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The spectrum of chlorophyll-b zero-solvate in dry hydrocarbon showed evidence of a thermally excited state about 1400
cal./mole above the ground state in agreement with the thermodynamic value derived from the variation of relative intensi-
ties of components with temperature. Chlorophyll-a and possibly bacteriochlorophyll also exhibited this phenomenon.
Solvation of chlorophyll-b corresponding to equilibria between zero- and mono-solvate and between mono- and-di-solvate
has been found by varying temperature and concentration of such polar substances as water, n-propyl ether, pyridine aud
diisopropylamine in the solvents 1:1 propane-propene. #-propylbenzene and 1:1 methylcyclohexane-methyleyclopentane.
The constant for the equilibrium between mono- and dipyridinate of chlorophyll-b was approximately 10 at 275°K. In
seeking to determine at what part of the chlorophyll molecule solvation took place, it was found that allomerized chlorophyll-g,
bacteriochlorophyll, pheophytin-¢ and -b and metalloporphins also formed solvates. In addition to forming this type of
solvate diisopropylamine interacted with chlorophyll-b probably at the enol-keto couple of carbon-10. Pheophytin-b when
in polar solvents exhibited changes in its spectrum resembling those of chlorophyll-b. Hence, if solvation occurred at the
magnesium atom of the chlorophyll, a similar process probably occurred at the corresponding hydrogen atoms of pheophytin.
However, additional equilibria appeared to be taking place in the solutions of the latter. Two preparations of pheophytin-a.
one made by exhaustive purification by S. Aronoff and E. Kmetec and the other in the usual way, gave decidedly different
spectra at 75°K. even though their spectra were practically the same at room temperature. The spectrum of the former prep-
aration was more refitied at 75°K. and could be imagined to be a component of that of the other preparation. The spectrum
of chlorophyll-b in diisopropylamine in 1:1 propane-propene made it evident that solvation processes were rapid even at

about 75°K.

Our investigations? which revealed species of
chlorophylls in equilibrium in ether-hydrocarbon
solvents led to indications that the species were sol-
vates.

Zero-solvates

To begin with we shall recall the work of Living-
ston, Watson and McArdle® who in their studies
of the fluorescence of chlorophylls found that care-
ful drying of the solvent such as benzene reduced
the fluorescence almost to zero and that the fluores-
cence could be activated by a polar solvent which
formed a 1:1 molecular addition compound with
the chlorophyll.

The absorption spectrum of chlorophyll-b in
carefully dried benzene, which we shall call the
“dry’’ spectrum, may be roughly described as dif-
fering from that of chlorophyll-b in ordinary ben-
zene, the “wet” spectrum, by the appearance of
an additional spectrum shifted toward longer wave
lengths. For example, the prominent band which
appears at 645091&. is accompanied by a new com-
ponent at 6650 A. when the benzene was dry. We
repeated the work on the absorption spectra of the
chlorophylls* in benzene which we took great pains
to dry. Chlorophyll-b was about 10—* M so that
minute concentrations of polar impurities such as
water from the vacuum line may have been enough
to form the 1:1 molecular compound. Finally
calcium hydride as powder was introduced directly
into the solution itself. Rather quickly the inten-
sity of the dry spectrum increased and its continued
growth could be followed easily. The greatest
value of f, the ratio of the height of the maximum
at 6650 A. to that at 6540 A. was observed to be
0.76 at 300°K. in methylcyclopentane and methyl-
cyclohexane. Even though a solution of chloro-

(1) Research performed under the auspices of the U. S. Atomic
Energy Commission,

(2) S. Fieed and XK. M. Sancier, Science, 114, 275 (1951): 116, 175
(1952).

(3) R, L-vingston, W. F. Watson and J. McArdle. THIS JOURNAL.
1, 1542 (1949),

(4) Kindly prepared for us by Professor Robert Livingston and his

associates at the University of Minnesota (ONR Project N80 ri-212
Task Force 1)

phyll-b in n-propylbenzene in contact with calcium
hydride had been heated to 360°K. for three hours,
it continued to give the same f value at 300°K.
On reducing the temperature, the intensities of the
components of the bands at short wave lengths in-
creased at the expense of those at long wave
lengths; the process was an apparent intensifica-
tion of the so-called wet spectrum. In Fig. 1 are
reproduced the changes of the band in the red.
Figure 2 shows the refinement at 180°K. in the
spectrum of chlorophyll-b effected by the presence
of calcium hydride by comparison with the spec-
trum of a solution in which calcium hydride was
absent. In thelatter instance the solvent n-propyl-
benzene had been distilled in a vacuum line from
calcium hydride.

