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SUMMARY 

The interaction of water with chlorophyll may have far-reaching effects on the 
spectral properties of chlorophyll. We have devised a vapor phase chromatographic 
procedure for the determination of water in chlorophyll. The dehydration, hydration, 
and hydrates of chlorophylls a and b have been explored with the aid of this analytical 
procedure. Absorption spectra in  the visible and infrared are presented for chloro- 
phyll-water systems of known composition. 

INTRODUCTION 

That  the coordination properties of magnesium are implicated in chlorophyll 
behavior appears to have been first suggested by EVSTIGNEEV et al. 1. However, it is 
recent nuclear magnetic resonance (NMR) 2 and infrared 3-7 spectroscopic investi- 
gations that  have provided a firm experimental basis for the view that  the coordination 
properties of magnesium are a decisive factor in many  chlorophyll phenomen#.  As 
shown in the usual chlorophyll structural formula, magnesium has the coordination 
number 4- The evidence is quite conclusive, however, that  at least one of the axial 
magnesium positions must always be occupied by  an electron donor molecule. In 
nonpolar solvents, in the absence of extraneous nucleophiles, another chlorophyll 
molecule acts as the electron donor. The keto oxygen function of one chlorophyll 
molecule enters the coordination sphere of the magnesium atom in another chlorophyll 
molecule, and the Mg---O=C coordination interaction then results in the formation 
in these solvents of chlorophyll dimers~, 8 and oligomers 9. Nucleophiles such as 
alcohols, ethers, ketones and the like can compete for the coordination site at 
magnesium to disaggregate the chlorophyll-chlorophyll aggregates. Thus, in polar 
solvents, chlorophyll as shown by NMR and infrared studies, occurs as the monomer 
mono- or di-solvate 9,1~. Water turns out to be a particularly interesting nucleophile 
for chlorophyll. By virtue of its molecular size, and its amphoteric nature as manifest 
by its ability to act both as an electron donor as well as to form concurrently two 
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hydrogen bonds, water interacts with chhn<@ayi1 (in suitable m~llp<)lar >()lvcntm: t~, 
form chlorophyll-water adducts of an unusual nature. These ~hh)r~@lyll water 
adducts are held together by a water molecule coordinated to the ccntral ma:~m,>ium 
atom of one chlorophyll molecule and simultaneously hydrogen bonded t~, t!te kct~) 
and earbomethoxy earbonvl oxygen functions of another chlorot)hyll m<,lccule: 

ester ( ()---H - ( )  - H---()-C kcto 

Repetition of this process results in aggregates or micelles of colloidal dimensions u. 
Chlorophyll-water micelles constituted by this repeating unit are observed to have an 
absorption spectrum strongly shifted to the red, and a narrow, completely reversible 
photo electron spin resonance (ESR) signal is obtainedwhen the micelles are illuminated 
with red light 1~. The discovery of these chlorophyll-water micelles and their remark- 
able photo-activity have provided the basis for a new hypothesis for the primary light 
conversion step in photosynthesis 13. 

There are clear intimations in the prior literature of the importance of chloro- 
phyll-water interactions. Thus, LIVINGSTON AND WElL 14 noted that chhm)phyll 
dissolved in pure dry hydrocarbons "is {practically) non-fluorescent". The addition 
of water (or other bases) activated tile fluorescence. 

JACOB~ et al. 15 found that water was required to produce "crystalline" chloro- 
phyll; an X-ray diffraction pattern could only be obtained when the chlorophyll was 
precipitated in the presence of water. Other effects of water were also noted. 
BELOVTSEVA et al. 16 and ANDERSON ANI) CALVIN 17 found that removal and addition of 
water affected the X-ray diffraction pattern of chlorophyll. KHOLOMOC, OROV :XNI) 
TERENIN 18 a n d  ANDERSON AND CALVIN 1~ noted that water and/or oxygen were involved 
in the production of a photo-ESR signal from solid chlorophyll. The infrared spectra 
of chlorophyll were likewise earlier noted to be sensitive to water by KAR~'AK1N 
el a l )  9,2° and by SIDOROV AND TERENIN 21. More recently, SHERMAN AND WANG "~2 

have again examined the effects of water on the infrared, visible absorption "a and 
ESR2~, ~-5 spectra of chlorophyll a. SHH~MAN AND WAN62z confirmed and extended 
many of the earlier observations. Because no interpretation of the experimental 
results on the effects of water could be made, the common basis tor the effects of 
water on the X-ray diffraction, visible, infrared, NMR and ESR spectra of chlorophyll 
noted by many, of these investigators (and others not mentioned here) was not fully 

appreciated. 
The basic facts about the hydration, dehydration, and hydrates of the chloro- 

phyll were also not established, and there are conflicting statements in the literature 
about the nature and composition of chlorophyll hydrates ~, 2,. 

The present investigation shows that chlorophyll prepared by the recipes of 
JACOBS el al. 15 and ANDERSON AND CALVIN 29, so-called "crystalline" chlorophyll, 
approximates the composition of the monohydrate, Chl. H20. X-ray diffraction data 
in the literature 15,16,a, thus are actually those for (Chl. H20)n micelles. The effects of 
water are especially important in the visible absorption spectroscopy of chlorophyll, 
and such experiments require careful control of the water content of the system to be 

interpretable. 
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EXPERIMENTAL 

Chlorophyll 
The chlorophyll used in these experiments was prepared by the method of 

STRAIN AND SVEC 31. In this procedure, the chlorophyll is precipitated in the presence 
of water and the product generally pumped in a lO -2 mm vacuum at room tempera- 
ture. 

