7042 J. Am. Chem. Soc. 1989, 111, 7042-7046

Scheme 11
NH2 @NH2
IS TS
R R
AH AHZ
NH, @ NH; ®
G LY
KN N SN
R R
+ 2+
AH * . AHZ!
NH
N/ N
Y
N7l
R
A.

10.0 and 3.0 mT, respectively, on the basis of values for J; and
« obtained from simulation of field-dependent CIDNP experiments
on polymethylene biradicals.'6218 However, in applying eq 4 and
5 several assumptions are involved, such as the exclusive » de-
pendence of the exchange integral and the fact that we have
delocalized radicals in contrast to the ketone derived radicals used
as calibration. Therefore, in view of these uncertainties the
distances mentioned should be considered only as rough estimates.

Conclusions

The high-field photo-CIDNP spectrum of FAD at acid pH is
similar to that obtained from 5’-AMP and free flavin FI and can
be explained by T;—S mixing in a biradical formed by intramo-
lecular electron transfer from the adenine to the triplet flavin
moiety.

The pH dependence shows a pronounced maximum at pH 2.4
and is very similar to the pH dependence of the fluorescence of
FAD. At low pH the decrease in both fluorescence and CIDNP
probably has the same origin, i.e., the radiationless decay of the
excited singlet of flavin. At high pH the decrease in CIDNP is
due to a shift from the protonated form of the biradical FH*-AH"*
to the neutral form FH*-A* with concomitant increased stacking
interactions (and therefore strong exchange interaction) in the
neutral form. The pH-dependent curve follows the pK, of
ground-state FAD (protonation of the adenine moiety), because
the protonation—deprotonation equilibria are slow on the CIDNP
time scale except for intramolecular proton transfer, reaction 4
in Scheme I.

CIDNP experiments at low magnetic field carried out with a
specially designed falling tube system showed that the polarization
at low field arises from T_-S mixing in the biradical with the same
pH dependence as that observed at high field. The field-dependent
CIDNP curves in the acid pH region show two maxima at 3.0
and 10.0 mT corresponding to two open (destacked) conformations
of the biradical FH*-AH"*, which interconvert slowly on the
CIDNP time scale.
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Abstract: A theoretical derivation is presented of vibrational resonance coupling (Fermi resonance) between a solute Raman
mode and the collective vibrational excitation of NV equivalent surrounding solvent molecules. The perturbed intensities and
frequencies of the coupled vibrations are shown to depend on the number of molecules in the solvation sphere. The effect
of this sort of vibrational coupling on resonance Raman excitation profiles is considered, and it is shown that the effect has
the potential to reveal the number of perturbing solvent molecules. The theory is applied to the analysis of previously reported

resonance Raman data on cobalt porphyrin complexes.

I. Introduction

In Raman spectroscopy, intensity borrowing between vibrational
modes on different molecules can result from vibrational coupling
in the ground electronic states or from coupling of the excited
electronic states responsible for the Raman intensity. The former
effect, which is the subject of this paper, requires a close match
of the vibrational energy levels and an appropriate dependence
of the intermolecular potential on the normal coordinates for the
two vibrational modes. Unlike intramolecular Fermi resonance,'

which involves coupling between a fundamental and an overtone
or combination vibration, intermolecular Fermi resonance can
involve the interaction of fundamentals on two different molecules.
The reason for the difference is that the coupling of two funda-
mentals is made possible by a perturbation of the type (82V/

(1) (a) Fermi, E. Z. Z. Physik. 1931, 71, 250. (b) Herzberg, G. Molecular
Spectra and Structure; Van Nostrand Reinhold: New York, 1945; Vol. II,
pp 215-217.
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8040Q3g), where Q4 and Qg are normal coordinates and V' is
potential energy. This sort of derivative vanishes when @, and
Qg are normal coordinates on the same molecule but not when
they are normal coordinates of different molecules.

