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A B S T R A C T  Gl o b al  c  all e n g es  p os e d  b y  fr es  w at er s c ar cit y a n d  t  e w at er − e n er g y  
n e x us  dri v e  d e m a n d  f or n o v el  m a cr o m ol e c ul ar  d esi g n  of  t ail or e d n a n ostr u ct ur es  
e n d o w e d  wit   a  v ari et y  of   y dr o p  ili c  a n d   y dr o p  o bi c  f e at ur es. O f eri n g  p ot e nti al  t o 
m e et  t  is d e m a n d,  m et al − or g a ni c  fr a m e w or k ( M O F )  m at eri als  ar e  s y nt  esiz e d fr o m 
c o or di n at e d  f or m ati o ns t  at cr e at e  v ers atil e  r eti c ul ar str u ct ur es wit   v ari a bl e  w at er  
a ds or pti o n  a f niti es.  H o w e v er,  a d v a n c es  i n t  e f u n d a m e nt al u n d erst a n di n g  of  w at er  
i nt er a cti o ns wit  i n  t  es e str u ct ur es ar e  i m p e d e d b y  t  e f ail ur e of  cl assi c al  a n al ys es  t o 
i d e ntif y m e c  a nis ms  of  i nt er a cti o n, c o n n e ct  f u n d a m e nt al is ot  er m t y p es, a n d  pr o vi d e  
a p pr o pri at e  b e n c  m ar ks  f or ass ess m e nt.  Pr o p os e d   er ei n  is a  n o v el  d e f niti o n  of  
 y dr o p  o bi cit y  t  at is c o  er e ntl y  c o u pl e d  wit   a  u ni f e d  is ot  er m a n al ysis  t o c o n n e ct  a  
wi d e  arr a y  of  ri g or o us e q uili bri u m  is ot  er m t y p es b o u n d e d  b y  as y m pt oti c  li mits di ct at e d  
b y   y dr o p  ili c  r e ct a n g ul ar T y p e  I a n d   y dr o p  o bi c  st e p wis e T y p e  V  ( u ni m o d al  T y p e  
VI ).  M or e o v er,  disti n ct  f or ms of   y dr o p  o bi cit y,  ass o ci at e d  b e n c  m ar ks  a n d  dis cr et e  
cl ass es  of  m at eri al  b e  a vi or  ar e  i ntr o d u c e d t o c  ar a ct eriz e   y dr o p  o bi c  t o  y dr o p  ili c  tr a nsiti o ns. Si m pli f c ati o n  of  t  e a n al ysis  f or 
a p pli c ati o n  t o mi cr o p or o us  M O F  m at eri als  dis pl a yi n g  n o mi n all y  st e p wis e w at er  a ds or pti o n  is ot  er ms yi el ds  Isi n g- M o d el- M o di f e d-
K el vi n- A n al ysis  (I M M K A )  t  at is d eli v er e d  i n a  si m pl e, ri g or o us, a n al yti c  f or m. M e c  a nis ms  of  p or e  flli n g  ar e  c  ar a ct eriz e d,  
all o wi n g  v eri f c ati o n  of  wi d el y  a c c e pt e d  pr ot o c ols  a n d  “r ul es of  t  u m b” f or t  e pr e di cti o n  of  mi cr o p or e  flli n g  pr ess ur es.  T  e  a n al ysis  
s u c c essf ull y c a pt ur es  t  e f o u n d ati o n al f e at ur es of  w at er  i n e xtr e m e  c o n f n e m e nt,  i n cl u di n g t  e r ol e of  p or e  m or p  ol o g y  i n dir e cti n g  
t  e m ol e c ul ar  a n d  f ui di c  i nt er a cti o ns t  at u n d er pi n  t  e ps e u d o c o n d e ns ati o n  m e c  a nis m  of  w at er  i n mi cr o p or es.  

■ I N T R O D U C TI O N 

T  e  u bi q uit o us  pr es e n c e  of  w at er  dri v es  t  e n e e d  f or 
f u n d a m e nt al u n d erst a n di n g  of   y dr o p  o bi cit y  of  s urf a c es a n d  
p or o us  m at eri als. 1  D es pit e  s o m e a d v a n c es, 2  t  er e ar e  still 
si g ni f c a nt c  all e n g es  ass o ci at e d  wit   c a pt uri n g  a n d  a p pl yi n g  t  e 
f o u n d ati o n al p  ysi cs  of  c o n f n e d  w at er  f or c  ar a ct eriz ati o n  of  
 y dr o p  o bi c  p  e n o m e n a. 3  A  m aj or  o bst a cl e  r es ults fr o m t  e 
dis p arit y  of  l e n gt   s c al es f or w  i c   m ol e c ul ar-l e v el  c o nsi d er ati o n  
of  f ui d − s oli d i nt er a cti o n m ust  b e  c o u pl e d  wit   m a cr os c o pi c  
i nt er pr et ati o n of  f ui d − f ui d − s oli d i nt er a cti o n.4  T  e  c  all e n g es  
ar e  a m pli f e d  w  e n  c o nsi d eri n g  t  e b e  a vi or  of  w at er  u n d er  
e xtr e m e  c o n f n e m e nt  i n mi cr o p or o us  m at eri als 5  t  at c o nt ai n  
p or es  of  di a m et er  l ess t  a n 2  n m.  F or  t  es e m at eri als,  
 y dr o p  o bi c  a n d   y dr o p  ili c  b e  a vi ors  ar e  oft e n  ass u m e d  t o 
b e  g o v er n e d  b y  t  e c  e mistr y  of  t  e m at eri al  a n d  t  e d e nsit y  of  
 y dr o p  ili c  m oi eti es  c o nt ai n e d  wit  i n  t  e str u ct ur e.1 − 6  As  a  
r es ult, t  e m or p  ol o gi c al  pr o p erti es  of  t  e  ost 7  ar e  oft e n  
o v ers  a d o w e d  b y  c  e mistr y  i n t  e ass ess m e nt  of  w at er  u pt a k e. 5  

M et al − or g a ni c  fr a m e w or k ( M O F )  m at eri als,  f or e x a m pl e,  ar e  
oft e n  ass ess e d  b y  t  eir c  e mi c al  n at ur e  b ut  l a c k r o b ust 
r el ati o ns  i ps c o n n e cti n g   y dr o p  o bi cit y  wit   M O F  m or p  ol-
o g y. 8 − 1 2  C o nsi d eri n g  t  e alr e a d y  v ast  arr a y  of  M O Fs  a n d  r a pi dl y 
e x p a n di n g  li br ar y of  n e w  m at eri als  a n d  w at er  a ds or pti o n  

is ot  er ms e m er gi n g,  M O Fs  pr o vi d e  i d e al m at eri als  f or 
a d v a n ci n g  k n o wl e d g e  of   y dr o p  o bi cit y  at  t  e m ol e c ul ar  l e v el. 
M or e o v er,  a  c o m pr e  e nsi v e  f u n d a m e nt al u n d erst a n di n g  of  t  e 
b e  a vi or  of  w at er  i n M O Fs  c o ul d  d eli v er  m aj or  i m p a cts o n  a  
wi d e  r a n g e of  t e c  n ol o gi es us e d  f or e n er g y  st or a g e,1 3   e at  
r e all o c ati o n f or e n er g y  o pti miz ati o n, 8 ,9  or  w at er   ar v esti n g  
a p pli c ati o ns  t  at  a v e  p ot e nti al  t o a d dr ess  t  e w at er − e n er g y  
n e x us 1 4  a n d  o f er  pr o misi n g  s ol uti o ns f or gl o b al  w at er  cris es. 1 5  

E a c   of  t  es e a p pli c ati o ns  is i d e all y d esi g n e d  f or m at eri als  t  at 
dis pl a y  si g m oi d al, S-s  a p e d,  e q uili bri u m  is ot  er ms as  r e pr e-
s e nt e d i n Fi g ur e  1 d − f. T  e  u ni q u e  s  a p e of  t  e is ot  er m is 
c o nsi d er e d  u n d er  I U P A C cl assi f c ati o n  t o b e  T y p e  V. 5  At  l o w 
 u mi diti es  ( or  r el ati v e pr ess ur es ),  o nl y  s m all a m o u nts  of  w at er  
ar e  a ds or b e d,  a n d  t  e is ot  er m a p p e ars  c o n c a v e  u p w ar d.  
C  ar a ct eristi c  of  m at eri als  t  at o f er  littl e s urf a c e a f nit y  f or 
w at er  m ol e c ul es,  t  is b e  a vi or  is d e f n e d   er ei n  as  s urf a c e 
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 y dr o p  o bi cit y.  At   i g  er   u mi diti es,   o w e v er,  c o o p er ati v e  
i nt er a cti o n vi a   y dr o g e n  b o n di n g  all o ws  m u c   m or e  w at er  t o 
i nt er a ct i n a  f as  i o n t  at g e n er at es  a  dr a m ati c  i n cr e as e i n t  e 
a m o u nt  a ds or b e d.  As  p or e  flli n g  o c c urs,  t  e a m o u nt  a ds or b e d  
dr asti c all y  t a p ers, t  e c o n c a vit y  pi v ots  fr o m u p w ar d  t o 
d o w n w ar d,  a n d  t  e si g m oi d al s  a p e is pr o d u c e d.  T  es e  f e at ur es 
ar e  cl e arl y  i n di c at e d i n Fi g ur e  1 d, e.  Fi g ur e  1 f dis pl a ys  a  T y p e  V  
is ot  er m w  os e  c o n c a vit y  tr a nsiti o n is s o s  ar p t  at it pr es e nts  a  
st e p wis e, u ni m o d al  T y p e  VI  b e  a vi or. 5  U n d er  t  es e c o n diti o ns,  
t  e c o n c a vit y  tr a nsiti o n c a n  b e  r e pr es e nt e d b y  a  p oi nt  of  
i n f e cti o n ( P OI )  t  at is c  ar a ct eristi c  of  t  e o ns et  of  p or e  flli n g  
pr o c ess es.  

T  e   u mi dit y  ( or  r el ati v e pr ess ur e )  at  w  i c   t  e P OI  is 
o bs er v e d  g o v er ns  t  e w or ki n g  r a n g e f or a  gi v e n   u mi dit y  c o ntr ol  
a p pli c ati o n. 8 ,9  D esi c c a nt  a p pli c ati o ns  r e q uir e t  e r e m o v al of  
w at er  at  l o w  u mi dit y,  a n d  d e  u mi di f c ati o n  a p pli c ati o ns  
r e q uir e t  e c o ntr ol  of  w at er  c o nt e nt  at   i g  er   u mi diti es. 8 ,9  

N ot a bl y,  m a n y  st u di es r e p ort t  e P OI  as  a  c  ar a ct erizi n g  m ar k er  
t  at o f ers  a  c o n v e ni e nt  m e a ns  f or r e pr es e nti n g t  e c o m pl et e  
is ot  er m.8 − 1 2  H o w e v er,  d es pit e  its wi d e  us a g e,  n o  ri g or o us 
e v al u ati o n  of  t  is m ar k er  f or mi cr o p or e  flli n g   as  b e e n  
u n d ert a k e n  i n s u p p ort of  its a p pli c ati o n  f or c  ar a ct eriz ati o n  of  
M O F  m at eri als. 8 − 1 2  M or e o v er,  t  e  u mi dit y  l o c ati o n of  t  is 
p or e  flli n g  m ar k er  is r e p ort e d t o b e  a f e ct e d  b y  p or e  w all  
g e o m etr y,  p ol arit y,  a n d  r el ati v e str e n gt   of  f ui d − f ui d  a n d  
f ui d − s oli d i nt er a cti o ns.8  H o w e v er,  it is c urr e ntl y  u n cl e ar   o w  
t  es e f a ct ors a f e ct  t  is m ar k er  a n d  t o w  at  e xt e nt.  E f orts  t o 
e x pl or e  t  is b y  i n c or p or ati n g b ot   p or e  siz e a n d  s urf a c e 
c  e mistr y   a v e  b e e n  pr o p os e d  i n a  m o d el 1 6  t  at is r e p ort e d t o 
b e  u n a bl e  t o a c c o u nt  f or p or e  w etti n g,  st atisti c al t  i c k n ess 
ass o ci at e d  wit   w etti n g,  or  c o o p er ati v e  i nt er a cti o ns of  w at er.  
A d diti o n all y,  t  er e ar e  c urr e ntl y  n o  wi d el y  e m br a c e d,  v ali d at e d  
a n al ys es  t  at c a n  r el at e f u n d a m e nt al  y dr o p  ili c  a n d   y dr o-
p  o bi c  is ot  er m r el ati o ns, i n cl u di n g c  all e n gi n g  T y p e  V  a n d  
st e p wis e is ot  er ms f or mi cr o p or o us  m at eri als.  F urt  er m or e,  

m et  o ds  f or b e n c  m ar ki n g   y dr o p  o bi cit y  of  mi cr o p or o us  
m at eri als  wit   m etri cs  t  at ar e  c o nsist e nt  wit   t  e o bs er v e d  
is ot  er m t y p e ar e  c urr e ntl y  criti c all y  l a c ki n g. T  e  est a blis  m e nt  
of  a  s u c c essf ul a n al ysis  t  at is c a p a bl e  of  c a pt uri n g  t  e 
f u n d a m e nt al b e  a vi or  of  c o n f n e d  w at er  c o ul d  f or es e e a bl y fll  
t  es e s u bst a nti al k n o wl e d g e  g a ps.  

T o  t  is e n d,  t  e st u d y  er ei n  is i m pl e m e nt e d b y  c o nsi d er ati o n  
of  a  gl o b all y  u nif yi n g  is ot  er m a n al ysis,  d e f niti o n  of  a  n o v el  
 y dr o p  o bi cit y  m etri c,  si m pli f c ati o n f or o bs er v e d  st e p wis e 
is ot  er ms, a n d  ri g or o us e v al u ati o n  a n d  v ali d ati o n  of  t  e us e  of  
t  e P OI  f or c  ar a ct eriz ati o n  of  st e p wis e b e  a vi or.  Criti c all y  
s el e ct e d lit er at ur e d at a  r e p orti n g w at er  a ds or pti o n  i n M O Fs  ar e  
ass ess e d  n ot  o nl y  t o est a blis   c o n n e cti o ns  b et w e e n  p or e  
m or p  ol o g y,  p or e  w etti n g,  a n d  c o o p er ati v e  i nt er a cti o ns of  
w at er  b ut  als o  t o g ai n  i nsi g  t i nt o t  e m e c  a nis ms  of  mi cr o p or e  
flli n g  a n d  ori gi ns  of   y dr o p  o bi c  b e  a vi or  i n n a n ostr u ct ur e d  
m at eri als.  

■ T H E O R Y  

A p ol ar  n a n o c  a n n els  e m b e d d e d  i n pr ot ei ns  a n d  n a n ot u b es  
all o w  w at er  t o f or m  y dr o g e n- b o n d e d  m ulti m ol e c ul ar  c  ai ns  
t  at ar e  c oll e cti v el y  ori e nt e d. 1 7  Alt  o u g   u n d er  e xtr e m e  
c o n f n e m e nt,  t  e m ol e c ul ar  i nt er a cti o n pr o d u c es  st a g g er e d 
c o n f g ur ati o ns 1 7  of  w at er,  w  i c   gi v e  ris e t o Isi n g m o d el  
r e pr es e nt ati o n.1 7 ,1 8  U n d er  t  es e c o n diti o ns,  f ui d − s oli d as  w ell  
as  f ui d − f ui d − s oli d i nt er a cti o n mi g  t  b e  e x p e ct e d  t o i n f u e n c e 
t  es e s yst e ms t  at e x  i bit  n o  tr u e p  as e  tr a nsiti o n i n t  e 
t  er m o d y n a mi c li mit.1 8  M or e o v er,  c  ai ns  n ot  o nl y  c a n  b e  
m a cr os c o pi c all y  or d er e d 1 7 ,1 8  b ut  c a n  dis pl a y  b ul k  f ui d-li k e  
pr o p erti es  w  e n  c o or di n at e d  b y   y dr o g e n  b o n di n g  of  m or e  t  a n 
f o ur w at er  m ol e c ul es. 1 9  F urt  er m or e,  i n ultr a n arr o w  s p a ci n gs of  
m ol e c ul ar  di m e nsi o ns  t  at ar e  f or m e d b et w e e n  d ef or m a bl e  
gr a p  e n e  l a y ers r a n gi n g fr o m 4  t o 2 0  Å, 2 0  w at er  is r e p ort e d t o 
s  o w b e  a vi or  a ki n  t o b ul k  f ui d. 2 0  S  o w c asi n g  t  e i m p ort a n c e 
of  f ui d − f ui d  i n c o m p aris o n  t o f ui d − s oli d i nt er a cti o n, t  e 

Fi g ur e  1.  Is ot  er ms of  fr a cti o n al l o a di n g ( θ )  a n d  r el ati v e pr ess ur e  ( a )  i n di c ati n g I U P A C t y p es fr o m e q  1  u n d er  t  e f oll o wi n g si m pli f c ati o ns: ( a )  K as  

0,  K 0  K 1  1 0 0;  ( b )  K as  1,  K 0  K 1  1 0;  ( c )  K as  0. 6,  K 0  K 1  0. 2;  ( d )  K as  0,  K 0  0. 2,  K 1  2. 5;  ( e )  K as  0,  K 0  0. 0 0 4,  K 1  2;  (f )  K as  0,  K 0  0. 0 0 0 0 4,  
K 1  2;  ( g )  K as  K 1  0,  K 0  0. 0 1;  (  )  K as  0. 2,  K 0  0. 0 4,  K 1  5;  a n d  (i )  K as  0. 8,  K 0  0. 0 4,  K 1  5.  
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K el vi n  r el ati o n  as  b e e n  a p pli e d  t o pr e di ct  t  e r el ati v e pr ess ur e  
f or p or e  flli n g  of  w at er  b et w e e n  t  es e l a y ers.2 0  T  e  a p p ar e nt  
f ui d-li k e  b e  a vi or  of  w at er  u n d er  e xtr e m e  c o n f n e m e nt  i n p or es  
of  m ol e c ul ar  di m e nsi o ns  all o ws  w at er  t o b e  vi e w e d  as  a n  
a n gstr o f ui d.  C urr e ntl y,  a n gstr o f ui di cs  is a n  e v ol vi n g  f el d 2 1  i n 
w  i c   t  e or eti c al t o ols ar e  l a c ki n g d u e  t o t  e f a ct t  at “ f ui d 
str u ct uri n g e f e cts  a n d  c orr el ati o ns  pl a y  a n  o v er w  el mi n g  
r ol e”,2 2  a n d  t  er ef or e, “ n e w t  e or eti c al d es cri pti o ns  ar e  r e q uir e d 
t o u n d erst a n d  t  e e m er gi n g  p  ysi cs  b e  i n d  t  es e e f e cts”. 2 3  

P ossi bl e  d e v el o p m e nts  i n t  is f el d  c o ul d  b e  e n a bl e d  b y  t  e r a pi d 
e m er g e n c e  of  n o v el  mi cr o p or o us  m at eri als  s u c   as  mi cr o p or o us  
M O F  cr yst als 2 4  w  os e  str u ct ur e c o nsists  of  or d er e d  a n gstr o m-
siz e d c  a n n els.  

M ol e c ul ar  si m ul ati o ns  a v e  pr o vi d e d  i nsi g  ts i nt o t  e wi d e  
arr a y  of  ass o ci ati v e  b e  a vi ors  o bs er v e d  i n t  es e m at eri als.  I n 
mi cr o p or o us  M O F- 3 0 3, 2 5  cl ust ers  b e y o n d  f o ur w at er  m ol e c ul es  
 a v e  b e e n  si m ul at e d, a n d  w at er  is s e e n t o c o or di n at e  b y  f or mi n g 
 y dr o g e n  b o n ds  wit   t  e fr a m e w or k a n d  wit   e a c   ot  er.  
H a ni k el  et  al. 2 6   a v e  als o  si m ul at e d M O F- 3 0 3  w  er e  w at er  is 
s  o w n t o  y dr o g e n- b o n d  a n d  f or m t  r e e- di m e nsi o n al c  ai ns  
wit  i n  a  w at er  n et w or k.  Si mil ar  r es ults ar e  s e e n f or mi cr o p or o us  
C A U- 1 0 2 7  a n d  N U- 1 5 0 0- Cr 2 8  i n w  i c   “  y dr ati o n is i niti at e d b y  
w at er  m ol e c ul e  a ds or pti o n  at  pri m ar y  sit es wit  i n  t  e fr a m e w or k 
f oll o w e d b y  t  e f or m ati o n of  w at er  c  ai ns  t  at e xt e n d  al o n g  t  e 
M O F  c  a n n els”. 2 8  

T  es e  st u di es  i g  li g  t  t  e c o m pl e x  u n d erl yi n g  b e  a vi or  of  
w at er  i n e xtr e m e  c o n f n e m e nt  t  at i n v ol v es f ui d − s oli d a n d  
f ui d − f ui d − s oli d i nt er a cti o ns as  w ell  as  p or e  n et w or k  e f e cts  
t  at r e q uir e ass ess m e nt  at  t  e m ol e c ul ar  a n d  s u pr a m ol e c ul ar 
l e v el. 

