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SI '3 IMARY 

Absorption spectra in the \isible and inflared have been recorded foi films of 
dry chh)rot)hyll a, chh)rophyll b, bacteriochlorot)hyll, pyrochh)rophyll a, and pheo- 
t)hytil~ a. The effects of water on the spectra have also been studied. From the infrared 
it is t)()ssible to deduce structures for the chlorophyll species inw)lved, and to correlate 
the visible absorption spectra of both chlorophyll oligomers and chh)rophyll wa te r  
adducts  with t)articular chlorophyll species. Hydrat ion may  cause large red shifts 
in the visible absorption spectra, probably as a result of changes in the orientation 
()f tlw ('hlorot)hyll inolecules relative to each other. 

I NT1U)I)U(YI'ION 

(71dorophyll ill the plant  is known to have uimsual spectral characteristics 1. 
Most t)rominent of these effects is a red shift in tile absorption spectrunl in the visible. 
It has long been recognized that  long-wavelength forms of chlorophyll with sinfilar 
spectral properties can be produced in the laboratory. The red shift in the visible 
absorption spectrum has ahnost invariably been a t t r ibuted to chlorophyll "aggrega- 
ti,m", and so it is not surprising that  "aggregated"  chlorophyll systems in the form 
of re(re.layers and films have been the object of considerable s tudyL I t  is reasonable 
to sut)pose tha t  interpretation of the spectra ot red-shifted iJz vitro systems should 
c(mtribute to a better  understanding of the state of chlorophyll in the plant. The 
prospects for now nlaking such an interpretation on a molecular level, it would appear, 
have been considerably enhanced by new information derived from infrared and 
nuclear magnetic resonance (NMR) spectroscopy s. 

('hh)rot)hyll in the solid state is particularly: important  for such studies because 
chlorophyll in this form nlimics nlany of the properties of chloropllyll in nature. 
An extensive literature on the spectroscopy of "aggregated" chlorophyll exists ~-e', 
but no coherent picture for the molecular basis for the spectral shift has enlerged. 
The earliest suggestion for the state of chlorophyll in the solid was advanced by 
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HANSON 7 on the basis of X- ray  diffraction s tudies  in single crysta ls  of e thyl  chl(,r(} 
phyll ide.  In  the  l ight of more recent  work it is p robable  tha t  the crystals  were thos~: 
of a chlorophyll  solvate.  H a x s o x ' s  po r t r aya l  of solid ehlorot)hyll as consist ing (~t 
parallel ,  s taggered porphyr in  planes  was widely accepted and has since then governed 
proposed s t ructures  for "d imer i c" ,  "h ighly  aggrega ted"  o r " c r y s t a l l i n e "  chlorophylls .  
This molecular  packing,  in fact, does not  account  for newer X- ray  da t a  availabh,  h~r 
chlorophyll  a s, and  other  data ,  pa r t i cu la r ly  from NMR and optical  r o t a to ry  dispersi~m 
studies  ", s t rongly  imply  t ha t  paral le l  or ienta t ions  of t i le  d ihydroporphyr in  1)lam.~ 
cannot  be achieved in pure chlorophyll .  

In f ra red  1° and NMR 1~ da t a  on chlorophyll  can be in te rp re ted  on the basis 
t ha t  one or both axial  posi t ions of the centra l  magnes ium a tom must  a l w a \ s  I)e 
filled with an electron donor molecule r'. in  the  absence of ex t raneous  nueleot)hiles, as 
in a nont)olar solvent  or in a fihn of t i le solid, the  coordinat ion unsa tura t ion  of the 
eentra l  magnes ium a tom is sat isfied by  electron donat ion  by the keto (;-: O funeti(m 
in Ring V of another  chlorophyll  molecule. The coordinat ion interact i lm between tlle 
keto C O function and the magnes ium atom, referred t() as keto ( '=  O/Mg ,)r 
C- : :O- - -5 lg ,  leads to the  format ion of t i le dimer,  Chle, in carbon te t raehlor idt '  ,)r 
t)enzene solution, or to oligomers, (Chle)~, with Jz ;-- io ,  in a l iphat ic  h\dr(~eail:~m 
solvents  ~a. The in terac t ion  between chlorophyll  and water  can also lead to the f()r- 
mat ion  of large aggregates  ~a u~; here aggregate  format ion  results  from water  ('()- 
o rd ina ted  to  the  central  magnes ium a tom of one chlorophyl l  molecule tha t  is hydr()gen 

b(mded to ti le keto  and ester  (" O functions of another :  keto (" : O - - -  H - O - H - - - (  ) = (" 

.Mg 

ester.  This in terac t ion  produces  very  large aggregates  tha t  are s t rongly  red shifted ~;. 
Al iphat ic  hydroca rbon  solvents  provide  a milieu especial ly conducive t(, the  

format ion  of chlorophyll  ol igomers and chlorophyll  water  aggregates.  Fi lms ma\- be 
thought  of as l imit ing cases of solut ion in a l iphat ic  hydrocarbon  solvents,  with the  
long a l iphat ic  p h y t y l  chains of the  chlorophyll  i tself providing the hydro('arl)(m en- 
v i ronment .  Solutions,  to be sure, make  possible the  achievement  of dynamic  e,luili- 
bria. In fihns, to the  cont rary ,  molecular  mot ions  are much more constrained.  Raising 
the t e m p e r a t u r e  will increase the  mobi l i ty  of molecules in the  film, as will the re- 
ten t ion  of solvent.  But ,  in general ,  if a specific or ienta t ion  is required for a par t icu lar  
in teract ion to occur, these  will manifes t  themselves  in a film only for those  nlolecnles 
t ha t  are cmTectly or ien ted  re la t ive  to each other, or which require only small ehan<es 
t~) br ing them into the  proper  posit ion. Phenomena  in films thus  m a y  be expeet(~d to 
be very  sensi t ive to the condit ions under  which ti le films are formed, and, espe( ' ially 
impor t an t  in t i le  case of chloiophyl l ,  will refleet the  s ta te  of t i le chlor()phyll in tile 
solvent  from which the film is cast. Thus, films prepared  from earl)on te t rachlor idc ,  
where chlorophyll  a exists  p redomina te ly  as the  dimer,  will have a smaller  am~mnt (~f 
keto  ( ' ~ 0  in terac t ions  than  a film prepared  from hexane, in which ehh)rot)l:\l l  ~ 
occurs as an oligomer of larger size. Tile in t roduct ion of l igand molecules, suc]* as 
water,  into films m a y  therefore be control led by  more complex factors thai/  th~sc 
involved wllen ti le in terac t ion  is carr ied out  in a solution where the  molecules art' 
free to move about  and to assume configurations of mininmln energy. \Vhereas \vt.al.: 
coordinat ion interact ions  with specific steric requi rements  m a y  be realized in s~dnti,m, 
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n(,n-specific ~.-~ in terac t ions  m a y  be the  only recourse avai lable  in films. Colloidal 
dispersions of h y d r a t e d  chlorophyl l  in solvents  such as Nujol  appear  to be inter-  
media te  be tween solutions and films, and a l though these mulls are often referred to 
as s,~lids, t hey  do not  contain chlorophyll  in the  same s ta te  as in a t rue film lr. 

in  this  paper  we correlate  the  absorp t ion  spec t ra  in the visible with infrared 
spec t ra  in the  O - H  s t re tch  region (38oo-3ooo cm 1) and in t i le  C - - O  s t re tch  region 
( i8oo i5oo cm 1) for films of anhydrous  and h y d r a t e d  chlorophyl ls  a and b, pyro-  
chlor~@lyll a 18, bacter iochlorophyl l ,  and  pheot)hyt in  a. The infrared da t a  are used to 
make  inferences about  the  chlorophyll  species tha t  give rise to the electron spectra.  
.ks in other  inves t igat ions ,  we have carr ied out  (T. M. ('OWTOX, K. BAI.LSCHMITH~ ~\XJ) 

.1..1. KATZ, unpubl i shed  work, I97O ), we fiud tha t  the  electronic spec t ra  do not  reflect 
s t ruc tura l  changes in a highly sensi t ive  way. Major changes in the  s t ruc ture  of chloro- 
phyl l  species as revealed  by  infrared m a y  be accompanied  by only small  changes in 
the  electronic spectra.  Nevertheless ,  the  correlat ions descr ibed here m a y  be useful in 
drawing conclusions about  the  s ta te  of chlorophyll  in the  plant .  

