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of Liinteraction energies in the first row of the periodic table
(NH3 > H,0 > HF). However, this picture leads one to expect
strong H--NHj3;, H-«OH>, and H-.FH interactions as well, and
Lathan et al.'* found that these interactions did not lead to
bound species (at the SCF level). The H--NH3 is isoelectronic
with the Li--NHj so one must surmise that the key difference
is the much greater polarizability of Li. The electrostatic po-
tential at 2 A from the atom is significantly more positive for
Li than H, so electrostatic effects may play an important role
as well 3

If charge transfer were of dominant importance in stabi-
lizing these complexes, one might expect the F atom, which has
a greater electron affinity than the alkali metals, to have a
larger interaction energy with NH3 than does Li. As shown in
Table I, the F-NH; complex (?A) is weakly bound and the °E
complex not bound at all. This is consistent with the direc-
tionality of the electrostatic potential in T and ?ITF atom, with
a single electron in either the p; (o) or p,, (7) orbitals. An
interaction of the type H3N: -F: (A) is favorable, because the
nitrogen is approaching an “electropositive side” of the fluo-
rine. The interaction H3N: :F: (*E) is repulsive because the
“negative end” of NHj is approaching the “‘negative side™ of
F.l6

Further studies are in progress on these complexes, specif-
ically Morokuma component analysis'” and configuration
interaction calculations. The latter are of considerable interest,
since the dispersion energy, which depends on the polariz-
abilities of the atom and hydride, is likely to be much larger
in this case than that for (H,0), (1 kcal/mol).'$

We thus expect that our SCF calculated interaction energies
may be somewhat less than the actual A£'s of complex for-
mation. On the basis of the calculated dipole moments and
interaction energies in Table I, molecular beam studies of a
radical atom-~dipolar molecule interactions would be of con-
siderable interest.
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A Direct Measurement of Dynamic Spin-Interconversion
Rates in the Spin-Equilibrium Protein Ferric

Myoglobin Hydroxide

Sir:

Various hemeproteins including cytochrome P-450,'-%
catalase,® myoglobin, and hemoglobin,'®!! have been reported
to possess an electronic structure for Fe(I11l) in which two
electronic states of differing spin multiplicity are in thermal
equilibrium (a spin-equilibrium)'? with one another. The
question arises as to the existence and role of this unusual
electronic structure for in vivo biological functions of these
proteins and especially as to the nature of this involvement in
electron transfer/storage activity. For an idealized Fe(III)
heme center of O;, symmetry, the spin-equilibrium is between
a low-spin 2T(S = !4) state and a high-spin ®A(S = %)
state,

TS =1/ == AS=) &
—1

In this work we wish to report on the dynamics of this spin-
equilibrium process in which the spin-interconversion rates,
k) and k_), have been directly measured in solution for horse
ferric myoglobin hydroxide using laser stimulated Raman
temperature-jump kinetics.'> The interpretation of the
anomalous magnetic properties of ferric myoglobin hydroxide
as arising from a thermal equilibrium between an S = 5
low-spin and S = % high-spin electronic state has been ex-
tensively documented in solution by the reversible temperature
dependence of its electronic spectrum,'%-!4 variable-temper-
ature magnetic susceptibility data!! (reproduced satisfactorily
in our laboratory) and by its EPR spectrum!’ (see also ref 25).
Beattie and West, using conventional capacitive discharge
T-jump,'4 have previously established a lower limit of 2 X 10°
s~! for the sum of the forward (k) and reverse (k—) rate
constants for the spin change of the protein, while EPR studies
have been used to estimate an upper limit for k of 1010s=1.13
Furthermore, Beattie and West’s correlation of the visible
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Figure 1. Intensity vs. time (ns) spin relaxation traces for horse ferric
myoglobin hydroxide monitored at 425 nm (low-spin band), 415 nm
(isosbestic point), and 370 nm (high-spin band): cach horizontal scale
division is 20 ns: |[FeMb] ~ 107 M.

difference spectrum (480-650 nm) with the relative amplitudes
of wavelength-dependent relaxation experiments provides
strong evidence that the “immeasurably™ fast relaxation
process observed in their T-jump experiment is indeed derived
from a spin state population change; similar variable-tem-
perature spectral behavior is also observed in the Soret band
spectral region, with a characteristically high-spin band oc-
curring at 370 nm and a low-spin band at 425 nm.