Although intermolecular effects on intramolecular Fermi
resonance have been observed experimentally? and described
theoretically,® intermolecular vibrational coupling between unlike
molecules has not, to our knowledge, been extensively considered
theoretically. (See, however, ref 6 for a very general treatment
of Fermi resonance interaction of arbitrary vibrational states.)
Recently, some very interesting effects of vibrational coupling have
been observed for ligand vibrations in the resonance Raman spectra
of O, adducts of cobalt porphyrin complexes.”'® Intensity
borrowing in resonance Raman spectroscopy is particularly in-
teresting because dramatic changes in the Raman intensity of a
chromophoric solute can lead to unexpected excitation profiles
for the vibrational modes of the solvent. In view of the widespread
practice of measuring relative Raman intensities by referencing
the intensity of the solute mode to that of a nearby solvent mode
(in order to minimize differential self-absorption of scattered light),
the problem is of considerable practical interest. In this paper,
we present the derivation of the perturbed intensities and fre-
quencies for the case of a single solute interacting with NV
equivalent solvent molecules. We show how the working equations
may be used to obtain the uncoupled frequencies and intensities,
and possibly the number of molecules in the solvation sphere.

II. Theory

Consider a single molecule (A) surrounded by N solvent
molecules (B). A vibrational mode v, of the solute is close in
frequency to a mode vy of the solvent. A zeroth-order vibrational
wave function of the aggregate can be expressed as the (V +
1)-fold product of the harmonic oscillator wave function for
molecule A and N such wave functions for the solvent molecules
B. The zeroth-order ground-state wave function is

VO = |xa% %% xa% (1)

where x,%(x;®) is the harmonic oscillator wave function for the
Jth vibrational state of molecule A (or of the ith solvent molecule).
The ground-state energy is

Ny
2

The excited state describing a single quantum of vibrational ex-
citation in the aggregate is written as a linear combination of
product wave functions, where one of the NV + 1 molecules is found
in the ¥ = 1 state:

EB(O) = 1/2hVA + hVB (2)

¥, = Calxa'x:%x2%-xa% + Cilxa®x:'x2%xa® + .. +
CNlXAOXIOXZO--~XN1) 3)

The coefficients Cy, Cy, ..., Cy are to be determined variationally.
The Hamiltonian for the aggregate is

ﬁ=ﬁA+ZﬁB+ﬁ' (4)
B
where
Haxa? = (8 + Y)hvaxa® ©)
Hgxg® = (9 + Y)hvpxs® B=1,2,.., N

(2) Schwarz, M.; Wang, C. H. J. Chem. Phys. 1973, 59, 5258.

(3) Lundeen, J. W.; Koehler, W. H. J. Phys. Chem. 1975, 79, 2957.
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The perturbation A’ is the intermolecular “anharmonicity”,
which is responsible for the coupling:
0090519,

V4p is the intermolecular potential and Q4 and Qg are the normal
coordinates. The perturbed excited-state energies are the roots
of the following secular determinant:

N
A = 2 VQ0s0s  where V= (6)
B=1

Huya—-E  Hy Hyy | Han
det :I-IAI H,-E :le :Huv =0 ()
Han Hy Hoy Hyy-E

The perturbation A’ does not contribute to the diagonal elements
Hpp = (XA'X1°X2°-~-XN0|ﬁA + ﬁBIXA1X10X20---XN0)

3 N
EhVA + EhVB ®)

and

Hy = (xa% % x o XallHa + Halxalx:0% . xtxa")
= Hy, = Hy = ..Hyy = Hpp

1 N
= EhVA + EY + 1)hvg 9
The off-diagonal elements, on the other hand, derive from the
perturbation. Matrix elements connecting states with one quantum
of excitation on different solvent molecules are assumed to vanish,
(In other words, resonance coupling of solvent vibrational modes,
such as that leading to a splitting of polarized and depolarized
peak frequencies,!! is neglected.) The nonzero off-diagonal matrix
elements are thus:

1/2 1/2

h

81I’2mAVA

h

Hay = Hy, 2
87 1(}:1%:]

HA.N =

U
(10)

In eq 10, m4 and my are the effective masses for the vibrational
modes, and the coupling strength U has been defined to have units
of energy.

