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Summary 

We have observed fluorescence at visible wavelengths from chromatophores 
of photosynthet ic  bacteria excited with infrared radiation which we attribute 
to bacteriochlorophyll of the antenna system. The fluorescence is prompt (no 
delay greater than 5 ns). Its spectrum shows peaks at 445 ,530  (broad) and 600 
nm when excited with either 694 or 868 nm. Quantum yield is of the order of 
10 -9 . The dependence on intensity indicates generation by mainly third-order 
processes which could involve triplet states in combination with excited sin- 
glets. Second-order single-singlet fusion could also contribute. The high-order 
fluorescence can also be explained as arising from absorption of a second pho- 
ton by singlet excited states. 

Introduction 

In this paper we report the observation of emission of light in the visible 
region {400--600 nm) when photosynthet ic  bacteria were excited with laser 
light of 694 or 868 nm. It appeared first as apparent laser artifact which insist- 
ed on coming thru blue filters (Coming 4-96) known to absorb the far-red 694 
nm laser light very efficiently. Observation of the pulses with a fast photodiode 
detector (EG and G SGD-444) plus fast amplifier (overall resolving time, 10 ns) 
showed no increase in width more than 5 ns over that  of  the 694 nm exciting 
pulse (26 ns full width at half maximum).  Since the observed photons have up 
to twice the energy of the absorbed photons it is clear that  two or more ab- 
sorbed photons must  contribute to the energy of the emitted photons. As in 
reaction kinetics we call such a process "higher order"  (than first). The nano- 
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second lifetime is characteristic of singlet excited states. Triplet states could be 
involved in combinat ion with singlet excited states giving a lifetime controlled 
by that  of  the singlets. Exclusively triplet interactions, however, can be ruled 
out  as they would have a lifetime characteristic of triplet states, ordinarily 
microseconds or longer. Thus it seems proper  to call the observed emission 
"f luorescence" ,  higher order fluorescence, rather than phosphorescence. Pre- 
liminary reports  have been made in several places [1--3].  

Methods 

Chromatophores  of Rhodopseudomonas sphaeroides Ga (carotenoid-contain- 
ing) mutant ,  R-26 (carotenoidless) mutan t  and Rhodopseudomonas viridis (con- 
tains bacter iochlorophyll  b) were prepared by French press (14 kN.  cm -2 or 1360 
atm) from anaerobic cultures grown in the light. Concentrat ion of  chromato- 
phores used was such that  the concentra t ion of  BChl was around 2--3 nmol • 
cm-2 of cuvette area so as to diminish reabsorption of  the fluorescence by the 
sample. It was measured from the absorption spectrum of  the sample using 
esT0 = 100 mM -1" cm -1 for R. sphaeroides and e603 --- 2 0 m M  -1" cm -1 for 
R. viridis. 

The samples were irradiated in a cuvette having 2.25 cm 2 area and 2.0 mm 
light path. Quartz windows were used as they gave the least amount  of visible 
fluorescence when irradiated with 694 nm laser light. The observation of  flu- 
orescence was from the side opposite to that  irradiated. 

A pulse of  694 nm exciting light having 26 ns full width at half height was 
provided by a Q-switched ruby laser in a set-up similar to that  previously de- 
scribed [4]. 868 nm light was generated by pumping a liquid dye cell trans- 
versely with the ruby laser as described by Chance et  al. [5].  T h e  dye was a 
10 -4 M solution of 3,3 ' -diethylthiatr icarbocyanine in dimethylsulfoxide.  Two 
Wratten 88A filters were placed in the light path 88 cm from the sample posi- 
t ion to remove scattered, unconver ted 694 nm laser light. The wavelength of  
the ou tpu t  of  this dye laser, was determined with a monochromator .  

It  was found that  with 694 nm excitat ion of  high enough laser intensity, 
emission in wavelengths shorter  than 694 nm can be obtained from such sam- 
ples as paper, quartz and plexi-glass. For this reason, the laser intensities used 
throughout  the experiments  were kept  below a previously determined limit so 
as to avoid artifacts from fluorescence arising from substances other  than the 
sample of interest. For  experiments  with 694 nm exciting light a Corning 
2-64 dark red glass filter was placed between the sample and the glass prism 
that  directed the laser light to the sample. This removed any fluorescence from 
the glass prism. The highest laser energy used in experiments with 694 nm exci- 
ta t ion was 40 nE • cm -2. Before each experiment ,  at each wavelength, an empty  
cuvette was irradiated with laser light of  intensity higher or equal to  that  used 
in the experiment.  The fluorescence from the empty  cuvette with 40 nE/cm -2 
radiation varied with wavelength but  was generally 20--30 times smaller than 
the fluorescence from the bacterial sample. For  experiments with 868 nm ex- 
citing light, the highest laser intensity used was 89 nE/cm -2. At that  intensity 
the quartz cuvette still did not  show any fluorescence at all wavelengths. How- 
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ever, for construction of  the spectra, we used laser intensities of  around 16nE • 
a m  -2. 

