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Electronic absorption and magnetic circular dichroism (MCD) spectra of 2,3,6,7,11,12,17,18-octaethylcorr-
phycene, a constitutional isomer of porphyrin, were recorded for the neutral, doubly protonated, and doubly
deprotonated forms. The spectra closely resemble those of the parent porphyrin and are quite different from
those of other porphyrin isomers such as porphycene and hemiporphycene. Theoretical considerations based
on Michl’'s perimeter model allow one to understand the spectral properties observed within the series of
porphyrin isomers composed of porphyrin, porphycene, hemiporphycene, and corrphycene. Differences in
spectral features within members of the group are caused by varying orbital splitting patterns. In perimeter
model terminology, corrphycene is a soft chromophore,with approximately equal energy splittings between
the pairs of highest occupied and lowest unoccupied molecular orbid#OMO ~ ALUMO). As a
consequence, a strong spectral sensitivity to structural peturbations is predicted for corrphycene. This behavior
contrasts with what is expected for the porphyrin isomers porphycene and hemiporphycene, which are negative-
hard chromophoresAHOMO < ALUMO). The experimentally observed excited-state characteristics are
reproduced satisfactorily using time-dependent DFT (B3LYP/6-31G**) calculations. Finally, it is shown that
the four-orbital model of Gouterman, which is widely used to interpret the spectral properties of porphyrin
and its derivatives, is also applicable to corrphycene.

1. Introduction CHART 1: (Left to Right) (_Top) Porphyrin,
Despite the long-known and all-important role played by Porphycene; (Bottom) Hemiporphycene, Corrphycene,

porphyrins in many biological processesfforts devoted to and Isoporphycene

studying constitutional isomers of porphyrin are less than two

decades old. This area of research started with the synthesis of :
porphycené, one of the eight (including porphyrin) possible

“nitrogen-in” structures consisting of four pyrrole units linked

in different ways by—(CH),— bridges. Formally, these isomers

are called porphyrins-(k..Lm.n.), where the indices denote the

number of sp-hybridized bridging carbon atoms (methines) (1.1.1.1) (2.0.2.0)
between the [(kt- | + m + n) = 4] adjacent pyrrole units. In

this notation, the parent compound is named porphyrin-(1.1.1.1),
whereas porphycene is porphyrin-(2.0.2.0). In recent years,
successful syntheses of alkyl derivatives of three more isomers
have been reported. The (2.1.0.1) isomer was named corr-
phycené the (2.1.1.0) structure was called hemiporphyckne,
and the term isoporphycene was coined for porphyrin-(3.021.0).

The structures are shown in Chart 1. _ (2.1.1.0) (2.1.0.1) (3.0.1.0)
Porphyrin isomers, which have been important in fundamental

resesarch, are now being studied with regard to their potential ) _

use in various areas ranging from the design of artificial Niques rely on the combined use of a chemical substance and

photosynthetic systenfssensord, molecular optoelectronic  light, a prerequisite for a successful application is a detailed

devices? photoswitched, optical memorie¥ and conductive ~ understanding of the spectroscopy and photophysics of the

polymeré! to applications in photodynamic therajfyin fact, lowest excited electronic states.

porphycene has already been shown to be a very promising Several years ago, we carried out a theoretical analysis of

phototherapeutic agent candid&tBecause all of these tech-  the electronic structure of porphyrin isomérthat involved the

use of a simple perimeter mod€l®In particular, predictions
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several porphyrin isomers in appreciable quantities now make 0.0 |5 ) . , : .

it possible to check our theoretical predictions for a more diverse 15 20 25 30 35 40x 10°cm’”

set of compounds. In this paper, we report and analyze the Figure 1. (Bottom) electronic absorption; (middle) MCD spectra with
electronic absorption and MCD spectra of neutral, doubly the values oB terms D?x me/cm™) given in parentheses; and (top)
deprotonated, and doubly protonated 2,3,6,7,11,12,17,18-octaresults of INDO/S calculations fat. The height of the bars reﬂect:_s

ethylcorrphycenel| Chart 2). Our original theoretical analysis e calculated values oB terms. The spectra were recorded in
led to the conclusion that corrphycene should closely resemble""cetOnltrlle solution at 293 K.