S h ort c o m n g s   n t h e C urr e nt  A s s e s s m e nt  of  H y dr o-
p h o b c t y.  F u n d a m e nt al  f e at ur es e m b e d d e d  i n a ds or pti o n  
m e c  a nis ms  a n d  t  e n at ur e  of  w at er  i nt er a cti o ns c a n  b e  vi e w e d  
at  t w o dis p ar at e  l e n gt   s c al es i n v ol vi n g b ot   m ol e c ul ar  a n d  
s u pr a m ol e c ul ar i nt er pr et ati o n. H o w e v er,  t  e dis p arit y  of  l e n gt   
s c al es c o nf o u n ds  si m pl e m etri cs  f or ass ess m e nt  t  at  a v e  b e e n  
pr o p os e d  f or m es o p or o us  m at eri als  wit   p or es  l ar g er t  a n 2 0  
Å 2 9  b ut  ar e  c urr e ntl y  l a c ki n g f or mi cr o p or o us  s oli ds. M or e o v er,  
t  e dis p arit y  of  s c al e pr o d u c es  disti n ct  di f er e n c es  b et w e e n  t  e 
i nt er n al a n d  e xt er n al  i nt er a cti o n of  w at er  wit   mi cr o p or o us  
m at eri als. 3 0  I n f a ct, s o m e st u di es vi e w  t  e e xt er n al  s urf a c e as  a  
f or m of  cr yst al  d ef e ct, 3 1  w  i c   g e n er at es  a  n e e d  t o p artiti o n  
i nt er n al fr o m e xt er n al  i nt er a cti o ns.3 2  

A d diti o n all y  c o nf o u n di n g  t  e iss u e is t  e l a c k of  br o a d  
c o ns e ns us  o n  si m pl e d e f niti o ns  disti n g uis  i n g   y dr o p  ili c  fr o m 
 y dr o p  o bi c  b e  a vi or.  T o  i m pr o v e cl assi c al  d e f niti o ns  of  
 y dr o p  o bi cit y,  s o m e st u di es  a v e  s u g g est e d b e n c  m ar ks  
b as e d  o n  t  e fr e e e n er g y  of   y dr ati o n. 3 3  M or e o v er,  it  as  b e e n  
ar g u e d  t  at  y dr o p  o bi c  b e  a vi or  s  o ul d n ot  b e  b as e d  o n  
dis cr et e  crit eri a 3 4  a n d  t  at r o b ust d e f niti o ns  s  o ul d b e  c a p a bl e  
of  dis pl a yi n g  s  ifti n g b e  a vi or  t  at is b e n c  m ar k e d  o n  a  
c o nti n u o us  s c al e.3 4  F urt  er m or e,  t  er e is als o  a  l a c k of  
c o ns e ns us  i n t  e lit er at ur e r e g ar di n g t  e a p pli c ati o n  of  
 y dr o p  o bi cit y  a n d   y dr o p  ili cit y  b e n c  m ar ks  f or M O Fs.  A  
n ot a bl e  e x a m pl e  a p pli es  t o Ui O- 6 6  t  at is c o nsi d er e d   y dr o-
p  ili c  b y  b e n c  m ar ks  t  at ass ess  st e e p u pt a k es  o c c urri n g  at  l o w 
 u mi diti es. 3 5  H o w e v er,  b y  ot  er  b e n c  m ar ks,  Ui O- 6 6  is 
c o nsi d er e d   y dr o p  o bi c. 3 1  

D es pit e  s  ort c o mi n gs i n t  e si m pl e d e f niti o n  of   y dr o-
p  o bi cit y,  t  e c urr e nt  s uit e of  t o ols f or its ass ess m e nt  i n M O Fs  
 as  b e e n  r e vi e w e d b y  Xi e  et  al. 3 1  H e nr y’s  c o nst a nt  a n d  r el ati v e 
pr ess ur e  w  er e  t  e c o n c a vit y  pi v ots  ar e  f e at ur e d t o ols. T  es e  c a n  
b e  c o u pl e d  wit   st a n d ar d t o ols f or c  ar a ct erizi n g  M O Fs  b y  

a ds or pti v e  pr o b es  ot  er  t  a n w at er  i n cl u di n g si m pl e m ol e c ul es  
s u c   as  nitr o g e n  a n d  ar g o n  at  s u b a m bi e nt t e m p er at ur es.3 1  

N ot a bl y,  t  es e s a m e t o ols  a v e  b e e n  e m pl o y e d  t o c  ar a ct eriz e  
t  e a ds or pti o n  a n d  u n d erl yi n g  b e  a vi or  of  w at er  i n mi cr o p or o us  
c ar b o n. 3 6 ,3 7  S urf a c e  c  e mistr y  is r e p ort e d t o pl a y  a  r ol e i n t  is 
b e  a vi or  w  e n  t  e d e nsit y  of  m oi eti es  c a p a bl e  of   y dr o g e n  
b o n di n g  wit   w at er  m ol e c ul es  ( e. g.,   y dr o x yl,  a mi n e,  s ulf o ni c 
a ci d  gr o u ps,  as  w ell  as  o p e n  m et al  sit es ) is  i g  . 3 1  S urf a c es  
c o m p os e d  of  n o n p ol ar  or  w e a kl y  p ol ar  gr o u ps  g e n er at e  
i nt er n all y  y dr o p  o bi c  M O Fs. 3 1  T  es e  s urf a c es c a n  b e  
g e n er at e d  fr o m pr es y nt  eti c  li g a n d d esi g n  or  p osts y nt  eti c  
 y dr o p  o biz ati o n  a n d  g e n er all y  dis pl a y  T y p e  V  is ot  er ms.3 1  

H o w e v er,  M O Fs  br o a dl y  c o nsi d er e d  t o b e   y dr o p  o bi c  
c o nstit ut e  o nl y  a  s m all p er c e nt a g e  of  c at al o g u e d  m at eri als 3 1  

b ut  ar e  ess e nti al  t o  u mi dit y  c o ntr ol  a p pli c ati o ns  s u c   as  w at er  
 ar v esti n g.  F or  t  es e m at eri als,  p or e  flli n g  is i niti at e d b y  
m e c  a nis ms  b as e d  o n  r el ati v el y w e a k  f ui d − s oli d i nt er a cti o n 
t  at is g e n er all y  a c c o m p a ni e d  b y  f ui d − f ui d − s oli d i nt er a cti o n at  
 i g  er  pr ess ur es. 3 1  

Cl e ar  fr o m ass ess m e nt  of  t  e lit er at ur e is t  e c urr e nt  d e art   of  
ri g or o us st u di es t  at si m ult a n e o usl y: 

1 )  D e m o nstr at e  cl e ar  r el ati o ns  i ps b et w e e n  i nt er n al  y dr o-
p  o bi cit y  a n d  t  e v ari et y  of  o bs er v e d  w at er  a ds or pti o n  
is ot  er m t y p es i n cl u di n g T y p e  III ( Fi g ur e  1 c ),  T y p e  V  
( Fi g ur e  1 d, e ),  a n d  st e p wis e is ot  er ms ( Fi g ur e  1 f ) 
o bs er v e d  i n a  v ari et y  of  mi cr o p or o us  m at eri als.  

2 )  D eli v er  a  d e f niti o n  of   y dr o p  o bi cit y  t  at is b as e d  o n  a  
c o nti n u o us  s c al e a n d  is i n  er e ntl y li n k e d t o is ot  er m t y p e. 

3 )  D e m o nstr at e  cl e ar  r el ati o ns  i ps b et w e e n  t  e m ol e c ul ar  
b e  a vi or  of  w at er,  is ot  er m f e at ur es of  w at er,  a n d  
is ot  er m f e at ur es dis pl a y e d  b y  si m pl e m ol e c ul es  s u c   as  
nitr o g e n  a n d  ar g o n  t  at ar e  c o m m o nl y  e m pl o y e d  f or p or e  
siz e a n al ysis.  

4 )  Dis cri mi n at e  e f e cts  of  p or e  m or p  ol o g y  fr o m s urf a c e 
c  e mistr y,  n et w or k  e f e cts  of  w at er  c  ai ns,  a n d  f ui d −  
s oli d fr o m f ui d − f ui d − s oli d i nt er a cti o n w  il e  i n c or p or at-
i n g f e at ur es of  p or e  w etti n g,  st atisti c al t  i c k n ess 
ass o ci at e d  wit   w etti n g,  a n d  c o o p er ati v e  i nt er a cti o ns of  
w at er.  

T  es e  c urr e nt  v oi ds  i n f u n d a m e nt al u n d erst a n di n g  will  b e  
i n di vi d u all y a d dr ess e d  i n t  e c o nt e xt  of  ri g or o us m e c  a nisti c  
is ot  er m t y p es a n d  ar e  s  o w c as e d b y  r el e v a nt e x a m pl es  i n 
s u bs e q u e nt s e cti o ns.

H y dr o p h l c  a n d  H y dr o p h o b c  B e h a v or  a n d  I s ot h er m 
T y p e s.  A p art  fr o m i n d ustri all y r el e v a nt a p pli c ati o ns  i n  u mi dit y  
c o ntr ol  a n d  e n er g y  st or a g e, a n  u n d erst a n di n g  of  t  e b e  a vi or  of  
w at er  i n mi cr o p or o us  m at eri als  is n e c ess ar y  f or i m p ort a nt ni c  e  
a p pli c ati o ns.  A  pri m e  e x a m pl e  r esi d es i n d e c o nt a mi n ati o n  
st u di es1 0  i n w  i c   m at eri al  c o m p ati bilit y  ass ess m e nts  ar e  
r e q uir e d t o d et er mi n e  t  e pr es e n c e  of  s p e ci f c c o m p o u n ds  
t  at ar e  c a p a bl e  of  s yst e m d e gr a d ati o n.  H y dr at e d  m at eri als  
e m pl o y e d  f or p a c k a gi n g, 3 8  f or i nst a n c e, ar e  c o nsi d er e d  
i n c o m p ati bl e wit   s yst e ms c o nt ai ni n g  m et als  d u e  t o t  e 
p ot e nti al  f or c orr osi v e  d e gr a d ati o n.  

T  e  a m o u nt  of  w at er  r esi di n g wit  i n  a   y dr at e d  m at eri al  c a n  
b e  c  ar a ct eriz e d  b y  e q uili bri u m  is ot  er m r el ati o ns, w  i c   ai d  i n 
t  e ass ess m e nt  of   y dr ati o n  l e v els. T  is  i nf or m ati o n is r e q uir e d 
n ot  o nl y  at  s yst e m t e m p er at ur es b ut  als o  at  el e v at e d  t e m p er-
at ur es  t  at all o w  a c c el er at e d  c o nt a mi n a nt  r e m o v al.3 8  T  es e  
e q uili bri u m  is ot  er ms c a n  v ar y  gr e atl y  f or di f er e nt   y dr o p  ili c  
mi cr o p or o us  m at eri als,  w  i c   c o nt ai n  p or es  of  r a di us ( or   alf-
wi dt   f or slit str u ct ur es ) l ess t  a n 1  n m.  S o m e  z e olit es,  f or 
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e x a m pl e,  dis pl a y   y dr o p  ili c  b e  a vi or  t  at l e a ds m ostl y  t o T y p e  
I e q uili bri u m  is ot  er ms b y  t  e I U P A C cl assi f c ati o n  s c  e m e5  

t  at ar e  s  o w n i n Fi g ur e  1 a.  N ot a bl y,  T y p e  I is ot  er ms ar e  als o  
s e e n wit   s u b a m bi e nt a ds or pti o n  of  s p e ci es s u c   as  c ar b o n  
di o xi d e,  ar g o n,  a n d  nitr o g e n  i n mi cr o p or o us  m at eri als  a n d   a v e  
als o  b e e n  r e p ort e d f or w at er  i n M O F  m at eri als. 3 1  

I n ot  er  z e olit es  s u c   as  Z S M- 5,  T y p e  II w at er  a ds or pti o n  
e q uili bri u m 3 9  is dis pl a y e d  as  s  o w n i n Fi g ur e  1 b  a n d   as  als o  
b e e n  r e p ort e d f or w at er  i n M O F  m at eri als. 3 1  E xt e n di n g  t  e 
v ari et y  of  o bs er v e d  b e  a vi or  is a n ot  er  z e olit e, k n o w n  as  
sili c alit e, w  i c   dis pl a ys  T y p e  III e q uili bri u m 5  t  at is als o  
r e p ort e d f or M O F  m at eri als. 3 1  A d diti o n all y,  s o m e mi cr o p or o us  
m at eri als  s u c   as  al u mi n o p  os p  at es,  tit a n osili c at es,5  a n d  
n o nf u n cti o n aliz e d  c ar b o n  dis pl a y  T y p e  V  w at er  a ds or pti o n  
is ot  er ms.3 6 ,3 7  H o w e v er,  T y p e  V  is ot  er ms f or w at er  ar e  n ot  a  
p  e n o m e n o n  e x cl usi v e  t o mi cr o p or o us  m at eri als.  M es o p or o us  
m at eri als  s u c   as  M C M- 4 1  t  at c o nt ai n  p or es  of  r a di us b et w e e n  
1  a n d  2 5  n m  ar e  als o  c a p a bl e  of  dis pl a yi n g  T y p e  V  b e  a vi or. 4 0 ,4 1  

T  e  l ar g e v ari a bilit y  i n o bs er v e d  e q uili bri u m  t y p es r e q uir es 
t  e c o nsi d er ati o n  of  a  v ari et y  of  is ot  er m a n al ys es.  A u m o n d  et  
al. 1 0   a v e  r e vi e w e d is ot  er ms r el e v a nt t o d e c o nt a mi n ati o n  wit   
c o nsi d er a bl e  e m p  asis  o n  w at er  a ds or pti o n.  T  e  T y p e  I a n d  II 
b e  a vi or  dis pl a y e d  b y   y dr o p  ili c  m at eri als  is r e as o n a bl y w ell  
u n d erst o o d. 5 ,1 0 ,2 9  H o w e v er,  n o mi n all y   y dr o p  o bi c  m at eri als  
 a v e  a  m or e  c o m pl e x  b e  a vi or  t  at is n ot  w ell  u n d erst o o d.  F or  
t  es e m at eri als,  m ol e c ul ar  i nt er a cti o n wit   w at er  is b eli e v e d  t o 
b e  g o v er n e d  b y  t  e f or m ati o n of  pri m ar y  a ds or pti o n  sit es a n d  is 
c  ar a ct eriz e d  b y  t  e o bs er v ati o n  of  H e nr y’s  l a w8 − 1 2  at  l o w 
pr ess ur es.  At   i g  er  pr ess ur es  or   u mi diti es,  c o o p er ati v e  e f e cts  
fr o m  y dr o g e n  b o n di n g  ar e  b eli e v e d  t o pr o m ot e  t  e u pt a k e  of  
w at er  u ntil  t  e p or e   as  r e a c  e d s at ur ati o n. 

E n a bl n g  C o m p ar s o n  of  I s ot h er m s of  W at er  a n d  
S m pl e  M ol e c ul e s.  T o  s u c c essf ull y c o n n e ct  t  e si m pl e 
b e  a vi or  of  n o n p ol ar  m ol e c ul es  wit   t  e c o m pl e x  b e  a vi or  of  
p ol ar  m ol e c ul es  i n  y dr o p  ili c  a n d   y dr o p  o bi c  m at eri als,  a  
u nif yi n g  is ot  er m is r e q uir e d t o ri g or o usl y li n k o bs er v e d  

e q uili bri u m  r el ati o ns  i ps. I n t  e r e vi e w of  A u m o n d  et  al., 1 0  

t  er e ar e  s e v er al k e y  f o u n d ati o n al is ot  er m m o d els  pr es e nt e d  
i n cl u di n g t  e m e c  a nisti c all y  b as e d  H e nr y,  L a n g m uir,  a n d  
Br u n a u er − E m m ett − T ell er  ( B E T )  as  w ell  as  t  e t  er m o d y n a mi-
c all y  b as e d  D erj a g ui n  a n al ysis.  T  e  r e vi e w d o es  n ot  c o nsi d er  
m o d els  t  at f ail t o m e et  t  e t  er m o d y n a mi c r e q uir e m e nt of  
r e d u cti o n t o H e nr y’s  l a w at  l o w c o n c e ntr ati o ns.  Ulti m at el y,  t  is 
c o n diti o n  e x pli citl y  pr e cl u d es  c o nsi d er ati o n  of  c o m m o nl y  
a p pli e d  v ari a nts  of  D u bi ni n’s  t  e or y.8 ,9  F urt  er m or e,  t  e r e vi e w 
d o es  n ot  i n cl u d e f or ms wit   e m piri c al  e x p o n e nts  s u c   as  
Fr e u n dli c  ,  L a n g m uir − Fr e u n dli c  ,  Si ps,  T ot   a n d  ass o ci at e d  
cl ust eri n g  is ot  er ms w  os e  “s ci e nti f c f o u n d ati o ns oft e n  r e m ai n 
q u esti o n a bl e”. 1 0  M or e o v er,  t  es e m o d els  i n a d e q u at el y r e pr es e nt 
p or e  m or p  ol o g y  a n d  ar e  oft e n  a p pli e d  t o is ol at e d d at a  s ets of  
u ns p e ci f e d  err or  wit   j usti f c ati o n i m pli citl y r e n d er e d si m pl y b y  
g o o d n ess  of  ft.  A  m or e  r eli a bl e ass ess m e nt  of  u n d erl yi n g  
b e  a vi or  c a n  b e  d eli v er e d  b y  t  e est a blis  m e nt  of  gl o b al  
r el ati o ns  i ps ass ess e d  a cr oss  m ulti pl e  m at eri als  wit   v ari o us  
m or p  ol o gi c al  f e at ur es. T o  t  is e n d,  t  e c o o p er ati v e  m ulti-
m ol e c ul ar  s or pti o n ( C M M S )  m o d el  o f ers  a  vi a bl e  o pti o n  f or 
b ot   t  e el u ci d ati o n  of  u n d erl yi n g  i nt er a cti o n m e c  a nis ms  as  
w ell  as  t  e u ni f c ati o n  of  k e y  f o u n d ati o n al is ot  er ms. B as e d  o n  a  
M ar k o v  c o p ol y m er, 4 2  t  e C M M S  is ot  er m  as  b e e n  a p pli e d  t o 
r e pr es e nt T y p e  V  w at er  a ds or pti o n  i n c ar b o n  mi cr o p or es 4 3 − 4 5  as  
w ell  as  u ni q u e,   y bri d,  T y p e  V  is ot  er ms of  p ol ar  al c o  ol  
m ol e c ul es  i n a  mi cr o p or o us  M O F,  ZI F- 8,  a n d  a  p ol y m er  of  
i ntri nsi c mi cr o p or osit y  ( PI M ). 4 6  

I s n g M o d el  fr o m C M M S  R el at o n.  As  s  o w n i n Fi g ur e  1 , 
is ot  er ms f or v a p ors  ar e  g e n er all y  r e pr es e nt e d b y  a  r el ati o ns  i p 
b et w e e n  r el ati v e pr ess ur e,  a  ( d e f n e d  as  t  e r ati o of  t  e pr ess ur e,  
P , t o t  e s at ur at e d v a p or  pr ess ur e,  P v),  a n d  fr a cti o n al l o a di n g, θ , 
w  i c   is t  e r ati o of  t  e a ds or b e d  p  as e  c o n c e ntr ati o n  t o t  at at  
s at ur ati o n. T  e  C M M S  r el ati o ns  i p, pr es e nt e d  i n T a bl e  1 , 
r el at es θ  t o a  b y: 4 2  

T a bl e  1.  Is ot h er m S el e cti o n  Crit eri a  S h o wi n g  Is ot h er m T y p es  (I − VII ),  V ari o us  Si m pli f c ati o ns  of  e q  1 , a n d  t h e R es ulti n g  
R el ati o ns hi ps  b et w e e n  t h e S p e ci f e d,  M e c h a nisti c all y  B as e d,  Is ot h er m M o d els  

m o d el  is ot  er m t y p es a n d  f e at ur es r el ati o ns hi p b et w e e n  
C

C S A T
= a n d  a

P

P V
= c o n diti o n  H  
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H e nr y  VII  (li n e ar:  Fi g ur e  1 g )  θ  K 0 a  a  →  0  

B E T  II ( d o w n w ar d  c o n c a vit y  at  l o w pr ess ur e:  Fi g ur e  1 b )  K a

a a  K a1 1
0

0
=

[ ][ + ]
l ar g e K o  K 1 ; 