The solution to eq 7 leads to IV — 1 roots for the energy that
are unperturbed (E = Hpgg) and two roots that are perturbed. The
two perturbed roots are

E. = Yo{Hap + Hpp + [(Haa — Hap)? + 4NU?V?Y (11)

When the zeroth-order frequency difference is defined as A = h(v,
- vg), the following expression for the two perturbed frequencies
is obtained:

vy = Yl(va + vg) £ F (A2 + 4NUR)VY (12)

In the limit that the coupling U is small compared to the splitting
4, the perturbed frequencies are given by

NU? NU?
V+=VA+—hX V_='-VB——hX (13)
As usual in Fermi resonance, the interacting states repel each
other. (Note that », > v_if A is positive, as will be assumed
throughout the paper for convenience.) Although the weak
coupling limit is mathematically convenient, it does not necessarily
hold in general, as will be shown in the examples of section III.
However, it is always true that the sum of the perturbed fre-
quencies is equal to that of the unperturbed frequencies, a fact
that can be exploited to determine whether vibrational resonance
coupling is at work in an observed spectrum and to calculate the
uncoupled frequencies v, and vg.
In order to evaluate the Raman intensities of the perturbed
modes, we consider the coefficients Cx%, Ci%, ..., Cy*, which

(11) Wang, C. H.; McHale, J. L. J. Chem. Phys. 1980, 72, 4039.
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describe the two perturbed excited vibrational states, ¥ .=, The
coefficients C\* through Cy* are all equal, so we define these as
Cp*. The necessary coefficients are

. 12
Cat = W% (14a)
| vor+ Zea- oy
. 12
Gt = 7:(A - D)? (14b)

N2+ g(A - D)2

where D = (A? + 4NU?)'/2, In the weak coupling limit, these go

over to
1/2
Cut ~ T L 1 _ e (152)
A + N2 A?
2 "y
| ——— ~ — 15b
Co [ A2+ Nzﬁ] A (150)

The coefficients of the lower energy state are related to C,* and
CB+ by

(Ca)? = N(C*)?  (Gg)? = (C*)?/N (16)

also
CA_CB_ = —CA+CB+ (17)

The intensities of the two perturbed modes dare determined by
N
Lo = (T O(anla + leaaQB)l‘I’e*)lz (18a)

For example, the intensity of the higher frequency mode can be
written as

I+ = (CA+)2(¥A2 + 1V2(C3+)2(¥32 + 2NcA+CB+aAaB (18b)

and similarly for I_, with C4* and Cg* replaced by C4~ and Gy~
Because of eq 17 and normalization (Ca% + NCg? = 1), the cross
term in asap cancels when I, and I_ are added together, leading
to

I.+ I = a2+ Nag? (19)

Thus, the total intensity, integrated over both of the perturbed
bands, is rigorously unchanged by the solvent—solute interaction,
one band must increase in intensity at the expense of the other.
Which band increases in intensity is determined by the sign of
the coupling parameter U and of the unperturbed polarizability
derivatives as and ag.

If the perturbation of the frequencies is very small, which is
to be expected for the weak coupling case, |[U/A| «< 1, then it may
be impossible to observe the perturbed solvent peak in the presence
of the much larger peak due to bulk solvent molecules. In this
case, assuming that v. and pg cannot be resolved, the experi-
mentally observed intensity I_ is the sum of three contributions:
that due to the bulk solvent, the unperturbed intensity contributed
by the NV molecules in the solvation sphere (in other words, the
N - 1 roots with unperturbed intensity ag?), and the perturbed
intensity due to the molecules in the solvation sphere. When N,
and Ny represent the formal concentrations of solute and solvent,
the total intensity due to the solvent is given by

I.(exp) = (Ng -~ NNp)ag? + NA(N - Dag? + NAI.  (20a)
and that due to the solute is just

I.(exp) = Nals (21)
Thus the total intensity integrated over both peaks is
Li(exp) + I.(exp) = Naaa? + [Ng + NA(N - 1)]ag’ (22)

Equation 21 implies that solvation by N molecules leads to an
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Figure 1. I_/1, as a function of [U/A] for the positive cross term case
(see text) and for |as/ap] = 0.1, for solvation numbers N = 5 (—), N
=10(---),and N = 20 (—+-).

increase in total intensity of the two bands, by an amount pro-
portional to the solvation number minus 1. This is similar to the
Raman intensity enhancement induced by aggregation considered
by Akins.!? The result suggests a simple experiment to determine
the solvation number /V in a mixed-solvent system. Suppose a
binary solvent, say B plus C, could be found, where B has a
vibrational mode close in frequency to a mode of A but C does
not. After the relative intensities of A and B are determined
separately in solvent C, eq 22 could be used to determine the
aggregation number N in a solution of A in B plus C. To be
practical, fairly high concentrations of A relative to B would be
required.