Horse ferric myoglobin was obtained from Sigma Chemical
Co. and the phosphate buffer, NaH,POy, was recrystallized
from distilled water prior to use. The sample was prepared by
dissolving the ferric myoglobin in triply distilled water to about
1.2 X 107 M and then immediately adding NaH,PO4 10 0.1
M with gentle agitation until all material was dissolved. The
solution was degassed gently with bubbling argon and suffi-
cient I M NaOH was added to bring the solution to pH 9.22
+ 0.01 (>55% hydroxide form). In order to prevent excessive
“cavitation” by the intense laser pulse, the sample was gently
degassed under vacuum and then cooled to 1 °C in the sample
chamber to minimize both thermal decomposition and the
overall solution density change caused by the estimated 2-3°
temperature-jump.

The laser Raman temperature-jump apparatus used in the
experiment has been previously described.'? The 1.41 u Nd-
laser pulse is well defined and delivers about 2 J in about 25
ns to the sample. The relaxation of the sample transmittance
signal in the Soret region (360-420 nm) was found to be
stronger than that in the visible for our apparatus and sample
concentration. Figure | shows the three relaxation spectra
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obtained at 370 nm (high-spin band), 415 nm (isosbestic
point), and 425 nm (low-spin band) where it is easily seen that
the nature of the observed relaxation is dependent upon the
monitoring wavelength only in sign and amplitude. Further-
more, the 425 and 370 nm traces appear typical of a first-order
exponential time dependent process, as expected for a simple
low-spin = high-spin interconversion. Some wavelength-
independent phenomena were, however, observed to begin
about 2 us after the laser pulse, or well after the spin-state re-
lated phenomena were completed. These delayed baseline
fluctuations were reproduced almost exactly by a 1 °C sample
of degassed 103 M phosphate buffer and increased steadily
with increasing temperature, allowing its assignment to cavi-
tation effects. After more than 25 laser pulses, the UV-VIS
spectrum of the sample was unchanged, demonstrating a lack
of sample decomposition under the conditions of the experi-
ment.

The oscilloscope traces obtained in Figure | indicate an
apparent relaxation time of the order of the laser pulse heating
time of about 25 ns. However, in comparison with traces for
the very fast relaxation process for the

4Nat + [Fe(CN)g]*~ = 3Nat + [Fe(CN), - Na]'™  (2)

reaction for which the relaxation time is believed to be less than
I ns at 0.34 M.,'® the myoglobin traces appeared to be longer
than the response time of the apparatus. The “true” relaxation
time was therefore determined by using a method of moments
integral deconvolution procedure.!” A similar approach is
frequently employed in the deconvolution of luminescence
lifetimes data for fast decay processes induced by relatively
slow excitation sources.'® Because the trigger-to-laser pulse
time was not found to be constant, the “sccond”™ method was
selected: 7 = (o> — a4”?)!/2. The function oy of the relaxation
trace derivatives is equal to

7)) D>
@_[‘Tﬁ] (3)

(trace derivative) - ¢ de (4)