It is convenient to define a characteristic tem-
perature which we shall call the transit tempera-
ture, Tr, as one at which equal heights are reached
by corresponding absorption maxima of two forms
of chlorophyll in equilibrium in polar solvents.

The fact that calcium hydride does not alter the
chlorophyll molecule is illustrated by the reproduci-
bility of the Tr after forming successive solutions
with other solvents. In Table I, the Tr values are
given in parentheses. FEach successive solution
was prepared from the previous one by pumping off
the solvent in a vacuum leaving the chlorophyll-b
as a dry film and then condensing the new solvent

TABLE 1

THE TRANSIT TEMPERATURE OF CHLOROPHYLL-b IN VARIOUS
SOLUTIONS WITH AND WITHOUT CaALciuM HYDRIDE

(213°K.) (183°K.) (None)
Dry
109, n-Propyl ether n-Propyl- n-Propylbenzene
+ —> benzene —> +
Methyleyclohexane CaH,

(213°K.) (186°K.)
109, n-Propyl ether 109, n-Propyl ether

+ < +
Methyleyclohexane n-Propylbenzene

+ +
CQH: CaHz
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Fig. 1.~—Absorption band in the red of chlorophyll-d in dry
n-propylbenzene at 220° and 300°K.

on it. We observed no perceptible change in the
spectrum after the series of operations as was indi-
cated also by the return to the same value of Tr.

1 1
4000 5000 6000
Wave length, dngstréms.

Fig. 2.—~Absorption spectra of chlorophyll-b in dry n-pro-
pylbenzene at 180°K.: ~-- with, and ~ without calcium
hydride added.
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Pumping the chlorophyll dry in a high vacuum for
several hours seemed not to affect the spectra of
subsequent solutions.

In the presence of calcium hydride the chloro-
phyll exists as the zero-hydrate as is deduced from
the fact that there is no sign of a Tr and that a
solution of chlorophyll-b in a hydrocarbon in the
presence of calcium hydride does not fluoresce,
together with the proof of Livingston, Watson and
McArdle that a 1:1 solvate is required for fluores-
cence,

Figure 2 shows that it was possible to distinguish
at low temperatures the spectrum of chlorophyll-b
in dry hydrocarbons from that of chlorophyll-b in
the same solvent that actually contained traces of
water. Figure 2 gives the absorption curves which
at room temperature could scarcely be told apart.
The f value of the solution in contact with calcium
hydride was 0.59 at room temperature and that of
the other solution was roughly equal to 0.55. Sup-
posedly, the degrees of dryness differed little. How-
ever, a reduction in temperature revealed decided
differences. The solid line represents in good ap-
proximation the zero-hydrate of chlorophyll-b,
the dashes primarily the monohydrate.

We shall now consider the nature of the trans-
formations §with temperature of chlorophyll-b,
zero-solvate, in a hydrocarbon solvent, in this in-
stance 1:1 methylcyclohexane-methylcyclopen-
tane in contact with calcium hydride. The read-
justments in equilibrium were more easily followed
in the red region of the spectrum but they proceeded
in the blue region also. The ratio f of the relative
heights of the bands at 6650 A. and 6450 A., a
quantity proportional to the equilibrium constant,
was measured as a function of the temperature.
When the logarithm of f was plotted against the
reciprocal of the absolute temperature, 1/7, Fig. 3,
the difference in heat content AH = —1400 =+
200 cal./mole. (The f value at 216°K. is off the
line because the degree of overlapping of the com-
ponents of the band was considerable and uncertain
in magnitude.) The fact that as the temperature
was lowered the intensity of the component toward
short wave lengths increased at the expense of the
one at long wave lengths was consistent with the

aH=-14002200 CALy, ., o
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Fig. 8.—~f, the ratio of the intensities of the bands 6650
A./6450 A., as a function of 1/T, °K. for a solution of
chlorophyll-b in 1:1 methyleyclopentane~methyleyclohex—
aoe in contact with calcium hydride.
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idea of thermal distribution in population between
quantum levels provided that the difference in en-
ergy between the thermally excited state and the
ground state computed from the energy interval
at 6650 and 6450 A. was also 1400 cal./mole. Ac-
tually, this interval was 460 cm.~! or 1320 cal./
mole. The corresponding energy difference esti-
mated from the band in the blue was 495 cm.~? or
1420 cal./mole. Since the components of this band
were not resolved, the approximate value of the wave
number difference was obtained from the width of
the band at half-height at 300°K. and at 200°K.;
at 200°K. the contribution from the component at
long wave length was negligible as judged by the
disappearance of the corresponding component in
the red region of the spectrum. The agreement
between the thermodynamic value 1400 cal./mole
and the spectroscopic values 1320 and 1420 cal./
mole was well within the precision of measurement.
In Fig. 3 extrapolation of the line, log f#s. 1/7T, to
infinite temperature gave f = 7 &= 1 which depends
on the ratio of the statistical weights of the two
states and the oscillator strengths of their transi-
tions.

