(I^e), 

and 3T2(t2
3e), which span a range of energies 165 + 6C.36 For 

Mn(III), B ~ 1140 cm"1 and C ~ 3 675 cm"1;36 hence the ob
served separation of ~8 400 cm"1 is easily accounted for. 

The two higher-energy MLCT2 transitions (~20000 cm"1) are 
sufficiently well separated to obtain reasonable results using 
moment analysis. In an attempt to partially account for their 
mutual overlap and overlap with negative G terms to the blue, 
a local MCD base line was chosen to pass through the inflection 

(39) Wright, S.; Stillman, M. J. Unpublished results. 

Williamson et al. 

points (dotted line, Figure 2). This yields G0/S)0 values of -6.9 
± 2.0 and 6.3 ± 2.0, somewhat lower than, but within experimental 
uncertainty of the predicted magnitudes for the 4Eg(eg

3a ̂ b2J 
ground-state term (Table III). The two lower-energy MLCT2 
transitions (~ 11600 cm"1) overlap strongly, and we can find no 
objective means by which to obtain accurate estimates for their 
G0JtH0 ratios. Applying moment analysis, arbitrarily choosing 
the zero-crossing of the MCD as the demarcation between the 
two transitions, we obtain -3.1 and 2.2. However, these must 
represent gross underestimates due to cancellation of the MCD 
in the region of overlap, and it would seem entirely reasonable 
to expect that the true values are near the predicted values of ±8. 

Centered near 22 500 cm"1 is a strong, broad, asymmetric 
absorption band labeled "CT" (Figure 2). The MCD in this region 
is predominantly negative, with G0(I)0 ~ -3.6. The low mag
nitude of G0/S)0 in comparison with other bands and the fact that 
the dispersion of the MCD differs from that of the absorption 
suggest the presence of several overlapping transitions, some 
presumably associated with positive G terms. These must be CT 
transitions that were not predicted by Lever et al.10,34 There are 
many ligand orbitals that could be involved in such transitions,38 

but we do not have sufficient information to be more specific. 
Next, we comment on the several weak bands that are observed 

between the stronger transitions that we have assigned. Lever 
et al.10 assign some of these, to the red of 15000 cm"1, to trip-
multiplets. We think that it is as likely that most or all of the 
weak bands arise from vibrational overtones built on electronic 
origins. 

Finally, we emphasize that these assignments should be regarded 
as being somewhat formal since various of these transitions are 
undoubtedly admixtures of several excitations, and many of the 
orbitals will be of mixed metal and ligand parentage. For example, 
the unexpectedly high energy of the Q band is probably a con
sequence of interactions between the w orbitals of the ligand and 
unfilled valence orbitals of the metal ion. In Z)4/,, the only orbitals 
of appropriate symmetry to take part in such mixing transform 
as eg, and we suspect an appreciable eg(ir*)-eg(dT) interaction. 
This will tend to shift eg(ir*) to higher energy so that the Q 
transition (nominally a2u(ir) - • eg(7r*)) is blue-shifted, while 
LMCTl (nominally a2u(ir) -* eg(dT)) is red-shifted. As a sec
ondary consequence, the intensity borrowing inherent in such an 
interaction leads to modifications of the dipole strengths of the 
transitions. Schaffer et al.,18 using an extended Huckel calculation, 
predict such an interaction with the contributions of the metal 
dT orbitals to eg(?r*) and eg(dT) being 4.1% and 84.1%, respectively. 