In running the spectra it was important  that  all points should correspond to 
the same laser intensity. The method of handling small random variations in 
excitation intensity was different at various stages of this investigation. For 
curves B and C of  Fig. 1 all data at each wavelength were simply averaged. In 
the rest of the experiments we used a silicon photo-diode monitor  to record the 
intensity of individual laser pulses. A beam splitter was used to direct about 
10% of the laser light to the monitor.  The ruby laser was Q-switched with a 
rotating prism and could give double pulses, about 260 ns apart, at high pump- 
ing-flash intensities. The monitor  used in Fig. 1 (curve A) and Fig. 4, curve A 
would integrate the energy of both pulses. The error introduced was probably 
small since at the pumping intensities used, the second pulse, when it appeared, 
was considerably smaller than the first. In later experiments (Figs. 2 and 3} the 
monitor  was an SGD-444 (EG and G Co.} fast photodiode and amplifier. Its 
output ,  showing individual pulses was recorded on an oscilloscope. The moni- 
tor beam was at tenuated before detection by a system designed for reproduci- 
bility and stability. The signal from the fluorescence detector was delayed by 
passage through 90 m of coaxial cable so that  it appeared on the same oscillo- 
scope sweep, delayed about 430 ns after the monitor  signal. The oscilloscope 
traces were photographed for later measurement.  The monitor  was calibrated 
by correlation of its response with the response of a ballistic thermopile placed 
at the sample position. 

Two different detector set-ups were used at different times: (i) interference 
filters for different wavelengths, + glass filters + photomultiplier and (ii) mono- 
chromator  + photomultiplier.  

The glass filters used with the interference filters consisted of two or three 
Coming 4-97 and 4-96 blue filters and served to block the laser wavelengths 
thoroughly.  The filter combinations were taped to the photomultiplier with the 
interference filter next  to the photomultiplier and the whole placed in repro- 
ducible position against the cuvette window. 

The monochromator ,  when used, was a Bausch and Lomb 250 mm, Cata- 
logue No. 33-86-40. It had two entrance lenses. One at the aperture was about 
60 mm from the cuvette and approximately focused points of the sample onto 
the plane of the slit. The other at the entrance slit focused the aperture onto 
the internal concave mirror. The photomultiplier (EMI 9592B) was placed ap- 
proximately at an aperture focus from a lens at the exit slit. Two Coming 
4-97 blue filters were taped over the photomultiplier to guard against laser light 
straying thru the monochromator .  

Each interference-filter combination and the monochromator  set-up with 
their detectors had to be calibrated as to their response to light as a function of 
wavelength. This is especially so in the case of the interference filters which 
varied considerably in bandwidth and could give a false peak in a spectrum if a 
single filter were miscalibrated. We did the calibrations in an absolute manner 
in order to be able to estimate quantum yields. This was done as follows and is 
described in some detail because the procedure is not  routine and interested 
readers have a right to know where we may have commit ted errors: 

We set up a measureable, monochromatic  light-source intended to imitate 
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the  geomet r ic  p roper t ies  o f  the f luorescence  f rom the  sample cuvet te .  We did 
this by  pu t t ing  a piece of  whi te  paper  in the  sample cuvet te  and irradiating it 
un i fo r mly  on the side oppos i te  the  d e t e c t o r  with m o n o c h r o m a t i c  light f rom 
ano the r  m o n o c h r o m a t o r  using an incandescen t  lamp. The  paper  should give an 
isot ropic  dispersal of  light f rom the  face o f  the cuvet te  similar to  tha t  of  the 
f luorescence .  The  i l luminat ion  being s teady,  could  be measured  by slow tech- 
niques.  F o r  this purpose  we used a small 4 m m  2) glass-encapsulated solar cell 
( H o f f m a n  EA7E1)  whose sensit ivity to  d i f fe ren t  wavelengths had been cali- 
bra ted  absolu te ly  with a t he rmop i l e  *. The  solar cell was placed immedia te ly  
behind  the sample cell when  cal ibrat ing in te r fe rence  filters. It  was placed at  the 
ape r tu re  o f  the m o n o c h r o m a t o r  at  a dis tance 5.27 cm f rom the  sample posi t ion 
when  cal ibrat ing the  m o n o c h r o m a t o r .  The solar-cell response  to  the  calibrat ing 
light will be designated W(h) (nE • cm -2 • s- 1). The  geomet r ic  f ac to r  relat ing this 
response  to  the  in tens i ty  o f  i so t ropic  emission f rom the cuvet te  is t aken  to  be: 