Chlorophyll-b dissolved in #n-propylbenzene with
a trace of water, the spectrum of which is repre-
sented by the dashed curve of Fig. 2, under the
same analysis as above yielded AH = —2500 cal./
mole. That is, the match with the spectroscopic
energy interval no longer held. It appears then
that AH =~ —2500 cal./mole includes the energy of
some solvation process. This is confirmation that
two processes are associated with the reciprocating
intensities of the components. The coincidence
which exists at higher temperatures between the
spectrum of the monohydrate of chlorophyll-d
and that arising from the basic state of its zero-
hydrate can be distinguished then by the behavior
of the relative intensities with temperature.

Of all the substances that we are discussing in
this paper only chlorophylls-¢ and -6 and possibly
bacteriochlorophyll have shown evidence of ther-
mally excited states.

Zero-, Mono- and Disolvates and Their Equilibria

Evidence of progressive solvation can be fol-
lowed by the addition of #-propyl ether to a solution
of chlorophyll-b dissolved in 1:1 methylcyclopen-
tane-methylcyclohexane with calcium hydride.
‘When the mole fraction of n-propyl ether was 0.004,
the f value changed from 0.76 to 0.43 and then Tr
= 190°K. When the mole fraction was 0.1, f = 0,
i.., no band at 6650 A. was visible and Tr =
213°K. A higher concentration of the ether than
water was required for equal degrees of solvation as
Livingston, Watson and McArdle had found in the
relative concentrations required for full activation
of fluorescence. As was to be expected the lower
the concentration of the polar substance the lower
must be the temperature to achieve the same de-
gree of solvation.

Higher concentrations of a polar solvent bring
about transformations between the monosolvate of
chlorophyll and the disolvate. The determination
of an equilibrium constant for such a transforma-
tion at 273°K, was made by varying the concentra-
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tion of pyridine in a solution of chlorophyll-b dis-
solved in #-propylbenzene. Pyridine was used
rather than the ether because the latter did not
form sufficient concentrations of the disolvate.
The intensity at 4800 A. was followed as successive
quantities of pyridine were added. At first about
enough pyridine was added (6.7 X 10~* M) to
convert all the dry spectrum to the wet (monopy-
ridinate), and this constituted the base upon further
addition of pyridine for the computation of the
next equilibrium, mono- to dipyridinate. In view
of the fact that the spectra of the mono- and dipy-
ridinate were virtually identical but shifted 130 A.,
the normalization of the maximum intensity of the
dipyridinate at 4800 A. was taken to be that of the
monopyridinate at 4670 A. in a solution in which
practically all the chlorophyll was in the form of
the monopyridinate. This procedure was resorted
to in order to obtain the limiting intensity of the di-
pyridinate at this temperature without the other-
wise necessary high concentration of pyridine and
its excessive effect on the refractive index of the
solvent. The wave lengths 4670 and 4800 A. were
selected in order to avoid overlapping from the
shoulder on the short wave length side of the Soret
band.

Table IT summarizes the data. The equilibrium
constant at 275°K. was fairly constant over the
range in molarity of pyridine from 8.25 X 10—* to
2.22 X 107t Itfell off at higher concentrations in-
dicating that further solvation was occurring, per-
haps at other sites of the chlorophyll-b molecules.
The assumption was made that the equilibrium con-
stant of the zero- to monosolvate was much greater
than that of the mono- to disolvate since it was
found that at extremely small concentrations,
roughly equal to that of chlorophyll, the dry spec-
trum was eliminated. It should be recalled that
Miller and Dorough® found that magnesium tetra-
phenylchlorin formed mono- and dipyridinates at
room temperature.