the parent porphyrin with regard to the arrangement of the

frontier molecular orbitals and, as a consequence, the pattern

of its absorption and MCD spectra. The present experimental or I

findings are in full agreement with this prediction. Specifically, T |

they confirm, in the terminology of Michl's perimeter model, A0

the soft chromophore character of corrphycene, a finding that : : : - ' :
is the result of a nearly equal energy separation between the 20} L(50) [\82(422_3)

two highest occupied and two lowest unoccupietholecular 5 0 7 /

orbitals AHOMO ~ ALUMO). In a separate papéf,we = ol s \\}B‘HM (+3.0)
demonstrate that another recently synthesized porphyrin isomer, : : — : ! !
hemiporphycene, has a completely different character, being a

negative-hard chromophorAKilOMO < ALUMO) by analogy =

to the previously investigated porphycene moledéile. i

Michl's perimeter model is closely related to Gouterman’s
four-orbital model® an approach successfully used for the ) ) )
analysis of the excited states of porphyrins. In this paper, we Figure 2. (Bottom) electronic al_asorptlon; (middle) MCD spectra; and
check the applicability of the four-orbital model to corrphycene (top) results of INDO/S calculations for the doubly protonated form of

. - 1. The spectra were recorded in a solution of acetonitrile containing a
and show that it works as well as it does for the parent system, gma| amount of perchloric acid at 293 K. See the caption of Figure 1

porphyrin. for details.

15 20 25 30 35 x10°cm’

2. Experimental and Computational Details The properties of the excited electronic singlet states were

The synthesis and purification df have been described calculated for parent corrphycene and its charged forms using
elsewheré.Spectral-grade solvents (Merck) were used and were time-dependent density functional theory (TD-B3LYP/6-31G**)
checked for the presence of fluorescing impurities. The spectraimplemented in the Gaussian 98 program packidgrior to
of the neutral and doubly protonated forms were measured in excited-state calculations, the geometry of each structure was
acetonitrile; the dication was produced by adding an excess ofoptimized using the same model. The Hessian matrix was
perchloric acid to acetonitrile solutions. The dianionic form was checked for the absence of negative frequencies to ensure that
obtained in KOH-saturated dimethyl sulfoxide (DMSO). Ab- the calculated structure corresponds to a real minimum. For the
sorption spectra were recorded on a Shimadzu UV3100 spec-neutral and ionic forms of the octaethyl derivative, we performed
trophotometer. Magnetic circular dichroism (MCD) spectra were INDO/S calculationg! which allowed us to calculate the values
measured on a JASCO J-715 spectropolarimeter. Two differentof the Faraday terms. The structures were initially optimized
home-built magnets, a permanent magnet (field strength 2.9 kG)using the AM#2 or PM33 method.
and an electromagnet (field intensity variable in the rang8 0
kG), were used. The difference between the spectra recorded3. Results and Discussion
with the opposite directions of the magnetic field was used to
enhance the MCD signal and to minimize the baseline artifacts.
The values of the Farad@/terms were extracted by integration
from the isotropic solution spectra using the method of moments

Absorption and MCD spectra, as well as the results of the
INDO/S calculations, are shown in Figures 3 for the neutral
molecule, the doubly protonated form, and the dianion, respec-
tively. The absorption and MCD patterns are similar in all three
cases. Two weak transitions are observed in the visible region

B= —33.53_1f dv [@] /v (Q bands), followed by strong transitions (Soret region). The
MCD curves reveal the presence of an additional electronic
where P]u is the magnetically induced molar ellipticity per transition lying close to the blue side of the higher Soret
unit magnetic field (in units of deg L m mol~* G™1) and¥ is component. Additional weaker transitions are detected at higher
the wavenumber. energies.
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Figure 3. (Bottom) electronic absorption; (middle) MCD spectra; and
(top) results of INDO/S calculations for the doubly deprotonated form
of 1. The spectra were recorded in KOH-saturated DMSO solution at
293 K. See the caption of Figure 1 for details.

5 4
8 1
— —
10
18
13 15

Figure 4. Formal derivation of corrphycene from an H8electron
perimeter, the [20]annulene dication.

