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ABSTRACT 

This  paper c r i t i c a l l y  reviews the under ly ing f a c t o r s  which 
i n f l uence  the physical  chemical s ta tes o f  water when i t  i s  associ- 
ated w i t h  so l ids,  as w e l l  as the e f f e c t s  t h a t  t h i s  water can have 

on the  p roper t i es  o f  t he  so l i d .  S i tua t i ons  considered include: 
adsorpt ion t o  s o l i d  surfaces, absorpt ion i n t o  amorphous so l i ds ,  
c a p i l l a r y  condensation i n t o  micropores, deliquescence, and t h e  
format ion o f  c r y s t a l  hydrates. 

I NTRODU CT I 0  N 

Re la t i ve  t o  the  dry  s tate,  s o l i d s  conta in ing res idua l  mois- 
t u r e  from processing o r  because o f  exposure t o  var ious r e l a t i v e  
humid i t ies e x h i b i t  s i g n i f i c a n t  changes i n  many o f  t h e i r  phys ica l  
chemical proper t ies.  Such p roper t i es  include: chemical s t a b i  1- 
i t y ,  c r y s t a l  s t ructure,  powder f low, compaction, l u b r i c i t y ,  d i s -  
s o l u t i o n  rate,  and polymer f i l m  permeabi l i ty .  I n t e r e s t  i n  the  
s ta tes  o f  water i n  s o l i d s  as a top.ic o f  d iscussion a r i s e s  because 

a v a r i e t y  o f  phys ica l  chemical p roper t i es  o f  water i n  contact  w i t h  
s o l i d s  appear t o  be d i f f e r e n t  from those o f  pure water'. This has 
given r i s e  t o  the percept ion t h a t  water i n  the  presence o f  s o l i d s  
e x i s t s  i n  a t  l e a s t  two thermodynamic states,  "bound" and "so lvent-  
l i k e . "  Water which e x i s t s  in the l lsolvent- l ikeM state,  thought t o  
be capable o f  "d i sso l v ing "  some o f  the so l i d ,  i s  genera l l y  per-  
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1906 ZOGRAFI 

ceived t o  be the major source of problems caused by exposure t o  
moisture. 
exists i s  believed t o  prevent such ndissolutionll from occurring . 
Recently, i t  has become apparent, that t h i s  perception of the 
underlying thermodynamic behavior of water i n  solids i s  somewhat 
oversimplified, incomplete, and indeed i n  some cases, not correct 
i n  interpreting observations i n  many systems of practical 
importance . 

i n g  on this  issue and to  interpret i t  i n  the context of the many 
pharmaceutical problems and situations i n  which moisture plays a 
role. I t  is designed to  address two major questions: 

1. What is the physical chemical s ta te  of water associated 
w i t h  solids under a given set  of conditions? 

2. How does the presence of water affect the physical chemi- 
cal properties of the solid? 

I n  addressing these questions i t  will be important to  keep i n  
mind that  water associates w i t h  solids i n  a number of different 
ways, each w i t h  i t s  own unique se t  of underlying mechanisms. Some 
of the phenomena relevant to systems of pharmaceutical interest  
are: 
capillary condensation into micropores, crystal hydrate format ion, 
deliquescence, and absorption into the b u l k  phase of amorphous 
sol i d s  . 

Maintaining water a t  levels where only the "bound" form 
2 

3 

T h i s  review w i l l  attempt to  b r i n g  together the la tes t  t h i n k -  

adsorption t o  a surface as a monolayer and as multilayers, 

D I SCUS S I ON 

Hydrogen Bonding i n  Water 

under a given set of conditions, and hence the i r  many physical 
chemical properties, depend on their  hydrogen-bonding abil ity4. 
For water molecules associating w i t h  themselves the oxygen "lone 
pair" electrons generally act as Lewis Bases, w h i l e  the 0-H groups 
act  as Lewis Acids t o  form the O - - - . - H - O  hydrogen bond. 
strong tendency of water t o  form such bonds is demonstrated by the 

I t  is well established that the s ta te  of water molecules 

The 
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STATES OF WATER ASSOCIATED WITH SOLIDS 1907 

existence of a significant amount of water dimers, (H20)2, i n  the 
vapor s ta te  . A useful model to depict the major factors g i v i n g  
r i s e  t o  the structure of water i n  the condensed s ta te  is the 
Bjerrum "four p o i n t  charge" model, where the oxygen is a t  the 
center of a regular tetrahedron and the partial positive and nega- 
t ive charges are placed a t  vertices of the tetrahedron. Indeed, 
i n  various forms of ice each water molecule forms an O - H . . . . . O  
hydrogen bond i n  a tetrahedral arrangement w i t h  four other water 
molecules; each water molecule donates 2 hydrogens and accepts 2 
hydrogens. I n  the l i q u i d  s ta te  of water a local preference for  
tetrahedral geometry persists,  b u t  there is a large proportion of 
broken hydrogen bonds, as well a s  strained bonds i n  various three- 
dimensional networks. Theoretical analysis has shown that the 
average number of hydrogen bonds per molecule i n  l i q u i d  water is 
about two5. Studies concerned w i t h  the radial distribution of 
water molecules i n  the l i q u i d  s ta te  indicate that each molecule 
"senses" an ordered structure w i t h  other water molecules out t o  
about 3 molecular diameters. The strength of the hydrogen bond i n  

ice or l i q u i d  water has been estimated t o  be about 15 to  25 KJ (3- 
6 Kcal) per mole of hydrogen bonds. 

