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REILCTIVITY OF ORGANIC COMPOUNDS I N  FROZEN AQUEOUS DISPERSED 
SYSTEMS 

B O M  mSERGEEV , N P .KONSTANTINOVA , I .A .CROMCHFXKO 9 G .B .SERCEEV 
Department of Chemistry, Moscow State  University, 
Moscow, USSR 

Abstract The hydrolysis of p-nitrophenylacetate i n  aqueous solu- 
t ions of inorganic salts, gelatin and s i l i c a  gel suspensions at 
temperatures under 273 K is used aa a model t o  ascertain the re- 
lation between the kinetic regularit ies of chemical reactions i n  
frozen aqueous disperse systems and the i r  phaae s t a t e  as well aa 
conditions under which the samples are formed. 

INTRODUCTION 

The reactivity of organic compounds i n  aqueoue systems at sub-zero 
temperatures can be realized only i f  molecular mobility occurs. Re- 
t ion s i t e s  i n  frozen solutions of low- and high-molecular weight sub- 
stances, as well ae suspensions, are  usually represented. by inclusions 
of a nonfreezing mother liquor, liquid films at the interphaae bounda- 
r i e s  end also by solution f i l l i n g  pores i n  the solid par t ic les  and i n  

the ioe. Under these conditions the reaotion usually obeys the same 
mechanism that is typical of that  ooourring i n  the l iquid phaae at 
normal temperatures. Thus the hydrolysis of esters is distinguished 

the major principles of acid-baae catalysis. 

The kinetia features of reactions i n  frosen aqueous disperee eys- 
tans formed by freezing of solutions of low- and high-moleaular weight 

substanoes, as well 88 suspensions, have been studied with the hydro- 
lysis of mitrophenylwetate  (P-Npb) taken aa a model. 
The phenomenon of rewtion aoceleration due t o  the ooncentration of 

dissolved reagents i n  a nonfreezing l iquid phase is a d i s t inc t  kinetio 
manifestation of the heterophase nature of frozen solutions. Competi- 
t ion between the concentration effect and the oppositly directed in- 

fluence of temperature on the r a t e  constant ( the Arrhenius l a w )  gives 
r i s e  t o  bell-ehaped curves fo r  the dependency 
on rates  on temperature.’*2 In  the absenoe of phaae diagrama for the 

reactive multicomponent frozen mixtures, the conoentration effects 

have been approximately calculated with the use of cryoscopio 

of the observed reaoti- 
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14 B .M .SERGW , N 9 .KONSTANTINOVA , et . al . 
stants.' Beoause of the nonideality of the solutions, the limited solu- 
b i l i t y  of many, especially organic, compounds i n  water and p a r t i a l  in- 
clusion of the reagents into the ioe, these caloulations frequently do 
not allow us t o  desoribe adequately the oonoentration conditions i n  
frozen solutions. The kinetio oonsequencea of pa r t i a l  oryatallization 
of nonaqueous components of frozen solutions have been studied else- 
where.*5 The reasons for  the kinetic faotors observed can be oonventi- 
onally divided into two groups: first, changes of the physico-ahemioal 
properties of the medium and, seoond, deoreasing quanfities of the re- 
active dissolved substances i n  the reaotion zone. 

salt eutectios of freezing buffer solutions 8.8. phosphate6, results 
i n  the s h i f t  of the pH i n  nonfreezing liquid, whioh, i n  turn, affeots 
the shape and position of the experimentally observed dependenoe of the 
reaction r a t e s  on the initial pH value. 

Crystallization of water, orystall ine hydrates of ealts and water- 

3 

As the temperature, and therefore volume, of the nonfreezing 
liquid are decreased, the ooncentration of one or a few reagents m q y  

a t ta in  a l i m i t .  I n  these oases no further growth of the reagent oonoen- 
tration is possible and they begin t o  orystallize. The resul t  is  that 
the ooncentration of the reagents i n  the solution beoomes quaei-eteady, 
being controlled by the  reaot ion4ssolut ion rate balanoem4 I f  the oon- 

sumption of the reagent i n  the reaction i e  completely compensated 
dissolution of the preoipitate, then the conoentration i n  the reaoticm 
zone oorreaponds t o  the solubili ty value and does not depend on that i n  
the solution prior t o  freezing. In  t h i s  oase the observed kinetic order 
of the remtion with respeot t o  the reagent undergoing oryetall isation 
is equal t o  zero. A decrease i n  the observed Mnetio order of hydroly- 
sis with respect t o  #A, whose orystall ization took plaoe i n  the oo- 

urse of oooling, w a s  observed i n  studies of the reaotion r a t e  tempera- 
ture dependence and at a fixed temperature with increasing i n i t i a l  
p4PA concentration? Note that the lower temperature and smaller 
volume of the nonfreezing reaotion medium, the lower the i n i t i a l  P-NpA 
concentration at which transit ion t o  the zero kinetio order is obser- 
ved. 