In both the dication and dianion &f the same pattern in the
signs of B terms is observed;, +, +,— (a negativeB term
corresponds to a positive MCD signal and vice versa). The same
sequence is probably also obeyed in neutrallthough in this
case, the 60 transitions of both Land L, are extremely weak
in the MCD spectra, which are clearly dominated by vibronic
effects in this energy region. For all three forms, the MCD
intensity is weaker for the Q bands than in the Soret region.
This behavior is characteristic of porphyfand is completely
opposite of that observed for porphycé&hand hemiporphycene
(the latter as an octaethyl derivativé)yherein the MCD signals
of the first two excited states are much stronger than those of
the Soret bands. The relative absorption intensities of the Q
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than those of the NH group. Thus, thé&l~ bridges are stronger
perturbers. In all cases, perturbation leads to splitting of the
energies of the initially degenerate HOMO and LUMO pairs
by an amount described by complex parameteasid b:

AHOMO = 2ja]
ALUMO = 2|b|

1)
)

The components of the L and B electronic excited states, which
are degenerate in the initial perimeter, become mixed. The
resulting four electronic states are labeledlL,, B;, and B in
order of increasing energy. The mixing can be described by
two parametersy. andj:

tan(2v) = 2(jal + |bl)/[E(B) — E(L)]
tan(2) = 2(la| — |bI)/[E(B) — E(L)]

3)

4)
E(B) — E(L) is the energy difference between the L and B states
in the parent perimeten. and /8 can be approximated as

o~ (AHOMO + ALUMO)/{2[E(B) — E(L)]}

B~ (AHOMO — ALUMO)/{ 2[E(B) — E(L)]}
Expressions were obtained for transition dipole strengths and
polarizations and for the values of MCD ter#is!618The latter
are given by
B(L,)=—-B(L,) =

—[mPI(2AL)](4u” sirfa sin? 8 + u* sin 2o sin 28) (5)
B(B,) = —B(B,) =
—[P/(2AB)](4u~ coS a.cos B + u sin 2o sin 28) (6)

where it is assumed th&L, the separation between the two L
states, and\B, the separation between the two B states, are
much smaller than the+B spacing.

It can be seen that the magnitudes of Bi¢germs depend
(throughat andp) on the strength of the structural perturbation
and on the electricnf) and magnetic 4~ and u™) dipole
contributions. The latter are functions of the size of the perimeter
and of the number of electrons (Ml + 2). The contributions

versus Soret bands are much stronger for porphycene androm both x~ and u* are usually negative, with the latter
hemiporphycene, whereas corrphycene also resembles porphyrigenerally being an order of magnitude stronger.

in this respect. Finally, regular changes in the pattern of vibronic
activity are observed along the series. In porphyrin and
corrphycene, weak 00 bands for both Q transitions are
followed by much stronger vibronic components. On the
contrary, in porphycene, the-® bands dominate. Hemipor-

The signs of MCDB terms for the four excited states are
unequivocally predicted for the case in whidHOMO >
ALUMO. The sequence is-, —, +, — for L1, Ly, By, and B,
respectively, no matter how strong the perturbation is. For
AHOMO < ALUMO, the signs of the:~ andu™ contributions

phycene represents an intermediate case, with intensities of theéo the B terms are opposite. For weak perturbations, gie

0—0 transitions being comparable to those of the strongest
vibronic components.

To ground the above findings in theory, we have analyzed
the properties of the lowest excited states in corrphycene using
the so-called perimeter mod€i16 an approach that has been
used to explain the spectral behavior of other porphyrin
isomerd”18 and that of the parent system, porphydnThe
starting point for these analyses is agdx*"™ 4N + 2 = 18
m-electron perimeter. Formation of corrphycene is envisaged
(Figure 4) as being due to structural perturbation caused by four
kinds of bridges, twe-NH and two—N~ bridges in the neutral
form, four —NH bridges in the dication, and fourN~ bridges
in the dianion. The perturbation arising from the bridges is
expected to be the most pronounced in the latter instance becaus
the lone pair orbitals of the-N~ bridges are higher in energy

contributions will dominate for the 1and L, states but not for
the B, and B transitions This leads to&, +, +, — sequence.
For sufficiently strong perturbations, contributions framwill
also dominate th8(B;) andB(B,) terms, resulting in a-, +,
—, 1+ sequence of signs.

Chromophores that exhibit a negatix¢iOMO — ALUMO
difference have been named “negative-hard”. The first part of
this term indicates the sign &{L,), and the second, a general
insensitivity to structural perturbations. By analogy, the condi-
tion AHOMO > ALUMO corresponds to the case of a positive-
hard chromophore.