To demonstrate that even weak coupling can lead to measurable
intensity changes, consider the intensity ratio I,./I_ of the separate
peaks, according to eq 18. If the coupling U is positive, the
coefficients C,* and Cg* will have the same sign, whereas negative
U will lead to opposite signs for C4~ and Cy~. Taking A > 0, the
ratio Gg*/C,™ is equal to (D — A)/2NU in either case. Thus, the
ratio of the intensity of the higher frequency peak to that of the
lower frequency peak is

p-4a P
I, [“A+ 2U “B] o

L D-A P
%" Ny A

The change in intensity due to coupling, considered as a function
of the absolute value of U/A, depends on the signs of U, a,, and
ag as well as on the magnitude of the ratio of the unperturbed
polarizabilities. In the discussion that follows, A is arbitrarily
assumed to be positive so that the influence of the sign and
magnitude of the other parameters can be considered. Note that
for coupling U, which is very small compared to the splitting A,
D is approximately equal to A and the intensity ratio (as well as
the frequencies) are unperturbed.

In Figures 1-4 are shown some examples of how the intensity
ratio varies with the magnitude of U/ A for various values of the
polarizability ratio. For each value of a,/ap we consider two
possibilities for the sign of the cross term in eq 23. For a positive
cross term (Figures 1 and 3), either U > 0 and a4 and ag have
the same sign or U < 0 and a, and ag have opposite signs. In
this case the intensity I_ of the lower frequency peak can vanish
when the absolute values of ag/a, and (D — A)/2NU are equal.
Conversely, in the case of a negative cross term (Figures 2 and
4), where U < 0 and a4 and ag have the same sign or U > 0 and
a4 and ap have opposite signs, the intensity 7, can vanish when
|as/aal = |(D - A)/20). (Note that we plot I_/1, in Figures |-
and 3 and 7, /I_ in Figures 2 and 4.) Thus, it is possible to have
very dramatic changes in the intensity ratio even for very weak
coupling, |U/A| « 1, particularly when o, 3> ag, as in the case
where the Raman mode of A is resonance enhanced.

(12) Akins, D. L. J. Phys. Chem. 1986, 90, 1530.
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Table I. Fermi Resonance Data for Co(TPP-dg)DCP(Q,) (cm™)4

J. Am. Chem. Soc., Vol. 111, No. 18, 1989 7045

Ve v vA(O,) vp(DCP) A 1yl
160, 1160 1112 1158 £ 5 1114 £ 5 43 £ 10 10.7 £ 12
160180 1132 1108 1126 £ 23 1114 £ 5 12422 10.5 £ 12
(1132 £ 12) (1108 £ 12)
20, 1121 1086 1086 + 10 11145 -21 £ 11 104 £ 12
(1118 £ 6) (1083 £ 6)

4Calculated values of v, and »_ are in parentheses.

1+/1-
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Figure 2. As for Figure 1, except for a negative cross term, and I,./1_
is plotted.
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Figure 3. As for Figure 1 but with a/ap] = 100.
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Figure 4. As for Figure 2 but with |a,/ag| = 100.

Since measurable intensity changes are possible for weak
coupling, the perturbed solvent peak may not be resolved from
that due to bulk solvent. In this case, the experimental intensity
ratio is given by

D-A |2
f+(exp) _ NA(aA + (XB)

I(exp) D-A 2
NA]V(WO‘A ~ag| + (Ng - Np)ag?