l'X l'EI~l MI:NTAL 

Chloropl~3'lls 
These were ob ta ined  by the procedures  of SWRalX aN> SvJ,.c ~9 

l: i/m pr@aration 
Fihns  of the  dr}' chlorophyl ls  were formed from careful ly d r ied  solut ions in 

carbon te t rachlor ide ,  unless otherwise specified by  dry ing  in a s t ream of dr}, ni trogen.  
The thickness  of the  films was chosen exper imen ta l ly  to give absorbances  between 
i .~ and 1.5 in the  visible region, and transnfissions of 3 ° 5 ° °o for the  s t ronges t  peak 
in the  ISoo I5OO-Cm x region in the  infrared. Fo r  opt ical  spectra ,  the  chlorophyll  fihns 
were cast in a I -cm pa th length  quar tz  cell t ha t  could be evacua ted  and connected  to 
wate r  vapor  through a s idearm.  For  spec t ra  in the  infrared,  the  films were depos i ted  
on h t r an -2  plates,  which could be p u m p e d  on or exposed  to wa te r  vapor  in a device 
sinli lar to tha t  used with the  quar tz  cells. For  examining  the  infrared spec t rum under  
contr,)lied wate r  vapor  pressure,  a var iable  pa th length  cell with I r t ran-2  plates  
com~ected to a water  reservoir  was used. When it was desired to record both infrared 
and visible absorpt ion  spec t ra  on the same prepara t ion ,  Bal :e  discs were used. When  
the flhus have all absorbance  of 1. 7 in ti le visible, a scale expansion of 1 .3- i .  5 for 
so;tuning the infrared is advisable .  

t tvdrahotz proc~:durcs 
Two different procedures  were used to s t u d y  ti le effects of water  on ti le spect ra  

of chlorophyl l  in t i le solid s tate .  In the  first, d ry  chlorophyll  solut ions were h y d r a t e d  
ei ther  with l iquid water  or with water  vapor  in a h \ ,drocarbon solvent  to form 
chl~rophyll  hydra t e s  which were used to form fllnls. In  the  second procedure,  a dry  
chh~r.phyll  fihn was cast  from carbon te t rachlor ide  or hydroca rbon  solution and the 
film was then exposed  to wate r  or wate r  vapor.  

In  solution hydra t ions ,  about  2 mg of chloropl,yl l  was thorough ly  dr ied by 
codist i l la t ion with d ry  carl)on te t rachlor ide  or benzene as descr ibed elsewhere "~ and 
the d ry  chlorophyll  d issolved in o.2 ml cvclohexane.  Under  a N., a tmosphere ,  3-5 p1 
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water  were added,  and  the mix ture  sonica ted  at  about  35 ° for several  minutes.  To 
insure the  hydra t ion  of chlorophyll  b and baeter iochlorophyl l ,  hea t ing  to 45 '~ for a 
shor t  per iod to dissolve an}, u n h y d r a t e d  chlorophyl l  is recommended.  The sonicat ion 
was then  repeated .  The dispersions formed in this  way  were then  used to cast the  
films for spect ra l  examinat ion .  Ano the r  solut ion hydra t ion  procedure  consists in 
al lowing a 5" IO-2 M solut ion of d ry  chlorophyl l  in carbon te t rach lor ide  to evapora te  
in an a tmosphere  s a t u r a t e d  with  water  vapor  at  room t empera tu r e  over  a per iod ~)f 
4 ° to 6o h. This procedure,  a l though t ime-consunfing,  appears  to yield the  best  defined 
hyd ra t e s  of chlorophyl l  b and bacter iochlorophyl l  2°. 

H y d r a t i o n  of films is qui te  s t ra ight forward .  The d ry  film is exposed  to water  
vapor  at  the  des i red  t empera tu re .  Vapor  pressures below sa tu ra t ion  were ob ta ined  by  
the  use of s a t u r a t e d  solut ions of MgCI.,, KC1, or K O H  in water.  

Dehydra t ion  of h y d r a t e d  chlorophylls  was accompl ished by  pumping  at  
Io  a - Io  ~ mnl Hg, or by  heat ing to 7 o°, or by  bea t ing  and pumping  s i inul taneouslv.  

All manipu la t ions  were carr ied out  in a N,,-purged d ry  box in subdued  light. 

Spectra 
Absorp t ion  spec t ra  in the  visible were recorded on a Car)" 14 spec t rophotomete r ,  

and infrared spec t ra  on a Beckmann  IR- 7 ins t rument .  

RESULTS 

in f ra red  assigninents  are l is ted in Table  I. 

(;hloropkyll oligomers 
The infrared spec t ra  of solid chlorophyl l  a have been s tud ied  by SIDEROV AND 

TERENIN 21, who repor ted  tha t  there  were appa ren t ly  no differences be tween concen- 
t r a t e d  solut ions and fihns in the  3IOO-7Oo-cm - '  region, but  t ha t  a b road  band  is 
tnesen t  at  34oo cm 1 in films. ANDERSON ANt) CALVIN 22 expla ined  an observed  shift  
f rom 164 ° cm -1 (on AgC1 plates) to  I655 cm -1 (KBr  discs) by  poorer  " c ry s t a l l i n i t y "  
of chlorophyl l  a in the  discs, defining "crystallinity" as the  degree of paral lel  or ienta-  
t ion of the  porphyr in  planes  2~. No sys temat i c  inves t iga t ions  on the infrared spec t ra  
of chlorophyll  b, bacter iochlorophyl l  or pyrochlorophyl l  a in the  solid s ta te  appear  to 
have been carr ied out. 

The O H and C O regions in the  infrared of a film of anhydrous  chlorotfllyll a 
cast  fronx carbon te t rachlor ide  is shown in Fig. IA. There are no dis t inct  bands  in the  
OH region, and despi te  r epea ted  a t t empts ,  we were unable  to observe a band at  
3495 cm 1 repor ted  and ass igned to the  enolic OH of chlorophyll  el, 2~, e5. The very  weak 
and b road  band  ex tend ing  from 32oo to 35oo cm ' p robab ly  is cons t i tu ted  of overt~)m~s 
of bands in the  C = O  region, as "H20 exchange exper iments  show tha t  this  absort)ti~m 
does not  involve exchangeable  hydrogen 16. 

The absorpt ion  spec t rum in the  carbonyl  region is s imilar  to tha t  of anhydrous  
chlorophyl l  a dissolved in carbon te t rachlor ide  and the ass ignnlents  follow those I/latde 
for the  solutions a. Compared  to the  solution spec t ra  in a l iphat ic  hydrocarbons ,  where 
the solvent  solute in terac t ion  can be expec ted  to be minimal ,  the  absorpt ion twak 
of the  uncoord ina ted  ke to  C - - O  in the  solid is b roadened  and shif ted front ITt~ 3 t,) 
I695 cm ~; the  absorpt ion  peak of the  magnes ium-coord ina ted  keto C -=O is l ikewise 

l~ i .ck im,  t~io/~hv.~ ~4cta, 250 (I072) 3o7-327 
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b r o a d e n e d  and  sh i f ted  f rom I66O to I655 cm i. The  es te r  (7 O, however ,  is pract ical ly 
unaf fec ted  

The  r e l a t i ve ly  high i n t e n s i t y  of t he  free ke to  C O absorp t ion  m a x i m u m  at 

1095 cn] 1 leads to t he  s o m e w h a t  pa r adox ica l  conclus ion t h a t  t he  e x t e n t  of aggrega t ion  

via ke to  C - = O / M g  in t e r ac t ions  in the  solid f i lm is cons ide rab ly  less t h a n  t h a t  found  in 
c o n c e n t r a t e d  ( > 5 " I ( )  -2 ~f) solut ions  of eh lo rophy l l  a in a l ipha t ic  h y d r o c a r b o n  
solvents~a, u~. 

I I ! F I : 

t 6 4 5  1 5 2 3  

1 5 5 5  

L _ l  , °i ~ i i 
1800 1700 1600 1500 3800 3400 3000 2600 

[cm-'] 

l:i.~, i. Infrared spectra of films of alAlvdrous chlorophyll oligoincrs in the i boo J5oo cm i aml 
3(,oo e8oo cm 1 regions. A, chlorophyli a; B, chlorophyll b; (', bacteriochlorophvll; D. pyro 
chlorophyll a: E, phcophvtiu a. 