5 

Thermodynamic Properties of L iqu id  Water 

take place when i t  i s  associated w i t h  a solid, i t  is convenient to  
begin by evaluating any changes which m i g h t  occur i n  i t s  chemical 
potential because of the solid. If we consider, for example, 
l i q u i d  water a t  temperature, T ,  to be i n  equilibrium w i t h  i t s  
vapor, we may express the chemical potential, V, o f  pure water as: 

In assessing changes i n  the properties of water which m i g h t  

= v0 + RTlnpo 

where po i s  the vapor pressure, R i s  the gas constant and V' i s  
the standard chemical potential. 

If we have an aqueous solution a t  temperature, T, w i t h  a 
vapor pressure, ps, which is less than po, we can express the 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1908 ZOGRAFI 

chemical p o t e n t i a l  of the s o l u t i o n  as, us,  and the  change i n  

chemical p o t e n t i a l ,  us- p ,  as: 

V S  

PO 
1-1 - 1-1 = RTln(-) 

S 

Hence, the chemical p o t e n t i a l  o f  water i n  the s o l u t i o n  has been 
reduced t o  a f r a c t i o n  o f  t h a t  o f  pure water i n  p ropor t i on  t o  the 

f r a c t i o n a l  change i n  vapor pressure, ps/po, genera l ly  expressed as 
the  r e l a t i v e  pressure, o r  water a c t i v i t y  (note t h a t  ps/po times 

100 i s  genera l l y  taken as r e l a t i v e  humidi ty) .  I t  i s  the a b i l i t y  
o f  water associated w i t h  water-soluble s o l i d s  t o  produce a f i l m  o f  
saturated s o l u t i o n  having ps < po, and hence a lowered thermody- 

namic a c t i v i t y  r e l a t i v e  t o  pure water, which provides the bas is  

f o r  the deliquescence process, i.e., d i s s o l u t i o n  o f  the s o l i d  when 
the  environmental water vapor pressure i s  greater  than ps . 

Another s i t u a t i o n  where the a c t i v i t y  o f  a l i q u i d  can be 
a l t e r e d  i s  when the surface o f  the l i q u i d  i s  constrained t o  be 
h i g h l y  curved, as i n  a pore o r  c a p i l l a r y ,  w i t h  a radius, r. Here, 
t he  vapor pressure o f  the pure l i q u i d  w i l l  change from po t o  pr as 
described by the  K e l v i n  equation: 

6 

where y i s  the surface tens ion o f  the l i q u i d ,  and Vm i s  i t s  molar 
volume. This behavior i s  responsible, f o r  example, f o r  t he  a b i l -  
i t y  o f  a vapor t o  condense as a l i q u i d  i n  a s o l i d  pore below i t s  
normal value o f  po, i .e., c a p i l l a r y  condensation. Such phenomena 
a l so  p l a y  a r o l e  i n  the occurrence o f  the vapor adsorpt ion/  
desorpt ion hys te res i s  noted w i t h  microporous so l  ids. 
equation, r e c e n t l y  t es ted  d i r e c t l y  using cyclohexane and water 
adsorbed t o  mica, has been shown t o  be appl icable down t o  a value 
o f  r equal t o  0.4 nM and 5 nM, respect ive ly ,  when using the bulk  
l i q u i d  values o f  y and V, . 
occur as the  dimensions o f  the space i n t o  which a l i q u i d  i s  con- 

The Ke lv in  

a L im i ta t i ons  i n  the equation appear t o  
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STATES OF WATER ASSOCIATED WITH SOLIDS 1909 

fined become very small , i .e. , approaching the dimensions over 
which intermolecular forces can operate. Indeed, even on an 
uncurved surface, as w i t h  t h i n  films having such dimensions, i t  is 
possible t o  observe deviations i n  the properties of a l i q u i d  and 
to  define a "disjoining pressure, n, the force per u n i t  area a t  
equilibrium required t o  remove a small increment of thickness from 
the b u l k  l iquid' ,  where: 

and pd i s  the vapor pressure i n  equilibrium w i t h  the t h i n  film. 

operating w i t h i n  the 1 i q u i d  and a t  the sol id-1 i q u i d  interface, 
including b u l k  intermolecular forces and those due t o  any elec- 
t r ica l  double layer effects'. The direct  effects of the solid on 
the thermodynamic properties of water located w i t h i n  i t s  vicinity,  
e.g., freezing temperature, have been d i f f icu l t  to  assess, b u t  
they appear to  occur o u t  t o  about 1 nM from the solid surface, 
which is on the order of about 3 molecular diameters. In a recent 
s tudy  w i t h  well-defined finely porous zeolites, for  example, i t  
has been shown that aggregates of water containing less than about 
5 molecules exhibit no phase transition, i.e., freezing a t  O'C, 
whereas those w i t h  10-30 molecules exhibit such a phase transi-  
tion. However, t h i s  s t i l l  occurs w i t h  a reduced heat of fusion, 
presumably because of a dimensional constraint on the structure o f  
ice which can form . 