K as  1  
H  1  

G A B  II ( d o w n w ar d  c o n c a vit y  at  l o w pr ess ur e:  s  a p e of  Fi g ur e  
1 b )  

K a

K a  K  K a1 1 ( )
0

as 0 as
=

[ ][  + ]
l ar g e K o  K 1 ; 

0  ≤  K as  ≤  1  
H  1  

G A B  III ( u p w ar d  c o n c a vit y:  Fi g ur e  1 c )  K a

K a  K  K a1 1 ( )
0

as 0 as
=

[ ][  + ]
s m all K o  K 1 ; 
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H  1  

L a n g m uir  I ( d o w n w ar d  c o n c a vit y:  Fi g ur e  1 a )  K a

K a1
0

0
=
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l ar g e K o  K 1 ; 

K as  0  
H  1  

R e ct a n g ul ar  I (s  ar p e n e d  s  a p e of  Fi g ur e  1 a )  θ  1  K o  K 1  →  ∞ ; 
K as  0  

H  1  

Isi n g V  ( u p w ar d  c o n c a vit y  at  l o w pr ess ur es  t ur ns t o d o w n w ar d
c o n c a vit y:  Fi g ur e  1  d, e )  
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K as  0;  K 1  <  1;  
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K as  0;  K o  >  K 1  H  <  1  

Isi n g VI  ( u ni m o d al ) / St e p wis e  V  ( Fi g ur e  1 f ) a
K

1

1
= K as  0;  K o  ≪  K 1  H  →  ∞  
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F urt  er  c a pt ur e d  i n T a bl e  1  ar e  t  e m ulti pl e  tr a nsiti o ns i n 
c o n c a vit y  a n d  c o m pl e x  is ot  er m t y p es, r e pr es e nt e d b y  t  e 
C M M S  m o d el.  Als o  c a pt ur e d  ar e  t  e v ari eti es  of  si m pli f e d 
f or ms, t o g et  er wit   is ot  er m f e at ur es, c orr es p o n di n g  is ot  er m 
t y p es, a n d  si m pli f c ati o n crit eri a  ass o ci at e d  wit   e a c   t y p e. 
N ot a bl y,  t  e t  er m o d y n a mi c r e q uir e m e nt of  r e d u cti o n t o 
H e nr y’s  l a w is s atis f e d b y  c o nsi d er ati o n  of  t  e l o w- pr ess ur e 
li mit ( a  →  0 )  of  t  e C M M S  m o d el  wit   t  e r es ult als o  pr es e nt e d  
i n T a bl e  1 . T  is  t a bl e cl e arl y  d e m o nstr at es  t  e a bilit y  of  t  e 
m o d el  t o r e pr es e nt a  m ultit u d e  of  c o m p ati bl e  e q uili bri u m  t y p es 
i n a  si m pl e a n al yti c  f or m. It als o   i g  li g  ts  t  e p ot e nti al  t  at t  is 
m o d el  o f ers  f or c o nsi d er ati o n  as  a  gl o b all y  u nif yi n g  is ot  er m 
t  at mi g  t  b e  c a p a bl e  of  r e pr es e nti n g t  e si m pl e b e  a vi or  of  
n o n p ol ar  m ol e c ul es  as  w ell  as  t  e c o m pl e x  b e  a vi or  of  p ol ar  
m ol e c ul es  i n  y dr o p  ili c  a n d   y dr o p  o bi c  m at eri als.  

I n ali g n m e nt  wit   pr e vi o us  dis c ussi o n,  t  e C M M S  m o d el  
pr o p os es  v ari a bl e  f or ms of  i nt er a cti o n wit   t  e  ost  m at eri al’s  
s urf a c e. I niti al f ui d − s oli d i nt er a cti o n, r ef err e d t o as  pri m ar y  sit e 
a ds or pti o n,  is c  ar a ct eriz e d  b y  a n  a f nit y  p ar a m et er  n ot e d  as  K 0  

t o r e pr es e nt H e nr y’s  l a w. B e y o n d  H e nr y’s  l a w, s u bs e q u e nt 
i nt er a cti o ns d e p e n d  o n  t  e pr o b e  m ol e c ul e.  F or  w at er  i n 
n o mi n all y   y dr o p  o bi c  m at eri als,  pri m ar y  sit es c a n  e n  a n c e  t  e 
f or m ati o n of  n ei g  b ori n g  s e c o n d ar y sit es t  r o u g    y dr o g e n  
b o n di n g  i n a d diti o n  t o s urf a c e i nt er a cti o n. T  es e  f ui d − f ui d −  
s oli d i nt er a cti o ns ar e  r e pr es e nt e d b y  t  e s e c o n d ar y sit e a f nit y  
p ar a m et er  n ot e d  as  K 1 . 

4 2  

F or  w e a kl y   y dr o p  ili c  m at eri als,  a ds or pti o n  of  p ol ar  
m ol e c ul es  c a n  g e n er at e  a ds or b at e  n et w or ks  t  at gr o w  vi a  
pri m ar y  a n d  s e c o n d ar y i nt er a cti o ns t o f or m  y dr o g e n- b o n d e d  
m ulti m ol e c ul ar  c  ai ns.  I nt er a cti o n o c c urs  n ot  o nl y  wit   t  e 
s urf a c e as  a  f ui d − s oli d i nt er a cti o n b ut  als o  wit   ot  er  a ds or b e d  
m ol e c ul es  i n a  f as  i o n t  at a d diti o n all y  pr o m ot es  a  f ui d − f ui d  
i nt er a cti o n. H y dr o g e n- b o n d e d  w at er  c  ai ns  c a n  c o nti n u e  t o 
gr o w  t  r o u g   t  e pr o c ess  of  si d e ass o ci ati o n  t  at is r e pr es e nt e d 
b y  t  e a f nit y  p ar a m et er  K as. 

4 2  T  is  pr o c ess  o c c urs  a dj a c e nt  t o 
t  e m ai n  c  ai ns  i n s yst e ms s u c   as  o p e n  s urf a c es t  at  a v e  
g e o m etri c  all o w a n c e  t o a c c o m m o d at e  s u c   gr o wt   at   i g   
r el ati v e pr ess ur e. 4 2  T  e  si d e ass o ci ati o n  p ar a m et er  K as  

r e pr es e nts t  e fr a cti o n of  pri m ar y  sit e m ol e c ul es  t  at all o w  
s u bs e q u e nt  l a y eri n g i n a  f as  i o n c o nsist e nt  wit   t  e 
G u g g e n  ei m − A n d ers o n − d e  B o er  ( G A B )  a n al ysis  of  A n d er-
s e n.4 7  

F or  a   o m o g e n e o us,  u nif or m  frst  l a y er i n w  i c   K 0  K 1 , t  e 
cl assi c al  B E T,  G A B,  a n d  L a n g m uir  is ot  er ms4 8  ar e  a p pli c a bl e  as  
s  o w n i n T a bl e  1 . T  e  L a n g m uir  is ot  er m is li mit e d t o 
m o n ol a y er  f or m ati o n o nl y.  H o w e v er,  m at eri als  t  at o f er  
u nif or m  frst  l a y er f or m ati o n a n d  c a n  a c c o m m o d at e  m ultil a y ers,  
c o m pl et e  ( K as  1 )  or  i n c o m pl et e m ultil a y eri n g  ( K as    1 )  
di ct at es  t  e a p pli c a bilit y  of  B E T  or  G A B  a n al ys es,  r es p e cti v el y. 
T  is  is c a pt ur e d  i n T a bl e  1 . B E T  a n al ysis  is cl assi c all y  a p pli e d  f or 

d et er mi n ati o n  of  s urf a c e ar e a 4 8  b y  a ds or pti o n  of  si m pl e 
m ol e c ul es  o n  s urf a c es t  at all o w  u nif or m  l a y er f or m ati o n. 

I n str u ct ur es t  at c a n n ot  o f er  u nif or m  m o n ol a y er  a n d  
m ultil a y er  f or m ati o n ( K 0    K 1 ; K as  0 ),  T a bl e  1  i n di c at es 
t  at t  e Isi n g m o d el  is a  v ali d  si m pli f c ati o n of  t  e m or e  g e n er al  
u nif yi n g  C M M S  is ot  er m.4 3 − 4 5  T  e  Isi n g m o d el  c a n  b e  
r e pr es e nt e d as:  

C

C

K a
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=

=
+ { + + } ( 2 )  

L ar g el y  u n d er utili z e d  i n c o m p aris o n  t o ot  er  m o d els  
r e pr es e nt e d i n T a bl e  1 , t  e Isi n g m o d el  c a n  r e pr es e nt a  v ari et y  
of  is ot  er m t y p es r el e v a nt t o w at er  i n  y dr o p  o bi c  a n d  
 y dr o p  ili c  m at eri als  i n cl u di n g T y p es  I, III, a n d  V.  

F or  m at eri als  wit   di f eri n g  d e gr e es  of   y dr o p  o bi cit y,  t  e 
Isi n g m o d el  c a pt ur es  w at er’s  w e a k  f ui d − s oli d i nt er a cti o n a n d  
t  e ass o ci at e d  l a c k of  u nif or m  l a y eri n g ( K 0    K 1 ).  I n ali g n m e nt  
wit   Isi n g m o d el  c o n diti o ns,  w at er  m ol e c ul es  o n   y dr o p  o bi c  
sili c o n s urf a c es4 9   a v e  b e e n  dir e ctl y  o bs er v e d  i n dis or d er e d  ( K 0  

  K 1 ),  cl ust er-li k e  str u ct ur es.4 9  T o  q u a ntif y  t  e d e gr e e  of  
 y dr o p  o bi cit y  o f er e d  b y  v ari o us  m at eri als,  a n  a p pr o pri at e  
d e f niti o n  t  at c a pt ur es  b ot   f ui d − s oli d a n d  f ui d − f ui d − s oli d 
i nt er a cti o ns is r e q uir e d.

H y dr o p h o b c  M at er al s  a n d  St e p w s e  I s ot h er m s. T o  fll  
t  e v oi d  i n  y dr o p  o bi cit y  m etri cs  t  at ar e  c a p a bl e  of  
disti n g uis  i n g  v ari o us  e q uili bri u m  t y p es, i n cl u di n g T y p e  V  
is ot  er ms a p pli c a bl e  t o mi cr o p or o us  m at eri als,  a   y dr o p  o bi cit y  
r ati o, H , is i ntr o d u c e d  er ei n.  It is n o v ell y  d e f n e d  o n  a  
c o nti n u o us  s c al e as  t  e r ati o of  s e c o n d ar y sit e t o pri m ar y  sit e 
a f nit y  as:  

H
K

K
1

0

=
( 3 )  

R e pr es e nti n g  t  e r ati o of  f ui d − f ui d − s oli d t o f ui d − s oli d 
i nt er a cti o n, t  e  y dr o p  o bi cit y  r ati o c a n  b e  l ar g e f or m at eri als  
o f eri n g  littl e s urf a c e a f nit y  a n d  c o nsi d er a bl e  f ui d − f ui d − s oli d 
i nt er a cti o n. A d diti o n all y,  i n cr e asi n gl y l ar g er  y dr o p  o bi cit y  
r ati os a f e ct  t  e T y p e  V  is ot  er m s  a p e b y  s  ar p e ni n g t  e 
tr a nsiti o n fr o m a n  u p w ar d  t o d o w n w ar d  c o n c a vit y.  T  is  
g e n er at es  a  st e e p er si g m oi d al s  a p e as  s  o w n i n Fi g ur e  1  d − f. 
Fi g ur e  1 d  r e pr es e nts a  br o a d  T y p e  V  is ot  er m fr o m a  K 0  v al u e  of  
0. 2  a n d  H  1 2. 5.  Fi g ur e  1 e  i n di c at es t  at a  s m all er K 0  a n d  
t  er ef or e  i g  er  H  v al u e  pr o d u c e  a  tr a nsiti o n t o a  st e e p er T y p e  
V  s  a p e. E xtr e m e  v al u es  of  K 0  0. 0 0 0 0 4  a n d  H  5 0, 0 0 0  
pr o d u c e  a  n o mi n all y  st e p wis e T y p e  V  is ot  er m s  o w n i n Fi g ur e  
1 f. U n d er  t  e I U P A C cl assi f c ati o n,  t  is is ot  er m c o ul d  als o  b e  
i nt er pr et e d as  a  u ni m o d al  f or m of  T y p e  VI  is ot  er m. 

It is cl e ar  fr o m Fi g ur e  1  t  at l ar g e v al u es  of  t  e  y dr o p  o bi cit y  
r ati o g e n er at e  is ot  er ms s o st e e p t  at a  si m pl e P OI  r e pr es e nts 
t  e is ot  er m. M a n y  of  t  e s a m e st u di es r e p orti n g a  s  ar p T y p e  V  
b e  a vi or  utiliz e  t  e P OI  as  t  e c  ar a ct erizi n g  f e at ur e8 − 1 2  of  t  e 
o bs er v e d  is ot  er m. C urr e ntl y,  t  er e ar e  n o  est a blis  e d  m e a ns  t o 
ri g or o usl y r el at e t  is p oi nt  t o a n y  f u n d a m e nt al q u a ntit y  t  at 
c  ar a ct eriz es  t  e M O F  s yst e m.8 − 1 2  T o  r el at e it t o a  f u n d a m e nt al 
is ot  er m p ar a m et er,  t  is st u d y l o o ks at  t  e b e  a vi or  of  t  e Isi n g 
m o d el  ( as  r e pr es e nt e d b y  e q  2 ).  T o  f n d  t  e P OI,  t  e frst  
d eri v ati v e  of  t  e is ot  er m ( e q  2 )  is t a k e n a n d  r e pr es e nt e d as  
f oll o ws: 
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T  e  s e c o n d d eri v ati v e  is f o u n d a n d  gi v e n  as:  

a

K  K a  K a  K  K a  K

K a  K a

2 ( 2 ) 3

4 ( 1 )
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0 1

3 2
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0 1
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=
{  +  + + }

{  + }

( 4 b )  

S etti n g  t  e s e c o n d d eri v ati v e  t o z er o a n d  r ej e cti n g t  e 
n e g ati v e  r o ot r es ult i n: 

( )
a

K

1 9 1 0

2

K

K

K

K

K

K
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1

0

1

0

1

0

1
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( 5 )  

w  er e  a P OI  is t  e v al u e  of  r el ati v e pr ess ur e  w  er e  t  e i n f e cti o n 
p oi nt  o c c urs  a n d  is e x pr ess e d  i n t er ms of  t  e v al u es  of  K 1  a n d  K 0 . 
T o  e x a mi n e  t  e r es ult of  l ar g e v al u es  of  t  e  y dr o p  o bi cit y  r ati o, 
t  is st u d y l o o ks at  a  li mit. At  t  e i n f nit el y l ar g e li mit of  

 y dr o p  o bi cit y,  H  →  ∞ , or  alt er n ati v el y,  0,
K

K
0

1

t  e P OI  

e x pr ess e d  i n e q  5  si m pli f es t o b e  i n v ers el y r el at e d t o K 1  o nl y:  

a
K

li m
1

K  K/ 0
P OI

10 1

=
( 6 )  

T  is  a n al ysis  i n di c at es t  at, f or n o ni nt er a cti n g  s oli ds w  er e  K 0  

→  0  or  f or e xtr e m el y   y dr o p  o bi c  m at eri als  w  er e  K 0  is m u c   
s m all er t  a n K 1 , e xtr e m el y  l ar g e v al u es  of  t  e r ati o r es ult i n H  →  
∞ , a n d  t  e is ot  er m c oll a ps es  t o a  si n gl e P OI  t  at is i n v ers el y 
r el at e d t o K 1 . A d diti o n all y,  u n d er  t  is li mit, t  e is ot  er m will  
a p p e ar  as  a  st e p c  a n g e  w  os e  l o c ati o n will  d e p e n d  o nl y  o n  K 1  

a n d  n ot  o n  K 0 . T  is  a n al ysis  pr o vi d es  a  n o v el  v eri f c ati o n  of  t  e 
us e  of  a P OI  as  a  p ar a m et er  t  at c  ar a ct eriz es  t  e w at er / M O F  
s yst e m. T  e  r es ult is s u m m ariz e d i n T a bl e  1  as  t  e st e p wis e Isi n g 
m o d el.  C o ntr ast e d  wit   st e p wis e b e  a vi or  o bs er v e d  wit   
e xtr e m e   y dr o p  o bi cit y  ( K o  →  0 )  is irr e v ersi bl e, r e ct a n g ul ar 
b e  a vi or 4 8  t  at r e pr es e nts e xtr e m e   y dr o p  ili cit y  ( K o  K 1  →  
∞ ).  B ot   ar e  i n di c at e d o n  T a bl e  1  w  i c   als o  c o nsi d ers  t  e 
 y dr o p  o bi cit y  r ati o a n d  a p pli c a bilit y  c o n diti o ns  f or is ot  er m 
r el ati o ns c o m m o nl y  a p pli e d  b et w e e n  t  es e e xtr e m es.

H y dr o p h o b c t y  R at o  a n d  I s ot h er m T y p e s.  T a bl e  1  
i n di c at es t  at t  e n o v ell y  d e f n e d   y dr o p  o bi cit y  r ati o r a n g es i n 
v al u e  t o c a pt ur e  cl assi c all y  d e f n e d   y dr o p  o bi c  a n d   y dr o p  ili c  
is ot  er ms. T  e  v al u e  of  t  e r ati o di ct at es  t  e t y p e of  is ot  er m f or 
t  e f oll o wi n g s p e ci f c cl ass es  of  m at eri als:  

Cl ass  A:  str o n gl y  y dr o p  ili c  m at eri als  ( K 0  l ar g e a n d  H  
1 ).  

Is ot  er ms f or s r o ngly hy dr o p hilic  m a eri als  r e f e ct s oli ds 
o f eri n g  si g ni f c a nt f ui d − s oli d i nt er a cti o n ( K 0  l ar g e ) t  at 
is c o nsi d er a bl y  l ar g er t  a n t  e f ui d − f ui d − s oli d i nt er-
a cti o n.  As  a  r es ult, t  es e m at eri als  e f e cti v el y  o f er  e q u al  
a f nit y  f or all  s urf a c e sit es. Pri m ar y  a n d  s e c o n d ar y sit es 
b e c o m e  i n disti n g uis  a bl e, u nif or m  l a y eri n g c a n  o c c ur,  
a n d  K 0  K 1 , r es ulti n g i n H  1.  I n t  e a bs e n c e  of  si d e 
ass o ci ati o n  ( K as  0 ),  a   o m o g e n e o us  m o n ol a y er  c o ul d  
f or m, r es ulti n g i n t  e T y p e  I, L a n g m uir  is ot  er m. Wit   
t  e i n cl usi o n of  si d e ass o ci ati o n,  G A B  a n d  B E T  is ot  er ms 
ar e  a p pli c a bl e.  T  es e  is ot  er ms  a v e  b e e n  cl assi c all y  
d e f n e d  as   y dr o p  ili c  a n d  oft e n  us e d  f or a n al ysis  of  
l a y eri n g of  si m pl e m ol e c ul es.  V er y  str o n gl y  y dr o p  ili c  
m at eri als  ( K 0  K 1  →  ∞ ; H  1 )  dis pl a y  s  ar p T y p e  1  or  
r e ct a n g ul ar, irr e v ersi bl e is ot  er ms. 

Cl ass  B:  m o d er at el y   y dr o p  ili c  m at eri als  ( H  <  1 ).  
I n c o ntr ast,  m o der a ely  hy dr o p hilic  m a eri als  o f er  b ot   

f ui d − s oli d a n d  f ui d − f ui d − s oli d i nt er a cti o ns t  at ar e  
e n a bl e d  b y   y dr o g e n  b o n di n g.  If t  e  y dr o g e n  b o n di n g  is 
w e a k  i n c o m p aris o n  t o s urf a c e i nt er a cti o n, t  e n K 0  >  K 1  

a n d  H  <  1,  r es ulti n g i n t  e a p pli c ati o n  of  T y p e  I Isi n g or  
C M M S  m o d els  f or t  e a bs e n c e  or  i n cl usi o n of  si d e 
ass o ci ati o n,  r es p e cti v el y. 

Cl ass  C:  m o d er at el y  a n d  str o n gl y  y dr o p  o bi c  m at eri als  
( H  >  1 ).  

I n f urt  er c o ntr ast,  m o der a ely  hy dr o p h o bic  m a eri als  
pr es e nt  pri m ar y  sit es t  at o f er  li mit e d f ui d − s oli d 
i nt er a cti o n r e f e ct e d b y  a  s m all H e nr y’s  c o nst a nt.  
Fl ui d − f ui d − s oli d i nt er a cti o n is dri v e n  b y  t  e si g ni f c a nt 
 y dr o g e n  b o n di n g  c a p a bilit y  of  w at er,  a n d   e n c e,  K 0  <  K 1 , 
r es ulti n g i n H  >  1.  Br o a d  T y p e  V  or  T y p e  III Isi n g m o d els  
c a n  b e  a p pli e d  i n t  e a bs e n c e  of  si d e ass o ci ati o n,  a n d  t  es e 
is ot  er ms  a v e  b e e n  cl assi c all y  d e f n e d  as   y dr o p  o bi c.  