Chlorophyl l  b call be r ende red  a n h y d r o u s  by  co-d is t i l l a t ion  wi th  benzene  a t  
0o-65  ° unde r  a s t r e a m  of d r y  n i t r ogen  2°. A n h y d r o u s  ch lo rophy l l / J  is eas i ly  soluble  in 
c v 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  a t  concen t r a t i ons  up  to 5 '  IO-" M. R e a d y  so lub i l i ty  
ia  c v c l o h e x a n e  can be t a k e n  as a measu re  of the  a n h y d r o u s  s t a t e  of ch lorophyl l  I~. 
Traces  of w a t e r  qu i ck ly  p rec ip i t a t e  ch lo rophy l l  b f rom c y c l o h e x a n e  solut ion.  

The  add i t iona l  ca rbony l  g roup  in ch lo rophy l l  b compl i ca t e s  a n y  i n t e r p r e t a t i o n  

of the  in f ra red  spec t ra  in t he  C O region,  as in add i t ion  to a ke to  C O/Mg, an 
a ldehyde  (" O/.Mg coord ina t ion  can  also o c c u r " .  The  occur rence  of two  " a g g r e g a t i o n  

l¢~oc/d~;~, l~iophy,,. ,qc[a, :5o (1o72] 3o7 327 
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s i tes"  for chlorophyl l  b and ti le resul ts  of molecular  weight  measurements  13 are at  
present  best  expla ined  by  the assumpt ion  t ha t  t i le basic uni t  of chlorophyll  b in non- 
polar  solvents  at  room t e m p e r a t u r e  is a t r imer.  The chlorophyll  /~--chlovophyll b 
in te rac t ion  has previously  been genera l ly  t r ea ted  26-z" as a d imer  in teract ion,  and  i t  is 
not  clear now how the  t r e a t m e n t  of equi l ibr ia  involving chlorophyll  b or bacter io-  
chh)rophyll  will be affected by  the pos tu la te  ol a basic t r imer  unit .  

Fig. IB shows the C = O  region in the  infrared of a fihn of anydrous  chlorophyll  
b cast  from benzene. There is no absorp t ion  in the  O - H  region. Normal ly  the  x663-cm i 
band is considered to contain  a cont r ibut ion  of a keto  C = O  coordina ted  to magne-  
s ium a. But  considering the  s t rong free keto  C - - O  absorpt ion at  I7oo em-L and the fact, 
t h a t  in pure,  dr  5, (alcohol-free) chloroform the whole I663 cm J band is d isplaced to 
lower wave numbers  as a resul t  of hydrogen bonding of the  solvent ,  it  appears  possible 
tha t  the  keto  C- -O/Mg interact ion cont r ibutes  only very  l i t t le  to the ~663-cnv 
absorpt ion,  as the  C O/Mg in terac t ions  should not be affected by the hydrogen 
bonding of the  solvent  chloroform. 

( ' ompared  to the  infrared spec t rum of anhydrous  clflorophyll  b in an a l iphat ic  
hydrocarbon solution, the  spec t rum in the  solid s ta te  shows (in the  C - : O  region) 
a small  shift  to lower wave numbers  for the  free keto C - O  (I7o 7 to i7oo cm -~) and 
the free a ldehyde  C O (I672 to I663 em 1), whereas the  ester  C O and the band 
assigned to the  a ldehyde  (i O/Mg in terac t ion  are not  shifted. The re la t ive  intensi t ies  
of the  bands  are unchanged  in the  solid coinpared to the  solut ion in carbon te t ra -  
chloride a but  differ s t rongly  from a solution in , l -bu ty lcydohexane ,  where the  free 
keto  C - O  absorpt ion  is d iminished  ~s. This allows the conclusion, that ,  like chlorophyll  
a, chlorophyll  b is less aggregated  bv ke to  C= O/Mg in terac t ion  in the  solid than  in a 
hydrocarbon  solution, and  will be present  p redominan t ly  as t r imer  in the solid as 
judged from the s imi la r i ty  of the  infrared spectra.  

To our knowledge,  no previous s tudy  of the  infrared spec t ra  of bacterio-  
chlorophyll  in the  solid s ta te  have been repor ted.  The acetvl  earbonyl  group present  
in positioD 2 of this  chlorot)hyll increases the possibi l i t ies  of coordina ted  in terac t ions  
and the same general  considerat ions  with respect  to possible aggregate  s t ructures  as 
advanced  for chh)ropllyll  5 can be made  for bacter iochlorophyl l .  NMR studies"" 
show tha t  bac ter iochlorophyl l  exhibi ts ,  as does chhwophyll b, two "aggrega t ion  s i tes" ,  
one near  the  ke to  C = O  and the o ther  in the  v ic in i ty  of the  acetvl  carbonyl.  As 
discussed below for chlorophyll  t;, this does not  imply  necessar i ly  two different types  
of C O/Mg interact ions ,  but  can resul t  from s t ruc tures  involving o n h  one type  of 
C-  O/Mg interact ion.  W h e t h e r  bacter iochlorophyl l  favors the  coordinat ion number  5 
or 6 for the  magnes ium atom, as chlorophyll  a appears  to do, is not vet  de termined.  
The ass ignments  of the  absorp t ion  in the  infrared folh)w previous s tudies  of solution 
spec t ra  a,~';, but  they  have some ambigu i ty  due to unresolved m a x i m a  in the C= 0 
regi~m. 

Bacteri~whlorot)hyll can be rendered anhydrous  by co-dist i l lat ion of the  wate r  
with benzene at  6o 7 o'~, under  a s t r eam of d ry  ni trogen 1~. Anhydrous  bacter io-  
chh)rophyll  is easily soluble in d ry  cyclohexane,  but  prec ip i ta tes  when traces of water  
are present .  Solut,,ilitv in cvclohexam ~ can be taken  as confirmation of the  anhydrous  
s t a t e  

Fig. IC shows the C = O  and O H s t re tch regions in the  infrared of a fihn of 
anhydrous  bacter iochhwophyl l  cast from dry  carbon te t rachlor ide .  In the  O -H region, 
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there is a very weak and broad absorption centered at about  335o cm -1. The absorp- 
tion band  ()f the free acetyl C--O at I66o cm -1 has completely disappeared due to 
overlapping, as has been observed for higher aggregates in solution 1". There is n~) 
clear evidence as to whether the band at IOIo cm -* is to be assigned to an acetyl 
(7 O/Mg interact ion or to skeletal vibrat ions (rely. The "aggregation site" at the 
acetvl carbonvl as found bv NMR 2~ could be explained bv a keto C--O/Mg inter- 
action with overlapping of "keto"  and "acetvl" parts  of the molecules involved. 

Compared to anhydrous t)acteriochl(,rophyll in Jl-butylcyclohexane I'~ solution, 
o n h  the absorpti(m ()f the free keto ( i - O  is broadened and shifted in the solid (from 
I7oo to ,68o cm q) and as is the case for chl(,rophyll a, this shift is somewl-~at larger 
than that  observed for the change from lzd)utylcyclohexane to carbon tetrachloride 
solution (from I7O 3 t() I0(j5 (?Ill 1). 

Pyrochlorophyll a is a valuable substance for aggregation studies ()f chlcr()- 
phyll a, as it allows conclusions about  the way the bulky O-CO-CH a group at 
Ring V affects tile C O / M g  interaetion ot the Cu-ketocarbonyl function. The assign- 
ments for this substance follow previous infrared studies of this compound a,*< ts 

Pyrochlorophyll a can be made anhydrous by heating a film east from earb~)n 
tetrachloride to 6o-7o:  for several hours in a high vacuum 1". Fig. i I )  shows the (" () 
region in the infrared of a tilm of anhydrous t)yrochlorot)hyll a cast from c\-cl()- 
hexane. The weak absorption of the free keto carbonvl can be taken to indicate a 
large amount  ()f C =O/Mg interaction,  which will be stericallv favored, compared 
to chlorophyll a, by the lack (ff the carbomethoxv group. 