Contributions t o  TI arise from various intermolecular forces 

10 

Adsorpti6n of Water on Crystal 1 i ne Sol i d s  

solids such as, metals, semiconductors, metal oxides, and alkali  
hdMes  under ultrahigh vacuum conditions has provided many in-  

11 s ights  i n t o  the general properties of water a t  solid surfaces . 
The tendency for  any molecule i n  the vapor s ta te  t o  be adsorbed a t  
a solid surface ?s strongly dependent on the vapor pressure, the 

Measuring adsorption to  surfaces of well-defined crystall ine 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1910 ZOGRAFI 

temperature, and the b inding  energies between solid and vapor. 
For nonpolar gases, such as nitrogen or oxygen w i t h  b ind ing  ener- 
gies of about 4-8 KJ per mole, very low temperatures, approaching 
t h e  boiling point of the adsorbing substance (e.g., 78°K for 
nitrogen) are required t o  offset  the unfavorable entropy change 
associated w i t h  vapor adsorption and t o  observe significant 
amounts of physisorption. A t  such low temperatures and a t  h i g h  
enough pressures, i t  i s  also possible to  observe condensation of 
adsorbing molecules to  form multimolecular layers. 
water molecules adsorbing on more polar surfaces, such as metals 
or metal oxides, overall b i n d i n g  energies are generally i n  the 
range of 40-60 KJ per mole since a minimum of two hydrogen bonds 
occur per water molecule". 
borderline between physisorption and chemisorption. 
a t  the lower end of this range, water may be completely desorbed 
a t  rbom temperature, while a t  the upper end, as w i t h  many metal 
oxides, adsorption can persist  t o  above room temperature. In the 
case of si l icon dioxide, i t  is interesting t o  note that  strong 
hydrogen bonding w i t h  water occurs a t  s i t e s  covered w i t h  silanol 
groups, b u t  l i t t l e  b i n d i n g  occurs w i t h  the dehydroxylated siloxane 
groups12. In view of t h i s ,  i t  i s  not surprising that  water a t  
room temperature shows l i t t l e  tendency t o  adsorb t o  nonpolar 
surfaces such as carbon or polytetrafluoroethylene (Teflon) or 
other relatively hydrophobic organic solids and much more so t o  
polar solids,  such as alkali halides and sugars. 

Since hydrogen bond strengths between water molecules i n  ice 
and l i q u i d  water are typically 15-25 KJ per mole, not too differ-  
ent than the energy of one hydrogen bond between the solid and 
water, i t  also i s  not su rp r i s ing  that  clustering of water mole- 
cules can occur even before a complete monolayer has formed, lead- 
i n g  to  the formation of multilayered networks beyond the f i r s t  
layer. Such clustering below monolayer coverage also suggests 
that there is  significant lateral  diffusion along the surface, 
despite the relatively strong hydrogen bonding w i t h  the surface. 

In the case of 

T h i s  reflects b inding  energies on the 
In situations 
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STATES OF WATER ASSOCIATED WITH SOLIDS 1911 

Cont inuat ion of such c l u s t e r i n g  t o  form many "condensed" layers  
beyond the f i r s t  layer  occurs as 
more molecules adsorb. 

The simplest model f o r  such 
~ ~ 2 - s t a t e l l  BET equationl3: 

the pressure i s  increased and 

adsorpt ion i s  described by the 

where w i s  the weight o f  water adsorbed per u n i t  weight o f  d r y  
s o l i d  a t  a r e l a t i v e  pressure o f  p/po, wm i s  the weight o f  water 
adsorbed corresponding t o  monolayer coverage, and cb i s  a constant 

r e l a t e d  t o  the equ i l ib r ium constant f o r  the process. Here, the  
assumption i s  t h a t  the in f luence o f  the s o l i d  on the enthalpy and 

entropy o f  the adsorbed species extends only  t o  the f i r s t  layer  
and t h a t  the r e s t  o f  the adsorbed molecules making up the m u l t i -  
layered p o r t i o n  have proper t ies which are the same as i n  the bulk  
phase. 
equation above a p/po o f  about 0.35, i n  par t ,  r e f l e c t s  the  inade- 
quacy o f  t h i s  assumption and suggests t h a t  perhaps more than two 
thermodynamic states e x i s t .  
f o r  such systems, but  i n  the context o f  t h i s  discussion, a use fu l  
equation i s  an extension o f  the BET equation, developed by 
deBoer14 and Guggenheim15. It assumes 3 thermodynamic s ta tes  f o r  
the adsorbed species by in t roducing one w i t h  intermediate 
p roper t ies  t o  those assumed i n  the BET model: 

The general lack o f  f i t  o f  most adsorption data t o  the  BET 

Many other  models have been developed 

w C K ( E )  

{l-K(e)lcl-k(L) + (C K & ) I  

m g  Po 
w =  

PO P O  Po 

where a second equ i l ib r ium constant, K, i s  introduced t o  account 
f o r  the  intermediate state.  This, too, i s  very overs imp l i f ied  

mechanist ical ly,  bu t  i t  produces exce l len t  f i t  over almost the 
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1912 ZOGRAFI 

ent i re  adsorption isotherm i n  many cases of interest ,  and is 
consistent w i t h  the idea that the solid can affect  water a few 
molecular diameters away from the surface. 

crystall ine surfaces, us ing  techniques such as infrared and raman 
spectroscopy, as we1 1 as nuclear magnetic resonance and dielectr ic  
relaxation, indicate that  adsorption of water directly t o  the 
surface most generally occurs w i t h  the water oxygen acting as a 
Lewis base and the solid s i t e  as the Lewis Acid". Bonding via 
the hydrogens of water, acting a s  a Lewis Acid, however, also has 
been observed. In  a l l  cases, adsorbed molecules e x h i b i t  s i g n i f i -  
cant alteration i n  vibrational , rotational , and translational 
properties re la t ive to  b u l k  water, out t o  about three molecular 

1 diameters from the solid surface . Beyond this distance, such 
molecular properties remain constant and similar t o  t h a t  of b u l k  
water. 