K = 2(1 --  I/x/~ + A/~)- '  (1) 

where  l = dis tance be tween  solar cell and cuve t te  (5.27 cm for  m o n o c h r o m a t o r ,  
0.6 cm for  fil ters),  and A = cuve t te  (sample)  area (2.25 cm2). This fo rmula  as- 
sumes t ha t  the  solar cell registers obl ique  rays in p r o p o r t i o n  to  the  cross-sec- 
t ional  area o f  such rays sub t ended  by  its active surface,  and also approx ima tes  
the  square cuve t te  face with a circle of  equal  area. The  significance of  K is t ha t  
a sample o f  area, A,  having a dens i ty  o f  i sot ropical ly  emi t t ing  sources equal  to  
X n E - c m  -2 .  s -1 will p r o d u c e  a f lux dens i ty  at dis tance,  l, equal  to  (X/K) 
nE • cm -2 • s -1. In the  case o f  the  m o n o c h r o m a t o r - d e t e c t o r  sys tem K = 158 and 
in the  case o f  the filters, 4.7. The  solar cell was cal ibrated with light having 
normal  inc idence  and p robab ly  does no t  r espond  to  obl ique  rays as well as 
assumed in Eqn.  1, which,  the re fo re ,  p robab ly  underes t imates  K. The er ror  
should n o t  be large in the  m o n o c h r o m a t o r  case since the  angles are n o t  large. 

The  response  of  the  de t ec to r s  to  the  cal ibrat ing light as a func t ion  o f  its 
wavelength  will be des ignated R (h),  measured  in millivolts def lec t ion  o f  an 
osci l loscope trace.  The  band-wid th  of  the  calibrat ing light was m u ch  na r rower  
than  tha t  o f  the  de tec t ing  m o n o c h r o m a t o r  or  o f  the  in t e r fe rence  filters. In the  
case o f  the  m o n o c h r o m a t o r - d e t e c t o r ,  R was measured  at  the  centra l  wavelength 
o f  the m o n o c h r o m a t o r  set t ing and the  band-pass was es t imated  theore t ica l ly  
f r om the m o n o c h r o m a t o r  and grating g e o m e t r y  as a func t ion  of  slit-widths. 
We then  calculate  a sensit ivity D (h) o f  the  m o n o c h r o m a t o r - d e t e c t o r  sys tem 
def ined  as fol lows:  

D(h)- R(h) (2) 
sw(~) 

where ,  D has units  of  m V .  m m  -~. nE -1 • cm2 "s, and S = magni tude  of  the  
l imit ing sl i t-width in the  measur ing m o n o c h r o m a t o r  (1.5 mm) .  

In the case o f  interference-fi l ter-glass-f i l ter  combina t ions  the whole  band- 

* A c t u a l l y  t h e r e  i s  an u n c e r t a i n t y  in the  ca l ibrat ion  o f  t h e  solar cel l  d u e  to  three  d i f f e r e n t  t h e r m o -  
p i les  against  w h i c h  i t  was  ca l ibrated  hav ing  d i s c o r d a n t  ca l ibrat ions .  T h e  u n c e r t a i n t y  c o u l d  b e  as 

m u c h  as a f a c t o r  o f  2 and  c a n  b e  c leared up  e v e n t u a l l y  w h e n  a r e l i a b l y  c a l i b r a t e d  t h e r m o p i l e  is 
a v a i l a b l e .  T h e  order  o f  m a g n i t u d e  o f  the  q u a n t u m  y i e ld  is n o t  a f f e c t e d ,  n o r  t h e  s h a p e  o f  t h e  spec-  

tra. 
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width was explored with the calibraing light. It was especially necessary to do 
this empirically since the closeness of the filters to the cuvette allowed oblique 
rays to enter. For  each filter a sensitivity factor,  C(X), was derived by graphical 
integration of  the following: 

- -  ( R ( ~ )  
C(k) = dK--~-  ~ dk (3) 

where k is the calibrating wavelength, k is the characteristic wavelength of the 
particular filter combinat ion (taken as the k for  peak R/KW} and C has the 
units mV • n m •  nE -1 • cm -2 • s- ' .  

When the fluorescence was measured the oscilloscope trace of  the output  
of  the de tec tor  was photographed and the area under the pulse was measured 
and will be designated P(X__) where k is the wavelength setting of the detector-  
mon oc h roma to r  or P(~) in the ease of filter combinat ion,-~.  The units are 
mV "s. 

The monochromator -de te rmined  spectrum of  Fig. 2 was calculated by: 

F(X) - P(~)K (4) 
SIS2 B D(h)  

where F(~) is the fluorescence per unit  area of  sample and per unit  wave- 
length interval as a funct ion of h in units of  nE • cm -2 • nm -1, S~$2 = mono- 
chromator  slit widths (1.5 mm, 2.5 ram), and B = bandwidth of  monochro-  
mator  per unit  slit-width (6.67 nm • mm-~). 

The spectra of  Fig. 3 were calculated according to: 

- -  P ( X )  

: c( -i (5) 
The other  spectra shown were calculated in the same way but  not  abso- 
lutely (the photomult ip l ier  voltages for  P and R may have been different).  