The equilibrium phase s t a t e  of the samples oan be attained during 

freezing over a time comparable t o  that of the observation of the re- 
action. That is w& the  transit ion of p-NPA hydrolyeis t o  zero order 
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REACTIVITY OF ORGANIC COMPOUNDS I N  FROZE8 SYSTEMS 75 

i n  frozen solutions i n  the presence of a oatalyst (hydroxylamine) took 
4 place a f te r  30-45 min from the instant the samples were frozen. 

The kinetic features of chemical reactions in  a nonfreezing 
liquid phase of solutions being frozen and cooled down t o  temperatu- 
res above the euteotic points (Te) have been disoussed elsewhere. 
Later studies have indicated that Te is not a law-temperature boundary 
for  the reaction aa even at these temperatures a significant portion 

Kinetic studies of p-NPA hydrolysis i n  frozen aqueous salt solu- 

I 

8 
of the mcleoules retain mobility comparable with that i n  solutions. 9 9  10 

tions at temperatures below Te indicate that a sharp deorease i n  the 
reaction medium volume occurring i n  a narrow temperature interval is 
accompanied by the slowingdown of the prooess due t o  t h e  freezing - 
out of the reaction mixture cMnponentsb8 In quaternary mixtures con- 
taining hydroqylamine as the oatalyst, such as H20 - KF - p-NPA - 
NH20H and H20 - NaP - @PA - NH20H 5 ,  a deceleration of the reaction 
at T 4 T e  is preoeded by its acceleration at T z T e  due t o  the increa- 
sing i n  concentrations of p-NPA end hydrowlamine i n  the reaction zone 
during the water-ealt eutectic crystallization. 

The direct relationship between the possibil i ty plus the kinetic 
features of the reactions in  frozen systems, on the one hand, and the 
phase s t a t e  of the system, on the other, allows us t o  suggest that the 
influenoe on the structure of the samples by modification of the i r  
crystallization oonditions must be followed by definite ohanges in  re- 
action kinetios. Crystallization in  an ultrasonic f ie ld  permits us t o  
produce denser polycryatalline samples with smaller intercrystall ine 
inclusions." Therefore the concentration of the impurities ( in  our 
oaae the reagents) localized in  the intercrystall ine inclusions of mo- 
ther liquor1* is higher i n  the ultraaound-irradiated samples than i n  
the control ones. A s  a result  of this,  the r a t e  of @PA hydrolysis i n  
the samples frozen i n  an ultrasonic f ie ld  is higher than that  i n  non- 
irradiated ones and the transit ion t o  the zero kinetic order with ree- 
pect t o  the reaction substrate ocours at lower inihial  concentrations 
aa oompared with those of control samples. 13 

As mentioned above, the possibility of reactions i n  frozen multi- 
component systems is directly associated with the presenoe of nonfre- 
ezing liquid and it is its amount that determines the t o t a l  volume of 
the reaction zone. It haa been shown that for  a number of w a t e r - e a l t  
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16 B .M .SEFtGEEV , N 9 XONSTANTINOVA , e t  . a1 . 
mixtures at a oonstant p-NPA ooncentration and at temperatures both 

above and below Te there  ex is t s  a region of salt oonoentration where 
its growth leads t o  an inoreese i n  the  observed in i t i a l  r a t e  of hydro- 
l y ~ i s . ~  Due t o  the fac t  that the  salt oontent is responsible f o r  the  

weight amounts of the  phases ooexisting at the  experimental tempera- 
ture  ra ther  than t h e i r  composition, the  aooeleration effeot  of the salt 
additives is a t t r ibu ted  t o  a growing amount of t he  reaotive dissolved 

p-NPA resul t ing from an increase of the  reaction zone volume. The rate 
grows till the  volume of t he  nonfreezing l iquid becomes suff ioient  f o r  

maintaining the  whole of t he  substrate i n  the  dissolved s ta te .  

I n  heterogeneous disperse systems the  bound water at the  inter- 
phase boundaries re ta ins  high moleoular mobility at temperatures under 

273 K.14 No studies of t he  possibi l i ty  of ohemioal reactions i n  volume 

oooupied by nonfreezing w a t e r  i n  suoh systems end the  k i n e t i e o f  these 
prooesses have been made. 

The nonfreezing water films have been found at very low temperatu- 

res neax the surface of s i l i o a  gel and i n  its pores.15 These l iquid in- 
clusions act aa reaction s i t e s  where the  reagents oapable of orystal- 
l iz ing  i n  the  absenoe of additions oan be maintained i n  a react ive 

s t a t e  at sub-zero temperatures. A correlat ion between the  aooele- 
ra t ing  effeot of s i l i o a  gel  additives on p4JPA hydrolysis i n  frozen 
N a p 0 4 ,  NaF and Na B 0 solutions, and NMA data indioating an inorea- 

17 sed fraotion of a mobile phase i n  the  samples has been disolosed. 

nonfreezing l iquid re ta ins  oonatant volume between 270 and 258 K. 17 

Therefore,in the  presence of s i l i c a  ge l  i n  t h i s  temperature region, 
s tabi l izat ion of the  oonoentration oonditions takes plaoe and ae a re- 
sult the  temperature dependenoe of t he  observed p-NPA hydrolysis i n i t i -  

a1 ra t e  obeys the Arrhenius law. 
The freezing-melting oyoles of aqueous hydrophilio dispersions axe 

i n  m a n y  omes acoompanied by hysteresis phenomena.19 This implies that, 
i n  temperature regions speoified f o r  a system, the  volume of a nonfre- 
ezing l iquid in  samples approeohing the  experimslltal temperature 