I n  the discussion so far ,  we have assumed that  the adsorbing 
species is molecular water. T h i s ,  indeed, is  generally the case; 
however, i t  has been shown that w i t h  some solid b inding  s i tes ,  and 
a t  certain temperatures, i t  is possible for  water to  dissociate 
into the h igh ly  reactive H and OH radicals, where the oxygen of 
the OH radical can act as an even stronger Lewis Base. Thus ,  i n  
some cases, the very first layer of adsorbed water can contain a 
much more reactive chemical species than molecular water. T h i s  
may be of some importance i n  situations where water directly 
causes chemical changes i n  a drug  molecule. 

possible t o  show how the chemical differences between different 
atoms i n  a solid lead to differences i n  the amount of adsorption 
and i n  the b i n d i n g  energies . For example, for water adsorption 
on zinc oxide a t  the zinc-rich ( O O l ) ,  and oxygen-rich (001) faces, 
as well as a t  the (100) face, where both zinc and oxygen atoms are 
well exposed, water adsorbs i n  the molecular form and interacts 
more strongly w i t h  zinc than w i t h  oxygen, e.g., no desorption 

Experimental studies of adsorbed species on well-defined 

Studies w i t h  single crystals of pure solids have made i t  

11 
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STATES OF WATER ASSOCIATED WITH SOLIDS 1913 

occurs up  t o  340°K w i t h  zinc and up  t o  only 190°K w i t h  oxygen. 
Other s tudies  w i t h  s ingle  crystals of t i t a n i u m  dioxide16 reveal 
t h a t ,  whereas water adsorbs a t  the titanium s i t e  a s  the in t ac t  
molecule on the (110) and (100) faces,  i t  d i ssoc ia tes  upon 
adsorption a t  the (001) face. 

so l id s ,  and most others encountered, a re  not perfect  c rys t a l s ,  
i .e. ,  they contain defects and impurities. Defects can ac t  as 
h i g h  energy s i t e s  f o r  adsorption and can even promote dissociat ion 
of water. 
tu re  of exposed crys ta l  faces  and a considerable number of c rys ta l  
defects ,  exhib i t s  dissociat ive adsorption of water, i n  cont ras t  t o  
s ingle  c rys t a l s  of z inc oxide, a s  discussed above. T h i s  leads t o  
a general conclusion tha t  w i t h  powders of the type normally en- 
countered i n  pract ice ,  adsorption of water w i l l  be influenced by 
defects ,  impurit ies,  and the polycrystal l i ne  nature of the sample. 
T h i s  should r e su l t  i n  adsorption i n  the f i r s t  layer w i t h  a range 
of b i n d i n g  energies ra ther  than a single value expected i f  a l l  of 
the b i n d i n g  s i t e s  a re  ident ical .  
should be attached t o  the higher energy s i t e s  w i t h  a progressively 

Another important f ac to r  i n  such s tudies  is  t h a t  these 

Zinc oxide powder, f o r  example, which contains a mix- 

The f irst  molecules adsorbing 

decreasing energy as mono1 ayer coverage increases 
This i s  ref lected i n  an i sos t e r i c  heat of adsorpt 
progressively decreases t o  the value of condensed 
coverage increases . 17 

To i l l u s t r a t e  the important ro l e  of defects  

t o  completion. 
on which a l so  
water as 

n influencing 
the  interact ion of water w i t h  c rys t a l l i ne  so l ids ,  we have examined 
the adsorption of water on f resh ly  c rys ta l l ized  sodium chlor ide 
before and a f t e r  g r i n d i n g  the samples t o  introduce c rys ta l  de- 
fects'*. Whereas the freshly c rys t a l l  ized sample exhibited re- 
vers ible  adsorption/desorption isotherms r i g h t  u p  t o  the de l i -  
quescence point,  i .e.,  a r e l a t i v e  pressure of 0.76, the ground 
sample exhibited a number of d i f fe ren t  behaviors. 
t i v e  pressure of 0.2 water uptake per u n i t  area was grea te r  f o r  
the ground sample than f o r  the unground sample, whereas a t  higher 

Below a re la -  
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1914 ZOGRAFI 

p/po much less adsorption occurred w i t h  ground samples. 
Adsorption/desorption hysterisis also occurred. After exposure of 
both samples t o  relative pressures of water vapor below 0.2, no 
change was noted i n  their  respective specific surface areas. 
However, above 0.2 the ground sample showed a significant decrease 
i n  surface area, which became greater as the relative pressure was 
increased t o  values s t i l l  below 0.76. No change, however, was 
noted w i t h  the unground sample. I t  was concluded that water vapor 
was taken up i n  greater amounts by the ground sample because of 
defects introduced into the sodium chloride crystal by g r ind ing .  
Presumably water is  able t o  exist  a t  a defect s i t e  i n  a higher 
metastable thermodynamic s ta te  than that i n  the crystal1 ine sample 
and to  create enough mobility i n  the sodium and chloride ions t o  
allow recrystallization, e.g., "surface sintering". T h i s ,  i n  
t u r n ,  can cause a reduction i n  the specific surface area of the 
solid. Such behavior correlates very well w i t h  the increase noted 
i n  the hardness of sodium chloride compacts af ter  exposure t o  
relative pressures above about 0.2, b u t  below 0.76, presumably due 
t o  surface recrystal lization19. 
process introduces surface defects a t  the points of particle con- 
tac t ,  which then act as s i t e s  for t h e  metastable uptake of water 
vapor and subsequent recrystal 1 ization. 