The methanol  extract  for  the exper iment  shown in Fig. 5 was made by 
adding cold, degassed methanol  to R-26 whole-cell pellets or R. sphaeroides 
Ga chromatophores  in the dark. The pellet was washed with 5 ml of  methanol  
three times. The ext rac t  was centrifuged to  separate the supernatant  from the 
pellet. The pellet was then suspended in 3% Tri ton,  20 mM MOPS, 100 mM 
KC1 and 1 mM MgC12 solution. BChl concentra t ion in methanol  supernatant  
was determined on the basis of  an ext inct ion coefficient  of  60 mM -~" cm -~ 
at 771 nm [6].  

Results and Discussion 

Fig. 1. shows the fluorescence spectra from R. sphaeroides Ga and R-26 
chromatophores  with 868 nm excitat ion using the interference-fil ter de tec tor  
system. Each spectrum shows a sharp peak at 445 nm, a broad peak around 
510--560 nm and a rising slope beyond 590 nm indicating a possible peak. 
Since the Ga mutan t  has carotenoids and the R-26 does not ,  it appears that  
carotenoids are no t  involved in this fluorescence. Fig. 2 shows another  fluor- 
escence spectrum of  R. sphaeroides Ga chromatophores ,  also excited by 868 
nm laser light, but  in this case the de tec tor  system was a monochroma to r  
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coupled to  the photomult ipl ier .  This spectrum also shows peaks at 440 nm, 
520--540 nm and a peak at 600 nm. Fig. 3 shows the fluorescence spectra 
of  R. sphaeroides Ga chromatophores  excited with 694 nm light and shows 
a peak at 443 nm. The solid curve in Fig. 4 shows a R. viridis fluorescence 
spectrum when this BChl b-containing bacteria, was excited with the 868 nm 
laser. It shows a peak at 445 nm and a broad peak from 520 to 560 nm. The 
445 nm peak is, however diminished when compared with the R. sphaeroides 
spectra. These figures show that  fluorescence spectra obtained with 868 and 
694 nm excitat ion for R. sphaeroides are very similar. The intensities of  fluo- 
rescence plot ted in Figs. 2 and 3 were measured absolutely as explained under 
Methods and quantum yields were calculated. The results are shown in Table I. 

The similarity of  the spectra taken with the monochroma to r  and with inter- 
ference filters gives credence to the calibration of  the filters and the monochro-  
mator.  However,  resolution of  these spectra are limited by the small number  of  
available filters and the broad band-width used with the monochromator .  

Measurements made with an empty  quartz cuvette and also with the buffer  
used to suspend the chromatophores  gave very little or no fluorescence at all. 
Different  chromatophore  samples prepared by different  individuals all exhibit  
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V e r t i c a l  sca les  o f  t h e  t w o  c u r v e s  n o t  c o r r e l a t e d .  

this visible fluorescence suggesting that  the fluorescing substance is not  a ran- 
dom impuri ty that  might vary with method of  preparation. If tne fluorescence 
were due to photodegraded pigments in the chromatophores ,  it should increase 
with increasing number  of  laser shots experienced by the sample. This is con- 
trary to experimental  observations. We conclude that  the fluorescing substance 
is probably natural to chromatophores .  

Fig. 5 shows an a t tempt  to fract ionate the chromatophores .  Chromato- 
phores of  R. sphaeroides Ga were treated as described under Methods. The 
resuspended pellet in buffer /Tr i ton solution and the methanol  supernatant  con- 
taining the pigments both showed no fluorescence with 868 nm excitation. 

T A B L E  I 

Q U A N T U M  Y I E L D S  O F  H I G H - O R D E R  F L U O R E S C E N C E  F R O M  R. S P H A E R O I D E S  

D a t a  F l u o r e s c e n c e  E x c i t a t i o n  D e t e c t o r  I n c i d e n t  P h o t o n s  E m i t t e d  Q u a n t u m  
f r o m  p e a k  k p h o t o n s  a b s o r b e d  p h o t o n s  e f f i c i e n c y  
F ig .  ( n m )  ( n m )  ( n E  - c m - 2 )  ( nE  • c m - 2 )  ( n E  - c m - 2 )  

3B 4 4 0  6 9 4  I n t e r f e r e n c e  3 8 . 5  2 .2  7.9 • 10-10  3 .6  • 10-10  

f i l t e r  
3 A  4 4 0  6 9 4  I n t e r f e r e n c e -  3 8 . 6  1 .6  5.1 • 10-10  3 .2  • 10-10  

f i l t e r  
2 4 4 0  8 6 8  M o n o c h r o -  2 5 . 2  10 .7  1 .4  - 10-8 1.3 • 10-  9 

m a t o r  
2 6 0 0  8 6 8  M o n o c h r o -  2 5 . 2  10 .7  2 .5  • 10-8 2.3 • 10-9 

m a t o r  
2 400 - - -600  8 6 8  M o n o e h r o -  2 5 . 2  10 .7  6 .2  - 10-8 5 .8  • 10-9 