Vapor phase chromatographic procedure for water in chlorophyll 
The method depends on the separation of water on a Porapak Q column 

(Brochure, Waters Associates, Framingham, Mass., U.S.A.) and its detection by a 
thermal conductivity cell. The use of the organic polymer together with a shorter 
than usual column eliminates the usual tailing of the water peak commonly encoun- 
tered when using vapor phase chromatography for the quantitative estimation of 
water. The smallest amount of water we can measure with confidence is about 0.2 t~g, 
or I ppm of H20 given a sample volume of 200 ~1. Because nonpolar solvents appear 
considerably later on a Porapak Q column than the water, there is no interference 
in the water determinatioax by a large solvent peak. To determine the water content 
of a chlorophyll sample, the chlorophyll is dissolved in a suitable solvent, generally 
benzene or cyclohexane containing a known amount of an internal standard, and the 
chlorophyll solution or aliquots of it are injected into the gas chromatograph. 

A Varian Auto.prep Model A 700 gas chromatograph with a W-X rhenium- 
tungsten thermal conductivity detector equipped with a recorder with full-scale 
deflection of i mV was used. The thermal conductivity filaments were operated at 
250 mA. A 4o-cm by 6-mm inner diameter stainless steel column was packed with 
uncoated Porapak Q. The oven temperature was maintained at IIO°; the injection 
port and the detector temperatures were 18o ° and 13 °0 respectively. Helium gas was 
used as the carrier at a head pressure of 3.2 a tm and a flow rate of approx. 4o ml/min; 
the optimum gas flow is determined for each new column. A 6o-cm drying tube 
containing Linde Molecular Sieve 5 A was positioned between the helium cylinder 
and the gas inlet of the chromatograph. To stabilize operation conditions, the instru- 
ment was not shut down overnight or weekends. 

A careful investigation was made to ascertain the optimum injection port 
temperature. If the temperature is too low, ligands coordinated to the chlorophyll 
may  not be liberated. If the temperature is too high, the chlorophyll may be pyrolyzed 
and a methanol peak may be detected from the decarbomethoxylation a2 or other 
decompositions of the chlorophyll. Thermal decomposition of chlorophylls a and b 
with evolution of volatile products becomes significant at injection port temperatures 
above 200 ° . The injection port temperature was set by determining the recovery of 
known amounts of water and acetone added to anhydrous solutions of chlorophyll 
in benzene. In the range 18o-2oo ° , recovery is complete and interference by  decom- 
position products of the chlorophyll can be neglected. The quantitative recovery 
of water indicates that  chlorophyll does not bind water significantly under our 
operating conditions. 

To render the procedure quantitative, standard solutions are used for cali- 
bration. Benzene was dried with silica gel and calcium hydride. Acetone was dried 
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over silica gel and  \vas added  as in ternal  standccrd t(~ d ry  benzene to nlakc a solut ion 
0.04% by weight.  Acetone is preferred to e thanol  as in ternal  s t andard ,  as we have 
observed alcohololvsis ~f chlorot)hyll  in the presence of ethanol.  Known amounts  
()f water  (o.oo 5 o.o ~°'.t o by. weight) \\:ere added,  5o-td samples  were injected with  a 
Hami l ton  cons tan t  rate  syringe, and  the relat ive peak heights  of the acetone and 
water  measured.  Peak heights  were used ra ther  than  peak areas because of the large 
errors inherent  in measur ing the hal f -widths  of the very nar row water  peaks..- 'ks a 
fur ther  check on the ca l ibra t ion  procedure,  the s t a n d a r d  solutions were compared  by  
vapor  phase chromatography and Karl  Fischer  t i t r a t ion  performed with a Beckman 
K F  3 Aqualneter .  Agreement  between the two procedures was excellent.  

The chlorophyl l  sanlple is dissolved in 20o td ~f d ry  benzene conta in ing  a 
known amoun t  of acetone. In  a dupl ica te  de te rmina t ion  two 5o-/zl por t ions  of this 
solut ion were in jec ted  d i rec t ly  into the gas chromatograph .  The volulnes 200 and 5 ° 
/zl were chosen to keep the re la t ive  errors caused by  volunle measurements  and 
solut ion evapora t ion  small. The s t a n d a r d  devia t ion  of our water  de te rmina t ion ,  as 
de te rmined  with  s t a n d a r d  solutions conta in ing  5.0 /~g H20[5o/xl  is ~_ o.I 5 ttg H 2 0  
with  a s t anda rd  solut ion conta in ing  0. 9 /~g H.)O/5o /~1 i t  is _4_ o . i  7 /~g H20. The 
p ick-up or loss of water  is the main  source of inaccuracy  when amounts  as sinall as 
i - i o / , g  of water  are to be de te rmined .  \Ve followed the s t a n d a r d  precaut ions  eoulmon 
ill the u l t ramicroana lys i s  of water3S.:~t A n i t rogen-purged  glove-box was used for 
manipu la t ions  and transfers.  Dry ing  opera t ions  were carr ied out  on a vacuum line. 
Solut ions were kep t  in flasks with capi l la ry  necks f i t ted with Teflon stoppers.  Though 
a water  b lank  cannot  be avoided,  it  must  be kept  cons tan t  and  as low as possible. 
In  our case tile b lank  for all s teps of the water  de t e rmina t ion  was found to be from 
i . o - I . 8  /~g H,,O/5o /zl, depending  main ly  on the ini t ia l  water -conten t  of the acetone- 
conta in ing  benzene used to dissolve tile chlorophyll .  For  a given ini t ia l  water  content ,  
the b lank  could be reproduced  within -4- o.2-o.3 t~g H,,O, thus allowing a water  
de t e rmina t ion  in a chlorophyl l  sample to within - -  8 lO% for an amount  of about  
5 t~g H',O/5°/~1. This amoun t  of water  is equivalent  to a sample  of about  I mg chloro- 
phyl l  a '  m o n o h y d r a t e  dissolved in a 2oo/~,1 volume. For higher accuracy  in measur ing 
the ch lo rophy l l -wa te r  mole rat io,  about  3 ing Chl a. H20 were dissolved in i5o ~1 of 
solvent ,  resul t ing in a sample conta in ing  ahout  20 t~g H.~O/5o t~1. In  this case, the 
error  of the  b lank  cont r ibutes  less to the overall  re la t ive  error, which then drops t~ 

