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ABSTRACT

T h e  mteractron of lactose ~11th  alball-metal  hahdes III solution  III w a t e r  a n d
III formamide has been studled by employing  conductance measurements  Conductance
data of sodium and potassmm  hahdes In water and m formamlde  saturated wth
lactose at 50 0 t_O 05” are reported at several temperatures wIthIn ‘1 range of 25
to 70” Plots of -log K agamst l/T showed a break at the saturation  temperature,
where two straight hnes mtersect  one another Divergence of the pan-s of straight
hnes  m these ternary, homogeneous systems has been found to be highly  Influenced
by the structural properttes ofthe  solutes The trarwtlonal behawor  In the conductance
values IS explamed for the system In terms of solute-solvent Interactions Involved
m the electrolyte-solvent-nonelectrolyte systems

INTRODUCTLON

Much work have been done’- ’ on the mteractlon  of nonclcctrolytes In electro-
lyte soluttons Many carbohydrates and several other polyhydrovy  compounds arc
known to Interact  wth alkah and alkalme-earth metal salts by the formatlon of
defimte adducts6-*  or molecular compounds9  wth these salts Such physical propel-
ties as conductance and wscoslty  of lomc solutions  are found to change m the pre-
sence of nonelectrolyte molecules1o  ’ l These changes lead to abrupt, transltlonal
behawor m lomc solutions, as well as In tonic solutions  contalnmg nonelectrolytes”
Conductance measurements on electrolyte solutions  In the presence of nonelectro-
lytes have been made by several worhers 13-” In the past, many attempts have been
madeI-’ 6--8 lo ‘I l8 to ascertam the dIrectIon of structural changes m solvents caused
by added, nomomc moletIes or 1omr.z solutes The study of the structwal  InteractIon
of nonelectrolyte solutions m lomc solutes IS qmte recent In our laboratory, ‘1 con-
tmumg program’g-‘8 mvolves study of the structural InteractIons  In ternary systems
contamlng alkah-metal  hahdes and sucrose, o-manmtol,  u-xylose,  urea, D-g~UCOSC,
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HMT maltose, or D-fructose, m solution m water or formamlde, wthm a defimte
temperature range of 25-70”

Dunng these studies. an abrupt tranwlon m the conductance values of the
homogeneous ternary systems of nonelectrolyte-electrolyte-solvent was found to
occur In the wcuuty of the saturation temperature as the system passes from an
unsaturated to a supersaturated state through the saturation temperature It has been
observed’g-‘8 that a pair of straight  lmes  mtersectmg  one another at the saturation
temperature 1s obtamed when the values of -log K for these systems are plotted
agamst  the reciprocal  (l/T) of their  absolute temperature 7 It has also been observed’ ’
that the dwergence of the pairs of straight lmes  is highly  Influenced by the structural
propemes  of the dtfferent solutes m solution

Lactose, a reducmg sugar that exists m Y- and P-anomenc  forms and undergoes
mutarotatlon 1s of some Importance from the pomt of wew of structural consldera-
tlons m ternary systems, as the lactose molecule may take part m brochemical  pro-
cesses fundamentally concerned In calcuun  metabolrsm It Increases the retention  of
dietary calcmm, apparently by Improvmg the utlhzatlon  of calcmm already absorbed,
and It mcredses the mmeral content of bone”‘. it has been observed3’ that an even
drstrlbutlon  of v-Iactose  monohydrate crystals m sweetened, condensed milk confels
the dewed texture on the mtlk and that, at Incorrect temperatures and under Irn-
proper processing  condmons. p-lactose monohydrate  crystals also occur, but that
the rmlk IS then of low consumer acceptablhty  It was, therefore, of conslderable
Interest to observe the conductance behawor  of lactose, which has a number of
hydrogen-bondmg sites, in aqueous and nonaqueous solutions  of electrolytes

We now report a study of the InteractIon  of lactose wth alkalr-metal  halides
In \\ater  and In formamIde,  employmg conductance data at vartous temperatures

Afutet  rnl5 - Analytical-reagent grade samples of lactose, NaBr,  NaCI, NaI,
KBr, KC!, and KI, obtamed from BDH and E Merck. were used wthout further
pur&icatlon FormamIde obtamed from BDH (England) was purified  as already
reported”