For analytical and structural applications, the most interesting
case involves soft chromophores, which are characterized by
AHOMO ~ ALUMO. In such systemg ~ 0, and the MCD
signal in the region of L transitions should be very weak. It
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HOMO Figure 6. Structures of two doubly protonated forms of corrphycene

. . calculated by B3LYP/631**. The lower energy was obtained for form
Figure 5. Shapes and nodal planes of the HOMO and LUMO orbitals @).

of the parent gHx?t perimeter and the predicted response to the
perturbation corresponding to the formation of corrphycene.

of AHOMO and ALUMO in corrphycene using the PPP
method!4 More sophisticated treatments, such as those em-
ployed in this work, lead to the same conclusion regardless of
whether AM1, PM3, INDO/S, or KohaSham orbitals are used.
Specifically, by using B3LYP/6-31G** calculations for the
nonalkylated species, we obtained 0.03 and 0.07 eV for the
values of AHOMO and ALUMO, respectively, in the neutral
has been encountered in porphvifs. form of corrphycene. The corresponc_zling value_s for the dianion
Contrary to what is expgctgd)?or the L bands, the intensity are 0.07 and 0.05_eV. For_the dication, two different ground-
of the MCD B transitions should be quite strong in a soft state structures, with energies sepa_irated by 3.99 kcal/r_nol, were
chromophore, and the signs, which are dominated uby obtained ('F|gu're 6).. Neither form is calcula}ted as'belng flat,
contributions, are easy to predict. TR¢erm should be positive Ut they differ in their degrees of nonplanarity and in the way

for B: and negative for B This is indeed observed in all three in which the i_nner protons are tilted out of the molecular plane.
form; of 1. g B The calculations gave 0.06 and 0.07 eV for the HOMO and

Another consequence of the soft character of the corrphycene-UMO splittings, respectively in the lower-energy form (a) and

: L . : 0.01 and 0.04 eV for the splittings in the other structure (b).
chromophore is a weak absorption intensity in the Q region. ) .
The intensity ratio of the Q versus Soret bands is very small. | "€ near equality BAHOMO andALUMO was also predicted

This is analogous to what is seen for porph¥ftiout is contrary by PM3 calculations performed for the molecule under study,

to what is observed for the hard chromophores hemipor- namely, octaethylcorrphycene. However, for hemiporphycene
phycené’ and porphycen&® and porphycene, all of the computational methods that were

The soft chromophore character of corrphycene can be Used yieldledAHOMO < ALUMO.
derived easily by considering the shape of the molecular orbitals For nearly equalAHOMO and ALUMO values, correct
of the parent perimeter and then predicting the response of eacHeproduction of the MCD signs is not an easy task, as illustrated
orbital to the structural perturbations that formally lead to in Figures -3, which show the results of INDO/S calculations.
corrphycene. This process is shown in Figure 5. The bridging For the neutral corrphycene, the results are correct for all four
will have a significant effect on the energy of a molecular orbital Perimeter excited states and also for an additional nearby higher-
if (i) the LCAO coefficients at the bridging positions are large €nergy transition. However, the signs are not correctly predicted
and (||) the bndgmg group does not lie in the nodal p|ane_ None for the L transitions in the dianion. For the dication, the situation
of the HOMO orbitals should undergo a significant shift upon is even worse, which may be due to the presence of two
bridging, and thus no significant splitting is expected. The two nonplanar structures and possible sotgelvent interactions
LUMO orbitals are pushed to higher energies, each by the sameleading to changes in the geometry and location of excited states.
amount. Again, no splitting is expected. The same situation is Actually, we note that the MCD intensity is stronger for the
encountered for porphyrin_ However, the topo|ogy of por- dication than for the neutral molecule and is similar to that for
phycene dictates completely different behavior; four bridges the anion. This result is somewhat unexpected, given that the
raise the energy of one of the LUMO orbitals, leaving the other —NH groups are weaker perturbers than thél™ bridges.
orbital unaffected In hemiporphycene, three bridges affect the However, the nonplanarity of this system may enhance the effect
energy of one component of the LUMO pair, whereas only one Of perturbation and make the dication a “harder” chromophore.
bridge raises the energy of the other comporéht. These  In any event, the MCD results combined with théiOMO
Simp]e considerations exp|ain Why porphyrin and Corrphycene and ALUMO values obtained for the two forms of the dication
are soft chromophores, whereas porphycene and hemiporSfavor structure (b) in Figure 6.
phycene are negative-hard in character, with the former being We have also calculated the excited-state energies for the
more so than the latter. neutral and ionic forms of the parent (i.e., substitutent-free)