J= 5-() %- 
I t  (;an be seen from the foregoing tha t  a water  de t e rmina t ion  on a chlorophyl l  

sample,  or in a solution even as di lute  as Io a M, can be carr ied out  with reasonable  
accuracy  when the chlorophyl l  and  water  are present  in equiva lent  amounts ,  and  a 
sufficiently large sample  is in jec ted  into  the chromatograt)h.  To pr(we tha t  chlorophyl l  
is anhydrous  by  the vapor  phase chromatograph ic  ana ly t ica l  technique is a l a t he r  
different  problem. A larger chlorophyl l  sample  (5 rag) makes  i t  possible to de tec t  an 
amoun t  of wate r  equivalent  to less than  i mole % of the chlorophyll .  In f ra red  spectro-  
scopy in the  water  s t re tch  region is a valuahle  ad junc t  to set a lower l imit  for the 
wate r  content  of a chlorophyl l  solution. By the use of concen t ra ted  chlorophyl l  
solut ions and  a long l ight pa th  (5 mg/ml,  io  m m  quar tz  cell), in agreement  with the 
observat ions  of RAPPAPORT 35, w e  ( ' an  s h o w  tile solution to conta in  less than  ~o a M 
water .  For  a Io  -2 M chlorophyl l  solution, this  establishes a ch lo rophy l l -wa te r  ra t io  

o f  i o o o  : I .  

lliochim. Biophys. Acla, 18o (1969) 347-359 



C H L O R O P H Y L L - - W A T E R  I N T E R A C T I O N S  351 

R E S U L T S  

Water content of chlorophyll as received 
Chlorophyll prepared by the methods of STt~AIN AND SVEC 31 is precipitated in 

the presence of water from aliphatic hydrocarbon solution. I t  is, therefore, not 
surprising that  it contains water. Routine analysis of a series of chlorophyll prepa- 
rations show the chlorophyll-water mole ratio to vary from 1:o. 9 to I :I.15 (Table I). 
The usual product is thus close in composition to (Chl-H20)n, and except in critical 
applications, can be taken as such. Equilibration of chlorophyll a in ordinary air 
gives the monohydrate very closely, and dehydrated chlorophyll exposed to the 
atmosphere will gradually reform the monohydrate. 

T A B L E  I 

ANALYSES OF CHLOROPHYLL a WATER ADDUCTS 

S a m p l e s  w e r e  p u m p e d  a t  lO -2  T o r r  f o r  t h e  i n d i c a t e d  t i m e  a n d  t e m p e r a t u r e .  P r e p .  i a s  r e c e i v e d .  
P r e p s .  2 a n d  3: d r i e d  b y  c o - d i s t i l l a t i o n  a t  r o o m  t e m p e r a t u r e  w i t h  CC14, 3 t i m e s .  P r e p .  4 :  f i lm 
d e p o s i t e d  f r o m  c a r b o n  t e t r a c h l o r i d e  s o l u t i o n ;  h y d r a t e d  w i t h  w a t e r  v a p o r  a t  5 °0  f o r  5 d a y s .  
P r e p s .  5 a n d  6:  s o l u t i o n  in  c a r b o n  t e t r a c h l o r i d e  h y d r a t e d  w i t h  w a t e r  v a p o r  a t  23 ° f o r  3 d a y s .  
P r e p .  7 : s o l u t i o n  in  b e n z e n e  h y d r a t e d  w i t h  w a t e r  v a p o r  a t  23 ° f o r  3 d a y s .  P r e p s .  8 a n d  9 : h y d r a t e d  
in  H 2 0 - c y c l o h e x a n e  e r l m l s i o n  a t  23 °, f o l l o w e d  b y  e v a p o r a t i o n  w i t h  w e t  N~. P r e p .  IO: h y d r a t e d  
b y  b u b b l i n g  w e t  N 2 g a s  t h r o u g h  n - o c t a n e  s o l u t i o n  fo r  2o  h .  