TABLE I1
EqQuiLiBrRIUM AT 275°K. BETWEEN CHLOROPHYLL-b AND

Pyrmine: Chl-Py + Py « Chl - 2Py
pysidine, intencity, at __(CHl2Py)
mole/liter 4800 A. = (Chl-Py)(Py)

6.7 X 10— 0

8.25 X 108 9.5 11
2.05-X 102 22 10
8.13 X 102 58 12
2.22 X 107* 76 8.7
8.54 X 107! 94 5.3
1.76 112 4.5

Varying concentrations of pyridine affected the
Tr of chlorophyll- in #-propylbenzene in much the
same way as did ether except that a smaller con-
centration of pyridine was required. For example,
corresponding to ~107% M, 6 X 10—* M, 0.03 M
and 3 M pyridine in #u-propylbenzene the Tr'’s
were 163°, 212°, 243° and 300°K., respectively.
When the solvent consisting of 3 M pyridine was re-
moved by pumping at high vacuum and methylcy-
clohexane was condensed on the sample in the pres-
ence of calcium hydride, f = 0.4 at 300°K. rather

(1) 1. R. Miller and G, . Dorough, Trrs JourNat., 74, 3077 (1032),
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than 0.76 indicating that a small amount of pyri-
dine was retained by the chlorophyll. Addition of
109, n-propy! ether resulted in a Tr = 220°K. in-
stead of the initial value of 213°K. The small dif-
ference was also probably due to retained pyridine.

In Fig. 4 is shown the effect on Tr of chlorophyll-
b by different concentration of #-propyl ether in #-
propylbenzene and in aliphatic solvents. There 1s
an approximately linear relation between Tr and
the fraction of ether in the benzene. However,
there is little difference in the Tr value between 0.1
and 1.0 mole fraction #-propyl ether in the non-aro-
matic hydrocarbon; only when the ether is reduced
to at least 0.004 mole fraction is there an appreci-
able change in Tr.

220 -
O o e
P a
210K 4
1
1
I
2001 -1
I
Tr(°K. |
|90gL .
180 -
170 —L
s 0.5 1.0

MOLE FRACTION n-PROPYL ETHER

Fig. 4.—The effect of concentration of #-propyl ether on
the transit temperature, Tr, of chlorophyll-b in hydrocar-
bons.

Mole fraction
n-propyl ether

B (trace H,0)

Solvent
n-Propylbenzene

] .1,0.5 n-Propylbenzene 4+ CaH,
O .004,0.1 Methylcyclohexane + CaH,
[ .1 1:1 Propane-propene

A 1.0 Lo

There appears to be a competition between ether
and benzene for chlorophyll; that benzene does re-
act weakly with chlorophyll is suggested by the
fact that it is a much better solvent than aliphatic
hydrocarbons and that the maximum value f =
0.6 that we obtained was less in benzene than in sat-
urated hydrocarbons. Chlorophyll-a appears to
be altogether similar to chlorophyll-& in these solva-
tion processes.

In the interaction of mono- and of diisopropyl-
amine with chlorophyll-b, we have examples of
solvation at two sites, at the magnesium presum-
ably and at the enol-keto couple. For isopropyl-
amine the latter type of solvation or interaction led
to the intermediate® of the Molisch phase test and
ultimately to irreversible products. In Fig. 5 is
shown the spectra of chlorophyll-b in 159, diisopro-
pylamine in 1:1 propane-propene at three temper-
atures. The equilibria were more complex than
those which occurred in solutions of ether. No
band appeared in the region of the green corre-

(8) 8, Freed and K. M., Sancier, Science, 117, 655 (1963).
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Fig. 5.—Absorption spectra of chlorophyll-b in diiso-

propylamine in 1:1 propane-propene at ---- 230°K,,
---170°K.. — 75°K.

sponding to the intermediate characteristic of the
Molisch phase test found in solutions of isopropyl-
amine at low temperature. Instead, two strong
bands appeared at low temperature at about 4300
and 4800 A. at the expense of the main blue band
which was present at high temperature at about
4500 A. Spectra representing solvates stable at
low temperatures have always appeared only to-
ward longer wave lengths and closely resembled
those at the high temperatures. This drastic dif-
ference in shape and position of the components of
the blue band induced by the secondary amine re-
sembled some features of the spectra of the inter-
mediate formed by the primary amine in the phase
test. Also reminiscent of the phase test was the
occurrence of an irreversible reaction with the
secondary amine. It seemed probable then that
the secondary amine also reacted at the enol-keto
couple. At low temperatures the band in the red
behaved in a manner which has proved to be char-
acteristic of the solvation process; the band repre-
senting the solvate stable at low temperature made
its appearance toward long wave lengths. It may
be of interest to note that the solvation processes
took place rapidly even at about 75°K.