Vrom abovel*,will be greater  than that when the  same temperature is set 
by heating. The nonequilibrium s t a t e  of frozen dispersions is manifes- 

ted by the  faot  that, i n  samples first overoooled end then heated t o  
the experimental temperature (243 K) , t he  oonoentration of dissolved 

2 4 7  

A n  important property of frozen silica ge l  suspensions is that a 

17 
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REBCTIVITY OF ORGANIC COMPOUNDS I N  FROZEN SYSTEMS I1 

reagents wi l l  be higher and therefore the  the  r e h t i o n  rate is twice 

tha t  when the  same temperature is reached "from above1@. 17 

For cryobiology it would be in te res t ing  t o  look at protein reac- 
t ions i n  frozen solutions. Among the  most important fac tors ,  whose ef- 
fec t  on the  rate of protein reactions ma;y vary 88 a result of freezing 

and the  associated redis t r ibut ion of t he  components between the  coexis- 
t i n g  phases, one can mention the  state of t he  macromolecules i n  solut i -  
on. A sharp change i n  the conoentration conditions, and other physico- 

chemical properties of t he  m e d i u m  d u r i n g t h e  course of freezing, 
give rise t o  conformational changes of t he  macromolecules, t h e i r  aggre- 

gation, salting-out, gelation, etc. I n  t h i s  case k ine t ic  measurments 
may serve as a t e s t  for s t ruc tura l  ohanges of protein solut ions upon 

cooling and freezing. 

maJr 

Frozen eolutions of ge la t in  contain nonfreezing water!$ T h i s  ren- 

ders them oonvenient fo r  studies of protein reactions i n  the  frozen 
s ta te .  It has been shown that ge la t in  d i s p l w s  catalytic a c t i v i t y  with 

respect t o  the  hydrolysis of p-NPAe2' The nature of t he  catalytic ac- 
t i v i t y  is assooiated, in our mind, with the  presence i n  t h e  polypep- 
t i d e  chain of amino m i d  residues i n  possession of nucleophylic proper- 

t i e s .  21 

A t  normal temperatures the  inorease of ion ic  s t rength by the  ad- 

d i t ion  of N a C I  or K$PO 
pitat ion and the  associated marked reaction deceleration. On freezing 
t o  268 K,  the rate drop is observed at an appreciably lower salt con- 

centration and is seemingly due t o  t he  same reason. This fact suggests 

that i n  frozen electrolyte-oontaining protein solutions t h e  two compo- 

nents are localized i n  the  same nonfreezing regions. The co-localiza- 
t ion  of t he  low- and high-molecular weight reagents leads, aa i n  t he  

caaes mentioned above, t o  the appearanoe of a bell-ahaped temperature 
dependence of t he  observed i n i t i a l  reaction rate aa w e l l  as t o  the  lo- 
wering of t he  experimentally found k ine t ic  order of hydrolysis with 

respect t o  p4JPA as its i n i t i a l  concentration is increased. 

t o  the solutions of gelat in  oauees its preoi- 4 

I n  the  case of p a r t i a l  p-NPA crys ta l l iza t ion  (zero order react i -  

on) the  temperature dependence of t he  hydrolysis rate i n  a frozen wa- 
ter  - gela t in  - p-NPA - K2HP0 4 
extremum disappears and the  reaction rate decreases with lowering tern- 
perature, the  graph showing changes i n  the  various sect ions 

system becomes more complicated. The 

diffe-  
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78 B .M .SERGEXV, N .R .KONSTANTINOVA, e t  . al. 
ring appreoiably i n  elopes toward the temperature axis. A s  follows 

from the NMR data, i n  the region 273-248 & t h e  nonfreezing water oon- 
tent of the samples decreases smoothly 80 that  the breaks i n  the graph 
cannot be related t o  the abrupt concentration jumps result ing from 

sharp changes i n  the reaction volume. A t  the  present time one can put 
forward only conservative oonsiderations concerning the reasone respon- 

sible fo r  the observed diaturbanoe of the reaction r a t e  temperature 
dependenoe. It i s  probable that aa the fractions of water whioh are  
more loosely bound t o  the protein gradually freeze-out i n  the gelatin- 

water-salt system, i n  narrow temperature regions there takes place 

structural transit ions with the assooiated changes i n  the physico-ohe- 
mical properties of the reaction medium and/or accessibil i ty of the 

catalytioally active s i tes .  A t  the same time, ohengee i n  protein hyd- 
ration, as oompared with the t o t a l  nonfreezing water content of the 
sample, mcyr be small. In  t h i s  contextt establishment of the relation 

between the struotural changes of polymer-oontaining frozen aqueous 

systems and the i r  reactivity or catalytic act ivi ty  may be promising 
for  future low-t emperature studies. 
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