Prep. Sample treatment Sample size in Water found Chlorophyll/H20 
No. 5 ° I M benzene (tzg ~ 0. 5 I~g) (mole ratio) 

Temp. Time (12g chlorophyll a) 
(h) 

I 23  ° 0 . 3  5 0 0  1 0 . 2  I : I .OO* 

2 23 ° 0 .3  4 0 0  1.6 1 : 0 . 2 0  
3 7 °0  2 593  ° 0. 4 1:O.OO 3 
4 23 ° 24  275 6. 4 1 :1 .15  
5 23 ° I 47 ° lO. 4 I : I . I O  
6 23 ° 24 220  4 .7  1 :1 .o5  
7 23 ° 24 390  9 .0  1 :1 .15  
8 23 ° I 275 4 .6  1 :O.85  
9 23 ° 24 275  2 .9  1:O.5O 

IO 23 ° 4 590  13.5 1 : 1 . 1 5  

* T h i s  s a m p l e  h a d  A 74o m~/M 665 m u > IO in  h e x a n e  s o l u t i o n .  

Chlorophyll b is more variable in composition; in general as received it will 
have a water content lying between 3:2 and 2:1 (Table II). A chlorophyll b mono- 
hydrate forms with far more difficulty than is the case for a. Thus, in the case of 
chlorophyll b, it is preferable to carry out the hydration of the dried b under controlled 
conditions if a hydrate of known composition is desired. 

Dehydration 

Chlorophyll a can be thoroughly dried by  the following procedure: the chloro- 
phyll as received is dissolved in dry CC14, and the solvent evaporated at room 
temperature in a stream of dry nitrogen. This procedure is repeated 3 times. The 
chlorophyll is then heated at 60-80 ° in a good vacuum for 2 h. Column chromatog- 
raphy on powdered sugar of the product shows that  no degradation of the chlorophyll 
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Saint) los were pumpe{ l  ;it i{} 2 21"{}rr f o r  the  i nd i ca ted  t i m e  a im ten]pc ' ra turc ,  l 'R,t)s. I and 2 cl~ 
received. Preps. 3 {): { l r ied 1}y co -d is t i l l a t i on  at r o o i ] l  t { u n p c r a t u r e  wi th  ( ' ( ' [ I ,  3 till/t.s. I>rc i )s .  7 
and S: film deposited froin carbon tetrachlori(le solutioi] h ) ' { l r a t e { 1  with xtater vap{}r at 5 ° fi,r 
5 days. Preps. 9 ttlld IO: solution in carl)on tctrachlorid{: hy{lratcxl with wator vat){}r ;It 23 lt}r 
3 days. Preps. i I  and 12: solution in I}enzene hv{Irated with water vapor ;it 23 for g (lays. 

t)rcp. Sample treatmenl Samplc size in It "atcrf(mnd ChA,r,phyll b/HeO 
.5o I d b~'nzcnc (Ire + o. 5 it. ") (mol~' ratio) 

No. Temp. "l'z~m (l~g chlorophyll b) 
(ki 

1 2 3  {}.3 4(} o 4 . 2  t : o . 4 5  
2 23 0.3 3 '~o 4.5 I :o.{)o 
3 23  2 415 5.~} 1:0.7o 
4 7 ° -' 415 2.9 1:o.35 
5 5 °2 I 248{) 1.8 I :o.o 4 
0 7 ° 2 3  5 1 2 o  i . o  1 :o.{} i 

7 2 3  ] 3 6 5  7 . 5  I : 1 . o  5 

8 23 ( 24 555 6.5 i :o.6o 
9 2 3  1.5 555 11.5 I :I.O5 

I(} 23 24 385 6.9 I :0.9O 
I I 23 1 43 ° (3. 4 I :0.75 
I 2 23 24 430 6. [ I :0.7O 

occurs  f rom th is  t r e a t m e n t .  Ana lys i s  by  v a p o r  phase  c h r o m a t o g r a p h y ,  conf i rmed  bv  

in f r a red  s tudies ,  shows the  ch lo rophy l l  a o b t a i n e d  b y  this  d r y i n g  p r o c e d u r e  has  a 

c h l o r o p h y l l - w a t e r  mole  ra t io  of a t  least  IOO: I (Table  I). A n h y d r o u s  ch lo rophy l l  a is 

su rp r i s ing ly  soluble  in a l ipha t i c  h y d r o c a r b o n s ,  and  an o . I  M so lu t ion  in n -hexane  or  

d o d e c a n e  can  easi ly  be formed.  A fi lm of such  t h o r o u g h l y  d e h y d r a t e d  ch lo rophy l l  a is 

qu i t e  hygroscop ic ,  and  m u s t  be  p r e s e r v e d  f rom c o n t a c t  w i th  air  t{} p r e v e n t  some  

w a t e r  p ick-up .  
Ch lo rophy l l  b re ta ins  w a t e r  m u c h  more  t e n a c i o u s l y  t h a n  does ch lo rophy l l  a;  

even  a f t e r  h e a t i n g  at  7 °o for 2 h in a good  v a c u u m ,  a c h l o r o p h y l l - w a t e r  ra t io  of 