Solvates of Substances Related to Chlorophyll

Pheophytins.—Just what sites on the chlorophyll
molecule were active in solvation was to be indicated
by a process of elimination by observing whether
various chlorophyll derivatives participate in
equilibria such as we have previously described.
The choice of pheophytin where the magnesium
atom of chlorophyll is replaced by two hydrogen
atoms might serve to indicate whether the solvation
occurred at the magnesium atom or ion. Pheophy-
tin-b did not exhibit a dry band characteristic of
the zero-solvate of chlorophyll-b and in dry #-
propylbenzene exhibited no equilibrium of species.
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However, in 109, #-propyl ether in methylcyclopen-
tane the transformation in the spectra seemed as
striking as those of the chlorophylls, also with some
resemblance to them but with some difference, Fig.
. The changesin the blue band suggested an equi-
librium between solvates with Tr = 218°K. TItis
within the intense band at about 4000 A that the
changes in equilibrium can most clearly be seen. In
addition the band at 3800 A. becomes more intense
at the expense of the band at 4000 A.. as the tempera-
ture is lowered. Hence, two equilibria seem to
be active at the same time.

! L.
4000 5000

3c;oo
Wave length, dngstréms.
Fig. 6.—Absorption spectra of pheophytin-b in 10% #-
propyl ether in methylcyclopentane and added caleium hy-
dride: ---, 190°K.; —, 130°K.

Pheophytin-a was studied in the same way. Two
preparations were available, one furnished by Pro-
fessor Livingston and the other, the outcome of an
exhaustive series of chromatographic processes on
paper, by S. Aronoff and E. Kmetec of Iowa State
College. At room temperature the absorption
spectra of both preparations were practically indis-
tinguishable. In dry #-propylbenzene, the spec-
tra of both samples remained almost unchanged as
the temperature was reduced to 170°K. In 109,
n-propyl ether in 1:1 propane~propene enormous
changes occurred which were particularly evident
at the Soret band (Fig. 7) between 225° and 190°K..;
the bands became less intense and broader. Be-
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4500
Wave length, dngstréms.
Fig. 7.—Absorption spectra of pheophytin-a in 109, n-
propyl ether and 1:1 propane-propene: , 223°K.:
-, 100°K.; —. T5°K.
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tween 190° and 73°K. the spectra changed little
but there was some sharpening and a reciprocity in
the intensities of two peaks suggesting equilibria.
The method of purification followed by Aronoff
and Kmetec led to a spectrum which appeared dis-
tinctly simpler at the low temperature than that
prepared in the usual way, Fig. 8.

1 -l 1
3000 4000 5000 6000

Wave length, angstrénis.

Fig. 8.—Absorption spectra of two samples of pheophytin-
a in 10% n-propyl ether in 1:1 propane-propene at 75°K.:
—, especially purified by Aronoff and Kmetec; --- -, usual
preparation.

It would appear that the decision as to whether or
not solvation occurs at the central magnesium atom
cannot be definitively made by using pheophytin
because it seems that if solvation occurs at magne-
sium it also occurs at or near the two corresponding
hydrogen atoms.

Pheophytin, a free chlorin base, did not appear to
be a mixture of tautomers in #-propylbenzene such
as Dorough and Shen’ reported to be present in tet-
raphenylporphin dissolved in methylcyclohexane.
It is just possible that the Soret band examined by
us is not as sensitive an indicator for such a mixture
as the bands toward the red which these investiga-
tors employed. Also, we found evidence of equi-
libria in chlorophylls and in some but not in all me-
talloporphins dissolved in #-propyl ether, which
those authors’ failed to find among their metallo-
porphins in a mixture of ethyl ether, isopentane and
ethyl alcohol. The non-existence of several species
of metalloporphins was regarded by these authors
as confirmation that the free base existed as tauto-
mers since hydrogen atoms might link to either vici-
nal or diagonal nitrogen atoms of the pyrrole groups
while the metallic atom being supposedly in the form
of a central spherically symmetrical ion could not do
so. Our work suggests the need of re-examining
chlorophylls and pheophytins with the techniques
of fluorescence which these authors employed.

Allomerized Chlorophyll-a.—To test whether the
enol-keto isomerism may be an important factor
in the solvation processes of chlorophyll, we ex-
amined allomerized chlorophyll-e in which a
methoxy group replaces the labile hydrogen atom
on carbon-10 of chlorophyll so that enol-keto isom-
erism is non-existent. Figure 9 shows the spectra
of allomerized chlorophyll-e in 109 #n-propyl ether
in 1:1 propane-propene at 180° and 253°K. The
Tr is 213°K. Allomerized chlorophyll-¢ under-
went transformations similar to those of chloro-

(7) G, D, Dorough and ¥, T. Shen, Tris Tournat, T2, 3039 (1950).
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Fig. 9.—Absorption spectra of allomerized chlorophyll-a
in 109, n-propyl ether and 1:1 propane-propetie: -, 180°
K.; ----, 233°K.

phyll-a and of chlorophyll-b when the solvent was
109 n-propyl ether in hydrocarbons.