I n st ar k c o ntr ast,  s r o n gl y h y dr o p h o bic  m a eri als  
g e n er at e  s  ar p T y p e  V  or  n o mi n all y  st e p wis e is ot  er ms 
t  at ar e  i n di c ati v e of  p or e  flli n g  pr o c ess es  t  at ar e  dri v e n  
b y  c o n d e ns ati o n.  T  es e  m at eri als  o f er  v er y  littl e f ui d −  
s oli d i nt er a cti o n ( K 0  →  0 )  or  o f er  m u c   l ar g er f ui d −  
f ui d − s oli d i nt er a cti o n ( K 1  ≫  K 0 ).  As  a  r es ult, H  →  ∞ , 
a n d  is ot  er ms c a pt ur e d  b y  t  e st e p wis e Isi n g m o d el  ar e  
pr e di ct e d.  

It is e vi d e nt  fr o m T a bl e  1  t  at t  e  y dr o p  o bi cit y  r ati o 
pr o vi d es  a  d e f niti o n  of   y dr o p  o bi cit y  t  at is b as e d  o n  a  
c o nti n u o us  s c al e a n d  c a n  e x pl ai n  t  e v ari et y  of  w at er  a ds or pti o n  
is ot  er m t y p es br o a dl y  o bs er v e d  i n a  r a n g e of  mi cr o p or o us  
m at eri als.  It is als o  e vi d e nt  t  at t  e  y dr o p  o bi cit y  r ati o 
pr o vi d es  a  b e n c  m ar k  t  at c a n  e x pl ai n  tr a nsiti o ns fr o m 
e xtr e m el y   y dr o p  ili c  is ot  er ms t  at ar e  d o mi n at e d  b y  f ui d −  
s oli d i nt er a cti o ns t o e xtr e m el y   y dr o p  o bi c  is ot  er ms t  at o f er  
v er y  littl e f ui d − s oli d i nt er a cti o n. 

Cl assi c all y  d e f n e d   y dr o p  o bi c  is ot  er ms f or n a n o p or o us  
m at eri als  s u c   as  T y p e  III a n d  V  is ot  er ms o f er e d  b y  “ Cl ass C”  
m at eri als  ar e  c a pt ur e d  b y  H  >  1.  B y  t  is b e n c  m ar k,  
 y dr o p  o bi cit y  c a n  b e  d e f n e d  b y  t  e c o n diti o n  H  >  1.  
M or e o v er,  s  ar p T y p e  V  is ot  er ms ( Fi g ur e  1 e,f )  als o  o f er e d  
b y  “ Cl ass C”  m at eri als   a v e  v er y   i g   v al u es  of   y dr o p  o bi cit y  
r ati o d u e  t o c o m p ar ati v el y  littl e f ui d − s oli d i nt er a cti o n. A n  
e x a m pl e  of  a  s  ar p T y p e  V  is ot  er m is s  o w n i n Fi g ur e  2  f or 
M W H- 1  at  2 9 3  K. 5 0  T  e  f g ur e  dis pl a ys  f e at ur es of  Fi g ur e  1 f t  at 
c o ul d  b e  r e pr es e nt e d b y  t  e st e p wis e Isi n g m o d el.  T  e  r el ati v e 
flli n g  pr ess ur e  cl e arl y  r esi d es at  0. 0 2  ( a P OI  2 % ),  a n d  
a p pli c ati o n  of  e q  6  tr a nsl at es t  is t o a n  esti m at e  of  K 1  5 0.  

C h all e n g e s  F n d n g  H e nr y’ s  C o n st a nt  w t h  N o m n all y  
St e p w s e  I s ot h er m s. Fi g ur e  2  f or m all y r e pr es e nts a   y dr o-
p  o bi c  “ Cl ass C”  is ot  er m of  T y p e  V  t  at c o ul d  b e  f ull y 
r e pr es e nt e d b y  t  e Isi n g m o d el  s  o w n i n e q  2 . H o w e v er,  Fi g ur e  
2  als o  s  o ws b o u n ds  f or t  e d at a  t  at ar e  i n di c at e d b y  t w o c ur v es  
wit   dis p ar at e  v al u es  of  t  e  y dr o p  o bi cit y  r ati o H  at  9 0  a n d  
3 0 0 0.  T  e  l ar g e dis p arit y  i n v al u es  of  H  tr a nsl at es t o a  l ar g e 
v ari ati o n  i n t  e esti m at e  of  K 0  t  at c o ul d  f e asi bl y r a n g e o v er  a n  
or d er  of  m a g nit u d e  fr o m 0. 0 1 7  t o 0. 5 5.  It is t  er ef or e cl e ar  fr o m 
Fi g ur e  2  t  at n o mi n all y  st e p wis e is ot  er ms ar e  s e nsiti v e t o 
c  a n g es  i n K 1  b ut  l ar g el y i ns e nsiti v e t o c  a n g es  i n H e nr y’s  
c o nst a nt  K 0 . As  a  r es ult, a  pr e cis e  ass ess m e nt  of  H e nr y’s  c o nst a nt  
a cr oss  a  wi d e  r a n g e of  M O Fs  is n ot  f e asi bl e. C o u pli n g  t  is 
li mit ati o n wit   t  e f a ct t  at t  e r el ati v e flli n g  pr ess ur e  ( a P OI )  is 
cl e arl y  i n di c at e d o n  s  ar p is ot  er ms, t  e us e  of  a P OI  a n d  K 1  as  a  
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c  ar a ct erizi n g  s yst e m v ari a bl e  a p p e ars  t o b e   i g  l y  a d v a nt a g e o us  
i n t er ms of  si m pli cit y a n d  pr e cisi o n.  

M or e o v er,  t  e us e  of  s e c o n d ar y sit e a f nit y  ( K 1 )  as  a  
c  ar a ct erizi n g  s yst e m v ari a bl e  d eli v ers  a  m et  o d ol o g y  c a p a bl e  of  
cir c u m v e nti n g  t  e n e e d  f or a n  e ntir e  is ot  er m d at a  s et a n d  c o ul d  
o f er  t  e p ot e nti al  f or a p pli c ati o n  t o l ar g e-s c al e s cr e e ni n g 
st u di es. I n f a ct, it  as  b e e n  r e p ort e d t  at c o m p ut ati o n al  
s cr e e ni n g al g orit  ms  c a n  b e c o m e  tr a p p e d i n l o c al e n er g y  
mi ni m a  pri m aril y  as  a  r es ult of   y dr o g e n  b o n di n g  i n si m ul ati o ns 
of  n o mi n all y  st e p wis e b e  a vi or  of  w at er  i n M O F  m at eri als. 5 1  

T  e  a n al ysis  pr o p os e d   er ei n  c o ul d  b e  a p pli e d  t o r ati o n aliz e 
si m ul ati o ns a n d  p ossi bl y  p er mit  a n  e f ci e nt  c o m p ut ati o n al  
str at e g y i n t  e s e ar c   f or o pti m al  m at eri als  f or at m os p  eri c  
w at er   ar v esti n g.  

Alt  o u g   t  e pr e c e di n g  a n al ysis  is c a p a bl e  of  i nt er pr eti n g 
m ol e c ul ar-l e v el  i nt er a cti o ns a n d  is ot  er m t y p es, it d o es  n ot  f ull y 
i d e ntif y m e c  a nis ms  of  p or e  flli n g.  H o w e v er,  s cr uti n y of  t  e 
s c ali n g b e  a vi or  of  is ot  er m f e at ur es wit   p or e  siz e o f ers  t  e 
p ot e nti al  t o c  ar a ct eriz e  t  es e m e c  a nis ms.

P or e  F ll n g  M e c h a n s m s  a n d  S c al n g  B e h a v or  w t h  
P or e  S z e.  N o mi n all y  st e p wis e is ot  er ms, n ot e d  f or str o n gl y 
 y dr o p  o bi c  “ Cl ass C”  m at eri als,  ar e  o bs er v e d  i n mi cr o p or o us  
M O Fs  t  at e x  i bit   i g   v al u es  of   y dr o p  o bi cit y  r ati o d u e  t o 
c o m p ar ati v el y  littl e s urf a c e i nt er a cti o n. T  e  st e p wis e f e at ur es 
ar e  r e mi nis c e nt of  c o n d e ns ati o n  i n p or o us  s oli ds. I n t er ms of  
p or e  siz e, si m pl e c o n d e ns ati o n  wit   w etti n g  is cl assi c all y  
c  ar a ct eriz e d  b y  t  e K el vi n  r el ati o n t  at c a n  b e  e x pr ess e d  i n 
ar bitr ar y  g e o m etr y  b y  t  e f oll o wi n g:5 2  

( )
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( 7 )  

w  er e  R g  is t  e u ni v ers al  g as  c o nst a nt,  T  is t  e a bs ol ut e  
t e m p er at ur e, v M  is t  e li q ui d m ol ar  v ol u m e,  a n d  σ  is t  e s urf a c e 

t e nsi o n of  f ui d  wit  i n  t  e p or e.  T  e  t er m V

S
r e pr es e nts t  e 

c  a n g e  i n p or e  v ol u m e  wit   r es p e ct t o t  e i nt erf a ci al ar e a  of  t  e 
f ui d  a n d  is t  er ef or e d e p e n d e nt  o n  g e o m etr y.  F or  f ui d  l o d g e d 
b et w e e n  t w o p ar all el  pl at es,  sl a b g e o m etr y  r e d u c es t  is t er m t o 
slit  alf- wi dt  ,  a n d  f or c yli n d ers,  it e q u at es  t o  alf  t  e p or e  

r a di us. T o  ali g n  wit   ot  er  p u bli c ati o ns,  a n  e f e cti v e  p or e  r a di us 
rp or e  is a p pli e d  a n d  is e q ui v al e nt  t o slit  alf- wi dt   f or sl a b 
g e o m etr y.  A  g e o m etri c  f a ct or f is als o  assi g n e d  s u c   t  at f 1  f or 
a  i d e al sl a b a n d  f 2  f or a  i d e al c yli n d er  s u c   t  at: 

V

S

r

f

p or e
=

( 8 )  

F or  r e al m at eri als,  p or e  m or p  ol o gi es  ar e  n ot  p erf e ctl y  
u nif or m.  I n M O Fs,  di f er e n c es  c a n  b e  s e e n b et w e e n  p or e  
li miti n g di a m et er  ( P L D )  a n d  l ar g est c a vit y  di a m et er  ( L C D ).  I n 
f a ct, si m ul ati o ns i n di c at e t  at M O Fs  e x  i bit  t u b e-li k e p or e  
m or p  ol o gi es  w  e n  t  eir L C D / P L D  r ati os f all b et w e e n  1  a n d  
2. 5 3  C yli n dri c al  g e o m etr y  mi g  t  b e  a p pr o pri at e  f or t  es e 
m at eri als;   o w e v er,  sl a b g e o m etr y  is oft e n  a p pli e d  f or t  e 
ass ess m e nt  of  p or e  siz e vi a  nitr o g e n  a ds or pti o n.  I n Ui O- b as e d  
M O Fs, 5 4  f or e x a m pl e,  o ct a  e dr al  a n d  t etr a  e dr al p or es  of  
di f eri n g  siz e  a v e  b e e n  m o d el e d  as  slit s  a p e d c  a n n els  ( f 1 )  
f or p ur p os es  of  p or e  siz e ass ess m e nt  wit   nitr o g e n  a ds or pti o n  
d at a.  C o n v ers el y,  alt er n at e  g e o m etr y  ( f 2 )   as  b e e n  a p pli e d  f or 
t  e ass ess m e nt  of  w at er  a ds or pti o n  i n t  e s a m e m at eri als.  T  e  
i nt er c  a n g e a bilit y of  g e o m etr y  s u g g ests t  at M O F  c  a n n els  m a y  
f all i nt o a   y bri d  sit u ati o n w  er e  p or e  m or p  ol o g y  mi g  t  all o w  f 
t o s p a n a  v al u e  fr o m 1  t o 2.  

Alt  o u g   si m pl e c o n d e ns ati o n  di ct at e d  b y  t  e K el vi n  r el ati o n 
c a n  a c c o u nt  f or g e o m etr y,  it d o es  n ot  e x pli citl y  a c c o u nt  f or 
f ui d − f ui d − s oli d i nt er a cti o n. T o  r e ctif y t  is, t  e c o n diti o ns  of  
m e c  a ni c al  a n d  c  e mi c al  e q uili bri u m  s  o ul d b e  c o nsi d er e d.

C o n d t o n s  f or M e c h a n c al  E q u l br u m:  W ett n g  a n d  
D sj o n n g  Pr e s s ur e.  I n pri or  d e c a d es,  t  e cr e ati o n  of  or d er e d  
m es o p or o us  m at eri als  s u c   as  M C M- 4 1  sti m ul at e d n e w  i nt er est 
a n d  pr o p ell e d  t  e a d v a n c e m e nt  of  t  e ori es f or a ds or pti o n  of  
si m pl e m ol e c ul es  i n n a n o p or o us  i nt er a cti n g s oli ds. O n e  t  e or y 
a p pli e d  t o a ds or pti o n  wit  i n  m es o p or es   as  b e e n  d es cri b e d  b y  
Br o e k  o f  a n d  d e  B o er 5 5  a n d  a c c o u nts  f or fl m  t  i c k n ess d e n ot e d  
as   . It als o  i n cl u d es all o w a n c e  f or i nt er a cti o n wit   t  e s oli d, 
d e n ot e d   er ei n  as  u , as  w ell  as  a  g e o m etri c  f a ct or f. T  e  r es ulti n g 
r el ati o n is gi v e n  as: 5 6  
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T  e  a p pr o a c   of  Br o e k  o f  a n d  d e  B o er 5 5  is si mil ar i n 
pri n ci pl e  t o t  at pr o p os e d  b y  D erj a g ui n  (f or  e x a m pl e  s e e 5 7 )  
w  e n  c o n diti o ns  of  m e c  a ni c al  e q uili bri u m  ar e  i m p os e d o n  f ui d  
a n d  s urf a c e f or c es. F or  w at er  i n mi cr o p or o us  m at eri als,  s urf a c e 
f or c es as  a  r es ult of  a ds or pti o n  a n d  w etti n g  c a n  g e n er at e  a  
“ disj oi ni n g pr ess ur e”,  π . T  e  r es ulti n g D erj a g ui n  r el ati o n is 
e q ui v al e nt  t o e q  9  u n d er  t  e assi g n m e nt  u R g T  π v M . A  n e g ati v e  
disj oi ni n g  ( c o nj oi ni n g )  pr ess ur e  as  a  r es ult of  w etti n g  c a n  r e d u c e 
t  e o bs er v e d  flli n g  pr ess ur e  t o v al u es  w ell  b el o w  t  os e e x p e ct e d  
f or a  gi v e n  p or e  siz e b as e d  o n  si m pl e c o n d e ns ati o n.  

T  e  t w o a p pr o a c  es  of  Br o e k  o f  a n d  d e  B o er 5 5  a n d  
D erj a g ui n 5 7   a v e  b e e n  f us e d a n d  r ef err e d t o as  D erj a g ui n −  
Br o e k  o f − d e  B o er  ( D B d B )  a n al ysis 5 8  t  at d es cri b es  m a n y  
m o d el  m es o p or o us  s oli ds s u c   as  S B A- 1 5  a n d  M C M- 4 1. 5 9  

C o n s d er at o n  of  L a y er  T h c k n e s s   n H y dr o p h o b c  
M at er al s.  E xtr e m el y   y dr o p  ili c  m at eri als  t  at o f er  a  str o n g 
f ui d − s oli d i nt er a cti o n m a y  als o  all o w  u nif or m  l a y eri n g of  
a ds or b e d  w at er.  T  e  a ds or b e d  l a y er m a y  o c c u p y  a  v ol u m e  t  at 
r e d u c es t  e v ol u m e  a v ail a bl e  f or c o n d e ns e d  f ui d  wit  i n  t  e 
p or e.  U n d er  t  es e c o n diti o ns,  t  e e f e cti v e  p or e  r a di us is 
r e d u c e d, a n d  a ds or pti o n  a n al ysis  m a y  r e q uir e all o w a n c e  f or fl m  
t  i c k n ess. H o w e v er,   y dr o p  o bi c  is ot  er ms of  T y p e  III, V,  VI,  

Fi g ur e  2.  N o mi n all y  st e p wis e w at er  e q uili bri u m  i n M W H- 1 5 0  at  2 9 3  K  
is r e pr es e nt e d as  bl u e  cir cl es.  D at a  b o u n ds  ar e  i n di c at e d b y  t w o li n es 
r e pr es e nti n g t  e Isi n g m o d el  of  e q  2  wit   K 1  5 0  t o g et  er wit   H  
3 0 0 0  ( bl u e  li n e ) a n d  H  9 0  (r e d  li n e ). 

L a n g m u r  p u b s. a c s. or g/ L a n g m u r  Arti cl e  

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.l a n g m uir. 5 c 0 0  5 3  
L a n g m u r  2 0 2 5,  4 1,  2 5 0  6 − 2 5 0 9 9  
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or VII indicate weak fuid−solid interaction in w ic  uniform 
layering is not ofered. T is is supported by direct observations 
of water on  ydrop obic silicon surfaces t at refect t e 
disordered nature of water adsorption and inability for water 
to form a uniform layer.

49 
As a result, t e statistical t ickness is 

considered negligible (  0) for t is type of interaction. To 
account for t is, eq 9 is simplifed as: 
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(10) 

Equation 10 represents mec anical equilibrium between 
co esive and ad esive forces for confned water and reduces to 
t e classical Kelvin relation for simple condensation w en u → 
0. As a result, t is relation can be considered a modifed Kelvin 
analysis t at accounts for analogous adsorption, conjoining, and 
wetting forces t at are generated by interaction wit  t e surface. 
Modifed Kelvin analysis  as not only been extensively applied 
to mesopores

52 
but also been applied to micropores as small as 4 

Å.
36,37,60,61 

T is encourages furt er application to microporous 
solids, suc  as MOFs studied in t is investigation. 

Considered above are conditions for mec anical equilibrium 
t at can identify t e flling pressure for a given pore size. For a 
complete description,  owever, mec anical equilibrium con-
ditions must be complemented wit  corresponding appropriate 
conditions for c emical equilibrium.

Track ng the F ll ng Pressure of Water: Mechan cal 
and Chem cal Equ l br um. Hydrop obic MOFs presenting 
large  ydrop obicity ratios display a nominal stepwise be avior 
t at is c aracterized by t e stepwise Ising model. T is model 
provides a simple relations ip between flling pressure and t e 

secondary site afnity parameter K1 represented as 
P

P K

1

v 1

=. 

Applying t is condition for c emical equilibrium to t e 
conditions for mec anical equilibrium, eq 10 becomes: 

R T K
f v

r
uR T ln( ) g 1

M

pore
g = +

(11) 

Notably, t is relation represents an Ising Model coupled wit  
Modifed Kelvin Analysis t at  as previously been proposed as 
Ising-Model-Modifed-Kelvin-Analysis (IMMKA).

37 
It repre-

sents not only a Kelvin relation modifed for wetting but also a 
simplifcation of DBdB analysis. T e two components of 
IMMKA indicated in eq 11 include a nanocapillarity 
contribution t at represents t e condensation-driven be avior 
of secondary site interaction. T e wetting component of t e 
analysis is represented by t e wetting energy for secondary site 
interaction, uRgT.

37 

Appl cat on to M croporous MOFs D splay ng Type V 
Isotherms. For MOFs, t e relations ip between pore size and 
water adsorption be avior is known to follow a general “rule of 
t umb” t at suggests t at contracted pores of isoreticular MOFs 
result in Type V water isot erms wit  lower relative infection 
points and  ig er steepness.

62 
Alt oug  generally accepted, no 

simple, rigorous, and widely applicable validation  as appeared 
in support of t is “rule of t umb”. However, t is rule can be 
directly verifed by consideration of t e IMMKA relation 
presented as eq 11. T e nanocapillarity component of IMMKA 
suggests t at contraction of t e pore radius delivers bot  a larger 
value of secondary site afnity (K1) and lower infection point. 
Additionally, t e increase in K1 directly increases t e value of t e 
 ydrop obicity ratio w en accompanied by insignifcant 
c anges in surface c emistry and Henry’s law constant K0. 

Moreover, t e increased  ydrop obicity ratio delivers steeper 
isot erms, as s own in Figure 1. As a result, IMMKA afrms t e 
“rule of t umb” by directly predicting t at contracted pore size is 
related to lower aPOI values as well as steeper isot erms. 