Crystal Hydrates 

encountered i n  pharmaceutical systems is the ab i l i ty  of water and 
solids t o  form crystal hydrates. T h i s  is so because the level of 
moisture present per u n i t  mass of solid is generally very h i g h  and 
because the formation of a crystal hydrate often produces a sig- 
nificant change i n  the thermodynamic properties of the molecules 
involved. Whether or not a crystal hydrate has formed may be 
determined by asking two questions: 
occupy regular positions w i t h i n  t h e  crystal l a t t i c e  w i t h  respect 
to  other molecules; and 2) does a specific stoichiometry exis t  
between water and the other molecule? To address these questions 

I t  appears that the compaction 

One of the more important aspects of water-solid interactions 

1) does the water molecule 
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STATES OF WATER ASSOCIATED WITH SOLIDS 1915 

d e f i n i t i v e l y ,  i t  i s  desirable t o  car ry  out  a number o f  d i f f e r e n t  
measurements using s ing le  crysta ls .  Such measurements might 

inc lude X-ray and neutron d i f f r a c t i o n ,  thermal analysis, po la r -  
i z i n g  microscopy, i n f r a r e d  spectroscopy, and so l id -s ta te  NMR. 

For the type o f  c r y s t a l  hydrate which occurs w i t h  many we l l  
s tud ied systems, e.g., copper su l fa te,  the format ion o f  hydrates 
from an anhydrous form occurs as a f i r s t  order phase t r a n s i t i o n  

between two d i s t i n c t  thermodynamic phases. The strength o f  the  
i n t e r a c t i o n  between water and the other molecule w i l l  genera l ly  be 
on the  order o f  other noncovalent in te rac t ions  invo lv ing  water, 
i.e., hydrogen bonding o r  ion-dipole in teract ions.  However, the 

geometric arrangements allowed by the s ize and shape o f  the mole- 
cules involved can lead t o  extremely strong bonding a t  m u l t i p l e  

s i tes.  This i s  p a r t i c u l a r l y  t r u e  f o r  in te rac t ions  i n v o l v i n g  water 
and many i o n i c  species. I n  some cases, as w i t h  ca f fe ine  and theo- 

phylline*', water molecules may assume pos i t ions  i n  the  c r y s t a l  
l a t t i c e  i n  a regular  p a t t e r n  bu t  w i t h  r e l a t i v e l y  weak i n t e r a c t i o n s  

and w i t h  more o f  a s p a c e - f i l l i n g  ro le .  I n  such s i tuat ions,  upon 
heat ing o r  exposure t o  the atmosphere, water molecules have been 
observed t o  move ou t  o f  the s o l i d  v i a  "tunnels" between the main 
c r y s t a l  l a t t i c e  wi thout a f f e c t i n g  the lat t ice".  

many of the s i t e s  expected t o  conta in  water o f t e n  w i l l  be empty 
and the stoichiometry may o f t e n  appear t o  be incomplete. There 
are some s i tuat ions,  as w i t h  erythromycin21, where the method o f  

removing the waters o f  hydrat ion can lead t o  co l lapse o f  t h e  
l a t t i c e  i n t o  a metastable amorphous form. I n  a l l  cases, s ince 
la rge  amounts o f  water per u n i t  mass o f  s o l i d  are genera l ly  

present, i t  i s  important t o  know whether o r  no t  t h i s  water has t h e  
p o t e n t i a l  t o  be released from the s o l i d  under a given se t  o f  
condi t ions.  This w i l l  not  on ly  change the proper t ies  o f  the  s o l i d  
w i t h  which i t  was o r i g i n a l l y  associated, bu t  i t  also can a l low 
la rge  amounts o f  released water t o  i n t e r a c t  w i t h  other  s o l i d s  i n  a 
mixture which o r i g i n a l l y  contained the hydrate. 

Because o f  t h i s ,  
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1916 ZOGRAFI 

Water Interactions W i t h  Amorphous Solids 

so l ids  t h a t  e x h i b i t  amorphous s t ructures .  
polymeric materials,  used as  dosage form excipients and packaging 
materials,  o r  they may be small molecules, ordinar i ly  c rys ta l l ine ,  
b u t  rendered amorphous by processing operations such a s  comninu- 
t i on ,  thermal treatments, lyophilization, wet granulation, and 
spray dry ing .  Typical polymers of pharmaceutical i n t e re s t  a re  
s tarches,  cel luloses ,  proteins,  and synthetic hydrogels. Water 
interact ions w i t h  such sol i d s  are  characterized by s ign i f icant  
uptake in to  the sol id  s t ructure ,  f a r  i n  excess of what would be 
predicted f o r  adsorption t o  the dry external surface area and 
independent of spec i f i c  surface area. T h i s  is termed, absorption 
or  sorption, t o  d i f f e ren t i a t e  i t  from adsorption. In such cases 
there  i s  usually a s ign i f icant  hysteresis between the sorption and 
desorptiori isotherms. 

sonably well t o  a variety of gas adsorption equations, i n c l u d i n g  
equation 6 ,  the "3-state" extension of the BET equation described 
above, of ten cal led the GAB equation". I n  Table 1 are  given wm 
values a t  25°C obtained by f i t t i n g  water vapor sorption data f o r  a 
var ie ty  of polymers t o  equation 6. 
amount of vapor e i the r  adsorbed directly on the avai lable  so l id  
surface,  o r  t o  avai lable  surface b i n d i n g  si tes,  w h i c h  produces a 
complete monolayer. W i t h  water vapor absorption, i t  i s  l e s s  c l ea r  
what t h i s  parameter migh t  mean i n  physical terms , b u t  i t  gener- 
a l l y  has been interpreted t o  be the amount of water t ha t  d i r ec t ly  
hydrates the solidz3. In t h i s  context, i t  i s  interesting t o  note 
t h a t  f o r  various starches and proteins,  the values of wm i n  Table 
1 give a r a t i o  f o r  moles of water interact ing per mole of monomer 
u n i t  (anhydroglucose and amino acid,  respectively) of about 0.8 t o  
1.0, o r  about a 1:l molar stoichiometry. T h i s  i s  also true f o r  
various ce l lu loses  a f t e r  one accounts f o r  the f a c t  t h a t  water is 
not taken up i n to  the c rys t a l l i ne  regions In the case of hy- 