I)rv pheophytin a (l:ig. IIV,) shows no evidence for keto (" : :O  interactions in 
the infrared, entirely as expected. 

The absorption spectra in the visible of all (ff the chlorophyll oligomers are 
t reated below. 

Chlorophyll a hydrates 
In  this section the infrared spectra of flints of chlorophyll hydrates will be 

described. KARYAKIN AND CHIBISOV 3° a n d  [~ARYAKIN el al.  2a invest igated the effects 
of water on films of mixtures of chlorophylls a and b. Their  results were interpreted 
on the basis tha t  chlorophyll a occurs as an enol in the solid state a~ an assumption now 
()pen to serious question ~6. SIDEROV a2 studied 2H,,O exchange with films of chloro- 
phyll a and pheophyt in  a by infrared, but  surprisingly reported no differences in the 
C O region between anhydrous  and hydrated  chlorophyll a. SHI~;RMAX AXe) 
\VANGaa, a4 made a valuable s tudy of the effect of water on chlorophyll a and ethyl 
chlorophyllide a in Nujol mulls by infrared spectroscopy, trot did not  advance an 
explanat ion for their results. Hydra t ion  of anhydrous  chlorophyll a in cyclohexane 
solution with a little water for 2o rain at about  35 ° yields the (Chl. H20),~ species 
tha t  has been described elsewhere 16. The infrared spectra of a fihn (Fig. oA) resemble, 
but  are not identical, with the spectra observed for this species in the form of a 
colloidal dispersion in an aliphatic hydrocarbon solvent. The O-H region of a hydrated  
fihn shows a broad, undefined band  with a m a x i m u m  near 3o8o en1-1. The band  at 
3o8o em -~ is assigned to O H stretch of water coordinated to magnesium and hydrogen 
bonded to the keto C O. A sharp band at 36Io cm * sometimes seen is probably 
the free O H vibrat ion of water, which is present at 37Io cm -~ and 3615 cm -~ in 
carbon tetrachloride solution. In  the C = O  region, free keto C- -O near I7oo cm -~ is 
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v e r y  weak,  bu t  t he  peaks  cha rac t e r i s t i c  of th is  species  at  I64  o cm -x is v e r y  s t rong.  

T h e  m o s t  i m p o r t a n t  spec t ra l  di f ference in t he  fi lm is t he  absence  of es te r  C O 

spl i t t ing .  Th is  impl ies  t h a t  t he  r e s t r i c t e d  m o b i l i t y  of t he  ch lo rophy l l  in t i le  film 

p r e v e n t s  t he  f o r m a t i o n  of h y d r o g e n  bonds  to the  c a r b o m e t h o x y  C O func t ion  as is 

t i le  case in solut ion.  In  a g r e e m e n t  wi th  this ,  t h e  e lec t ron ic  p rope r t i e s  of films of this  
species  are  d e t e c t a b l y  different .  

56 3320 i 

3350 

/ 3300  

I 
1800 1700 1600 1500 :5600 :52 '00 2800 

[cm-'] 
Fig z. Infrared spectra of films of hydrated chlorophyll species in the JSoo-r5oo-cm -I and 
36oo ,Soo-cm 1 regions. A, (Chl a 'H~()) , ;  B, (Chl a),~.He() ; C, (Chl b):~.H20; 1), (Chlb. Ho()),, 
the "stable" hydr~te; E, (Chl b. H2())~ . the "unstable" hydrate; 1:, (BChl):~.--He() or (B(?hl)a. It2() ; 
G, ( (BChl)a. H20)n ; H, (pyrochlorophyll a. He()),,. 
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When  a film of (Chl. H,~O)n prepared  as above is pumped  on for 24 h at  Io  - a m m  
Hg and room tempera ture ,  wate r  is d isplaced from magnes ium and C = O / M g  inter-  
act ions are regenera ted  to forin the  species, Chl 2. H20. The O - H  and C - - O  regions 
in the  infrared for the  chlorophyl l  a d imer  monohydra t e  are shown in Fig. 2B. In the 
OH region a weak  and  broad band  with  the  m a x i m u m  at 332o cm -~, ex tend ing  from 
32oo to 3500 cm -~, is observed.  The m a x i m a  in tim ( ' - - O  region are the  same as for 
anhydrous  chloiophyl l  (Fig. IA), but  the  re la t ive  in tensi t ies  are different. The band 
at  I694 cm q, assigned to the  free keto  C - - O  is stronger,  indica t ing  tha t  less (" O/Mg 
in terac t ion  occurs in the  h y d r a t e d  fihn than  in the  anhydrous  s ta te .  This is consis tent  
with a s t ruc ture  for the  d imer  monohydra t e  in which one magnes iu ln  a tom has the  
coordinat ion  number  5 by  in te rac t ion  with the keto  C O of a second chlorophyll  
molecule, which, in turn,  has one wate r  molecule coordina ted  to i ts  magnes ium atom. 

The O - H  and C = O  region do not  tel l  much about  hydrogen bonding of the 
coord ina ted  water ,  a l though any  in terac t ion  with the  carbonyl  groups as hydrogen 
bond aecep tms  can be excluded because no spectra l  shifts are found in the  C- - ( )  
region. Other  possibil i t ies of hydrogen bonding are discussed in deta i l  later  for the  
chlorophyll  soh, ate 3Chl b-2H20.  

Chlorophyll b l(vdrales 
KARYAI(IN et al. 'z~ s tud ied  the in terac t ion  of wate r  with films of chlorophyl l  b 

by  infrared spec t roscopy and found a broad  band at  36oo 32o0 em a, whose i n t e n s i t \  
d id  not  change when the film was hea ted  to 55 ° in a high vacuum (io ~ toni Hg) for 
1.5 h. No changes were observed in the  C = O  region upon purnping in a high vacuum. 
A recent  infrared s tudy  of chlorophyl l  b-chlorophyl l  b and chlorophyl l  b -wate r  inter-  
actions in solution ta has revealed some new aspects  about  the  molecular  in terac t ions  
in these cases. 

Anhydrous  chlorophyll  b is s t rongly  hygroscopic and readi ly  forms hydra t e s  
with composi t ions in te rmedia te  between 3:2 and 3 : I .  This is consis tent  with o ther  
evidence tha t  indicates  the fundamenta l  chlorophyll  b uni t  to be the  t r imer.  Fig. 2(" 
shows the infrared spec t ra  of films of these species. In the  0 - H  region, a strong, 
broad  band with a m a x i n m m  at 337 ° cm -a occurs. The C =O region is v m v  near ly  
tlle same as in anhydrous  chlorophyll  b (Fig. IB) as regards  ti le posi t ion of n lax ima  
and the re la t ive  intensi t ies  of the bands.  Tim bands at  I7O2 and 16o 7 cm - t ,  however, 
are sharper .  The bound  water ,  which cannot  be removed  by  heat ing t(, 6(1' and 
pumping  for 4 h at  Io  -a m m  Hg, thus cannot  be involved in hydrogen bonding t~ 
C = O  functions,  nor does it s t rongly  affect any  C = O / M g  interact ions,  a l though the 
slight increase in the  in tens i ty  of the free keto absorp t ion  at  17o2 cm -1 suggests tha t  
some dis rupt ion  of keto C - O / M g  in terac t ion  has occurred. I t  appears  reasonable  to 
us to coordinate  the  water  molecules to  the  magnes ium a toms of the chlorophyll  t~ 
t r imer :  H20 .Ch l  b Gift b Chl b-H,,O, as at  least  two of the  magnes ium a toms  of the 
t r imer  have the coordinat ion number  5. Sn)EROV AND TERENIN 21 have pos tu la t ed  
hydrogen bonding of water  to the  ni t rogen a tmns of the  pyrrole  tings, but  this 
appears  to us a less l ikely possibi l i ty.  I t  remains  a possibi l i ty,  however, tha t  a water  
molecule coordina ted  to the  magnes ium a tom of a t r imer  might ,  because of its 
enhanced acidi ty ,  coordinate  to the  ni t rogen a toms  of another  t r imer,  or even with 
the  pyrrol ic  ni trogen of the clflorophyll  molecule to which i t  is a t t a ched  by  coordina- 
t ion to magnes ium;  in this  event,  i t  might  be expec ted  tha t  the  pyrrolenic  nitrogen 
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of Ring IV might  be involved.  Tile infrared da t a  seem to indicate  clear ly t ha t  inter-  
act ion of water  with the  a ldehyde  C - - O  function of chlorophyll  b to form s t ruc tures  
s inl i lar  to chloral h y d i a t e  is not  impor t an t ;  this  should decrease the a ldehyde  C : O 
absorp t ion  in tens i ty ,  which, however,  is not  the case. 

