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Abstract: The vacuum ultraviolet circular dichroism of helical poly(L-proline) I and II was measured. The circular dichroism 
of poly(l.-proline) II in trifluoroethanol was measured to 162 nm; the ellipticity is negative below 220 nm, indicating that ex
citon interactions are not the dominant source of circular dichroism for the ir-ir* transition in this conformation. The circu
lar dichroism of a film of poly(L-proline) II cast from aqueous solution was measured to 135 nm. In the vacuum ultraviolet 
region two strong negative circular dichroism bands were observed at 146 and 178 nm, and the positive band near 230 nm 
was observed to be more intense than it is in solution. The observation of negative ellipticity between 135 and 230 nm indi
cates that the ir-Tr* transition must be strongly coupled to transitions below 135 nm. The interconversion of poly(L-proline) I 
—*• Il was studied by casting a series of films from trifluoroethanol solution 3 min, 88 min, 179 min, 291 min, and 52 hr after 
preparation of the solutions and measuring the circular dichroism of each film to 135 nm. A negative band was observed in 
poly(L-proline) I (3 min film) at 150 nm and a broad negative plateau between 165 and 175 nm indicates the presence of an
other band in that region. A treatment of the spectra depicting the interconversion process (poly(L-proline) I — II in trifluo
roethanol) yields a first-order rate constant of 7.8 X 10-3 min - ' (f1/2 = 89 min) in agreement with previous workers. 

The vacuum ultraviolet circular dichroism spectra of a 
helical poly(7-methyl L-glutamate) and poly(L-alanine) 
have been reported,3'4 the latter from this laboratory. In 
this paper we report the vacuum ultraviolet circular di
chroism (VUCD) of the helical conformations of poly(L-
proline) I and II (PPI, PPII). In the near-ultraviolet (180-
240 nm) circular dichroism (CD) of PPI a pair of opposite
ly signed bands are observed within the region of the 7r-ir* 
transition.5"7 These have been understood as arising largely 
from exciton interactions, and calculations of the exciton 
contribution to ir-ir* CD in this conformation are in quali
tative agreement with experiment.8-10 On the other hand, 
the near-ultraviolet CD of PPII is predominantly nega
tive,5"7 indicating either that exciton interactions are not 
dominant in this loosely wound helix8"10 or that there is a 
positive exciton component CD band outside the range of 
measurement accessible with commerical instruments.11 

One purpose of this work is to show that the first of these 
two descriptions is the correct one. In the course of doing so, 
we have observed two new optically active transitions in the 
vacuum ultraviolet region for both PPI and PPII and have 
studied the interconversion of PPI to PPII in trifluoroetha
nol. 

Experimental Section 

Our instrument is the same as that used in our earlier work on 
poly(L-alanine)312 with the exception that here we used an im
proved light source.13 With this instrument the low wavelength 
limit is determined, in the case of solution studies, by solvent ab
sorption and, in the case of film studies, by the combined low 
transmittance of the CaF2 optical elements and of the polymer 

film itself. All spectra reported here were taken with a spectral slit 
width of 1.66 nm, a time constant of 10 sec, and a scan rate of 2 
nm/min. 

Poly(L-proline) obtained from Miles Laboratories, Elkhart, Ind. 
(Lot PR-17,MW 6730) was in form I by CD criteria.56 After sev
eral days in trifluoroethanol solution conversion to form II is com
plete.5 Our solution cell consisted of two CaF2 disks separated by 
aluminum foil spacers. The thin layer of solution was protected 
from evaporation by sealing the edges with O-rings under light 
pressure. With such a cell we were able to obtain spectra to 162 
nm, below which absorption by the solvent became excessive. 

To prepare films of PPII from aqueous solution, PPI as pur
chased was suspended in water and periodically shaken for several 
days. Films cast from the clear filtrate displayed the near-ultravio
let CD characteristic of form II.5'6 With our instrument we are 
able to obtain VUCD spectra of films 1000-3000 A thick to 135 
nm routinely and occasionally to 127 nm. It is known that the cir
cular dichroism of polymer films can show birefringence effects, in 
that the signal obtained with such films depends upon the orienta
tion of the film in the light path. If we observed such an orienta-
tional dependence with a film, that sample was discarded. 

