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The Efficiency of Photosynthesis by Chlorella.'—In a study of the
influence of wave length on energy transformation in carbon dioxide
assimilation, Warburg and Negelein? found that in photosynthesis by the
alga Chlorella slightly over four quanta per molecule of carbon dioxide
assimilated are required in the case of red light and also of green light.
In the case of blue light over five quanta per molecule are required,
but this is to be expected in view of the presence of other plant pigments
with an absorption in the blue.

Warburg and Negelein also calculated the efficiency on the basis of the
heat of combustion of dissolved glucose, 674 Cal./mole. The calculated
efficiency is, naturally, greatest in the case of red light, the mean result
being 599, and the highest single observation, 63.5%.

Since there is every reason to believe that glucose is not the immediate
product of the photosynthetic process, it has seemed worth while to exam-
ine into the results that would be obtained by using, instead of the heat
of combustion of glucose, the heat absorbed in the reaction CO; + 3H,0 =
2H,0, + HCHO (all in solution). Taking data from the 1923 ‘“Chemiker
Kalender,” the heat of combustion of gaseous formaldehyde is 4-137.0;
of solution, +15.0; the heat of solution of carbon dioxide, +5.6, and the
heat of formation of hydrogen peroxide (dissolved) from liquid water
and gaseous oxygen, —21.7 Cal./mole. Whence the heat of the above
reaction is —137.0 4+ 15.0 — 5.6 — 2 X 21.7 = —171.0 Cal./mole.

The wave lengths of the red-absorption maxima for a- and b-chlorophyll
are, respectively, 0.666u and 0.640u, whence taking for ¢Nk/J the value,
2846 Cal. p/mol. (calculated from the Fundamental Constants and
Conversion Factors as used in the “International Critical Tables”),

Nhyv, = 42.7 Cal./mole quantum -
Nhvy, = 44.5 Cal./mole quantum.

For two quanta absorbed by each the energy would be 2(42.7 + 44.5) =
174.4 Cal./mole, which is only slightly greater than that required for the
reaction above. The maximum efficiency to be expected on a glucose
basis, sinice 6 molecules of formaldehyde are required to form one of
glucose, would be 674/(6 X 174.4) = 64.4%, and, correspondingly, War-
burg and Negelein’s results become, on a formaldehyde -+ hydrogen
peroxide basis: 59 + 64.4 = 91.6%, and 63.5 + 64.4 = 98.6%, for the
mean efficiency in the red, and the maximum observed efficiency, respec-
tively.

At this point, a few words as to the structure and reactions of chloro-
phyll, better, of the chlorophylls, are necessary. Willstétter® considers

1 Presented before the Division of Physical and Inorganic Chemistry of the Amer-
ican Chemical Society at Washington, April, 1924.

? Warburg and Negelein, Z. physik. Chem., 106, 191-218 (1923).

¢ Willstitter and Stoll, ““Untersuchungen {iber Chlorophyll,” Julius Springer,
Berlin, 1913, p. 23. Compare Willstitter, THIS JoURNAL, 37, 323 (1915).
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that b-chlorophyll is an oxidation product of a-chlorophyll, containing
an atom of oxygen in place of two atoms of hydrogen. Reasons will be
given below for considering that it contains one atom each more of carbon
and oxygen, and the same number of hydrogens. Assuming Willstdtter’s
formula for a-chlorophyll, CsH7O:NyMg, his formula for b-chlorophyll
is CyH7OeN Mg, while that just suggested is C;sHnOsNMg.

The differences in ultimate composition are shown in Table I.