The l a s t  s i tua t ion  t o  be considered is the uptake of water by 
These so l id s  may be 

Sorption/desorption isotherms generally can be f i t t e d  rea- 

For gas adsorption, wm is  the 

22 . 
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STATES OF WATER ASSOCIATED WITH SOLIDS 1917 

TABLE 1 
Water Vapor Sorption Data for Various Polymeric Solids at 25°C 

Solid wm* (919)  Reference 

corn starch 0.083 
potato starch 0.085 
microcystalline cellulose 0.035 
ge 1 at i n 0.087 
wool 0.066 
P ( H E W  0.040 

22 
34 
22 
35 
35 
24 

* amount of  water vapor sorbed at saturation from equation 5 or 6 
in the text. 

drogels, such as p(HEMA), and some of its copolymers, however, the 
values of wm center around 0.3 moles of water per monomer unit24. 
Whether these possible stoichiometric relationships are chemically 
meaningful is not clear at the present time. 

Another way in which the process of vapor absorption into 
amorphous solids and the value of wm might be viewed is reflected 
in the "dual sorption" theory 25 . 
and other gases initially are taken up by 2 mechanisms: 
dissolving into the solid, as predicted by Henry's law; and 2) by 
a simultaneous filling up of micropores in the "g1assyII amorphous 
structure of the solid. 
be1 ieved to occur when these microvoids become saturated, a1 though 
the possibility that the saturation may be due to other mechanisms 
a1 so has been suggestedz5. 

as freezing point, NMR, dielectric relaxation, and self diffusion, 
it has been suggested further that there may be two forms of 
"bound" water, one involving specific hydration directly to the 

Here, it is assumed that water 
1) by 

Saturation at the equivalent of wm, is 

As a result of various physical chemical measurements, such D
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1918 ZOGRAFI 

molecules of the solid,  as reflected i n  wm, and the other, a more 
nonspecific intermediate type of binding out t o  about 3-5 times 

wm 

be able t o  cluster and t o  begin the process of forming "solvent- 
like" water, very much like that which occurs w i t h  multilayer 
adsorption on crystall ine surfaces". 
thermodynamics, for  example, i t  has been shown that  such cluster- 
i n g  can give r i s e  to the significantly sharp r i s e  i n  water sorp- 
tion exhibited i n  most sorption isotherms as the relative pressure 
increases beyond a certain point27. Thus, as i n  the case of ad- 
sorption of water to  crystall ine solid surfaces, the idea that 
"bound" and "solvent-1 ike" exist  i n  the structure of an amorphous 
solid containing water, along w i t h  perhaps an intermediate s ta te  
of "bound" water, has been widely advocated. 

An expanded perspective on this problem has recently been 
developed i n  the work of Levine and Slade3, who have expressed 
concern for  the fact  that  l i t t l e  attention has been given to  
changes which occur i n  the properties of the solid dur ing  water 
sorption and desorption and to how such changes, i n  t u r n ,  can 
influence the properties of water i n  these systems. For example, 
the fact  that  some polymers vis ibly swell a t  very h i g h  re la t ive 
pressures and that they exhibit sorption/desorption hysteresis i s  
a clear indication that absorbed water can a l t e r  the conformations 
of polymer chains i n  the solid s ta te  . 

How water causes such changes t o  occur is best understood i n  
the context of the well known abi l i ty  of certain molecules t o  act 
as plasticizers when added t o  polymers or  other amorphous 
solids2'. Amorphous sol i d s  below their glass transition tempera- 
ture, Tg, exist i n  a "glassy" or "vitreous" state,  having less 
than 3% free volume and viscosities greater than about 1013 
poise As the temperature is increased the molar volume in-  
creases to  a small extent u n t i l  Tg is reached and the "rubbery" 
s ta te  forms. Eventually, this 'lrubbery" amorphous sol i d  s ta te  

22-24926 

A t  higher moisture contents, water molecules are believed t o  

Using simple solution 

2% 

29 . 
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STATES OF WATER ASSOCIATED WITH SOLIDS 1919 

w i l l  change i n t o  a l i q u i d  wi thout major d iscont inu i t ies .  Any 
c r y s t a l l i n e  forms present, o f  course, w i l l  e x h i b i t  a me l t ing  tem- 
perature. I n  the "glassy" and l i q u i d  states, the changes i n  molar 
volume o f  the substance w i l l  change w i t h  temperature according t o  
the Arrhenius equation. However, i n  the "rubbery" s ta te,  t h i s  
change w i l l  be exponential w i t h  temperature, r e s u l t i n g  i n  s i g n i f i -  

cant change i n  a number o f  p roper t ies  r e l a t e d  t o  the f r e e  volume. 
From the equation o f  Williams, Landel and Ferry3', i t  i s  poss ib le  
t o  est imate the change i n  v i s c o s i t y  and other proper t ies r e f l e c -  
t i v e  o f  f r e e  volume as a func t ion  o f  temperature, T, f o r  a wide 
range o f  polymers i n  the "rubbery" reg ion  by simply knowing Tg and 
the  v iscos i ty ,  I-, a t  Tg. Expressing the v i s c o s i t y  i n  S.I. u n i t s  
o f  Pass, where 1 Pass equals 10 poise, and assuming t h a t  the 
v i s c o s i t y  a t  Tg i s  10l2 Pass, we can express t h i s  equation as 
fo l lows : 