m a t o r  
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However,  with 694 nm excitation, the pellet suspension showed a fluorescence 
signal (curve B) whose magnitude was 20--30% of that  of the chromatophore  
sample before extraction (curve C). The pellet suspension was very turbid as 
compared with the chromatophore  sample. Because the intensity is lower and 
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Fig .  5.  F l u o r e s c e n c e  s p e c t r a  o f  e h r o m a t o p h o r e  f r a c t i o n s  e x c i t e d  a t  6 9 4  n m .  V a r i a t i o n  in  l a se r  e n e r g y  w a s  

a p p r o x i m a t e l y  c o r r e c t e d  b y  d i v i d i n g  t h e  l a se r  e n e r g y  i n t o  t h e  a m p l i t u d e  o f  f l u o r e s c e n c e .  ( A )  M e t h a n o l  

s o l u t i o n  o f  B C h l  e x t r a c t e d  f r o m  R - 2 6  (u )  a n d  G a  ( v ) .  B C h l  c o n c e n t r a t i o n  = 7 .6  n m o l  • e r a - 2 .  M o n o c h r o -  
m a t o r  d e t e c t o r  s y s t e m ,  m t h e  s a m p l e  w a s  d i s c a r d e d  a f t e r  e a c h  l a s e r  f l a s h ,  p h o t o n s  a b s o r b e d  r a n g e  f r o m  

1 0 . 1  t o  1 4 . 7  n E  • c m  - 2 .  T h e  a b s o r p t i o n  s p e c t r u m  o f  t h e  d i s c a r d e d  s a m p l e  d i d  n o t  s h o w  a n y  d e g r a d e d  
p i g m e n t s ,  v ,  s a m p l e  w a s  d i s c a r d e d  a f t e r  t w o  s h o t s .  P h o t o n s  a b s o r b e d  r a n g e  f r o m  1 1 . 8  t o  1 4 . 7  n E  - c m - 2 .  
S l i g h t  d e g r a d a t i o n  o f  B C h l  w a s  o b s e r v e d  in  t h e  d i s c a r d e d  s a m p l e  a s  a b s o r p t i o n  i n c r e a s e s  a r o u n d  6 9 0  n m .  

(B)  R e p r e s e n t s  f l u o r e s c e n c e  f r o m  t h e  r e s u s p e n d e d  p e l l e t  o f  p i g m e n t - e x t r a c t e d  G a  c h r o m a t o p h o r e s  p r e -  
p a r e d  as  d e s c r i b e d  u n d e r  M e t h o d s .  T h e  c o n c e n t r a t i o n  o f  r e s u s p e n d e d  m a t e r i a l  Was  t h a t  c o m i n g  f r o m  t h e  
s a m e  v o l u m e  o f  e h r o m a t o p h o r e s  w i t h  a B C h l  c o n c e n t r a t i o n  = 8 . 8  n m o l  • c m - 2 .  T h e  s u s p e n s i o n  w a s  s t i r r e d  
b e f o r e  e a c h  l a s e r  s h o t .  I n c i d e n t  l a s e r  e n e r g y  r a n g e d  f r o m  5 1 . 5  t o  3 7 . 3  n E  . c m - 2 .  ( C )  R. Sphaero ides  G a  
c h r o m a t o p h o r e .  B C h l  c o n c e n t r a t i o n  = 3 . 5  n m o l  • e r a - 2 ,  a d i l u t i o n  f r o m  t h e  s a m e  s u s p e n s i o n  u s e d  f o r  t h e  
e x t r a c t i o n  o f  A a n d  B,  h o w e v e r ,  t h e  f l u o r e s c e n c e  r e a d i n g s  a re  m u l t i p l i e d  b y  8 . 8 / 3 . 5  f o r  c o m p a r i s o n  o n  
s a m e  s c a l e  a s  B.  P h o t o n s  a b s o r b e d  r a n g e  f r o m  2 .3  t o  3 . 5  n E  • e r a - 2  t h e  i n c i d e n t  e n e r g y  b e i n g  t h e  s a m e  as  
f o r  B.  B a n d  C r e a d i n g s  w e r e  t a k e n  a l t e r n a t e l y  o n  t h e  s a m e  d a y .  
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because the turbidi ty may have enhanced the scattering and because it did not  
respond to 868 nm excitat ion,  we believe that  this fluorescence has nothing to 
do with that  observed from the chromatophores .  

Fig. 5 also shows fluorescence from methanol  extracts of the pigments from 
both Ga and R-26 mutants  of  R.  sphaeroides (curve A). Both extracts contain 
the BChl while the Ga extract  also contains carotenoids and the R-26 does not.  
The spectrum of  fluorescence is seen to be the same from both, suggesting 
strongly that  it comes from the BChl. In vivo BChl has peak absorption at 
about  860 nm and absorbs well to 900 nm. When dissolved in methanol  the 
peak shifts to about  770 nm. This could account  for the response in vivo to 
excitation by 868 nm and the non-response in vitro. The first-order fluores- 
cence peaks would be at about  900 nm in vivo and 800 nm in vitro. Second- 
order fluorescence at half these wavelengths would be at about  450 nm in 
vivo and 400 nm in vitro. The 450 nm peak seen in Figs. 1--4 agrees with the in 
vivo prediction while Fig. 5 suggests that  the extract  may be forming a peak at 
400 nm or less. 