The above qualitative analysis is supported quantitatively by corrphycene using time-dependent density functional theory
calculations. We previously predicted the approximate equality (TD-DFT). The results are summarized in Tables4l Differ-

may also be dominated in this range by effects such as vibronic
coupling that are not taken into account in the perimeter model.
Inspection of the MCD spectra df (Figures 1-3) shows that
these latter effects cannot be ignored; for the neutral and doubly
protonated forms, the MCD intensity of the vibronic components
is much stronger than that of the-0 bands. A similar situation
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TABLE 1: Calculated (TD-B3LYP/6-31G**) Electronic
States of Neutral Corrphycene and the Energies Observed
for the Octaethyl Derivative
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TABLE 3: Calculated (TD-B3LYP/6-31G**) Electronic
States in Form a of the Doubly Protonated Corrphyceng
and Experimental Values Obtained for the Octaethyl

, - DerivativeP
calcd energy oscillator o dominant exptl energ§
(10°cm™!)  strength (deg) configuratiors (10 cm™) calcd energy oscillator dominant exptl energy
1 18.9 0.0013 —44 0.52 (+1)+0.48 (2-2)  15.9 (L) (10cm™)  strength configuration (10cm™)
2 19.8 0.0005 +79 0.49(2-1)—0.48 (1-2) 18.5 (L) 1 18.5 0.0033 0.52 611) —0.49 (2_2) 16.4 (Ll)
j g?g gggg jré; 8-2? (4;;)”31 (2-2) gjg(a) 2 18.5 0.0000 0.51{2)+051(2-1) 16.7 (L)
. 27 0533 re 0mt2 3 (@) 3 28.2 1.020  0.40 (22) 235 (B)
. . 56 (3-2)

. ek 0243 115 05 - 4 28.4 1.059 0.37(@2)—0.37(>1) 24.1(B)
7 20.3 0265 —21 0.51(42) ' 5 30.2 0.005  0.68(31) 25.9
8 303 0559 —80 0.41(42) g gg-g g-ggi 8-23 gg a1
9 31.9 0.000 nz*e 0.57 (7-2) : : : ~
10 32.4 0.000 nz* 0.63(8-1) 8 31.0 0.034  0.63(42)
11 334 0.078 +8 0.66 (5-1) 9 31.6 0.038  0.56 (41)
12 33.7 0.000 n7* 0.56 (7—1) 10 317 0.072  0.67(51)
13 342 0073 —33 0.47(6-2) 11 31.8 0.018 0.63(32)
14 346 0021 -85 0.56(52) 12 325 0.071  0.64 (62)
15 34.7 0.000 nz* 0.63(8-2) 13 36.0 0.000 0.53 (72)
16 34.9 0.060 —80 0.47 (6-2) ~36.0 14 36.7 0.005 0.59 1)
17 36.9 0.034 —7 0.56 (£3) 15 36.8 0.000 0.60 23)
18 372 0049 -3 0.50(2-3) 16 377 0101 051 (82)
19 379 0051 +1 050 (16-1) 17 385 0.000  0.54 (34)
20 39.6 0.201 -3 0.47(16-2) 39.9 18 39.3 0.036 0.49 (24)

a Calculated for the unsubstituted parent molecbilengle between 19 44.3 0.033  0.44(24)
the transition moment and the horizontal molecular axipositive 0 44.7 0.016  0.34(4)

values correspond to the anticlockwise rotation froifgsee Chart 2). aSee Figure 6°See caption of Table 1 for detailsRoom-
¢ Occupied orbitals are numbered 1, 2, ... downward, and unoccupied temperature solution of in acetonitrile containing perchloric acid.
orbitals, —1, —2, ... upwards? Experimental results for a room-
temperature solution df. ¢ nz* transition, out-of-plane polarization. TABLE 4: Calculated (TD-B3LYP/6-31G**) Electronic
States of Form b of the Doubly Protonated Corrphycena
and Experimental Values Obtained for the Octaethyl
Derivative®

TABLE 2: Calculated (TD-B3LYP/6-31G**) Electronic
States of the Corrphycene Dianion and Observed Values for
the Octaethyl Derivative?