9 

This t e l l s  us i s  t h a t  where we are i n  r e l a t i o n  t o  Tg can s i g n i f i -  
c a n t l y  a f f e c t  the v i s c o s i t y  o f  the so l id ,  and, hence, the m o b i l i t y  
o f  the  molecules o r  polymer chain segments. 

poise i s  repor ted t o  be the v i s c o s i t y  o f  a polymer f i l m  which w i l l  

j u s t  be "dry t o  the touch", whi le  lo7 poise i s  the v i s c o s i t y  where 
the  f i l m  w i l l  j u s t  r e t a i n  the impression o f  a standard weight 
placed on i t s  surface, i.e., no v i s i b l e  v iscoe las t ic  f l o w  under 
higher stress31. To go from 1013 poise a t  Tg t o  lo4 poise, re-  
qu i res an increase o f  temperature above Tg o f  about 54"C, whi le  an 
increase o f  on ly  4°C i s  required t o  go t o  lo7 poise. 

p o i n t  here i s  t h a t  phys ica l  proper t ies o f  the s o l i d  determined by 
the  extent  o f  f r e e  volume, e.g., v iscos i ty ,  e l a s t i c  modulus, 
nuclear magnetic re laxat ion,  and d i e l e c t r i c  re laxat ion,  w i l l  be 
very g r e a t l y  a f fec ted  by where the operat ing temperature i s  

r e l a t i v e  t o  the Tg o f  the  so l id .  

For example, lo4 

The main 
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1920 ZOGRAFI 

Water molecules, because of their  polarity and their  small 
size can penetrate into an amorphous so l id  structure and s i g n i f i -  
cantly increase i t s  free volume. T h i s ,  i n  t u r n ,  will decrease i ts  
apparent Tg, as would any plasticizer. The simplest equation used 
to describe this effect  is32: 

where Tg1, Tg2, and Tg are the glass transition temperatures, i n  
degrees Kelvin, of the polymer ( l ) ,  water ( 2 ) ,  and mixture of the 
two, respectively, and w2 is the weight fraction of water I n  the 
so l id .  

As an example of what this might mean quantitatively, l e t  us 
consider the polymer , hydroxypropyl cell u l  ose, containing 5% 
water, where Tgl is 283"K, Tg2 i s  134°K and w2 i s  0.05, and cal- 
culate the viscosity of the system a t  25°C (298°K). 
8, the Tg f o r  the mixture would be expected t o  be about 268"K, 
while from equation 7, the viscosity of such a system a t  25"C, 
would have decreased from lo9 poise i n  the absence of water to a 
value of lo7 poise i n  the presence of 5% water. 

The c r i t i ca l  message being conveyed here is that the absorp- 
tion of water i n t o  amorphous solids is quite unlike monolayer and 
multilayer adsorption a t  crystalline solid surfaces. As soon as 
water penetrates i n t o  the amorphous s o l i d  structure, i t  acts as a 
plasticizer and reduces Tg. Hence, each p o i n t  on the sorption 
isotherm ref lects  the physical s ta te  of b o t h  the water and the 
solid and how each have influenced one another under a given se t  
of conditions. Therefore, although the temperature of the experi- 
ment might be constant, the differences between this temperature 
and the glass transition temperature will be different for differ-  
ent amounts of  absorption. T h i s  indicates that  measurement of the 
apparent thermodynamic activity of water i n  such systems cannot be 
interpreted without considering the contributions o f  t h e  s o l i d  t o  
the phenomena being examined. I t  is also important to  recognize 
that the property being measured ref lects  kinetic effects of the 

From equation 
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STATES OF WATER ASSOCIATED WITH SOLIDS 1921 

s o l i d  on water as we l l  as any thermodynamic e f fec ts .  For example, 
t he  lack of f reez ing o f  water, the d i f f i c u l t y  i n  removing water by 
thermal means, and the changes i n  nuclear magnetic resonance and 
d i e l e c t r i c  r e l a x a t i o n  times, used t o  detect  "bound" water may have 
less  t o  do w i t h  any "bound" thermodynamic s t a t e  than w i t h  the  f a c t  

t h a t  t h e  s o l i d  a t  low l e v e l s  o f  moisture i s  i n  i t s  ilglassyO s t a t e  
w i t h  v i s c o s i t i e s  i n  excess o f  1013 poise, i.e., where the  m o b i l i t y  

of water molecules i s  very small. Water i n  amorphous s o l i d s  may 
c l u s t e r  i n t o  condensed s ta tes  beyond a c e r t a i n  l e v e l  o f  uptake t o  
g i v e  "so l ven t - l i ke "  proper t ies because o f  a sa tu ra t i on  o f  b ind ing  
s i t e s  o r  a lack o f  a f f i n i t y  between i t  and the s o l i d  r e l a t i v e  t o  
i t s e l f ,  as predic ted from thermodynamic considerationsz7. 
ever, i t  a l so  must be rea l i zed  t h a t  as water i s  taken up and the  
s o l i d  approaches i t s  "rubbery" s t a t e  because o f  t he  p l a s t i c i z i n g  
e f f e c t  o f  water, the m o b i l i t y ,  and hence the d i f f u s i o n  of t he  
water molecules w i l l  increase exponent ia l ly ,  a l so  g i v i n g  r i s e  t o  
the  appearance o f  "so lvent- l ike '  propert ies.  I n  a l l  cases, o f  

course, such "so l ven t - l i ke "  water never a t t a i n s  exac t l y  t he  same 

p roper t i es  o f  l i q u i d  water; i n  starch, f o r  example, "solvent-1 i k e "  
water e x h i b i t s  d i f f u s i o n  constants on the order o f  100 times less  
than t h a t  o f  l i q u i d  waterz6. 