However, application of IMMKA to c aracterize water 
adsorption requires assessment of t e micropore size. It  as 
been demonstrated in t is study t at t e be aviors of water and 
simple molecules suc  as nitrogen are fundamentally com-
parable and only difer by t e relative contribution of fuid−solid 
versus fuid−fuid−solid be avior. T erefore, in principle, pore 
features probed by simple molecules s ould be comparable to 
t ose probed by water. As a result, t e analysis proposed  erein 
is appropriately applied to microporous materials t at: 

1)  ave t eir pore size independently determined by 
standard adsorption of simple molecules suc  as nitrogen 
or argon adsorption at 77 and 87 K, respectively. 

2)  ave water adsorption isot erms displaying a clear 
infection point. 

3)  ave water adsorption isot erms displaying signifcant 
isot erm steepness enabled by  ig   ydrop obicity ratios 
t at are refective of  ig  secondary site afnity constant, 
low Henry’s law constant, or bot . 

■ RESULTS AND DISCUSSION 

T e be avior of water in MOF micropores can be elucidated by 
consideration of t e scaling be avior of secondary site afnity 
wit  micropore size. T is requires t e collation of a series of 
MOF materials for w ic  t e points of infection in t e water 
adsorption isot erm and micropore size are reported. Moreover, 

wit  t e assignment of 
f v

R T
M

g

=, eq 11 can be expressed in t e 

simple form: 

K
r

u ln( ) 1
pore

= +
(12) 

w ic  provides a convenient representation for t e application 
of linear regression of collated values for ln(K1) and inverse 
micropore size. However, criteria for material selection must be 
introduced to permit a reliable analysis across a series of 
materials. 

Cr ter a for Analys s of Water Isotherms and L m -
tat ons. Water adsorption in porous materials involves 
numerous competing p enomena t at are governed by t e 
MOF pore dimensionality, size, s ape, and c emical nature,

62,63 

w ic  are subsequently individually addressed. 
T e c emical nature is afected by t e presence of framework 

moieties t at can increase t e fuid−solid interaction. T is 
interaction is largely captured by Henry’s law constant K0. 
However, t e analysis proposed  erein is limited to steep 
isot erms t at are sensitive to c anges in K1 but largely 
insensitive to c anges in Henry’s constant. T is is supported by 
t e limit analysis at large values of H, w ic  indicates t at t e 
flling relative pressure (aPOI) is independent of Henry’s 
constant for nominally stepwise isot erms. T is is furt er 
supported by a simple informal comparison of MOF samples. 
S own in Table S1 are two samples of MOF-303,

64,65 
CUK-1,

66 

and CAU10-H,
67 

w ic  all  ave similar pore size and flling 
pressures (aPOI) in t e range of 10 to 15% but difer greatly in 
formulation c emistry. It is apparent from t e analysis t at t e 
selection of microporous materials wit  steep isot erms not only 
allows t e infuence of t e c emical nature to be minimized but 
also promotes t e role of micropore morp ology. 
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T  e  e f e ct  of  p or e  di m e nsi o n alit y  c a n  b e  mi ni miz e d  b y  
s el e cti n g M O Fs  t  at r e p ort u ni m o d al  p or e  siz e o bt ai n e d  fr o m 
st a n d ar d a ds or pti o n  of  si m pl e m ol e c ul es  s u c   as  nitr o g e n  at  7 7  
K.  T  is  l e a v es t  e g e o m etr y  of  mi cr o p or e  flli n g  as  a  p ar a m et er  
t  at is r e pr es e nt e d b y  t  e g e o m etri c  f a ct or f, w  i c   c a n  b e  
e v al u at e d  fr o m d at a  ass ess m e nt.  

B e y o n d  t  e pr e vi o usl y  m e nti o n e d  a n al ysis  r e q uir e m e nts, 
ot  er  li mit ati o ns a n d  ass o ci at e d  crit eri a  ar e  list e d b el o w:  

1.  E x cl usi v el y  mi cr o p or o us  M O F  m at eri als  ar e  st u di e d. 
A ds or pti o n  of  si m pl e m ol e c ul es  i n m es o p or es  is 

r el ati v el y w ell  c  ar a ct eri z e d  a n d  u n d erst o o d  t o b e  
i niti at e d b y  t  e f or m ati o n of  m ultil a y ers  f or w  i c   
c o nsi d er ati o n  of  st atisti c al t  i c k n ess4 8  is r e q uir e d. M ulti-
l a y eri n g is g e n er all y  f oll o w e d b y  b ul k  m e c  a nis ms  s u c   as  
K el vi n-li k e  c o n d e ns ati o n,  m e nis c us  f or m ati o n, a n d  
ass o ci at e d   yst er esis. 4 8  C o ntr asti n gl y,  w at er  a ds or pti o n  
m e c  a nis ms  i n mi cr o p or es  ar e  t  e or eti c all y c o nsi d er e d  t o 
b e  c o nti n u o us  a n d  r e v ersi bl e at  n e ar- a m bi e nt  t e m p er-
at ur es, 6 8  w  i c   yi el d   yst er esis-fr e e  T y p e  V  is ot  er ms 
r el e v a nt t o  u mi dit y  c o ntr ol  a p pli c ati o ns.  Mi cr o p or es  c a n  
als o  all o w  p ot e nti al  o v erl a p  fr o m p or e  w alls  t o e n  a n c e  
f ui d − f ui d − s oli d i nt er a cti o n t  r o u g  o ut t  e e ntir e  
c  a n n el  v ol u m e;  a n  e f e ct  t  at m a y  n ot  b e  o f er e d  i n 
l ar g er p or es.  F or  t  es e r e as o ns, mi cr o p or o us  M O Fs  ar e  
e x cl usi v el y  c o nsi d er e d  i n t  is st u d y. 

2.  M O Fs  r e p ort e d t o c o nt ai n  c  a n n els  of  u ni m o d al  siz e ar e  
st u di e d. 

F urt  er  c o m pli c ati n g  t  e gl o b al  a ds or pti o n  p  e n o m e n a  
is p or e  siz e distri b uti o n  t  at dist orts  is ot  er m s  a p es.4 8  

T o  mi ni miz e  t  is e f e ct,  n o mi n all y  n o n d ef e cti v e  M O Fs  
r e p ort e d t o c o nt ai n  p or es  wit   u ni m o d al  e f e cti v e  siz e ar e  
c oll at e d  i n T a bl e  S 1 . H o w e v er,  p or e  siz e ass ess m e nt  
c urr e ntl y  r e q uir es a  s p e ci f c ati o n of  g e o m etr y  i n t  e f or m 
of  eit  er  a  sl a b or  a  c yli n d er.  F or  irr e g ul ar mi cr o p or o us  
m at eri als  t  at d o  n ot  c o nf or m  t o eit  er,  s u bst a nti al 
v ari a bilit y  c a n  b e  i ntr o d u c e d i n t  e ass ess m e nt  of  p or e  siz e 
si m pl y fr o m t  e a n al ysis  m et  o d ol o g y.  As  a  p ossi bl e  r es ult 
of  t  e v ari a bilit y  i n p or e  siz e ass ess m e nt,  Ui O- 6 7- 4 M e-
N H 2- 3 8  is r e p ort e d t o  a v e  di f eri n g  u ni m o d al  p or e  siz e 
i n t w o r e vi e w arti cl es. 8 ,1 2  C o nsi d er e d  as  r e pli c at es, b ot   
p or e  siz es ar e  i n cl u d e d s e p ar at el y i n t  e a n al ysis  i n a  b asi c  
e f ort  t o c a pt ur e  t  e u n c ert ai nt y  ass o ci at e d  wit   p or e  siz e 
esti m ati o n.  

3.  A m bi e nt  t e m p er at ur es ar e  st u di e d. 
A ds or pti o n  is ot  er ms c a n  b e  i n f u e n c e d b y  t  e 

t e m p er at ur e. T o  mi ni miz e  a n y  p ossi bl e  i n f u e n c e of  t  e 
t e m p er at ur e, ass ess m e nt  of  d at a  at  ar o u n d  2 9 8  K  is 
u n d ert a k e n  i n t  is st u d y. 

4.  M O Fs  wit   d e m o nstr at e d  w at er  st a bilit y ar e  st u di e d. 
N ot  all  M O F  m at eri als  ar e  st a bl e u p o n  w at er  e x p os ur e.  

I n g e n er al,  M O Fs  c a n  e x p eri e n c e  fr a m e w or k c oll a ps e  d u e  
t o w at er’s  a bilit y  t o br e a k  c o or di n ati o n  b o n ds  b et w e e n  
or g a ni c  li n k ers a n d  i n or g a ni c m et al  i o ns.3 5  F or  t  e 
p ur p os es  of  t  is st u d y, t  e d e m o nstr at e d  w at er  st a bilit y of  
t  e s el e ct e d m at eri als  is a  r e q uir e m e nt f or d at a  
r e pr o d u ci bilit y. 

J u di ci o us s el e cti o n of  a p pr o pri at e  m at eri als  a n d  ass o ci at e d  
a n al ysis  yi el ds  s el e cti o n crit eri a  t  at ar e  d esi g n e d  t o cr e at e  a  
u ni v ari at e  e x pl or ati o n  of  t  e e f e ct  of  p or e  siz e o n  t  e s e c o n d ar y 
sit e a f nit y  p ar a m et er.  Usi n g  t  es e s el e cti o n crit eri a,  a  lit er at ur e 
s e ar c    as  l o c at e d st u di es of  2 6  r el e v a nt M O F  m at eri als,  
i n cl u di n g r e pli c at e Ui O- 6 7- 4 M e- N H 2- 3 8.  T  e  s e c o n d ar y sit e 

a f nit y  p ar a m et er  K 1  a n d  r e p ort e d mi cr o p or e  siz e ar e  pr es e nt e d  
i n T a bl e  S 1 . Ass ess m e nt  of  t  es e d at a  c a n  b e  u n d ert a k e n  f or t  e 
p ur p os e  of  d et er mi ni n g  t  e a p pli c a bilit y  of  I M M K A f or 
mi cr o p or o us  M O F  m at eri als  a n d  s u bs e q u e nt e v al u ati o n  of  
p or e  flli n g  m e c  a nis ms.

R e s ult s  of  R e gr e s s o n  a n al y s s.  Li n e ar  r e gr essi o n of  
l n (K 1 )  wit   i n v ers e mi cr o p or e  siz e w as  e m pl o y e d  o n  t  e d at a  s et 
of  2 6  m at eri als  pr es e nt e d  i n T a bl e  S 1 , a n d  t  e r es ults ar e  s  o w n 
i n t  e i ns et of  Fi g ur e  3 . T  e  r e gr essi o n r el ati o n c a n  b e  
r e pr es e nt e d as:  

K
r

Rl n ( )
0. 6 9

0. 3 9 ( 0. 9 0 3 )1
p or e

2= =
( 1 3 )  

wit   δ  0. 6 9  n m  (st a n d ar d  err or  0. 0 5  n m )  a n d  u  − 0. 3 9  
(st a n d ar d  err or  0. 1 3 ).  

I n ali g n m e nt  wit   pr e vi o us  dis c ussi o n,  t  e n e g ati v e  disj oi ni n g  
( c o nj oi ni n g )  pr ess ur e  g e n er at e d  b y  t  e f ui d − f ui d − s oli d 
i nt er a cti o n is i n di c ati v e of  w etti n g.  M or e o v er,  t  e c orr es p o n di n g  
w etti n g  e n er g y  ( u R g T )   as  a  m a g nit u d e  esti m at e d  at  l ess t  a n 1  
kJ / m ol,  w  i c   is s m all i n c o m p aris o n  t o t  e e nt  al p y  c  a n g e  
ass o ci at e d  wit   t  e c o n d e ns ati o n  of  w at er.  F urt  er m or e,  t  e 
n o mi n all y  st e p wis e is ot  er ms,  i g    y dr o p  o bi cit y  r ati o, a n d  
s m all w etti n g  e n er g y  ass o ci at e d  wit   t  es e m at eri als  ar e  
c o nsist e nt  wit   t  e li mit e d f ui d − s oli d i nt er a cti o n a n d  
c o n d e ns ati o n- dri v e n  p or e  flli n g  m e c  a nis ms  of  “ Cl ass C”  
m at eri als.  

I n f urt  er ali g n m e nt  wit   e arli er  dis c ussi o n,  Fi g ur e  3  i n di c at es 
t  at a  s m all e f e cti v e  r a di us c orr es p o n ds  t o l ar g e v al u es  of  
s e c o n d ar y sit e a f nit y  K 1 . At  siz es n e ari n g  2  Å  r a di us, t  e a f nit y  
i n cr e as es s  ar pl y. T  is  o bs er v ati o n  ali g ns  wit   t  e L e n n ar d −  
J o n es 1 2- 6  p ot e nti al  m o d el 6 9 ,7 0  t  at als o  pr e di cts  t  e e x cl usi o n  
of  w at er  b el o w  di m e nsi o ns  of  ar o u n d  0. 2  n m  r a di us. T  e  
pr e di ct e d  e x cl usi o n  of  w at er  g e n er at es  a  c ut o f  t  at w o ul d  
e f e cti v el y  tr u n c at e t  e r el ati o ns  i p a p p e ari n g  i n Fi g ur e  3  at  l o w 
v al u es  of  p or e  siz e. 

Fi g ur e  3.  Pl ot  of  I M M K A r el ati o n p os e d  as  e q  1 1  a n d  r e pr es e nt e d as  a  
s oli d li n e t o g et  er wit   d at a  f or M O F  m at eri als  a p p e ari n g  i n T a bl e  S 1 . 
I ns et gr a p   pl ots  t  e n at ur al  l o g arit  m of  t  e a f nit y  p ar a m et er  f or 
s e c o n d ar y sit e ass o ci ati o n,  l n (K 1 ),  a g ai nst  t  e i n v ers e of  e f e cti v e  p or e  
r a di us. Li n e ar  r e gr essi o n ( R 2 0. 9 0 3 )  r es ult is s  o w n wit   sl o p e 0. 6 9  n m  
a n d  i nt er c e pt − 0. 3 9.  
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Cr ter a for Structural Hydrophob c ty. Figure 3 indicates 
a clear transition in afnity ofered by micropores of varying 
sizes. Small micropores appear to be attractive for water and 
ofer a  ig  afnity for secondary sites. In contrast, large pores 
are less attractive and ofer a lower afnity. In t is respect, t e 
lower afnity of large pores creates a form of  ydrop obic 
be avior t at is defned as structural  ydrop obicity

37 
and is 

distinct from its surface counterpart. Alt oug  partitioned, t e 
two forms of  ydrop obicity can be tailored by c anges in t e 
pore morp ology or c emical functionalization. Surface  ydro-
p obicity can be reduced t roug  en anced primary site afnity 
(Henry’s constant, K0), w ic  is commonly enabled by 
increasing  ydrop ilic  eteroatom site density.

1−12 
However, 

long range van der Waals or s orter-range Coulombic 
interactions of water t at are inversely related to pore size can 
also drive s arply increasing primary site, pre-wetting afnity in 
microporous carbon.

71−73 
Structural  ydrop obicity can be 

reduced by increasing secondary site afnity, w ic  can be 
enabled by decreasing pore size. In t is respect, t e pore size 
appears to ofer an afnity transforming efect. Notably, a similar 
afnity transformation  as been reported for water adsorption in 
slit-pore carbon micropores

71 
and nanotubes

72 
for w ic  

IMMKA  as been successfully applied.
73 

Moreover, “Class C” 
isot erms display a range of  ydrop obic be avior from broad 
to s arp Type V and even Type III depending on pore size. To 
clearly defne t e conditions for structural  ydrop obicity and 
its efect on t e equilibrium isot erm, it is necessary to consider 
t e constraints for capturing t is be avior in isot erm 
assessment. Wit  gas p ase analysis, an equilibrium isot erm 
is limited in span to range from 0 to 100% relative  umidity. As a 
result, for an infection point to be observed in t is range, t e 
following condition must be observed: 0 < aPOI < 1. 

On t e basis of eq 6 t at suggests an inverse relations ip 
between aPOI and K1 for stepwise isot erms, t e condition 
translates to a bounded range for afnity at 1< K1 < ∞. 
T erefore, K1 must be greater t an 1 for an equilibrium isot erm 
to present a transition from upward to downward concavity, 
display an infection point, and ex ibit Type V. 

Alternatively, wit  K1 less t an 1,  ydrop ilic concavity 
transitions are absent, cooperative interactions are minimal, t e 
pore flling process is incomplete, and isot erms wit  only 
upward concavity are produced. T is results in Type III 
isot erms dictated by t e Ising model, as indicated in Table 1. 
Clearly, a transition point exists at K1 1 t at defnes t e 
inclusion or exclusion of sigmoidal, Type V adsorption 
isot erms and could be used to dictate t e absence or presence 
of structural  ydrop obicity in “Class C” materials. Applying 
t is discrete approac , t e Type V cutof for structural 
 ydrop obicity at K1 1 is labeled in Figure 3 (inset). T e 
micropore/mesopore cutof is also labeled at a pore radius of 1 
nm. 

Structural Hydrophob c ty on a Cont nuous Scale. An 
alternative to t e classical discrete defnition of  ydrop obicity 
is a continuously scaled index, w ic  does not emp asize t e 
Type III/V transition point. Discarding t e transition point 
cutof at K1 1 is a proposed index t at is simply based on t e 
location of t e point of infection. As a result, materials t at  ave 
relatively low observed aPOI values would  ave relatively low 
index values. T e structural  ydrop obicity index (SHI) is 
proposed to capture t is be avior t at is not only inversely 
related to K1 but also related to IMMKA provided as eq 11. As a 
result, SHI is defned as: 

a K
f v

r R T
u SHI 1/ exp POI 1

M

pore g

= = =
i

k

jj
jj
jj
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(14) 

Analogous to t e  ydrop obicity ratio (H) t at provides a 
continuous scale for t e assessment of fuid−fuid−solid and 
fuid−solid interactions, SHI also provides a continuous scale for 
a more detailed assessment of t e individual components of 
fuid−fuid−solid interactions. Moreover, t is index represents 
t e  ydrop obicity transforming efect of pore size and includes 
a wetting component. 

Applying t e index to MWH-1
50 

indicates t at it  as t e 
lowest SHI of all t e materials considered in t is study. MWH-1 
could t erefore be considered t e most structurally  ydrop ilic 
MOF appearing in Table S1. T is form of  ydrop ilic be avior 
stands in contrast to t e large  ydrop obicity ratio but is 
complementary wit  negative disjoining (conjoining) pressure 
and surface wetting features. Likewise, t e previously mentioned 
be avior of UiO-66 t at presents steep water uptakes at low 
 umidities translates to  ig  H but low SHI. T ese two scales 
provide a means to discriminate  ydrop ilic and  ydrop obic 
components of its equilibrium isot erm features. 

At t e ot er end of t e spectrum, Cr-soc-MOF-1
74 

presents a 
 ig  relative flling pressure in t e vicinity of unity. T e SHI of 
t is material is obviously muc   ig er t an t at of MWH-1. 
However, bot  materials present large  ydrop obicity ratios 
coupled wit  negative disjoining (conjoining) pressures and 
surface wetting features.

What Governs the Infect on Po nt Locat on: Surface 
or Structural Hydrophob c ty? T is study  as provided a 
clear distinction between t e two forms of  ydrop obicity. 
Surface c emistry, primary site afnity, and Henry’s constant 
(K0) t at represent surface  ydrop obicity are partitioned from 
secondary site afnity (K1) t at represents structural  ydro-
p obicity. 

T e distinction between t ese two forms is necessary to 
determine t e infuence of surface c emistry on t e location of 
t e infection point t at governs t e applicability of a given 
material for  umidity control applications. Alt oug  it is 
currently accepted t at t e presence of  ydrop ilic  eteroatoms 
increases Henry’s constant (K0) and allows for a more 
“ ydrop ilic pore environment”, it  as been furt er reported 
t at t is efect s ifts t e infection point to lower relative 
pressures.

75 
In contrast, recent studies report a strong 

correlation for low Henry’s constant wit  sudden water uptake 
but not wit  relative flling pressure aPOI. 

27 
T is be avior agrees 

wit  t e limit analysis (H → ∞) applicable to nominally 
stepwise isot erms and is evident in t e insensitivity of stepwise 
isot erms to values of K0. It also aligns wit  studies of water in 
microporous carbon t at s ow a weak efect of surface c emistry 
and a strong efect of pore size

73 
on t e location of concavity 

transition. According to t e analysis  erein, s ifts in t e 
infection point to lower relative pressures refect increases in 
structural, as opposed to surface,  ydrop ilicity. T is  ig lig ts 
not only t e need to partition t e two forms of  ydrop obicity 
but also t e need to explicitly address t e role of pore 
morp ology. 