For the time study of the poly(L-proline) I —• II interconversion 
process,5 20 mg of PPI as purchased was suspended in 4 ml of tri
fluoroethanol at 25°. With this procedure dissolution was complete 
in 4 min, which allowed us to define a io f°r the interconversion 
process as being 2 min after addition of the polymer, and having an 
uncertainty of ±2 min. Small samples of this solution were with
drawn periodically and placed onto 1-mm thick CaF2 disks in a ni
trogen filled glove box. Evaporation of the solvent was complete 
within 1 min, which allowed us to define a t( as the time at which 
solvent evaporation was complete and having an uncertainty of ±1 
min. We adopted t = (f - tQ as the time available to the polymer 
for mutarotation. 

Each film was further dried under a stream of dry nitrogen and 
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then in the vacuum chamber of the spectrometer. Films prepared 
this way were stable for extended periods, as judged by the con
stancy of the VUCD obtained over a period of time. Several films 
were cast at each time interval and one was selected on the basis of 
the insensitivity of its spectrum to rotation about the beam axis. 
For each film the absorbance maximum near 205 nm was deter
mined to be less than 1, and the absorbance at 135 nm was esti
mated to be approximately 1.5. For purposes of presentation the 
VUCD spectra of the films were then scaled to constant absorb
ance. 

Results 

The VUCD of poly(L-proline) II in trifluoroethanol is 
shown in Figure 1. A small positive band is located near 227 
nm and a large negative band is located at 206 nm; these 
two bands are within the range of commercial CD spec
trometers.5-7 In our spectrum the maximum negative ellip
ticity is 17 times greater than the maximum ellipticity of 
the weak positive band, and the crossover between these two 
bands is near 223 nm. The ellipticity decreases from its 
maximum negative value at 206 nm to 182 nm beyond 
which the ellipticity once again becomes more negative. 
There is another apparent extremum at 167 nm beyond 
which the ellipticity decreases in magnitude to 162 nm, at 
which point solvent absorption causes excessive noise in the 
signal. The noise in the signal at wavelengths greater than 
167 nm is less than ±4 XlO 3 deg; and from 167 to 162 nm 
the noise increases to ±6 X 10~3 deg. Therefore, the exis
tence of a negative band at 167 nm cannot be established 
from the data in Figure 1 alone. 

The VUCD of a poly(L-proline) II film cast from water 
is shown in Figure 2. The positive band at 230 nm and the 
stronger negative band at 214 nm are in the range available 
to commercial CD spectrometers.5-7 In this film spectrum 
the maximum ellipticity of the negative band is four times 
greater than the maximum ellipticity of the positive band, 
and the crossover between the two bands is at 223 nm. 
Below the large negative band at 214 nm the ellipticity de
creases in magnitude to 192 nm below which it becomes 
more negative until a resolved band appears at 178 nm. 
Below this band the ellipticity decreases to 162 nm, fol
lowed by another well-resolved negative band at 146 nm. 
The ellipicity then becomes smaller until the noise-deter
mined cutoff is reached at 134 nm. Above 145 nm the noise 
in the signal is less than ±2 X 10~3 deg and from 145 to 
134 nm the noise increases to ±4 X 10~3 deg. Therefore, 
the existence of two previously unreported negative bands in 
the vacuum ultraviolet region is well established by the data 
of Figure 2. The intensities of these two bands are approxi
mately equal, being about half that of the negative band at 
214 nm. 

Figure 3 shows the results of our time study of the inter-
conversion process PPI — PPII. The 3-min spectrum (curve 
1) shows a large positive band at 216 nm and a crossover at 
204 nm, below which the ellipticity remains negative to 135 
nm. The spectra obtained at later times show the positive 
band decreasing until at 52 hr a large negative band ap
pears at 214 nm. At the same time, the ellipticity in the vac
uum ultraviolet region remains negative with well-resolved 
bands appearing at 146 and 178 nm. 