Equation 24 predicts an unexpected frequency dependence of the
solvent Raman intensity in the case where a nearby solute mode
undergoes resonance enhancement. If the term (D~ A)/2NU is
comparable to the ratio of the polarizability derivatives, ag/a,,
then the excitation profile of the solvent Raman mode will contain

(24)

Table II. Rough Estimates of Intensity Ratios in

Co(TPP-ds) DCP(0,)
I./L
(D - A)/2U obsd pred Jas/aal
150, 0.23 ~3:1 ~0.30
160130 0.58 ~1:1 0.9
130, 0.40 ~1:3 0.7

some of the frequency dependence of the Raman mode of the
solute.

III. Examples

As an illustration of how the formalism can be used to decouple
Fermi resonance doublets, we examine the Raman data of Kincaid
et al.,® who studied a series of complexes Co(TPP-d3)(DCP)O,
with three different isotopes of dioxygen. TPP is tetraphenyl-
porphyrin and DCP is 3,5-dichloropyridine. The first two columns
in Table I show the resonance Raman data reported in ref 9 for
the 10,, 16080, and *0, complexes. The authors assign the less
intense peak at 1112, 1108, and 1121 cm™, respectively, to a
vibrational mode of DCP, which borrows intensity from the O-O
stretch at 1160, 1132, and 1086 cm™'. When eq 12 is used with
N =1, it is easy to show that this interpretation is quantitatively
consistent with the data. Without making any assumption about
the isotope ratios of the dioxygen stretch, »(160-10):»(160-
130):»(**0~"20), the values of v, and v_ for the 160, and 16080
complexes were used to find A = »,(*¢0,) — vy(DCP) = 43 cm™!,
vA(1%0,) = 1157.5 cm™!, yp(DCP) = 1114.5 cm™, and U] = 10.7
cm™. The value of vg is assumed to be independent of the O,
isotope, and the value of |U] was corrected for reduced mass (see
eq 10) to arrive at the values given in the last column of Table
I. The experimental splitting v, — v_ was then used to calculate
Aand vy, Although the £1-cm™ error in »,. and v_ leads to rather
large propagated errors in A and |U), the calculated isotope ratios
of the uncoupled O-O stretch, »(10-160):»(160-120):»(30-180)
= 1.0:0.97:0.94, are in good agreement with the ratios expected
on the basis of the reduced mass of free dioxygen. Furthermore,
the calculated values of v, and v_, given in parentheses, are found
to agree closely with the experimental numbers. Thus the idea
of intermolecular Fermi resonance is entirely consistent with the
author’s data. The approach presented here can be used to de-
couple Fermi doublets in order to assess the importance of steric
or electronic factors that might perturb the frequency of a ligand
vibration.

The values of A and |U] given in Table I can be used to predict
the intensity ratio of the coupled peaks, according to eq 23. When
very rough estimates of the observed intensity ratios shown in
Figure 1 of ref 9 are used, it is possible to calculate the uncoupled
polarizability ratio |ag/a,| from the data for one isotopomer and
use it to predict the intensity ratios for the other two. As shown
in Table I, the magnitude of the intensity borrowing is predicted
to be smallest in the 'O, isotopomer and greatest in the 6080
isotopomer. This is qualitatively in accord with the spectra of
ref 9, where the intensity of the DCP peak is shown to increase
relative to that of O, in the order '¢0,, 80,, 160130, If the
intensity ratio 7, /L is guessed to be about 3:1 for the 160, complex,
this leads to |ag/asl = 0.3. The predicted values of 7,/ for the
16080 and '*0, complexes are then calculated using eq 23, giving
the numbers in the third column of Table II. This is a crude
calculation, not only because the experimental intensity ratios are
uncertain but also because of the large uncertainties in |U] and
A that result from propagating the £1-cm™' uncertainty in the
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experimental frequencies. Nevertheless, the qualitative trends in
the observed intensity ratios are in good agreement with the theory.