By more vigorous hydra t ion  condit ions,  wate r  molecules can be inser ted 
between tile chlorophyll  molecules of the  t r imer  to form chlorophyll  b species tha t  
appea r  formal ly  analogous to the (Chl a.H,,O),~ species. Tile s i tua t ion  with chloro- 
phyl l  b, however,  is nmch more complex because of the addi t ional  hydrogen bonding 
possibi l i t ies  presented  by the addi t ional  C = O  group present  in the a ldehyde  function 
of chlorol)layll 5. To complicate  ma t t e r s  further ,  it  appears  tha t  two chh)rot)hyll 3 
hyd ra t e s  can t)e formed, one " s t ab le"  in the  sense tha t  tire incorpora ted  wate~ cannot  
readi ly  be removed,  the  other  "uns t ab l e "  in tha t  exposure  to infrared radia t ion  
causes reversion to t i le  anhydrous  form. Al though the infrared spec t ra  are not 
ident ical  for the two forms, the s t r u c t m a l  basis  for the  difference in s tab i l i ty  is still 
obscure.  

The " s t ab l e "  chlorophyll  b monohvdra t e  is p repared  by  shaking a solution of 
chlorophyll  t) in carbon te t rachlor ide  at a concentra t ion  of > 5" Io ~ 3I with a l i t t le  
water ,  or allowing such a solution to evapora te  in a wa te r - sa tu ra t ed  atnaosphere over  
a period of 4 ° 6o h. Direct  analysis  2° indicates  the composi t ion Chl b:H.~O of i : I .  
TILe chlorophyll  b monohydra t e  is d ispersed in wa te r - sa tu ra t ed  c \ c lohexane  by 
ul t rasonicat ion,  and  films are formed by  evapora t ion  of the  solvent.  The "unstable"  
h \ d r a t e  can lye p repared  t) 3' exposure  of a chlorophyll  b film at 55 ° to wate r  vapor  
for 7o h, or by hydra t ion  with excess water  in cvclohexane sohltion. The condit ions 
for t i le p repara t ion  of the two species are not  very  different,  and the factors tha t  
deternf ine which species is formed are not  clear ly unders tood.  I t  would appear ,  
ILowever tha t  t i le diffetenees are associa ted with the  s ta te  of the  chlorophyll  b being 
hydra ted .  The more highly aggrega ted  the  chlorophyll  b (i.e. cyclohexane vs. carbon 
tetrachloride)  the  more l ikely the format ion of an "unstable" adduct .  The infrared 
spec t ra  of the  two chlorophyl l  b hydra t e s  are shown in Figs. 2D and 2E. 

We discuss the  " s t ab l e "  chlorophyll  tj hyd ra t e  fhst.  In the  O - H  region, two 
s t rong bands  are observed at  343 o and 335 ° cm 1. In the  C = O  region there  are 
absorpt ion  peaks  at  1738, 168o, i645, 1612 and 155o cm '. Compared  to the "un-  
s tab le"  hydra te ,  tire "stable" chlorophyll  b hydra te  lacks the  max ima  at  357 o and 
322o cm ~ in the  O H region and the  band at  I67O cm -1 in the  C - - O  region. However, 
the re  is a band at  168o on1 - I  and the absorpt ion  at 1645 cm 1 is ve ry  strong. 

In a previous s tudy  16 the I68o-em -~ band has been assigmed to the free a ldehyde  
C= O, which appears  at  1665 cm ~ in carbon te t rachlor ide  solutions of anvdrnus  
chlorophyll  b. (This peak  is found at  I672 cm -1 in n-buty lcyc lohexane  in what  
appears  to be a solvent  effect.) The band  at  I645 cm 1 was assigned to the keto 
C O/H20/Mg in terac t ion  as pos tu la ted  for chlorophyll  b. Because the  two chhro -  
phyl l  lJ monohyd la t e s ,  tile " s t ab le"  and the "uns t ab l e "  have a spec t rum in the  O H 
and the < ' - -O region which is charac ter i s t ica l ly  different,  two different molecular  
organizat ions  nmst  be involved.  

Fo r  the " s t ab l e "  chlorophyll  t) m o n o b y d r a t e  formed I) 3, hydra t ion  in carbon 
te t rachlor ide  solution, we advance  the s t ruc ture  shown in Fig. 3- The ass ignments  
are different from those previously, made1": i68o cm -1, ke to  C - - O / H 2 0 / M g ;  1645 cni l, 
a ldehyde  C O/H.,O/Mg. TILe water  is coord ina ted  to the  magnes ium a tom and its 
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two O-H vibrations are involved in hydrogen bonding with the keto C = O (3430 cm ~) 
and the aldehyde C = O  (335o cm -t) of two different chlorophyll b molecules. 

The relatively small shift in the frequency of the keto C--O upon hydrogen 
bonding to water coordinated to magnesium (approx. 2o cm -~) in chlorophyll b 
compared to the same interaction of the keto C = O  in chlorophyll a (shift approx. 
4o cm -t) may be explained by a somewhat longer distance between the interacting 
molecules. According to the X-ray pattern, a Mg-Mg spacing of 7.6 A is found in the 
chlorophyll a'H,~O, whereas the analogous spacing is IO.O A in the chlorophyll ~) 
monohydrates 2°. 

H-.C(H 

H ~ H,..O.~ U 

• • Mg 

| keto- C=O 

H H ~ A ldehyde-C=O 

P~ Phytyl ~ch~l n 
0 3 6 9 12 A 

Fig. 3. Possible structure for stable chlorophyll b monohydrate adduct (Chl b. El._,()),. l)imensions 
taken from space filling Courtauld models. 

Tile "uns t ab le"  chlorophyl l  b hydra te  in the  O - H  region possesses a shoulder  
at  357 ° and max ima  at  347 o, 336o and 322o cm - t .  Even  more d i s t inc t  changes 
appea r  in the  C =O region of this  hydra te  compared  to  the  3 :2  hydra te .  The s t rong 
band at  I7oo cm ~ of the free keto C - - O  is g rea t ly  d iminished and a new maximuin  
at 1645 cm  ~ appears.  Other  m a x i m a  appear  at  x67o and x6o8 cm ~. 

The d i sappearance  of the absorp t ion  for the  free ke to  C - - O  toge ther  with the  
new abs, ')rption peak  at  I645 em 1 is t en t a t i ve ly  assigned to the  format ion  of a 
( ' - -O/H. ,O/Mg in terac t ion  as descr ibed for chlorophyll  c?". 

This necessi ta tes  the  ass ignments  of the I67o-cm 1- absorp t ion  peak  to  the  
free a ldehyde  ( ' - - O  and the i0o8 cm a absorpt ion  to C = O  and/or  C N skeletal  
v ibra t ions .  But  it  is difficult to make  the observed m a x i m a  in the  O - H  region con- 
s is tent  with this  model for the  chlorophyll  t)-water in terac t ion ,  because the  observed 
four maxi ina  in the  O - H  region require,  as a first approx imat ion ,  four different types  
of hydrogen bonded O H vibrat ions .  The absem'e of any  ester  sp l i t t ing  in the  C O 
region excludes fur ther  hydrogen-bonding  ass ignments ,  unless  it  is assumed tha t  
in the  solid s tate ,  hydrogen bonding to ester  ( ' : - O  is not  reflected in a shift of its 
absorp t ion  peak,  whieh does not  appear  l ikely.  

On s tanding  in the  infrared spec t Iophotomete r ,  a film of chlorophyl l  b "cycto- 
hexane h y d r a t e d "  undergoes pronounced spectra l  changes in the  visible and in th t  
infrared (Fig. 2E), which are a resul t  of the  loss of water.  The correlat ion of changes 
in the  C-=O region with t h a t  in the  O - H  regitm helps only a l i t t le  to  clarify the  na ture  
of this  chlorophyll  b -wa te r  in teract ion.  The loss of the  I645-cm ~- absorpt ion ,  the 
increase of the  I695- or I7o2-cm -~ absorpt ion  and the shift  of the  I67o-em -~ band 
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to 1065 cm ~ in the  C O region seem to paral le l  the  loss of the  357o-cm -1 shoulder  
and  the decrease at  347o and  322o on1 ~ in the  O - H  region, finally showing a m a x i m u m  
at  3300 cm -1 as observed  with the  chlorophyll  b (3:~) hydra te .  