Evidence for zero-, mono- and disolvates of al-
lomerized chlorophyll-e was obtained using differ-
ent amounts of pyridine in #-propylbenzene in
contact with calcium hydride. In n-propylbenzene
there was no dry spectrum. 3 X 10~* M pyridine
in n-propylbenzene, about equivalent to the con-
centration of the chlorephyll, was sufficient to
shift the wave length of the band in the red from
6567 A. in pure #-propylbenzene to 6588 A. This
shift very probably represented the formation of
the monopyridinate. The spectrum appearing as
the temperature is lowered, giving rise to a Tr =
228°K., represented the dipyridinate. In 2 M py-
ridine at 300°K. the band in the red shifted from
6588 to 6596 A. due to the formation of the dipy-
ridinate and the Tr representing the equilibrium of
mono- and dipyridinate was now at 300°K. In
summary, the Tr increases with the concentration
of pyridine. These data and the wave lengths of
the red band at 300°K. are given in Table III.

TaBLE III

ALLOMERIZED CHLOROPHYLL-a IN PYRIDINE SOLUTIONS IN
#-PROPYLBENZENE WITH CALcium HYDRIDE
Wave length of the

Conen. band in the red at
of pyridine, M Tr, °K. 300°K. (4.)
0 None 6567
3 X 1075 228° 6588
0.03 263° L2
3 300° 6596

@ This solution contained methylcyclohexane instead of
n-propylbenzene, and because of the difference in refrac-
tive indices the wave lengths of the maxima are not strictly
comparable.

It appears then that the possibility of enol~keto
isomerism does not change the solvation process in
chlorophylls qualitatively. The number of equi-
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libria seems to be the same and their transit tempera-
tures are in the same range. In allomerized chloro-
phyll, however, there appears to be no evidence for a
thermally excited state.

Methyl Bacteriochlorophyllide.—Methyl bac-
teriochlorophyllide has but one possible resonance
configuration, that is, the central magnesium atom
can bond only to diagonally opposite pyrrole nitro-
gens. This compound then offers a means of
checking whether resonance hybrids may have an
important qualitative influence on the solvation
process. The possibility of enol-keto isomerization
complicates the interpretation.

In Fig. 10 is shown the spectra of methyl bacterio-
chlorophyllide-¢ plus -b in #-propyl ether at three
temperatures. The band at 7750 A. seems tobe
insensitive to temperature while most of the others
engage in obvious changes. The 5750 A. band at
300°K. exhibits enormous changes. Relative to
this band, there is a Tr = 228°K., and the abrupt
wave length shift and decrease in intensity of the
main band in the blue is in agreement with this
observation. Thisbehavior is similar to that of the
chlorophylls, and hence the single resonance configu-
ration in methyl bacteriochlorophyll reacts in the
same way as the three possible resonance hybrids of
chlorophyllide. However, there still remains the
possibility that there are three chlorophylls-b, for
example, and that each chlorophyll is really only one
of the configurations separated by an energy barrier
from the other.

—
3000

Wave length, dngstréms.

Fig. 10.—Absorption spectra of methyl bacteriochloro-
phyllide in #-propyl ether at —, 300°K., - - - -, 228°K., and
—, 160°K. Theband at 5300 A. is probably due to the pres-
ence of spirilloxanthin,

There are indications that methyl bacteriochloro-
phyllide in n-propylbenzene in contact with caleium
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hydride exhibits somme sort of thermal activation
similar to that of chlorophyll-b, zero-solvate.

Other Metalloporphins. Copper Etioporphin II.
—There is no evidence of species in equilibrium in
the spectra of this substance in #-propyl ether
down to as low a temperature as 138°K. Evi-
dently the copper porphin does not readily solvate
with ether.

Zinc Tetraphenylporphin.—Figure 11 shows the
spectrum of zinc tetraphenylporphin in #-propyl-
benzene with added calcium hydride, and it also
shows the effect on the spectrum produced by the
addition of a quantity of pyridine about equivalent
to that of the porphin. In the presence of the pyri-
dine the 5500 A. band is noticeably double at
300°K., and only the long wave length component
is present at 250°K. The main band in the blue
also shows the same kind of equilibrium reminiscent
of behavior of the spectrum of the chlorophylls.
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Fig. 11.—Part of the absorption spectra of zinc tetra-
phenylporphin ini #-propylbenzene with calcium hydride
added; -+ , 300°K. Pyridine added about equivalent to
porphin concentration: ----, 300°K.; —, 250°K.