I : o . 3 1  is st i l l  obse rved  (Table  I I ) .  Co-d is t i l l a t ion  wi th  CCI 4 or  benzene  a t  t)o u n d e r  

a t m o s p h e r i c  pressure  has  been  found  to  be a s imple  and  r ea sonab ly  ef fec t ive  w a y  of 

r e m o v i n g  w a t e r  f rom ch lo rophy l l  b. T h e  b is d i s so lved  in a smal l  a m o u n t  of d r y  benzene ,  

i m m e r s e d  in a 6o ° s i l icone oil  b a t h  and  the  so lven t  r e m o v e d  in a s t r e a m  of d r y  

n i t rogen .  Th is  p rocedure  is r e p e a t e d  3 t imes.  The  film is t h e n  h e a t e d  at  5 o  for I h at  
i o  2 ram.  In  our  exper ience ,  t he  ch lo rophy l l  b o b t a i n e d  b y  this  p r o c e d u r e  has  a 

ch lo rophy l l  b ~ w a t e r  mole  ra t io  of at  leas t  25 :1 .  F o r  d e m a n d i n g  app l ica t ions ,  t he  
d e h y d r a t i o n  p rocedure  can  be r e p e a t e d  severa l  more  t imes ,  and  the  chloropi~yll  b 
f inal ly  h e a t e d  to 6 o - 7  o° for severa l  hours  in a high v a c u u m .  A n h y d r o u s  ch lo rophy l l  b 

is d i s t i n c t l y  tess soluble  in a l ipha t i c  h y d r o c a r b o n s  t h a n  is a;  5 '  IO " M so lu t ions  of 
c h l o r o p h y l l  b in c y c l o h e x a n e  or  n - b u t y l  c y c l o h e x a n e  can  be  r ead i ly  p repa red ,  b u t  

t he  so lub i l i t y  of b in s t r a igh t  cha in  h y d r o c a r b o n s  is d i s t i nc t l y  less. 

Hydrat ion  
Chlorophy l l  can  be  h y d r a t e d  e i the r  as a f i lm or in solut ion.  F i lms  are  p r e p a r e d  

i n ' g l a s s  v ia l s~f rom d r y  ca rbon  t e t r a eh lo r i de  so lu t ion  b y  e v a p o r a t i o n  in a s t r e a m  of 
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dry nitrogen while rotating the vial. To achieve equilibration in a reasonable time, 
thin films are essential. We have found that  a minimum water vapor pressure is 
required to effect hydration. Below a vapor pressure of 12 ram, chlorophyll films pick 
up no significant amounts of water. Hydrat ion of chlorophyll a films proceeds fairly 
rapidly at 40-50 °. Superficial water can then be removed by pumping in a vacuum for 
an hour at room temperature. These procedures produce a product with a chlorophyll- 
water ratio of I : I  4-o.1. Long continued pumping at room temperature does not 
remove further water; once the (Chl. H20 ) film is formed, it is stable to pumping even 
for 24 h. 

A convenient procedure for the hydration of chlorophyll a in solution was 
devised. This procedure should be considered as a possible alternative to the "shaking 
with water" step in the conventional chlorophyll a preparation. 

Chlorophyll is dried by CC14 co-distillation two times, and then dissolved in 
n-octane to give a 2-  4 mM solution. Water-saturated N~ gas is slowly bubbled 
through this solution for a minimum period of 8 h for every lO--2o mg chlorophyll a 
present. The chlorophyll a will precipitate as hydration proceeds. The hydration of 
chlorophyll a can be easily followed by  observing the spectrum in the visible region'.  
As hydration occurs the 665/675-nm band of the anhydrous chlorophyll a decreases 
and the 743-nm band of the (Chl a ' H i O)n  in the supernatant solution increases. 
When a ratio of about io for A743ml,/A665mtz is reached, the hydration can be 
taken as completed. The solution is then centrifuged (IOOOO rev./3o min) and the 
precipitate washed at least 3 times with low boiling light petroleum (b.p., 30-60 °) 
to remove the octane and any incompletely hydrated chlorophyll a. The final precipi- 
tate obtained by centrifugation under the conditions cited is then pumped on at room 
temperature in a lO -2 m m  vacuum for at least 4 h. The chlorophyll a hydrate so 
obtained has a chlorophyll a/H20 mole ratio of i : I.O ~ o.i. 

Chlorophyll a can also be hydrated by slow evaporation from water-saturated 
CC14 or benzene. The solvents are allowed to evaporate slowly (2 or 3 days) under 
vacuum in a water-vapor saturated atmosphere. The films of hydrated chlorophylls 
are then pumped on at at least lO -2 Torr for I h. The hydrate so obtained has a 
chlorophyll-water mole ratio of I : I -¢- o.I. This hydrate is likewise stable to prolonged 
pumping in vacuum at room temperature. 

If the chlorophyll is evaporated from a carbon tetrachloride or benzene-water 
emulsion (in which there is a separate liquid water phase) then hydrates of variable 
composition are formed. I t  would appear that  the state of chlorophyll in such solutions 
is not identical with that  in water-saturated solvents where no excess liquid water is 
present. The hydrated chlorophyll obtained under these conditions does lose water 
on long-continued pumping, and products with a composition near 2:1 can be ob- 

* The absorpt ion spec t rum in the visible of an n-hexane solution can be taken as an easy 
check to determine whether  a given chlorophyll  prepara t ion consists of the (Chl a 'H~O)n,  the 
anhydrous  chlorophyll  a or a mixture  of both. Prepara t ion of chlorophyll  a > lO -4 M solution 
(cell < I ram) and use of ul t rasonicat ion is advisable. I f  a too dilute solution is used, the following 
equil ibrium will lead to erroneous conclusions about  the s tate  of the chlorophyll : 

(Chl a -H20)n  ~ n(Chl a.H~O) 

The 743-nm band will decrease and the band  for monomeric  Chl a. H20  at  665 n m  will appear.  
A check of the  fluorescence can give fur ther  information whether  monomeric  Chl a .H~O has 
formed, since the aggregated (Chl a. H20)n is non-fluorescent, whereas the monomeric  Chl a.  H20  
is. 
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tained. It  is not clear, however, that the hemi-hydrate is stable, for there is ,,row 
evidence to show that further pumt)ing leads to the loss of more water. Thus, the 
chlorophyll a .monohydrate appears to be the stable chlorophyll a hydrate, lint a 
hemi-hydrate of lower stability may also be formed under conditions that we have 
not precisely delimited. Hydration of films or evaporation from solvents in the 
absence of a separate water phase are therefore recommended. 