Other  evidence also suggest BChl to be responsible for  the visible fluores- 
cence. We found qualitatively that  for a fixed number  of input 868 nm pho- 
tons, the fluorescence was much stronger for  R. sphaeroides than R. viridis, 
consistent with the fact that  R. sphaeroides has BChl a and absorbs strongly at 
868 nm, while R. vir~idis has BChl b and absorbs very weakly at 868 nm. Simi- 
larly for  R.  sphaeroides, Table I shows that  the same number  of  incident 868- 
nm photons  produced much more fluorescence than 694-nm photons  and R. 
sphaeroides absorbs much more strongly at 868 than at 694 rim. T~is again 
suggests that  the fluorescence is related to the absorption spectrum of  the 
BChl. The difference in the quantum yield found with 694 and 868 nm excita- 
t ion is probably not  significant as they were done with different  detec tor  sys- 
tems but  can be partly accounted for by the difference in intensity of photon  
absorption and the non-linear dependence of the fluorescence on intensity. 
Thus it appears that  the species which is responsible for the fluorescence spec- 
tra in Figs. 1--3 is BChl a. 

Fig. 6 shows the dependence of  fluorescence intensity on intensity of excita- 
tion. As abscissa we chose "exci ta t ion ra te" ,  I, defined as the number  of pho- 
tons absorbed per s per ground-state molecule. Thus: 

d(S~ ) /d t  = I(So ) (6) 

where (S~) is the concentra t ion of excited singlet states and (So) of ground-state 
BChl. I is no t  uniform over the sample unless the absorption of  exciting light is 
small enough so that  its intensity does not  vary appreciably over the sample. 
Under such condit ions I is related to  I ' ,  the incident intensity (einsteins • cm -2 • 
s-l), to I0, the absorbed intensity (also einsteins • cm -2 • s -1) and to I v the inte- 
grated incident intensity of  the whole pulse (einsteins • cm -2) as follows: 

I =  2 . 3 I ' e  × 103 = Io/b = 2 . 3 I ,  e X 103/At (7) 

where e is the molar  ext inct ion coefficient  of  the absorbing species at the wave- 
length of  exci tat ion and b is the area concentra t ion (mol • cm-2) of  the absorb- 
ing species (ground-state BChl) in the cuvette and At is the average or effective 
width of  the laser pulse. For  this we take the width at half-height. If I ' ,  I0 and 
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Fig.  6. D e p e n d e n c e  of  f l uo re scence  m e a s u r e d  a t  d i f f e r e n t  w a v e l e n g t h s  on  e x c i t a t i o n  ra te ,  I. E x c i t a t i o n  

w a v e l e n g t h  = 868  n m .  C h r o m a t o p h o r e s  o f  R. sphaeroides Ga,  BChl c o n c e n t r a t i o n  = 1 .65 n m o l  • c m - 2 .  
Pulse w i d t h  t a k e n  as  25 ns. I n t e r f e r e n c e - f i l t e r  d e t e c t i o n  s y s t e m .  (A) D a t a  fo r  va r i ous  w a v e l e n g t h s  as  fol- 

lows:  i 4 4 5  r im; i 475  r im;  X, 525  r im;  $, 545  n m ;  o, 600  n m .  T h e  ve r t i ca l  scales w e r e  a d j u s t e d  to  m a k e  

p o i n t l ~ : : ' l c o m m o n  to all w a v e l e n g t h s .  D a t a  for  " 6 0 0 "  n m  (o) were  o b t a i n e d  w i t h  an  i n t e r f e r e n c e  f i l ter  
t h a t  n o r m a l l y  h a d  i ts  t r a n s m i t t a n c e  m a x i m u m  a t  608  n m  b u t  gave a b r o a d  t r a n s m i s s i o n  f r o m  560  to  
6 0 0  n m  w i t h  s c a t t e r e d  l ight .  (B) 525  r im. (C) 6 0 0  r im. In A, B and  C, t he  sol id  l ines,  label led F 2, are 

p lo t s  o f  t he  squa re  of  t he  solid curve  in  Fig.  7 w h i c h  f i t s  f i r s t -o rde r  f l uo re sc e nc e  da ta .  Ver t i ca l  scales  

a d j u s t e d  to  f i t  p o i n t s  a t  l ow in t ens i t y .  T h e  d a s h e d  l ines  are  p r o p o r t i o n a l  to  F 3. The  d o t t e d  l ines are pro-  
p o r t i o n a l  to  I 1 . 2 5  B o t h  t h e  F 3 a n d  the  I 1.25 p lo t s  have  ver t ica l  scale a d j u s t e d  to  b e s t  overal l  f i t  to  t he  
da ta .  