The above example is really intermediate between intra- and
intermolecular vibrational resonance coupling, since the coupled
vibrations are localized on different ligands of the same molecular
complex. However, coupling of fundamental vibrations of different
ligands is allowed because (62V/3Q,8Qs) is not required to be
zero. As expected, the weak coupling limit is not valid (and was
not used), since the absolute values of the coupling parameter U
are not small compared to those of the unperturbed frequency
difference A, In ref 8 is reported an example of intermolecular
Fermi resonance, which illustrates that intensity borrowing and
frequency shifts can still be observed in more weakly coupled
systems. As reported by Kincaid et al.,® in CH,Cl, solutions
containing pyridine, the %0-'0O stretch of Co(TPP-d;)0, is
observed at 1143 cm™!, along with an enhanced solvent mode at
1155 em™.. In CD,Cl, solution, the 160, vibration was found at
1148 em™, and the 1155-cm™ mode disappeared. These numbers
imply a coupling parameter |U] = 5.9 cm™), which is smaller than
the values given in Table I for interligand coupling. However,
the uncoupled frequencies are »(160,) = 1148 cm™ and »(CH,Cl,)
= 1150 cm™!, so |U] is not small compared to |A] = 2 cm™!. If
the frequency shift for the complex with 130, is evaluated, it is
found to be negligible, due to the much larger value of |4, 61
cm™', The intensity borrowing is correspondingly weak, since (D
~ A)/2U (see eq 23) is only about 0.07. Thus in the case of the
130, complex, the theoretical prediction of negligible solvent en-
hancement or O, frequency shift is in agreement with the ex-
perimental results.

IV. Conclusion

A simple theory of intermolecular vibrational resonance coupling
has been presented and has been shown to be valid for the strong
coupling observed in a molecular complex. Frequency shifts and
intensity perturbations may be observed for any general type of
intermolecular interaction, provided there is a dependence of the
intermolecular potential on the normal coordinates of the coupled
vibrational modes. In the case of intermolecular coupling involving
a solute surrounded by a solvation sphere, an experimental ap-
proach is suggested for determining solvation numbers from
resonance Raman spectra in a mixed solvent. An important
conclusion is that intensity perturbations can result even in the
weak coupling case, where a frequency shift cannot be observed,
especially in the case of resonance enhancement of the solute
Raman mode.

One limitation of the derivation is that all the interacting solvent
molecules are considered equivalent., The intermolecular coupling
U is actually a function of distance and relative orientation. The
distance dependence, incidently, was illustrated very nicely in ref
7, where the solvent intensity borrowing was shown to vanish for
the very hindered picket-fence porphyrin adduct. However, if U
is averaged over an equilibrium distribution of solvent coordinates,
then it is the same for every solute-solvent pair, and the ap-
proximation of equivalent solvent molecules is valid. Further
experiments to determine the utility of the proposed approach for
determining solvation numbers are in progress.
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Abstract: Escherichia coli contains two catalases designated HPI and HPIL. The heme prosthetic group of HPII is an unusual
green chromophore that was believed to be a member of the family of d-type hemes. The heme was extracted and compared
to the heme of the terminal oxidase cytochrome complex in E. coli. The two hemes were very similar by visible spectroscopy
but were resolved by chromatography. The heme was converted to a free-base, esterified derivative that was characterized
by 'H NMR spectroscopy, infrared spectroscopy, and mass spectrometry. The proposed structure for the free base is
12-hydroxy-13-cis-spirolactone-2,7,12,18-tetramethyl-3,8-divinyl-17-propionylporphyrin.

The respiratory electron-transport chain of certain aeorobic
bacteria contains an unusual prosthetic group for the terminal
oxidase. This group, originally called heme a, but later renamed
to heme 4, is the oxygen, carbon monoxide binding site. It is
spectroscopically characterized by a red shift of the « band in the
visible spectrum. In 1956 Barrett! extensively investigated the
properties of heme a, and the porphyrin derived by iron removal
and tentatively proposed that it was a dihydroporphyrin. In 1985
it was shown by isolation and purification of the chlorin derived
from the heme of the terminal oxidase in E. coli that the basic
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structure was analogous to that of protoporphyrin IX but that
ring C contained extra oxygen functional groups.? The deme-
talized free base actually characterized was a hydroxyl, spiro-
lactone form, 1 (Chart I). It was pointed out that this final
product could have arisen from spontaneous cyclization of a diol
3. Later infrared analysis of freshly prepared heme extracts

“indicated that a diol was directly obtainable from the haloenzyme.3

The proposed structure for the natural product was confirmed by
a total synthesis by Sotiriou and Chang.® The total synthesis also
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