The spectra are in agreement with those reported
by Miller and Dorough® and correspond to the equi-
librium between the porphin and the porphin mono-
pyridinate. The changes in spectra that we ob-
served with temperature are entirely consistent
with changes brought about by varying concentra-
tion which they reported.

Experimental

All spectra were determined by means of a Cary recording
spectrophotometer (Model 11). We concerned ourselves
principally with the visible region.

In order to study spectra from 75° to 370°K., a Pyrex
glass dewar vessel was designed for use in the Cary as is
shown schematically in Fig. 12. At the bottom of the de-
war vessel, the inner and outer walls terminate in fused quartz
cells (A) with plane windows attached to the Pyrex (F) by
means of graded seals (B). At the bottom of the sample
tube (E) is attached a quartz cell with plane windows
spaced about 1 to 3 mm. along the optic axis and about 12
mm. wide and 20 mm. high. The top (K) of the sample
tube is closed with a tapered-ground joint, a stopcock and
spherical joint. A large rubber stopper (J) is placed on the
sample tube so that it rests on the flat lip at the top of the
dewar. A section from a rubber inner-tube I serves to form
a vacuum seal between the rubber stopper and the dewar.
The top of the dewar is fitted with about 3” of unsilvered
single-walled glass to keep the stopper warm and two large
ball joints (H) are attached, These ball joints are used to
pump on liquid nitrogen to lower its temperature, through
which to pass thermocouple wires, and to connect the liquid
nitrogen supply to the cooling coil (D) at other times.
The top of the copper cooling coil is made so that it can be
pushed through one of the ball joints (H). The copper tub-
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ing is threaded or snug-fitted using grease to the exit and
entrance tubes of the copper coil. Liquid nitrogen is forced
through the cooling coil from a dewar reservoir by ineans
of nitrogen gas.

A-FLAT OPTICAL QUARTZ CELIS
B-GRADED SEALS

C~COOLANT

D-COPPER COOLING COIL
E-~SAMPLE CELL

F -PYREX GLASS DEWAR,SILVERED
WITH CLEAR STRIP

G-REMOVABLE COPPER TUBING FOR
LIQUID N, ENTRANCE AND
EXIT

H-LARGE BALL JOINTS
1 -RUBBER INNER TUBE
J -RUBBER STOPPER

K -ASSEMBLY FOR TOP OF
SAMPLE CELL

Fig. 12.—Pyrex glass dewar vessel with optical path of fused
quartz.

This arrangement is used with a coolant of isopentane for
temperatures in the range of 300° to 130°K. and 1:1 pro-
pane-propene for the range 230° to 75°K. A thermocouple
with its junction at the bottom of the dewar, near the
sample, is used to determine temperature. In our set-up
the temperature rose about 1 deg./min. When the tem-
perature of liquid nitrogen is desired, the cooling coil is re-
moved. In order to eliminate bubbling the pressure of ni-
trogen is reduced to about 0.5 atmosphere, incidentally re-
ducing the temperature below 77°K., and then dry nitrogen
gas, or better helium, is supplied at a pressure greater than
the vapor pressure of the liquid nitrogen. In this way a
body of about 500 cc. of liquid nitrogen could be main-
tained quiet for about 10 minutes. For temperatures
greater than 300°K., water was used.

The multipot of the Cary was set for complete compensa-
tion while the dewar vessel with coolant, optical cell and
solvent was in the sample path and an approximate optical
equivalent of quartz in the reference path. No correction
was made for the small changes of this setting for tempera-
ture of the solvents.

The solvents employed were purified in the following way:
n-propyl ether, C.p., distilled on 30-plate column over cal-
cium hydride and stored over calcium hydride; methyl-
cyclopentane and methylcyclohexane, pure grade, distilled
from calcium hydride, on a 10-plate column; pyridine,
C.p., distilled on a 10-plate column over barium oxide; iso-
propylamine and diisopropylamine distilled on a 10-plate
column over calcium hydride; propane and propene, Phil-
lips research grade, distilled in a vacuum line at least twice
from one vessel at 193°K. to another at 77°K.