Furt ermore, t e prevailing view of t e importance of surface 
c emistry on t e infection point location is embedded in a 
recent analysis

76 
t at proposes a  ydrop ilicity index to track 

t e infection point location. Long-arm MOFs (LAMOFs)
77 

and covalent organic framework (COF) materials
76 

wit  
 ydrop ilic functional groups distributed t roug out t e 

Langmu r pubs.acs.org/Langmu r Article 

https://doi.org/10.1021/acs.langmuir.5c00 53 
Langmu r 2025, 41, 250 6−25099 

25095 

= 

= 

= 

. 0 

-

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5c00853/suppl_file/la5c00853_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c00853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mi cr o p or e  n et w or k  ar e  c o nsi d er e d  a n d  c  ar a ct eriz e d  b y  t  e 
i n d e x. Alt  o u g   it d o es  n ot  e x pli citl y  a c c o u nt  f or p or e  siz e a n d  
i n c or p or at es m at eri als  wit   c o m pl e x  p or e  m or p  ol o g y  b e y o n d  
u ni m o d al  mi cr o p or e  siz e, t  e i n d e x is a p pli e d  t o tr a c k c  a n g es  i n 
t  e i n f e cti o n p oi nt  f or w at er  a ds or pti o n. 7 6  

T o  ass ess  t  e e f e ct  of  p or e  m or p  ol o g y,  t  e s uit e of  m at eri als  
st u di e d b y  N g u y e n  et  al. 7 6  is r e d u c e d t o i n cl u d e o nl y  m at eri als  
wit   u ni m o d al  p or e  siz e as  i n di c at e d o n  T a bl e  2 . N ot a bl y,  t  e 

r e p ort e d p or e  siz es f or L A M O F  m at eri als  ar e  o bt ai n e d  fr o m 
nitr o g e n  a ds or pti o n  d at a  b y  a p pli c ati o n  of  t  e slit- p or e m o d el  ( f 

1 ), 7 7  w  er e as  C O Fs   a v e  c yli n dri c al  g e o m etr y  a p pli e d  ( f 
2 ). 7 6  T a bl e  2  d at a  ar e  c o u pl e d  wit   t  e d at a  s et s  o w n i n T a bl e  
S 1  t o d eli v er  a  v ali d ati o n  s et t ot ali n g 3 8  m at eri als  t  at s p a n a  
wi d e  r a n g e of  mi cr o p or e  siz e, p or e  m or p  ol o gi c al  f e at ur es, a n d  
s urf a c e c  e mistr y.

Str u ct ur al  H y dr o p h o b c t y  I n d e x a n d  V al d at o n  D at a  
S et.  T o  a d e q u at el y  c a pt ur e  t  e  y dr o p  o bi cit y  tr a nsf or mi n g 
e f e ct  of  p or e  m or p  ol o g y,  t  e str u ct ur al  y dr o p  o bi cit y  i n d e x is 
a p pli e d  as  a  b e n c  m ar k  f or t  e c  ar a ct eriz ati o n  of  t  e v ali d ati o n  
d at a  s et. Fi g ur e  4  pr es e nts  t  e c ur at e d  v ali d ati o n  d at a  s et f or 3 8  
m at eri als  t o g et  er wit   t  e r e gr essi o n r es ult ass ess e d  o v er  t  e 
d at a  i n T a bl e  S 1  o nl y.  T  e  pr e di cti o n  of  e q  1 4  is e n a bl e d  b y  
a p pl yi n g  w at er  pr o p erti es  of  v m  1 8  m L / m ol,  a  b ul k  v al u e  f or 
w at er  s urf a c e t e nsi o n at  2 9 8  K  ( σ  7 2  m N / m ),  a n d  w etti n g  
i nt er a cti o n c a pt ur e d  b y  u  − 0. 3 9.  Fi g ur e  4  s  o ws e q  1 4  f or t w o 
b o u n di n g  v al u es  of  t  e g e o m etri c  f a ct or ( f).  R e pr es e nti n g  i d e al 
u nif or m  sl a b, a n  f v al u e  of  1   as  b e e n  s u c c essf ull y a p pli e d  t o 
c  ar a ct eriz e  gr a p  iti c  slit- p or e c ar b o n, 7 3  w  il e  a n  f v al u e  of  2   as  
b e e n  a p pli e d  t o r e pr es e nt u nif or ml y  c yli n dri c al  c ar b o n  n a n o-
t u b es.7 3  Alt  o u g   l o n g- ar m M O Fs  a n d  C O Fs   a v e  c o m pl e x  
bl e n ds  of  p or e  m or p  ol o g y,  si n gl e a n d  m ulti pl e  li n k ers, a n d  
 y dr o p  ili c  gr o u p  d e nsiti es,  t  e g e o m etri c  b o u n ds  a p p e ar  t o 
a d e q u at el y  c a pt ur e  t  e d at a  e n v el o p e  of  3 8  m at eri als.  

I n s u p p ort of  pr e vi o us  dis c ussi o ns   i g  li g  ti n g  t  e r el e v a n c e 
of  p or e  m or p  ol o g y  a n d  irr e g ul ar g e o m etr y,  t  e m o d el  pr o p os e d  
 er ei n  a p p e ars  c a p a bl e  of  c  ar a ct erizi n g  m at eri als  dis pl a yi n g  
mi cr o p or e  flli n g  pr o c ess es  ass o ci at e d  wit   n o mi n all y  st e p wis e 
is ot  er ms. M or e o v er,  t  es e r es ults c o ul d  p er mit  i m pr o v e d 
d esi g n  str at e gi es f or mi cr o p or o us  m at eri als  f or  u mi dit y  c o ntr ol  
a n d  c a pt ur e.  A  p ot e nti al  pi v ot  a w a y  fr o m m at eri al  c  e mistr y  a n d  
t o w ar d t  e c o nsi d er ati o n  of  c  a n n el  m or p  ol o g y  c o ul d  d eli v er  
i m pr o v e d m at eri al  s el e cti o n a n d  pr o c ess  p erf or m a n c e.  

F urt  er m or e,  t  e g e o m etri c  b o u n ds  i n di c at e d i n Fi g ur e  4  
pr o vi d e  m at eri al  s el e cti o n g ui d a n c e  f or a  r a n g e of  a p pli c ati o ns  

fr o m d e  u mi di f c ati o n  f or w  i c   m at eri als  wit    i g   v al u es  of  
S HI  ar e  s o u g  t t o d esi c c a nt  dr yi n g  pr o c ess es  t  at r e q uir e l o w 
S HI  m at eri als  t o w at er   ar v esti n g  t  at utiliz es  m at eri als  wit   
i nt er m e di at e v al u es  of  S HI . 

C o n d e n s at o n- Dr v e n  C h a n n el  F ll n g  M e c h a n s m.  T  e  
mi cr o p or o us  M O Fs  a n d  C O Fs  s el e ct e d i n t  is st u d y dis pl a y  
w at er  a ds or pti o n  e q uili bri u m  t  at is c  ar a ct eriz e d  b y  st e e p 
is ot  er ms a n d  l ar g e  y dr o p  o bi cit y  r ati os. T  es e  f e at ur es ar e  
n ot  o nl y  r e mi nis c e nt of  c o n d e ns ati o n  b ut  als o  i n di c ati v e of  
c  a n n el  flli n g  wit   li mit e d f ui d − s oli d i nt er a cti o n i n a  
ps e u d o c o n d e ns ati o n  pr o c ess  t  at is o bs er v e d  i n c ar b o n  
mi cr o p or es. 7 3  T  is  pr o c ess  is c  ar a ct eriz e d  b y  a  s e c o n d ar y sit e 
a f nit y  t  at c a n  b e  tr a c k e d b y  a  c o n d e ns ati o n- dri v e n  K el vi n  
a n al ysis  t  at is m o di f e d  f or w etti n g.  F urt  er m or e  , t  e n e g ati v e  
disj oi ni n g  ( c o nj oi ni n g )  pr ess ur e  ( u  <  0 )  e xtr a ct e d  fr o m t  e 
m o di f e d  K el vi n  a n al ysis  i n di c at es a n  i nt er a cti o n t  at n ot  o nl y  is 
i n f u e n c e d b y  f ui di c  f e at ur es b ut  als o  is f a v or a bl e t o w etti n g.  
C o nsist e nt  wit   t  is o bs er v ati o n  is a  l o w w etti n g  e n er g y  t  at 
f urt  er  i g  li g  ts  t  e li mit e d e xt e nt  of  f ui d − s oli d i nt er a cti o n 
a n d  c o n d e ns ati o n- dri v e n  c  a n n el  flli n g.  M or e o v er,  t  e si m pl e 
ps e u d o c o n d e ns ati o n  m e c  a nis m  o bs er v e d  i n t  es e “ Cl ass C”  
m at eri als  s u p p orts t  e pl a usi bl e  us e  of  w at er  a ds or pti o n  as  a  
p ot e nti al  t o ol f or p or e  siz e a n al ysis  at  r o o m t e m p er at ur e. 

■ C O N C L U SI O N S  

T  e  C M M S  m o d el  c o n n e cts  m ulti pl e  s e p ar at e is ot  er m t y p es, 
i n cl u di n g cl assi c al  f or ms a p pli e d  f or p or e  siz e a n al ysis  wit   
ri g or o us f or ms a p pli c a bl e  t o w at er  a ds or pti o n.  As  a  r es ult of  its 
br o a d  g e n er al  utilit y,  t  e m o d el  is o f er e d  as  a  u ni f e d  is ot  er m 
a n al ysis  t  at b o u n ds  e xtr e m el y   y dr o p  ili c  r e ct a n g ul ar fr o m 
e xtr e m el y   y dr o p  o bi c  st e p wis e li mits a n d  c o n n e cts  a  m ultit u d e  
of  cl ass es  of  m at eri als  a n d  f u n d a m e nt al r el ati o ns, i n cl u di n g 
H e nr y,  L a n g m uir,  B E T,  G A B,  I si n g, a s  w ell  a s  t  e 
t  er m o d y n a mi c all y b as e d  D erj a g ui n − Br o e k  o f − d e  B o er.  
M or e o v er,  t  e a bilit y  t o a c c o u nt  f or m ulti pl e  i nt er a cti o n 
m e c  a nis ms  all o ws  u ni f e d  is ot  er m a n al ysis  t o br o a dl y  c a pt ur e  
f e at ur es dis pl a y e d  b y  a  s eri es of  p ol ar  a n d  n o n- p ol ar  m ol e c ul es  

T a bl e  2.  A d diti o n al  D at a  S et 7 6 ,7 7  ( at  2 9 8 K )  of  M O Fs  a n d  
C O Fs  wit h  U ni m o d al  P or e  Si z e  D et er mi n e d  b y  Nitr o g e n  
A ds or pti o n  

m at eri al  r e p ort e d e f e cti v e  p or e  di a m et er  ( n m )  a P OI  

L A M O F- 1  1. 0 9  0. 2 5  

L A M O F- 2  1. 1 5  0. 3 6  

L A M O F- 3  1. 1 0  0. 4 5  

L A M O F- 4  1. 1 2  0. 4 0  

L A M O F- 6  1. 0 4  0. 1 8  

L A M O F- 7  1. 1 1  0. 5 3  

L A M O F- 8  1. 1 0  0. 3 1  

L A M O F- 9  1. 1 3  0. 2 6  

H C O F- 2  1. 0 6  0. 3 0  

H C O F- 3  1. 0 4  0. 2 5  

C O F- 4 3 2  0. 8  0. 3 3  

A B- C O F  1. 1  0. 2 4  

Fi g ur e  4.  V ali d ati o n  d at a  s et of  3 8  M O Fs  a n d  C O Fs  pr es e nti n g  
u ni m o d al  e f e cti v e  p or e  r a di us d et er mi n e d  b y  nitr o g e n  a ds or pti o n.  
D ott e d  li n e r e pr es e nts r e gr essi o n r es ults a cr oss  t  e ori gi n al  d at a  s et 
r e pr es e nt e d as  bl u e  cir cl es  fr o m T a bl e  S 1 . S oli d  li n es r e pr es e nt b o u n ds  
i m p os e d b y  e q  1 4  wit   u  − 0. 3 9  t o g et  er wit   f 1  (i d e al  sl a b ) a n d  f 
2  (i d e al  c yli n d er ).  
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wit  i n  mi cr o p or es  of  M O Fs,  C O Fs,  PI Ms,  gr a p  iti c  c ar b o ns  a n d  
n a n ot u b es.  

W  e n  u ni q u el y  c o u pl e d  wit   u ni f e d  is ot  er m a n al ysis,  t  e 
n o v ell y  d e f n e d   y dr o p  o bi cit y  r ati o q u a ntit ati v el y  li n ks  y dr o-
p  ili c  T y p es  I a n d  II is ot  er ms wit    y dr o p  o bi c  b e  a vi or  
r e pr es e nt e d b y  T y p es  III, V,  VI,  a n d  VII.  S u p ers e di n g  cl assi c al  
dis cr et e  d e f niti o ns  of   y dr o p  o bi cit y,  t  e  y dr o p  o bi cit y  r ati o 
is d e m o nstr a bl y  c a p a bl e  of  dis pl a yi n g  c o nti n u o us  tr a nsiti o ns 
b et w e e n  is ot  er m t y p es, c  ar a ct erizi n g  f ui d − s oli d a n d  f ui d −  
f ui d − s oli d i nt er a cti o ns, a n d  el u ci d ati n g  t  e r ol e of  s urf a c e a n d  
p or e  m or p  ol o gi c al  pr o p erti es.  C o nsi d er ati o n  of  f ui d − f ui d −  
s oli d i nt er a cti o ns a n d  e nf or c e m e nt  of  stri n g e nt c o n diti o ns  f or 
m e c  a ni c al  a n d  c  e mi c al  e q uili bri u m  d eli v er  I M M K A i n a  
si m pl e a n al yti c al  f or m. F urt  er  ass ess m e nt  of  m or p  ol o gi c al  a n d  
n a n os c al e  w etti n g  pr o p erti es  e m b e d d e d  i n I M M K A all o ws  
f or ms of   y dr o p  o bi cit y  t o b e  p artiti o n e d  a n d  r e d e f n e d o n  
c o nti n u o us  s c al es. T  e  a n al ysis  n ot  o nl y  r e pr es e nts t  e 
f u n d a m e nt al n at ur e  of  f ui d − f ui d − s oli d i nt er a cti o ns b ut  is 
a p pli e d   er ei n  t o v ali d at e  c o m m o n  ass ess m e nt  pr ot o c ols  f or 
M O F  m at eri als  w  os e   y dr o p  o bi c  n at ur e  is c o m m er ci all y  
i m p ort a nt b ut  i n c o m pl et el y c  ar a ct eriz e d.  It is als o  c a p a bl e  of  
a fr mi n g  “r ul es of  t  u m b” f or pr e di cti o n  of  mi cr o p or e  flli n g  
pr ess ur e,  w  i c   is cr u ci al  t o  u mi dit y  c o ntr ol  a p pli c ati o ns.  I n 
c o ntr ast  t o t  e pr e v aili n g  vi e w p oi nts  t  at el e v at e  c o nsi d er ati o n  
of  s urf a c e c  e mistr y  i n li e u of  p or e  m or p  ol o g y,  t  e o p p osit e  
a p p e ars  t o b e  a p pli c a bl e  t o t  e m at eri als  st u di e d  er ei n.  Tr a c k e d  
b y  t  e str u ct ur al  y dr o p  o bi cit y  i n d e x, t  e a f nit y  tr a nsf or mi n g 
e f e ct  of  p or e  m or p  ol o g y  is q u a ntit ati v el y  r el at e d t o t  e 
mi cr o p or e  flli n g  pr ess ur e  vi a  a  ps e u d o c o n d e ns ati o n  m e c  a-
nis m.  

T  e  g e n er al  c o ntri b uti o ns  of  t  is st u d y o f er  f u n d a m e nt al 
m e a ns  f or t  e ass ess m e nt  of  e m er gi n g  p  ysi cs  b e  i n d  
p  e n o m e n a  i n v ol vi n g t  e a n gstr o f ui di c  b e  a vi or  of  w at er.  
T  e  a n al ysis  o f ers  p ot e nti al  a d v a n c e m e nt  of  m at eri al  d esi g n  
str at e gi es f or w at er  c o ntr ol  a n d  c a pt ur e  t e c  n ol o gi es b y  
p er mitti n g  i nsi g  t i nt o f o u n d ati o n al m e c  a nis ms  of  w at er  
i nt er a cti o n a n d  el u ci d ati o n  of  t  e  y dr o p  o bi c  b e  a vi or  of  
mi cr o p or o us  m at eri als.  

■ A S S O CI A T E D  C O N T E N T  

*sı  S u p p ort n g  I nf or m at o n 
T  e  S u p p orti n g  I nf or m ati o n is a v ail a bl e  fr e e of  c  ar g e  at  
 tt ps: / / p u bs. a cs. or g / d oi / 1 0. 1 0 2 1 / a cs.l a n g m uir. 5 c 0 0 8 5 3 . 

P or e  siz e a n d  K 1  f or mi cr o p or o us  M O F  m at eri als  st u di e d 
( T a bl e  S 1 )  ( P D F )  

■ A U T H O R  I N F O R M A TI O N 

C orr e s p o n d n g  A ut h or  
St e v e n  W  R ut h erf or d  −  De p ar me n  of  Mec h a nic al  a n d  

I n d us ri al E ngi neeri ng,  M o n a n a  S a e  U ni versi y,  B o ze m a n,  
M o n a n a  5 9 7 1 7,  U ni e d  S a es;  or ci d. or g / 0 0 0 9- 0 0 0 2-
3 7 1 4- 4 4 2 2 ; E m ail:  st e v e n.r ut  erf or d @ m o nt a n a. e d u 

C o m pl et e  c o nt a ct  i nf or m ati o n is a v ail a bl e  at:  
 tt ps: / / p u bs. a cs. or g / 1 0. 1 0 2 1 / a cs.l a n g m uir. 5 c 0 0 8 5 3  

N ot e s  
T  e  a ut  or  d e cl ar es  n o  c o m p eti n g  f n a n ci al  i nt er est. 

■ A C K N O W L E D G M E N T S  

T  is  r es e ar c   di d  n ot  r e c ei v e a n y  s p e ci f c gr a nt  fr o m f u n di n g 
a g e n ci es  i n t  e p u bli c,  c o m m er ci al,  or  n ot-f or- pr o ft  s e ct ors. 

■ R E F E R E N C E S  

( 1 )  H e n d ers o n,  M.  A.  T  e  i nt er a cti o n of  w at er  wit   s oli d s urf a c es: 
f u n d a m e nt al as p e cts  r e visit e d. S urf.  Sci.  Re p.  2 0 0 2 , 4 6 , 1 − 3 0 8.  
( 2 )  Bj ör n e  ol m,  O.;  H a ns e n,  M.  H.;  H o d gs o n,  A.;  Li u,  L.  M.;  Li m m er,  

D.  T.;  Mi c  a eli d es,  A.;  P e d e vill a,  P.;  R oss m eisl,  J.; S  e n,  H.;  T o c ci,  G.;  
T yr o d e,  E.;  W alz,  M.  M.;  W er n er,  J.; Bl u  m,  H.  W at er  at  I nt erf a c es. 
C he m.  Re v.  2 0 1 6 , 1 1 6  ( 1 3 ),  7 6 9 8 − 7 7 2 6.  
( 3 )  C  a n dl er,  D.  I nt erf a c es a n d  t  e dri vi n g  f or c e of   y dr o p  o bi c  

ass e m bl y.  N a ure  2 0 0 5 , 4 3 7 , 6 4 0 − 6 4 7.  
( 4 )  L y n c  ,  C.  I.; R a o,  S.;  S a ns o m,  M.  S.  P.  W at er  i n N a n o p or es  a n d  

Bi ol o gi c al  C  a n n els:  A  M ol e c ul ar  Si m ul ati o n  P ers p e cti v e  C  e m.  Re v.  
2 0 2 0 , 1 2 0 , 1 0 2 9 8 − 1 0 3 3 5.  
( 5 )  N g,  E.;  Mi nt o v a,  S.  N a n o p or o us  m at eri als  wit   e n  a n c e d  

 y dr o p  ili cit y  a n d   i g   w at er  s or pti o n c a p a cit y.  Micr o p or o us  
Mes o p or o us  M a er.  2 0 0 8 , 1 1 4 , 1 − 2 6.  
( 6 )  M o nr o e,  J.; B arr y,  M.;  D e St ef a n o,  A.;  A y d o g a n  G o kt ur k,  P.;  Ji a o, 

S.;  R o bi ns o n- Br o w n,  D.;  W e b b er,  T.;  Cr u mli n,  E.  J.; H a n,  S.;  S  ell,  M.  
S.  W at er  Str u ct ur e  a n d  Pr o p erti es  at  H y dr o p  ili c  a n d  H y dr o p  o bi c  
S urf a c es.  A n n u.  Re v.  C he m.  Bi o m ol.  E ng.  2 0 2 0 , 1 1 , 5 2 3 − 5 5 7.  
( 7 )  Stri ol o,  A.  N a n o- c o nfi n e d  w at er.  T he ore ic al  a n d  C o m p u a i o n al  

C he mis ry  2 0 0 7 , 1 8 , 2 4 5 − 2 7 4.  
( 8 )  Z  a n g,  B.;  Z  u,  Z.;  W a n g,  X.;  Li u,  X.;  K a pt eij n,  F.  W at er  

A ds or pti o n  i n M O Fs:  Str u ct ur es  a n d  A p pli c ati o ns.  A d v.  F u nc .  M a er.  
2 0 2 3 , 3 4 , N o.  2 3 0 4 7 8 8.  
( 9 )  Li u,  X.;  W a n g,  X.;  K a pt eij n,  F.  W at er  a n d  M et al − Or g a ni c  

Fr a m e w or ks:  Fr o m  I nt er a cti o n t o w ar d Utiliz ati o n.  C he mic al  Re vie ws  
2 0 2 0 , 1 2 0 , 8 3 0 3 − 8 3 7 7.  
( 1 0 )  A u m o n d,  T.;  M a n o k ar a n,  R.;  E c k,  J.; Er gi n c a n,  O.;  D a ni el,  C.;  

F arr uss e n g,  D.;  C o as n e,  B.  A  R e vi e w  o n  A ds or pti o n  i n N a n o p or o us  
A ds or b e nts  f or G as  D e c o nt a mi n ati o n:  S p a c e  A p pli c ati o ns  a n d  B e y o n d.  
I n d. E ng.  C he m.  Res.  2 0 2 4 , 6 3 , 1 9 3 7 5 − 1 9 3 9 7.  
( 1 1 )  C a ni v et,  J.; F at e e v a,  A.;  G u o,  Y.;  C o as n e,  B.;  F arr uss e n g,  D.  