Discussion 

Our spectrum of poly(L-proline) II in trifluoroethanol 
shown in Figure 1 is essentially identical with the one re
ported by Bovey and Hood5 in the region from 190 to 240 
nm. The small positive band at 226-227 nm is followed by a 
stronger negative band at 206 nm. The crossover between 
these bands is near 223 nm, and the ratio of their magni
tudes is 17. Between 190 and 185 nm the ellipticity reported 
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Figure 1. Circular dichroism of poly(L-proline) in trifluoroethanol 
(PPH). 
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Figure 2. Circular dichroism of a poly(L-proline) film cast from aque
ous solution (PPII). 
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Figure 3. Circular dichroism of poly(L-proline) films cast from trifluo
roethanol: (1)3 min, (2) 88 min, (3) 179 min, (4) 291 min, (5) 52 hr. 

by Bovey and Hood approaches zero,5 but we feel that since 
185 nm is the limit of the instrument they used, our spec
trum is more accurate. The ellipticity drops to one-third its 
maximum negative value at 206 nm, until a turning point is 
reached at 182 nm, outside the range of commercial CD in
struments. While an additional negative band at 167 nm 
cannot be firmly established from the spectrum shown in 
Figure 1, because of substantial noise in the signal in that 
region, the appearance of additional negative bands in this 
region in the film spectra discussed later leads us to believe 
that the extremum at 167 nm in Figure 1 does represent a 
resolved CD band. The spectrum of poly(L-proline) 11 in 
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water reported by Timasheff et al.6 is essentially identical 
with our spectrum and that of Bovey and Hood5 in spite of 
the difference in solvent. Apparently, as long as the solvent 
is one in which PPII is the stable form the CD is indepen
dent of the solvent. 

Our spectrum of a poly(L-proline) II film cast from 
water (Figure 2) shows that the solution band at 227 nm is 
shifted to 230 nm, and the solution band at 206 nm is shift
ed to 214 nm. The crossover, however, remains at 223 nm. 
The positive band is much stronger in the film spectrum 
than in solution, relative to the negative band. Mandel and 
Holzwarth7 have reported the CD of a poly(L-proline) film 
cast from trifluoroethanol from 195 to 240 nm. Their spec
trum is more like the solution spectrum than ours is in that 
they do not observe large band shifts relative to the solution 
spectrum. In the vacuum ultraviolet region we observe two 
large negative CD bands at 178 and 146 nm. 

Figure 3 shows the results of our time study of the 
poly(L-proline) I —*• II interconversion in trifluoroethanol. 
Bovey and Hood5 carried out a similar study of the inter
conversion in trifluoroethanol, reporting solution spectra in 
the range from 185 to 240 nm. As described above we cast 
films from the solution after 3 min, 88 min, 179 min, 291 
min, and 52 hr. At the earliest time poly(L-proline) I is the 
predominant form.5 Our 3-min spectrum is similar to the 
CD of PPI reported by earlier works5'7 from 190 to 240 
nm. In the vacuum ultraviolet region we find a resolved 
negative band at 150 nm and a broad negative plateau from 
165 to 175 nm. The appearance of a negative band in PPII 
at 167 nm in trifluoroethanol solution and at 177 nm in a 
film cast from water leads us to believe that the negative el-
lipticity in PPI from 165 to 198 nm represents two negative 
bands which are not well resolved. 

As the interconversion proceeds the large positive 216-
nm band decreases in intensity. Eventually the ellipticity at 
this wavelength becomes negative and after interconversion 
is complete (52-hr spectrum) the large negative band char
acteristic of PPII appears at 214 nm. The changes in ellipti
city at 216 and at 214 nm appear to obey first-order kinet
ics fairly well yielding an apparent rate constant of k = 
0.0078 min-1 and a half-life for the interconversion of 89 
min. Bovey and Hood reported a half-life of 90 min.5 

The 88-min spectrum therefore represents the midpoint 
in the interconversion process. At this time the CD spec
trum from 190 to 240 nm is very nearly conservative with a 
pair of oppositely signed bands of approximately equal 
magnitude. Also at this time a well-resolved negative band 
appears near 180 nm and as the interconversion goes to 
completion this band shifts slightly to 178 nm. The large" 
negative band which appears at 150 nm in PPI shifts during 
the conversion to 146 nm and gradually increases in intensi
ty-

Bensing and Pysh14 have reported the vacuum ultraviolet 
absorption spectra of PPI and PPII films prepared under 
similar conditions. PPI and PPII both have shoulders on the 
high energy side of the strong absorption band; this shoul
der is located near 170 nm, but since it is poorly resolved in 
both PPI and PPII that location is only approximate. The 
circular dichroism band we observe here at 178 nm in PPII 
and about 180 nm in PPI is most likely associated with the 
same transition. Furthermore this transition is probably the 
same amide transition that is seen at 160 nm in a helical 
poly peptides.14~16 It is interesting to note that this transi
tion has negative ellipticity in a helical polypeptides3'4 as 
well as both PPI and PPII. 