We do not  have enough da t a  on the " u n s t a b l e "  chlorophyl l / )  hyd ra t e  to suggest  
a s t ructure .  I t  would appea r  plausible tha t  the  "uns t a b l e "  hydra te  is formed by in- 
ser t ion of wate r  into chlorophyl l  b ol igomers in such a w a v  tha t  min imal  reorganiza-  
t ion of the  oligomer occurs. This would make  i t  readi ly  possible to reconst i tu te  
c a r b o n y l - m a g n e s i u m  in terac t ions  by  expuls ion of water,  and  thus  would cont r ibu te  
to  the  t he rma l  ins tab i l i ty  of this  hydra te .  

l¢actcriochlorobhyll hydrates 
If wate r  is not  s t r ic t ly  excluded,  1)acteriochlorophyll fornls a hydra te ,  which 

according to direct  wate r  analysis  by  a recen t ly  descr ibed gas chromatographic  
p iocedure  "° has a mole ra t io  of 3 : 2 - 3 : I .  Fig. 2F shows the O - H  and the C = O  
region in the  infrared of th is  hydra te .  Excep t  for the  s t rong and broad band in the  
O H region (338o cm t) the  spec t ra  are ident ical  wi th  ti le anhydrous  bacteriochhwo- 
phyll  and the  ass ignments  are the  same. 

The broad  band at  338o cm - t  can best  be expla ined  by  s t rongly  hydrogen-  
bonded  water ,  though there  is no evidence for an involvement  of the  carbonvl  groups, 
which most  l ikely would serve as t i le aeceptors  for the  hydrogen bond. \Ve, therefore,  
advance  the  same p igment  water  in terac t ion  as discussed for the  chlorot)hyll b water  
(3:2) species, with the  water  coord ina ted  to the  magnes ium atonl  and hydrogen 
b~mdcd ei ther  to the  pyrrole  ni trogen of the  same nlolecule or to a second one. 

Hydra t ion  of a solution of bacter iochlorophyl l  in cyclohexane with excess of 
water  results  in a bacteriochlorot)hyll  hyd ra t e  with dras t ica l ly  changed spectral  
pr,~perties. This product  is s table  at  25 ° in a high vacuum. The p igment  water  ra t io  
has n,,t vet  been de te rmined ,  but  i~ seenls l ikely tha t  it is a nlonohydr;_~te, as found 
for c]~hwophyll a and 1) under  the  same condit ions.  

Fig. 2G shows the O H and C O region in the  infrared of a bac ter iochlorophyl l  
hydra te  prepared  bv the above descr ibed procedure.  The O H region shows three 
d is t inc t  absorpti~m maxin la  at  344 o, 33.oo, and 3 I : o  cm -1. The C - - O  region has also 
changed dras t ica lh ,  compared  to the  anhydrous  1)acteriochlorophylI and  n lax ima  are 
found at  I738, I7I  5, I034, I0 i4 ,  I5'.)5, I55o and 152o cm 1. The 1735-cm ' es ter  
band in anhydrous  bacter iochh)rophyl l  has spli t  into two maxin la  at  1738 and 
r715 cnl - ' ,  the  max ima  at I68o and i645 cm ~ are replaced bv a very  intense band 
at I634 CIU -I, the band at  I525 cm ~ has spli t  into a band  at  1 5 5 0  and at  i52o ('Ill -1, 

resl)ectively.  \Vith bacter iochlorot)hyll  it is the  first t ime t ha t  an ester  splittin;~ is 
observed  in the  solid; with chlorophyl l  a it  only appears  in colloidal solut ions of the 
mon()hvdrate~<,7, and  with chlorot)hyll h has not been observed at  all. 

\Ve assign the d i sappearance  of the  free keto  carbonvl  at I68O c m - i  and th~ 
keto C = O / M g  in terac t ion  at  t645 cm - t  toge ther  with the  new band at  I634 cm <, 

{ / " i f ,  t~ a Mg, HeO,( = O  in terac t ion  be tween two molecules of bac ter iochlorophyl l  '. 
The absence of a C = O  absorp t ion  band  which can be assigned to  the  free 

acetvl  C O n lay  be expla ined  by  the superpo.~ition of the  very  s t rong I634 cm -1 
baud. 

In the  38oo-3ooo-cm - l  region we assign the  band at  3 I eo  cnl - l  to an O H 
s t re tch v ib ra t ion  of water  coord ina ted  to magnes ium and  hydrogen bonded  to the  
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keto C- -O,  the  band  at  344 ° cm ~ to an O H s t re tch  v ibra t ion  of water  coordinated 
to magnesiuln  and hydrogen bonded  to tile ester  C O of t i le ca rbomethoxv  ester 
group, resul t ing in i ts  shift  in the  (7--O region from 1737 to i715 cm-L 

These assignnlents  leave the  quest ion ot)en of the  origin of the  332o-cm 
absorp t ion  in the  O - H  region. Fo r  chlorophyll  a and  b this  absorp t ion  band cannot  
be assigned unambiguous ly .  I t  m a y  be the  O H absorp t ion  of occluded water ,  which 
is not  lost  upon cast ing the  fihn or on heat ing the film to 6 o .  The loss of the 344 °- 
and 312o-cm - j  absorpt i (m upon hea t ing  then would be due not  to the ac tual  h~ss o[ 
wate r  but  only due to a change in i ts in terac t ion  with the  chlorophyll .  This should 
affect, of course, i ts  absorpt ion  m a x i m a  in the O H region. 

Pyrochlor@kyll a ]Lvdratcs 
Pyrochlorophyl l  a can be h y d r a t e d  ei ther  as a film, I) 3, exposure  to water  at 55 , 

or in cyclohexane by  shaking with waterl% The infrared spec t ra  of h y d r a t e d  pyro-  
chlorophyl l  a p repared  in ei ther  way are ident ical  (Fig. 2H). Tile s to ich iomet rv  of the  
pyrochlorophyl l  a water  in terac t ion  has not  ye t  been established.  Upon hydra t ion ,  
the spec t rum in the  I8OO I55o-em ~ region in the  infrared changes qui te  dras t ica l ly ;  
the absorpt ion  of the free ke tc  C O at  1083 cnl ~ has diminished,  while the  absorp-  
t ion at  1643 em 1 assigned to the  keto C O/Mg interact ion has spli t  into two inax ima  
at  165o and about  162o em ~, the  la t te r  being over lapped  by the I6O8-cnr -1 hand. 
Fol lowing a previous s tudy  ~ we assign the m a x i m u m  at I62o cnl -~ to the  keto  
earbonyl  of a C--O/H20/Mg in teract ion between dilners of pyr(~ehlorophyll a Ileld 
toge ther  by a C- -O/Mg interact ion,  which resul ts  in tire I65o-cm -~ band. The I()O,N 
cm ~ absorpt ion  we assign to a (~ O and/or  C=: N skelet(m vii)ration. 

The absorpt ion  in the  O H region in the  infrared shows onh '  a broad band with 
the  n laximuln  at  33oo cm ~ and permi ts  no other  specific ass ignments  othm than  the 
water  is s t rongly  hydrogen  bonded.  

Hydration of chlorop/tvll a films 
When chlorophyll  is h y d r a t e d  in solution, the  chlorophyll  molecules are free 

to assume configurations of max imum stabi l i ty .  Hydra t ion  of films, where the  mobi l i ty  
of the  chlorophyl l  is res t r ic ted,  nmst  reflect to a considerable  ex ten t  the  or ientat ion 
of the  chlorophyll  molecules in ti le par t icu la r  fihn, and this, in turn,  will be grea t ly  
affected by  the solvent ,  concentrat ion,  ra te  of evapora t ion  and o ther  exper imenta l  
condit ions tha t  are not easi ly controlled, lqhn  phenomena  are thus  of lesser intr insic 
interest ,  but  never theless  a le  quite informat ive  about  events  involved in the inter  
act ions of chlorophyl l  and water.  