W at er  a ds or pti o n  i n M O Fs:  f u n d a m e nt als a n d  a p pli c ati o ns.  C he m.  S oc.  
Re v.  2 0 1 4 , 4 3 , 5 5 9 4 − 5 6 1 7.  
( 1 2 )  C  e n g,  L.;  D a n g,  Y.;  W a n g,  Y.;  C  e n,  K.  J. R e c e nt  a d v a n c es  i n 

m et al- or g a ni c  fr a m e w or ks f or w at er  a bs or pti o n  a n d  t  eir a p pli c ati o ns  
M at er.  C he m.  Fr o n .  2 0 2 4 , 8 , 1 1 7 1 − 1 1 9 4.  
( 1 3 )  L ef e b vr e,  D.;  T ez el,  F.  H.  A  r e vi e w of  e n er g y  st or a g e t e c  n ol o gi es 

wit   a  f o c us o n  a ds or pti o n  t  er m al e n er g y  st or a g e pr o c ess es  f or  e ati n g  
a p pli c ati o ns.  Re ne w a ble  S us ai n a ble  E nergy  Re v.  2 0 1 7 , 6 7 , 1 1 6 − 1 2 5.  
( 1 4 )  Al ur u,  N.  R.;  A y di n,  F.;  B az a nt,  M.  Z.;  Bl a n ks c  t ei n,  D.;  Br oz e n a,  

A.  H.;  d e  S o uz a,  J. P.;  Eli m el e c  ,  M.;  F a u c  er,  S.;  F o ur k as,  J. T.;  K o m a n,  
V.  B.;  K u e  n e,  M.;  K uli k,  H.  J.; Li,  H.  K.;  Li,  Y.;  Li,  Z.;  M aj u m d ar,  A.;  
M artis,  J.; Misr a,  R.  P.;  N o y,  A.;  P  a m,  T.  A.;  Q u,  H.;  R a y a b  ar a m,  A.;  
R e e d,  M.  A.;  Ritt,  C.  L.;  S c  w e gl er,  E.;  Si w y,  Z.;  Str a n o,  M.  S.;  W a n g,  Y.;  
Y a o,  Y.  C.;  Z  a n,  C.;  Z  a n g,  Z.  Fl ui ds  a n d  El e ctr ol yt es  u n d er  
C o nfi n e m e nt  i n Si n gl e- Di git  N a n o p or es.  C he m.  Re v.  2 0 2 3 , 1 2 3 , 2 7 3 7 −  
2 8 3 1.  
( 1 5 )  Ki m,  H.;  Y a n g,  S.;  R a o,  S.  R.;  N ar a y a n a n,  S.;  K a p usti n,  E.  A.;  

F ur u k a w a,  H.;  U m a ns,  A.  S.;  Y a g  i,  O.  M.;  W a n g,  E.  N.  W at er  
 ar v esti n g  fr o m air  wit   m et al- or g a ni c  fr a m e w or ks p o w er e d  b y  n at ur al  
s u nli g  t. Scie nce  2 0 1 7 , 3 5 6 , 4 3 0 − 4 3 4.  
( 1 6 )  O p p e n  ei m,  J. J.; Di n c a,  M.  Is or eti c ul ar C ur v es:  A  T  e or y  of  

C a pill ar y  C o n d e ns ati o n  T o  M o d el  W at er  S or pti o n  wit  i n  Mi cr o p or o us  
S or b e nts.  J. A m.  C he m.  S oc.  2 0 2 4 , 1 4 6 , 2 0 6 1 5 − 2 0 6 2 6.  
( 1 7 )  K ofi n g er,  J.; H u m m er,  G.;  D ell a g o,  C.  Si n gl e-fil e  w at er  i n 

n a n o p or es  P  ys.  C he m.  C he m.  P hys.  2 0 1 1 , 1 3 , 1 5 4 0 3 − 1 5 4 1 7.  
( 1 8 )  K öfi n g er,  J.; H u m m er,  G.;  D ell a g o,  C.  M a cr os c o pi c all y  or d er e d  

w at er  i n n a n o p or es.  Pr oc.  N a l.  Ac a d.  Sci.  U.  S.  A.  2 0 0 8 , 1 0 , 1 3 2 1 8 −  
1 3 2 2 2.  
( 1 9 )  Mill er,  J. L.  Fi v e- m ol e c ul e  w at er  cl ust ers   a v e  li q ui d-li k e 

pr o p erti es.  P hysics  T o d ay  2 0 2 4 , 7 7 , 1 0 − 1 2.  
( 2 0 )  Y a n g,  Q.;  S u n,  P.  Z.;  F u m a g alli,  L.;  St e b u n o v,  Y.  V.;  H ai g  ,  S.  J.; 

Z  o u,  Z.  W.;  Gri g ori e v a,  I. V.;  W a n g,  F.  C.;  G ei m,  A.  K.  C a pill ar y  
c o n d e ns ati o n  u n d er  at o mi c-s c al e  c o nfi n e m e nt.  N a ure  2 0 2 0 , 5 8 8 , 2 5 0 −  
2 5 3.  
( 2 1 )  B o y a,  R.;  K e ert  i,  A.;  P ar a m b at  ,  M.  S.  T  e  w o n d erl a n d  of  

a n gstr ofl ui di cs.  P hys.  T o d ay  2 0 2 4 , 7 7 , 2 6 − 3 3.  

L a n g m u r  p u b s. a c s. or g/ L a n g m u r  Arti cl e  

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.l a n g m uir. 5 c 0 0  5 3  
L a n g m u r  2 0 2 5,  4 1,  2 5 0  6 − 2 5 0 9 9  

2 5 0 9 7  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _. _ 

https://pubs.acs.org/doi/10.1021/acs.langmuir.5c00853?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5c00853/suppl_file/la5c00853_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+W.+Rutherford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0002-3714-4422
https://orcid.org/0009-0002-3714-4422
mailto:steven.rutherford@montana.edu
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c00853?ref=pdf
https://doi.org/10.1016/S0167-5729(01)00020-6
https://doi.org/10.1016/S0167-5729(01)00020-6
https://doi.org/10.1021/acs.chemrev.6b00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature04162
https://doi.org/10.1038/nature04162
https://doi.org/10.1021/acs.chemrev.9b00830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.micromeso.2007.12.022
https://doi.org/10.1016/j.micromeso.2007.12.022
https://doi.org/10.1146/annurev-chembioeng-120919-114657
https://doi.org/10.1146/annurev-chembioeng-120919-114657
https://doi.org/10.1016/S1380-7323(06)80012-9
https://doi.org/10.1002/adfm.202304788
https://doi.org/10.1002/adfm.202304788
https://doi.org/10.1021/acs.chemrev.9b00746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.4c02052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.4c02052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CS00078A
https://doi.org/10.1039/D3QM00484H
https://doi.org/10.1039/D3QM00484H
https://doi.org/10.1039/D3QM00484H
https://doi.org/10.1016/j.rser.2016.08.019
https://doi.org/10.1016/j.rser.2016.08.019
https://doi.org/10.1016/j.rser.2016.08.019
https://doi.org/10.1021/acs.chemrev.2c00155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aam8743
https://doi.org/10.1126/science.aam8743
https://doi.org/10.1126/science.aam8743
https://doi.org/10.1021/jacs.4c02743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c02743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c02743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cp21086f
https://doi.org/10.1039/c1cp21086f
https://doi.org/10.1073/pnas.0801448105
https://doi.org/10.1073/pnas.0801448105
https://doi.org/10.1063/pt.yqgq.rfum
https://doi.org/10.1063/pt.yqgq.rfum
https://doi.org/10.1038/s41586-020-2978-1
https://doi.org/10.1038/s41586-020-2978-1
https://doi.org/10.1063/pt.frik.vxpk
https://doi.org/10.1063/pt.frik.vxpk
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c00853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


( 2 2 )  K a v o ki n e,  N.;  N etz,  R.  R.;  B o c q u et,  L.  Fl ui ds  at  t  e N a n os c al e:  
Fr o m  C o nti n u u m  t o S u b c o nti n u u m  Tr a ns p ort.  A n n u.  Re v.  Fl ui d  Mec h.  
2 0 2 1 , 5 3 , 3 7 7 − 4 1 0.  
( 2 3 )  Y o u,  Y.;  Is m ail, A.;  N a m,  G.;  G o ut  a m,  S.;  K e ert  i,  A.;  R a d  a,  B.  

A n gstr ofl ui di cs:  W al ki n g  t o t  e Li mit.  A n n u al  Re vie w  of  M a eri als  
Rese arc h  2 0 2 2 , 5 2 , 1 8 9 − 2 1 8.  
( 2 4 )  Z  o u,  H.  C.;  L o n g,  J. R.;  Y a g  i,  O.  M.  I ntr o d u cti o n t o M et al-

Or g a ni c  Fr a m e w or ks.  C he m.  Re v.  2 0 1 2 , 1 1 2 , 6 7 3 − 6 7 4.  
( 2 5 )  Al k  ati b,  N.;  N al e e m,  N.;  Kir mizi alti n,  S.  H o w  D o es  M O F- 3 0 3  

A c  i e v e  Hi g   W at er  U pt a k e  a n d  F a cil e  R el e as e  C a p a cit y?  T he  J o ur n al of  
P hysic al  C he mis ry  C  2 0 2 4 , 1 2 8  ( 2 0 ),  8 3 8 4 − 8 3 9 4.  
( 2 6 )  H a ni k el,  N.;  P ei,  X.;  C   e d a,  S.;  L y u,  H.;  J e o n g, W.;  S a u er,  J.; 

G a gli ar di,  L.;  Y a g  i,  O.  M.  E v ol uti o n  of  w at er  str u ct ur es i n m et al-
or g a ni c  fr a m e w or ks f or i m pr o v e d at m os p  eri c  w at er   ar v esti n g.  Scie nce  
2 0 2 1 , 3 7 4 , 4 5 4 − 4 5 9.  
( 2 7 )  v a n  d er  V e e n,  M.  A.;  C a n oss a,  S.;  W a  i d uzz a m a n,  M.;  N e n ert,  

G.;  Fr o  li c  ,  D.;  R e g a,  D.;  R ei ns c  ,  H.;  S  u pl ets o v,  L.;  M ar k e y,  K.;  D e  
V os,  D.  E.;  B o n n,  M.;  St o c k,  N.;  M a uri n,  G.;  B a c k us,  E.  H.  G.  C o nfi n e d  
W at er  Cl ust er  F or m ati o n  i n W at er  H ar v esti n g  b y  M et al − Or g a ni c  
Fr a m e w or ks:  C A U- 1 0- H  v ers us  C A U- 1 0- C H  3.  A d v.  M a er.  2 0 2 4 , 3 6 , 
N o.  2 2 1 0 0 5 0.  
( 2 8 )  H o,  C.  H.;  V al e nti n e,  M.  L.;  C  e n,  Z.;  Xi e,  H.;  F ar  a,  O.;  Xi o n g,  

W.;  P a es a ni,  F.  Str u ct ur e  a n d  t  er m o d y n a mi cs of  w at er  a ds or pti o n  i n 
N U- 1 5 0 0- Cr.  C o m m u n.  C he m.  2 0 2 3 , 6 , 7 0.  
( 2 9 )  C oll a d os,  C.  C.;  H u b er,  C.;  S öll n er,  J.; Gr ass,  J.; I n a y at, A.;  

D ur d y y e v,  R.;  S mit  ,  A.;  Wiss er,  D.;  H art m a n n,  M.;  T  o m m es,  M.  
Ass ess m e nt  of  H y dr o p  ili cit y / H y dr o p  o bi cit y  i n M es o p or o us  Sili c a  b y  
C o m bi ni n g  A ds or pti o n,  Li q ui d  I ntr usi o n, a n d  S oli d- St at e  N M R  
S p e ctr os c o p y.  L a ng m uir  2 0 2 4 , 4 0 , 1 2 8 5 3 − 1 2 8 6 7.  
( 3 0 )  v o n  W e d elst e dt,  A.;  C  e n,  H.;  K ali es,  G.;  S n urr,  R.  Q.  D o  I nt er n al 

a n d  E xt er n al  S urf a c es  of  M et al − Or g a ni c  Fr a m e w or ks  H a v e  t  e S a m e  
H y dr o p  o bi cit y?  I nsi g  ts fr o m M ol e c ul ar  Si m ul ati o ns.  L a ng m uir  2 0 2 0 , 
3 6 , 1 3 0 7 0 − 1 3 0 7 8.  
( 3 1 )  Xi e,  L.;  X u,  M.;  Li u,  X.;  Z  a o,  M.;  Li,  J. H y dr o p  o bi c  M et al −  

Or g a ni c  Fr a m e w or ks:  Ass ess m e nt,  C o nstr u cti o n,  a n d  Di v ers e  
A p pli c ati o ns.  A d v.  Sci.  2 0 2 0 , 7 , N o.  1 9 0 1 7 5 8.  
( 3 2 )  Mill er,  K.  L.;  Li n,  R.;  H o u,  J.; K e p ert,  C.  J.; D’ Al ess a n dr o,  D.  M.;  

S ol o m o n,  M.  B.  T  e  G or e- T e x ®  eff e ct  i n e xt er n all y   y dr o p  o bi c  
M et al − Or g a ni c  Fr a m e w or ks.  M a er.  A d v.  2 0 2 4 , 5 , 1 8 6 8.  
( 3 3 )  V o gl er,  E.  A.  Str u ct ur e  a n d  R e a cti vit y  of  W at er  at  Bi o m at eri al  

S urf a c es.  A d v.  C oll oi d  I n erf ace Sci.  1 9 9 8 , 7 4 , 6 9 − 1 1 7.  
( 3 4 )  L a w,  K.  Y.  D efi niti o ns  f or H y dr o p  ili cit y,  H y dr o p  o bi cit y,  a n d  

S u p er  y dr o p  o bi cit y:  G etti n g  t  e B asi cs  Ri g  t.  J. P hys.  C he m.  Le  .  
2 0 1 4 , 5 , 6 8 6.  
( 3 5 )  S  i,  L.;  Kirli k o v ali,  K.  O.;  C  e n,  Z.;  F ar  a,  O.  K.  M et al- or g a ni c  

fr a m e w or ks f or w at er  v a p or  a ds or pti o n.  C he m  2 0 2 4 , 1 0 , 4 8 4 − 5 0 3.  
( 3 6 )  R ut  erf or d,  S.  W.  Isi n g m o d el  a n al ysis  of  w at er  a ds or pti o n  

e q uili bri u m  i n mi cr o p or o us  c ar b o n.  C he m.  P hys.  Le  .  2 0 2 4 , 8 4 7 , 
N o.  1 4 1 3 5 4.  
( 3 7 )  R ut  erf or d,  S.  W.  Isi n g M o d el- M o difi e d  K el vi n  A n al ysis  

(I M M K A )  f or t  e Pr e di cti o n  of  W at er  A ds or pti o n  E q uili bri u m  a n d  
Ass ess m e nt  of  C o nt a ct  A n gl e  i n C ar b o n  Mi cr o p or es.  C he m.  P hys.  Le  .  
2 0 2 4 , 8 5 6 , N o.  1 4 1 5 9 8.  
( 3 8 )  R ut  erf or d,  S.  W.;  C o o ns,  J. E.  W at er  s or pti o n i n sili c o n e f o a m 

c o nt ai ni n g  di at o m a c e o us  e art  .  J. C oll oi d  I n erf ace Sci.  2 0 0 7 , 3 0 6 , 2 2 8 −  
2 4 0.  
( 3 9 )  Z  a n g,  K.;  Li v el y,  R.  P.;  N o el,  J. D.;  D os e,  M.  E.;  M c C o ol,  B.  A.;  

C  a n c e,  R.  R.;  K or os,  W.  J. A ds or pti o n  of  W at er  a n d  Et  a n ol  i n M FI-
T y p e  Z e olit es.  L a ng m uir  2 0 1 2 , 2 8 , 8 6 6 4 − 8 6 7 3.  
( 4 0 )  Z  a o,  X.  S.;  L u,  G.  Q.;  H u,  X.  C  ar a ct eriz ati o n  of  t  e str u ct ur al 

a n d  s urf a c e pr o p erti es  of  c  e mi c all y  m o difi e d  M C M- 4 1  m at eri al.  
Micr o p or o us  Mes o p or o us  M a er.  2 0 0 0 , 4 1 , 3 7 − 4 7.  
( 4 1 )  Z  a o,  X.  S.;  L u,  G.  Q.;  Mill ar,  G.  J. A d v a n c es  i n M es o p or o us  

M ol e c ul ar  Si e v e  M C M- 4 1.  I n d. E ng.  C he m.  Res.  1 9 9 6 , 3 5 , 2 0 7 5 − 2 0 9 0.  
( 4 2 )  M al a k  o v,  A.  O.;  V ol k o v,  V.  V.  C o o p er ati v e  M ulti m ol e c ul ar  

S or pti o n  E q u ati o n:  A p pli c ati o n  t o a n  Al c o  ol − P ol y ( 1-tri m et  ylsi yl- 1-
pr o p y n e )  S yst e m.  J. P oly m.  Sci.,  Ser.  A  2 0 0 0 , 4 2 , 1 1 2 0 − 1 1 2 6.  