Ip are evaluated in terms of photons  instead of  einsteins the corresponding rela- 
tions are: 

I = I ' a  = I o / n l  = I p a / A t  (8) 

where a is the absorption cross-section (cm 2 • molecule- ' ) ,  n is the concentra- 
t ion of  absorbing species (ground-state molecules • cm-3) and l is the path length 
(cm). 

The curves of  Fig. 6 show a fairly linear dependence on I with a slight con- 
czvity upward. The t ime available did not  allow us to measure the first-order 
fluorescence which would require infrared techniques. However, for  compari- 
son, we have the extensive data of  Monger et al. [7] and of  Monger and Parson 
[8] which was gathered under condit ions of sample and laser pulse very similar 
to ours. This data is replot ted  in Fig. 7 which also includes some from 
Mauzerall [9,10] on chloroplasts. It  is seen that  in the same range of  excitat ion 
the first-order fluorescence falls off  drastically f rom linearity. In fact it can be 
shown [16] that  the fluorescence falls off  faster than can be explained by sin- 
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Fig. 7. D e p e n d e n c e  of  f i rs t -order  f luorescence  o n  exc i t a t ion  ra te .  Da ta  on  f i rs t -order  f luorescence  yields 
t a k e n  f r o m  Monger  et al. [ 7 ] ,  R. sphaeroides (2 .4 .1)  ( the i r  Fig. 5) (lillll), Monger  and  Parson [8]  ( the i r  
Figs. 6A ( / / / / / / )  and  6B ( \ \ \ \ \ \ ) ,  R. sphaeroides (2 .4 .1)  and  Ga, resp. ,  and Mauzeral l  [ 9 , 1 0 ]  Chlorella (his 
Fig. 1) (e ) ,  mu l t ip l i ed  b y  the i r  exc i t a t ion  in tensi t ies  to  get  f luorescence  in tens i ty .  Th e  abscissa, I ,  is 
f igured  f r o m  Monger  et  al. [7 ]  b y  dividing t he  a b s o r b e d  in tens i ty  given by  t h e m  by  15 ns, the i r  pulse 
w id th ,  and  by  b = 47 #M • c m .  I t  is f igured  f r o m  Monger  and  Parson [8]  by  dividing inc iden t  p h o t o n  inten-  
sity given b y  t h e m  b y  the i r  pulse w id th ,  20 ns, a nd  m u l t i p l y i n g  b y  a e s t i m a t e d  f r o m  the i r  given BChl con- 
c en t r a t i ons  and  p e r c e n t  absorp t ions .  The  exc i t a t i on  in tens i ty  scale used  b y  Mauzeral l  is X = hits  per  
p h o t o s y n t h e t i c  un i t  pe r  laser pulse.  It  is c o n v e r t e d  to  I b y  d iv id ing  by  the  pulse wid th ,  7 ns, an d  b y  N, the  
n u m b e r  of  ch l o rophy l l  mo le c u l e s  pe r  p h o t o s y n t h e t i c  un i t  e s t i m a t e d  b y  h im  to  be  100.  His c o n c e n t r a t i o n s  
were  so low t h a t  only  a smal l  f r ac t i on  of  i nc iden t  l ight  was  a b s o r b e d  (personal  c o m m u n i c a t i o n ) .  Th e  solid 
curve  is Eqn .  9. Ver t ica l  scales of  da t a  ad jus ted  for  bes t  overal l  fit. Ord ina te  scale given is in un i t s  of  F 
c o r r e s p o n d i n g  to  ca lcu la ted  curve .  

glet-singlet annihilation. A similar non-linear dependence on excitation inten- 
sity has been observed in the formation of  triplet states of  chlorophyll,  bacte- 
riochlorophyll  and carotenoids. Mathis [11] noticed such a dependence on 
laser intensity of  carotenoid triplet states in chloroplasts and suggested triplet- 
triplet annihilation as an explanation for the decrease in quantum yield at high 
intensities. The same phenomenon was noticed earlier in bacteria by Parson 
[12] and by Seibert and DeVault  [13] wi thout  understanding that carotenoid 
triplets were involved until so diagnosed by Cogdell et  al. [14].  Monger et al. 
[7] measured the dependence on laser intensity again and suggested singlet- 
triplet fusion as the cause for decrease of  quantum yield of  BChl triplets, of  
carotenoid triplets and of  fluorescence. Mauzerall [9,10] and Campillo et al. 
[15] both measured a falling off  of  quantum yield of  fluorescence from 
Chlorella with increasing excitation intensity. Mauzerall suggested a model  in 
which photons  hitting a photosynthet ic  trap after the first hit are destroyed 
wi thout  fluorescing while CampiUo et al. [15] suggested singlet-singlet annihila- 
tion. 

In Fig. 7 the ordinate, labelled F, applies to the solid curve which is calcu- 
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lated according to the equation: 

F = (1 + C / D )  + x/(1 + C / D )  2 + C (9) 

where C = 1 . 3 3 . 1 0  -7 I, and D = 10. For present purposes we may regard 
Eqn. 9 as empirical, fitting the first-order data as shown. F is thus proportional 
to the concentration of singlet excited states. 