In addition for the samples of the chlorophylls and de-
rivatives supplied by Robert Livingston and co-workers at
the University of Minnesota, we are grateful for the methyl
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bacteriochlorophyllide prepared by Earl Jacobs of the Uni-
versity of Illinois and supplied to us by Henry Linschitz
from the University of Syracuse; for pheophytin-a and -b
supplied by Sam Aronoff and E. Kmetec of Iowa State
College; for the copper etioporphin II supplied by Alsoph
H. Corwin of the Johns Hopkins University; and for the
zinc tetraphenylporphin prepared by G. D. Dorough at
Washington University.

Conclusions

1. The prominent bands of the spectrum of
chlorophyll-b as the zero-solvate in dry hydrocar-
bons are composed of two components. As the
temperature is lowered the short wave length com-
ponent of bands increases in intensity at the ex-
pense of the long wave length component suggesting
depopulation of thermally excited states. The
thermodynamic value of the heat of this transforma-
tion is AH = —1400 % 200 cal./mole, which com-
pares favorably with the spectroscopic value 1320
cal./mole measured from the energy interval of the
two components of the band in the red; confirma-
tion is obtained from the spectroscopic interval in
the blue region. Chlorophyll-a and possibly
methyl bacteriochlorophyllide exhibit this phenom-
enon; however, there is no evidence that allomer-
ized chlorophyll-a, pheophytin-a or -3, or zinc tetra-
phenylporphin do so.

2. Solvation of chlorophyll-b corresponding to
the equilibria between zero- and monosolvate and
between mono- and disolvate have been studied by
varying temperature and concentration of such
polar substances as water, #-propyl ether, pyridine
and diisopropylamine in the solvents 1:1 propane-
propene, #n-propylbenzene and methylcyclohexane.

There is evidence of interaction between chloro--

phyll-b and n-propylbenzene. The constant for the
equilibrium between mono- and dipyridinate of
chlorophyll-6 in #u-propylbenzene at 275°K. is
about 10 at from 6.7 X 10—* M to 0.1 M pyridine
and then drops to about 4.5 at 1.76 M. Chloro-
phyll-a, allomerized chlorophyll-¢ and methyl bac-
teriochlorophyllide in a solvent of 209, n-propyl
ether and 1:1 propane-propene all have transit
temperatures representing the equilibrium between
the mono- and dietherate in the same range of
temperature as does chlorophyll-b.

3. The absence of possible enol-keto tautomer-
ism as in allomerized chlorophyll-a does not prevent
the formation of mono- and disolvates as was shown
by the work with pyridine. In ether solutions
there is evidence of but one degree of solvation, but
this is an artifact caused by the indistinguishability
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of the spectra of the zero- and monoetherates. It
was the presence of the thermally excited level in
chlorophyll-b which made easy the distinction be-
tween the spectra of the zero- and monoetherate.

4. The components of the bands due to differ-

ent solvates of chlorophyll-4 in diisopropylamine are
very well separated, and in addition there are indi-
cations that solvation at the enol-keto couple is
occurring. The secondary amine in contrast to the
primary amine does not produce the brown color
characteristic of the Molisch phase test but never-
theless there is evidence in the spectrum at low
temperature that suggests an intermediate. There
is rapid equilibration of solvates even at about
75°K.
5. The changes in the spectra of pheophytin-a
and -b in ether solutions at low temperatures indi-
cate that a solvation occurs somewhat similar to
that of chlorophyll, and if in the latter the magne-
sium is the site of solvation it is inferred that the
hydrogens of the pyrroles of pheophytin are probably
the sites of solvation. In pheophytin-b the spec-
tra are simple enough to indicate that another equi-
librium is active in addition to the solvation process
described above.

6. In 209 #n-propyl ether and 1:1 propane-
propene two samples of pheophytin-a, the one pre-
pared by ordinary chromatography and the other
extensively purified by paper chromatography, can
be easily distinguished by the greater simplicity of
the spectrum of the latter at 75°K. while at 300°K.
their spectra are almost indistinguishable. At low
temperature the simpler spectrum may be imagined
to be included within the spectrum of the other sub-
stance.

7. The solvation properties of methyl bacterio-
chlorophyllide as a mixture of ¢ and b are qualita-
tively the same as those of chlorophyll-b and seem
not to be affected by its limitation to only one reso-
nance configuration compared to three possible
ones in chlorophyll.

8. Some solvation properties of two metallo-
porphins were examined. Copper etioporphin II
showed no tendency to solvate in #-propyl ether.
Zinc tetraphenylporphin readily formed a pyridin-
ate, and the changes in spectra with temperature
reflecting the shifts in equilibrium between the
zero- and monopyridinate are entirely analogous to
those brought about by varying pyridine concen-
tration as reported by Miller and Dorough.?
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