To make  a quan t i t a t i ve  comparison of the changes in the  infrared spect rum 
(Fig. 4 A) of a film of chlolophyl l  a upon hydra t ion ,  a fihn of anhydrous  chlorophyll  a 
cast Iron1 carbon te t rachlor ide  was exposed  at  53 ° for 3 o min to wate r  vapor  at 
about  IOO him Hg. (Fig. IA shows the absorpt ion  inaxinla  of ±he anhydrous  chlor . -  
phyl l  a fihn in the  O - H  and C O regions.) Addi t iona l  hydra t ion  prolonged f . r  
another  24 h did not change the infrared spec t rum further.  

The O H region shows an uns t ruc tu red  absorpt ion ex tend ing  froin 3ool, to 
36oo cnl 1 (l:ig. 5A). No par t icu la r  ass ignnlents  can 1)e inade other  than tha t  the  
water  is s t rongly  hydrogen bonded.  In the C O region, however,  d is t inct  changes 
upon hydra t ion  are observable.  There is l i t t le  change in the posit ion of the  ester  hand 
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at I730 cm -1, the  absorpt ion  of the  keto  ( ' = O  at  I695 cm -~ is s t rongly  diminished,  
and the band at  I655 cm -x is rep laced  by  a s t rong absorpt ion  at  I64o em -~. The band 
at  I 6 Io  cm 1 assigned to C- -C  and/or  C - - N  skeletal  v ibra t iona l  decreases somewhat  
in in tens i ty  and shifts to I6o 5 em 1. Minor changes also occur i n t h e  bands  at  z55o and 
z53o  c m  d.  

T h e  n e w  s t r o n g  b a n d  a t  I 6 4  o c m  1 w e  a s s i g n  t o  a k e t o  C - - O / H 2 0 / M g  i n t e r -  

a c t i o n ,  a s  i n  s o l u t i o n s  14, u~; t h i s  a s s i g n m e n t  a l so  e x p l a i n s  t h e  d e c r e a s e  in  t h e  i n t e n s i t y  

o f  t h e  k e t o  C O b a n d  a t  I 6 9 5  c m  -~. N o  s p l i t t i n g  of  t h e  e s t e r  c a r b o n y l s  c a n  be  

o b s e r v e d  in  f i l m s ,  w h e r e a s  i t  c a n  in  m u l l s  al, a4 a n d  in  c o l l o i d a l  s o l u t i o n s  o f  (Ch l .  H~O)  ~ la. 

W i t h  t h e  a b s e n c e  of  e s t e r  s p l i t t i n g  is  t h e  o b s e r v a t i o n  t h a t  i n  t h e  O - H  r e g i o n  n o n e  ot 

t h e  t h r e e  d i s t i n c t  b a n d s  s e e n  in  N u j o l  m u l l s  la, 31, 34 c a n  b e  o b s e r v e d .  
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1"i~4. 4. Effect of hyd ra t i on  condi t ions  on infrared spec t ra  of chlorophyll  a films in the  i8oo fSOO 
cm 1 region. A, f ihn hyd ra t ed  a t  55 ° and  a water  vapor  par t ia l  pressure  of too Tor t ;  B, fihn 
h y d r a t e d  a t  z 3 ~ and  zz Torr  par t ia l  pressure  of water ;  C, effect of hea t ing  on (B) ; D, fihn hyd ra t ed  
a t  - ' 3  and  7 Torr  part ial  pressure  of water ;  IL, film h y d r a t e d  by  liquid o.ox M p h o s p h a t e  buffer 
solut ion (pH 6.9). 

Fig. 5. Effects of hyd ra t i on  condi t ions  on the  infrared spec t ra  of chlorophyll  a films in the  30oo- 
- 'Soo-cm - t  region. A, t3, and  C are as shown in the  legend for Fig. 4. 

tJiochim, t3iophys. .4cla, 256 (~972) 3o7-3_,7 





CHLOROPHYLL INTERACTIONS IN THE SOLID STATE 323 

tu rned  on. These d a t a  show clearly the  correla t ion of the  changes in the  O - H  and  
C = O  region. Wi th  t he  loss of the  x64o-cm -1 absorp t ion  and the  growing in of the  
i655-cm -1 band,  the  m a x i m a  at  36Io, 345o, and  326o Cln -1 d i sappea r  in the  O - H  
region. 

If the vapor  pressure  of the  wa te r  is st i l l  fur ther  reduced,  the  course of hyd ra t ion  
is again different.  Thus,  SHERMAN AND LINSCHITZ 25 r epor t ed  a red shif t  in the  red 
band  of the  electronic absorp t ion  spec t rum of chlorophyl l  a in a Nujol  "mul l "  upon 
hyd ra t i on  at  a wate r  vapor  pressure  below xo m m  Hg;  ~BALLSCHMITER AND K A T Z  ]G 

found t ha t  a specific chlorophyll--water  in te rac t ion  involving hydrogen bonding to 
the  es ter  C - O  is connec ted  with  th is  red  shift .  

S imi lm changes  can be obse rved  when films of anhydrous  chlorophyll  cast from 
carbon te t rach lor ide  are exposed  to a wa te r  vapor  pressure between 5 and I2 m m  Hg. 
Fig. 4 D shows the  change in the  I8oo - I5oo -cm ~ region in the  inf rared  af te r  hyd i a t i on  
a t  23 ° and  a wa te r  vapor  pressure  of about  7 m m  H g  (sa tured MgCI 2 solution) for 
42 h. The absorp t ion  band  of the  es ter  C = O  at  1736 cm ~ is s l ight ly  decreased with 
an increase of the  absorp t ion  a t  x7r 7 cm -~, due to hydrogen  bonding of wate r  to the  
es te l  carbonyl .  The absorpt ion  band  of the  free ke to  C = O  at I694 cm 1 decreases 
m a r k e d l y  and  the  band  at  I655 cm -1 sharpens  wi th  the  m a x i m u m  shif ted to x66o 
cm -1. Wi th in  5-IO rain in the  sample  c o m p a r t m e n t  of t i le Beckman  I R  7, t i le spec t rum 
of the  anhydrous  chlorophyl l  a fihn is rega ined  (Fig. IA),  wi th  a sl ight  increase of 
the  absorp t ion  of the  uncoord ina ted  ke to  C~--O and a small  decrease in t i le  in tens i ty  
of the  C-~O/Mg interact ion.  

I t  can be judged  from the absence of any  inciease  in absorpt ion  at  164o c m  
and from the electronic absorp t ion  spec t rum,  which shows no absorpt ion  at  74 ° n m ,  
t ha t  the  hydra t ion  at  low PH,,O did  not  lead to  a C=O/H,~O/Mg interact ion.  The 
spect ra l  changes are expla ined  bes t  by  hydrogen  bonding of water  to the  keto  C = O  
resul t ing  in the  decrease at  x694 cm 1 and in the  nex t  naaximum at  I66o cm -~ super-  
imposed  on the z655 cnr -1 absorpt ion  of the C - - O - - - M g .  F rom tlle sl ight  decreases at  
1655 cm ~ and the increase at  x695 cm -1 af te r  d ry ing  in the  Beckman  I R  7, i t  can be 
concluded tha t  some of t i le  C = O / M g  in te rac t ion  mus t  have been in te r rup ted ,  al- 
though n o  C ~ O / H 2 0 / M g  in te rac t ion  is formed. I t  is possible t h a t  the  d imer  uni ts  
are not  in te r rup ted ,  bu t  t ha t  wa te r  is inser ted  be tween  the dimers,  and  tha t  for 
s ter ic  reasons a C = O / H z O / M g  in te rac t ion  be tween dimers is not  allowed. The changes 
at  the  x534-cm 1 band  have not  ye t  been in te rpre ted .  Spect ra l  changes in the  visible 
accompany  the changes in the  infrared as wa te r  is les t  from the film. The red band  
in the  electronic t rans i t ion  spec t rum loses a ta i l ing  to  the  red, the  Soret  band  increases 
in absorbance,  a difference m a x i m u m  appears  at  7xo n m  as loss of wate r  proceeds.  
The spec t ra l  changes observed  b y  KF~ .aND SPERLING 85 OH dry ing  monoIavers  of 
chlorophyll  a were in t e rp re t ed  by  t h e m  as the  resul t  of a loss of order  as wa te r  leaves 
the  fihn. 