Afet/mfs - Conductance measurements were made wth a suItably grounded,
Leeds and Northrup (CJ S A ), Kohlrausch shde-wu-e  assemblylg  A cylmdrxal  type
of conductl\Ity  cell, supphed by Leeds and Northrup (U S A ), was used The
temperature control and other experlmental procedures were as described earherl’
All solutions  were prepared by weight, in demmerahzed,  conductwlty  water (sp
cond 0 5-1 0 x 10m6 o h m - ’  c m - ‘ ) an m ure formamrde A 0 I&I solwon of thed p
electrolyte was prepared, and was saturated wth lactose at 50 0 +O 05” m an 011
thermostat A period of 20 to 30 h was aliowed for complete saturation of the solwon
Crystals from the mother hquor were separated by centrifuganon  wlhm an au-
thermostat maintamed  at 50 0 t0 2” Complete separation  of the crystals from the
mother hquor was ensured, and the centrlfugare  was transferred to a conductlwty
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Fig I Plots of  --log  R LJ l/T  for Adl-metal halides-I  Ictosc-\\nter  s y s t e m s  [Kc> 7 N-tCI
A NaBr cp Nai m KCI  0. KBr and c KI I

cell kept at the same temper,lture  wIthIn an ‘ur thermostat The conductlvlty  ccli
was then Immersed  m an 011 thermostat ma~ntcuncd  at 65-70” The re~lstrtnce  of the
expertmental  solutkon  was first measured at the hlghcst  temper,lture  the tcmpelnture
was then lowered 2-4” at Cl time, and mamtamed at each temperature for dt lcagt
30-35 mm The resistance  was measured at 20-25”  cioove  and below the sCttur.Ltlon
temperature Before each measurement tt wCls ensured that no crystCllhzatron  had
occurred m the expernnental solution

RESULTS AND DISCUSSION

The negattve loganthms of the specific conductance values (-log A’)  of LKJII-
m e t a l  haltdes  m water and m formamlde solutions satur,lted wth Ixtosc  at 150~
plotted against  the rectprocal  (I/T)  of the absolute temperature (T), ‘LIC SIIOWII  In
Fogs 1 and 2, and the dewatlon  values, against  the temperature-reciprocals (I/T),
for these systems are plotted m Fig 3

Values of the devlatlon  from smgle strdlght-line behdwor  were obtcuned
statlstlcally  For this purpose, the best fit for the points above the saturcltIon kmpcrCt-
ture war obtamed with the help of least-squares calculattons, and the theoretlcal
values of -log K were obtamed from the regresslon  equation  for different values
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hg 2 PIots  o f  --log I( IJ l/Tfor  alhall-metal  hahdes-lactose-formam~de  systems  [Key 0 ,  NaCl
(scale  I-I), A, NaBr [scale I-I) 0 NaI (scale I-I), m KC1 (scale II-I),@, KBr (scale II-I), and c KI
(scale I I-I) ]

of I/T The differences between the experImentally  observed values of -log K and
those calculated theorettcally are termed LLdevmtlons

1t may be seen that plots of -log K 1l.s l/T (see Fogs 1 and 2), consist of two
straight lmes mtersectmg  m the nelghborhood  of the saturation temperature, as In
the studies reported previously”-“* The departure of these Imes from a smgle
straight Ime  IS markedly Influenced  by catrons and amons  of different sizes  m both
water and m formamlde  solutions

The trend of devlatlons  of the pairs of straight lines [see Figs 3a(n)  and 3b(n)]
follows the order KI > KBr > KC1 for potassium  hahdes-lactose-water  and potas-
slum hahdes-lactose-formamlde  systems, whereas the devlatlon  values for sodmm
hahdes-Iactose-water  and sodium haltdes-lactose-formamIde  systems [see Figs
3a(l)  and 3b(l)]  exhibit no anlonlc behavior,  and the pomts fall on a single, straight
line, lrrespectlve  of the nature of the hahde ions Furthermore, It IS also noted that
potassium hahdes produce greater devlatlons  than sodium halides ln lactose-water
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FIN 3 a(~), Plots of dewatron  I\ l/T for sodium  halIdes-lactose-\~ater  systems [Key 0, NaCl,
n NaBr,  and 0, NaI 1, a(n)  Plots of dewatlon  \s I/Tfor potawum hahdes-lactose-\\atcr  systems
[Key 0, KCI, A, KBr,  and 0, KI 1, b(l) Plots of dewatlon  I\ I/T for sodium  hahdes-lwtox-
formamlde  systems [Key 0 NaCI, @ NaBr,  and 0, Nal 1, b(ll) Plots of devutlon V\ l/T Tar
potasswm  hahdes-lactose-formamide  systems [Key 0, KCI.  A, KBr, and 0, I-X I

as well as m lactose-formamlde  systems, and the devlatton produced m the case of
the latter system IS greater than those of the former system for alkali-metal  hahdcs