Chlorophyll b fihns cast from carbon tetrachloride were hydrated by water 
vapor at 560 for 3 days. After I h of pumping at IO "Torr, products with a chlorophyll 
b-water mole ratio ~f 1:I.o5 were obtained. This hydrate is distinctly less stable 
than the chlorophyll a. monohydrate, for after 24 h of pumping the ratio decreased to 
z:o.Oo, probably indicating the formation of a 3:2 hydrate. We conclude that a 
chlorophyll b.monohydrate can be obtained by hydration of a fihn under these 
conditions, but that water is lost from it on pumping. 

Chlorophyll b can also be hydrated by slow evaporation of water-saturated 
benzene or carbon tetrachloride solutions. The chlorophyll b concentration must 
exceed 5"zo 2 M. The evaporations were carried out in vacuum in the presence of 
water vapor; the resulting fihns were pumped on for I h in a IO -~ Tort vacuum. 
The product is close to chlorophyll b.monohydrate in composition (Table II). That 
this monohydrate is of different structure than that obtained by hydration of 
chlorophyll b film is shown by the infrared spectra. Both monohydrates of chlorophyll 
b yield an X-ray diffraction pattern and thus can be construed as ordered or"crvstal- 
line". The hydration properties of chlorophyll b are quite different from that of 
chlorophyll a, probably as a result of the differences in the nature of the C=O---Mg 
interactions, which appear to be stronger in chlorophyll b. 

Pheophytin 
Hydration of pheophytin a films or evaporation of water-saturated solutions 

of pheophytin in benzene or CC14 followed by pumping at room temperature yielded 
products in which the water content was i : o . i ~ o . I .  Pheophytin films appear to 
be even more impervious to the passage of water than are those of chlorophyll. We 
believe that the very slow removal of water from pheophytin films even on heating 
is due to mechanical reasons. Pheophytin appears to form no stable hydrates, and its 
hydration and dehydration behavior are basically different from those of chlorophyll. 
The presence of water does not affect the carbonyl region in the infrared or the visible 
absorption spectra. The presence of a central magnesium atom thus appears to be a 
prerequisite for stable hydrate formation. 

DISCUSSION 

Solutions of chlorophyll in nonpolar solvents rigorously free of extraneous 
electron donor molecules occur as dimer (probably triiner in the case of chlorophyll b) 
or oligomers. In all of these aggregated species of chlorophyll, the force holding the 
dimer, trimer, or oligomer together is a coordination interaction involving the 
carbonyl oxygen function of one chlorophyll molecute and the central magnesimn 
atom of another: C=O---Mg. In the case of chlorophyll a, it is the keto C=O oxygen 
that is implicated, whereas in chlorophyll b it is primarily the aldehyde C=O that is 
involved in trimer formation, whereas the keto C=O oxygen function appears to be 
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involved in the formation of higher aggregates 9. In the chlorophyll a dimer, one of the 
magnesium atoms still has the coordination number 4, and it is, therefore, still 
coordinatively unsaturated. Thus, the aggregation process can continue according to 
the equilibrium 

n(Chl2) ~- (Chl~)n (i) 

to form chlorophyll a oligomers. The value of n is essentially unity in carbon tetra- 
chloride or benzene solutions, even at high chlorophyll concentrations, and thus 
chlorophyll a exist in these solvents almost entirely as dimer 36. In aliphatic or cyclo- 
aliphatic solvents, such as hexane or butylcyclohexane for example, n may  have a 
value as high as i0 to 15 in concentrated solution, hence oligomers of sizeable molec- 
ular weights are formed a6. The keto C=O---Mg interactions forming oligomers 
from dimers are slightly weaker than the interaction leading to the formation of 
dimers; the dimers and the oligomers are clearly differentiated by their infrared 
spectra 9. Nucleophiles can compete for the coordination site of magnesium. Thus, 
chlorophyll dissolved in electron donor solvents such as alcohols, ethers, ketones and 
the like will be disaggregated and will occur as chlorophyll monomers with solvent 
molecules in one or both axial positions. Water is a strong nucleophile for the mag- 
nesium in chlorophyll. If water is added to a benzene or carbon tetrachloride solution, 
the following equilibria will be obtained: 

Chl 2 + H20 ~-ChI2"H20 

C h l / ' H 2 0  + HzO ~--- Chl 2' (H20)2 

Chl 2" (H20)2 ~- 2ChI-H~O 

Chl 2 + 2H20 ~ 2Chl. H20 

(2) 

(3) 

(4) 

(5) 

The concentration of chlorophyll is an important factor in these equilibria 
because the solubility of water is limited to 8. lO -3 M in carbon tetrachloride and 
IO -°- M in benzene. A very dilute chlorophyll solution in water-saturated carbon 
tetrachloride or benzene will therefore exist as the chlorophyll monomer .mono-  
hydrate. In concentrated chlorophyll solution, the chlorophyll will occur as a mixture 
of chlorophyll, dimer, monohydrate and chlorophyll, monomer,  monohydrate. The 
dimer 'd ihydrate  according to equilibrium (Eqn. 3) we consider of only minor impor- 
tance because of the reluctance of magnesium to adopt a coordination number of 6, 
which it appears to do only under forcing conditions if at all. The dimer, dihydrate 
must, therefore, disproportionate into monomer-monohydrate.  When a carbon 
tetrachloride solution of chlorophyll is evaporated in the presence of excess water 
vapor, under the conditions that  we describe, the monohydrate is the stable species. 
Conversely, because both benzene and CC14 form azeotropes with water, repeated 
evaporation with these solvents will displace the equilibria in the direction of dimer, 
and anhydrous chlorophyll will be produced. 