The same effects in the  infrared spec t rum as descr ibed in Fig. 4 D can be 
obse rved  when a film of anhydrous  chlorophyll  a is covered by  a o .oi  3I phospha te  
buffer solut ion (pH 6. 9) for I8 h (Fig. 4E). As in Fig. 4 C, the  spec t rum had begun to 
change back  to the  " d r y "  s ta te  a f te r  15 rain in the  Beckman I R  7. 

The fact  t h a t  the  spec t ra l  consequences of hydra t ion  by  a buffer solut ion is 
equiva len t  to those observed  a t  7 nun H g  wate r  vapor  pressure and not  to tha t  of 
20 m m  H g  m a y  at  first be surprising. But  since chlorophyll  a is insoluble in water ,  
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the tendency for a water molecule in the liquid to leave the aqueous phase in favor 
of a relatively weak interaction with the keto C = O  function will not be very strong, 
whereas a molecule water in the gas phase may well tend to interact with solid 
chlorophyll. 

The hydration behavior of chlorophyll films appears to be very sensitive to the 
orientation of the chlorophyll molecules. This may be the primary reason why films 
cast from different solvents interact so differently with water. Studies of the aggrega- 
tion of chlorophylls in solution have shown ta that the chlorophyll species present in 
different solvents vary widely. From a solution in ~z-hexane, large oligomers will be 
deposited, whereas, from solutions in carbon tetrachloride, the average state of 
aggregation will be expected to be smaller. These differences in aggregation are 
reflected in the infrared and show up strongly in the way various films interact with 
water (P. DAIGNEAU, K. BALLSCHMITER ANI) J. J. KATZ, unpublished work). 

Pheophytin a-water interactions 
If the coordination properties of the magnesium atom in the chlorophyll 

molecule are the determining factor governing self aggregation and ligand interaction, 
the magnesium-free chlorophyll, pheophytin, should exhibit basically different be- 
havior. The infrared spectra of films of pheophytin a and b have been reported by 
SIDOROV AND TERENIN 2l. Pheophytin is said to form hydrates and the pheophytin- 
water interaction has been investigated by infrared studies by KARYAKIN et al. 2~ and 
KARYAKIX AXD CHIBISOV a°. A recent quantitative study of the hydration and dehydra- 
tion of chlorophylls and pheophytin a did not reveal any defined pheophytin hydrates 2°. 
In the O-H region of the infrared, however, a more or less intense broad absorption 
band with the maxinmm at 325 ° cn1-1 can be observed, depending on the experi- 
mental conditions used to cast the film. Heating a film of pheophytin a to elevated 
temperature (5o-6o °) in a high vacuum (about lO .3 mm Hg) has little effect on the 
extent of this O-H absorption. However, codistillation of the water with carbon 
tetrachloride results in nearly anhydrous pheophytin (Fig. IE). 

The water in the pheophytin film does not undergo hydrogen bonding to the 
carbonyt functions, since tile position and relative intensities of the bands in the 
C = O  region of the infrared are unchanged upon drying of the pheophytin (Fig. IE). 
Hydrogen bonding with the oxygen to a N-H group is likewise unlikely, as the 
position and intensity of the N-H band at 34oo cnl -~ are practically unaffected by 
the drying process. Remaining is the possibility of a hydrogen bond of water to the 
pyrrole nitrogen. This cannot be ruled out, but neither is there evidence for it, except 
the position of the maximum at 325o cm -t  of the O-H band. 

The position of the N-H  stretching vibration of pheophytin a at 34oo cm -~ is 
not affected whether the molecule is in solution in carbon tetrachloride or in the 
condensed state. This suggests, as is the case for other dihydroporphyrins 3~, that the 
N--H group within the molecule is not readily accessible. Evidence for this is given 
by the relatively slow ~H20 exchange rate for the N - H  group, even in solution. Strong 
intramolecular hydrogen bonding of the N-H group as for other dihydroporphyrins 
seems not be the case for pheophytin a. The N-H stretching vibration is shifted to 
lower frequencies about 60 cm -~ less than in other dihydroporphyrins, andit  appears 
at the same wave number as the N-H of the pyrrole in the condensed state (34oo 
c n 1 - 1 )  . 
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Electro~dc @ectra 
One of the principal objects of this work is to correlate the absorption spectra 

in the visible with the various chlorophyll species present in films as deduced primar- 
ily by infrared spectroscopy. We have recorded electronic transition spectra for the 
fihns investigated by infrared described above. These spectra are shown in Fig. 7. 
Since we have recorded these data, we have developed deconvolution techniques that 
contribute substantially to the interpretation of the visible absorption spectra ot 
chlorophyll oligomers 3v but the applications of these methods to films is still not fully 
worked out. \~re, therefore, content ourselves at this time with a presentation of the 
experimental results and some comment on the more unusual features of the electronic 
spectra. The effects of water on the electronic absorption spectra cf films of chloro- 
phyll have been reported by LITVIN AND GULYAEV as, ]~YSTROVA AND KRASNOVSKII ag, 

t{RASNOVSKII AND BYSTROVA 4° a n d  SHERMAN AND LINSCHITZ 25. 

Particularly to be noted are the complicated nature of the changes in the 
visible absorption spectra of the chlorophylls on hydration. Where hydration occurs 
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Fig. 7- Electronic t ransi t ion spectra of anhydrous  ( ...... ) and hydrated (-  ) chlorophyll 
fihns. A, chlorophyll a; B, chlorophyll b; C, bacteriochlorophyll;  D, pyrochlorophyll  a; 1~, pheo- 
phyt in  a. The dotted line at the end of Curve E is meant  to indicate tha t  the anhydrous  and 
hydra ted  fihns of pheophyt in  a are identical. 
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with no pronounced changes in the relative orientation of the chlorophyll molecules, 
as in (Chl a) 2" H20, (Chl b) a" H,20, (Chl b) a" 2H20, then the consequences of hydration 
on the spectra are minimal, and hydrates and anhydrous films of oligomers have very 
similar spectra. Where extensive reorientation can be expected, as in (Chl.HoO)n, 
(BChl. H20)n, or (Chl b. H20)n, then very marked red shifts are observed. 

It  is possible to recognize in a qualitative way that major reorientations of the 
chlorophyll molecules must occur in the formation of the I : i  hydrates. For the 
chlorophyll a monohydrate the red shift is about 62 nm (relative to the chlorophyll 
a oligomer fihn), but for the corresponding chlorophyll b monohydrate it is only 
36 nm, and for pyrochlorophyll a monohydrate, it is 3I nm. This may mean that the 
distances between chlorophyll molecules, or the angle between thena, is greater for 
pyrochlorophyll a and chlorophyll b than for chlorophyll a itself a,-aa. In the case of 
baeteriochlorophyll, a large red shift of about 53 nm is observed in hydrated films. 
The shift observed here is the same as observed for some forms of baeterioehlorophyll 
in vivo, and suggests that in both cases a similar organization of the bacteriochloro- 
phyll molecules involving interaction with water is responsible for the red shift. 

I:ilms of pheophytin a show a remarkably large red shift (Fig. 7); the red 
nlaximum, which appears at 668 nm for pheophytin in hydr(;carbon solutions, is 
found at 695 nm in the films. The spectrum is unchanged when the pheophytin a 
film is exposed to water vapor. This large red shift in anhydrous fihns of pheophytin 
nlav result in a strong plane-plane interaction as observed for other porphyrins 2a. 
The chlorophylls, however, because of the presence of the central magnesium atom, 
have nmeh greater difficulty in assuming parallel c~mfigurations and thus exhibit 
nmch more variable behavior. 

It  must be emphasized again that the electronic transition spectra are character- 
istic of particular chlorophyll species, as a whole, and cannot be assigned to in- 
dividual chlorophyll molecules. It  is also becoming increasingly evident that the 
production of long wavelength forms of clflorophyI1 requires the interaction of 
two or more molecules of chlorophyll. Long wavelength forms of chlorophyll result 
from a cooperative interaction, either by direct interaction of the chlorophyll mole- 
cules, or by an interaction mediated by a bifunctional ligand such as water ~. 
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