In Fig. 6 the curves labelled F ~ and F 3 are proportional to the squares and 
cubes, respectively, of F as given by Eqn. 9. For the F 2 curves the proportional- 
ity constant  was chosen for best fit at low excitation intensity. The F 3 curves 
were given best over-all fit to the data. Also shown in Fig. 6 are curves which 
are proportional to I T M  with ordinates adjusted for best over-all fit. The data 
of  part A (Fig. 6) might give a tolerable fit to F 2. However, the other data defi- 
nitely do not  fit F 2. All three parts fit F 3 fairly well and parts B and C (Fig. 6) 
are even better fi t ted by 1 l"~s. The conclusion from this is that  if the higher 
order fluorescence is the result of exciton interactions they are probably at 
least third-order. A more thorough analysis will be given in another paper [16]. 
In it we take account of possible singlet-triplet interactions. We use data from 
Monger and Parson [8] which indicate that  triplet state concentrations under 
conditions similar to ours are approximately proportional to/0.40 in the range 
of I with which we are concerned. In the same range the first-order fluores- 
cence is approximately proportional to /0.42. Curves B and C of Fig. 6 are 
found to fit I T M  and I ''3° even better than 11"2s. Various combinations of possi- 
ble singlet and triplet interactions will give exponents adding approximately to 
these. 

Several people have suggested that  we consider two-photon absorption pro- 
cesses. We tended to rule these out  on the basis that  excitation by 868 nm gives 
the same results as excitation by 694 nm (compare Fig. 3 with Figs. 1 and 2). 
At the urging of Professor R.M. Hochstrasser we reconsider the idea with his 
suggestion for successive photon absorptions: 

I1 I2 
So --+ SI  *,~--+ S~ --~ S,, *--"--+ Sn ~ Fluorescence 

Relaxation 

The S's represent various singlet states of BChl. $1" and Sn* are higher excited 
states relaxing rapidly to S~ and Sn, respectively. These allow different excita- 
tion wavelengths to give finally the same states. I1 and I2 are the incident pho- 
ton flux multiplied by absorption cross-sections for ground state and first 
excited singlet state, respectively (See Eqns. 7 and 8). In the steady-state dur- 
ing a laser pulse the concentration of S,  and, therefore, the intensity of higher- 
order fluorescence should be proportional to Is and to the concentration of 
S~. 12 is proportional to I and [$1] is proportional, as we have already said, 
to/0.4 in the range of interest. This would make the fluorescence proportional 
to I ~'4 which is in fair agreement with the data of Fig. 6. On the basis of present 
data we must, therefore, consider two-photon absorption as another possible 
explanation. This process would be accompanied by whatever exiton annihila- 
tions are necessary to yield [S~] proportional to/o.4. 

The meaning of the near-linearity of the curves of Fig. 6 is that  the processes 
producing this fluorescence or other processes with the same power depen- 
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dence on I (such as the corresponding radiationless decay paths) must be the 
principle mode of excitation decay in the range of interest. Any group of pro- 
cesses which have the same power dependence on I and which nearly mono- 
polize the decay paths would have to show linear dependence on I because the 
total decay rate must equal the excitation rate. This assumes we have approxi- 
mately steady-state conditions during the laser pulse. This seems reasonable 
with regard to the singlet states because their lifetimes are short compared to 
the width of the laser pulses. 

The quantum yields (~ 10 -9) shown in Table I are reasonable as one expects 
the radiationless decays from higher excited states to be much faster than 
radiation. 

It is tempting to try to identify the peaks in the spectra of Figs. 1--4 with 
transitions observed in absorption. We expect the corresponding absorption 
peaks to occur at up to 20--30 nm shorter wavelengths. We don ' t  know any- 
thing to which the 530 nm, (broad) peak could relate. However, the 600 nm 
peak is close to the 590 nm absorption, 1A--1Qy [ 17] and the 445 nm peak might 
correspond to a shoulder on the 375 nm absorption band. This shoulder is seen 
in solution to shift from 390 to 440 nm depending upon the solvent [18--20]. 
Perhaps our 530 nm band represents emission from a virtual state formed dur- 
ing collision between excitons and the broadness might represent an indefinite- 
ness in the conditions of  collision. 

In summary we have reported a new way of probing the higher excited states 
of molecules: Observation of emission at wavelengths shorter than that  of the 
exciting light. This method is free from the usual difficulty encountered with 
such studies. As pointed out by Hochstrasser and McAlpine [21] weak emis- 
sion observed by direct excitation in the ultraviolet of a molecule to states 
higher in energy than the first excited state is often not  really emission from 
the higher excited state but is emission from the first excited state of some 
impurity that  absorbs strongly at the excitation wavelength. In this paper we 
have demonstrated emission from higher excited state of BChl populated 
through exciton-exciton annihilation, or through second photon absorption. 
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