( 4 3 )  R ut  erf or d,  S.  W.  A p pli c ati o n  of  c o o p er ati v e  m ulti m ol e c ul ar  
s or pti o n t  e or y f or c  ar a ct eriz ati o n  of  w at er  a ds or pti o n  e q uili bri u m  i n 
c ar b o n.  C ar b o n  2 0 0 3 , 4 1 , 6 2 2 − 6 2 5.  
( 4 4 )  R ut  erf or d,  S.  W.;  C o o ns,  J. E.  E q uili bri u m  a n d  Ki n eti cs  of  W at er  

A ds or pti o n  i n C ar b o n  M ol e c ul ar  Si e v e:  T  e or y  a n d  E x p eri m e nt.  
L a ng m uir  2 0 0 4 , 2 0 , 8 6 8 1 − 8 6 8 7.  
( 4 5 )  R ut  erf or d,  S.  W.  M o d eli n g  W at er  A ds or pti o n  i n C ar b o n  

Mi cr o p or es:  St u d y  of  W at er  i n C ar b o n  M ol e c ul ar  Si e v es.  L a ng m uir  
2 0 0 6 , 2 2 , 7 0 2 − 7 0 8.  
( 4 6 )  R ut  erf or d,  S.  W.  C o o p er ati v e  A ds or pti o n  a n d  Diff usi o n  of  S m all  

Al c o  ols  i n M et al- Or g a ni c  Fr a m e w or k  ZI F- 8  a n d  I ntri nsi c all y Mi cr o-
p or o us  P ol y m er  P T M S P.  L a ng m uir  2 0 2 4 , 4 0  ( 3 3 ),  1 7 3 7 8 − 1 7 3 8 6.  
( 4 7 )  A n d ers o n,  R.  B.  M o difi c ati o ns  of  t  e Br u n a u er,  E m m ett  a n d  

T ell er  E q u ati o n.  J. A m.  C he m.  S oc.  1 9 4 6 , 6 8 , 6 8 6.  
( 4 8 )  D o,  D.  D. A ds or p i o n  A n alysis:  E q uili bri a  a n d  Ki ne ics ; I m p eri al 

C oll e g e  Pr ess:  L o n d o n,  1 9 9 8,  p.  9 4- 1 1 2.  
( 4 9 )  C  e n,  L.;  H e,  X.;  Li u,  H.;  Qi a n,  L.;  Ki m,  S.  H.  W at er  A ds or pti o n  

o n  H y dr o p  ili c  a n d  H y dr o p  o bi c  S urf a c es  of  Sili c o n.  J. P hys.  C he m.  C  
2 0 1 8 , 1 2 2 , 1 1 3 8 5 − 1 1 3 9 1.  
( 5 0 )  Li,  J.; W a n g,  Y.;  C  e n,  Y.;  Xi o n g,  Q.;  Y a n g,  J.; Li,  L.;  Li,  J. R o u n d-

t  e- cl o c k w at er   ar v esti n g  fr o m dr y  air  usi n g  a  m et al  or g a ni c  
Fr a m e w or k.  C hi nese  J o ur n al of  C he mic al  E ngi neeri ng  2 0 2 2 , 4 9 , 1 7 0 −  
1 7 7.  
( 5 1 )  M az ur,  B.;  Firl ej,  L.;  K u c  t a,  B.  Effi ci e nt  M o d eli n g  of  W at er  

A ds or pti o n  i n M O Fs  Usi n g  I nt er p ol at e d Tr a nsiti o n  M atri x  M o nt e  
C arl o.  A C S  A p pl.  M a er.  I n erf aces 2 0 2 4 , 1 6 , 2 5 5 5 9 − 2 5 5 6 7.  
( 5 2 )  L o w ell,  S.;  S  i el ds,  J. E.;  T  o m as,  M.  A.;  T  o m m es,  

M. C h ar ac eri z a i o n  of  P or o us  S oli ds  a n d  P o w ders:  S urf ace  Are a,  P ore  
Si ze  a n d  De nsi y ; Kl u w er  A c a d e mi c  P u blis  ers:  D or dr e c  t / B ost o n /  
L o n d o n,  2 0 0 4.  d oi:  
( 5 3 )  Si k or a,  B.  J.; Wil m er,  C.  E.;  Gr e e nfi el d,  M.  L.;  S n urr,  R.  Q.  

T  er m o d y n a mi c  a n al ysis  of  X e / Kr  s el e cti vit y i n o v er  1 3 7  0 0 0  
 y p ot  eti c al  m et al − or g a ni c  fr a m e w or ks. C he m.  Sci.  2 0 1 2 , 3 , 2 2 1 7.  
( 5 4 )  L a wr e n c e,  M.  C.;  K atz,  M.  J. A n al ysis  of  t  e W at er  A ds or pti o n  

Is ot  er ms i n Ui O- B as e d  M et al − Or g a ni c  Fr a m e w or ks.  J. P hys.  C he m.  C  
2 0 2 2 , 1 2 6 , 1 1 0 7 − 1 1 1 4.  
( 5 5 )  Br o e k  off,  J. C. P.;  d e  B o er,  J. H.  P or e  S yst e ms  i n C at al ysts.  I X. 

C al c ul ati o n  of  P or e  Distri b uti o ns  fr o m t  e A ds or pti o n  Br a n c   of  
Nitr o g e n  S or pti o n  Is ot  er ms i n t  e C as e  of  O p e n  C yli n dri c al  P or es.  1.  
F u n d a m e nt al  E q u ati o ns.  J. C a al.  1 9 6 7 , 9 , 8 − 1 4.  
( 5 6 )  L u k e ns,  W.  W.;  S c  mi dt- Wi n k el,  P.;  Z  a o,  D.;  F e n g,  J.; St u c k y,  

G.  D.  E v al u ati n g  P or e  Siz es  i n M es o p or o us  M at eri als:  A  Si m plifi e d  
St a n d ar d  A ds or pti o n  M et  o d  a n d  a  Si m plifi e d  Br o e k  off- d e  B o er  
M et  o d.  L a ng m uir  1 9 9 9 , 1 5 , 5 4 0 3 − 5 4 0 9.  
( 5 7 )  D erj a g ui n,  B.  V.;  C  ur a e v,  N.  V.  P ol y m ol e c ul ar  a ds or pti o n  a n d  

c a pill ar y  c o n d e ns ati o n  i n n arr o w  slit p or es.  J. C oll oi d  I n erf ace Sci.  1 9 7 6 , 
5 4 , 1 5 7 − 1 7 5.  
( 5 8 )  N ei m ar k,  A.  V.;  R a vi k o vit c  ,  P.  I.; Vis  n y a k o v,  A.  Bri d gi n g  s c al es 

fr o m m ol e c ul ar  si m ul ati o ns t o cl assi c al  t  er m o d y n a mi cs: d e nsit y  
f u n cti o n al t  e or y of  c a pill ar y  c o n d e ns ati o n  i n n a n o p or es.  J. P hys.:  
C o n de ns.  M a  er.  2 0 0 3 , 1 5 , 3 4 7 − 3 6 5.  
( 5 9 )  H ori k a w a,  T.;  D o,  D.  D.;  Ni c  ols o n,  D.  C a pill ar y  c o n d e ns ati o n  

of  a ds or b at es  i n p or o us  m at eri als.  A d v.  C oll oi d  I n erf ace Sci.  2 0 1 1 , 1 6 9 , 
4 0 − 5 8.  
( 6 0 )  F ar aji,  F.;  N e yts,  E.  C.;  Mil os e vi c,  M.  V.;  P e et ers,  F.  M.  C a pill ar y  

C o n d e ns ati o n  of  W at er  i n Gr a p  e n e  N a n o c a pill ari es.  N a n o  Le  .  2 0 2 4 , 
2 4 , 5 6 2 5 − 5 6 3 0.  
( 6 1 )  W a n g,  J.; W u,  H.;  W a n g,  F.  R efi n e d  k el vi n  t  e or y f or c a pill ar y  

c o n d e ns ati o n  u n d er  e xtr e m e  c o nfi n e m e nt.  P hys.  Fl ui ds  2 0 2 5 , 3 7 , 
N o.  0 3 2 0 1 1.  
( 6 2 )  G e n g,  Y.;  G a o,  Y.;  G a o,  P.;  Z  a n g,  J.; T a n g,  X.;  D o n g,  J.; Ji a o, J.; 

Ni u,  H.;  G o n g,  W.;  C ui,  Y.  M a ni p ul ati n g  H y dr o g e n- B o n di n g  D o n or /  
A c c e pt or  i n Ultr a- R o b ust  Is or eti c ul ar Zr (I V )  M et al − Or g a ni c  Fr a m e-
w or ks  f or Effi ci e nt  R e g ul ati o n  of  W at er  S or pti o n  I nfl e cti o n P oi nt  a n d  
St e e p n ess.  J. A m.  C he m.  S oc.  2 0 2 5 , 1 4 7 , 3 6 1 5 − 3 6 3 0.  
( 6 3 )  F ur u k a w a,  H.;  G á n d ar a,  F.;  Z  a n g,  Y.;  Ji a n g, J.; Q u e e n,  W.  L.;  

H u ds o n,  M.  R.;  Y a g  i,  O.  M.  W at er  a ds or pti o n  i n p or o us  m et al- or g a ni c  
fr a m e w or ks a n d  r el at e d m at eri als.  J. A m.  C he m.  S oc.  2 0 1 4 , 1 3 6 , 4 3 6 9 −  
8 1.  

L a n g m u r  p u b s. a c s. or g/ L a n g m u r  Arti cl e  

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.l a n g m uir. 5 c 0 0  5 3  
L a n g m u r  2 0 2 5,  4 1,  2 5 0  6 − 2 5 0 9 9  

2 5 0 9 8  

 ̌  ́

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _. _ 

https://doi.org/10.1146/annurev-fluid-071320-095958
https://doi.org/10.1146/annurev-fluid-071320-095958
https://doi.org/10.1146/annurev-matsci-081320-032747
https://doi.org/10.1021/cr300014x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300014x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.4c00238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.4c00238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abj0890
https://doi.org/10.1126/science.abj0890
https://doi.org/10.1002/adma.202210050
https://doi.org/10.1002/adma.202210050
https://doi.org/10.1002/adma.202210050
https://doi.org/10.1038/s42004-023-00870-0
https://doi.org/10.1038/s42004-023-00870-0
https://doi.org/10.1021/acs.langmuir.3c03516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c03516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c03516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c02527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c02527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c02527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.201901758
https://doi.org/10.1002/advs.201901758
https://doi.org/10.1002/advs.201901758
https://doi.org/10.1039/D3MA00716B
https://doi.org/10.1039/D3MA00716B
https://doi.org/10.1016/S0001-8686(97)00040-7
https://doi.org/10.1016/S0001-8686(97)00040-7
https://doi.org/10.1021/jz402762h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz402762h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2023.09.005
https://doi.org/10.1016/j.chempr.2023.09.005
https://doi.org/10.1016/j.cplett.2024.141354
https://doi.org/10.1016/j.cplett.2024.141354
https://doi.org/10.1016/j.cplett.2024.141598
https://doi.org/10.1016/j.cplett.2024.141598
https://doi.org/10.1016/j.cplett.2024.141598
https://doi.org/10.1016/j.jcis.2006.10.068
https://doi.org/10.1016/j.jcis.2006.10.068
https://doi.org/10.1021/la301122h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la301122h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1387-1811(00)00262-6
https://doi.org/10.1016/S1387-1811(00)00262-6
https://doi.org/10.1021/ie950702a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie950702a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0008-6223(02)00420-7
https://doi.org/10.1016/S0008-6223(02)00420-7
https://doi.org/10.1016/S0008-6223(02)00420-7
https://doi.org/10.1021/la049330d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la049330d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la051826n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la051826n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.4c01140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.4c01140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.4c01140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01208a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01208a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b01821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b01821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cjche.2021.08.014
https://doi.org/10.1016/j.cjche.2021.08.014
https://doi.org/10.1016/j.cjche.2021.08.014
https://doi.org/10.1021/acsami.4c02616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c02616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c02616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2sc01097f
https://doi.org/10.1039/c2sc01097f
https://doi.org/10.1021/acs.jpcc.1c05190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c05190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9517(67)90174-1
https://doi.org/10.1016/0021-9517(67)90174-1
https://doi.org/10.1016/0021-9517(67)90174-1
https://doi.org/10.1016/0021-9517(67)90174-1
https://doi.org/10.1021/la990209u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la990209u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la990209u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9797(76)90298-8
https://doi.org/10.1016/0021-9797(76)90298-8
https://doi.org/10.1088/0953-8984/15/3/303
https://doi.org/10.1088/0953-8984/15/3/303
https://doi.org/10.1088/0953-8984/15/3/303
https://doi.org/10.1016/j.cis.2011.08.003
https://doi.org/10.1016/j.cis.2011.08.003
https://doi.org/10.1021/acs.nanolett.4c01088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.4c01088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0256361
https://doi.org/10.1063/5.0256361
https://doi.org/10.1021/jacs.4c17145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c17145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c17145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c17145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja500330a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja500330a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c00853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


( 6 4 )  Z  e n g,  Z.;  N g u y e n,  H.  L.;  H a ni k el,  N.;  Li,  K.  K.  Y.;  Z  o u,  Z.;  M a,  
T.;  Y a g  i,  O.  M.  Hi g  - yi el d,  gr e e n  a n d  s c al a bl e m et  o ds  f or pr o d u ci n g  
M O F- 3 0 3  f or w at er   ar v esti n g  fr o m d es ert  air.  N a .  Pr o oc.  2 0 2 3 , 8 , 1 3 6.  
( 6 5 )  F at  i e  ,  F.;  K al m utz ki,  M.  J.; K a p usti n,  E.  A.;  W all er,  P.  J.; Y a n g,  

J.; Y a g  i,  O.  M.  Pr a cti c al  w at er  pr o d u cti o n  fr o m d es ert  air.  Sci.  A d v.  
2 0 1 8 , 4 , N o.  e a at 3 1 9 8.  
( 6 6 )  L e e,  J. S.;  Y o o n,  J. W.;  Mil e o,  P.  G.  M.;  C  o,  K.  H.;  P ar k,  J.; Ki m,  

K.;  Ki m,  H.;  d e  L a n g e,  M.  F.;  K a pt eij n,  F.;  M a uri n,  G.;  H u m p  r e y,  S.  
M.;  C  a n g,  J. S.  P or o us  M et al- Or g a ni c  Fr a m e w or k  C U K- 1  f or 
A ds or pti o n  H e at  All o c ati o n  t o w ar d Gr e e n  A p pli c ati o ns  of  N at ur al  
R efri g er a nt  W at er.  A C S  A p pl.  M a er.  I n erf aces 2 0 1 9 , 1 1 , 2 5 7 7 8 − 2 5 7 8 9.  
( 6 7 )  d e  L a n g e,  M.  F.;  Z e n g,  T.;  Vl u gt,  T.  J. H.;  G as c o n,  J.; K a pt eij n,  F.  

M a n uf a ct ur e  of  d e ns e  C A U- 1 0- H  c o ati n gs  f or a p pli c ati o n  i n a ds or pti o n  
dri v e n   e at  p u m ps:  o pti miz ati o n  a n d  c  ar a ct eriz ati o n.  Crys E ng C o m m  
2 0 1 5 , 1 7 , 5 9 1 1 − 5 9 2 0.  
( 6 8 )  C a ni v et,  J.; B o n n ef o y,  J.; D a ni el,  C.;  L e gr a n d,  A.;  C o as n e,  B.;  

F arr uss e n g,  D.  Str u ct ur e- pr o p ert y  r el ati o ns  i ps of  w at er  a ds or pti o n  i n 
M et al- Or g a ni c  Fr a m e w or ks.  Ne w  J. C he m.  2 0 1 4 , 3 8 , 3 1 0 2.  
( 6 9 )  Br o v c  e n k o,  I.; Ol ei ni k o v a,  A.  C o n d e ns ati o n / E v a p or ati o n  

Tr a nsiti o n  of  W at er  i n S p  eri c al  P or es  i n E q uili bri u m  wit   S at ur at e d  
B ul k  W at er.  J. P hys.  C he m.  B  2 0 1 0 , 1 1 4 , 1 6 4 9 4 − 1 6 5 0 2.  
( 7 0 )  Br o v c  e n k o,  I.; Ol ei ni k o v a,  A.  Eff e ct  of  P or e  Siz e  o n  t  e 

C o n d e ns ati o n / E v a p or ati o n  Tr a nsiti o n  of  C o nfi n e d  W at er  i n E q uili-
bri u m  wit   S at ur at e d  B ul k  W at er.  J. P hys.  C he m.  B  2 0 1 1 , 1 1 5 , 9 9 9 0 −  
1 0 0 0 0.  
( 7 1 )  O  b a,  T.;  K a n o  ,  H.;  K a n e k o,  K.  Affi nit y  Tr a nsf or m ati o n  fr o m 

H y dr o p  ili cit y  t o H y dr o p  o bi cit y  of  W at er  M ol e c ul es  o n  t  e B asis  of  
A ds or pti o n  of  W at er  i n Gr a p  iti c  N a n o p or es.  J. A m.  C he m.  S oc.  2 0 0 4 , 
1 2 6 , 1 5 6 0 − 1 5 6 2.  
( 7 2 )  O  b a,  T.;  Y a m a m ot o,  S.;  K o d air a,  T.;  H at a,  K.  C  a n gi n g  W at er  

Affi nit y  fr o m H y dr o p  o bi c  t o H y dr o p  ili c  i n H y dr o p  o bi c  C  a n n els.  
L a ng m uir  2 0 1 5 , 3 1 , 1 0 5 8 − 1 0 6 3.  
( 7 3 )  R ut  erf or d,  S.  W.  Si m pl e  M o d el  f or H y dr o p  ili c,  H y dr o p  o bi c  

a n d  A n gstr ofl ui di c  F e at ur es  of  W at er  C o nfi n e d  i n Mi cr o p or es:  Eff e cts  
of  P or e  Siz e  a n d  S urf a c e  F u n cti o n alit y  o n  M a p pi n g  of  E q uili bri u m  
Is ot  er m T y p es.  L a ng m uir  2 0 2 5 , 4 1 , 2 0 5 0 2.  
( 7 4 )  A bt a b,  S.  M.  T.;  Al ezi,  D.;  B  att,  P.  M.;  S  k ur e n k o,  A.;  

B el m a b k  o ut,  Y.;  A g g ar w al,  H.;  W es eli ns ki,  Ł.  J.; Als a d u n,  N.;  S a mi n,  
U.;  H e d  ili,  M.  N.;  E d d a o u di,  M.  R eti c ul ar  C  e mistr y  i n A cti o n:  A  
H y dr ol yti c all y  St a bl e  M O F  C a pt uri n g  T wi c e  Its W ei g  t  i n A ds or b e d  
W at er.  C he m  2 0 1 8 , 4 , 9 4 − 1 0 5.  
( 7 5 )  K al m utz ki,  M.  J.; Di er c ks,  C.  S.;  Y a g  i,  O.  M.  M et al- Or g a ni c  

Fr a m e w or ks  f or W at er  H ar v esti n g  fr o m Air.  A d v.  M a er.  2 0 1 8 , 3 0 , 
N o.  1 7 0 4 3 0 4.  
( 7 6 )  N g u y e n,  H.  L.;  D ar u,  A.;  C   e d a,  S.;  Al a w a d  i,  A.  H.;  N e u m a n n,  

S.  E.;  W a n g,  L.;  B ai,  X.;  Al a w a d,  M.  O.;  B or gs,  C.;  C  a y es,  J. T.;  S a u er,  
J.; G a gli ar di,  L.;  Y a g  i,  O.  M.  Pi n p oi nti n g  t  e O ns et  of  W at er  
H ar v esti n g  i n R eti c ul ar  Fr a m e w or ks  fr o m Str u ct ur e.  A C S  Ce n .  Sci.  
2 0 2 5 , 1 1 , 6 6 5 − 6 7 1.  
( 7 7 )  Z  e n g,  Z.;  Al a w a d  i,  A.  H.;  C   e d a,  S.;  N e u m a n n,  S.  E.;  R a m p al,  

N.;  Li u,  S.;  N g u y e n,  H.  L.;  Li n,  Y.;  R o n g,  Z.;  Si e p m a n n,  J. I.; G a gli ar di,  
L.;  A n a n d k u m ar,  A.;  B or gs,  C.;  C  a y es,  J. T.;  Y a g  i,  O.  M.  S  a pi n g  t  e 
W at er- H ar v esti n g  B e  a vi or  of  M et al- Or g a ni c  Fr a m e w or ks  Ai d e d  b y  
Fi n e- T u n e d  G P T  M o d els.  J. A m.  C he m.  S oc.  2 0 2 3 , 1 4 5 , 2 8 2 8 4 − 2 8 2 9 5.  

L a n g m u r  p u b s. a c s. or g/ L a n g m u r  Arti cl e  

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.l a n g m uir. 5 c 0 0  5 3  
L a n g m u r  2 0 2 5,  4 1,  2 5 0  6 − 2 5 0 9 9  

2 5 0 9 9  

 ́

 ̀

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _. _ 

C A S BI O FI N D E R DI S C O V E R Y P L A T F O R M ™ 

C A S BI O FI N D E R 
H E L P S Y O U FI N D 
Y O U R N E X T 
B R E A K T H R O U G H 
F A S T E R 
N a vi g at e  p at h w a y s, t ar g et s,  a n d 
di s e a s e s wit h  pr e ci si o n 

E x pl or e  C A S Bi o Fi n d er 

..t m eri c a n Cll e mi c al S o ci et v 

https://doi.org/10.1038/s41596-022-00756-w
https://doi.org/10.1038/s41596-022-00756-w
https://doi.org/10.1126/sciadv.aat3198
https://doi.org/10.1021/acsami.9b02605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b02605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b02605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CE00789E
https://doi.org/10.1039/C5CE00789E
https://doi.org/10.1039/C4NJ00076E
https://doi.org/10.1039/C4NJ00076E
https://doi.org/10.1021/jp108099v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp108099v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp108099v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp112052f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp112052f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp112052f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja038842w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja038842w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja038842w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la504522x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la504522x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5c01280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5c01280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5c01280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5c01280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2017.11.005
https://doi.org/10.1016/j.chempr.2017.11.005
https://doi.org/10.1016/j.chempr.2017.11.005
https://doi.org/10.1002/adma.201704304
https://doi.org/10.1002/adma.201704304
https://doi.org/10.1021/acscentsci.4c01878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.4c01878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c12086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c12086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c12086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c00853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

	Copy Cover Page.pdf
	Blank Page
	Blank Page