The experlmental results obtarned may be explalned on consldermg the structur-
al behavior  of lactose and the various Ions In aqueous solution as well as m formamide,
the hydrogen-bondmg capablhtles,  and the hydration  propertlez of the lactose mole-
cule The hydration  of a large number of polyhydroxy compounds has been studled3’,
and their aggregation  with water has been confirmed The hydration  propertles of
six-membered-rmg, polyhydroxy compounds are found3” to depend on the conforma-
tlons adopted, besldes the number of hydroxyl groups present, In solutions of buch
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compounds Lactose (4-O-j?-D-gaf~ctopyranosyl-D-glucopyranose33) has 8 hydroxyl

groups  and on hydrolysis,  one molecule yields one molecule of D(+)-glucose  and

one molecule of o(i)-galactose  both havrn g the 4C, conformatIon  Strong hydro-
gen-bondmg would be expected between water and the hydroxyl groups of lactose,
because of the fact that, In /l-lactose, the majortty  of the hydroxyl groups are equaton-
affy disposed  and thus they fit very well wth the \\ater-tetrahedral  arrangement3’
Recent n m r studles3’ dlsclos ed the hydration  of the pyranose rmg m carbohydrates,
a n d  provided ewdence for hydrophlhc  mteractlons The  two SIX-membered  rmgs
[@I-D-galactopyranosyl-(  l-+4)-/?-D-,olucopyranose]  In the /? anomer  o f  l ac tose
produce a greater hydration  effect than a smgle six-membered  ring

Furthermore, m aqueous solution, lactose undergoes “simple ’ mutarotatlon,
and the eqwltbrtum  nuxture consists mainly of the ‘I- and /I-pyranose  forms3a The
proportIon  of the y-form In equlflbrlum  may be calculated from the theoretIcal, free-
energy values by use of the equation  AG = -RTlnK The measured value of the
optlcal  rotatlon of c/-lactose m water corresponds closely to predIctIons  made from
the crystal structure3’ With electrolytes, lactose IS found to Interact m solution,
l&e many other polyhydroxy compounds I3 I1 In the present study, a sudden change
In the conductrmce  value glvmg a transItton  at the saturation  temperature, IS observea
when the conductance measurements have been made at temperatures above and
belo\\ the saturation temperature The transItIon  m the electrolyttc conductance I S

due to the transItIon occurrin g m the wscoslty  of the system bj formatlon of large
clusters of solute molecules below the saturation temperature.  and to the anomerlc
changes of the lactose molecules takmg  place m solution  In the unsaturated state, the
lactose  IS mostly  rn the /3-anomenc form, M hereas m the supersaturated state, the
c/ anomer may preponderate  The change from the unsaturated to the supersaturated
state IS brought about, presumably, by a change from the P-anomenc  to the Y-
anomerlc  form through the formatlon of a cychc transItIon-complex  of the r~ anomer
of the lactose molecule, which IS heawfy hydrated Such a transformation  IS also
affected by the structure-makmg  and -breakmg properties of metal IOIIS through
mteractlons  m solution

The transItIon  may also take place as a consequence  of the sudden change In
the actlvatlon  energy of conductIon  at the saturation  temperature of alkah-metal
hafldes-lactose  systems m \\ater and m formamlde The conductance IS found to
vary evponentlafly  wth temperature, and the Arrhemus plot (--log A’ 1’~ f/T) IS a
straight  hne showmg a defimte actwatlon-energy  reqwred f o r  conductlon m t h e
hquld as well as In the fused state36 The two straight  hnes observed m the system
Imply t\\o  actrvatlon  energies for conductIon_ The change m actwatlon energy (AE)
at the saturation temperature may possibly be due to (a) change In the solvent
structure brought about by the structural changes produced by the lactose molecule
at the saturation temperature as the system passes from the unsaturated to the super-
saturated state, and (b) change In the moblImes  of the Ions tn the two states The
change m actlvatlon energy (AE) of the two straight hnes at 50” for alkah-metal
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TABLE I

ACTIVATION EYERGY OF TR4NSlTlON  (LIE)  AT THE SATIJRATIOh  TEMPERATURE (50’)  FOR HO~lOGEVEOUS,

E L E C T R O L Y T E - L A C T O S E - W A T E R  AhD  E L E C T R O L Y T E - L A C T O S E - F O R M A M I D E  S Y S T E M S

Elecrr  o[b IL JE (XJ M-l)

h’aBr
NdT

NaCl
KI
KBr
KCI

Lacros-Ji  arc I Lactow-for nrutnrrf~
- -

2 13 3 43
200 2 85

1 55 2 38
2 31 444
1 38 3 77
0 29 I 5.5

hal ides  in lactose-water and lactose-formamlde  system5  IS given  11~ Table I thlr
may be termed the actwatlon  energy of transItIon