The vacuum ultraviolet absorption of PPI and PPII ob
served by Bensing and Pysh14 rises sharply below 160 nm, 
with no resolved bands. However, Young and Pysh3 ob
served a positive VUCD band at 142 nm in a-helical 

poly(L-alanine). That band and the bands we observe here 
at 146 nm in PPII and 150 nm in PPI most likely have par
entage in the same amide transition. It is interesting to note 
that whereas in the a-helical conformation the rotational 
strength of the transition is positive, it is negative in both 
PPI and PPII. This is to be contrasted with the behavior of 
the transition previously discussed. 

The CD spectra of PPI and PPII in the region from 190 
to 240 nm have been analyzed with the goal of resolving the 
observed spectra into their spectral components.6717 It is 
interesting to note that Carver et al.17 concluded from their 
analysis of optical rotatory dispersion that there must be a 
negative CD band in PPI below 185 nm; a conclusion which 
our data now confirm. Mandel and Holzwarth7 constrain 
their spectral decomposition to be consistent with the ab
sorption spectrum and linear dichroism as well, a technique 
which reduces the ambiguity of the results. 

The low energy CD spectrum of PPI can be assigned on 
the basis of past calculations8-10 and Mandel and 
Holzwarth's analysis.7 The weak negative CD band ob
served near 238 nm originates in an n-x* amide transition. 
The large positive band at 214-216 nm and the negative 
band at 198-199 nm result mainly from exciton interactions 
among the lowest energy x-x* transitions. The small trans
lation per residue in this tight helix (1.85 A)18 accounts for 
the importance of the exciton contribution to CD. Since the 
positive band is substantially larger than the negative band, 
however, there must be other, nonexciton contributions as 
well, since it is known that the exciton contributions, when 
summed over all components of a transition, must equal 
zero. A significant part of the positive CD band therefore 
must come from interactions with higher energy states. 
Since the CD bands at 150 nm and near 180 nm are both 
negative, the x-x* transition could in principle be coupled 
to one or both of these transitions. Since the polarization di
rection of these two transitions is not known, that possibility 
cannot be explored. The important coupling could also be 
that with other transitions of even higher energy. 

A perturbation treatment of the coupling of the x-x* 
transition with all higher energy transitions through a po-
larizability approximation has recently been carried out by 
Ronish and Krimm.19 The polarizability contribution to 
x-x* CD which they calculate, however, is negative, con
trary to the observed net positive dichroism in that region. 

The origin of CD in PPII has been discussed several 
times.7-11'19'20 Suffice it to say here that our present data 
rule out the pure exciton model of Tterlikkis et al." If the 
228-nm band in PPII is assigned entirely to an n-x* transi
tion, then the 206-nm negative band reflects only the strong 
nonexciton coupling of the x-x* transition with high energy 
states. If the 228-nm band is assigned to the positive com
ponent and the 206-nm band to the negative component of a 
pair of exciton bands, then the fact that the negative 206-
nm band is more intense must also reflect significant addi
tional coupling of the x-x* transition with higher energy 
states via a nonexciton mechanism. 

This nonexciton coupling with high energy transitions 
has in fact recently been recalculated independently by 
Ronish and Krimm19 and by Pysh.20 Ronish and Krimm19 

used perturbation theory while Pysh20 used the nonpertur-
bative random phase approximation. Their parameteriza-
tions, although similar, were not identical. Both groups 
came to the conclusion that the nonexciton contribution to 
x-x* CD in PPII is large and significantly alters the exci-
ton-only results. The net calculated CD band shape for the 
x-x* transition is similar to the observed spectrum. 