Mixing of orbitals may also be partially responsible for the 
sensitivity of the absorption spectrum of MnPc to the molecular 
environment (section I). The dT orbitals of the metal (dX2 and 
dyz) are susceptible to axial interactions, which could quench or 
enhance the ir*-dT mixing, resulting in changes in the energies 
and relative intensities of the transitions. In the extreme, such 
effects, in combination with the change of crystal field, might 
destabilize the alg(dz2) and eg(dT) orbitals sufficiently relative to 
^>2g(.^Xy)t0 make the b2„

2eg
2alg configuration more favorable. In 

support of this hypothesis, the molecular ground state seems likely 
to be different in two solid-state phases of MnPc. In the 0-phase, 
where there is an axial interaction between Mn and the azamethine 
nitrogen atoms of adjacent molecules,21'22 the ground-state term 
is 4A2g(b2

 2e 2alg).' In the a-phase, such interactions are is rv2gv,u2g cg a i g ; . in uic u-pnasc, suuii uucrtuaiuus arc 
absent,40 ana although the molecular ground state has not been 
determined, there is evidence that it is the same as for MnPc/Ar; 
the thin-film absorption spectrum of a-MnPc4 is very similar to 
that of MnPc/Ar, except that the bands are broader and those 
assigned to CT transitions in this work are shifted several hundred 
cm-1 to the red. 
V. Conclusions 

The absorption and MCD of MnPc/Ar show unambiguously 
that the chromophore has an orbitally degenerate ground state, 

(40) Stymne, B.; Sauvage, F. X.; Wettermark, G. Spectrochim. Acta 1979, 
35A, 1195-1201. 
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and our analysis is entirely consistent with the ground-state term 
assignment 4Eg(eg

3algb2g). This conclusion is in disagreement with 
the results of magnetic measurements on the /S-phase solid13"17 

which suggest a 4A2g(b2g
2eg

2alg) ground-state term. The difference 
may be due to the fact that azamethine nitrogens of adjacent 
molecules lie above and below the Mn atoms in the /3-phase.21,22 

The dispersion of the MCD bands and correlations with earlier 
electrochemical data10,34 have allowed us to formally assign the 
major bands in the electronic spectra. We are confident of our 
ability to distinguish between transitions that are principally of 
T -* iz* or CT character, but more specific descriptions await a 
sophisticated quantum-mechanical calculation for both the ground 
and excited states. 

The absorption spectrum of MnPc/Ar is quite different from 

Introduction 
Reactions of carbenium ions with nucleophiles have been studied 

extensively, and recent work includes the use of laser flash pho
tolysis to measure rate constants directly.1 Other sources of 
absolute rate constants come from reactions of very stable cations 
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earlier solution spectra,3"5,8"11 a fact that may be attributable to 
axial ligation (with oxygen in some cases) and perhaps to a dif
ference in ground state. Our results suggest that the strongest 
red band of the solution spectra contains contributions from both 
the Q(ir -» ir*) and LMCTl excitations. 
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using rapid mixing techniques and include studies by Ritchie2 and 
Bunton.3 A comprehensive picture is beginning to emerge and, 
for example, includes models for the relationship between solvolytic 
reactivity and nucleophile selectivity4 and for the coordination of 
carbanions with carbenium ions.s In spite of these efforts and 
despite implications of the importance of hydrogen bonding,18,6'7 
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Abstract: The photolysis of retinyl acetate leads to carbon-oxygen bond heterolysis and yields the retinyl cation within 100 
ps. This pentaenyl cation, which has an absorbance centered at 590 nm, is observed using picosecond and nanosecond laser 
transient absorption. This provides access to ion dynamics and affords the opportunity to study aspects of the S N I mechanism, 
including the effect of hydrogen bonding cosolvents like water and alcohols. Contact ion pairs appear to be important in the 
early time regime, but free ions are the reactive species in polar solvents in the nanosecond experiment. Trapping of the free 
ions with nucleophiles yields a collection of rate data from Stern-Volmer quenching which in turn gives linear plots versus 
Pearson/Swain-Scott n values, measures of relative nucleophilicity based on SN2 reactions. These linear plots show a marked 
dependence on water content in the solvent acetonitrile with an increase in selectivity (i.e., slope of the line) with added water. 
For example, the second order rate constant for reaction of the retinyl cation with fluoride decreases by over four orders of 
magnitude in changing the solvent from dry acetonitrile to the same solvent with 11 M water. This is interpreted to be the 
result of hydrogen bonding between water and the nucleophiles. The special salt effect of Li+ is also demonstrated to arise 
from the strong interaction of this Lewis acid and the nucleophiles. 
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