Water has the property of bemg both d strong hydrogen-bond donor and
accept03 7 and possesses a unique capacity to form relatively  strong three-dlmen-
sronal hydrogen-bonds in the hquld state 38 A nonelectrolyte such CLC  lactose or c~
large organic Ion tends to strengthen the hydrogen bonds between the water molc-
cules, and a cage or “Iceberg” IS effectively  formed around it Formamrde IS a n
Important p~otlc  solvent, hawng comparable hydrogen-bonding  capaclttes,  and It IS
less structured than water3”  By defimtlo n, such d protIc  solvent 1s ‘t strong, hydrogen-
bond donor, and ~111  interact strongly with such a solute as the lactose molecule
which IS a strong hydrogen-bend accepto?’ It has been observed that dlsperslon
InteractIons”‘, or mutual polanzab11&‘, are lndrcated by the moleculx  polanz-
ablhty  of the solvent -F3, and ~111  decrease m the older HCONH, > H,O for the
solvents formamIde and water Large anlons, and some “organic transition-states
fit poorly mto highly structured solvents whose molecules are small44  Structure-
breakmg mteractlons  decrease the solvatlon  of large solutes by welter and form&
mIde4’, thrs mteractlon  accounts, In pdrt,  for the posmve, solvent-,tctwty  coefficients
of large amons m water and formamlde40 It IS difficult  to separate “structure’ mter-
actlons from mutual polar!zabIhty,  but the poor solvanon  of large solutes by hrghiy
structured solvents IS also observed for canons and a nonelectrolyte3’  such as lactose,
where polarlzablhty  IS less miportant

The structural aspects of ion-solvent InteractIons In aqueous solution had
been studled’s  46 for alhah-metal  and alkahne-earth metal salts MorrIs47 showed
that the standard free-energy of solutron  of alkali-metal hahdes IS maxlmal (mn-umum
solublhty)  when the difference between the (conventionally  asslgned)  free energies
of hydration  of the catlon  and at-non IS zero Cations are generally smaller, and less
polanzable,  than anions, and are not hydrogen-bond acceptor?’ The common
interactionsSo to be considered between such Ions and solvent clre catIon--dlpolc  and
structure-makmg or -breaking Such small, “closed-shell’ catlons as Naf and K+
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Ions are very much more solvated by water and fornlamlde40  The structure-makmg
properties of such eons are found to decrease wth an Increase III  thex catlomc radua8
It had earher  been shown I9 ” that the divergence of the pair of straight lmes  m our
systems2’-2a  Increases wth an Increase m the structure-breahmg  propertles  of the
electrolytes Our expertmental  results can be Interpreted on the basts of these facts

The results [see Fogs  3a(u) 3a(1), 3b(u),  and Sb(t)]  mdwzate  that the dewatlon
IS more pronounced m the c&se of K’ than Na ions for alkah-metal haltdes-lactose-
water.as\sell  as alkah-metal hahdes-lactose-formamlde  s]sIems,  and theconcept4’  48,
IS further supported, as K’ Ions are found to be more structure-breaking than Naf
Ions m the sybtems  Borna assumed that Ion-dipole mleractlons are related to the
dielectric constant of the solvent and the charge density on the amon Small amons
havmg locdhzed  charge are more solvated than large ones Water and formamIde  ~111
tend to solvate all amons  more strongly than wll other solvents of lower dIelectrlc
constant?’ Amons  that are strong hydrogen-bond acceptors have strong, general,
hydrogen-bondmg mterdctlons  wth protw solvents” Furthermore, the “hydrogen-
bondmg” mteractions  o f  protlc sol\ents&’ wth amons  IS a n  extreme case of  dn
amon-dipole,  electrostatic mternctIon \L here the posItwe center of the solvent IS m a
most favorable atom

The trend m amomc dewanon  observed for our systems, namely, potassium
hahdes-lactose-water  a n d  potassium  hahdes-lactose-formamlde  [ s e e  Figs 3a(u)
a n d  3b(u)]  IS I- > Br- > Cl- and shows an Increase In structure-breakmg proper-
ties of hahde Ions. from Cl- to I-, for the systems, and this also agrees wth McDowal
and Vmcent s opmlon” for hahde Ions In formamIde  The sImIlar_  anIonIc behawor
m dewatron,  for sodium  hahdes-lactose-w‘ater  and sodturn  haltdes-lactose-formamIde
[see FIN %(I)  and 3b(I)J,  IS, perhaps, due to the slmllar  structut-e-breakmg capablhtles
of  Na’ ,  Cl- Br- a n d  I- Ions m water as t\ell as In formanude  Furthermore, as
the potassrum hahde dewaElons  xe greater than the sodturn  hahde dewatlons  In
lactose-water and lactose-formamlde  systems, the potassmm hahdes show greater
structure-breahme tendencies than sodium hahdes m these ternary systems In a
slmllar way. lactose IS found to act as a sreater structure-breaher  In formam1de  than
m water, for the alkah-metal hahdes as the devtatrons observed are greater for
lactose-formamrde than for lactose-water for the aforementioned  metal hahdes
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