In forming the hydrate, a C=O---Mg interaction is broken and a M g - - - O H  2 
interaction replaces it. These are both quite strong interactions, but the difference in 
energy between them is probably small. Conversely, the removal of water from a 
CCI~ or benzene solution is compensated for by the reformation of C=O---Mg 
interactions. In a film or solid, the lack of mobility of the chlorophyll molecule makes 
it difficult to reform C=O---Mg interactions as water is removed from a hydrated 
film or solid, because only a small fraction of the chlorophyll molecules will be oriented 
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so that carbonyl interactions can replace the Mg---OH 2. It is this factor t() which \\'t' 
attribute the stability of (Chl'H20) in films or solids. 

There is another aspect to the interaction of water and chlorophyll that requires 
special note. In aliphatic or cycloaliphatic solvents, another equilit~rimn comes int(~ play: 

n ( C h l ' H 2 0  ) ~ (Chl 'H~())n i~)) 

In carbon tetrachloride or benzene, this equilibrium is displaced strongly to the 
left. In aliphatic hydrocarbon solvents, for reasons associated most likely with the 
solvation characteristics of this class of solvents, equilibrium (Eqn. 6) is displaced 
far to the right. Water coordinated to the magnesium atom ~)f one chlorophyll 
molecule forms hydrogen bonds to the keto and carbomethoxy carbonyl oxygen 
functions of another chlorophyll molecule, and repetition forms a large chlorophyll 
water adduct or micelle of colloidal dimensions. The stoichiometry of this species 
is I : I. This species will form in carbon tetrachloride only under conditions of very 
high chlorophyll concentration, and this is the rationale of the evaporation t-r( ct-dure 
we describe for hydrate preparation. 

It  is possible under certain conditions to obtain the hemihydrate. We believe 
it should be represented as Chl-Chl. H20 rather than Chl. H20.Chl. Whereas solid 
chlorophyll a" monohydrate is yellow-green and can easily be identified as hydrated 
by visual examination, the blue Chl2"H20 is indistinguishable in color from anhydrous 
chlorophyll. Although in terms of weight, the amount of water present in the mono- 
hydrate is small, profound changes in the X-ray diffraction patterns, infrared and 
visible absorption spectra are observed when this water is lost from Chl. H.,O. 

The situation for chlorophyll b is considerably more complex. In carbon 
tetrachloride solution, chlorophyll b appears to consist of the trimer; it is not settled 
at this time whether our earlier report that chlorophyll b occurs as dimer in chloro- 
form 2 is an error or reflects a real difference in the solvents. The occurence of chlor~)- 
phyll b as trimer in CC1 a would account for a 3:2 (H20(Chl3)H,~O) or 3:1 (H20(Chl.~)) 
hydrate. The aldehyde C=O---Mg interaction appears considerably stronger than 
the keto C=O---Mg interaction and is not as readily ruptured by water. 

Under forcing conditions of high water activity, however, hydration of chloro- 
phyll b either as a film or in concentrated carbon tetrachloride solution (5" Io-2 M) 
leads in both cases to a chlorophyll b monohydrate. The infrared spectrum of both 
chlorophyll b monohydrates shows in the C=O region basically the same feature, 
namely, absence of the C=O absorption at 17oo crn -1 (assigned to the uncoordinated 
keto carbonyl) and appearance of the band at 1645 cm -1 (assigned to a C=O H.,O- 
Mg interaction) 9. However, a band at 167o cm -a noted for the chlorophyll b hydrated 
as a film appears at 168o cm -1 for the chlorophyll b hydrated in carbon tetrachloride 
solution. This we taken as indicative of some difference in structure between the two 
monohydrates. Nevertheless, both monohydrates of chlorophyll b appear to give 
essentially the same X-ray powder pattern*. 

* In  the l i terature  are reports  1%a7 tha t  chlorophyll  b fails to give an X-ray  diffraction pa t te rn  
under  conditions of prepara t ion which lead to "crystal l ine"  chlorophyll  a. The reason for this is 
now clear. The (aggregated) chlorophyll  b monohydra te  can only be obtained under very par t icular  
conditions, and even then  two modifications are possible, of which only one is reasonably stable. 
I t  may  be wor th  noting tha t  the powder  pa t te rns  of chlorophyll  a and chlorophyll  b mono-  
hydra tes  are observed to be basically different. The spacings for bo th  chlorophyll  b'  monohydra tes  
are found to be io.o ]k (strong), 4.45 A (diffuse), 3.47 A (strong), 2. 7 ~ (very weak). This would seem 
to indicate t h a t  in bo th  s t ructures  the orientat ion of the magnes ium a toms  at  least is very similar. 
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Both chlorophyll b-monohydrates have a characteristic olive-green appearance, 
which serves to differentiate them from the green of the lower hydrates or anhydrous 
chlorophyll b itself. 