TaBLe I
Adams
a-Chlorophyll  Willstitter 5-Chlorophyll b-Chlorophyll (A.-W.)
Element CssHnOsNiMg diff. CasH700sNsMg CssH720eN:Mg diff.
C 73.98 —1.15 72.83 73.03 +0.20
H 8.08 —0.35 7.73 7.83 + .10
O 8.97 +1.63 10.60 10.44 - .16
N 6.28 —0.09 6.19 6.09 - .10
Mg 2.69 - .04 2.65 2.61 — .04

Experiment has shown that in crude chlorophyll solutions protected
from carbon dioxide and exposed to light, the b-chlorophyll absorption
tends to disappear, and reappears when the solution is exposed to air and
light. Willstdtter and Stoll* found the ratio, a-chlorophyll : b-chlorophyll,
consistently greater for leaves growing in sunlight than for leaves growing
in the shade. They give for the mean values of the ratio, respectively,
2.93 and 2.61, or a difference of 0.32, but if the results for the different
species be weighted according to the number of observations, instead
of being given equal weight, the mean values of the ratio become 2.93
and 2.43, respectively, and the difference, 0.50. Their data also show that
on cloudy days the ratio diminishes, that is, tends toward the ‘“shade”
value. It is to be expected that during active photosynthesis the local
carbon dioxide concentration would be lower than in the general atmos-
phere.

The chlorophyll may be pictured as going through a cycle of four re-
actions, two of them associated with the absorption of two quanta each
of radiation, and two follow-reactions requiring water and carbon dioxide,
but not light:

[ ] Represents [CgH 70N Mg]

* [ 10 is a-Chlorophyll [ ] CO; is b-Chlorophyll

[10 4+ H:O + 2 Quanta A666 mu —> [ ] + H:0;
[1+ CO: —> []1CO,

[1CO; + H:0 + 2 Quanta A640 mu —> [ ] CO + H,0,
[1CO + H,0 —> []0 + HCHO

As to the 2-quantum absorption, two types of explanation are available:
first, the teleological one, since the energy required for either stage of the
photosynthetic process exceeds the quantum for the wave length of light

4 Ref. 3, pp. 112-1186.
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available to plants, the plants were obliged to develop substances which
could pick up two quanta at a time; second, from the structure of chloro-
phyll.
The structure given in Fig. 1 is slightly different from that given by
Willstidtter for a-chlorophyll, but the
AN Z b difference does not affect the discussion
CHsocozc,}j!-::::Eéc%ci\(é:;-sﬂscooc n, to follow.

CHs‘E-CFCO—T?C-E‘CHZ

, y um ) ] )

CHC= cf—cn—>cmC-CH, Comparison with the cation of mala-

a* Crioserimt chite green shows that chlorophyll con-

- . tains fwo conjugated chains of the same
R B

C=Cx 82 c# =SS yen, length (11 atoms) as the chain of the
i:%/ W;ﬁ/ " former. Simultaneous absorption of

two quanta of red light is therefore
to be expected. Since the differences
between a- and b-chlorophyll do not in-
volve these chains, only a slight difference in wave length of light absorbed

is to be expected.

ICH)N= ¢

Macacuite Green (Cation)

Fig. 1.

Summary

1. 'The structure of chlorophyll, a- and b-, alike, is such that it would
be expected to absorb simultaneously two quanta of red light.

2. The energy of the four quanta so absorbed, 174.4 Cal./mole, is
sufficient to cause the chlorophyll to pass through a cycle of four reactions,
the outcome of which is the conversion of one molecule of carbon dioxide
and three of water into two of hydrogen peroxide and one of formaldehyde,
for which 171.0 Cal./mole is required.

3. Since six molecules of formaldehyde are required to produce one
molecule of glucose, whose heat of combustion (dissolved) is 674 Cal./mole,
the maximum possible efficiency of glucose production is 674 + (6 X
174.4) = 64.49, which is to be compared with Warburg and Negelein’s
results with Chlorella. They found for the mean efficiency using red
light, 59%, and the highest single value, 63.5%.

4. 'The formula for b-chlorophyll required, CsHOsN:Mg, agrees within
the usual limits of organic quantitative analysis with the formula, Cs:Hro-
O¢NsMg, assigned to it by Willstatter.
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