—

where
np =

a form analogous to the estimated variance of a continuous
distribution from its mean. It is casily verified that op” is in-
dependent of the absolute scale imposed on the transmittance
values. The value of o5 includes all the contributions from the
ferricyanide relaxation phenomenon, the laser pulse heating
time, and the response time of the instrument.'™ The sum, ag”,
was calculated from the ferricyanide trace derivatives to be
29.3 ns2 Thus, by subtracting these contributions from the oy
values calculated from the derivatives of the individual re-
laxation traces, values of the myoglobin hydroxide spin re-
laxation time were obtained for each trace. Of the 12 relaxation
traces recorded at (1.0 £ 0.5) °C and at wavelengths of
370-425 nm, four were rejected by visual inspection prior 1o
analysis as clearly indicating spurious, nonrandom noise over
otherwise well-defined traces (these four traces yielded a mean
calculated relaxation time of (26 & 3) ns). The ¢ight remaining
traces yielded an average 7 of /4.9 ns with the range of values
for individual traces being 12-18 ns. From this relaxation time,
kyand k—, for the °T = °A process of the protein can be de-
termined by solving the simultancous equations

=k ke (5)
Kﬂl=’\'|‘."r!\'_| (6)

where Keq = [°A]/[°T] = 1.42 at 1 °C for ferric myoglobin
hydroxide.'” The values of &y and k_; are thus 3.9 X 107 and
2.8 X 107 57!, respectively.

Spin-interconversion rate constants > 107 s~! for this Fe(111)
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protein are among the fastest yet measured for any six-coor-
dinate spin-equilibrium compound, the rest of which are all
synthetic in nature with spin-interconversion rate constants
ranging from ~5 X 103 to 1.5 X 107 s7!.20-24 1t is likely,
however, that there are other systems such as the [Fe!'!(dtc);],
[Fel(benzac),trien]*, [Fe'l'!(salmeen);]*, and [Co'
(terpy)>]2* complexes?® for which the spin-interconversion
rates are as fast or perhaps faster than for the present ferric
myoglobin hydroxide case. Thus, the low-spin = high-spin
dynamics of this spin-equilibrium heme center in a protein
environment does not seem particularly distinguished from
those operative in simple inorganic compounds. It is clear,
however, that with &’s > 107 s~! /ntramolecular spin multi-
plicity changes are not expected to be rate determining in in-
termolecular (second order) electron transfer reactions in
which spin-equilibrium enzyme centers might participate.

Finally, it should be noted that ferric myoglobin hydroxide
must undergo a stereochemical change upon a change in spin
multiplicity. Assuming that the coordination number about
Fe(I11) remains six2® (four porphyrin N’s, the proximal his-
tidine N and the OH™ oxygen) during the low-spin = high-
spin-interconversion process, the high-spin form is expected
to have the iron atom displaced out of the porphyrm plane
(toward the histidine moiety) by <0.5 A relative to the in- plane
low-spin form.2” Thus, if the rate determining step in the spin
conversion process is this geometry change, the rather large
k) and k_) rate constants reflect a facile (in-plane) < (out-
of-plane) movement of the iron atom. Future studies will focus
on obtaining k| and k_, spin-interconversion rate constant
data for synthetic spin-equilibrium porphyrin compounds to
establish the influence (if any) of the protein environment on
the spin-interconversion kinetics.
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Organic Reactions of Oxide-Free Carbon Surfaces,
an Electroactive Derivativel4
Sir:

In the absence of the usual oxides, surfaces of graphite and
related forms of carbon are quite reactive. For example, at
room temperature a highly exothermic reaction occurs with
molecular oxygen to regenerate  surface oxides.!> This
chemistry is known to occur exclusively in prismatic regions,
that is, surfaces other than the basal plane, {0001}.3 Although
the structure of the reactive centers is unknown, those repre-
sented by I, II, and III seemed to us more likely on thermo-
dynamic grounds than the various alternative possibilities. By
analogy with structurally similar molecules, these surface
functions might be expected to undergo cycloaddition reactions
with olefinic substrates. Preliminary evidence presented below
tends to support this description.

Synthetic carbon fiber was freed of surface oxides by py-
rolysis at 1020 °C in a vacuum system (1073 Torr).# Samples
were allowed to cool to room temperature and were then ex-
posed to vapors of a variety of potential substrates. The total
quantity of substrate adsorbed was determined manometrically
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