Hydration in solution will reflect the kind and amount of the various chlorophyll 
dimers, trimers, oligomers, and chlorophyll-water micelles that are in equilibrium. 
This in turn depends on the kind of nonpolar solvent, the chlorophyll concentration, 
the temperature, and the thermodynamic activity of the water. Evaporation of 
such solutions will generally lead to some water loss by azeotrope formation, and thus 
it is not too surprising that small deviations in the stoichiometry of the hydration 
products are encountered. 

The sensitivity of hydration to the exact conditions of preparation is worth 
pursuing. We have shown by infrared studies as that at a reduced water vapor 
pressure (6-8 mm Hg) a chlorophyll a-water interaction occurs that does not interrupt 
the C=O/Mg coordination of the chlorophyll a oligomers. The infrared data are 
best explained by the assumption that the water is hydrogen bonded to the free 
keto-carbonyl and the ester-carbonyl functions. Though it appears unlikely that this 
mode of hydration is stoichiometric, model studies show that at least in solutions 
the chlorophyll oligomers structure would allow a specific ester C=O/H\o/H/O=C 

ester interaction, either within the same chlorophyll molecule or between adjacent 
chlorophylls in the oligomer. This water is only weakly bonded, and it can be easily 
pumped off at room temperature. Nevertheless, the presence of water bound in this 
way affects the red band of the absorption spectrum of chlorophyll a in the visible 
region. 

The state of aggregation of chlorophyll in nonpolar solvents may be strongly 

T A B L E  I I I  

A B S O R P T I O N  S P E C T R A  O F  C H L O R O P H Y L L S  I N  V A R I O U S  S T A T E S  OF H Y D R A T I O N  I N  T H E  3oo--8oo-rlm 
R E G I O N  I N  T H E  V I S I B L E  I N  F I L M S  A N D  I N  C Y C L O - A L I P H A T I C  H Y D R O C A R B O N  S O L U T I O N S  

Compound State of  Soret band Red band 
hydration 
(chlorophyll] Fi lm* Solution * * F i lm*  Solution * * 
H20, 
mole ratio) 

Chlorophyll a Anhydrous  436 43 ° 674 664 , 675 
(shoulder) 

I :I 448 448 738-757 *** 742-747 

Chlorophyll b Anhydrous  462 452 652 643, 660 
3 :I, 3:2 465 § 452 654 § 643 
i :i 47 ° 452, 47 ° 687 642, 69 ° 

(shoulder) 

Pheophyt in  a Anhydrous  421, 44 ° 411 695 67o 
" H y d r a t e d "  421, 44 ° 411 695 67o 

* Cast from cyclohexane. 
**  About  3" lO-4 M solution in cyclohexane. 

*** Maximum depends on which solvent is used to cast  the film prior  to hydrat ion,  If the  
chlorophyll  a is hydra ted  in solution, a film cast  from cycl0hexane has  its absorpt ion  m a x i m u m  
at 742 nm. 

§ Cast from carbon tetrachloride. 
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TAIILI~  IV 

I N F R A R E D  ABSORPTION SPECTRA OF CHLOROPHYLL FILMS* IN VARIOUS STATES OF II '~ 'DRAI'I~N IN" 
TttE i8oo-I6OO-Cln 1 REGION 

VS = v e r y  s t r ong ;  s -- s t r o n g ;  m --- m e d i u m ;  w = weak ;  vw = very weak;  sh -- shoukh: r .  

Compound State of hydration 
(chlorophyll~H20 
mole ratio) 

Chlorophyl l  a Anhydrous  
1:1 

Chlorophyl l  b Anhydrous  
3:1,.3:2 
I : I  
1:i*** 

Pheophytin a Anhydrous 
" H y d r a t e d "  

[8oo-16oo cm 1 

I737(s) 1695(m) I655(s) 16io(m) 
1738 (s) 1695 (vw) 164o(vs) t 605 (w) 

1736(s ) I698(s  ) I663(m ) 16o6(m) 
i736(s  ) 1698(s ) i 6 6 3 (m ) 10o6(m) 
1737(s) 168o(s) i645(vs)  i612(m) 
I737(s  ) I7Oo(sh ) I67O(S ) I645(s  ) 1612(m) 

I74O(S ) 17oo(s ) 1622(1u) 
I74O(S ) 17oo(s ) 1622(nl) 

* Films cast  from cyc lohexane  on  I R T R A N - 2  plates.  Ass ignments  are to be found in ref. 9. 
** Hydrated  as > 5 '  lO-2 3I solut ion in carbon tetrachloride.  

* ** H y d r a t e d  as fihn a t  . . . .  33 . 

affected by the presence of water, hence the infrared and visible absorption spectra 
are likewise water-dependent. Consequently, the presence or absence of water in 
chlorophyll solutions can be established at least approximately from infrared and 
absorption spectra in the visible. Because instruments for these measurements are 
widely available, we have recorded the visible absorption (Table III) and infrared 
(Table IV) spectra for chlorophyll films and solutions containing known amounts 
of water, as established by vapor phase chromatography. Although the infrared 
and visible spectra are not as quantitative a measure of water content as is direct 
vapor phase chromatographic analysis, nevertheless, the data in Tables III and IV 
are useful for orientation purposes and are sufficient to establish composition in many 
experimental situations involving the chlorophylls. We believe that judiciously used 
these tables may be of help to minimize some of the problems resulting from the 
unique nature of the chlorophyll-water interaction. 
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