A good example o f  where t h i s  way o f  look ing a t  t he  problem 
might be important i s  w i t h  small molecules i n  t h e  amorphous s t a t e  
which spontaneously c r y s t a l l i z e  when exposed t o  a c r i t i c a l  l e v e l  
o f  moisture. Although t h i s  might be thought o f  as a r i s i n g  f rom a 
small  amount o f  'd isso lut ion '  o f  the s o l i d  by the  water, i t  seems 
more reasonable t o  assume t h a t  such c r y s t a l l i z a t i o n  takes p lace as 
water molecules lower the  value o f  Tg t o  the  temperature o f  t he  

system. Here, i n  the "rubbery" s t a t e  the molecules s t a r t  t o  
a t t a i n  s u f f i c i e n t  m o b i l i t y  t o  c r y ~ t a l l i z e ~ ~ .  

How- 

SUMMARY 

1. Water i n t e r a c t s  w i t h  var ious c r y s t a l l i n e  s o l i d s  a t  the 
surface p r i m a r i l y  through i t s  a b i l i t y  t o  hydrogen bond. The prop- 
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er t ies  of water i n  the vicinity of a solid surface t o  which i t  i s  
adsorbed, w i l l  appear to  be different than that  of b u l k  water out 
to  about three molecular diameters away from the surface or  when 
the space w i t h i n  which i t  is confined approaches these molecular 
dimensions, e.g., micropores and t h i n  films. Binding of water i n  
such cases , however, i s  quite easi l y  reversed by raising tempera- 
tures and lowering the relative pressure of water vapor. Defects 
i n  a crystall ine solid can act as h i g h  energy sites yielding a 
greater amount of water uptake than expected w i t h  a purely crys- 
t a l l i n e  site. Since such uptake i s  metastable w i t h  respect t o  
that which occurs w i t h  a crystall ine solid,  w i t h  water-soluble 
solids the possibil i ty of reversion to  lower energy forms through 
an increase i n  the mobility of ions or molecules, followed by sur- 
face crystall ization, must be considered. If the relative humid- 

i t y  is kept h i g h  enough, such water uptake can lead t o  a saturated 
solution in a film around the solid and the ini t ia t ion of 
deliquescence. 

crystall ine solids w i t h  a specific stoichimetetry t o  form crystal 
hydrates. 
t inct ly  different solid phases from the anhydrous s ta te ,  while i n  
other cases no effect  on the crystal structure of the anhydrous 
form by hydrate formation i s  observed. Generally, i n  the former 
case the water appears t o  strongly interact w i t h  the other mole- 
cule, while i n  the l a t t e r  case water can easily be removed without 
altering the crystal structure. 

glass transit ion temperature, Tg, of the solid, acting as an e f f i -  
cient plasticizer.  As the solid i s  plasticized, i t  undergoes a 
significant increase i n  free volume which greatly increases the 
mobility of molecules or segments of molecules i n  the system. 
T h i s  increase i n  mobility is reflected i n  a decrease i n  the vis- 
cosity of the solid which is particularly significant i f  the solid 
i s  made t o  change from the "glassy" s ta te  to  the "rubbery" s ta te  

2. Water can assume regular positions i n  the l a t t i c e  of 

I n  some cases such hydrate formation leads t o  d i s -  

3 .  The uptake of water into amorphous solids decreases the 
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by the addition of  water. Such changes are reflected in a number 
of physical measurements of water whjch have been interpreted to 
be changes in its thermodynamic state. This has led to the con- 
clusion that water in amorphous solids can exist in both a "bound" 
and a "solvent-like" state, with, perhaps, two types of "bound" 
states. 
the thermodynamic state of water in amorphous solids include 
kinetic effects which reflect the overall change in the mobility 
of the molecules in the system; this is determined by the physical 
state of the solid, i.e., whether it is "glassy" or "rubbery." 
These kinetic phenomena help to explain the effects of moisture on 
a number of physical chemical processes of pharmaceutical interest 
involving amorphous solids and requiring molecular mobility, e.g., 
crystallization of lyophilized cakes, direct compaction proper- 
ties, powder caking, permeability of coatings and packaging 
materials, and solid state chemical stability. 

dominate role in affecting the properties of solids, three situa- 
tions appear to be most critical because of the large amounts of 
water involved, the location of the water within the solid, and 
the metastable state of the system. 
crystal hydrates, the absorption of water into amorphous solids, 
and the deliquescence that takes place with highly water-soluble 
solids at high relative humidities. Adsorption to solid surfaces 
will play a less important role, unless very high surface areas 
are involved, e.g., porous solids, or uptake into the crystal 
defects of water-soluble sol ids caused by comninution, which gives 
rise to metastability, greater mobility of ion and molecules, and 
the possibility of surface recrystallization. 

It can be shown, however, that these apparent changes in 

4. In considering situations where moisture will play a pre- 

These are: the formation of 
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