We wish finally to point out that the calculations of Ron
ish and Krimm19 and of Pysh20 were carried out for dis
oriented samples. As we mentioned earlier, the film data re-
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ported here gave no evidence of birefringence; but the test 
for nonbirefringence which we used does not rule out a net 
orientation perpendicular to the film surface. We think such 
an orientation is unlikely, but should it be present in our 
films, a quantitative comparison of the cited calculations 
with these data would not be appropriate. Nevertheless, in
sofar as such an orientation is small, a qualitative compari
son is still allowed. 
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Abstract: The proton NMR spectra of a series of manganese complexes with the synthetic prophyrins, tetraarylporphyrin, 
octaethylporphyrin, and tetra-flTpropylporphyrin have been analyzed and assigned. Some discrepancies between the assign
ments of natural and synthetic porphyrin complexes are noted. The isotropic shifts are shown to be predominantly contact in 
origin, reflecting extensive porphyrin-to-metal it bonding. This spin transfer mechanism is consistent with the decrease in the 
extent of spin transfer with increasing ir donor properties of the axial halogen. The mechanism of spin transfer appears unaf
fected upon addition of nitrogenous bases. The bonding in the Mn(III) complexes is compared with that of both high-spin 
and low-spin ferric porphyrins. 

During the past 5 years it has become abundantly clear 
that N M R spectroscopy in paramagnetic proteins,22 partic
ularly hemoproteins,2b can provide a wealth of information 
on the electronic, magnetic, and stereochemical properties 
of the active site. In view of the complexity of the hemopro-
teins,2 parallel advances have been made in analyzing the 
proton N M R spectra of simple model porphyrin complex
e s . 3 9 The use of such model compounds has been shown2*5"9 

to facilitate the elucidation and interpretation of the spec
tral properties of the active site in hemoproteins under con
ditions which permit some latitude in the variation of the 
parameters of interest. 

Although the bulk of the recent interest in model com
pounds has focused on the iron porphyrins2b~9 due to their 
occurrence as the prosthetic group in myoglobins, hemoglo
bins, and cytochromes,23 the demonstrated activity of co
balt-hemoglobin10 has led to similar interest in the N M R 
spectra of cobalt(II) porphyrin complexes.11'12 Proton 
NMR studies of the high-spin,3-9 HS, and low-spin,4"8 LS, 
ferric and LS cobalt(II)11,12 complexes have permitted the 
characterization of the metal porphyrin, M-P , T bonding, 
the magnetic properties of the metal, as well as certain dy
namic and thermodynamic properties of axial ligation. 
Comparison between complexes of natural3'4-12 and syn-
thetic5 - 9-" porphyrin ligands has indicated that the bond
ing, magnetic, and dynamic properties of interest are very 
similar and that the complexes of synthetic ligands may 
serve as useful models for some properties of hemoproteins. 
Furthermore, the high symmetry and structural variety 

available in synthetic porphyrins has been shown to yield 
less ambiguous assignments as well as interpretations of the 
coupling constants in terms of M-P -K bonding. 

Unambiguous evidence for a biological role for manga
nese porphyrins is lacking at this time. However, the possi
ble role13a of manganese-chlorophyll-type complexes in 
photosynthesis has been suggested, and recent work indi
cates the existence of manganese porphyrin in erythro
cytes.131' Furthermore, both myoglobin, Mb, and hemoglo
bin, Hb, can be reconstituted133 with manganese protopor
phyrin IX. Although MnMb and MnHb are inactive with 
respect to reversible oxygenation, hybrid hemoglobins con
taining both manganese and iron have been demonstrated14 

recently to serve as valuable models for probing the nature 
of the cooperatively effect.15 The possibility of detecting14 

hyperfine shifted resonance due to the Mn(III) in such he
moproteins suggests that an elucidation of the origin of the 
isotropic shifts in model Mn(III) prophyrin complexes may 
be useful for interpreting the protein spectra. In addition, a 
comparison133 of the M-P bonding in Mn(III) and Fe(III) 
complexes may shed some light on the unique role played 
by iron in these proteins. 

Mn(III) porphyrins constitute133 a class of well charac
terized complexes which have been the center of recent at
tention16-20 due to unusual optical properties which have 
been interpreted21 as reflecting significant M-P ir bonding. 
The complexes133 are always HS, with S = 2, occurring as 
both five-coordinate,19 PMn(III)X, and six-coordinate 
species20 (presumably PMn(III)X(B)) (X = halide or 
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