: - calcd energy oscillator dominant exptl energ§
calcd energy oscillator dominant exptl energy (10 cm™)  strength configuration (10 cm™
(1 cm™Y)  strength configuration (16 cm?
1 18.5 0.0002 0.42 @1)+0.41(2-2) 16.4(L)

1 18.5 0.0033 0.52 (11) 16.2 (L) 2 18.8 0.0004 0.41¢1)—0.41(1-2) 16.7 (L)
2 18.8 0.0001 0.50(%2)+0.46 (2-1)  16.6 (L) 3 28.4 1.041 037@2)—-0.35(1-1) 235(B)
3 20.2 0.003 0.63(31) 4 28.6 0.976 0.34 (#2)+0.34 (2-1) 24.1 (B)
4 20.4 0.012 0.61@32) 5 29.5 0.184 0.57 (31) 25.9
5 23.4 0.031 0.38(%2)+0.38(2-1) 22.1 (B) 6 29.7 0.066 0.58 (42)
6 24.6 0.243 0.42 (#2)—0.30(2-2) 22.7 (B) 7 30.7 0.087 0.46 (32) ~31
7 25.2 0.011 0.67 41) ~26 8 30.8 0.025 0.53 #41)
8 25.9 0.109 0.53 #&2) 9 31.8 0.011 0.64 (61)
9 28.1 0.156  0.50 (#1) 10 31.8 0.022 0.64 (52)
10 28.2 0.117 0.41 (#1) 11 32.6 0.047 0.62 (51)
11 28.3 0.003 0.64 (72) 12 33.3 0.054 0.65(62)
12 28.4 0.007 0.63 (52) 13 36.1 0.000 0.43¢72)
13 29.4 0.424  0.54 (62) ~29 14 36.8 0.001 0.59 @3)
14 29.5 0.000 0.63(61) 15 37.2 0.000 0.51¢71)
15 31.6 0.051 0.63(82) 16 37.7 0.071 0.46 23)
16 31.7 0.121  0.63(81) 17 384 0.006 0.52 (24)
17 32.9 0.024  0.55 (101) 18 38.9 0.053 0.54 @4)
18 33.2 0.043  0.55(91) 19 44.2 0.003 0.38 (24)
19 33.3 0.005 0.59 (102) 20 44.6 0.012 0.6124)
20 33.7 0.097 0.44 (13)

aSee Figure 6°See caption of Table 1 for detai’sRoom-

2 See caption of Table 1 for detaikRoom-temperature solution of  temperature solution df in acetonitrile containing perchloric acid.

1 in DMSO saturated with KOH.

ences between the experimentally derived and calculated energy In general, the assignment of the electronic transitions solely
values are similar to those reported previously for porphyrin on the basis of the MCD spectra is not possible because the
and derivativeg®27 The calculated transition energies are about reversal of the ordering in the pairs of L and B levels would
2000-3000 cnt?! too high. This may be due, in part, to the notlead to a change in the pattern of the MCD signs. However,
neglect of alkyl substituents. It has been recently demonstfated the combined use of the absorption, MCD, and calculation
that the excitation energies calculated for 1,3,5,7-tetramethyl- results allows us to propose tentative assignments for the four
2,4,6,8-tetraethyl-substituted magnesium porphyrin are aboutlowest observed electronic transitions. These are given in Tables
0.2-0.3 eV smaller than those computed for the nonalkylated 1—4. Interestingly, both TD-DFT and INDO/S predict that the
molecule. The splittings between L and B transitions are lowest-energy transition it is polarized approximately along
reproduced with much better accuracy. Overall, TD-DFT the NH--NH direction, whereas the second lowest transition is
calculations reveal a significant improvement over INDO/S polarized at a large angle with respect to the-NNH direction.
analyses, in particular, when predicting the energy differences This is analogous to the situation encountered in porphyrin and
between the Q transitions in the charged forms. porphycene. A detailed study of transition moment directions
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TABLE 5: Values of the Sums of Squares of the Four ClI KBN grants 3T0O9A 06314 and 7TO9A 2420. Support to J.L.S.

Coefficients Describing the Contributions from Single under the terms of NSF grant CHE 9725399 is also gratefully
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